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Abstract 
 

This study focused on the use of direct energy deposited (DED) techniques for the fabrication of 

AlCrCoCuFeNi high entropy alloy (HEAs) samples. HEAs have become a ground-breaking 

research field that provides solutions to complex problems in the aerospace industry. The industry 

requires improvement in the application of structural materials that are well-functioning at a low 

cost for example turbine blades. The fabrication of HEAs via DED commonly produces poor 

surface finish Ra in the range of 5 µm - 20 µm due to the layer-by-layer deposition method, as a 

result, it fails the industrial application requirements where the usual range of roughness tolerance 

required in the industry ranges from Ra is 0.8 µm < Ra < 1.6 µm thus, the need to deploy post-

processing methods. 

 

This study focused on electropolishing (EP) and centrifugal barrel finishing (CBF) of 

AlCrCoCuFeNi-HEA samples. The polishing was performed using 80% methanol and 20% per-

chloric acid solution used as the electrolyte. The samples were polished for 30 and 60 seconds in 

a Struers LectroPol-5 electrolytic polishing and etching device. The surface removal at 1200W for 

30 sec on sample a was 50.29%, 58.65% for sample b, and 75.48% for sample c. The surface 

removal at 1400W for 60 sec on sample d is 63.25%, 45% for e, and 49.19% for f. The samples 

were polished for 7 and 14 hours in a CB320-CBF. During the period of 14 hours, a surface 

removal where the proportion of material removed for sample a was 55.37%, sample b was 

43.13%, and sample c was 32.2% at a laser power of 1200W. After 7 hours of polishing, sample d 

achieved a surface removal of 86.02%, sample e achieved a surface removal of 43.18%, and 

sample f achieved a surface removal of 90% at a power of 1400W. 

Oxidation tests were conducted in static air at 1000˚C for 200h. The presence of FCC, BCC, and 

Fe2O3 oxide scales resulted in a noticeable increase in mass, with Fe2O3 scales being the most 

prevalent.  

 

 

Keywords: Additive Manufacturing, High Entropy Alloy, Electropolishing, Centrifugal Barrel 

Finishing, High-temperature Oxidation, Surface Roughness, Direct Energy Deposition 
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Chapter 1 

Introduction 

 

This chapter serves as an introductory section, with a broad overview of the research, highlighting 

process development of AlCoCrCuFeNi high entropy alloys (HEA), and addressing the aim, 

objectives, delineation, research problem, hypothesis statement, and the significance of the study.  

 

1.1  Background 

 

Additive Manufacturing (AM) also known as three-dimension (3D) printing, is a technology that 

is used to produce complex shapes in a layer-by-layer technique (Ingrassia et al., 2017). AM has 

become the new breeding space of ground-breaking technologies used across material science 

fraternities to produce innovative solutions to complex problems ( Murr, 2014; Protomatic, 2015; 

Kok, 2018;). With the advancement of AM over the years, its technologies have been the centre 

of attention. This is attributed to its attractive characteristics such as reduced cost and energy, rapid 

production of intricate components, high reliability and a higher level of design freedom. This is 

contrary to conventional methods such as subtractive and formative manufacturing techniques, 

which involve material removal through drilling, grinding or casting into moulds (Conner, 2014; 

Pereira, 2019).  

Numerous AM techniques have been used to develop process parameters of metallic materials in 

the laser-based additive manufacturing (LBAM) field. These methods can be classified into three 

categories: powder feed, powder bed fusion and wire feed process (Shiratori, 2016). In all LBAM 

methods, parameter optimisation is essential to avoid detrimental effects forming defects such as 

porosity, cracks, unmelted powder, high dilution and thermal fatigue (Rahman et al., 2019). The 

most studied and optimised process parameters are powder flow rate, scanning speed, laser power, 

layer thickness, hatch spacing and gas flow rate (Mahamood and Akinlabi, 2017).  
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Direct Energy Deposition (DED) technique in additive manufacturing has attracted numerous 

manufacturing industries such as the automotive, aerospace, and medical fields. This is mainly 

because of its ability to produce excellent mechanical bonding with the substrate, low porosity 

products, and high cooling rates and allows for the building of geometrically complex parts 

(Sexton et al., 2002; Freire et al., 2020). The DED has been successful over the years in producing 

metallic compounds and alloys, including high entropy alloys (Dezaki et al., 2022).   

Yeh et al. (2004) defined HEAs as alloys that contain at least five principal elements in an 

equiatomic or near equiatomic composition in the range of 5 – 35 at. %. They form face-centred 

cubic (FCC), body-centred-cubic (BCC), hexagonal close-packed (HCP) or a mixture of the three 

rather than complex phases and intermetallic compounds (Mishra and Shahi, 2018). These alloys 

have become the centre of attraction due to the attractive characteristics they possess such as high 

strength, high hardness, great fatigue resistance, excellent wear and oxidation resistance (Chuang 

et al., 2011; Gorr et al., 2015; Wen et al., 2009). The attractive characteristics are due to the four 

core effects of HEAs; sluggish diffusion effects, high-entropy effects, cocktail effects, and lattice 

distortion effects (Zhang et al., 2014). 

The continual development of HEAs is required due to the constant need for improved materials 

to conform to the standards of recent technological and manufacturing demands. Such can be 

achieved by improving mechanical properties and adjusting the phase structure of the alloys. There 

are various methods used to improve mechanical properties of HEAs such as element addition, 

controlling the solidification process, thermo-mechanical alloying, heat treatment, or parameter 

optimisation (Li, 2016). For example the preliminary study by Dada et al., (2021a) found that 

increasing the scanning speed of AlCoCrFeNiCu resulted in the formation of a BCC phase with 

very low energy densities and improved hardness properties. Mahamood and Akinlabi (2017) 

established that a higher laser powder flow rate produced improved Ti6Al4V microhardness. 

Frequently used additive manufacturing methods for HEAs are powder feed and powder bed fusion 

methods (Cui, 2017). In a powder feed system, the powder is melted by the laser (with single or 

multiple nozzles) to form a melt pool (Parry et al., 2016). A powder feed system also known as 

Direct Energy Deposition (DED) contains Laser Metal Deposition (LMD) and Laser Engineering 

Net Shaping (LENS) (Thompson et al., 2015; Dobbelstein et al., 2019). In powder bed fusion the 

powder is melted by high energy (single or multiple nozzles) laser or electron beam in a layer-by-
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layer fashion (Parry et al., 2016). Powder bed fusion includes Selective Laser Melting (SLM) 

(Zhou et al., 2019).  

Additive manufacturing has produced noteworthy, finished products which have captured interest 

in industries. However, the average surface roughness (Ra) of the as-built products usually ranges 

from 5 - 20 µm, which does not meet the industrial requirements (Wall et al., 2009; Raines et al., 

2010; Strano et al., 2013b). The surface quality of AM produced components is substandard 

because of the layer-by-layer manufacturing process. As a result, post-processing treatment is 

required to improve the surface quality of the finished product. Various post-processing treatments 

have been used, which include electrolytic polishing, laser polishing, machining, ultrasonic 

polishing, chemical polishing also known as electropolishing (EP) and centrifugal barrel finishing 

(CBF) (Habibzadeh et al., 2014; Lyczkowska et al., 2014).  

This research focuses on EP and CBF methods to reduce the surface roughness of DED-produced 

high entropy alloys. Both polishing methods have shown significant surface roughness reduction 

output. Aksu et al. (2016) used EP to produce a smooth surface on Fe-Ni-Co alloy in an acetic 

acid-perchloric acid electrolyte. 

Huang et al. (2008) established that more than 50 vol.% of HClO4 provided better anodic 

dissolution on Inconel 718 alloy and produced a bright surface on the sample. The advantage of 

this process is that it can be applied to complex shapes or sizes, since no contact is made between 

the workpiece and the cathode. (Rodriguez et al., 2020; Landolt et al., 2003). However, some 

chemicals tend to adversely attack the finished surface. For instance, Chen et al. (2005) found that 

304SS is prone to pitting in a chloride environment. 

Low-surface manufactured alumide® jewellery was polished using the CBF method. The 

polishing process resulted in a smooth attractive metallic lustre surface (De Beer et al., 2012). 

Polishing can be applied to complex shapes, sizes, or materials, as it uses a ceramic media and 

polishing liquid to achieve the desired surface. However, the process of polishing requires the 

operator to be highly involved in the manual loading and unloading of the sample(s).  

Based on the environment that the components are subjected to during application, such as high 

temperature and corrosion, it is crucial to understand the high-temperature oxidation of the HEA 

samples after polishing. High-temperature oxidation is the exposure of metals or alloys at high 
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temperatures in the presence of oxygen (Parimin et al., 2022). High-temperature oxidation has 

been used to determine the service life and performance of  metals or alloys (Sheng et al., 2013). 

Conventional alloys such as Ni-based alloys have been used for high-temperature oxidation 

because of their ability to resist oxidation at elevated temperatures (Parimin et al., 2022). The alloy 

forms a Cr2O3 oxide scale which contributes to the formation of the protective behaviour in high 

temperatures.  

The HEAs are slowly replacing the use of conventional alloys in high-temperature oxidation 

environments due to the alloys having the ability to accommodate higher concentrations of the 

elements that are necessary to form a protective oxide scale (Arshad et al., 2022) and their 

microstructural stability at  high-temperature environments (Butler and Weaver, 2016b). 

This study focuses on: 

• The development of process parameters of AlCoCrCuFeNi-HEA 

• The post-surface finish of AlCoCrCuFeNi-HEA using EP and CBF methods to polish the 

samples.  

• Lastly, to investigate the high-temperature oxidation behaviour of AlCoCrCuFeNi-HEA at 

different laser scan speed and laser power.     

This work will contribute to the limited body of knowledge in the study of the surface finishing of 

additively manufactured high entropy alloys. 

 

1.2 Aim 

 

This research aims to analyse the effect of laser processing parameters during DED 

AlCoCrCuFeNi-HEA and improving the surface finishing of produced samples by using 

centrifugal barrel finishing and electropolishing post-processing methods. The research further 

investigates the influence of different laser scanning speed and laser power on the high-

temperature oxidation properties of DED AlCoCrCuFeNi-HEA. 
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1.3 Objectives 

 

The primary aims of this study were achieved by addressing the following objectives: 

• To produce AlCoCrCuFeNi-HEA samples using direct energy deposited samples with 

optimised laser parameters. 

• To evaluate microstructural and mechanical properties of produced samples.  

• To study the effect of laser parameters on the surface properties of AlCoCrCuFeNi-HEAs 

before and after surface finishing.  

• To improve the post-surface finish of the as-built samples using centrifugal barrel finishing 

and electropolishing of AlCoCrCuFeNi high entropy alloy.  

• To determine the effect of laser processing parameters on the high-temperature oxidation 

behaviour of AlCoCrCuFeNi high entropy alloy. 

 

1.4 Research question 

 

• What effect will the process parameters have on mechanical properties of laser-deposited 

AlCoCrCuFeNi-HEA?  

• How will electropolishing and centrifugal barrel finishing improve the surface roughness? 

• What effect does high-temperature oxidation have on the AlCoCrCuFeNi-HEA at different 

scan speed and laser parameter parts? 

 

1.5 Delineation 

 

All samples were produced using AlCoCrCuFeNi-HEA powder. This study focused on the process 

parameter development of AlCoCrCuFeNi-HEAs samples using the DED technique and the 

development of the post-surface finish at different process parameters using EP and CBF methods. 

Furthermore, the evaluated the effect of different laser processing parameters on the high-

temperature oxidation behaviour of AlCoCrCuFeNi-HEA. 
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1.6 Research problem 

 

Previously, additive manufacturing processes have raised concerns regarding the microstructural 

properties of the as-built components. Currently, extensive research has been conducted to address 

these ongoing challenges in the development of process parameters namely, laser power, scanning 

speed, powder flow rate and gas flow rate (Yeh et al., 2004; Otto et al., 2013; Chikumba et al., 

2015). However, there is still a need for substantial improvement in the surface texture and 

integrity of AM products. This need  has stimulated interest among researchers (Rodriguez et al., 

2020).  The AM powder-based layer-by-layer deposition process often results in a notable increase 

in the surface roughness quality which usually ranges from 5-20 µm (Guo et al., 2018; Strano et 

al., 2013). The standard acceptable Ra tolerance ranges from 0,8-1,6 µm, this is commonly found 

in industries where precision and high-quality finish is crucial (Blanco et al., 2020). Some 

examples of industries that require high tolerances include the aerospace, automotive and medical 

devices (Strano et al., 2013; Guo et al., 2018).  

 

Surface roughness is the result of AM being an interconnected procedure. It is therefore, difficult 

to achieve a good surface quality when producing alloys using AM. The challenge with poor 

surface finish in AM components is that it can affect the mechanical properties, corrosion, and 

fatigue life of a component. Conventional alloys such as Ni-based alloys have been widely used 

in high-temperature applications because of their ability to possess superior oxidation resistance 

properties at elevated temperatures (Parimin et al., 2022).  

 

Parimin et al. (2022) reported that 800H Ni-based alloy is heat resistant where during high-

temperature oxidation the formation of Cr2O3 oxide scales forms as a protective layer. However, 

in recent years, HEAs have garnered significant attention due to their enhanced oxidation 

performance at elevated temperatures. Lu et al., (2021) studied the oxidation behaviour of 

AlCoCrFeNi-HEA at 1100◦C. The investigation revealed that the HEA demonstrated exceptional 

resistance to oxidation, forming protective scales with a low oxidation rate.  This characteristic 

suggests that HEAs possess the ability to improve both performance and durability in high-

temperature applications. Lu et al. (2021) and Parimin et al. (2022) research serves to highlight 
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the promising prospects of HEAs, where HEAs serves as an effective overlay coating that exhibit 

remarkable resistance to oxidation. 

 

1.7  Hypothesis 

 

Two hypotheses are addressed in this investigation: 

1. Post processing  

It is expected that the process parameters of the laser-deposited AlCoCrCuFeNi-HEA will yield 

dense samples with optimum mechanical properties. Furthermore, post-processing treatment 

will achieve reduced surface roughness, thus producing industrial-acceptable outputs. 

2. Oxidation performance 

The varying of scan speed and laser power will have an influence on the high-temperature 

oxidation properties of DED AlCoCrCuFeNi-HEA, potentially forming protective oxide scales 

and inducing oxidation resistance alloy. 

 

1.8 Significance of this study 

  

The significance of this study resides in its potential to introduce improved material and production 

processes that will have a substantial impact in the aerospace industry that leads to ground-

breaking advances. Thereby, providing an improved performance and limiting the high-cost 

fabrication and maintenance of existing parts. 

 

1.9 Outline of the dissertation 

 

Chapter 1 focuses on the process development, post-manufacturing methods and high-temperature 

oxidation performance of AlCoCrCuFeNi-HEA.  The aim, objective, research objective, research 

question, delineation, research problem, hypothesis statement and the significance of the study are 

highlighted in this chapter.  
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Chapter 2 presents a comprehensive literature review on the additively manufactured processes, 

the high entropy alloy concepts, different post-processing methods and the high-temperature 

oxidation process.  

 

Chapter 3 provides details of the methodologies that were carried out and implemented to address 

the research aim and objectives.   

 

Chapter 4 presents the results obtained from the implemented methodologies. Results include the 

characterisation of powders, effect of process parameters on microstructural, mechanical, surface 

properties, and oxidation of HEAs.  

 

Chapter 5 summarised the findings in Chapter 4 and highlights recommendations for future work. 
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Chapter 2 

Literature review 

 

This chapter provides a thorough examination of existing literature, presenting a complete analysis 

of several significant subjects. The topics encompass a comprehensive assessment of additive 

manufactured processes, an exploration of high entropy alloy concepts, an analysis of various post-

processing procedures, and high-temperature oxidation.  

 

2.1 Additive Manufacturing Technology 

 

Additive manufacturing (AM) or ‘3D printing’, is a manufacturing technology that uses a layer-

by-layer process to produce a desired component, the parts are built in a layer-by-layer technique 

using three-dimension (3D) computer-aided design ‘CAD’ (Abdulhameed et al., 2019). According 

to the American Society for Testing (ASTM), AM is a layer-by-layer technology used as an 

alternative to subtractive approaches that extract material using abrasive methods (Frazier, 2014). 

A step-by-step AM process illustration is shown in Figure 2.1.  

 

The process starts with the desired object being digitalised in CAD software. The CAD model is 

converted from an STL file to tessellate the 3D shape and slice it into digital layers, with set 

parameters loaded the printer builds (near) net shaped object (Zhai et al., 2014). The fabrication 

of the object can be achieved by employing various printing materials, including plastic filaments, 

liquid resin, powders, and paper. AM processes have been used in industries such as aerospace, 

automotive, and medical centers (Hassen et al., 2020).  
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2.1.1 Additive Manufacturing Applications 

 

The adoption of AM has been widely observed across various industries due to its ability to 

facilitate the efficient fabrication of intricate components with superior structural integrity and 

integrated designs. This technology enables the production of lightweight parts by utilising 

minimal raw materials. (Najmon et al., 2019). There is a constant need for the development of 

structural components that possess specific characteristics, such as being lightweight and cost-

effective (Sreehitha, 2017). AM has achieved remarkable results in bringing these requirements to 

life.  

 

In the biomedical industry, the AM facilitates the development of plastic and resin models for 

commercial enterprises such as orthopaedics, oral application, or facial reconstruction (Debroy et 

al., 2018). In the transportation industry, there are developments underway that could withstand 

tough environments such as heat and speed (Mehta et al., 2012). Where the development of 

Figure 2.1: Additive manufacturing process illustration (ReCreate3D Printing) 
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advance materials, such as carbon composites, heat-resistant alloys, and specific coatings, are 

facilitating the enhancement of vehicles and infrastructure's ability to endure high temperatures 

whilst upholding their structural integrity (Blakey-Milner et al., 2021a).  

 

In the aerospace industry, the fuel nozzle in the engine was produced using AM. The nozzle was 

found to be 25% lighter and five times more durable than its counterpart produced using casting 

methods (Hassen et al., 2020). Military aircraft and space vehicles are some examples of 

components that are developing in their AM structural components (Kobryn et al., 2006). The U.S. 

Defence Advance Research Project Agency (DARPA) located in Arlington, VA, is conducting a 

project which aims to use mathematical and computational analogues to produce AM parts with 

improved complexity of design (Crouse, 2021). 

 

The AM technology has brought digital flexibility and efficiency to manufacturing operations. The 

ability of the technology to produce complex parts in a one-step process has shown outstanding 

advantages namely; the ability to produce cost-efficient and carbon footprint reduction results that 

cannot be achieved by traditional techniques such as subtractive manufacturing and formative 

manufacturing (Serres et al., 2011; Conner et al., 2014; Nalli et al., 2020).  

 

For example, it has been estimated that $2.5 million could be saved in fuel costs when there is a 

50-80% AM metal weight reduction on an aircraft (Zhai et al., 2014). Lighter planes with low fuel 

consumption are a paramount factor in the aerospace industry (Mazumder, 2017) because the 

industry requires cheaper, faster and safer air travel. The research conducted by Serres et al. (2011) 

examined the environmental consequences associated with AM techniques. The research findings 

provided evidence that the utilisation of AM technology resulted in a significant reduction of 70% 

in the overall environmental impact when compared to conventional manufacturing techniques, 

suggesting that the integration of AM fosters a more environmentally manufacturing practise. 

 

There has been a consistent demand for AM parts yearly in industries such as aerospace, 

biomedical, defence, automotive, and many more. The use of AM in different sectors is shown in 
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Figure 2.2. The electronics are the leading sector that is using AM, followed by the automotive 

industry.  

 

 

Campbell et al. (2018) reported that 1768 AM metals were sold in the year 2017 alone. This is an 

80% increase from the previous year, when the amount was 983 AM metals. Powder-based AM 

outputs are typically metals or alloys that are used for industrial applications, therefore, factors 

such as cycle time and product cost are of essence to remain competitive (Mazumder, 2017). Puma-

Araujo et al. (2016) reported that AM has an 80% reduction in the manufacturing time of multi-

layered printed circuit board in the electronic industry. 

 

The AM technology further promotes the production of a customised metal component and 

enhances the possibility of more complex features without drastically increasing the costs. 

Although AM offers various advantages, it also comes with limitations, including the potential for 

porosity, cracks, surface irregularities, and reduced surface quality during production. (Aboulkhair 

et al., 2019). Through the comparative analysis of current literature on AM applications and 

conventional alloys, this study aims to enhance the scholarly comprehension of the implications 

Figure 2.2: Additive manufacturing industrial role in different sectors (Singh et al., 2020). 
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and advantages associated with the implementation of the AlCoCrCuFeNi-HEA alloy using DED 

technique.  

 

2.2 Laser deposition process  

 

Additive manufacturing can be classified into three main categories according to the feedstock 

material used (i.e. liquid-based, solid-based, and powder-based). Figure 2.3 shows the different 

classifications of AM processes. This research focuses on the Laser-based additive manufacturing 

(LBAM) technique using a powder-based deposition method to produce metal samples.  

 

 

 

The LBAM is divided into wire feed system (wire-laser additive manufacturing (WLAM)), powder 

bed fusion system (selective laser melting (SLM)), powder blown system (direct metal deposition 

(DMD) and laser engineering net shaping (LENS)), and as shown in Figure 2.4 (Thompson et al., 

2015; Dobbelstein et al., 2018; Zhou et al., 2019). 

 

 

 

Figure 2.3: Classification of AM categories (Wong, Hernandez, 2012). 
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2.2.1 Wire feed system  

 

The wire feed additive manufacturing uses solid wire feedstock to fabricate components instead 

of powders. Electron beams are used as a heat source in a high vacuum environment (Zhai et al., 

2014). A metallurgical bond is formed by the melting of the wire into a melt pool onto a substrate 

(Heralic, 2012). The framework branches into the following techniques; electron beam freeform 

fabrication (EBF3), wire laser additive manufacturing (WLAM), wire and arc additive 

manufacturing (WAAM) (Karunakaran et al., 2010; Ding et al., 2015).  

 

The wire feed AM system is beneficial due to large component production with moderate 

complexity such as stiffened panels. The production process is not hazardous to the operator 

because of the non-use of powder and the deposition rate is higher than that of a powder-based 

process (Ding et al., 2015; Gateway, 2016). The wire feed process has several limitations in the 

sample production, these limitations include a loss of tolerances, the potential for a staircase effect 

in samples, distortion caused by excessive heat input, and the production of poor surfaces (Ding 

et al., 2015; Gateway, 2016). 

 

Figure 2.4: LBAM manufacturing process divided into three categories (Thompson et al., 2015). 



15 

 

2.2.2 Powder-bed fusion 

 

Powder-based fusion system consists of a vacuum building compartment (printer), a powder 

chamber in the company of a coating roller used for spreading the powder across the stage, a 

delivery piston, and a fabrication piston (Zhai et al., 2014; Murr, 2015). The compartment is filled 

with inert gas to protect the molten material from corrosion (King et al., 2015). The PBF is either 

fused with an electron, thermal, or laser heat source to melt and fuse the material to form a 3D 

product.  

 

Singh et al. (2020) and Zhai et al. (2014) provided an explanation of the PBF printing method as 

follows: Before the fabrication process a powder delivery piston moves up and the fabrication 

piston moves down a layer so that the powder can be spread and lightly compacted by the roller. 

The laser beam is then driven over it to melt a particular powder under the guidance of the scanning 

system. Then the 3D CAD model is converted into an STL file and is loaded into the printer, the 

powder chamber is filled with powder. A heat source is used to fuse the powder while the coating 

roller spreads a layer of powder along the platform as per 2D cross-sectional data from the STL 

file. Then the newly formed powder layer is supplemented upon the previous layer. This process 

takes place repeatedly until the product is formed.  

 

Examples of laser-fused techniques are Selective Laser Sintering (SLS), Selective Laser Melting 

(SLM), and Electron Beam Melting (EBM). SLM and EBM qualify for metal fusion and SLS 

qualifies for plastic fusion (Debroy et al., 2018). Attractive characteristics of PBF include low-

cost production, a wide range of material choices to choose from, no powder wastage, and no 

support structures needed during fabrication as powder acts as a support structure (Zhai et al., 

2014). However, the process is time-consuming and has a history of high porosity, poor surface 

finish, and high power usage (Kumar and Jain, 2020). 
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2.2.3 Direct Energy Deposition 

 

Direct Energy Deposition (DED) is an AM process that uses heat input in the form of electron 

beams, lasers, or plasma arcs, to join materials together (Lee, 2008; Sing et al., 2020) According 

to the ASTM F3187-16, DED is defined as a technique that involves the application of focused 

thermal energy that is used to fuse material through the process of melting during deposition. The 

feedstock material used in DED can be either metal powder or wire (Lee, 2008; Sing et al., 2020). 

Figure 2.5 shows a schematic representation of the DED process.  

 

 

 

     Figure 2.5: Schematic representation of the Direct Energy Deposition (Sibisi et al., 2020) 

 

 

The system uses the powder delivery nozzle technique where the powder is administered into the 

laser-induced melt pool either using single or multiple nozzles (Parry et al., 2016). Using multiple 

nozzles allows the prospects of mixing different powders. The robot often contains inert gas blown 

together with the powder from the nozzle by that shielding the melted region thus reducing the 

oxidization rate (Gokuldoss et al., 2017).  

 

The advantages of DED technique are excellent bonding between the clad and base material, high 

precisions, large production of parts with high complexity level to improve workflow, parts 
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containing low porosity, and less penetration of heat on the substrate (Frazier, 2014; Gibson, 

2015). Nonetheless, some challenges need to be addressed, specifically in the area of post-

processing and the exploration of synthesised characteristics that require further investigation 

(Gibson, 2015).  

 

The optimisation of process parameters during the DED fabrication technique of metals has 

significant importance in ensuring that the components meet the standard demands by industries 

such as aerospace. It enhances the performance of materials, reduces defects, ensures cost 

efficiency, and enables the customisation of components for specific applications, making it a 

fundamental process during manufacturing (Blakey-Milner et al., 2021b). Mahamood and 

Akinlabi. (2017) investigated the influence of parameter optimisation on LMD Ti6Al4V. The 

research highlights the need to determine the optimised process parameter settings to achieve the 

required product. The authors suggest optimising processing parameters can result in enhanced 

results with regards to the mechanical properties of components produced using the LMD 

technique. 

 

Bhardwaj et al. (2019) conducted a study to examine the microstructure and mechanical properties 

of a titanium-molybdenum alloy that is specifically designed for bio-implant applications. The 

investigation utilised the DED laser AM process. The findings demonstrated a successful 

deposition procedure characterised by low levels of porosity. DED parts are free from distortion 

with low porosity in contrast to other AM processing techniques such as PBF and WAAM. The 

system also allows large quantities of powder usage which requires high energy density thus 

leading to an accelerated building rate (Yusuf and Gao, 2017).  

 

Dada et al. (2020a) optimised AlCoCrFeNiCu and AlCoCrFeNiTi HEAs on the Kuka robot at 

CSIR National Laser Center under preheating conditions. The alloys showed potential in coating 

and structural application along with the production of minimal cracked samples. This is due to 

the alloy’s properties exhibiting effective performance, durability, and resistance to cracking. 

Higher hardness was due to the preheating temperature introduction at the second stage. This is 

because the preheating process has the potential to impact the internal structure and distribution of 

stress within a material, resulting in enhanced qualities of hardness (Ding et al., 2018). Ding et al. 
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(2018) investigated the effects of preheating the substrate when fabricating 12CrNi2 using the DED 

process. The researchers observed that the use of preheating to the substrate resulted in notable 

advantages, such as increased sample hardness and enhanced mechanical properties, specifically 

in terms of tensile stress.  

 

This research focuses on the laser-based DED technique, which involves the use of powder to 

achieve the melting and bonding process onto a substrate. This study will explore the various 

aspects and parameters associated with this technique, encompassing the laser power, scanning 

speed, and powder properties. By investigating these factors, the study acquires more 

comprehension of the procedure and its potential application, leading to advancements in AM and 

the development of high-quality, functional components. Furthermore, the study evaluates 

mechanical properties, microstructural attributes, and operational efficacy of the produced 

components to evaluate the overall efficiency and dependability of laser-based DED employing 

powder. 

 

2.3 High entropy alloys   

    

The material research community is constantly yielding towards the development of materials to 

provide better properties and functions than the ones that are currently being used in industries 

such as biomedical, aerospace, energy, and manufacturing. This has led to the development of 

HEAs (Yeh et al., 2004, Yeh et al., 2007). Yeh et al. (2007) have described HEAs as metallic 

materials that consist of five or more principal elements in equiatomic or close to equiatomic 

atomic ratios with an atomic percentage between 5 – 35 at.%.  

 

The HEA possesses attractive properties such as a high strength-to-weight ratio, thermal 

resistance, creep strength, and corrosion resistant (Chikumba and Rao, 2015). Conventional alloys 

possess limitations concerning specific attributes, such as reduced specific weight and high 

density. These factors possess adverse ramifications concerning their utilisation within the 

structural application (Zhao et al., 2004; Otto et al., 2013). For example, nickel alloys have been 

used in load-bearing applications for many years because of their ability to withstand high 

temperatures up to 1100˚C. However, these alloys have high densities which are unable to satisfy 
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the load-bearing requirement (Zhao et al., 2004; Chikumba and Rao, 2015). HEAs are potential 

substitute for nickel alloys in load-bearing applications owing to its capacity to provide high-

temperature performance, decreased weight, enhanced mechanical qualities, and resistance to 

corrosion. These advantages provide HEAs as the potential option for a wide range of load-bearing 

applications in which conventional nickel alloys may experience limitations (Dewangan et al., 

2022a). Dada et al (2021b) conducted an analysis of the microstructural and corrosion behaviour 

of AlCoCrFeNiCu and AlCoCrFeNiTi. The study revealed that even though Ti-based HEA 

displayed high corrosion resistance to Cu-based HEA, the resistance of both alloys was higher than 

that of traditional alloys. 

 

Given that there are multiple elements present in the alloy one would assume it may be postulated 

that it embodies a formula conducive to possible challenges. However, the outcomes has left 

researchers astounded and this is due to the four core effects explained by Tsai and Yeh, (2014) 

and Gačnik. (2017) as the high-entropy effect, sluggish diffusion, severe lattice distortion, and 

cocktail effect. It is crucial to note that the fundamental consequences of the four core effects have 

a significant influence on the strength and ductility of phases, which is mainly due to solution 

hardening (Dewangan et al., 2022b). The four-core effect is briefly explained in Section 2.3.1. 

 

2.3.1 The four-core effect 

 

High-Entropy Effect forms few phases due to higher mixing entropy. It is responsible for lowering 

the free energy of solid solution phases and facilitates their formation at higher temperatures (Tsai 

and Yeh, 2014), thus favouring the formation of simple solid solutions such as face-centered cubic 

cell (FCC), body-centered cubic cell (BCC), and hexagonal closed-pack cell (HCP) (Gačnik, 

2017). For instance, melting pure metal is due to the higher entropy of the liquid state relative to 

the solid-state, according to Richard’s rule (Tsai and Yeh, 2014).  

 

Figure 2.6 illustrates the X-ray Diffraction (XRD) spectra formation of simple structures 

established from binary, ternary, quaternion, quinary, senary, and septenary alloys. Figure 2.6 
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displays BCC and FCC phases; with negligible intermetallic phase on the septenary alloy (Tsai 

and Yeh, 2014). 

 

 

 

 

 

 

 

 

                       

 

The number of phases that can be stabilized at high temperatures is given by Gibbs free energy in 

Equation 2.1:  

G = H– T S      (2.1) 

Where G [kJ] is the Gibbs free energy, H [kJ]is the enthalpy, T [K]is the temperature, and S [J/K]               

entropy of the system (Tsai and Yeh, 2014). Gibbs free energy is the calculation of energy that can 

do work performed by a thermodynamic system at constant temperature and pressure (Gačnik, 

2017).  

Lattice Distortion Effect: HEAs are composed of multi-elements. These elements could be of 

different sizes which can lead to the distortion of the lattice (Gačnik, 2017). Larger elements take 

up space so much that they end up pushing neighbouring elements and causing compression to the 

lattice. The small elements have extra space around and it causes tension in the lattice thus inducing 

the stress-strain domain. Figure 2.7 demonstrates this phenomenon (Gačnik, 2017, Tsai and Yeh, 

2014).  

Figure 2.6: XRD patterns of the addition of elements in the series of alloys (Tsai and Yeh, 2014). 



21 

 

 

 

Figure 2.7: BCC lattice that contains a) Cr b) Cr and V c) Cr, Ni, Fe, Co, Al, Ti (Gačnik, 2017). 

 

Figure 2.7 represents a multi-element BCC lattice structure with different atomic size elements a) 

contains Cr, the lattice is not distorted because it contains a single element, b) and c) contain Cr, 

V, and Cr, Ni, Fe, Co, Al, and Ti respectively at different atomic sizes. The stress-strain effect is 

present due to the element’s different sizes and the effects of different bonds between them. 

Stronger bonds lean towards smaller bonding distances thus the lattice increase leads to an increase 

in free energy (Gačnik, 2017).  

Sluggish Diffusion Effect: The face transformation kinetics and diffusion in HEAs are very slow 

than those in their conventional counterparts (Cheng et al., 2006). This is due to two points: firstly, 

the surrounding of atoms changes with movement subsequently leading to different bonding and 

therefore different local potential. An atom would be trapped when jumping into a state with a 

low-energy site because the chance of jumping out is low. Whereas jumping into a high-energy 

site gives a high chance of jumping back to the original site (Tsai and Yeh, 2014). A seven-bound 

model was used to illustrate the local energy fluctuation on diffusion shown in Figure 2.8.  
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When Ni atoms diffuse in Co-Cr-Fe-Mn-Ni alloy the mean potential energy difference between 

the lattice site becomes 60.3 meV which is 50% higher than Fe-Cr-Ni alloy. This difference drives 

the atoms to occupy the low-energy level longer. The diagram represents a lattice potential energy 

as a function of the distance between the two lattice sites for pure metal, CoCrFeMn0.5Ni and Fe-

Cr-Ni where L is the position of the initial atoms and M is the position of the final atoms. Pure 

metal’s potential energy will remain the same through atomic migration. Secondly, the HEA rate 

of diffusion differs with each element; some elements are less active and have lower potential 

energy. For phase transformation to occur there ought to be movement amongst the elements hence 

the slow movement of elements that affects the diffusion process (Tsai et al., 2013).  

 

Cocktail Effect: HEAs are considered as a composite because it contain different elements thus 

there is a higher property contribution than expected by the rule of mixture between the interaction 

of the elements  (Costas, 2018). The properties of HEAs come from the interaction between the 

elements and lattice distortion (Yeh, 2016, Tsai and Yeh, 2014). For instance, the addition of light 

Figure 2.8: Potential energy changes when the Ni atom migrates (Tsai et al., 2013). 
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elements such as Al decreases the density of an alloy. However, the addition of Al could lead to 

the hardening of the alloy. Figure 2.9 illustrates the hardness of AlxCoCrCuFeNi alloy when Al is 

added to the alloy. The graph indicates that an increase in Al content increases the hardness of 

AlxCoCrCuFeNi alloy. This is due to hard BCC phases that are formed resulting from the strong 

cohesive bonding between Al and the other elements along with the large atomic size elements 

(Tsai and Yeh, 2014). 

 

A brief overview emphasises the significance of comprehending the four-core effects in the 

characterisation of DED AlCoCrCuFeNi-HEA. The four-core effects play a vital role in 

determining the characteristics of the material, and understanding their influence is essential for 

accurately assessing and improving the performance of AlCoCrCuFeNi-HEA. This research 

investigates the relationship between these effects and the specific attributes of AlCoCrCuFeNi-

HEA, thereby enhancing our comprehension of the behaviour of HEAs and their prospective uses. 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: The hardness of AlxCoCrCuFeNi alloy as Al content increases (Costas, 2018). 
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2.3.2 High entropy alloy applications 

 

Presently, studies have been devoted to showcasing the development of HEAs that possess the 

capability to withstand harsh circumstances such as elevated temperatures and surroundings 

susceptible to hot corrosion. These alloys are anticipated to not only withstand such environments 

but also provide remarkable mechanical performance (Dewangan et al., 2022b). 

 

In the aerospace industry HEAs are used in high-temperature applications such as turbine engine 

where high strength, low densities, oxidization, and wear resistance play a pivotal role in the 

reduction of fuel consumption and surface protection (Chikumba and Rao, 2015). HEAs exhibit 

considerable potential candidates alternatives to Ti and Fe alloys (Huang, 2009). In the 

transportation industry, heat and velocity are fundamental components. The industry necessitates 

the use of materials that can function well under high temperatures, have low densities, and 

demonstrate exceptional strength. These characteristics possess considerable promise in the 

context of energy-efficient applications, notably within the transportation and energy sector (Yeh 

et al., 2004; Miracle et al., 2014). HEAs favour the desired properties in contrast to traditional 

alloys such as Al-alloy, which are good candidates for low-density application but they fail to 

operate in high temperatures (Miracle et al., 2014). 

 

Coating parts is a popular application used for protection and novel improvement of conventional 

materials through modification of functional properties (Li et al., 2019). Environmental 

degradation of the surface subjected to high temperature, abrasion, fatigue, erosion, gas, and 

hydro-abrasiveness leads to surface wear damage causing a reduction of the service life (Dmitriyev 

et al., 2005). The application of coatings onto the surface of a component can be achieved through 

various methods and techniques, including thermal spraying, DED, and plasma arc. This process 

involves the deposition of a significant layer of materials that are specifically designed to provide 

resistance against corrosion and wear (Glicksman, 2010).  

 

The study aims to investigate and establish potential functional structures and advanced coating 

materials designed specifically for aerospace applications, particularly in high-temperature 

conditions such as gas turbine components. By directing attention towards these exceptional 
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circumstances, it is the objectives of this study to devise solutions that possess the ability to endure 

high-temperatures and oxidation resistance. 

 

2.4 Post-surface Treatment 

 

The surface roughness that occurs during the process of AM, is commonly associated with the 

steady accumulation of the layer-by-layer powder deposition, which falls between the Ra range of 

(5 – 20) µm. This range is insufficient in addressing the requirements set by industrial applications 

(Wall et al., 2009; Raines et al., 2010; Strano et al., 2013b). Therefore, a post-processing treatment 

is required to improve the surface quality of the finished product.  

 

Various post-processing procedures can be utilised to improve the surface quality of a sample 

fabricated using the DED technique. The methods include shot peening, electrolytic polishing, 

laser polishing, machining, ultrasonic polishing, chemical polishing (also referred to as 

electropolishing or EP), sandblasting, and centrifugal barrel finishing (also known as barrel 

finishing or BF) (Löber et al., 2013; Habibzadeh et al., 2014, Lyczkowska et al., 2014).  

 

Kaynak and Kitay (2019) conducted a study that investigates the effects of post-processing by 

machining, vibratory finishing, and drag finishing on the surface quality of the AM sample. It was 

found that machining displayed outstanding results compared to vibratory finishing and drag 

finishing, obtaining high surface quality. However, there was a noticeable limitation when it came 

to samples with complex shapes, and the need to fixture the parts after polishing. 

 

2.4.1 Electropolishing 

 

Electropolishing is an electrochemical polishing process that uses anodic dissolution to remove a 

thin layer of material from a metallic workpiece, reducing the surface roughness by levelling peak-
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to-valleys with the aim of surface finish improvement (Han and Fang, 2019). Best Technology 

Inc. described the polishing process as follows; the workpiece which serves as a positively charged 

anode connected to a positive polarity of a DC power supply is immersed in a temperature-

controlled electrolyte solution. The direction of electric current is from the anode to the cathode, 

with the anode being connected to the positive polarity and the cathode being connected to the 

negative polarity. Consequently, a reduction reaction occurs, resulting in the oxidation and 

dissolution of metal ions present on the surface of the workpiece into the electrolyte, often 

consisting of acids or alcohols as shown in Figure 2.10. Amongst other electrolytes that have been 

used and produced an improved surface finish on alloys are, a mixture of perchloric acid with 

alcohol solution, perchloric acid with hydrochloric acid, and lastly, perchloric acid and chromium 

trioxide (Adelkhani et al., 2009, Zaraska et al., 2014).  

 

                                                

                                                      

 

 

 

 

 

Advantages of the EP process is that it can polish complex geometric shapes. It is an easy operating 

non-contact system that is damage-free (Sheasby et al., 2001; Han and Fang, 2019). Bahtiar, 

(2016) conducted a study to investigate the effect of EP on Ti samples using ethylene as the 

electrolyte. The as-built samples demonstrated a surface roughness measurement of 118.8 nm. A 

polished surface with a smooth mirror-like finish and a roughness of 5 nm was obtained by 

subjecting the sample to a voltage of 6 V for a duration of 30 min at a temperature of 20°C. 

Similarly, applying a voltage of 10 V to the surface for a duration of 30 minutes at a temperature 

of 20°C resulted in the formation of a smooth and reflective surface, as evidenced by a measured 

roughness value of 5.7 nm. Urlea and Brailovski (2017) investigated the effect of electropolishing 

Ti-6Al-4V using perchloric acid (60%) and glacial acetic acid (Fisher Chemical, Certified ACS) 

Figure 2.10: An electropolishing diagram with labelling (Han and Fang, 2019). 
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as the electrolyte in a volumetric ratio of 1:9. The results demonstrated a significant enhancement 

in the surface quality of the Ti-6Al-4V. There was a substantial reduction in the attained surface 

roughness, with the minimum values observed at Ra = 1 µm and Rz = 4.5 µm. This improvement 

is significant compared to the initial roughness values of Ra = 112.5 µm and Rz = 56.95 µm, 

respectively.  

 

Conversely, some chemicals tend to leave an impact on the finished surface. Jiao et al, (2019) 

conducted a study on the corrosion behaviour of Cu-Al-Mn shape memory alloy during 

electropolishing, the macrographs displayed several pitting on the surface of the alloy. 

Consequently, the outcome led to a surface that exhibited a deficiency in adequate polishing. 

 

2.4.1.1 Polarization curve study 

 

The current density/voltage diagram also known as a polarization curve shown in Figure 2.11 is 

used to determine the potential of the current value flowing through the EP system. The diagram 

contains four major regions: the etching region, oscillation region, polishing region, and gas 

evolution region. Region A-B is the area where etching occurs, and grain boundaries are attacked. 

A passive layer is formed beyond region B and a metal surface is exposed to a newly formed 

diffusion layer which is important for the polishing phase. Region C-D depicts the designated 

domain for polishing, with the potential for conducting polishing activities beyond D. However, 

due to the occurrence of enhanced gas exposure, particularly oxygen, there could be an appearance 

of “zebra stripes”. In some cases, the oxygen occurrence can help remove excess material on the 

surface (Pircher et al., 2003). 
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2.4.2 Centrifugal Barrel Finishing 

 

Barrel finishing is a surface-improving procedure that usually requires media, water, and a 

polishing liquid. The process is usually performed in an octagonal rotating barrel. The contents in 

the barrel move upwardly at a predetermined speed by rotation. Thus, the removal of a layer slides 

down (Boschetto et al., 2020). When the process parameters adequately satisfy the motion 

requirements there is a relative velocity that takes place between the part and the media in the 

region that is known as the active layer, thus causing the delicate abrasive breakdown of the part 

surfaces either by rounding of corners, grinding, descaling, deburring, deflashing and polishing 

(Boschetto et al., 2020). The interaction between vertical vibration and rotational motion within 

the barrel enables the achievement of a polished and seamless surface. As the abrasive particles 

traverse complex sample regions, they generate abrasion, which enables the deliberate micro-

removal of material (Khan et al., 2020). 

 

Boschetto et al. (2020) conducted a study to analyse the barrel finished samples of additively 

manufactured Ti6Al4V blades and Inconel718 manifold components. The authors found that an 

Figure 2.11: Polarization curve used in electropolishing system (Pircher et al., 2003). 
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external surface roughness reduction took place. The initial Ra of the blades was 13 – 14 µm and 

the final Ra was 2.5 µm corresponding to an 85% reduction in 69 hours.  

 

One of the notable benefits of the BF technique lies in its capacity to generate visually appealing 

appearance while utilising cost-effective equipment (Pereira, 2019). Khan et al. (2020) examined 

the BF wire arc additive manufactured part and found that the process exhibits great potential in 

the removal of rust, deburring, and descaling of the surface. De Beer et al. (2012) polished low-

surface manufactured Alumide® jewellery in a tumbler using abrasive media, obtaining a smooth 

attractive metallic lustre surface. 

 

Despite the advantages presented by polishing method, there are limitations brought by the CFB 

method. The technology tends to produce samples that affect the surface quality of the sample thus 

causing high residual stresses and cracks. Moreover,  the operation is skills dependent and labour 

intensive (Aboulkhai et al., 2019).  

 

This research investigates the effects of laser parameters on the surface characteristics of the 

AlCoCrCuFeN-HEA, both before and after surface treatment. Moreover, the objective of the 

research was to improve the post-surface finish of the as-built samples using two distinct 

techniques: centrifugal barrel finishing and electropolishing. The investigation of these 

methodologies was undertaken to enhance the surface characteristics and properties of the 

AlCoCrCuFeN-HEA, with the potential to enhance its performance and suitability across diverse 

industrial sectors. 

 

2.4.3 Surface roughness measurement 

  

Scanning Probe Microscopy (SPM) is a high-resolution surface reconstruction imaging that uses 

a physical probe to determine the surface morphology of a sample with a nanoscale tip (Yadhuraj 
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and Kumari, 2016). SPM includes the following variations: Magnetic Force Microscopy which 

determines the magnetic measurements, Atomic Force Microscopy (AFM) and Scanning Electron 

Microscopy which determines the surface morphology, Scanning Thermal Microscopy determines 

thermal measurements and Scanning Near Field Optical Microscopy for optical measurements 

(Yadhuraj and Kumari, 2016). SPM has however reported leaning towards an oversight in 

operation, where the operator may skip the processing of data due to limited knowledge (Maurya 

and Chauhan, 2011).  

 

The replacement of the physical probe had been successful over the years thus the development of 

improved novel surface roughness measurement tools such as Gwyddion software. The software 

allows basic operations outlining precipitations, edge detection, shading, 3D data display, facet 

levelling, roughness measurement, extraction of profiles, and many more. This makes the software 

more versatile as it can read 80 different file types for example SPM data, and it is easily integrated 

into data acquisition (Yadhuraj, Kumari, 2016). 

 

2.5 High-Temperature Oxidation  

 

The surface quality often deteriorates over time due to environmental factors such as oxygen in 

air, abrasion, and temperature (Huang, 2022). Therefore, in recent years high-temperature 

oxidation has become the standard performance index in determining the durability, high-

temperature oxidation performance, and service life performance of alloys (Sheng et al., 2013; 

Wang et al., 2021). High-temperature oxidation is a phenomenon that occurs when metals or alloys 

are exposed to oxygen gas at high temperatures (Parimin et al., 2022). The exposure of metals 

causes a reaction with oxygen and forms metal oxides thermodynamically. The metal oxides 

develop and envelope the metal surface. The formation of the oxide scale leads to segregation 

between the environment and the metal (Parimin et al., 2022).  

 

Isothermal oxidation tests investigate the oxide growth of metals during high-temperature 

exposure. The determination of oxide scales involves the generation of oxide nuclei during 
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unfolding of the metal at high temperatures. Subsequently, the nuclei undergo a gradual expansion 

process, ultimately resulting in the formation of a continuous oxide layer. The oxide layer 

progressively increases until it reaches optimum protection. After a certain thickness of oxide has 

been attained, the oxidation rate begins to decrease due to the formation of fully developed oxide 

scales (Parimin and Hamzah, 2020a; Parimin and Hamzah, 2020b).  

 

The influence of high-temperature oxidation greatly affects material selection in modern industry. 

Numerous industrial activities, such as the generation of electric power using gas turbine, heat-

treatment procedures, as well as mineral and metallurgical processing, are carried out at 

temperatures over 500°C (Gleeson, 2010). Over the years Ni-based alloy has been widely used for 

high-temperature applications such as power plants, nuclear reactors, and chemical industries due 

to the oxidation-resistant property it possesses at high temperatures (Cao et al., 2017; Xu et al., 

2018; Jiang et al., 2019; Parimin et al., 2022;).  

 

The Ti6Al4V alloy is extensively used in various industrial sectors, such as marine, aeronautical, 

chemical industries, power generation, biomedical devices, sport and entertainment facilities, and 

transportation, owing to its remarkable combination of high strength-to-weight ratio, exceptional 

corrosion resistance, and favourable biocompatibility, among other advantageous properties. 

However, with the limited wear resistance and inadequate high-temperature oxidation resistance 

pose significant constraints on the practical utilisation of this material in scenarios involving wear 

and oxidation (Hong et al., 2022).  

 

The investigation of high-temperature oxidation in HEAs is of utmost importance owing to their 

remarkable properties that exceed those of conventional alloys. The AlCoCrFeNi-HEA has 

attracted considerable interest due to its exceptional mechanical properties (Wang et al., 2009; 

Chou et al., 2009; Pouraliakbar et al., 2021). Niu et al. (2019) fabricated AlCoCrFeNi-HEA using 

the selective laser melting method. The authors found that the alloy is composed of a mixture of 

soft FCC and hard B2 phases after being exposed to high temperatures. The HEA composition 

resulted in the production of high strength and good ductility.  
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Sistla et al. (2015) fabricated AlFeCoCrNi-HEA using the direct metal deposition method. The 

exposure at high temperatures led to the formation of σ phase transition with improved mechanical 

properties. The microstructure and high-temperature oxidation of AlCoCrFeNi-HEA were 

investigated by (Butler and Weaver, 2016) The oxidation process of AlCoCrFeNi-HEA was 

conducted at a temperature of 1050°C in air within a tube furnace for 100 hours. The researchers 

discovered that the process of isothermal oxidation facilitated the development of Cr2O3, Al2O3, 

and NiCr2O4 films, together with a distinct AlN phase. The study showed the ability to selectively 

oxidize the constituents of compositionally complicated alloys, resulting in the development of 

protective oxide layers. 

 

Butler et al. 2015 investigated the oxidative behaviour of the HEA Al2Co4.5Cr4.5Fe4.5Ni4.5 and 

Al4Co5Cr5Ni5Si, at a temperature of 1050°C. It was observed that the weight gain of the alloy 

exhibited a significant increase. The results suggest that the surface layer predominantly consisted 

of Cr2O3. Furthermore, an inner layer exhibited Al2O3, concomitant with the existence of AlN 

inclusions. This study presented actual evidence supporting the protective features and continuous 

nature of the resulting layer of HEAs. 

 

In summary, the existing body of research suggests that HEAs exhibit notable resistance to 

oxidation when subjected to high temperatures, making them a preferable choice for a wide range 

of applications including jet engines, the nuclear industry, and the oil and gas sectors (Dewangan 

et al., 2022b). In addition, AlFeCoCrNi-HEA possesses the advantage of being able to modulate 

their efficiency by making alterations in the chemistry of HEAs, a capability that is lacking in 

conventional alloys. Therefore, this study employed the AlFeCoCrNi-HEA to examine the 

oxidation behaviour at elevated temperatures, considering different combinations of scan speed 

and laser power. The research conducted aimed to identify and optimise the ideal scan speed and 

laser power settings to minimise the occurrence of high-temperature oxidation. The significance 

of this holds great importance in practical contexts. 
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2.6 Summary  

 

This section focuses on the fundamental principles of additive manufacturing and the operational 

procedures employed in the production of high entropy alloys using the direct energy deposition 

manufacturing process. The introduction of high entropy alloys and their unique qualities that 

differentiate them from traditional alloys have been discussed. Although additive-manufactured 

high entropy alloys have appealing characteristics, they do exhibit restrictions in terms of post-

processing. The employment of centrifugal barrel finishing and electropolishing techniques 

additively manufactured high entropy alloys has been examined. Moreover, the investigation into 

the oxidation behaviour of high entropy alloys at elevated temperatures has been comprehensively 

explained, utilising knowledge gained from prior scholarly investigations. 
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Chapter 3 

Methodology 

 

This chapter provides a comprehensive analysis of the methods used to address the aims and 

objectives of the research. This chapter addresses the fabrication, examination, and evaluation of 

AlCoCrCuFeNi-HEA to acquire knowledge on the properties, composition, structure, and 

characteristics of the alloy.  

 

3.1 Material 
 

Pre-alloyed high entropy alloy powder prepared via a solid-state alloying process was used to 

produce alloys that were investigated in this study. The AlCoCrCuFeNi high entropy alloy (HEA) 

powder has a particle size distribution ranging between 32-140 µm with purity above 99%. The 

powder was commercially purchased from F.J. Brodmann and Co., L.L.C suppliers and was said 

to contain 16.6 wt% of Cr, Al, Cu, Co, Ni, and Fe. The samples were fabricated on a Ti-6Al-4V 

base plate with dimensions of 100 mm × 100 mm × 30 mm. 

 

3.2 Powder analysis 
 

The powder analysis of AlCoCrCuFeNi-HEA was conducted at the Council for Scientific and 

Industrial Research (CSIR). The analysis of powder in this research adhered to the ASTM B822 

standards. Particle size distribution was determined by laser granulometry in Bluewave Micro-

tract S3500. The Jeol JSM-6010PLUS/LA Scanning Electron Microscope (SEM) incorporated 

with the Energy-dispersive X-ray spectroscopy (EDS) was used to analyse the chemical 

composition of the powder. Shear testing of the powder took place to determine the flowability of 

the powder using a FT4 device. To achieve accuracy and a thorough comprehension of the 

material's response to different degrees of stress, the tests were performed three times and involved 
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a range of normal loads (3, 4, 5, 6, and 7 kPa). This methodology aids in determining consistent 

shear stress readings and improves the accuracy of the obtained data. Analysing the material's 

reaction under different levels of stress offers a comprehensive understanding of its behaviour. 

 

3.3 Deposition process 
 

A Kuka robot depicted in Figure 3.1 with 3kW IPG continuous fibre laser power was used to 

deposit the AlCoCrFeCuNi-HEA powder, in an argon-controlled system to protect the surface 

from oxidising. The laser was continuously cooled with a chiller to avoid overheating during the 

process. A 1.5 bar GTV powder feeder system that uses multi-hoppers was used to control the 

powder feed rate during processing. The furnace was preheated to 600ºC before samples were 

deposited on the base plate. 

 

 

3.3.1 Process parameters  
 

The beam diameter of 2 mm and powder feed rate at 2.5 rpm were kept constant while the laser 

power and scanning speed were varied from 1200 W to 1400 W and 0.48 mm/s to 0.72 mm/s, 

Figure 3.1: 3kW IPG Kuka robot with furnace (Dada et al., 2020b). 
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respectively. Process parameters that were used in this study are summarised in Table 3.1. The 

technique that was used for cladding is an orthogonal scanning strategy. 

 

Table 3.1: Laser process parameters of AlCoCrCuFeNi-HEA. 

 

Sample name         Laser power             Scan speed                 Beam diameter            Powder feed rate  

                                     (W)                         (mm/s)                              (mm)                              (rpm) 

a 

b 

c 

d 

e 

f 

1200 

1200 

1200 

1400 

1400 

1400 

 

0.48 

0.6 

0.72 

0.48 

0.6 

0.72 

 

2 

2 

2 

2 

2 

2 

 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

 

Note: Samples were done in triplicate where sample a = a1, a2, a3 

  b = b1, b2, b3 

  c = c1, c2, c3 

  d = d1, d2, d3 

  e = e1, e2, e3 

  f = f1, f2, f3 

 

3.4 Sample preparation 
 

The 25 mm × 25 mm × 15 mm AlCoCrCuFeNi-HEAs samples were built on the Ti-6Al-4V 

baseplates as shown in Figure 3.2. The substrate was sand-blasted and cleaned with acetone before 

processing and after processing the excess powder on the samples was cleaned using a wire brush. 
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The samples were wire cut from the baseplate. The samples were cut in half using the struers 

labotom-5 discom-2 cut-off machine and mounted in a black resin with carbon filler using the 

AMP50 automatic mounting press. The samples were polished on the struers grinding machine 

using a SiC paper starting from P 320μm, P 1200μm, and P 4000μm respectively. The samples 

were polished to achieve a mirror surface finish by using a colloidal silica OP-S suspension for 3 

min 30 s.  

 

The polished samples were cleaned with a soap suspension, rinsed, and dried in ethanol for 

metallographic observations. Marble's reagent which is a mixture of 4 g of copper sulphate, 20 mL 

of hydrochloric acid and 20 mL of water was used as the etchant to attack the grain boundaries 

and expose the microstructure. 

 

  

Figure 3.2: DED samples produced using the KUKA robot. 
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3.5 Characterisation of as-built and processed samples  
 

Samples were analysed and characterised using density measurement, optical microscope, 

scanning electron microscope, Energy-dispersive X-ray spectroscopy, and X-Ray diffraction 

(XRD). Hardness test was conducted to evaluate properties of HEAs produced under varying 

processing conditions.  

 

3.5.1 Density Measurement 
 

The OHAUS® AX324 analytical balance was used to determine the density measurements of 

AlCoCrCuFeNi-HEA according to ASTM B962-17. 

The density of the samples was measured following the Archimedes principle and Equation 3.1.  

⍴measurement = 
𝑚1

𝑚2
 ·⍴OH   (3.1) 

Where ⍴measurement [g/cm3] is the measured density of the alloy, 

𝑚1 [g] is the mass of the sample in air, 

𝑚2 [g] is the mass gain of alcohol when the sample is immersed in ethanol and 

⍴OH [cm3] is the density of alcohol. 

The theoretical density of AlCoCrCuFeNi-HEA was measured using Equation 3.2 (Guo, 2022). 

𝜌𝑚𝑖𝑥 =
∑ 𝐶𝑖

𝑛

𝑖=1
𝐴𝑖

∑
𝐶𝑖𝐴𝑖

𝜌𝑖
⁄

𝑛

𝑖=1

              (3.2) 

Where the 𝜌𝑚𝑖𝑥 [g/cm3] is the theoretical density, 

𝐶𝑖 is the atomic percentage of element i, 

𝐴𝑖 is the atomic weight of element i and 

𝜌𝑖 is the density of the element i 
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3.5.2 Optical microscope  
 

The metallographically prepared and etched samples were characterised for microstructural 

characteristics such as dendritic structures, grain size, and defects using an Olympus BX51M 

optical microscope (OM). To obtain an overview of the whole samples, microstructural images 

were taken at various positions using magnifications of 5X, 10X, and 20X. This was guided by 

ASTM F728-81. 

 

3.5.3 Scanning electron microscope  
 

The Jeol JSM-6010PLUS/LA SEM with EDS was used to analyse the chemical composition and 

the morphology of the pre-alloyed powder, as-built sample, post processing (electropolishing and 

centrifugal barrel finishing) and Oxidized samples.  

 

3.5.4 XRD analyses 
 

Phases identification of as-built, post-processed and Oxidized samples were analysed using XRD 

PANalytical from Tshwane University of Technology. The crystallographic phases were 

distinguished using a monochromatic Cu (k-alpha) radiation over a scanning range of 20° < 2θ < 

90°, current of 45 mA, voltage of 40 kV, and the step size of 0.0170°.  

 

3.5.5 Hardness measurement  
 

Microhardness tests were carried out on the surface of the material. The Zwick/ Rowell micro-

Vickers hardness tester was employed to quantify the hardness of the specimen, using ASTM 

E384-22. The current load used was 300g with a dwell time of 10 seconds. For each sample, 25 

indentations with 200μm spacing were made on the samples in the vertical direction to the build 

orientation. 
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3.6 Post-processing 
 

Two post-processing methods were adopted in this investigation, namely the electropolishing and 

centrifugal barrel finishing. 

 

3.6.1 Electropolishing 

 

3.6.1.1 Electrochemical analysis 

 

Linear sweep voltammetry (LSV) was performed using a computer-controlled Autolab 

Potentiostat (PGSTAT302) from Tshwane University of Technology to determine the anodic 

polarization of AlCrCoCuFeNi-HEA, as depicted in Figure 3.3. A three-electrode cell was used 

to carry out the experimental test to select an electropolishing region using 3.5 wt% NaCl test 

solution at room temperature. The HEA samples were subjected to a polishing area of 1 cm2 using 

a saturated calomel (SCE) and platinum electrodes were used as reference and counter electrode, 

respectively. Polarization was conducted by varying potential from -10V to 10V at a scan rate of 

10 mV/s. To achieve a reproducible measurement, potential was swept in the cathodic direction to 

avoid pitting of the electrode (Kumar et al., 2021). 

 

 

 

 

 

 

 

 

 

 
Figure 3.3: Auto-lab Potentiostat (PGSTAT302). 
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A Struers LectroPol-5 electrolytic polishing and etching device from the University of Pretoria 

shown in Figure 3.4 was used to polish AlCoCrCuFeN-HEA samples. The electropolisher 

comprised of a round opening of 0.5 cm2. A solution of 80% methanol and 20% perchloric acid 

was used as the electrolyte. The electrolyte solution was filled into the plastic container of the 

electropolisher and the experiment was performed at room temperature. The parameters used in 

this study are shown in Table 3.2. After polishing the samples were washed with ethanol and dried. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2: EP optimum process parameters. 

 

 

 

 

 

 

  

Sample Laser 

Power           

(W) 

Voltage 

(V) 

Time 

(sec) 

 Agitation 

    (rpm) 

a1 1200 -0.5 30 20 

b1 1200 -0.5 30 20 

c1 1200 -0.5 30 20 

d1 1400 -0.5 60 20 

e1 1400 -0.5 60 20 

f1 1400 -0.5 60 20 

Figure 3.4: Struers LectroPol-5 electropolishing machine. 



42 

 

3.6.2 Centrifugal Barrel Finishing  
 

An industrial barrel finishing machine shown in Figure 3.5, CB320-CBF from CSIR at the 

National Laser Center (NLC), was used in this investigation. The tumbling barrel was loaded with 

10 mm × 10 mm angle-cut ceramic, water, and a small amount of LC-13 polishing liquid, all 

occupying 50 % (11kg) of the barrel volume. Samples a2, b2, c2 were first subjected to ceramic 

media for 14 hours, and samples d2, e2, f2 were polished with ceramic media for 3 hours, zirconia 

balls for 2 hours and plastic media for 2 hours as outlined in Table 3.3. 

 

 
  

 

 

 

 

 

 

 

 
 

            

 

 

 

 

Table 3.3: CBF process parameters. 

 

 

 

 

 

Sample Laser 

Power (W) 

Rotation 

speed (rpm) 

   Time 

(hrs) 

a2 1200 85 14 

b2 1200 85 14 

c2 1200 85 14 

d2 1400 85 7 

e2 1400 85 7 

f2 1400 85 7 

Figure 3.5: CB320-CBF machine and ceramic media used to polish the samples. 
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3.6.3 Surface analysis  
 

The surface finish of the untreated and treated samples were measured before and after polishing 

using a Surtronic® S-100 Series – Surface Roughness Tester. The surface roughness measurements 

were taken at three different areas on each sample. The surface morphology was examined using 

a JEOL-JSM-6010/LA plus SEM. A Gwyddion 2.9.32 software used the SEM images to determine 

the topography and roughness profile of the samples.  

 

3.7 High temperature oxidation 
 

High-temperature oxidation tests were conducted inside an ULTRA-FURN furnace. Six samples 

that were produced under varying laser and scanning speed conditions were placed in a pre-heated 

furnace in static air at a temperature of 1000ºC for 100 hrs. Prior to oxidation testing the samples 

surfaces were polished using 1200-grid SiC paper on all sides and weighed on the analytical 

balance explorer™ semi-micro OUAUS® weighing mass balance. After 100 hrs the samples were 

removed from the furnace and cooled down to room temperature. Oxidized samples were weighed 

on the OUAUS® weighing mass balance. The morphology and phases of the oxide scale was 

characterised by SEM and XRD, respectively. 

 

3.8 Conclusion 
 

This chapter presents a detailed experimental procedure for AlCoCrCuFeNi-HEA fabrication and 

characterisation process. Post-processing methods and oxidation tests were described, with the 

outcomes presented in the next chapter.  
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Chapter 4 

Results and discussion 

 

This chapter presents the results based on the outcome of the methodology obtained in accordance 

with the research objectives. The evaluation and interpretation of the microstructural and 

mechanical properties, post-processing and oxidation results obtained from the Laser Direct 

Energy Deposited AlCrCoCuFeNi-HEA are presented and discussed in this chapter. 

 

4.1 Powder analysis 
 

This section focuses on the examination of powders, comprising a comprehensive look into the 

chemical composition, morphology, particle size distribution, and powder rheology. This analysis 

collectively contributes to the characteristics and behaviour of the powder. 

 

4.1.1 Chemical composition  
 

The chemical composition of AlCrCoCuFeNi-HEA powder was determined using SEM with 

energy dispersive spectroscopy (EDS). Table 4.1 presents the results of the EDS analysis of the 

AlCrCoCuFeNi-HEA powder. The analysis revealed a lower weight percentage of Cu and Ni. 

Additionally, the presence of oxygen in oxide form was observed on the surface of the powder. 

The chemical composition of the powder as determined by EDS analysis was different from the 

composition given by the supplier. 
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Table 4.1: Chemical composition of AlCrCoCuFeNi-HEA powder (wt. %). 

 

 Al Cr Co Cu Fe Ni O 

Supplier  

Composition          
16.67             16.67           16.67             16.67           16.67          16.67 16.67 

EDS 

Composition 
19.10 15.95 25.16 2.29 33.06 2.61 1.84 

 

 

4.1.2 Morphology and Particle Size Distribution  
 

The SEM was used to determine the morphology of the as-received AlCrCoCuFeNi high entropy 

alloy (HEA) powder. The SEM image in Figure 4.1 shows the as-received AlCrCoCuFeNi-HEA 

powder, displaying a particle size distribution that ranged from 44-105 μm, with a heterogeneous 

morphology, as evidenced by the presence of coarse particles in Figure 4.1(a). Fine particles in 

Figure 4.1(b), and irregular particle shapes in Figure 4.1(c) and (d) were also observed. The 

powder also contained oxides and satellites on the surface, observed in Figure 4.1(a) to (d). Figure 

4.1(e) to (f) showed particles of varying irregular shapes across all sizes, with a relatively low 

proportion of spherical particles. The irregularly shaped particles were more pronounced in larger 

particles.  
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The AlCrCoCuFeNi-HEA powder was determined by the laser granulometry in the Bluewave 

Micro-tract. The particle size distribution results are presented in Tables 4.2, and graphically 

illustrated in Figure 4.2. The particle size was found to be in the range of 19.36-207.80 μm in 

percentile 10 and 95, which is different from the 44-105 μm provided by the supplier. According 

to the results presented in Table 4.2, the d50/d10 > 10 and d90/d10 ≤ 19 this indicated that the particle 

Figure 4.1: SEM micrograph of AlCrCoCuFeNi-HEA powder sample (a) 500×, (b) 500×, (c) 500×, (d) 

500×, (e) 500×and (f) 500× at different areas of the same powder. 
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size distribution of AlCrCoCuFeNi-HEA powder did not meet the Karapatis criteria (Vock et al., 

2019, Gelnar et al., 2018).  

The particle shape and size distribution in the powder-based manufacturing process is an important 

aspect as it determines the properties of the parts built such as mechanical strength, and surface 

finish (Tshabalala et al., 2018). Meeting the criteria fulfils the condition of space-filling in between 

coarse particles by fine grains to form an effective layer (Nziu et al., 2014). Fine particles are prone 

to agglomeration while larger particles are the source of rough surfaces (Machio et al., 2018).  

 

Table 4.2: Characteristics values for the particle size distribution. 

 

 

  

 

 

 

 

 

 

Metal powder d10 (μm) d50 (μm) d90 (μm) d50/d10 d90/d10 

AlCrCoCuFeNi 100.0 98.99 97.98 0.9899 0.9798 

Figure 4.2: Particle size distribution of AlCrCoCuFeNi-HEA powder. 
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4.1.3 Powder rheology 

 

The powder flow properties of the as-received powder was measured to evaluate if the powder 

possessed the required properties for building parts using AM technique. Figure 4.3 constitutes 

the powder yield locus schematic diagram of AlCrCoCuFeNi powder where Table 4.3 represents 

the linear angle of internal friction of AlCrCoCuFeNi powder. Figure 4.3 represents the data 

points plotted in two-dimensional coordinate system with points that are defined by the schematic 

diagram of powder yield locus containing: major principal stress (MPS), unconfined yield strength 

(UYS), effective angle of internal fraction (AIF), cohesion, flow function (FF), minor 

consolidation stress (MCS), bulk density (BD) and linear angle of internal friction corresponding 

to the shear stress as presented in Table 4.3. The measurements were repeated three times (R01, 

R02 and R03) for accuracy and repeatability as shown in Appendix A, Table A1. The line tangent 

to the yield locus is the basis of the parameters obtained during the shear test. The data 

interpretation and analysis were the same as the results that were obtained from the Jenike shear 

tester (Markusson, 2017; Tshabalala et al., 2018). The internal friction angle aligns with the 

homogenous structural layer alignment of powder particles. Zegzulka et al. (2020) found that the 

ideal bulk formed by spheres corresponds to the 30˚ angle internal friction. 

 

Table 4.3:  Shear cell test properties of the AlCrCoCuFeNi-HEA powder. 

 

Powder Cohesion 

(kPa) 

UYS 

(kPa) 

MPS 

(kPa) 

MCS 

(kPa) 

FF Denisty 

(𝝆)  

AIF 

 º 

BD 

(g/ml) 

R(average) 0.43 1.63 15.33 3.89 11.75 8.67 33.90 2.80 
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Figure 4.3: Powder yield locus schematic diagram of AlCrCoCuFeNi powder. 

 

Figure 4.4 shows the unconfined yield strength on major principal stresses. Figure 4.4 conveys 

an exponential increase, where an increase in total energy increases with the tip speed. Zegzulka 

et al. (2020) found that a high linear slope translates to a flow resistance which indicates a free-

flowing powder in accordance with the low value that is close to zero. The internal angle of friction 

in this study was found to be > 32˚, which is ideal for the flowability of the powder in direct energy 

deposited (DED) methods. The average UTS value is above 1  kPa, which illustrates that a higher 

force is needed to make the bulk solids to flow. Tshabalala et al. ( 2018) stated that the flow 

function (FF) should be greater than 10 for a free-flowing powder. From the results presented in 

Table 4.3 the FF factor for the powder was 11.75. Thus, this indicates that the powder would flow. 
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4.2 Process development of the samples  

 
This study focused on the DED fabrication of 25 mm × 25 mm × 15 mm samples and the laser 

processing parameters were derived from the optimum parameters obtained from the work that 

was carried out by Dada et al. (2021b). Producing samples presented in Figure 3.2 of Chapter 3 

was challenging. During the fabrication process powder agglomerated in the polyurethane powder 

feeding tube. This is due to the fine particles sizes that was observed in the powder composition 

and the particle size distribution which failed to fulfil the Karapatis criteria. The purpose of 

establishing the criteria is to guarantee optimal powder flowability. The criteria states that the 

particle size distribution ratio should satisfy d50/d10 ≥ 10 (Karapatis, 2002)  

 

From the results, it was observed that increasing the scan speed and laser power resulted in the 

formation of irregular layers, causing the samples to have uneven surfaces and rough textures. 

Spranger et al. (2018) experienced challenges during the fabrication of laser-deposited Ti-6Al-4V 

Figure 4.4: Unconfined yield strength on major principal stress. 
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cylindrical specimens with multiple tracks overlapping. The authors found that during fabrication, 

there was a high deposition rate on the edges and a symmetrical built-up in the near areas which 

caused irregularities in the configuration because of the increasing scanning speed.  

 

In this study, the use of a 15 mm thick baseplate contributed to the formation of unevenness on the 

surfaces of the samples. Similar challenges are reported by Yu et al. (2012). From author’s study, 

it was noted that a 10 mm thick base plate accumulated heat, which resulted in prolonged cooling 

times, subsequently forming defects on the structure of the samples. 

 

4.2.1 Density using Archimedes Principle 
 

The density of AlCrCoCuFeNi-HEA was determined using the OHAUS® AX324 analytical 

balance. Each sample was measured three times to increase accuracy. The measured densities are 

shown in Appendix B Table B1. The densities processed at different laser parameters are shown 

in Table 4.4.  

 

The results show that the measured density of AlCrCoCuFeNi-HEA samples increase with 

increasing scan speed and laser power. Higher scanning speed have an impact on the heat input 

and solidification rate of the material. Increasing scanning speed at high laser power does not 

provide enough time for the melting and solidification process to occur. As a result, the density of 

the material may decrease due to incomplete fusion or insufficient time for the atoms to be organize 

in the desired manner (Chowdhury et al., 2022). 

 

When the laser power increases, the volumetric energy density of AlCrCoCuFeNi-HEA samples 

increased. As the laser power is increased, a greater amount of energy is delivered into the material, 

leading to an increase in the ability of the material to absorb energy. Materials that have a higher 

capacity to absorb laser energy have higher volumetric energy density as the laser power increases 
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(Liu et al., 2022). However, excessive heating causes the low-melting components within the 

alloys to vaporize (Huang et al., 2022).  

 

Table 4.4: Densities of AlCrCoCuFeNi-HEA samples processed at different conditions. 

Sample  Laser 

power 

(W) 

Scan 

Speed 

(mm/s) 

Layer 

thickness 

(mm) 

Hatch 

spacing 

(mm) 

Measured 

density 

(g/cm3) 

Energy 

density 

(J/mm3) 

Theoretical 

density 

(g/cm3) 

Relative 

density 

(%) 

a 

b 

c 

d 

e 

f 

 

1200 

1200 

1200 

1400 

1400 

1400 

 

0.48 

0.6 

0.72 

0.48 

0.6 

0.72 

 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

 

1 

1 

1 

1 

1 

1 

 

6.75 

6.92 

6.95 

6.82 

6.54 

6.44 

 

5000 

4000 

3333 

5833 

4667 

3889 

 

6.85 

7.05 

7.15 

7.00 

6.56 

6.63 

 

98.5 

98.1 

97.1 

97.4 

98.7 

98.9 

 

Materials properties and characteristics of components produced by AM processes are influenced 

by the density. Li et al. (2022) illustrated that the energy density (E) parameter determines the 

behavioural influence on the DED part. This suggests that the change in the energy density 

parameter can exert a significant influence on the behaviour of the DED process, potentially 

affecting various features such as material deposition, fusion, heat-affected zones, or other 

characteristics inherent to the DED technology. The volumetric energy density (J/mm3) is given 

by Equation 4.1 (Liu et al., 2022). 

 𝐸𝑣 =
𝑃

ℎ𝑣𝑡
   (4.1) 

Where: 

P [W] is the laser power,  

h [mm] is the hatch spacing,  

v [mm/s] is the scan speed and  

t [mm] is the powder layer thickness.  
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Enneti et al. (2018) investigated the effect of parameters on the densification of tungsten using 

selective laser melting (SLM) technique. From the study, it was found that the densification of 

tungsten was influenced by the scanning speed. Increasing the scanning speed at high laser power 

resulted with produced samples having higher relative densities.  

 

The interaction between the scan speed and laser power impacts the way heat is distributed 

throughout the material. An intricate balance is required to ensure that the energy supplied is 

sufficient to effectively fuse the material while avoiding excessive energy that may result in 

insufficient solidification (Chowdhury et al., 2022).  

 

During fabrication, high laser power dispenses an immense amount of energy density which in 

turn fully melts the alloy powder particles to create metallurgical bonding, consequently leading 

to a progressively higher relative density (Sun et al., 2020). This phenomenon also explains the 

decrease in relative density at lower laser power emanates from the energy density not being high 

enough to fully melt the powder particles. 

 

4.2.2 Microstructural analysis 
 

The optical microscope was used to analyse the microstructure of AlCrCoCuFeNi-HEA samples. 

Figures 4.5-4.10 represent the microstructure of AlCrCoCuFeNi-HEA samples produced under 

different laser power and scanning speed. The microstructure was observed from the top, middle 

and the bottom section of the samples.  

 

Figure 4.5 shows the top (a), middle (b) and bottom (c) view of microstructure of sample a, which 

was produced at the laser power of 1200W and scanning speed of 0.48 mm/s. Image (d) and (e) 

are a higher magnification of the top-middle and bottom respectively. The microstructure is 

composed of equiaxed grains and fine dendrites (d(A) and e(B)) which appear to be getting finer 

when moving to the bottom. Visible cracks can be observed along the grain boundaries of the 

microstructure shown in Figure 4.5 d(i) and e(ii). 
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Figure 4.6 shows the top (f), middle (g) and bottom (h) microstructures of sample b produced at 

1200W when the scanning speed was increased to 0.6 mm/s. A decrease in grain sizes was notable 

when moving towards the bottom. The microstructure shown in Figure 4.6(j) is the bottom section 

of the sample at higher magnification. The microstructure at higher magnification showed fine 

dendrites in the interior of the equiaxed grains. Cracks were observed in the middle section of the 

Figure 4.5: Optical microscopic images of sample a, produced at 1200W, 0.48mm/s. 
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sample, highlighted with a red circle in Figure 4.6 (i). Figure 4.6 (i) represents Figure 4.6(g) at 

higher magnification, cracks can be observed at the grain boundaries in i(iii). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Optical microscope images of sample b, produced at 1200W, 0.6mm/s. 
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Figure 4.7 shows the microstructure the top (k), middle (l) and bottom (m) view of sample c 

produced at 1200W, with the scanning speed of 0.72 mm/s. The microstructure observed in (k) (l) 

and (m) contains equiaxed grain, which decreases in size when moving downwards.   

 

 Figure 4.8 shows the top, middle and the bottom microstructures of sample d labelled n, o, and p 

respectively. The microstructure is characterised by equiaxed grains. An evident increase in grain 

size was observed when moving towards the bottom.  

 

 

 

 

Figure 4.7: Optical microscope images of sample c, produced at 1200W, 0.72mm/s. 

Figure 4.8: Optical microscope images of sample d, produced at 1400W, 048mm/s. 
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Figure 4.9 shows the top (r), middle (s) and bottom (t) microstructure of sample e produced at 

1400W and a scanning speed of 0.6 mm/s. The characteristic microstructure of the samples was 

predominantly equiaxed grains. Figure 4.9 (u) represents the bottom microstructure of sample e at 

higher magnification. The figure shows dendrites that are constructed in a net-like structure (Zhou 

et al., 2008). The bottom of the sample u(v) contains cracks along the grain boundaries. 

 

 

Figure 4.10 shows the top (v), middle (w) and bottom (x) microstructure of sample f produced at 

the laser power and scanning speed of 1400W and 0.72 mm/s respectively. The microstructure is 

characterised by equiaxed grains across the sample.  

Figure 4.9: Optical Microscope images of sample e, produced at 1400W, 0.6mm/s. 
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The obtained results show distinct differences in microstructure and grain size when the laser 

power and scanning speed is varied. Samples a, b, and c that were produced at 1200W have fine 

equiaxed grains at the bottom. The correlation between laser power and grain size is commonly 

attributed to the cooling rate of the material during laser processing. Lower laser power leads to a 

decrease in the amount of energy input, which results in fast cooling rate. The rapid cooling limits 

the duration for atomic reorganisation and the grain growth. Consequently, the reduced time 

available for grain growth results in the development of finer microstructures. Liu et al. (2023) 

investigated the impact of laser power on the microstructures and characteristics of Al-4.82 Mg-

0.75. The authors conclude that lower laser power resulted in the formation of fine grains (Liang 

et al., 2018; Liu et al., 2023).  

Increasing the scanning speed when the laser power is relatively low results with low heat being 

accumulated in the material, which subsequently leads to the formation of fine grains (Chen et al., 

2022).  

 

Samples d, e, and f which were produced at a higher laser power of 1400W were characterised by 

the presence of larger equiaxed grains in (p), (t), and (x) respectively. Increasing laser power and 

Figure 4.10: Optical Microscope images of sample f, produced at 1400W, 0.72mm/s. 
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increasing scanning speed leads to slow cooling rates which results with grain growth taking place 

(Chen et al., 2022; Prasad et al., 2020). 

Preheating the substrate influences thermal dynamics in the additive manufacturing process, 

particularly the cooling rates in different material regions. Slow cooling rates at sections that are 

in contact with the substrate are due to preheating, which leads to the formation of a coarse 

microstructure (Zhou et al., 2019). 

The intergranular cracks that were observed in the microstructures were more pronounced at higher 

laser power. Liu et al. (2022) reported that crack morphology on the AM part is due to the 

temperature gradient and large residual stresses. Gong et al. (2014) observed that the solubility of 

the gas when the metal is in the molten state causes embrittlement that subsequently leads to the 

formation of the cracks along the grain boundaries (Prasad et al., 2020). 

In the context of aerospace applications, 1200W is the preferred laser power setting because of the 

tendency to form finer grains with improved properties (Bhat et al., 2018). 

 

4.2.3 Phase analysis  
 

X-ray diffraction (XRD) was employed to analyse the phases of AlCrCoCuFeNi-HEA. The XRD 

pattern of the DED AlCrCoCuFeNi-HEA in its as-built state is shown in Figure 4.11, with peaks 

showing a solid solution of BCC and FCC phases. Figure 4.11 (b) shows the enlarged (200) peak 

at a 2θ angle. Sample a, produced at lower laser power is comprised predominantly by BCC phases, 

whilst the alloy produced at a higher laser power has FCC phases. Intermetallic compounds were 

not observed. The formation of solid solutions in HEAs at high temperatures is more stable than 

intermetallic compounds, this is as a result of the large entropies of mixing found in the multi-

principal elements (Tung et al., 2007).  

 

The formation of solid solution crystal structure is prompted by the rapid heating and solidification 

of laser deposition, which is found to be favourable in improving the solubility limit of each 

element in HEA (Zhang et al., 2020). The atomic radius of each element differs thus leading to an 



60 

 

increase in solid-liquid interface energy during solidification, the lattice distortion occurs over a 

long range during the diffusion of atoms (Chen and Yan, 2016).  

 

 

 

The AlCrCoCuFeNi-HEA contains high entropy state. The hybrid high entropy of this effect 

reduces the Gibbs free energy of the system, promoting the production of solid solutions instead 

of ordered compounds (Zhang et al., 2020). The BCC phases are predominantly found in the XRD 

patterns. Zhang et al. (2022) concluded that the presence of dominant BCC structure in HEAs is 

linked to an increased in hardness. The samples are characterised by a similar peak at (200), Figure 

4.11 (b) shows the peak shifts to a higher 2θ angle. The result of an increasing 2θ angle decreased 

the lattice spacing plane. This is due to the volume expansion of the microstructure which produces 

stress that affects the lattice parameter of the grain boundary (Yuting et al., 2019; Huang et al., 

2022). 

 

 

 

Figure 4.11: X-ray diffraction pattern of as-built AlCrCoCuFeNi HEA: (a) at different laser power and 

scan speed, (b) enlarged (200) peak. 
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4.2.4 Hardness  

 

A micro-Vickers hardness tester was used to measure the hardness of AlCrCoCuFeNi-HEA. The 

hardness profile of samples a, b, c, d, e, and f are shown in Figure 4.12, and summarised in Table 

4.5. 

It was observed that lower laser power resulted in higher hardness, this is the result of lower 

solidification rate and finer microstructures. Materials with finer microstructures, which are 

commonly identified by smaller grain sizes, tend to enhance hardness. The presence of smaller 

grains results in an increased number of grain boundaries inside the material. The presence of grain 

boundaries in a material hinders the movement of dislocations under the influence of applied stress 

(Ke et al., 2022). 

A higher laser power resulted in lower hardness. An increase in laser power can potentially 

accelerate the process of solidification and result in the formation of larger grain sizes, ultimately 

leading to a reduction in hardness values. Liu et al. (2022) found that the hardness of the SLM 

fabricated Al-Mg-Sc-Mn samples decreased with an increase in laser power due to low 

solidification which formed fine grains in the microstructure.  

The fabrication of DED AlCrCoCuFeNi-HEA resulted in higher hardness contrary to the 

AlCrCoCuFeNi-HEA that were fabricated by arc melting and casting methods. Tung et al. (2007) 

reported hardness values of 473HV in arc-melting of AlCoCrCuFeNi HEA, which is relatively 

low when compared to samples that were produced at 1200W and low scanning speed of 0.48 

mm/s. 

 

Table 4.5: Average hardness of samples a, b, c, d, e, and f. 

 

 Sample a Sample b Sample c Sample d Sample e Sample f 

Average 

hardness  

563HV 563HV 457HV 337HV 333HV 299HV 
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The fast-cooling rate in DED fabrication techniques, result in s rapid solidification that promotes 

the formation of a fine-grained microstructure that contributes to higher hardness. In contrast, arc 

melting and casting result in a slower cooling rate, leading to the formation of a coarser 

microstructure and reduced hardness (Li et al., 2019). Additionally, DED allows for better control 

Figure 4.12: Hardness profile of samples a, b, c, d, e and f at different laser power and scanning speed. 
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over the process parameters, such as the energy input and cooling rate, which can be tailored to 

optimise the microstructure and properties of the material. On the other hand, arc-melting and 

casting methods have limited control over these parameters, which can result in variations in the 

microstructure and properties of the fabricated material (Jia et al., 2016).  

These observations highlight the significant influence of process parameters, specifically laser 

power, on the hardness of processed materials. Lower laser power often promotes the formation 

of fine microstructures and increases the hardness of the material by creating more grain 

boundaries. Conversely, higher laser power often results in larger grain sizes and a decrease in 

material hardness. 

Preheating facilitates attaining homogenous heating across the alloy during fabrication. This 

ensures better mixing of alloying constituents. The uniformity of the material can enhance the 

consistency of its microstructure, leading to an enhancement in hardness (Sonkusare et al., 2020). 

Ding et al. (2018) examined the effects of substrate preheating on the microstructure and 

characteristics of 12CrNi2 produced using laser cladding deposition. The study provided strong 

evidence in favour of the notion that proper preheating of substrate significantly improves the 

mechanical properties of the material. The study further showed that there was a gradual increase 

in hardness near-base layer to the surface layer. 

 

 

4.3 Post-Processing 
 

This section focuses on the surface polishing methods for the untreated as-built samples a3, b3, 

c3, d3, e3, f3.  

 

4.3.1 As-built sample 

 
Figure 4.13 displays SEM images taken from the top surface of as-built untreated AlCoCrCuFeNi-

HEA. The untreated surfaces were affected by several defects, such as the balling effect. Yang et 

al. (2022) stated that the presence of inadequate inter-layer bonding can intensify the occurrence 

of the balling effect. In instances where there is inadequate bonding between adjacent layers, the 
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partially melted particles originating from the lower layers may not fully integrate with the freshly 

deposited material. The fused layers tend to produce delamination and porosity resulting from poor 

inter-layer bonding in combination with thermal stresses. Gu and Shen. (2009), observed that when 

a lower laser power is used, it results in a balling phenomenon where the balls formed have a 

coarser structure and reduced strength due to the low undercooling of the melt caused by the 

insufficient laser input. 

 

 

 

Figure 4.14 represents the roughness profile of the untreated samples a3, b3, c3, d3, e3 and f3. The 

obtained results are tabulated in Table 4.6.   
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Table 4.6: The untreated result of as-bult samples a3, b3, c3, d3, e3, and f3. 

 

Sample Laser power 

(W) 

Scan speed 

(mm/s) 

Ra 

(μm) 

Rz 

(μm) 

a3 1200 0.48 13.78 131.85 

b3 1200 0.6 13.17 159.55 

c3 1200 0.72 17.36 168.48 

 

d3 1400 0.48 6.15 58.69 

e3 1400 0.6 6.16 58.69 

f3 1400 0.72 5.09 56.52 

 

 

Figure 4.14 represents the roughness profile of the untreated samples a3, b3, c3, d3, e3 and f3. The 

obtained results are tabulated in Table 4.6.   

Figure 4.14: Roughness profile of the untreated as-built samples a3, b3, c3, d3, e3, and f3. 
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(e3) (f3) 

 

High surface roughness was observed at 1200W. The high roughness was due to the formation of 

coarser and weaker balls that were formed because of insufficient energy input, a phenomenon 

known as balling effect. (Manakari, Parande and Gupta, 2016) stated that the presence of balling 

region is characterised by clustering of spherical particles, resulting in the formation of large-size 

melt pools, which can be attributed to a combination of low laser power, high scanning speed, and 

layer thickness. The irregularities on the metal surfaces are attributed to peaks-to-valleys.  

A decrease in surface roughness was observed when the scanning speed was increased when the 

laser power was 1400W. High laser power and increasing scan speed may lead to changes in 

chemical composition, potentially affecting the efficacy of the electropolishing process. Some 

regions of the surface may experience reduced susceptibility to dissolution (Chaghazardi and 

Wüthrich, 2022). 

 

 

               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 comprises of 3D topographical field of untreated samples a3, b3, c3, d3, e3 and f3. The 

untreated surfaces are characterised by very high peak-to-valley height as shown in Table 4.6. The 

Figure 4.15: Three-dimension topographical representation of the untreated sample a3, b3, c3, d3, e3 and f3. 
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peak-to-valleys are a representation of the balling effect, irregular and rough surfaces produced in 

the DED fabrication process.  

 

4.3.2 Electropolishing  
 

This section focuses on the electropolished samples a1, b1, c1, d1, e1, f1 polished at 1200W and 

1400W. The electropolishing of AlCrCoCuFeNi-HEA took place in the presence of 80% methanol 

and 20% sulfuric acid electrolyte using a Struers LectroPol-5 machine to polish the samples.  

 

4.3.2.1 Polarization  

 

Figure 4.16 represents the linear sweep voltammetry (LSV) curve, which is used to determine the 

anodic polarization behaviour on AlCrCoCuFeNi HEA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The polarization curve consists of three regions. The region between -2.5V and -0.5V is the active 

region (I) were current increases with increasing potential. The potential at -3V is called activation 

Figure 4.16: Linear sweep voltammetry graph of AlCrCoCuFeNi HEA. 
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potential (Ea). The region between -0.5V to 1.24V is the passive region (II) where the current is 

stable for an increasing voltage. The voltage at -0.5V is termed passive potential (Ep). The region 

after Ep depicts a rapidly increasing current in the trans-passive region (III), this region is known 

as the gas evolution region where oxygen gas bubbles are evolved. The corresponding potential at 

1.24V is called the breakdown potential (Eb). EP occurs in the passive region, where a viscous film 

with a higher resistance than that of the electrolyte is formed.  

 

Figure 4.17 displays the SEM micrographs of the EP samples. Enhanced surface quality was 

reported following the implementation of EP. A delineated grain structure is seen in samples a1, 

b1, and c1 but disappears with reduced polishing time thus, a change in microstructure can be 

observed. Sample d1 exhibits smooth spherical equiaxed grains. Sample f1 comprises of spherical 

equiaxed grains with embedded dendrites in-between sample e1 and f1 label (A) and (B) 

respectively, which are net-like structured and gullies along the grain boundaries of sample e1 and 

f1 label (D) and (E) respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17: The electropolished SEM micrographs of AlCrCoCuFeNi HEA. 
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Table 4.7: Roughness profile of the electropolished samples a1, b1, c1, d1, e1, and f1. 

 

Sample Laser 

power 

(W) 

Scan 

speed 

(mm/s) 

Ra 

(μm) 

Rz 

(μm) 

Time 

(sec) 

Agitation 

    (rpm) 

Temperature 

        (℃) 

Voltage         

(V) 

a1 1200 0.48 6.93 66.92 30 20 28 -0.5 

b1 1200 0.6 9.94 90.06 30 20 30 -0.5 

c1 1200 0.72 10.20 93.71 30 20 32 -0.5 

d1 1400 0.48 3.89 37.68 60 20 26 -0.5 

e1 1400 0.6 3.03 31.92 60 20 27 -0.5 

f1 1400 0.72 2.29 26.90 60 20 28 -0.5 

 

 

Figure 4.18 represents the roughness profile of the electropolished samples a1, b1, c1,  d1, e1 and f1. 

The obtained results are tabulated in Table 4.7.   

Figure 4.18. Roughness profile of the electropolished samples a1, b1, c1, d1, e1 and f1. 
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Increasing the scanning speed when the power was set at 1200W increases the measured average 

surface roughness and peak-to-valley increases. Elevated temperatures led to enhanced surface 

removal due to the accelerated electropolishing rate associated with higher temperatures (Aksu et 

al., 2016). As temperatures increase, the conductivity of the electrolyte also increases, leading to 

a higher rate of anodic dissolution. (Kumar and Das, 2021; Kumar et al., 2021).  

Increasing the scanning speed when the laser power was set at 1400W led to a decrease in the 

average surface roughness and peak to valleys. At higher laser power, the lower hardness of 

AlCrCoCuFeNi-HEA leads to increased ductility due to increased temperatures. This can make it 

more difficult for the material to resist the mechanical forces required for surface removal 

(Tokarewicz and Grądzka-Dahlke, 2021). 

 

 

 

Figure 4.19 presents 3D topographical images of samples a1, b1, c1, d1, e1 and f1. The surface 

removal in sample a1 is 50.29 b1 is 58.65%, c1 is 75.48%, d1 is 50.29%, e1 is 45%, and f1 is 49.19%. 

The laser power reduction bracket of 1200W exceeds that of 1400W. The sharp peaks on the as-

Figure 4.19: Three-dimension topographical representation of the electropolished sample a1, b1, c1, d1, e1 and f1. 
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built which represented the balling effect, non-uniformed and rough surface were successfully 

removed, which lead to a roughness that is much lower than that of the as-built.  

 

4.3.3 Centrifugal Barrel Finishing  
 

This section focuses on the centrifugal barrel finished samples a2, b2, c2, d2, e2, and f2 polished at 

1200W and 1400W. The centrifugal barrel finishing machine was used to polish the samples using 

ceramic media in the first samples a2, b2, c2. Subsequently enhancing the polishing by using 

ceramic, plastic and zirconia media on samples d2, e2, f2. Water, and a small amount of LC-13 

polishing liquid was used to achieve a smooth shiny finish.  

Figure 4.20 represents the micrographs of CBF samples a2, b2, c2, d2, e2 and f2. The barrel finishing 

process removed sloping plane on the sample caused by the balling effect. It could be seen that the 

finishing process removed the oxides effectively thus removing the spatters to a great extent. 

Ceramic media was only used during the polishing of samples a2, b2, c2. Since the surface removal 

action is based on rubbing, and deburring, the media interaction with the sample was vigorous for 

a prolonged period. The polished samples contain embedded scratches on samples a2, b2, c2 

because of the period the samples were subjected to polishing.  

The use of ceramic, plastic and zirconia balls was implemented in samples d2, e2, f2 to improve the 

quality from the first set of samples (a2, b2, c2). Ceramic media was applied for 3 hours, plastic 

media for 2 hours, and zirconia balls for the remaining 2 hours to make a total of 7 hours. The 

surface roughness for samples d2, e2, f2 was smooth without deep scratches. 
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Table 4.8: Presents the roughness profile of CBF samples a2, b2, c2, d2, e2, and f2. 

 

Sample Laser 

power 

(W) 

Scan 

speed 

(mm/s) 

Ra 

(μm) 

Rz 

(μm) 

Time 

(sec) 

Rotation 

speed    

(rpm) 

a2 1200 0.48 7.63 83.34 14 85 

b2 1200 0.6 5.68 64.06 14 85 

c2 1200 0.72 5.59 74.49 14 85 

d2 1400 0.48 5.29 58.06 7 85 

e2 1400 0.6 2.66 24.5 7 85 

f2 1400 0.72 5.97 17.71 7 85 

 

 

Figure 4.20: SEM images of centrifugal barrel finished samples a2, b2, c2, d2, e2, and f2. 
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Figure 4.21 shows the roughness profile of samples a2, b2, c2, d2, e2, and f2 using the CBF method, 

with the results are tabulated in Table 4.8.  

The surface roughness decreased with increasing scanning speed when the power was 1200W. The 

decrease in surface roughness was due to lower laser power that has the potential to generate less 

heat during the laser processing of materials. As the scan speed increases, the duration of exposure 

to laser energy decreases, thereby resulting in a decrease in heat input and reduction of material 

melting. Consequently, this may give rise to a surface that is less responsive to subsequent 

mechanical processes such as barrel finishing, as it may not have undergone significant phase 

changing (Singh et al., 2020). The embedded scratches that are found on the surface of the samples 

Figure 4.21: Roughness profile of the centrifugal barrel finished sample a2, b2, c2, d2, e2, f2. 
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are due to the rubbing and deburring of the ceramic media. Therefore, a less abrasive media was 

required for a smoother finish.  

The degrees of improvement in surface quality for samples that were produced at 1400W laser 

power was influenced by the use of different media (ceramic, zirconia, and plastic) that were used 

for shorter periods. Each type of media has unique abrasive properties, which has an impact on the 

polishing outcome. The increased energy input has the potential to induce more substantial 

material removal, encompassing processes such as melting, vaporization, or polishing (Kaschel, 

Celikin and Dowling, 2020). 

 

 

 

 

Figure 4.22 presents the post-polishing 3D image of the topographical field of a2, b2, c2, d2, e2 and 

f2. The average surface roughness percentage obtained after 14 hours were; a3 to a2 is 55.37%, b3 

to b2 is 43.13% and c3 to c2 is 32.2%. After 7 hours of polishing a decrease of d3 to d2 is 86.02%, e3 

to e2 is 43.18% and f3 to f2 is 90% is observed. The higher laser power exhibits a higher surface 

Figure 4.22: Three-dimension topographical representation of the CBF sample a2, b2, c2, d2, e2 and f2. 
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percentage removal. Overall, there was success in the surface removal and the peak-to-valley value 

of the CBF sample was much lower than that of the as-built.  

The overall unpolished and CBF polished samples used in the study are shown in Figure 4.23. 

 

                    

 

 

Therefore, the surface roughness resulting from varying laser process parameters, such as laser 

power and scan speed, can be impacted by the selection of media and the parameters of the CBF 

process. 

In order to improve surface conditions, it may be beneficial to choose a suitable media. In this 

research, employing less abrasive media proves advantageous in mitigating the potential for 

embedding scratches that may arise from the use of ceramics. Plastic media can offer a more 

delicate polishing action. 

Figure 4.23: DED untreated as-built samples (i) (iii) and CBF treated samples (ii) (iv). 
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The optimisation of surface polishing quality can be achieved by high laser power and increasing 

scan speed. The selection of these parameters attained a substantial surface finish, making 

AlCrCoCuFeNi-HEA ideal candidates for achieving the desired surface finish. 

Electropolishing provided the most effective polishing method. The intricate relationship between 

laser processing and electropolishing is influenced by, temperature, material properties (such as 

hardness), and laser parameters processes (particularly, laser power and scan speed). These factors 

jointly influence the surface roughness of the material.  

 

4.4 High-temperature oxidation 
 

High temperature oxidation behaviour of DED-produced AlCrCoCuFeNi-HEA was determined 

using an ULTRA-FURN furnace. Figure 4.24 shows the mass change of each sample before and 

after oxidation at different laser power and scanning speed. The samples were subjected to a 

temperature of 1000ºC for 200 hrs. The relationship between oxidation and mass change per 

surface area and time at high temperatures is presented in Equation 4.2: 

 

 (
∆𝑚

𝐴
)

𝑛

= 𝑘𝑡  (4.2) 

Where ∆m (kg) is the mass change, 

A (m2) is the surface area,  

n is the exponential index, 

K (m2/s) is the kinetic constant and  

t (sec) is the exposure time. 

 

The average mass change per surface area is presented in Table 4.9. There is a significant mass 

gain at lower laser power, whereas a minimal to a negligible weight gain at high laser power is 

observed. At lower laser powers, there may be a greater increase in mass compared to higher laser 

powers. This phenomenon might be attributed to the incomplete melting or reaction of the powder 

particles as a result of the reduced energy input. Under these circumstances, a considerable 

proportion of the powder might not completely fuse or undergone a chemical reaction with the 

sample, leading to unreacted particles adhering to the surface or becoming embedded within the 
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material (Liu and Guo, 2020). The unreacted particles can be prone to oxidation when exposed to 

oxidising environment (Huang et al., 2022)0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 
Figure 4.24: The mass change of samples a, b, c, d, e, and f at 1000˚C for 200h. 
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Table 4.9: The average mass change per surface area. 

Sample ID Average mass 

change per 

surface area 

(g/m2) 

a 0.6 

b 0 

c 1.7 

d 0.5 

e 0.01 

f 0.01 

 

Figure 4.25 represents the XRD pattern of AlCrCoCuFeNi-HEA at different scanning speed after 

oxidation. For all oxidation times FCC, BCC and Fe2O3 peaks were identified. The Fe2O3 oxide 

peaks intensified with an increase in laser power and scanning speed, indicating the growth of an 

external scale. Fe2O3 phases often form a non-protective oxide layer (Saha, 2020; Butler and 

Weaver, 2016a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26 represents the surface micrographs of AlCrCoCuFeNi-HEA at different laser power 

and scan speed after 200h of oxidization. The oxide film in Figure 4.26 displays surface 

morphologies that appear to have a compact structure with flake-like oxide films. Sample e and f 

a 

c 

d 

e 

f 

Figure 4.25: XRD spectrum of oxidized samples after 200 hours. 
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exhibit nodules with rough oxide crystallites. The oxide films was not tenacious at high laser power 

and scan seed (sample e and f).  

Although the oxide layer provides a certain degree of protection by serving as a physical barrier 

between the metal and the surroundings, is often porous and can facilitate more oxidation beneath 

it. The ongoing process of oxidation beneath the oxide layer might result in the layer cracking or 

peeling off, which exposes new metal surfaces to the environment and leads to continuous 

corrosion (Yardley, 2017). 

Cracks are distinguishable on the oxide surface, as indicated by the arrows. The phase analysis 

shows that the oxidation products in the oxide film was dominantly Fe2O3 oxide compounds 

because of the high Fe content in the powder. The following oxides Al2O3, Cr2O3 and Fe2O3 are 

mechanically, thermodynamically, and chemically stable. Yang et al. (2018) reviewed the 

oxidation behaviour of metallic materials and the application and mechanism of oxide coatings. In 

particular, the authors discuss the mechanical, thermodynamic, and chemical stability of various 

oxide coatings, including Al2O3, Cr2O3, and Fe2O3. The authors concluded that these oxides are 

stable and have been widely used as protective coatings under different conditions due to their 

properties.  

The Al2O3, is renowned for its ability to create a protective oxide layer on aluminium and related 

alloys. The oxide layer functions as a protective barrier, preventing any additional oxidation or 

corrosion of the underlying material. It offers stability and protection against various 

environmental elements (Sukiman et al., 2012).Cr2O3, develops a thin, stable, and protective oxide 

layer. The presence of this layer offers exceptional protection against corrosion and oxidation in 

various environments, contributing to the durability and lifespan of the material (Peltier and 

Thierry, 2022). Fe2O3, has the ability to create a protective oxide layer under specific condition. 

However, the effectiveness of Fe2O3 scales in providing protection can differ based on the 

environmental condition. Their defensive capabilities may prove less efficient in some hostile 

environment, such as oxidation at high temperatures or when exposed to specific corrosive 

substances (Gurrappa, Malakondaiah, 2008). 
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Therefore, the findings from the isothermal oxidation tests conducted on AlCrCoCuFeNi-HEA 

samples at a temperature of 1000°C for a duration of 200 hours. Highlights the non-protective 

characteristics exhibited by the predominant Fe2O3 oxide scale. The variation of laser power and 

scan speed during the fabrication process of materials has a significant impact on the formation of 

the alloy and its oxide scale. The findings of this study indicate that AlCrCoCuFeNi-HEA does 

crack 

crack 

crack 

crack 

crack 

Figure 4.26: SEM surface images of AlCrCoCuFeTi-HEA after oxidising for 200h. 
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not demonstrates superior resistance to oxidation at elevated temperatures, this is due to the 

formation of oxide layer during the oxidation process. 
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Chapter 5 

Conclusion and Recommendations 

 

 

This chapter presents the characterisation of AlCrCoCuFeNi-HEA samples fabricated using DED 

techniques, utilising a range of analytical techniques. This study evaluated the fundamental 

characteristics of AlCrCoCuFeNi-HEA samples by determining the mechanical properties, post-

processing methods, and high-temperature oxidation properties. 

 

5.1 Conclusion 
 

The parameter development using density found that lower laser power gave rise to a decreased 

relative density and higher laser power produced samples with relatively high densities for the 

DED AlCrCoCuFeNi-HEA.  

The increase in scanning speed during the manufacturing process of the alloy resulted in rapid 

cooling, leading to the presence of both FCC and BCC phases in the as-built AlCrCoCuFeNi-HEA 

crystal structure.  

AlCrCoCuFeNi-HEA display a combination of crystal structures, commonly incorporating BCC 

phases. The fine-grain microstructure in the alloy, combined with multiple elements in near-

equimolar proportion can significantly contribute to their hardness. The inclusion of different 

crystal structures form grain boundaries which can enhance mechanical properties, such as 

hardness, potentially making them stronger than conventional alloys. The microstructures showed 

equiaxed grains with some cracking on the grain boundaries. The findings suggest that adjusting 

different process parameters during fabrication can potentially minimise the occurrence of 

intergranular cracks, therefore improving the overall integrity and quality of the material. 

Modifying these parameters could potentially regulate the formation of cracks and enhance the 

material structural integrity. Therefore, the overall study appears to have made significant progress 
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in adjusting parameters for the manufacturing of AlCrCoCuFeNi-HEA with properties suitable for 

aerospace applications. 

Direct energy deposition is characterised by the significant role it plays in the production of 

complex parts. However, the surface finish remains a challenge. In this experimental study, 

centrifugal barrel finishing and electropolishing have been implemented to improve the surface 

finish of the direct energy deposited parts at different laser power and scan speeds.  

The AlCrCoCuFeNi-HEA samples, which were electropolished at a laser power of 1200W for a 

duration of 30 seconds, exhibited a surface reducyion of 50.29% for sample a, 58.65% for sample 

b, and 75.48% for sample c. The surface removal at 60 sec on sample d is 50.29%, e is 45%, f is 

49.19%. The best polishing results were achieved by sample c. This was not comparable to the 

required surface roughness values of 0.8 μm < Ra < 1.6 μm for application in the aerospace 

industry. However, there was great improvement in the surface roughness for AlCrCoCuFeNi-

HEA. With an improvement in the electrolyte, time, and polishing media, a more ideal surface 

roughness can be achieved. 

In centrifugal barrel finishing the samples were polished for 14 hours and 7 hours. At 14 hours, 

the polishing process has been found to produce an improved Ra surface finishing on the alloy 

where the total reduction Ra from a is 55.37%, b is 43.13%, and c is 32.2%. Conversely, there 

were embedded scratches due to the rubbing and deburring of the ceramic media therefore, in the 

second phase (7 hours) the use of a less abrasive media (plastic and zirconia balls) was 

implemented to counteract the embedded scratches that were caused in the first phase. An 

improved surface was observed with a total Ra reduction of d is 86.02%, e is 43.18%, and f is 90%. 

The best surface reduction obtained for the CBF method was sample f, the removal rate is sufficient 

for industrial applications.  

This work has demonstrated that EP and CBF have the potential to be effective methods for 

improving the surface finish of additively manufactured AlCrCoCuFeNi-HEA alloys. 

The study highlights the significance of the formation of oxide layers that act as a non-protective 

layer in high temperatures. Although oxidation takes place, the oxide layers that are primarily 

composed of Fe2O3 do not successfully protect the alloy from further oxidation in high 

temperatures. By manipulating the laser parameters throughout the manufacturing process, it is 
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possible to influence the composition and characteristics of both the alloy and the resulting oxide 

scales.  

The following conclusions were made: 

• The high entropy alloy 25 mm x 25 mm x 15 mm samples were successfully fabricated. 

• The microstructure is predominantly composed of equiaxed grains, with noticeable 

intergranular cracking observed at higher laser power. ` 

• The presence of fine grains has a beneficial effect on the hardness of the material, as 

evidenced by hardness values ranging from 299 to 563 HV, notably higher at lower speeds. 

• In centrifugal barrel finishing the removal fraction was influenced by the media selection, 

high laser power, and scan speed. The best polishing results were obtained at 1400W for 

0.72mm/s. 

• In electropolishing the surface removal is influenced by low laser power at high scan 

speed. The best polishing results were achieved at 1200W and 0.72mm/s for 30 sec using 

a Struers LectroPol-5 polishing machine. 

• The centrifugal barrel finishing is the preferred post-processing treatment because of the 

exceptional surface quality and reduced imperfections which make it a potential candidate 

for post-treatment.  

• High-temperature oxidation of AlCrCoCuFeNi-HEA at 1000˚C for 200h formed dominant 

Fe2O3 scales, which do not demonstrate resistance to oxidation at high temperatures due 

to the formation of oxide layers during the oxidation process. 

 

5.2 Recommendations 
 

 

During the build-up of HEA on direct energy deposited process: 

 

• A flexible processing chamber is required to prevent high argon consumption, which limits 

the movement and inclination of the powder nozzle. 

• Use a thicker substrate to avoid defects on the sample. 

• Appropriately sized powder particles (45-150 μm) should be used on the Kuka robot. 
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For Post-processing 

 

• The use of less abrasive media, such as zirconia balls, during centrifugal barrel finishing is 

required to prevent scratches. 

• Improve the concentrations of the electrolyte to obtain a better surface finish during 

electropolishing. 

• Increasing the polishing range at a constant time to observe the polishing trend. 

• The comparable use of different electrolytes to observe the behaviour of materials. 

 

High-temperature oxidation 

 

• Determine the high-temperature oxidation rate at different time intervals and temperatures. 

• The need for additional investigation and refinement of laser parameters to improve the 

oxidation resistance of the HEA. 
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Appendix A: Angle of internal friction 

 
 

 

Table A1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                            

Powder Cohesion 

kPa 

UYS 

kPa 

MPS 

kPa 

MCS 

kPa 

FF Rel (p) AIF 

º 

BD 

g/ml 

R01 0.226 0.850 14.9 3.98 17.5 12.9 34.0 2.82 

R02 0.724 2.84 16.6 3.57 5.84 4.58 36.0 2.79 

R03 0.338 1.21 14.5 4.11 11.9 8.52 31.7 2.80 
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Appendix B: Measured densities of AlCrCoCuFeNi-HEA using 

Archimedes principal.  
 

 

 

Table B1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Sample a Sample b Sample c Sample d Sample e Sample f 

1st 

measurement 

6.7456 6,9165 6,9445 6,8158 6,551 6,4028 

2nd 

measurement 

6.7475 6,9177 6,9463 6,8183 6,5263 6,4863 

3rd 

measurement 

6.7485 6,9171 6,9471 6,8182 6,5531 6,4286 

Average 

measure 

density 

[g/cm3] 

 

6,75 

 

6,92 

 

6,95 

 

6,82 

 

6,54 

 

6,44 
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Appendix C:  2022 RAPDASA-RobMech-PRASA-CoSAAMI 

Conference 
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