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Abstract 

 
Additive manufacturing has received a lot of attention in recent years. Compared with 

traditional manufacturing technology, additive manufacturing has many irreplaceable 

advantages. In 3D printing technology, most technologies need to prepare materials in 

advance when printing high-entropy alloy materials, which greatly increases the cost 

and time of 3D printing. Therefore, powder-bed arc additive manufacturing (PAAM) 

technology is adopted. However, PAAM technology will cause the grain size of the 

material to be very large, leading to poor mechanical performance. Therefore, I utilize 

the eutectic reaction to reduce the grain size of the material to obtain excellent 

mechanical properties. Therefore, this project uses PAAM technology to prepare high-

entropy alloys with excellent properties, and observes the microstructure of the 

materials to analyze the reasons for the excellent mechanical properties of the materials. 

Therefore, this project will conduct a comprehensive study of the material's 

microstructure using advanced scanning electron microscopy (SEM). These advanced 

methods can observe the microstructure of materials during 3D printing. 

In our project, the ductility of materials produced through PAAM technology increased 

by 8.5% compared to materials produced using traditional casting technology. Since 3D 

printing is a directional solidification method, the unique dendritic microstructure of 

directional solidification appears, which improves the ductility of the material. Due to 

certain technical problems in PAAM technology, there will be Al elements in the 

printing process. The loss results in the material not exhibiting a perfect lamellar-like 

microstructure at the top. At the same time, the content of the soft 𝐿𝐿12 phase at the top 

of the sample is approximately 72.3%. This phenomenon also leads to a decrease in the 

strength of the material, which is 90MPa lower than that of materials produced by 

traditional casting technology.  

The first chapter of this paper introduces the research background of the project and the 

problems that the project wants to solve. The second chapter is a literature review, 
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which introduces the research progress in the same field. Chapter 3 explains the reasons 

for choosing  𝐴𝐴𝐴𝐴0.95𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁2.05 and the printing parameters and how the samples were 

prepared during the project. Chapter 4 presents the experimental results of the research 

obtained using the methods described above. These data are used to fully explore this 

material at different stages from macro to micro. Reasons for the results are discussed. 

Most importantly, this chapter summarizes the relationship between material 

microstructure and mechanical properties based on all these data. The final chapter sets 

out the main observations and conclusions of the project and points out some issues for 

further research. 
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Chapter 1: Introduction 

1.1 Background and motivation 

Additive manufacturing, commonly known as 3D printing, represents a rapid 

prototyping technology that has witnessed widespread adoption globally in recent years. 

Its application spans various fields such as agriculture, healthcare, automotive, and 

aerospace, offering extensive customization and manufacturing capabilities. Unlike 

traditional manufacturing methods, 3D printing involves minimal constraints, such as 

the absence of fixtures and tool interference, allowing for unparalleled flexibility. This 

technology facilitates the direct modeling and design of overall structures and complex 

features based on specific functional requirements. Additionally, 3D printing allows for 

the optimization of structural forms, resulting in relatively lighter materials and reduced 

weight. The simplified 3D printing process, in comparison to conventional methods, 

not only resolves issues related to challenging processing and part deformation but also 

enhances the efficiency of raw material utilization. 

Why choose the way of PAAM. Because in the traditional way of 3D printing high-

entropy alloys, I need to use traditional processes to make a very large high-entropy 

alloy in advance. The alloy was remelted five times to ensure chemical homogeneity of 

the sample. The alloy is then turned into a high-entropy alloy powder using gas atomize. 

The high-entropy alloy powder is then 3D printed. This material manufacturing process 

will cost a lot of time and money. 

 But with PAAM's technology, I can use a mechanical way of mixing powders. In the 

process of manufacturing high-entropy alloys, I only need to put the powder of each 

element into the instrument according to the required rate. Since the molten pool of this 

technology is very large, there is enough space for element homogenization. Therefore, 

this technology greatly reduces the time and cost of material manufacturing. 

High-entropy alloys (HEAs), initially conceptualized by Yeh and Cantor et al. [1,2], have 
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garnered significant attention owing to their fascinating metallurgical philosophies and 

attractive physical and mechanical properties  [1−6] . They adopt a multicomponent 

alloying concept, a departure from the conventional metallurgical design relying on one 

or two principal elements  [1,2] , to meet specific application requirements. Despite 

incorporating multiple principal elements, these alloys commonly solidify into 

straightforward crystal types like face-centered-cubic (FCC), body-centered-cubic 

(BCC), and hexagonal-close-packed (HCP) solid-solution structures or their ordered 

derivatives (such as 𝐿𝐿12 and B2)  [1,2].  

In the realm of high-entropy alloys (HEAs), those with an FCC (face-centered cubic) 

structure are known for their ductility, yet they often fall short in terms of strength. On 

the other hand, HEAs that possess BCC (body-centered cubic) or HCP (hexagonal 

close-packed) structures exhibit remarkable strength, but this comes with an increased 

tendency towards brittleness, a trade-off that is significant in material science [7−10]. 

Furthermore, these conventional HEAs face challenges in casting processes and are 

prone to uneven distribution of elements (composition segregation), which undermines 

their potential for outstanding performance across a variety of engineering applications. 

This segregation issue, in particular, can significantly impact the alloy's mechanical 

properties and its ability to leverage the benefits of its multi-component nature, an 

aspect critical for diverse applications in sectors like aerospace and automotive 

industries where material performance is paramount [7−10]. 

In response to these challenges, Lu et al. introduced 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖2.1  eutectic high-

entropy alloys (EHEAs) based on the conventional eutectic concept. These alloys not 

only exhibit good liquidity and castability but also possess a remarkable strength–

ductility synergy  [11] . Subsequently, various EHEAs have been designed and 

successfully prepared, featuring different as-cast constituent phases and mechanical 

properties. Among the reported EHEAs, those with FCC/Laves structures typically 

display high strength but limited tensile plasticity. In contrast, FCC/BCC-structured 

EHEAs and their ordered derivatives are identified for their favorable combination of 

strength and ductility [12−14]. 



 3 

To address these challenges, Lu and colleagues pioneered the use of 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖2.1 

eutectic high-entropy alloys (EHEAs), drawing on traditional eutectic principles. These 

EHEAs stand out for their excellent fluidity and ease of casting, coupled with an 

impressive synergy of strength and ductility  [11] . This breakthrough led to the 

development and successful fabrication of various EHEAs, each characterized by 

unique cast constituent phases and mechanical attributes. Among these, the EHEAs 

with FCC/Laves structures are noted for their high strength, albeit with a compromise 

in tensile plasticity. Conversely, EHEAs structured with FCC/BCC phases, as well as 

their ordered variants, have garnered attention for their optimal balance of strength and 

ductility, marking a significant advancement in the field [12−14]. 

The superior performance of the latter EHEAs is attributed to a fine lamellar composite 

microstructure, high phase-interface density, and the coordinated co-deformation of 

alternate hard and ductile phases  [8,14,15]. Therefore, the research goal of this project is 

to use PAAM technology to study the mechanical properties of high-entropy alloys that 

undergo eutectic reactions to produce FCC and BCC dual-phase structures. 

1.2  Outstanding issues and the research objectives  

While offering numerous advantages, 3D printing is not without limitations. Certain 3D 

printing technologies can be expensive [16], leading to a notable increase in material 

expenses during manufacturing. 

The PAAM instrument is shown in Fig 1-1. The printed sample is shown in Fig 1-2. 

There are also some problems with this technology. Because of the large molten pool 

in manufacturing, although chemical uniformity can be guaranteed, it also leads to very 

large grain growth of the material. Large Grain size leads to a reduction in the 

mechanical properties of the material, so the grain size should be reduced.  We chose 

the eutectic reaction to refine the grains. In this way, the strength and plasticity of the 

sample can be improved. 

When I print the material and perform microstructural characterization, the phase 
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content will vary due to the different thermal cycles of the 3D printed layers. Both the 

growth of the dual phase and the microstructural evolution of the material during 

printing can affect the mechanical properties of the material. So, this project research 

focuses on the effect of the microstructure of the material on the mechanical properties. 

 

 

Fig 1-1. PAAM device 

 

 

Fig 1-2. Schematic diagram of sample structure produced using PAAM technology. 
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Chapter 2: Literature Review 

2.1 Additive manufacturing and its challenges 

Additive manufacturing technology, commonly known as 3D printing, is a rapid 

prototyping technology. It builds objects by printing layers of bondable materials, such 

as powdered metal or plastic, based on digital model files (CAD) [1,2,4] . Due to its 

revolutionary significance in the industrial sector, 3D printing technology is also 

referred to as "manufacturing technology with industrial revolution significance." 

Unlike traditional manufacturing methods, 3D printing eliminates constraints like 

fixtures and tool interference. This enables the modelling and design of overall 

structures and complex features directly from a functional perspective, tailored to 

specific requirements. Furthermore, 3D printing optimizes the structural form and 

reduces the weight of materials, making them relatively lighter. The 3D printing process 

is also simplified compared to traditional methods, while improving the utilization rate 

of raw materials. Overall, it addresses the challenges associated with traditional 

processing, such as complex part processing and preserving part information. 

Additionally, 3D printing allows for the creation of complex shapes and surfaces that 

are unachievable with traditional processes [3]. Over the past few years, 3D printing has 

gained widespread adoption worldwide, particularly in agriculture, healthcare, 

automotive industry, and aerospace sectors, enabling extensive customization and 

manufacturing capabilities  [5,6] . According to American Society for Testing and 

Materials (ASTM), additive manufacturing is classified into seven processes: VAT 

Photopolymerization, Material Jetting, Binder Jetting, Material Extrusion, Powder Bed 

Fusion, Sheet Lamination, and Direct Energy Deposition [7]. With the advancements in 

technology, the range and types of 3D printing methods have been gradually expanding, 

as summarized in Table 2-1 below. 
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Table 2-1. The 7 main 3D printing technologies that are popular today 

 

For material manufacturing, the initial approach often involves using traditional 

machining techniques to produce parts. These techniques primarily consist of 

subtractive machining and isometrical machining. Subtractive machining relies on 

mechanical external force, utilizing tools harder than the material being processed to 

remove excess material. It encompasses processes such as turning, milling, planning, 

grinding, and drilling. Conventional machining methods come with a host of challenges 

such as suboptimal working conditions, intricate procedural demands, extended 

production times, difficulties in adjusting designs, elevated costs for small-scale 

production, and the need for highly skilled operators. These factors hinder the ability 

of traditional machining techniques to keep pace with the swift production needs 

essential for the rapid iteration of part development. Beyond subtractive machining, the 

two main isometrical machining processes are casting and forging. However, casting 

has its limitations, particularly in terms of lower mechanical strength and the potential 

for uncontrolled internal defects, making it less suitable for parts requiring high 

mechanical integrity. Conversely, forging stands out as a key technique in the creation 

of load-bearing components for various mechanical devices, owing to its ability to 

produce parts with superior mechanical properties and reliability. Die forgings closely 
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resemble the final product and require minimal additional processing. However, the 

design and manufacturing cycle of dies pose significant cost pressures when 

incorporating structural design changes [3]. 

2.2 Importance of reducing the size of additively 

manufactured parts 

In metal fabrication, one persistent challenge is achieving sufficient metal strength, 

which is often hindered by large grain sizes and limited control over grain shape [17]. 

Reducing the grain size of a metal results in a larger total area of grain boundaries and 

an increased number of dislocation barriers [18−27]. Refining grains has consistently 

proven to be an effective method for enhancing the strength of polycrystalline 

materials [28−35]. According to dislocation theory, grain boundaries serve as hindrances 

to dislocation movement. To induce shear deformation in adjacent grains under external 

forces, a significant stress concentration must occur at grain boundaries, leading to 

grain refinement and the creation of more grain boundaries. If the grain boundary 

structure remains unchanged, a higher external force is needed to generate dislocation 

accumulation, ultimately strengthening the material. The Hall-Petch relationship is 

derived from the misplacement product model [17]. 

Regarding the role of grain size, it can be elucidated from the perspective of dislocations 

within crystal defects. Dislocations are distributed in three locations, and the line 

segments of the dislocation network on the slip plane can act as dislocation sources. 

Under stress, dislocation sources continuously release dislocations, causing crystal 

slippage. During dislocation movement, they must overcome the obstacles of the 

dislocation network. As dislocations reach grain boundaries, they encounter additional 

obstacles, requiring overcoming the resistance between grains for deformation to 

transfer from one grain to another. This process leads to the material yielding. Thus, the 

yield strength of metal depends on factors such as the force needed to move the 

dislocation source and the resistance offered by the dislocation network and grain 
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boundaries. In the same volume of metal, finer grains result in more grain boundaries 

and obstacles, requiring increased external force for crystal slippage. Consequently, 

smaller grain sizes correspond to higher material yield limits. 

Smaller grain size helps improve the material's plasticity and toughness [36−39]. This is 

due to the increased number of grains within the same area. During the deformation 

process, a greater number of grains participate in the deformation, promoting more 

uniform deformation behavior. As a result, the material can undergo significant plastic 

deformations prior to fracture, requiring more energy during the deformation process. 

Ultimately, this leads to improved plasticity and toughness of the material [36−39]. 

2.3 Grain size reduction techniques in additive 

manufacturing 

Reducing grain size offers multiple advantages and is of great importance in the 

preparation of crystalline materials. The first advantage is the enhancement of strength 

and hardness [40−44]. Smaller grains typically contain more grain boundaries, which 

impede the propagation of dislocations, thereby increasing the material's strength and 

hardness. Additionally, smaller grains restrict dislocation movement, making it more 

challenging for the material to deform and thereby enhancing its resistance to 

deformation. 

The second benefit of smaller grains is the improvement in plasticity and 

toughness [22 ,40,45−47] . Smaller grain sizes reduce the slip distance of dislocations, 

which, in turn, decreases the plastic strain of the material. However, they may also 

increase the number of grain boundaries, facilitating the absorption and distribution of 

energy, and ultimately improving the material's toughness and resistance to fracture. 

Finally, smaller grains contribute to the microstructural homogeneity of the 

material [40,48−50] . They allow for a more uniform distribution of structures throughout 

the material, reducing material heterogeneity and thereby enhancing its consistency and 
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reliability. As a result, scientists and engineers employ various methods to control and 

optimize grain size to meet the requirements of different applications. 

In the context of grain reduction in the 3D printing process, there are five commonly 

used methods to reduce grain size. The first involves rapid solidification rates [51,52]. 

During 3D printing, materials tend to solidify at a faster rate than in traditional methods, 

limiting the time available for crystals to grow and reducing grain size. 

The second method is the utilization of refiners, which act as catalysts during the crystal 

growth process, accelerating the formation of crystals [28,53−57]. Refining agents can 

introduce substantial bending strains at the crystal interface, effectively restricting grain 

growth and maintaining small grain sizes. 

The third method involves variations in the cure rate [58] . Due to factors like heat 

conduction during 3D printing, different areas may experience varying curing rates, 

resulting in different rates of crystal formation and more grain boundaries in the 

structure, leading to reduced grain size. 

The addition of specific alloying elements to the material is the fourth method [59−61]. 

Some elements can create a unique interface structure near the grain boundary, 

restricting crystal growth and reducing grain size. 

The fifth approach is heating treatment control [58,62,63]. After 3D printing, the size of 

crystals can be adjusted by precisely controlling the temperature and time during the 

heat treatment process. Through appropriate annealing processes, grains can be further 

refined to enhance material performance. 

Another method is through eutectic and eutectoid reactions [64−67]. Eutectic reactions 

involve the simultaneous solidification of two or more phases, which limits grain 

growth and forms interlaced lath or columnar structures with more grain boundaries, 

ultimately reducing grain size. Eutectoid reactions introduce new phases near grain 

boundaries, hindering crystal growth and effectively reducing grain size. 

In my project, I have chosen to reduce grain size through eutectic reactions to enhance 
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the mechanical properties of the material. 

2.4 Eutectic reactions as a method for grain size reduction  

The term "eutectic reaction" refers to the co-solidification of two or more components 

in an alloy at a specific temperature, resulting in the formation of phases in specific 

proportions. These phases are typically arranged in alternating lath-like, columnar, or 

granular structures, collectively forming a eutectic structure. The occurrence of a 

eutectic reaction is intricately involved in the solidification and phase transition 

processes of substances. At specific temperatures, the components in the alloy adopt 

different crystal structures in the solid state. These structures generally consist of two 

or more phases that solidify simultaneously at the eutectic point's temperature. During 

the solidification process, the different phases interlace to create lath-like, columnar, or 

granular morphologies, ultimately resulting in the formation of a eutectic structure. 

Eutectic reactions often lead to the development of specific microstructures within the 

material, which significantly impact its performance and properties. Common types of 

eutectic structures include Lamellar Eutectic, Cellular Eutectic, Spherical Eutectic, and 

Peritectic Network. 

1. Lamellar Eutectic: This structure consists of parallel laths, with each lath 

representing a different crystal phase. Lath eutectics are typically found in high-

entropy alloys and other alloy systems, and they exert a significant influence on the 

mechanical properties and corrosion resistance of materials [68]. 

2. Cellular Eutectic: The cellular eutectic structure comprises numerous cellular units, 

each containing a core crystalline phase surrounded by another phase. Cellular 

eutectics are commonly observed in specific alloys and affect the material's strength 

and thermal conductivity. 

3. Spherical Eutectic: This structure is composed of spherical or granular crystal 

phases, with each spherical structure consisting of one or more crystal phases. 
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Spheroidal eutectics are often present in certain metal alloys and ceramics, 

influencing the material's strength and wear resistance. 

4. Peritectic Network: The peritectic network presents a complex network 

morphology, featuring multiple interwoven crystal phases. Network eutectics are 

observed in high-entropy alloys and complex alloy systems, affecting high-

temperature performance and corrosion resistance in materials. 

Eutectic reactions play a role in reducing grain size through a phenomenon known as 

"interface-limited growth." When eutectic reactions occur, two or more phases solidify 

simultaneously, forming interdigitated structures that result in a higher density of grain 

boundaries. Grain boundaries serve as impediments to crystal growth, as crystals cease 

to grow near these boundaries, effectively limiting the size of the grains. Additionally, 

grain boundaries typically possess higher energy, and crystals are influenced by this 

energy when growing near them. The grains of the lath, columnar, or granular phases 

within the eutectic structure cease their growth near the grain boundaries, contributing 

to the reduction of grain size. 

Furthermore, eutectic reactions can interact to further constrain growth. Interactions 

between different phases within the eutectic structure may impose limitations on grain 

growth rates, resulting in a reduction in grain size. 

2.4.1 Advantages of eutectic reactions for grain size reduction 

The eutectic reaction offers unique advantages and benefits over other methods for 

reducing grain size. Firstly, it provides a high degree of controllability. This reaction 

can be precisely manipulated by adjusting the alloy's composition and temperature, 

allowing for precise control of grain size. 

Secondly, it leads to the formation of a heterogeneous structure. Eutectic reactions 

involve the creation of multiple phases, which can introduce complex structures near 

grain boundaries. These grain and phase boundaries can influence grain growth through 
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the interaction of dislocations and interfaces, thereby reducing grain size. 

Furthermore, the eutectic reaction finds application in a wide range of materials systems, 

including metal alloys and ceramic alloys, enabling grain refinement in various material 

types and resulting in improved performance. 

Another notable advantage is its energy efficiency. Eutectic reactions typically occur 

under the solid-state conditions of the alloy, making them relatively energy efficient. 

They often require less energy than some high-temperature processing methods. 

Lastly, the eutectic reaction can simultaneously enhance material properties in multiple 

aspects, such as strength, hardness, plasticity, toughness, and electrical conductivity. 

This makes the material more suitable for specific engineering applications [69−74]. 

3D printing not only allows for the precise fabrication of complex-shaped objects but 

also, when combined with high-entropy alloys, opens up entirely new possibilities in 

materials science. In this study, the eutectic reaction was employed as a means of 

reducing grain size. By carefully controlling temperature and composition during the 

3D printing process, materials can be guided to undergo eutectic reactions at the 

microscopic scale. This approach enables the formation of materials with complex 

microstructures during printing, resulting in superior mechanical properties, thermal 

conductivity, and corrosion resistance. 

In the context of high-entropy alloys and eutectic reactions, 3D printing offers a 

completely new method for exploring and customizing material microstructures. By 

adjusting printing parameters and alloy composition during the 3D printing process, the 

occurrence of the eutectic reaction can be precisely controlled, tailoring the material's 

properties. This method can also overcome the challenges associated with achieving 

specific microstructures in traditional methods, such as the formation of eutectic phases 

of specific sizes, further enhancing material performance. 

In conclusion, the combination of 3D printing, high-entropy alloys, and eutectic 

reactions holds great potential in the field of materials science. This innovative 
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approach can be used not only for manufacturing high-performance components but 

also for applications in the medical, aerospace, and other fields [75−82]. Through precise 

control and customization, materials with unique properties and microstructures can be 

created, opening up new possibilities for modern engineering and technology. 

2.5 High entropy alloys 

In recent years, high-entropy alloys (HEAs) have garnered considerable attention due 

to their distinctive features, encompassing variable compositions, intricate 

microstructures, and tunable material properties based on constituent 

elements [8−16,83−87]. A high-entropy alloy is characterized by the inclusion of five or 

more metals in roughly equal proportions [88] . As these alloys have the potential to yield 

materials with exceptional mechanical properties, they have become a focal point in 

materials science and engineering, drawing increasing interest from researchers and 

practitioners alike. 

The concept of entropy (S) in high-entropy alloys is rooted in the principles set forth 

by Ludwig Boltzmann. Entropy, in this context, is a measure reflecting the degree of 

disorder or randomness at the atomic level within these alloys. According to 

Boltzmann's hypothesis, entropy is a linear function related to the logarithm of the 

number of microstates (distinct arrangements of atoms) that can occur in a given system. 

This relationship can be expressed through Boltzmann's entropy formula, which is a 

cornerstone in the field of statistical thermodynamics. 

The formula for entropy in the context of high-entropy alloys is typically represented 

as: 

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑅𝑅 ln(𝑛𝑛)                                                                                                 

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚-high entropy of mixing  

R-gas constant 

n- concentration of mixing elements in equimolar ratio 
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According to recent research findings [89], when the value of n is equal to 5 (equimolar), 

the corresponding value of 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  is determined to be 1.6R. However, in the case of high-

entropy alloys produced under non-equimolar conditions, the value of 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚  is notably 

lower than that of equimolar HEAs, specifically at 1.5R. For high-temperature materials 

categorized as high-entropy alloys, their entropy typically hovers around 1.37R. The 

classification of alloys based on entropy values is delineated as follows: low entropy 

when 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑅𝑅, medium entropy alloy for 𝑅𝑅 ≤ 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 1.5𝑅𝑅, and high entropy alloy 

for 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ≥ 1.5 [24]. This categorization is visually represented in Fig 2-1. 

 

Fig 2-1. Classification of alloy based on mixing entropy [89] 

2.6 Experimental techniques 

During the research process, I chose XRD, SEM, and EBSD as the main research 

methods. The research method is shown in the fig 2-2. 
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Fig 2-2. Schematic diagram of research process 

2.6.1 X-ray Diffraction 

X-rays, a type of electromagnetic wave, are distinguished by their exceptionally short 

wavelengths, which typically range from about 20 to 0.06 Ångströms. This 

characteristic allows them to penetrate materials that are relatively thin. When X-rays 

pass through these materials, they can induce phenomena such as fluorescence and gas 

ionization. 

A significant milestone in the study of X-rays was achieved in 1912 by the German 

physicist Max von Laue. He proposed that crystals could act as three-dimensional 

diffraction gratings for X-rays. According to von Laue's hypothesis, when X-rays 

traverse a crystal lattice, they undergo diffraction, creating a pattern. This diffraction 

pattern, once captured on photographic film, can be analyzed to deduce the crystal's 

internal structure. This groundbreaking concept, for which von Laue received the Nobel 

Prize in Physics in 1914, laid the foundation for the field of X-ray crystallography [8]. 

This groundbreaking concept was further elucidated in 1913 by the British physicist Sir 

WH Bragg and his son Sir WL Bragg, who explained the phenomenon of X-ray 
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diffraction [90,91]. Fig 2-3 illustrates the X-ray diffraction (XRD) procedure. If X-rays 

of the same phase are scattered on adjacent atomic planes and can still be diffracted, 

the wave path difference between the two parallel rays must be an integer multiple of 

the wavelength  [15] . This condition can be expressed as: 

2𝒹𝒹 sin 𝜃𝜃 = 𝓃𝓃𝓃𝓃          (2-1) 

d represents the distance between two atomic planes in the scattering region 

θ is the angle between the incident ray and the scattering planes 

n is an integer (representing the order of the diffraction) 

λ is the wavelength of the incident beam 

 

Fig 2-3. The schematic representation of Bragg diffraction illustrates X-rays being 

scattered at two adjacent atomic planes. The X-ray path difference diffracted in 

different planes is expressed as 2d·sinθ [15]. 

 In crystalline materials, distinct crystal planes correspond to different d values. When 

the X-ray wavelength is kept constant, as per Equation 2-1, diffraction occurs at a 

specific angle θ. Consequently, by systematically varying the angle across a broad range, 

one can identify the specific θ angles where diffraction occurs, facilitating the 

determination of lattice parameters. This fundamental principle has led to the 

development of the X-ray powder diffractometer, as depicted in the schematic diagram 
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in Fig 2-4 and Fig 2-5. 

 

Fig 2-4. Schematic diagram of the working principle of XRD powder 

diffractometer [92] 

 

 

Fig 2-5. Theta-2theta relationship 
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The illustration portrays a sample securely placed within the cavity of an X-ray 

diffraction (XRD) instrument. Characteristic X-rays are directed towards the sample 

from the left. These X-rays undergo elastic scattering upon interacting with the sample's 

surface and are then detected by a receiver positioned on the right side of the apparatus. 

Both the X-ray source and the detector are aligned at a fixed angle relative to the 

horizontal plane. The setup is designed to vary this angle incrementally, scanning from 

one predetermined angle to another at a constant step rate. 

The intensity of the detected X-rays changes as the angle of incidence varies. When the 

angle satisfies the criteria of Equation (2-1), a notable spike in signal intensity is 

observed at the detector on the right. This spike, or characteristic peak, is then plotted 

on a graph. By analyzing the angles at which these peaks occur and comparing them 

with those derived from standard samples, the crystallographic structure of the 

unknown sample can be elucidated. This process is supported by a comprehensive 

database of known crystal diffraction patterns, which serves as a reference for 

identifying and understanding the crystal structures of various materials. This database 

is a critical tool in X-ray crystallography, enabling researchers to match observed 

diffraction patterns with those of known substances, thus facilitating the identification 

of the crystalline structure of the sample under examination. 

2.6.2 Scanning Electron Microscopy 

To thoroughly examine the microstructural changes in crystals, a high level of spatial 

resolution is crucial. According to the Rayleigh criterion [93], this necessitates the use 

of a light source with an extremely short wavelength, a requirement that visible light 

cannot fulfill. A more effective approach involves the use of accelerated electrons, 

which have significantly shorter wavelengths. The wavelength of an electron is 

inversely related to its kinetic energy, which in turn is directly proportional to the 

acceleration voltage applied in the electron gun of the microscope. For example, in a 

typical transmission electron microscope (TEM) operating at an acceleration voltage of 
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200 keV, the theoretical limit of spatial resolution is calculated to be around 0.0015 nm. 

This resolution is significantly finer than the size of an atom. However, it's important 

to remember that this value is theoretical; in practice, imperfections in the magnetic 

lenses used for focusing the electrons lead to spherical aberrations, slightly degrading 

the actual spatial resolution. Despite this, TEMs are still capable of resolving atomic-

scale structures, especially when additional corrective techniques are employed. 

When the incident electron beam interacts with a sample, it generates a variety of 

detectable radiation signals. These include secondary electrons (SE), characteristic X-

rays, visible light, backscattered electrons (BSE), Auger electrons, and both elastic and 

inelastic scattered electrons, as well as direct electrons. In Fig 2-6, these significant 

electron types are emphasized. Each category of electrons reveals different kinds of 

information: SE are used to map the surface topography of the sample, BSE provide 

insights into the atomic mass and grain orientation, characteristic X-rays are utilized 

for elemental identification, and direct electrons form two-dimensional projection 

images in transmission mode. Elastic and inelastic scattered electrons can be used to 

produce dark-field images, offering a way to distinguish between different orientations 

and elements in a manner somewhat akin to BSE. This diverse array of radiation signals 

has led to the development of sophisticated instruments designed to capture and analyze 

this rich trove of data, thereby advancing the field of materials science. 

The Scanning Electron Microscope (SEM) operates on a mechanism involving the use 

of high voltage to accelerate electrons, which subsequently strike the sample's surface 

to produce images. The range of acceleration voltages is quite extensive, spanning from 

1 keV to approximately 50 keV, depending on the specific application. Consequently, 

the electron energy in this microscopy doesn't have the ability to penetrate the sample, 

and the resulting radiation signal is distributed across the sample surface. 

Following this, the electron beam is precisely focused by multiple sets of magnifying 

lenses and projected onto the surface of the sample. The operational principles of an 

SEM are illustrated in Fig 2-7. Once the sample's surface is struck, the collection of 

various types of detectors becomes necessary. 
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Fig 2-6. Schematic diagram of the main electronic signals introduced by the interaction 

between fast electrons and solid materials. The directions do not represent the physical 

direction of these radiations [94]. 

 

 

Fig 2-7. Schematic diagram of an SEM and detectors 
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2.6.2.1 Backscattered Electrons 

Backscattered Electrons (BSE) are primarily elastic scattered electrons that interact 

with and are reflected by the nuclei of atoms on the surface of a material. In this elastic 

scattering process, the energy of the BSEs remains largely similar to that of the incident 

electrons from the beam. As a result, the intensity of the BSE signal is closely related 

to the characteristics and arrangement of the atomic nuclei at the surface. This 

relationship allows BSE imaging to effectively represent variations in relative atomic 

mass and grain orientation within the sample. 

In BSE imaging (Fig 2-8.), the observed brightness in the image varies between grains 

of different orientations. This variation in brightness is particularly influenced by the 

atomic number of the elements: heavier elements, having larger nuclei, scatter more 

electrons and thus appear brighter in the image. This property of BSE makes it a 

valuable tool in materials science for examining the distribution of different elements 

and the orientation of grains in polycrystalline materials. BSE imaging, therefore, offers 

insightful information about the structural composition and phase distribution within a 

sample, contributing to a deeper understanding of its microstructural properties. 

 

Fig 2-8. SEM-BSE image of 𝐴𝐴𝑙𝑙𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁2.1 
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2.6.2.2 Secondary Electronics  

The Secondary Electron (SE) detector is the most commonly utilized data collector in 

SEM (Fig 2-9). This detector captures the inelastic scattered electrons emitted due to 

the interaction between incident electrons and the outer electrons of surface atoms. 

Consequently, the energy of these electrons is significantly lower, typically in the range 

of 1-50 eV, necessitating a positive bias to draw them towards the collector and generate 

signals. These electrons carry rich information about surface topography  [96] . It's 

noteworthy that, in the absence of a BSE collector, low-energy secondary electrons can 

be filtered by applying a slight negative bias in front of the SE detector, thereby 

allowing it to perform the function of a BSE collector [97]. 

 

Fig 2-9. Photo schematic of high-entropy alloy SE. 
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2.6.2.3 Energy-Dispersive X-ray Spectroscopy  

SEM-EDS (Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy) 

analysis stands out as a non-destructive technique for analyzing sample materials. 

Unlike X-Ray Fluorescence (XRF), which can be conducted in situ without removing 

the sample, SEM-EDS requires the extraction of the sample. In this method, the sample 

is bombarded with electrons, leading to the emission of X-rays that are characteristic of 

the elements within the sample. These emissions translate into spectral peaks of varying 

intensities, forming a spectrum profile that aids in identifying the presence of various 

inorganic elements like lead, iron, copper, zinc, etc. 

Next, the basic principles of energy-dispersive X-ray spectroscopy (EDS) of 

semiconductor detectors, typically silicon (Si), are presented. The process begins with 

the photoelectric absorption of an X-ray photon within the semiconductor's active 

volume. The photon's entire energy is transferred to a bound inner-shell atomic electron, 

which is then ejected with kinetic energy equal to the photon's energy minus the shell 

ionization energy. For silicon, these ionization energies are 1.838 keV for the Si K-shell 

and 0.098 keV for the Si L-shell. 

The ejected photoelectron undergoes inelastic scattering within the Si crystal, leading 

to the generation of electron-hole pairs. This process occurs when bound outer-shell 

valence electrons are promoted to the conduction band, creating positively charged 

"holes" in the valence band. These free electrons move towards the anode at the rear 

surface of the EDS detector, while the positive holes drift in the opposite direction, 

resulting in the collection of charge. 

Approximately 3.6 eV of energy is required to generate each electron-hole pair. The 

total number of charge carriers produced is directly proportional to the initial photon 

energy, as represented by the equation： 

n =𝐸𝐸𝑃𝑃 /3.6 eV     (2-2) 

For example, a Mn K-L3 photon with an energy of 5.895 keV generates about 1638 
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electron-hole pairs, equivalent to a charge of 2.6×10 −16coulombs. 

The detector is capable of responding to photon energies ranging from about 50 eV to 

30 keV or more. Despite the name "energy dispersive," there's no actual dispersion in 

the sense of spectrometry, unlike in diffraction element spectrometers. This ability to 

respond to a wide range of photon energies allows for a comprehensive analysis of the 

elemental composition of the sample based on the emitted X-ray spectrum 

The evolution of Energy Dispersive X-ray Spectrometry (EDS) has seen a significant 

shift from the original lithium-drifted silicon (Si(Li)-EDS) detectors to the more 

advanced silicon drift detectors (SDD-EDS). The Si(Li)-EDS, as depicted in Fig. x.1a, 

featured uniform electrodes on both the front and rear surfaces. However, in recent 

years, the SDD-EDS design has become more prevalent [98]. 

The SDD-EDS maintains the fundamental detection principles of its predecessor but 

introduces a refined electrode design. It includes a uniform front surface electrode and 

a complex arrangement of nested ring electrodes at the rear surface, culminating in a 

small central anode. This configuration of nested ring electrodes creates an internal 

"collection channel." This channel ensures that free electrons generated anywhere 

within the detector volume are efficiently guided towards the central anode for 

collection. 

The process of accurately determining the energy of an incident X-ray photon involves 

measuring the charge deposited in the detector. This requires a highly sensitive and 

sophisticated electronic system, which operates largely under automatic computer 

control. The user has only limited control over a few parameters of this system. 

The collected charge data forms the basis for constructing the EDS spectrum. This 

spectrum is displayed as a histogram, where the horizontal axis represents a range of 

energy bins, and the vertical axis indicates the number of photons falling into each bin. 

The EDS detection process, from a user perspective, functions like a "black box" that 

captures the X-ray photon, measures its energy, and then updates the spectrum 

histogram in the computer's memory, incrementing the count in the appropriate energy 
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bin. 

EDS detectors are capable of measuring photon energies starting from a low threshold 

of about 0.05 keV, extending up to 30 keV or more, depending on the specific design 

of the detector. This wide range of detectable energies makes EDS a versatile tool for 

elemental analysis in various scientific and industrial applications. 
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2.6.2.4 Electron Backscatter Diffraction  

To gain a comprehensive understanding of a material's physical properties, it is crucial 

to delve into its underlying crystallography. This comprehension forms the bedrock for 

revealing the intricate relationships between the material's structure and its behavior. 

The introduction of electron backscattering diffraction (EBSD) equipment, along with 

its integration into commercial tools for phase identification and orientation 

determination, has opened up new vistas in the realms of microstructure, 

crystallography, and the physical properties of materials. This technological 

advancement has substantially enriched our insights into these aspects, leading to a 

profound understanding of materials. 

EBSD, when applied within a scanning electron microscope (SEM), has evolved to 

serve two distinct purposes. The primary and older application involves the 

measurement of texture on a grain-by-grain basis. This technique provides what is 

known as the macrotexture of the sample [99]. An example of this approach is illustrated 

in Fig 2-10, which vividly displays the point-by-point orientation of a set of high 

entropy alloy. The color coding in the figure signifies their respective orientations. 

 

Fig 2-10. Inverse pole figure map of high entropy alloy 
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The second key application of Electron Backscatter Diffraction (EBSD) is its ability to 

identify or differentiate between crystalline phases at the micrometer or sub-micrometer 

scale  [36] . EBSD is particularly adept at distinguishing between different crystal 

structures, thus greatly enhancing the analytical capabilities of the Scanning Electron 

Microscope (SEM). As a result, the SEM is now a versatile tool, not only for 

investigating sample morphology through secondary or backscattered electron imaging 

but also for analyzing chemical composition via Energy Dispersive Spectrometry (EDS) 

and exploring crystallography using techniques like Electron Channeling Contrast 

Imaging (ECCI) and EBSD. 

Recent advancements in EBSD, specifically high-resolution EBSD (HR-EBSD) or 

high-angular-resolution EBSD, have enabled the determination of both elastic and 

plastic strains within microstructures. For those seeking a more comprehensive 

understanding of this advanced technique, additional literature is available [8,93]. 

Macrotexture, in the context of EBSD, refers to the collective orientation of grains 

within a sample's microstructure. A fundamental example of this is the relationship 

between individual grain size and orientation. This concept extends to include the 

misorientation between grains, commonly referred to as macrotexture. With the 

advancements in EBSD technology, it's now possible to rapidly collect and analyze 

thousands of orientations per minute, yielding extensive statistical data on various 

distributions. This capability to correlate texture with microstructure has been 

instrumental in advancing our understanding of key physical processes, such as 

recrystallization, grain boundary structure and properties, grain growth, and other 

critical phenomena. These developments in EBSD techniques have significantly 

contributed to the fields of materials science and engineering, offering deeper insights 

into the microstructural characteristics of materials. 

Traditionally, identifying phases within the SEM involved inferring phase identity 

based on phase composition. However, this approach is subject to inherent inaccuracies 

in quantitative analysis with EDS or WDS in the SEM. Furthermore, this method is less 

applicable when distinguishing phases with multiple crystal structures but a single 
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composition, such as 𝑇𝑇𝑇𝑇𝑇𝑇2, which possesses three different crystal structures. Another 

significant challenge arises in distinguishing austenite from ferrite in engineering steels, 

as both phases may exhibit very similar chemistries despite differing crystal structures. 

Enhanced EBSD resolution has been achieved using thin samples that permit electron 

transmission and diffraction at SEM-accelerated voltages (20–30 kV). Patterns 

generated in this manner share similarities with EBSD patterns but are formed under 

transmission conditions, resulting in significantly improved spatial resolution 

compared to EBSD on bulk samples. Transmission Kikuchi diffraction (TKD) enables 

the study of macrotexture in ultrafine-grained crystalline materials [15]. 

To optimize the use of EBSD, a fundamental understanding of crystallography and its 

representation is invaluable. Numerous excellent books on this subject are available 

 [15 ,92] . This module will initially clarify the origin of EBSD patterns in the SEM. 

Subsequently, it will delve into the detectors or cameras used to capture EBSD patterns. 

Given the critical role of sample preparation in successful EBSD investigations, 

understanding the methods for producing high-quality samples is crucial. Finally, the 

module will provide a detailed examination of the experiment itself and its resulting 

output. 
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Chapter 3: Materials information and material 

preparation 

3.1 Material selection 

Traditional alloys typically have a composition that includes a few main elements and 

several sub-elements, with limited diversity in types. In contrast, high-entropy alloys 

(HEAs) are composed of multiple principal elements, each present in equal or nearly 

equal atomic ratios. This unique composition distinguishes HEAs from conventional 

alloys. 

HEAs are known for their ability to exhibit a single crystal structure. Numerous 

experiments have demonstrated that they can form either a single body-centered cubic 

(BCC) or face-centered cubic (FCC) structure phase. Additionally, they can exhibit a 

mixed-phase structure that combines both BCC and FCC phases. This phenomenon 

suggests that in HEAs, elements with comparable atomic ratios can solidly dissolve into 

a simple structure, preventing the formation of complex intermetallic compounds. 

The structural characteristics of high-entropy alloys include a simplified microstructure, 

a reduced tendency to form intermetallic compounds, nanoprecipitation, and the 

potential for an amorphous structure. These features contribute to their remarkable 

properties, such as high strength, hardness, resistance to temper softening, and wear 

resistance. 

Various methods, including eutectic and peritectic processes, are utilized to refine the 

grain size in HEAs [100]. Furthermore, the fine-grain dispersion of a second phase in 

high-entropy alloys can be effectively used to inhibit grain growth. This aspect is 

particularly advantageous in the development of eutectic dual-phase high-entropy 

alloys, an area of active research interest [101]. 

The key properties and characteristics of high-entropy alloys are summarized in the 

table below, providing a comparative overview of their distinct features and advantages 
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over traditional alloy compositions. This summary offers a concise yet comprehensive 

understanding of the unique attributes and potential applications of HEAs in various 

fields. 

Based on the distinctive alloy characteristics, it becomes evident that eutectic high-

entropy alloys exhibit exceptional performance. The properties of many high entropy 

alloys are shown in Table 3-1. In the case of dual-phase alloys, they are exclusively 

present in the form of FCC and BCC. As of now, the manufacturing process for multi-

component High-Entropy Alloy (HEA) materials often involves conventional methods 

such as induction melting or vacuum arc melting. This is typically followed by casting 

and subsequent cycles of remelting. These repeated remelting steps are crucial to ensure 

the homogeneity and uniform distribution of elemental materials throughout the alloy. 

However, 3D printing technology offers an alternative approach. It is characterized by 

rapid heating, cooling, and continuous circulation, which promotes uniformity in the 

structure and composition of high-entropy alloy components. This effectively addresses 

the limitations of traditional high-entropy alloys, which tend to have coarse crystal 

structures, susceptibility to porosity, and compositional segregation. Furthermore, 3D 

printing significantly accelerates the development and response time for new products. 
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Table 3-1. Common mechanical properties of high-entropy alloys (Tensile test) 
 

Composition 

 

Phases 

Yield 
Strength 

𝝈𝝈𝟎𝟎.𝟐𝟐 

Tensile 
strength 
(UTS) 

Ductilit

y (𝜺𝜺) 

𝑨𝑨𝒍𝒍𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟐𝟐.𝟏𝟏  [𝟏𝟏𝟏𝟏𝟏𝟏] FCC+BCC 356Mpa 719Mpa 27% 

𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑵𝑵𝑵𝑵𝟐𝟐.𝟐𝟐𝑨𝑨𝒍𝒍𝟎𝟎.𝟖𝟖 [𝟏𝟏𝟏𝟏𝟏𝟏] FCC+B2 479Mpa 956Mpa 12% 

𝑨𝑨𝑨𝑨𝟏𝟏𝟏𝟏.𝟗𝟗𝑪𝑪𝑪𝑪𝟐𝟐𝟐𝟐.𝟗𝟗𝑪𝑪𝑪𝑪𝟐𝟐𝟐𝟐.𝟑𝟑𝑭𝑭𝑭𝑭𝟐𝟐𝟐𝟐.𝟗𝟗𝑵𝑵𝑵𝑵𝟏𝟏𝟏𝟏.𝟗𝟗 [𝟏𝟏𝟏𝟏𝟏𝟏] FCC+BCC 618Mpa 1031Mpa 5% 

𝑨𝑨𝑨𝑨𝟎𝟎.𝟐𝟐𝟐𝟐𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑪𝑪𝑪𝑪𝟎𝟎.𝟓𝟓  [𝟏𝟏𝟏𝟏𝟏𝟏] FCC+BCC 636Mpa 1052Mpa 24.5% 

𝑨𝑨𝑨𝑨𝟎𝟎.𝟕𝟕𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪  [𝟏𝟏𝟏𝟏𝟏𝟏] FCC+BCC 771Mpa 1171Mpa 11% 

𝑨𝑨𝑨𝑨𝟏𝟏𝟏𝟏𝑭𝑭𝑭𝑭𝟐𝟐𝟐𝟐𝑪𝑪𝑪𝑪𝟐𝟐𝟐𝟐𝑵𝑵𝑵𝑵𝟒𝟒𝟒𝟒  [𝟏𝟏𝟏𝟏𝟏𝟏] 𝐿𝐿12+B2 570Mpa 1060Mpa 50% 

Fe49.5Mn30Co10Cr10C0.2Ti0.1V0.1Mo0.1

 [𝟏𝟏𝟏𝟏𝟏𝟏] 

σ-phase, Cr-
rich MC-type 
carbides, 
nano-scale (Ti, 
V, Mo)C 

699Mpa 1041Mpa 45% 

 

Nonetheless, the 3D printing process introduces some challenges. The continuous 

heating cycle leads to variations in the thermal conditions of each layer, resulting in 

different microstructures in each layer. These microstructural differences consequently 

affect the mechanical properties. To address this, a thorough analysis of the 

microstructure of 3D printed materials is conducted, along with tensile experiments on 

the samples. This enables the establishment of a correlation between microstructure and 

mechanical properties, contributing to a better understanding of the material's 

mechanical behavior. 

Various dual-phase high-entropy alloys exhibit remarkable properties, prompting 

extensive research into the application of high-entropy alloys. Notably, 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖2.1 

has garnered significant attention due to its outstanding characteristics, as thoroughly 

explored in the work of Professor Lu  [94,97] . The study has delved into the 

microstructural origin [74 ,108,109,110] of grain size [102,111−114], high strength, and high 

ductility within this alloy. This ongoing research has rapidly brought 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖2.1  

into the spotlight, piquing interest in the broader application of high-entropy alloys [115]. 
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Subsequently, another high-entropy alloy, incorporating various elements, achieved a 

significant breakthrough in terms of strength and ductility. Peijian Shi and his team [116] 

successfully produced high-entropy alloys with exceptional properties using directional 

solidification techniques, primarily based on the 𝐴𝐴𝑙𝑙19𝐹𝐹𝑒𝑒20𝐶𝐶𝑜𝑜20𝑁𝑁𝑖𝑖41alloy. This material 

boasts an elongation rate of approximately 50% at room temperature and a strength of 

about 1060MPa. This advancement represents a notable milestone in enhancing the 

performance of high-entropy alloys. To further understand the influence of the unique 

microstructure formed via directional solidification on the material's performance, 

Peijian Shi and his colleagues conducted in-depth investigations. The figure displays 

the distinctive lamellar structure generated during directional solidification, providing 

insights into the remarkable ductility and strength achieved by 𝐴𝐴𝑙𝑙19𝐹𝐹𝑒𝑒20𝐶𝐶𝑜𝑜20𝑁𝑁𝑖𝑖41 . This 

material holds significant research value due to its exceptional properties. A comparison 

of the mechanical properties of the 𝐴𝐴𝑙𝑙19𝐹𝐹𝑒𝑒20𝐶𝐶𝑜𝑜20𝑁𝑁𝑖𝑖41  eutectic alloy with other 

materials can be seen in the accompanying fig 3-1. 

 

 

Fig 3-1. Tensile response at ambient temperature [72]. 

Fig 3-1(A) is engineering stress–strain curves of the directionally solidified EHEA 

compared with the conventionally cast EHEA, displaying a substantial increase in 

uniform tensile ductility without any strength reduction. The directionally solidified 

EHEA shows no post-uniform ductility, which is also confirmed by the absence of 

macroscopic necking at the fracture end in the inset of fig. S5A. Tensile loading was 

performed along the DS direction. Inset shows the corresponding strain-hardening 
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curves. MDIH and MBIH refer to multi-slip dislocation–induced hardening and 

microband-induced hardening, respectively; 𝜀𝜀𝑈𝑈 , uniform strain; 𝜎𝜎𝑦𝑦 , yield strength; 

𝜎𝜎𝑈𝑈𝑈𝑈𝑈𝑈, ultimate tensile strength. Fig 3-1(B) is yield strength versus uniform strain of the 

directionally solidified EHEAs compared with those of previously reported as-cast 

eutectic and near-eutectic HEAs [117−128] . (N-)EHEAs refers to eutectic and near-

eutectic HEAs. The conventional (N-)EHEAs include directly cast and arc-melting 

eutectic and near-eutectic HEAs [129]. 

As shown in the fig 3-1, the strength and ductility of the material are in the absolute 

leading position. So, choose this material as the project material. Table 3-2 also shows 

the crystallographic information of the samples. 

Table 3-2. crystallographic information of 𝐴𝐴𝑙𝑙19𝐹𝐹𝑒𝑒20𝐶𝐶𝑜𝑜20𝑁𝑁𝑖𝑖41  

 a b c 

FCC (𝐋𝐋𝟏𝟏𝟏𝟏) 5.750 5.750 5.750 

BCC (B2) 3.608 3.608 3.608 

3.2 Sample preparation 

The high purity (99 wt.%) elemental powders of Al, Co, Fe and Ni with spherical 

morphologies and similar sizes of approximately 150-180 μm diameters (80-100 mesh) 

were physically mixed in a ball miller according to the nominal composition. The 

mixing time is 2 hours. The specific printing parameters are shown in the table 3-3 

below. 
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Table 3-3. Fabricating parameters 

Process parameters  Details  

Deposition current 140 A 

Deposition voltage 13.5 V 

Traveling speed 50 mm/min 

Torch shielding gas flow rate 10 L/min 

Shielding cover gas flow rate 25 L/min 

Distance of electrode to powder bed 3.5 mm 

There are also specific reasons for the parameters in the 3D printing process. The 

deposition current of 140V and the electrode-to-powder bed distance of 3.5 mm are 

suitable for promoting stable deposition of powder materials and minimizing splashing. 

The travel speed of 50 mm/min is suitable to provide sufficient heat input to ensure 

complete melting of the powder during deposition. The torch shielding gas flow rate of 

10 L/min is to minimize oxidation during PAAM processing without blowing the 

powder away from the powder bed. A shield gas flow of 25 L/min was used to protect 

the deposited layer from oxidation during the cooling phase. 

3.3 Experimental procedure for XRD  

The samples were securely positioned on a stand to maintain a level surface. The 

accompanying fig 3-3 illustrates the schematic diagram of the bracket installation. The 

bracket itself is a flat metal cylinder featuring a central groove, as depicted by the black 

segment in the diagram. To affix the sample (shown in gray), a specialized setting glue 

(indicated in blue) was applied within the groove. Subsequently, a leveling board was 

used to carefully adjust the sample's position to align perfectly with the surface of the 

holder. This meticulous process ensured the maintenance of a level sample surface. The 

materials required to make XRD samples are shown in Fig 3-4. The prepared sample is 

shown in Fig 3-5. 

Following the installation, the holder was inserted into the machine, and X-ray 
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diffraction (XRD) measurements were conducted using a PANalytical XPert Powder 

Diffractometer. This instrument was equipped with a Cu target (with Kα1 radiation at 

1.54 Å), operated at a voltage of 40 kV, a current of 30 mA, and a scan speed of 0.04 

degrees per second. The XRD analysis covered a 2θ range from 30 to 130°. 

 

Fig 3-3. Irregular sample holder 

 

 

Fig 3-4. Items required for XRD instrument sample preparation. 
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Fig 3-5. Loading flat plate samples 

3.4 Experimental procedure for SEM  

Samples prepared for SEM analysis underwent a meticulous polishing process 

involving successive steps. Initially, mechanical polishing was carried out using 1,200 

and 4,000 grit sandpaper to achieve a smooth, even surface. Subsequently, oxide 

polishing suspension (op-s) was employed to further enhance the flatness of the sample. 

For samples subjected to EBSD and EDS testing, the same procedure was followed, 

involving mechanical polishing with 1,200 and 4,000 grit sandpaper and the use of 

oxide polishing suspension (op-s) to attain a flat surface. 

To achieve an impeccably flat and clean sample surface, argon ion milling was 

performed in the Gatan Precision Etch Coating System (PECS) II. This milling process 

involved grinding at 1 kV for 15 minutes at a temperature of -50 °C. These steps 

collectively ensured the optimal preparation of samples for analysis. The prepared 

samples are shown in Fig 3-2. 

When conducting experiments with EBSD, step size is 0.25𝜇𝜇𝜇𝜇. 
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Fig 3-2. Schematic of SEM sample. 

3.5 Experimental procedure of tensile test 

The samples designated for hardness testing underwent a preparation process involving 

mechanical polishing. This preparation included the use of 1,200 and 4,000 grit 

sandpaper, to achieve a flat and smooth surface. 

3.6 Experimental procedure of hardness test 

The samples designated for hardness testing underwent a preparation process involving 

mechanical polishing. This preparation included the use of 1,200 and 4,000 grit 

sandpaper, followed by oxide polishing suspension (op-s) application, to achieve a flat 

and smooth surface. The hardness of these materials was determined using the Vickers 

hardness test method. 

In this test, a standard square pyramidal diamond indenter, exerting a force of 1 

kilogram, was pressed into the surface of the sample. The test force was maintained for 

a specified duration, after which the force was removed, and the length of the resulting 

root diagonal on the sample surface was measured. Subsequently, the hardness value 

was calculated by referencing the appropriate table or standard. 

The specific instruments and experimental parameters for hardness testing are shown 

in Table 3-4. 



 38 

Table 3-4. Vickers hardness measurements specific information 

The brand of hardness tester Shimadzu Type M 73087 

Load 1000g 

Duration 30s 

Number of measurements 1 

 

 

  



 39 

Chapter 4: Results 

4.1  XRD  

We conducted tensile tests on the stretched samples by cutting and stretching them in 

different areas and conducted XRD detection. We took 2-4mm, 4-6mm, 6-8.5mm and 

8.5-11mm from the top for experiments. Electron diffraction conducted by another 

student in our group confirmed the existence of 𝐿𝐿12 and B2 phases, not the simple FCC 

and BCC. I compared the data of each sample to the standard card and found that the 

stretched sample is still in the 𝐿𝐿12 and B2 phases, and there is no third phase. Therefore, 

no phase change occurred during the entire tensile experiment. The specific XRD data 

is shown in Fig 4-1.  

 
 a Crystal structure 

PDF#04-004-2742 3.608 FCC (𝐿𝐿12) 

PDF#01-075-7980 5.750 BCC(B2) 

Fig 4-1. XRD data of each layer of samples from the top 
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4.2 EBSD  

Since the material is obtained using 3D printing, the top, middle and lower structures 

of the material form microstructures with different morphologies due to the influence 

of thermal cycles. Therefore, as shown in Fig 4-2, the locations 3mm, 13mm and 9mm 

from the top were selected for analysis. The first is the top position. Fig 4-2 (a, b, c) 

shows the top electron backscattered diffraction (EBSD) phase diagram and inverse 

polar figure, indicating that the EHEA at the top of the 3D printing material has a typical 

co-existing eutectic microstructure of Lamellar and Grid. Adjacent grains have different 

growth directions. Among the grains at the top, 𝐿𝐿12  and B2 have fixed orientation 

relationships and most of them follow the K-S orientation relationship. The reason why 

the two phases do not strictly follow the K-S parallel relationship is because of the 

angular offset. The angle shift is caused by thermal cycling. But I also discovered new 

orientation relationships of special grains (see Fig 4-5 (a, b)). In addition, as can be seen 

from Fig 4-3 (a), the corresponding contents are 𝐿𝐿12~72.3 vol.% and B2~27.7 vol.% 

respectively. Fig 4-6 (a, b) is the electron backscattered diffraction (EBSD) phase 

diagram and inverse polar figure of the middle top. In the process from the top to the 

middle, the Grid gradually becomes smaller until it disappears. In the middle, it is 

shown that the 3D printed EHEA has a typical Lamellar-like eutectic microstructure. 

This morphology is also the most common microstructure of this material. Moreover, 

in the middle part, the orientation relationship of the two phases follows the K-S 

orientation relationship (Fig 4-7). Furthermore, as can be seen from Fig 4-7, the average 

thicknesses of B2-coarse (blue) lamellae and 𝐿𝐿12-fine (red) lamellae are ~2.3 and 1.59 

μm, respectively, and the corresponding contents are divided into ~47.5 vol. % and 52.5 

vol.%. Fig 4-8 (a, b) shows the microstructure of the material at the bottom. At the 

bottom, the grid-like microstructure reappears. But unlike the top, the Grid phase at the 

top is the B2 phase wrapping the 𝐿𝐿12 phase. At the bottom, the 𝐿𝐿12 phase wraps the B2 

phase. At the bottom, it was also found that 𝐿𝐿12  and B2 both followed the K-S 

orientation relationship, and no new orientation relationship was found [130]. The phase 

content changes of 𝐿𝐿12 and B2 are ~38.5 vol.% and 61.5 vol.%. These results indicate 
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that from the top to the bottom, the 𝐿𝐿12  content gradually decreases while the B2 

content gradually increases. The reason for the obvious change in phase content is that 

the Al content changes very obviously during the printing process. Furthermore, all 

EBSD phase diagrams confirm that the existing phases are 𝐿𝐿12  and B2 phases 

respectively. This conclusion can also be confirmed in the XRD pattern. 

 

Fig 4-2. Sample sampling location: (a) Top sample collection location and information; 

(b) Middle sample collection locations and information; (c) Bottom sample collection 

location and information. 

 

 

Fig 4-3. Microstructure of the top of the 3D printing sample: (a) EBSD phase map; 

(b) inverse pole figure. 
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Fig 4-4. V1 and V2 areas: Microstructure of the top of the 3D printing sample: (a) 

EBSD phase map; (b) inverse pole figure. 

 

 

Fig 4-5. V3 areas: Microstructure of the top of the 3D printing sample: (a) EBSD 

phase map; (b) inverse pole figure. 
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Fig 4-6. Microstructure of the middle of the 3D printing sample: (a) EBSD phase 

map; (b) inverse pole figure 

 

 

Fig 4-7. Microstructure of the middle of the 3D printing sample: (a) EBSD phase 

map; (b) inverse pole figure. 
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Fig 4-8. Microstructure of the bottom of the 3D printing sample: (a) EBSD phase 

map; (b) inverse pole figure ; 

 

 

Fig 4-9. Microstructure of the bottom of the 3D printing sample: (a) EBSD phase 

map; (b) inverse pole figure. 
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Fig 4-10. Sample B2 phase content 

 

Table 4-1. B2 content in the sample 

Distance from the top surface 

(mm) 

Volume fraction of B2 phase 

(%) 

3 27.7 

5 28.5 

7 33.6 

9 36 

11 38.1 

13 47.5 

16 61.5 

 

As the number of printed layers increases, the bottom experiences the most cyclic 

thermal loading with the build direction. The phase content changes. The position closer 

to the bottom has more BCC phases. The specific changes are shown in Fig 4-10, and 

the detailed contents are presented in Table 4-1. 
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4.3  EDS  

We use SEM-EDS for elemental analysis of materials. Fig 4-11 and Table 4-2 shows 

the energy dispersive X-ray spectroscopy (EDS) diagrams of individual elements of Al, 

Co, Fe, and Ni in EHEA during the 3D printing process. The EDS pattern shows that 

the B2 phase is poor in Co and Fe but enriched in Ni and Al, and the 𝐿𝐿12 phase is only 

depleted of Al. The error bar that appears in the table is the maximum and minimum 

value of the element content within a fixed range of the elements in the table. It can be 

seen from the table that there are very obvious changes in the aluminum element in the 

upper, middle and lower parts of the material. The Al element continues to decrease 

from the bottom to the top, and this decrease in Al element leads to different phase 

contents. The variation of Al content along the build direction is discussed from four 

perspectives. 

(1) Powder Reuse 

Reuse of the powder in the manufacturing process will result in lower content, but not 

as much. The content loss is about 1%. 

(2) Al has a higher vapor pressure 

Al will preferentially evaporate from the molten pool. If this phenomenon occurs, the 

Al content should be lower than the set content during the entire printing process, 

rather than showing a decreasing trend from bottom to top. 

(3) Al element splash 

The sputtering phenomenon of Al will produce Al-based oxides on the surface of the 

material, but our elemental analysis of the sample did not detect the presence of a 

large amount of oxides. 

(4) Overheating input and poor air protection during printing 

This situation results in a loss of all elements, not just the Al element. And there will 

not be a very obvious trend in the top, middle and bottom directions. 
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Table 4-2. The content of elements in each phase (wt %) 

 
Note that significant amount of carbon (> 2.3 wt.%) was detected in all samples, which 

could be introduced during additive manufacturing process and SEM sample surface 

contamination. 

 

Fig 4-11. 𝐴𝐴𝐴𝐴0 .95𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁2.05 EDS map 

4.4 Tensile test 

Mechanical property tests were conducted on various sections of the sample, with the 

specific printing regions corresponding to those outlined in Table 4-3, and the detailed 

performance curves are presented in Fig 4-12. Considering the longstanding issue of 

high porosity encountered by many samples during the 3D printing process, reference 

data is unnecessary. Only the upper region of the sample1 is deemed suitable for 
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analysis. In this region, the 𝐿𝐿12 phase and B2 phase partially exhibit a layered structure 

with an alternating arrangement. Additionally, a portion of the  𝐿𝐿12 phase experiences 

expansion, resulting in a grid-like microstructure of the 𝐿𝐿12  and B2 phases. The 

properties of the examples are as shown in Table 4-4. 

Table 4-3. The sample serial number corresponds to the sample location. 

Sample number Distance from top surface (mm) 
1 2-4 
2 4-6 
3 6-8 
4 8-10 
5 10-12 

 

 

Fig 4-12. Tensile response of the 3D printing 𝐴𝐴𝐴𝐴0 .95𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁2.05 
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Fig 4-13. Strain-hardening rate of 3D printed high-entropy 𝐴𝐴𝐴𝐴0.95𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁2.05 

（sample 1） 

 
Table 4-4. The performance value of 3D printed high-entropy alloy is sample 1. 

Yield strength (𝝈𝝈𝒚𝒚) 450 MPa 

Ultimate strength (𝝈𝝈𝑼𝑼𝑼𝑼𝑼𝑼) 960 MPa 

Tensile strain (𝜺𝜺𝑼𝑼) 24.5 % 

 

Samples 1-5 represent different compositions, as shown in Table 4-2. 𝐿𝐿12 is the soft 

phase, and B2 is the hard phase. As the content of 𝐿𝐿12 decreases from top to bottom 

and the content of B2 increases, the hardness of the samples increases gradually from 

the top to the bottom in the printed sample, while ductility decreases gradually. At the 

same time, the lamellar structure plays a role in enhancing the material's ductility. 

Regarding the work hardening rate curve (Fig 4-13), this graph can represent the 

material's sensitivity to work hardening at different strain states, ranging from 2mm to 

4mm. The turning point in the curve occurs because initially, only the 𝐿𝐿12  phase 

deforms. Later, the B2 phase also begins to participate in deformation, causing the curve 

to rise. 
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4.5 Hardness 

The material's hardness consistently rises with an increase in B2 content, reaching a 

peak hardness of 585HV (Table 4-5, Table 4-6, Fig 4-14, and Fig 4-15). This is 

primarily observed in the section of the material located 13mm from the top, where the 

𝐿𝐿12  and B2 content is nearly evenly distributed at approximately 50% each. The 

hardness of the material gradually increases as it descends from the top to the 13mm 

position, primarily due to a higher 𝐿𝐿12 content. However, within the section spanning 

from 13mm to 16mm, there is a rapid increase in the B2 content over a 3mm distance. 

Consequently, this transition zone results in noticeable hardness fluctuations, 

particularly at the 13mm level from the top. 
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Table 4-5.  Hardness testing of 3D printed 𝐴𝐴𝐴𝐴0.95𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁2 .05 

Distance 

from top 

(mm?) 

Average 

Diagonal 

Length 

Hardness 

(HV) 

Distance 

from top 

Average 

Diagonal 

Length 

Hardness(

HV) 

0 57.23 567 5 57.07 569 

0.5 57.20 567 5.5 57.02 571 

1 57.22 567 6 56.98 571 

1.5 57.19 567 6.5 56.03 571 

2 57.22 567 7 56.99 571 

2.5 57.19 567 7.5 56.95 571 

3 57.17 567 8 56.92 573 

3.5 57.13 569 8.5 56.94 573 

4 57.14 569 9 56.91 573 

4.5 57.10 569 9.5 56.87 573 

10 56.84 575 15 56.56 579 

10.5 56.82 575 15.5 56.52 581 

11 56.84 575 16 56.53 581 

11.5 56.79 575 16.5 56.44 583 

12 56.74 577 17 56.47 581 

12.5 56.77 575 17.5 56.41 583 

13 56.70 577 18 56.37 583 

13.5 56.64 579 18.5 56.33 585 

14 56.67 577 19 56.39 583 

14.5 56.61 579 19.5 56.29 585 
   

20 56.73 577 
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Table 4-6. The standard indentation length of 1kg load corresponds to the hardness 

value 

D 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

53 660 658 655 653 650 648 645 643 641 638 

54 636 634 631 629 627 624 622 620 617 615 

55 613 611 609 606 604 602 600 598 596 593 

56 591 589 587 585 583 581 579 577 575 573 

57 571 569 567 565 563 561 559 557 555 553 

58 551 549 547 546 544 542 540 538 536 534 

59 533 531 529 527 526 524 522 520 519 517 

60 515 513 512 510 508 507 505 503 502 500 

 

 

 

Fig 4-14. Hardness test curve of 3D printed 𝐴𝐴𝐴𝐴0.95𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁2.05 
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Fig 4-15. Hardness test indentation of 3D printed 𝐴𝐴𝐴𝐴0 .95𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁2.05 

4.6 Fracture Analysis 

To gain deeper insights into the apparent strain hardening behavior observed in the 

𝐿𝐿12 sheets of the developed High-Entropy Alloy (HEA), I conducted an examination 

of the fracture morphology. Scanning Electron Microscopy (SEM) was employed to 

scrutinize the microstructure of the fracture surface, revealing a predominant groove-

like microstructure. Notably, two distinct fracture modes were identified: ductile 

fracture of the 𝐿𝐿12 phase and brittle fracture of the B2 phase. Given that the 𝐿𝐿12 phase 

is characterized as a soft phase and the B2 phase as a hard phase, our analysis was 

conducted in conjunction with the work hardening curve. 

The inferred mechanism suggests that during tensile deformation, the hard B2 phase 

experiences minimal deformation, while the soft 𝐿𝐿12  phase undergoes stretching. 

Subsequently, the 𝐿𝐿12 phase narrows to form a sharp, bright line without any 

indentations. This trend ultimately results in the B2 phase undergoing minimal 

deformation at the bottom of the trench. 

These observations are further substantiated in Fig 4-16. It is noteworthy that, despite 

the anticipated significant stress concentrations around the phase interface due to the 
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minimal plastic deformation of the B2 phase, no phase interface cracks or debonding 

were detected on the current fracture surface. This atypical behavior can be attributed 

to two primary factors: (i) the 3D printed EHEA exhibits a semi-coherent interface 

combination at the atomic level, offering sufficient resistance to high interfacial shear 

forces; (ii) the presence of dislocations and multiple dislocations, coupled with 

secondary slip events, leads to the accumulation around the phase interface. This 

accumulation contributes to the formation of effective long-range strain gradients, 

mitigating stress concentrations at the interface. These conclusions are generally 

supported by the work hardening rates obtained in tensile tests. 

 

 

Fig 4-16. Typical SE/BSE-SEM images showing a trench-like fracture morphology 

featuring the mixed ductile and brittle fracture modes. 
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Chapter 5: Discussion 

This chapter discusses the mechanisms by which materials stretch and some of the 

subprocesses that occur during deformation. 

5.1 Microstructure 

As shown in Fig 5-1, lamellar morphology can be seen at all stages of material printing, 

but only the grid-like morphology appears at the top and bottom ends. However, these 

grid-like morphologies are composed of different phases. Through the EDS experiment, 

I can know that the Al element has undergone relatively large and obvious changes from 

top to bottom of the material (Table 4-2). At the bottom, because the sample is rich in 

Al elements, the B2 phase rich in Al elements expands and expands to form a grid. At 

the same time, the proportions of 𝐿𝐿12  and B2 are approximately 38.5% and 61.5% 

respectively. This structural scaling can be seen in the EBSD data, as shown in Fig 5-1. 

However, the middle part of the sample, that is, the morphological structure of the 

printed middle section has undergone relatively large changes. Fig 4-6 shows that the 

middle part of the sample only exhibits a single lamellar structure, and the grid 

disappears. As the aluminum element gradually decreases from the bottom to the 

middle, the material reaches the eutectic concentration, forming a eutectic reaction 

accompanied by the redistribution of atoms to form a layered structure of α and β phases. 

In the middle part, the contents of 𝐿𝐿12 phase and B2 phase also tend to be equal, with 

𝐿𝐿12 phase and B2 phase being approximately 52.5% and 47.5% respectively. At the top, 

due to the further reduction in Al content, the B2 content drops significantly. Therefore, 

the 𝐿𝐿12 content increases and expands to form a grid shape. As shown in Fig 4-3, the 

content changes of 𝐿𝐿12and B2 are approximately 72.3% for 𝐿𝐿12 and 27.7% for B2. The 

continuous decrease of the Al element from the bottom to the top has been a persistent 

issue with the PAAM technique, and the cause of this problem has not yet been clear. 

Further research is needed in the future. At the same time, I also found grains at the top 

of the sample that did not conform to the K-S orientation relationship. At the v3 site at 
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the top of the sample, I found a new orientation that does not belong to the K-S 

orientation relationship. As shown in Fig 5-2, 𝐿𝐿12 deviates by 5° on [101], while the 

B2 phase deviates by 4.79° on [102]. How this orientation relationship affects 

mechanical properties requires further study. 

 

 

Fig 5-1. Schematic diagram of the microstructure of the top, middle and bottom layers 
of the sample 
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Fig 5-2. Grain orientation relationship at the top V3 site 

5.2 Mechanical properties 

Table 5-1. Mechanical properties of HEA manufactured by different manufacturing 
methods. 

 Production 
method 

Yield 
strength 

(𝝈𝝈𝒚𝒚) 

Ultimate 
tensile 

strength 
(𝝈𝝈𝑼𝑼𝑼𝑼𝑼𝑼) 

Uniform 
strain 
(𝜺𝜺𝑼𝑼) 

𝑨𝑨𝑨𝑨𝟎𝟎.𝟗𝟗𝟗𝟗𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑵𝑵𝑵𝑵𝟐𝟐.𝟎𝟎𝟎𝟎 (project 

sample) 

3D printing-
PAAM 

450 MPa 960 MPa 24.5% 

𝑨𝑨𝑨𝑨𝟎𝟎.𝟗𝟗𝟗𝟗𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑵𝑵𝑵𝑵𝟐𝟐.𝟎𝟎𝟎𝟎 Conventionally 
cast 

520 MPa 1050 MPa 16% 

𝑨𝑨𝑨𝑨𝟎𝟎.𝟗𝟗𝟗𝟗𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑵𝑵𝑵𝑵𝟐𝟐.𝟎𝟎𝟎𝟎 Directionally 
solidified 

670 MPa 1060 MPa 50% 

𝑨𝑨𝑨𝑨𝟏𝟏𝟏𝟏 .𝟐𝟐𝟐𝟐𝑪𝑪𝒐𝒐𝟏𝟏𝟏𝟏.𝟖𝟖𝟖𝟖𝑭𝑭𝒆𝒆𝟏𝟏𝟏𝟏.𝟑𝟑𝟑𝟑𝑵𝑵𝑵𝑵𝟒𝟒𝟒𝟒.𝟓𝟓𝟓𝟓  Conventionally 
cast 

486 MPa 956 MPa 10% 

 

As shown in Table 5-1, the mechanical properties of the same materials vary greatly. 

Therefore, the production method has a great influence on the mechanical properties of 

the material. Since the 3D printing process is also a directional solidification method, 

the layered herringbone microstructure that only appears in the directional solidification 

method also appears in the 3D printed materials. The layered herringbone 

microstructure significantly improves the ductility of the material. Therefore, materials 

manufactured using 3D printing will be superior to HEA manufactured traditionally in 

terms of ductility. Due to the loss of Al elements, grid-like and lamellar shapes coexist 
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at the top of the sample. At the same time, the top of the material is dominated by the 

𝐿𝐿12  phase, so the strength of samples produced by 3D printing is lower than that of 

samples produced by traditional manufacturing and directional solidification. The 

performance of HEA made of the same elements in different proportions is far inferior 

to the strength and ductility of the 𝐴𝐴𝐴𝐴0.95𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁2.05 alloy. 

Since 3D printing technology is also a method of directional solidification, it exhibits 

the unique herringbone microstructure that is characteristic of directional solidification 

methods. The herringbone microstructure can improve the ductility within the material, 

which is why Sample 1 possesses higher ductility than cast alloys. Due to the higher 

content of 𝐿𝐿12  phase in Sample 1, which is a softer phase that swells and increases in 

size due to the decline in Al content, the grain size becomes larger. As a result, the 

strength of Sample 1, when compared to cast alloys, is lower. 

5.3 Relationship between microstructure and mechanical 

properties 

The emergence of a grid-like microstructure is attributed to the reduction in Al content, 

which leads to an increase in the 𝐿𝐿12 phase and causes expansion. The effect of this 

grid-like appearance on the mechanical properties of the material requires further 

investigation. However, the presence of this grid pattern increases the grain size of the 

material, and an increase in grain size can lead to a decrease in mechanical performance. 

Sample 1 demonstrates exceptional ductility and features a herringbone microstructure. 

Therefore, the excellent mechanical properties of Sample 1 are closely related to its 

herringbone microstructure. Hence, our analysis mainly focuses on the impact of the 

herringbone structure on the material's mechanical properties.  

Herringbone microstructure will significantly increase the ductility of the material. As 

the 𝐿𝐿12  phase expands to form a grid, the content of the herringbone microstructure 

phase decreases, resulting in a decrease in the ductility of the material. 
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The good mechanical properties of sample 1 are mainly attributed to the formation of a 

two-phase layered structure through the eutectic reaction within the material and the 

layered herringbone structure produced by the directional solidification method (Fig 5-

3). The excellent properties of many high-entropy alloys that undergo eutectic reactions 

are usually attributed not only to the fine layered composite microstructure and high 

phase interface density, but also to the coordinated co-deformation of alternating hard 

and ductile phases  [8,14,15] . The formation of the microstructure of the layered 

herringbone structure can significantly improve the ductility of the material. In the 

directionally solidified layered herringbone structure, microcracks occurring in the B2 

phase are impeded at the interface of alternating adjacent 𝐿𝐿12  lamellae in region a. 

These softer 𝐿𝐿12 sheets serve as crack buffers, acting on the tips of microcracks to blunt 

them and shield the associated high local stresses  [70 ,131,132]. Without this alternating 

soft buffer, cracks would propagate further. When a microcrack traverses the entire B2 

lamella cross-section, the adjacent soft 𝐿𝐿12 lamellae blunt the crack tip (Fig. 4-12). 

 

Fig 5-3. The directionally solidified EHEA with a hierarchical herringbone 

microstructure. 
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In the context of fracture initiation in the described material, a microcrack must 

navigate through the 𝐿𝐿12  lamellae, encompassing the entirety of region a, and then 

extend into the neighboring region b. This requirement highlights a dual-level crack 

arrest characteristic inherent in the herringbone microstructure of the directionally 

solidified eutectic high-entropy alloy (EHEA). The first level of crack arrest is provided 

by the alternating hard and soft phase layers of B2 and 𝐿𝐿12. The second level is due to 

the varying arrangement of eutectic clusters within the structure. This complex 

arrangement imparts the EHEA with exceptional fracture toughness [133]. 

Another noteworthy aspect of this material's behavior under stress is observed during 

stretching. New microcracks often initiate in the intact material areas between the 

already fully extended cracks within each B2 flake. This phenomenon, referred to as 

the refinement of the crack pattern, plays a crucial role in reducing stress concentrations 

around the phase interface. It also effectively reduces the stress intensity at the tips of 

larger microcracks, as detailed in references [134−139]. 

The ability of the herringbone EHEA to distribute and mitigate stress in this manner 

underlines its potential for applications where materials are required to withstand high 

stress or fracture scenarios. The material's structure, characterized by its unique 

herringbone microstructure and the strategic arrangement of its constituent phases, 

provides a blueprint for the development of high-performance materials with enhanced 

toughness and durability. 
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Chapter 6: Conclusions and future perspectives 

In this section I summarize all the work and give prospects for future work. 

6.1 Conclusions 

In this project, 𝐴𝐴𝐴𝐴0.95𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁2.05  EHEA was produced using PAAM. The resulting 

eutectic microstructure is very similar to that reported for other EHEAs of the same or 

similar composition. After numerous tensile experiments to determine its mechanical 

properties, its ductility exceeded that of conventionally cast EHEA. Subsequently, the 

deformation and fracture mechanisms of the PAAM HEA samples were studied. The 

following conclusions are achieved: 

(1) The PAAM HEA exhibits distinct microstructural variations in its upper, middle, 

and lower sections. The top section consists of a lamellar-shaped B2 phase and a 

grid-shaped 𝐿𝐿12 phase, with 𝐿𝐿12 content at around 70%. In the middle part, both 

𝐿𝐿12 and B2 phases are lamellar-shaped, each comprising approximately 50% of the 

structure. Towards the bottom, the 𝐿𝐿12  phase content sharply decreases while 

retaining its lamellar form. Conversely, the B2 phase rapidly expands and thickens 

into a grid shape. This change is associated with variations in Al content during the 

3D printing process. Further investigations are ongoing to understand these changes 

better. 

(2) The middle section of the HEA features a typical lamellar eutectic structure, with 

alternating soft 𝐿𝐿12 and hard B2 phases. The average thicknesses of the 𝐿𝐿12 and B2 

lamellae are approximately 3.9 µm and 4.3 µm, respectively, with corresponding 

volume percentages of about 52.5% for 𝐿𝐿12  and 47.5% for B2. Notably, the 

removal of Cr in the customized eutectic composition results in the absence of 

nanoprecipitates in the B2 phase. The B2 phase is low in Co and Fe but rich in Ni 

and Al, while the 𝐿𝐿12 phase is only deficient in Al. Both phases contain similar 

amounts of Ni, but the B2 phase contains significantly more Ni than the 𝐿𝐿12 phase. 
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(3) HEA produced by PAAM exhibits excellent work hardening behavior. At the same 

time, HEA achieved a tensile ductility of approximately 24.5% and a high ultimate 

strength of approximately 960 MPa, which is more than twice the yield strength of 

approximately 450 MPa. 

(4) To gain insights into the strong strain hardening observed in the 3D printed HEA, I 

conducted fracture analysis using SEM imaging techniques, including SE-SEM and 

BSE-SEM. Furthermore, I analyzed the material's fracture mechanism based on the 

strain-hardening rate. The final fracture pattern reveals a microstructure consisting 

of ductile and brittle fracture surfaces corresponding to the 𝐿𝐿12  and B2 phases, 

respectively. 

6.2 Limitations and future research directions 

Since the porosity of the sample itself is very high and the Al element is severely lost 

during the printing process, the mechanical properties of the sample are greatly affected. 

To optimize the mechanical properties of materials, subsequent work should start with 

material preparation methods. Solving the problem of excessive porosity in the printing 

process of PAAM technology and solving the problem of the disappearance of Al 

elements during the printing process will be the focus of subsequent work. At the same 

time, how to further improve the ductility of the material while the dendritic structure 

exists is also a problem faced by this material. Introducing disordered nanoscale ductile 

BCC and/or FCC phases into less flexible B2 intermetallic compounds is a solution 

worth investigating. Recent research by Yang et al. [116]  has unveiled a strategy to 

enhance the ductility of ordered 𝐿𝐿12 -type intermetallic compounds. Disordered 

nanolayers positioned between adjacent micron-sized grains have been found to 

effectively address the poor ductility of these compounds [116]. These nanolayers act as 

a sustainable source of ductility, preventing brittle intergranular fracture by enhancing 

intragranular dislocation mobility. Therefore, the introduction of disordered nanoscale 

ductile BCC and/or FCC phases into less pliable B2 intermetallic compounds could 
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potentially serve as an alternative solution to improve ductility. 

The well-known eutectic high entropy alloy (EHEA) features a balanced combination 

of strength and ductility, along with good fluidity and castability [70,97,140]. Furthermore, 

EHEAs have been reported to possess many additional attractive characteristics such 

as low interfacial energy, reduced notch sensitivity, high thermal stability, and appealing 

fatigue properties, to name a few [74,116,141−143]. The herringbone microstructure can 

also be realized in other bulk materials made up of hard and soft phases, thus enabling 

the design of materials that are resistant to cracking yet capable of high deformation. 

This is not accomplished by avoiding cracks but by guiding and cushioning them. 

Moreover, this method of designing a layered herringbone microstructure, and its 

significant impact on crack cushioning, not only promises to guide the design of new 

layered structural alloys with high elongation rates but also offers promising directions 

for designing novel bone substitute biomaterials with excellent fracture toughness. 

𝐴𝐴𝑙𝑙19𝐹𝐹𝑒𝑒20𝐶𝐶𝑜𝑜20𝑁𝑁𝑖𝑖41   produced using the PAAM process boasts significant cost 

advantages and high ductility, along with the capability for creating materials with 

special appearances. Compared to most additive manufacturing technologies used for 

high entropy alloys (HEAs), PAAM offers the following benefits: First, the material 

costs are lower. Most additive manufacturing technologies require the pre-alloys, which 

are then ground into powder for printing. PAAM technology, on the other hand, allows 

for the direct printing of mechanically mixed powders, significantly saving both money 

and time. Second, similar to other additive manufacturing processes, it can produce 

parts of specific shapes. Third, it is well-known that some HEAs with a BCC structure 

have high hardness but low ductility. Meanwhile, HEAs containing FCC structures 

exhibit better ductility but lower hardness. Sometimes, HEAs cannot withstand the 

strength or the required ductility for the workpiece. Therefore, 𝐴𝐴𝑙𝑙19𝐹𝐹𝑒𝑒20𝐶𝐶𝑜𝑜20𝑁𝑁𝑖𝑖41 can 

partially replace nickel-based superalloy coatings in a wide range of engineering 

applications that demand high strength, high ductility, and the manufacturing of parts 

with specific shapes, such as in aerospace, metallurgy, and machinery. 
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