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Abstract  
 

The development of advanced materials for high temperatures applications 

remains a significant challenge in materials science and engineering. In this context, 

High Entropy Alloys (HEAs) represent a relatively new class of metallic materials 

composed of five or more principal elements in near-equiatomic ratios. HEAs derive 

their superior properties from their multi-principal element compositions, which result 

in high configurational entropy and promotes the formation of simple solid solution 

phases. This novel strategy marks a departure from conventional alloy development 

approaches and opens up vast compositional spaces for exploration. 

This doctoral thesis focuses on the design, synthesis, and characterization of 

novel high-entropy alloys (HEAs) for high-temperature applications, with particular 

emphasis on cobalt-free (Co-free) HEAs and refractory HEAs (RHEAs). These alloys 

are developed via a powder metallurgy route, specifically through mechanical alloying 

(MA) followed by spark plasma sintering (SPS). 

The research addresses key challenges in the current landscape of HEA 

development, namely: (i) the optimization of conventional Co-containing HEAs such 

as AlCoCrFeNi, and (ii) the development of new Co-free and refractory HEAs to 

mitigate issues related to material criticality, cost, and environmental sustainability. 

This study systematically investigates the effects of cobalt reduction and 

substitution on the phase stability, microstructure, and functional properties of HEAs 

synthesized from elemental powders using MA and subsequently consolidated via 

SPS. 

In the initial phase of the research, the well-studied AlCoCrFeNi HEA system 

was chosen as a reference alloy. A detailed study was carried out to evaluate the effect 

of cobalt content on phase stability, microstructure, and overall performance. Alloys 

with different cobalt molar fractions (x = 1.0, 0.75, 0.5, 0.25) in the AlCoxCrFeNi 

system were synthesized using mechanical alloyng followed by Spark Plasma 

Sintering. The full-Co alloy displayed a dual-phase microstructure consisting of a 

dominant BCC and a minor FCC phase. As the cobalt content was reduced, the alloys 

displayed  finer grain structures, improved densification, and enhanced corrosion 

resistance in both NaCl and HϜSOϞ solutions. Thermogravimetric analysis and SEM-

EDXS revealed a progressive improvement in oxidation resistance with decreasing Co 

content, particularly at 1000°C. Mechanical testing confirmed that these Co-reduced 

alloys retained high hardness and fracture toughness, indicating their potential 

suitability for high temperature applications, while also addressing the economic and 

environmental concerns associated with cobalt use. 

In the second part of the thesis, the focus shifts from cobalt reduction to its 

complete substitution. Two novel Co-free HEA systems AlCrFeNiTi and AlCrFeNiMn 

were developed based on valence electron concentration (VEC) analysis, atomic size 

mismatch considerations, and binary mixing enthalpy calculations. Both alloys were 
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synthesized using mechanical alloying (MA) followed by spark plasma sintering (SPS), 

and were subjected to comprehensive structural and functional characterization. 

The addition of titanium (Ti) significantly enhanced solid solution strengthening 

and microstructural stability, positioning the AlCrFeNiTi alloy as a promising candidate 

for high-temperature applications such as gas turbines, thermal barrier coatings, and 

hot-working tools. 

The AlCrFeNiMn HEA exhibited a more ductile dual-phase FCC+BCC 

microstructure, because the addition of manganese (Mn) enhances FCC phase 

stability. This alloy achieved an excellent balance between strength and ductility, along 

with enhanced corrosion resistance. Microstructural analysis revealed lamellar 

eutectic morphologies and spinodal decomposition, both of which contributed to the 

alloyôs strength and toughness. The corrosion and oxidation performance of Co-free 

HEAs highlights its potential as a cost-effective and sustainable candidate for 

industrial-scale applications. 

The third phase of the research focused on Refractory High-Entropy Alloys 

(RHEAs). A novel FeϜTiVZrWϚ.ϟ alloy was developed using mechanical alloying (MA) 

followed by spark plasma sintering (SPS), and was investigated for its potential in high-

temperature applications. This alloy is composed of refractory elements with high 

melting points and exhibits exceptional thermal and mechanical stability. 

Microstructural analysis revealed a uniform body-centered cubic (BCC) phase, 

with minimal grain growth, attributed to the rapid heating and cooling rates 

characteristic of the SPS process. 

Across all the investigated alloy systems, the powder metallurgy approach 

proved highly effective in producing HEAs with fine microstructures, good phase 

homogeneity, and enhanced mechanical and thermal properties. Mechanical alloying 

enabled homogeneous mixing and the formation of nanocrystalline structures, while 

spark plasma sintering (SPS) allowed for rapid densification at lower temperatures, 

helping to preserve desirable microstructural features. 

A comprehensive suite of characterization techniques including X-ray diffraction 

(XRD), scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), 

microhardness testing, fracture toughness evaluation, and electrochemical analysisð

was employed to systematically assess the performance and behavior of the 

materials. 

This thesis makes a significant contribution  to the understanding of phase 

formation, microstructural evolution, and structureïproperty relationships in HEAs 

developed via powder metallurgy. The research clearly demonstrates that cobalt 

content can be successfully reduced or entirely eliminated from HEAs without 

compromising their performance. Moreover, it shows that novel Co-free and refractory 

HEAs can be effectively designed for demanding high-temperature and corrosive 

environments. These findings align with broader initiatives in the materials science 
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aimed at reducing reliance on critical raw materials such as cobalt, and promoting the 

development of sustainable, high-performance alloys for future technologies. 
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Chapter I 
 

Introduction  

1.1 Introduction to HEA 

The discovery of new materials has significantly played a key role in advancing 

human civilization with historical periods such as stone, bronze, and Iron periods 

defined by the relative materials discovered during those periods. The developments 

were strongly linked to processing techniques that enhanced the properties of these 

materials making them easier to manufacture and more suitable for various 

applications.". Traditionally, the development of new materials has relied on a trial and 

error experimentation that metallurgists followed for many years. This conventional 

approach involves with selecting elements and their compositions, followed by the 

synthesis of material and subsequently evaluating its properties. If the material 

demonstrates potential for a specific application the product development follows. If 

not, the process will again start from the beginning but modifications in composition 

will be adjusted or new elements will be added to obtain the desired properties. These 

choices are based on fundamental theory and an understanding of how elements 

behave in various alloys [1] [2]. 

The traditional approach requires several years to develop a novel material for 

a potential application. A lengthy timeline is required to develop a novel material and 

it is critical because while a material is being developed, a competing material may be 

introduced for the same application. This could result in the original material never 

finding practical use. Furthermore, significant time, effort, and financial resources 

could be wasted. 

An important aspect of developing new materials is the number of elements 

involved in its composition. In this process, some elements from the periodic table are 

widely used also, while other elements are less familiar due to factors such as high 

cost, scarcity, and challenges in processing. These limitations often lead to a reduced 

selection of elements used in material development. Moreover, traditional alloy 

development methods typically consist of one or two primary elements, with a small 

proportion of more additional elements included to enhance distinct properties.  

The discovery of novel materials has greatly benefited from the concept of alloy 

design, which involves mixing multiple elements to achieve superior properties 

compared to the individual parent elements. This approach has played a key role in 

the future development of human civilization. For many centuries, the fundamental 

principles of alloy design remained largely unchanged, with multiple elements added 

in minor proportions to the major elements. In the 18th century, Frank Achard 

introduced the idea of designing alloys with multiple elements in equal mass 

proportions; however, this concept went largely unnoticed by the scientific community. 
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It was towards the end of the 20th century that J.W. Yeh and Brian Cantor 

independently proposed a novel alloy design strategy that involved mixing elements 

in equiatomic proportions to create simple solid solution phases[3]. These alloys are 

commonly known as High Entropy alloys (HEA) or Multi principal Element Alloys 

(MPEA) which will be discussed in detail in this work. 

1.2 High Entropy Alloys (HEA) 

High entropy alloys (HEA) have gained the attention of the material science 

community with their unique alloy design concept and superior mechanical behavior 

[4] [5] [6] [7]. HEAs are proposed by Yeh and Cantor and defined as a composition of 

adding three or more elements with a composition of each elements between 5% to 

35%. The concept of HEA has since been extended to alloys with four elements [8] [9] 

[10] [11]. Most of the HEAs exhibits a single solid solutions structure like body centred 

cubic phase (BCC) and face centred cubic phase (FCC) [12] [13] or hexagonal closing 

pack (HCP) [14] [15]. This type of single-phase solid solution develops superior 

mechanical behaviour, such as increased ductility, and unique physicochemical 

properties, which allow it to deviate from the current trends of traditional metal alloys 

[16] [17]. HEAs usually exhibit four primary effects: slow diffusion, high entropy, severe 

lattice distortion and cocktail effects which contribute to outstanding properties like 

high phase stability and excellent mechanical behaviour [18] [6] [19], This combination 

results in improved thermal stability [20] [21], high mechanical strengths, fatigue 

resistance, high yield strength, ductility, wear resistance [22] [23], good microstructure, 

and enhanced corrosion and oxidation resistance [24] [25] [26] [27]. Recent 

developments in materials science emphasize the importance of focusing on 

improving the mechanical properties, microstructures, and new compositions of HEAs.  

1.3 Definition of HEA 

Yeh [17] proposed that the enhanced mixing of entropy  might contribute to the 

stability of solid solution phases in multi-principal element alloys. He suggested that 

the presence of a large number of constituent elements increases the ȹS term in the 

Gibbs free energy equation, thereby reduces the total mixing energy and favoring the 

development of solid solutions over intermetallic compounds. 

 

ȹG = ȹH ī TȹS 

 

The conception of HEAs has several definitions depends on different criteria. 

The composition-based definition classifies HEAs as containing five or more elements 

and the each element having between 5 and 35 atomic percent (at.%) [28]. 

Alternatively, according to the configurational entropy definition, HEAs are explained 

as those: 
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HEAs having ȹὛὧέὲὪὭὫ<1Ὑ are considered as low entropy alloys such as Steels, 

Mg, and Al-base alloys.  

Alloys having 1Ὑ<ȹSconfig<1.5R are medium entropy alloys such as Ni and Co-

based superalloys.  

Alloys having ȹὛὧέὲὪὭὫ > 1.5R (Sconf = total configurational of molar entropy in  

solid solution, R = gas constant) are high entropy alloys [29] [30] [31] [32].  

The definition of entropy doesnôt take into the account the number of phases 

present in an HEA. When combined with composition, it provides a broader 

perspective but it also leads to ambiguity. For instance, in a five-element system (A, 

B, C, D, and E), the maximum configurational entropy is 1.61R for an equimolar 

composition, while the minimal possible value is 1.36R for a composition of 5%A, 5%B, 

20%C, 35%D, and 35%E. In this case, the alloy meets the criteria of one definition but 

contradicts the other [30]. 

1.4 Four Core Effects of HEA 

The multi-principal element composition of HEA leads to  exhibits significant 

effects that are not observed in other alloys. These effects are classified as the four 

core effects of HEA. Yeh [33] [30] [34] formulated the four core effects of HEAs such 

as high entropy, lattice distortion, sluggish diffusion, and the cocktail effect. The 

relation between fore core effects cooperate and influence the microstructure and 

mechanical properties illustrate in Figure 1-1 with respect to physical metallurgy. 

 

 
Figure 1- 1.  Four core effects and their relationship with microstructure and properties [35] 

The high entropy is influenced by thermodynamics, while the sluggish diffusion 

effect depends on the kinetics of diffusion. The lattice distortion effect influences 
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structural deformation and also has a minimal effect on kinetics and thermodynamics. 

Finally, the cocktail effect influence the mechanical properties. 

1.4.1 High Entropy Effect  

The high entropy effect promotes to form of multi element solid solution phases. 

This effect play an key role in preventing the formation of intermetallic compounds. In 

the absence of this effect, intermetallic phases result in brittleness and cannot be 

controlled. Additionally, this effect controls the formation of intermetallic compounds 

even at low temperatures. According to Gibbs phase rule: 

 

G = H ï TS 

 

where Ὃ = Gibbs free energy, Ὄ = enthalpy, Ὕ = temperature, and Ὓ = entropy 

 

The development of a simple solid solution in an HEA is not guaranteed solely 

by the high entropy effect. Instead, it is dominated by minor additions of various 

elements, including mixing enthalpy, difference in atomic radius and valence electron 

concentration. Additionally, the phase formation is influenced by an interplay between 

entropy and enthalpy, which plays a significant role in determining the phase formation 

[36] [37] [30]. Under high-temperature conditions, solid solution phases become more 

stable in HEAs, and the degree of ordering within the HEA decreases as the 

temperature increases. Consequently, alloys with ordered phases in the casting state 

may transition into random solutions. Moreover, intermetallic compounds remain 

stable when the enthalpy is strong enough to compensate for the entropy effect. 

According to various research studies, HEAs tend to develop simpler and more 

common crystal structures, such as BCC, FCC, and HCP, when entropy overcomes 

enthalpy in place of metallic compounds [38]. There is a lack of research investigation 

to support that to state that a configurational entropy plays a key role to stabilize the 

solid solutions. Most of the alloys found to be unstable although having the high 

configurational entropy [39] . 

1.4.2 Sluggish Diffusion 

HEAs exhibit a slower diffusion rate and phase transformation compared to 

conventional alloys for two main reasons. First, the variation in atomic sizes and the 

fact that HEAs are composed of five or more elements contribute to the lack of a 

dominant solvent, which influences the entire composition. These factors lead to a 

slower diffusion rate and unique bond configurations, causing significant fluctuations 

in lattice potential energy (LPE). As a result, slugging diffusion occurs in HEAs [33] 

[34]. Literature indicates that significant  fluctuations in lattice potential energy (LPE) 
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cause  slower diffusion and higher activation energy in HEAs. Additionally, low LPE 

sites can impede atomic diffusion, further resulting in slower diffusion [29]. 

Secondly, the varying diffusion rates in HEAs can be attributed to the different 

elements in the composition and the configurations of the surrounding atoms. When 

an atom moves into a vacancy, it creates an additional neighbour in the lattice 

structure. The local variations in atomic arrangements generate different energy levels 

and bonds for each atom's position. As a result, the atom becomes trapped in a lower 

energy state with a reduced chance of escape. On the other hand, an atom at a higher 

energy level has a higher chance of returning to its original position. Each element 

diffuses into the surrounding lattice at a different rate, with some elements showing 

high levels of activity and others diffusing at much lower rates, depending on their 

specific inherent properties [35] [36] [37] [38]. A wide range of atomic configurations 

can form around vacancies, which contributes to slower high-temperature diffusion 

and diffusion-controlled phenomena such as oxidation, creep [39] phase transitions, 

and particle growth in HEAs compared to conventional alloys [40] [41]. This occurs as 

a consequence of sluggish diffusion, which impacts the diffusion rate. These 

oscillations slow down diffusion kinetics and raise the energy barrier for diffusion [42] 

[43]. 

1.4.3 Lattice Distortion  

The presence of multiple alloying elements in HEAs creates a diverse atomic 

environment, leading to significant lattice distortion compared to conventional alloys. 

In these alloys, atoms are surrounded by different types of atoms with varying sizes, 

which increase lattice distortion. This lattice distortion can be caused by variations in 

atomic size, as well as differences in crystal structure and bonding energy among the 

elements. This effect can influence X-ray diffraction, increase hardness, and decrease 

temperature, as well as  thermal and electrical conductivity [44] [45] [46] . The figure 

below Figure1- 2 illustrates the lattice distortion of the five elements in HEAs. 

 

Figure 1- 2. Schematic diagram of lattice distortion of five-component HEA [47] 
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Based on a many experimental evidence and researchers suggestions, it 

seems unlikely that, the simultaneous presence of severely lattice distortion  can 

coexist with a and a stable solid solution. Furthermore, there is a no clear evidence to 

support a lattice distortion greater than 5%. This topic requires a further investigation 

[48] [30] [44]. 

1.4.4 Cocktail Effect  

The concept of the cocktail effect in metals was first introduced by Ranganathan 

in relation multi-component alloys and has been confirmed through with respect to 

their studies on mechanical and physical properties [49]. In HEAs, this effect is 

associated with various factors such as the properties of each element, the number of 

phases,  phase shape, alloy compositions, and size [50]. In multi-component alloy 

systems, each phase has a different composition, resulting in properties distinct from 

those of other phases.   

The final properties of each phase are influenced by a mixture of elements and 

resulting in lattice distortion. Consequently, primarily it impacts microstructure and 

atomic level to enhance high temperature, mechanical, and electrical properties of 

HEAs with the combination of various effects. However, the cocktail effect is not 

always beneficial because of to influence of atomic level microstructure and minor 

changes in composition can significantly influence material performance. These 

challenges make complexity to both the design and synthesis of alloys of newly 

developed HEAs [51] [49] . 

1.5 Families of HEA 

HEAs have a very rapid evolution with a strong emphasis on designing novel 

and new alloy systems for various applications. The literature presents approximately 

400 complex alloys. These alloys are categorized into 7 major families: 3d transition 

metal alloys, refractory metal alloys, light metal alloys, lanthanide (4f) transition metal 

alloys, brasses and bronzes, precious metal alloys, and interstitial compound alloys 

[30]. Among these, the 3d transition metal alloys and refractory metal alloys are the 

most extensively studied and investigated HEAs. The 3d transition metals HEAs 

typically contains at least four from the following elements: Co, Cr, Cu, Fe, Mn, Ni , 

with Al additions sometimes. The Refractory metal HEAs is  the second largest group  

HEAs, typically have at least four from the following elements: Cr, Hf, Mo, Nb, Ta, Ti, 

V, W, Zr. These alloy compositions were designed to serve in the industry applications 

where requiring high strength and phase stability at high temperatures are requested, 

such as in the aerospace industry. 

 

 

 

https://www.sciencedirect.com/book/9780128002513/high-entropy-alloys
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1.5.1 AlCoCrFeNi HEA 

The composition of the AlCoCrFeNi HEA has gained the attention of 

researchers due to its presence of outstanding properties, such as oxidation 

resistance, high strength, high temperature, and good corrosion resistance [52]. This 

HEA system has been extensively investigated and is widely reported in the literature. 

The AlCoCrFeNi HEA holds a prominent position in the community of HEAs due to its 

unique properties and various advantages. The equiatomic composition of this alloy 

exhibits a high mixing entropy, which encourages the development of single-phase 

solid solution by preventing the formation of intermetallic compounds. Among its 

constituent elements, Aluminium (Al) plays a crucial role in promoting the development 

of BCC and B2 crystal structures. Meanwhile, Iron (Fe) and Cobalt (Co) helps to 

reduce the structural differences between BCC and B2 structure and Chromium (Cr) 

supports the BCC phase by introducing lattice distortions that disrupt atomic ordering 

and promote structural disorder [53] [54] [55]. 

The AlCoCrFeNi alloys are manufactured using various techniques, as shown 

in Figure1-3. The AlCoCrFeNi alloy system is primarily synthesized through powder 

metallurgy (MA + SPS), which involves mixing elemental powders are compacted and 

sintering to obtain a full dense alloy. Another approach is casting and arc melting, 

where elemental powders are fused in a crucible and cast into the desired shape [56] 

[57] [58]. The alloy preparation, synthesis techniques and heat treatments play an key 

role in revealing in alloy preparation, synthesis processing techniques, and heat 

treatments play a key role in determining the microstructure and mechanical 

characteristicôs of the alloy system. Therefore, it is important to adjust the production 

parameters to achieve better characteristics. According to published data, the 

properties of the AlCoCrFeNi HEA can be modified by adding or replacing other 

elements. 

Most past studies have focused on manufacturing AlCoCrFeNi HEAs using 

powder metallurgy  [59] [60] [61] [62] [63] techniques This method is a combination of 

mechanical alloying (MA) and spark plasma sintering (SPS), both of which facilitate 

the formation of fine, uniform, equiaxed grain structures. The MA+SPS routes were 

widely investigated for producing bulk forms of HEAs [64]. Dual-phase FCC+BCC 

structures have been observed in both the casting and MA+SPS routes as reported in 

literature [65] [66] [67]. MA+SPS is a proven technique for synthesizing nanocrystalline 

HEAs. The homogeneous materials, under sintering conditions, are processed with 

good results and fast consolidation [68] [69] [70], which is proposed for fabricating 

AlCoCrFeNi HEAs. The raw materials for AlCoCrFeNi HEA are synthesized by MA 

using ball milling and consolidated into a full-density material using the SPS process. 

This method offers the advantages of low energy consumption, rapid heating, and 

shorter soaking times [71] [72] [73] [74] [74]. 
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Figure 1- 3. Various processing routes to synthesize the AlCoCrFeNi HEAs [75] 

Each element in AlCoCrFeNi HEA haver  a significant important in determining 

its overall alloy properties. Aluminum (Al) relatively with its lowl atomic size, contributes 

to form the BCC structures, enhancing elasticity and plasticity. It also uniformly 

dissolves into the composition, increasing strength and hardness. Cobalt (Co) helps 

to strengthen the FCC phase and facilitates in the formation of hard intermetallic 

phases. Chromium (Cr) improves corrosion resistance and oxidation behavior by 

forming stable protective oxide layers. Additionally, it helps to increase strength and 

hardness. Iron (Fe) improves ductility and fracture toughness by refining grains and 

minimizing brittle phases, while also providing additional mechanical strengthening. 

Finally, Nickel (Ni) stabilizes the FCC matrix, enhances to good ductility and 

toughness, and further improves oxidation resistance when combined with other 

elements. Together, these elements work synergistically to optimize the functional 

properties of the AlCoCrFeNi HEA. 

With the aim of developing new alloys routes, Vaidya has proposed a new 

strategy to produce AlCoCrFeNi alloy system with addition of elements step by step. 

Firstly, joining only the X and Y elements to make a binary XY alloy, then adding the 

element Z to complete the ternary XYZ alloy as shown in following method.  

1. X + Y Ễ XY; XY + Z Ễ XYZ  

2. X+ Z Ễ XY; XZ + Y Ễ XZY  

3. Y + Z Ễ YZ; YZ + X Ễ ZYX 

 

 

Figure 1- 4. (a) Process of conventional alloying and sequential alloying. (b) Phase 
percentages of BCC phase  in AlCoCrFeNi synthesized through various sequences [76] 



17 

Binary Co + Ni is created by grinding elemental Co and Ni particles together. 

Fe, Cr, and Al are added in the following steps to create a ternary (CoFeNi), quaternary 

(CoCrFeNi), and a quinary (AlCoCrFeNi) alloys, respectively. Furthermore, 13 

sequences were used to make AlCoCrFeNi. Different percentages of BCC and FCC 

phases structures are measured at the conclusion of each sequence exhibited the 

route to follow in order to obtain the desired crystal structure as reported in Figure 1-

4. 

In addition to this alloy system, the influence of other elements on various 

characteristics has been investigated and reported. For example, by increasing the 

aluminium mole ratio, the microstructure of AlxCoCrFeNi HEA may be tuned from a 

single phase FCC solid solution to duplex FCC + BCC solid solution, and eventually 

to a single phase BCC solid solution, while  hardness increases [77] [78].  According 

to the studies of  Rahul [79], the AlCoCrFeNi HEA obtained a dual-phase structure 

with a dominant BCC phase (65 wt %) and a small FCC phase (30 wt %). 

Furthermore, Al0.6CoCrFeNi HEA has a significant FCC phase (64wt.%) and a minor 

BCC phase (30 wt.%). As a result, the BCC phase fraction rises with the percentage 

of Al. At molar ratios of x = 0 and 0.3, a single-phase FCC structure was generated. 

At molar ratios of Al (x) = 0.6 and 1, a dual-phase BCC/B2 + FCC structure formed 

during milling process. Under SPS conditions, the Al0.3CoCrFeNi HEAs exhibit a 

single-phase FCC (up to 86 wt %), with uniform dispersion of nanoscale Cr7C3 

precipitates, as shown in Figure 1-5 a. The FCC grains of the precipitates are 

distinguished from the Cr7C3 precipitates, surrounded by a light contrast FCC region 

with oxide nano dispersoids, as presented in Figure 1-5 b. In Figure 1-5c, it presents 

that the lighter contrast phase have (Ni, Fe, Co)-rich FCC grains, associated with the 

gray regions, which are Cr- and C-rich Cr7C3 precipitates. An interconnected network 

is formed between the FCC and Cr7C3 grains, as shown in Figure 1-5 d. Further 

analysis reveals the bimodal grain structure, with observed dark regions 

corresponding to the BCC + B2 phase, as presented in Figure 1-5 e,f. The light 

contrast regions correspond to FCC grains and Cr7C3 grains. The AlCoCrFeNi HEA 

exhibits semi-coherent interfaces between B2 and FCC phases and incoherent 

interfaces between FCC and BCC phases. Additionally, coherent interfaces with 

orientation relationships of (110)BCC//(110)B2 and (110)BCC// (110)B2. The SPSed 

AlCoCrFeNi HEA has been investigated by Zhang.A [80] It presents an FCC phase 

and a duplex BCC structure composed of disordered and ordered BCC phases. The 

FCC phase is observed with a net-like structure at BCC phase boundaries. The BCC 

phase consists of a spinodal modulated matrix, and the HEA exhibits precipitates with 

a near-equiaxed shape, distributed uniformly. The precipitates are rich in Fe and Cr, 

while the matrix is composed of the ordered BCC phase, indicating that the precipitate 

is the disordered BCC phase, as shown in Figure 1- 6. 
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Figure 1- 5. BSE SEM micrographs (a) and (d)  with low magnification, where(b) and (e) very 

high magnification of the marked regions ( in blue area selection) of post-SPS pellets of 
Al0.3CoCrFeNi HEA and AlCoCrFeNi HEAs (c) and (f) with the corresponding regions to SEM 

EDXS mapping which has been selected (in yellow area selection), and larged from 
Al0.3CoCrFeNi and AlCoCrFeNi HEAs, respectively [79]. 

 

 

Figure 1- 6. SEM images  of the SPSed AlCoCrFeNi HEA: (a) low magnification back-scattered 
electron image (BEI), (b) high magnification of secondary electron image (SEI) of 

the BCC phase [80]. 

 

https://www.sciencedirect.com/topics/engineering/high-entropy-alloys
https://www.sciencedirect.com/topics/engineering/secondary-electrons
https://www.sciencedirect.com/topics/engineering/body-centered-cubic
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The CALPHAD approach is increasingly utilized in the design and processing 

of HEA. The AlϚ.ϝCoCrFeNi HEA demonstrates a single stable FCC phase between 

the range of 1026°C and 1402°C, as illustrated in Figure1- 7a [81]. Upon cooling, this 

FCC phase transitions into an ordered B2 phase at 1026°C, which remains stable until 

550°C. At below 720ÁC, the ů phase begins to form and remains stable until at 350°C. 

Additionally, an ordered L1Ϝ phase appears at below 600°C, and at even lower 

temperatures, two distinct disordered BCC phases emerge. In contrast, as shown in 

Figure1- 7 b [82] the AlϚ.ϟCoCrFeNi HEA has a good stability condition for the ordered 

B2 phase, extending from 200°C to 1350°C temperature. The ů phase starts to 

develop at 820°C and disappears at 350°C. From the temperature range between  

400ï600°C, both the ordered L12 phase and a disordered BCC phase coexist. As the 

temperature continues to decrease below at 400°C, the disordered BCC phase 

differentiate into two distinct BCC phases. 

 

 

Figure 1- 7. a. CALPHAD image showing the relation between the fractions of various phases 
and temperature for (a) Al0.3CoCrFeNi alloy, (b) Al0.5CoCrFeNi alloy, and (c) Al0.7CoCrFeNi 
alloy, respectively [81]. Calculated the AlCoxCrFeNi alloy vertical portion  for 0<x<2. The 

analysed samples compositions  are mentioned  in this figures. Blue shows liquid single phase; 
yellow  presents  B2 single phase; light blue shows liquid is present; pink ï ů is present [82]. 

Yang et al.[83] studied the impact of the Al molar ratio in AlCoCrFeNi HEAs 

synthesized through vacuum arc melting. At Al molar ratio was 0.1 the alloys exhibited 

a single-phase FCC. However, at Al molar ratio of 0.75 the microstructure evolved to 

include both FCC and B2 phases. In Al1.5CoCrFeNi HEA, two BCC phases are 

revealed, a precipitate phase with presence of an A2 crystal structure phase and a 
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matrix phase with a B2 crystal structure. The A2 phase was predominantly, and it was 

primarily improve in Fe and Cr while the B2 phase had higher concentration of Al, Co, 

and Ni. This investigation suggests that the strong mutual affinities of elements in 

HEAs can affect the microstructure. Furthermore, the findings indicate that 

configurational entropy, which measures disorder, is not only factor influencing phase 

stabilization in alloys. The enthalpy, atomic size, and atomic arrangement should also 

be in a consideration to design HEA. Jiang et al [84]studied how varying Cr 

concentrations affect the microstructure of AlCoCrFeNiϜ.ϛ eutectic HEAs. The alloy 

without Cr exhibited a hypoeutectic structure, characterized by a primary phase along 

with a lamellar eutectic structure. In contrast, by introducing Cr into the alloy, the 

microstructure transformed into a nearly fully lamellar eutectic morphology. 

Nevertheless the Cr content, all these alloys maintained a mixture  of FCC and B2 

phases. Despite the differences in chromium content, all the alloys retained a 

combination of FCC and B2 phases. 

The investigation conducted by Tian et al [85] examined the effect of Nickel (Ni) 

content on the microstructure of AlCoCrFeNix alloys. It observed that increasing the 

concentration of Ni correlated with a decrease in the volume percentage  of B2 phase. 

Specifically, Ni 0.2 alloy have 33.8 wt % B2 phase, which decreased rapidly to 6.8% 

in the Ni0.3 alloy and 1.73 wt % in the Ni4.0 alloy. This trend suggests that higher Ni 

levels favor the development of FCC/L12 phases over the B2 phase, altering the 

alloy's microstructure. The Ni 0.2 alloy exhibited a near-eutectic structure with low Ni 

content, whereas increasing the Ni content to Ni 3.0 and Ni 4.0 led to hypereutectic 

and eventually separated eutectic structures. Comparatively, the ideal FCC/B2 

eutectic structure was formed in the AlCoCrFeNi2.1 alloy, while the AlCoϚ.ϞCrFeNi2.7 

alloy combined an FCC primary phase structure with an FCC/B2 eutectic. This 

structural divergence may stem from Ni stronger propensity to stabilize FCC phases 

compared to Co [86]. Supporting studies [87] on eutectic and near-eutectic 

AlCoCrFeNix alloys confirmed the consistent presence of FCC and B2 phases, with 

FCC content increases from 67% at x = 1.9 to 75 wt % at x = 2.3 [88], further 

underscoring Niôs role in promoting FCC phase dominance. 

The AlxCoCrFeNi (x = 0.6 and 1.2) HEA are studied by Zhuhuan Yu et.al [88]  

directional solidification. XRD data revealed that the Al0.6CoCrFeNi HEA exhibited 

FCC+BCC solid solutions phases, while the Al1.2CoCrFeNi HEA displayed B2+A2 

solid solutions. Both techniques produced dendritic and equiaxed dendritic 

microstructures. With a lower cooling rate during solidification, third dendrites were 

observed in the Al1.2CoCrFeNi HEA. Moreover, the orientally  solidified grain size was 

larger contrast  to that of the arc-melted alloy. According to EDS data, similar elemental 

distribution patterns were observed in both arc-melted and directionally solidified 

samples. The interdendritic areas and precipitates were rich in Al and Ni, while the 

dendritic regions and the matrix were predominantly enriched in Cr, Co, and Fe, as 

shown in Figure 1-8. Therefore, the elemental distribution varied between the dendritic 
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and interdendritic regions. Furthermore, the elemental chemical composition for the 

Al0.6CoCrFeNi HEA in the as-cast sample was 19.80wt.% Al, 19.20wt.% Co, 

18.50wt.% Cr, 17.70wt.% Fe, and 24.70wt.% Ni. 

 

 

Figure 1- 8. EDXS analyses in AlxCoCrFeNi(x = 0.6 and 1.2) alloy synthesized using arc 
melting  solidification (a) As-cast Al0.6CoCrFeNi alloy (b) Directional solidified Al0.6CoCrFeNi 

alloy (c) As-cast Al1.2CoCrFeNi alloy (d) Directional solidified Al1.2CoCrFeNi HEA. 

Zhou P et.al[89] presented his work on Al0.5FeCoCrFeNi HEAs printed using 

Selective Laser Melting (SLM). The pre-alloyed powder of Al0.5FeCoCrFeNi exhibited 

both FCC and BCC phases. However, the SLM-printed Al0.5FeCoCrFeNi HEA samples 

only showed the FCC phase, indicating the BCC phase transformed into the FCC 

phase during the printing process due to the heating and cooling rates. Additionally, 

coarser columnar grains and finer equiaxed grains were observed in the vertical 

section of the samples, which resulted from the high cooling rates during the SLM 

process. Siayo xie et, al [90], investigated the effects of different heating rates 

(10000C,15000C,20000C) on AlCoCrFeNi HEA. The study revealed that the FCC 

phase developed at BCC grain boundaries and the ů phase precipitated at the 

interface of B2/BCC. As seen in Figure 1- 9(a)-(c), the FCC phase is noticed near the 

grain boundary. Additionally, the B2/BCC distribution created an interpenetrating 

network structure, as illustrated  in Figure1- 9(d) and (f). When the temperature was 

raised to 200°C/min, a sheet texture {051} <715> emerged within the B2/BCC phases. 

In contrast, the sheet texture in the FCC phase is only noticeable when the 

temperature  reached to 200°C/min. 
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Figure 1- 9. SEM picture with low magnification images  of (a) S1, (b) S2, and (c) S3 and high 
magnification images of (d) S1, (e) S2, and (f) S3 [90] 

The investigation of AlCoCrFeNi  HEAs provides researchers with valuable 

insight into design principles and gives a way to further advancements in HEAs with 

even more unique properties. The well-defined  composition of AlCoCrFeNi makes it 

an ideal platform for exploring the fundamentals of HEAs behavior.  Due to its unique 

properties, AlCoCrFeNi HEAs have attracted significant research interest and are now 

the focus of extensive studies. The accompanying Figure1-10 illustrates the growing 

number of ScienceDirect publications on AlCoCrFeNi HEAs, with an emphasis on 

various processing routes and applications. This material shows great promise for 

demanding application such as automotive, aerospace, wear-resistant components, 

and    lightweight structures. Furthermore, itôs a part of a research platform accelerates 

the development of next-generation HEAs for various applications. 

Figure 1- 10. ScienceDirect publications of AlCoCrFeNi HEAsfrom the last ten years till Feb 2025 
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1.5.1.1 AlCoCrFeNi HEA Applications  

In the development of materials science and technology, there is an ongoing 

need for new materials with advanced structural and functional properties for various 

sectors, including mining, transportation, marine, aviation, and aerospace. The 

AlCoCrFeNi HEA has garnered significant attention due to its good mechanical 

properties and high resistance, along with the wide potential for tailoring its chemical 

composition. This versatility makes it suitable for numerous applications. The dual-

phase structure of AlCoCrFeNi alloys, coupled with their exceptional heat resistance, 

enables effective use in structural components, particularly in aerospace applications 

[91]. Similarly, due to its high efficiency and excellent solubility the AlCoCrFeNi HEA 

is preferred for use in aviation and turbine production [92]. The investigated 

Al0.3CoCrFeNi HEA achieved a ZT value of 0.008 demonstrating its potential as a 

thermoelectric material in high temperature applications [93]. Additionally, 

AlxCoCrFeNi alloys (x = 0.6, 0.8, and 1.0) have been shown to be suitable for use in 

medical instrumentation materials, according to an electrochemical impedance 

spectroscopy study conducted in a  human body model [94]. The nanoporous 

AlCoCrFeNi HEA is synthesized by Kong et. al[95], exhibits a high volumetric 

capacitance of 700 F/cm3 and up to 3000 cycles stability, making it ideal for use in 

supercapacitors. The AlCoCrFeNi has been used as a coating for different substrates, 

and it has been found to maintain its phase integrity. Furthermore, it effectively 

prevents oxidation of the substrate when exposed to 11000C for 25h [96]. The 

AlϚ.ϟCoCrFeNi HEA was prepared using laser metal deposition, and it was concluded 

that the laser power could be adjusted to modify the mechanical characteristicôs of the 

HEA, enhancing its potential for industrial applications by improving tensile strength 

and ductility [97]. Because of to its corrosion resistance and excellent casting 

properties, the high-entropy AlCoCrFeNiϜ.ϛ alloy shows promise for use in ship 

propellers [98]. The AlCoCrFeNi HEA is utilized as a soft magnetic material due to the 

presence of ferromagnetic elements such as Co, Fe and Ni. Its excellent ductility 

makes it suitable for producing thin plates, which help to reduce eddy current losses 

in magnetic devices [99]. The Al0.3CoCrFeNi film has been synthesized for use in small 

devices and micro instruments [53]. Research on AlCoCrFeNi HEA continues to grow, 

with ongoing developments across various applications. Notably, 3D-printed HEAs are 

gaining traction in the aviation and aerospace industries due to their lightweight 

properties.. 

The previous sections clearly highlight the significant potential of the 

AlCoCrFeNi alloy system for a variety of applications. The observed precipitation and 

phase transformations in these alloys suggest that their microstructures can be 

effectively tailored to meet particular needs. For many of these applications, powder 

metallurgy (PM) have a crucial role in developing the desired shapes and properties. 

The following sections will delve into the mechanisms associated with PM and review 

existing literature on the thermo-mechanical processing of high-entropy alloys (HEAs), 

with a particular focus on the AlCoCrFeNi system. 
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1.5.2 Refractory High Entropy Alloys (RHEA) 

Following the development of  CoCrFeNi alloy (known as Cantor Alloy) in 2004, 

the materials research community shifted its focus toward overcoming the limitations 

of  3d-transition metals by developing Refractory High Entropy Alloys (RHEA). A major 

development occurred in 2010 when Senkov [100] first introduced two equiatomic 

RHEAs, MoNbTaVW and MoNbTaW. This study highlighted their exceptional 

microhardness [101] and demonstrated that these RHEAs remains stable at high 

temperatures, exhibiting improved mechanical properties at extremely high 

temperatures as shown in Figure1- 11.  RHEAs have since gained significant attention 

due to their high-temperature performance and quite low density compared to various 

alloy with similar capabilities. 

 
 

Figure 1- 11. Temperature dependency of the yield stress of Nb25Mo25Ta25W25 and 
V20Nb20Mo20Ta20W20 HEAs and two superalloys[102]. 

RHEAs are primarily composed of high melting points elements like Nb, Mo, Ta, 

W, V, Zr, Hf, Ti, and Cr in equiatomic or near equiatomic ratios. These alloys are 

characterized by their high melting points, high strength and excellent thermal 

stability[103]. RHEAs have demonstrated excellent high temperature stability, superior 

mechanical properties, and excellent thermal and phase stability, highlighting them 

most promising candidates for high-temperature structural applications in industries 

such as aerospace, nuclear energy, and other advanced engineering fields [104] [105]. 

RHEAs utilize a multi-principal element concept to break the conventional high  

temperature alloy design appeal that focus on a single principal element This 

innovative approach not only inflate the compositional possibilities of high-temperature 

alloys also improves and optimizes their overall performance [106] [107]. 
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Powder metallurgy (PM) is an important production route for the production of 

refractory high-entropy alloys (RHEAs) with a uniform and homogeneous 

microstructure with the key factor being the processing and densification of high-

quality pre alloyed metal powders. MA has demonstrated to be an effective technique 

for producing RHEA powders, ensuring a homogeneous distribution of alloy elements 

and resulting in nanocrystalline powders. These powders are then subjected to 

sintering at temperatures ranging from 12000C to 16000C under pressures of 50-

80MPa for several minutes [108] [109]. 

S. Agbedor et al. [110] synthesized Cu/Ti doped MoNbTa RHEA by MA+SPS 

route. Similarly, G.L. Beausoleil et al. [111]developed a MoNbTi RHEA using MA+SPS 

and provided detailed analysis of the microstructures highlighting various precipitated 

phases. R. Lapovok et al. [112] investigated sintered HfNbTaTiZr and HfNbTiZr alloy 

powders at low temperatures with high plastic deformation, resulting in a Nb enriched 

BCC matrix and a ZrHF enriched HCP phase. Owais et al. [113]. developed t 

WxTiTaVCr (x=0.3-0.9) with SPS. This RHEAs exhibited 800HV of hardness and ~2.3 

GPa of yield strength, with the mechanical properties varying based on the W ratio. 

The fast heating and cooling rates in SPS are beneficial for high temperatures 

applications in aerospace industries[114]. Liu et al. synthesized a MoNbTaTiV 

refractory HEA using MA+SPS, this alloy presented a high compressive yield strength 

in the range of 1.8ï2.2 GPa [115]. The high mechanical properties of this alloy were 

assign to the grain boundary reinforce  arising from ultra fine microstructure and i solid 

solution strengthening. 

1.5.3 Co Free Alloys 

Co-free high-entropy alloys (HEAs) have got significant attention as a 

sustainable alternative to traditional Co-containing HEAs [116], driven by concerns 

regarding the high cost, supply risks, and toxicity of cobalt. Researchers are exploring 

various Co-free HEA compositions, often substituting elements such as manganese 

(Mn) and titanium (Ti) to achieve comparable, or even superior, properties. Many Co-

free HEAs exhibit high strength and hardness, making them ideal for wear-resistant 

and structural applications. Additionally, these alloys maintain excellent mechanical 

stability at elevated temperatures, similar to their Co-containing counterparts. Certain 

Co-free alloys, particularly those stabilized in FCC or mixed FCC+BCC phases (e.g., 

FeCrNiMnAl), exhibit enhanced ductility, which helps mitigate the brittleness often 

found in BCC-dominant Co-free HEAs [117] [118]. By removing cobalt, Co-free HEAs 

significantly reduce both environmental impact and production costs, making them a 

more sustainable and cost-effective option, particularly for large-scale industrial 

applications [119] [120]. 

 

Several studies on Co-free high-entropy alloys (HEAs) have been reported. Cui 

P. et al [121] investigated three Co free quaternary Fe1.125Ni1.06CrAlFe1.125Ni1.125CrAl, 

https://www.nature.com/articles/s41598-017-02168-3
https://www.jmst.org/EN/10.1016/j.jmst.2019.07.013
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and FeNiCrAl HEAs.  These alloys consist of two distinct phases BCC1 phase (FeCr-

rich) and BCC2 phase (NiAl-rich) exhibiting distinctive microstructures. The lattice 

constant of the BCCϜ phase increases of  Ni content in the Feϛ.ϛϜϟNixCrAl HEAs rises, 

while lattice constant of the BCCϛ phase shows minimal variation, indicating that the 

Ni element has a minimal effect. SEM analysis reveals that 3 alloys feature dendritic 

microstructures, characterized by dark dendritic regions and bright grey inter-dendritic 

duplex phase microstructures. Qi H et al. [122]studied the microstructure and 

mechanical properties of the Al1.4CrFe2Ni2 (HEA) that was buildup by cryogenic 

treatment. The Al1.4CrFe2Ni2 HEA exhibited a BCC phase characterized by a spinodal 

decomposition structure is a mixture of disordered BCC (A2) and ordered BCC (B2) 

phases. The nominal composition of the alloy phases remains unchanged after 

cryogenic treatment. After 24 hours of cryogenic treatment, the size of the nanophases 

developed to 126.05 nm, which is 42.7 wt % smaller than in the as-cast condition, 

while the number of nanophases increased by 60%. As the cryogenic treatment period 

increased, the dislocation density notably rose, and the dislocation morphology 

evolved from a small linear structure to long curved structure and eventually to ring 

structure. This alloy achieved strong and ductile properties, with a compressive 

fracture strength of 3107 MPa and a hardness of 480 HV, representing increases of 

24.33% and 9.1 wt %, respectively, compared to the as-cast alloy after 24 hours of 

cryogenic treatment. 

In a study conducted by X. Chen et .al[123], the AlxCrFeNi (x=0.9, 1.0, 1.1, 

1.2,1.3) multi-component alloys were processed by arc melting technique. XRD 

identified the presence of both ordered B2 and disordered BCC phases, with NiAl and 

Fe, Cr compositions recognized through EDS maps. SEM images showed that the 

alloys exhibited eutectic-like structures. Differential scanning calorimetry (DSC) 

analysis revealed endothermic peaks, confirming that the alloys were indeed eutectic, 

although distinct growth directions in the plate-like phases were not observed. As the 

Al content increased, the effect of solid solution strengthening became more 

pronounced, resulting in enhanced strength and reduced deformation. Among these 

alloys, the Alϛ.ϜCrFeNi alloy demonstrated an optimal balance of strength and ductility, 

largely due to fine-grain strengthening. 

A new cost effective Co free Al0.4Ni0.4CrFe HEA was developed by Zhenfei Jiang 

et.al [124]. This alloy features  hierarchically structured coherent precipitates, 

successfully synthesized  using the arc melting technique. SEM and TEM 

microstructure analysis revealed that that the as-cast Al0.4Ni0.4CrFe alloy consists of 

Fe-Cr and ordered B2 precipitates rich in Al-Ni and exhibited a hierarchical 

microstructure with distinct precipitated scale such as primary B2 submicron particles 

(approximately 194 nm in size, constituting 31.2 vol%) and secondary B2 

nanoprecipitates (around 14 nm, accounting for 13.5 vol%). This newly developed 

HEA demonstrates good mechanical performance, including a compressive yield 

strength of ~1513 MPa, ultimate compressive strength of ~3085 MPa, and fracture 
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strain of ~33.2 wt %. These outperforming properties previously were observed in as-

cast CoNiCrFe HEAs. The superior strength-ductility property balance arises from 

hierarchical precipitation strengthening. The Quantitative analysis shows that the 

developing nanoscale precipitates contribute ~440.8 MPa through shear-induced 

mechanism, while submicron precipitates provide ~518.1 MPa via Orowan bypassing 

mechanism. The combination of cost-effectiveness and outstanding strength-plasticity 

synergy makes the Al0.4Ni0.4CrFe alloy highly promising for engineering applications. 

A novel cobalt-free AlϚ.ϡϟCrFeNi eutectic high-entropy alloy (EHEA) with 

reduced density were synthesized through Wenna Jiao et al[125]. This alloy 

demonstrates a unique sunflower-like eutectic microstructure along with excellent 

mechanical performance. The AlϚ.ϡϟCrFeNi EHEA features a rare sunflower-like 

dendritic structure, is mixing of AlNi-rich ordered B2 and FeCr-rich disordered BCC 

phase structure. This distinctive microstructure originates from the cooperative 

solidification of the two phases directly from the molten state. The as-cast alloy exhibits 

remarkable mechanical properties which is including an ultrahigh ultimate 

compressive strength 3639 ± 190 MPa, a yield strength 1482 ± 56 MPa, and 

significant ductility (~37.8 ± 1.5%), surpassing most documented EHEAs. Its 

combination of high yield strength and low density results in a notable specific yield 

strength (SYS), positioning it favourably against existing EHEAs. Dislocation evolution 

analysis during deformation revealed that plasticity is predominantly governed by 

dislocation glide. Initially, dislocations propagate within the softer BCC phase, 

accumulating at B2/BCC phase boundaries and forming substructures as strain 

increases. Upon reaching critical stress levels, dislocations traverse phase boundaries 

and activate slip in the harder B2 phase. The exceptional mechanical performance 

arises from the synergistic interaction between the both BCC and B2 phases, which 

collectively enhance strain hardening and damage resistance. This work highlights the 

potential of architecting hierarchical eutectic microstructures in cobalt-free HEAs to 

achieve superior strength-ductility synergy for advanced structural applications. 

These Co-free HEAs demonstrate that it is possible to design high-performance 

alloys without the use of cobalt, while still achieving a desirable combination of good 

mechanical characteristics , thermal stability, and corrosion resistance properties 

[126].  Co-free HEAs are emerging as a good promising materials for a wide range of 

high-performance in various applications due to their desirable properties, such as 

high strength, thermal stability, and corrosion resistance. 
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1.5.3.1 AlCrFeNiTi  HEA 

 

The alloy AlCrFeNiTi represents a significant material in the field of HEAs, a 

novel class of multi-principal element alloys was characterized by nearly equimolar 

compositions. The unlike conventional alloys dominated by one or two elements, 

HEAs are stabilized by a high configurational entropy, which influences phase stability 

and enhances various mechanical properties. AlCrFeNiTi, as a quinary HEA, consists 

of aluminium (Al), chromium (Cr), iron (Fe), nickel (Ni), and titanium (Ti) in near-

equiatomic ratios, contributing to its unique microstructural and performance 

characteristics [127] [128]. 

Production techniques for AlCrFeNiTi alloys, such as powder metallurgy and 

arc melting, enable precise control over their microstructures, enhancing performance 

characteristics such as strength and corrosion resistance. This adaptability proves that  

these alloys suitable for innovative manufacturing processes, including additive 

manufacturing (3D printing), where complex geometries are often required  [129]. 

Jingjing Zhang et.al[130] prepared a Co-free as-cast AlCrFeNiTi0.2 EHEA to 

investigate the phase, microstructure and mechanical properties . The alloy exhibited 

a dendritic solidification microstructure, which resulted in petal-like and sunflower-like 

structure. This microstructure consists of a FeïCr-rich disordered A2 phase and an 

AlïNi-rich ordered phase (B2 and/or L21), with some precipitates forming within the 

B2 phase. Notably, these three phases share similar crystal structures and 

orientations within the same dendrites, but differ in composition. This observation 

suggests that this crystal structure is not influenced from eutectic reactions. While the 

dendrite and interdendrite regions have similar phases and their microstructures and 

morphologies are appears markedly different. The nanoscale interwoven pattern of A2 

and B2/L21 phases is observed in the dendrite core, forming granular and worm-like 

shapes. In contrast, the interdendritic region shows a cellular microstructure, where 

the A2 phase forms a framework filled with the B2 phase. From the investigation of  

Cheenepalli Nagarjuna et.al [131], the equiatomic ratio of AlCrFeNiTi HEA was 

developed by MA+SPS process route . After 30h of MA a single phase BCC was 

revealed.A significant phase change occurred after SPS, resulting in a dual phase 

structure:  BCC1 (AlNi2Ti), and BCC2 (CrFe-rich phases). The microhardness was 

measured at 960 ± 10 HV and the nano hardness was found to be 951 ± 21 HV.   

Jiang Ju et al [132] investigated the oxidation behavior of the 

Al8Cr13.3Fe63.5Ni11.2Ti4 complex concentrated alloy (CCA), which has a BCC/L21 

phase. The oxidation kinetics of this alloy did not follow a parabolic relationship when 

exposed to air at 800°C. This process is divided into two stages, with a transition from 

an parabolic law to a quasi-linear behavior after 10 hours. During this time, the 

Al8Cr13.3Fe63.5Ni11.2Ti4 alloy shows excellent oxidation resistance, with a low mass gain 

of 0.41 mg/cm² after 100 hours of exposure to air at 800°C. The alloy develops a two-

layer oxide scale, consisting of an outer CrTi2O5 layer with a few TiO2 oxide particles 

and an inner Cr2O3 + nano-CrTi2O5 oxide layer. The TiO2 oxide forms on the top, while 
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Al2O3 oxides develop at the bottom of the innner oxidation region at 10h of oxidation. 

However, after 100h of oxidation , Al2O3 oxides are noticed at the top of the internal 

region, and the formation of TiN and AlN nitrides is detected within the depth of the 

internal oxidation zone.  

In the investigation of Songyuan Li [133], the AlCrFeNiTix (x=0, 0.2, 0.5, 1) 

HEAs were synthesized, and the XRD results revealed both  ordered BCC and 

disordered BCC phases in all four different types of alloys, with the L21 phase  

observed in the T1 HEA. The SEM analysis revealed a eutectic structure consisting of 

a mixture of the B2 phase (Ni and Al) and the A2 phase (Fe and Cr). Nanosized 

precipitates were observed inside the B2 phase with the addition of Ti. As the Ti ratio 

increased, the yield strength rose from 1167 MPa in Ti0 to 1556 MPa in Ti0.2. This alloy 

can be classified as a lightweight alloy, as the addition of Ti decreased the density (<7 

g/cm³) while increasing the yield strength, which reached 237 MPa·cm³/g in Ti0.2. The 

addition of Ti also shows in an increase in the hardness of the alloys. After undergoing 

high-temperature annealing, the hardness of the AlCrFeNiTix alloys remained largely 

unchanged, indicating excellent resistance to softening at elevated temperatures 

(500°C). 

1.5.3.1.1 Potential Applications 

Due to its combination of thermal stability, mechanical strength, and corrosion 

resistance, AlCrFeNiTi holds potential for advanced structural applications. High-

entropy alloys like AlCrFeNiTi are being investigated for high-temperature structural 

applications, where traditional alloys might fail due to thermal degradation. Its 

resilience in extreme conditions positions it well for sectors that demand reliability and 

longevity under demanding operational conditions. AlCrFeNiTi high-entropy alloys 

(HEAs) exhibit remarkable tensile yield strength, often exceeding 755 MPa, even at 

elevated temperatures near 600°C. This high-temperature stability makes them strong 

candidates for structural applications in aerospace components, such as gas turbines 

and jet engines, where both strength and thermal stability are essential. They are also 

highly suited for the energy sector, where materials must maintain mechanical integrity 

under thermal stress [134]. The corrosion resistance of AlCrFeNiTi alloys further 

enhances their potential as protective coatings, particularly in environments where 

conventional materials like AISI 3108 stainless steel may be less effective. This 

property is especially advantageous in chemical processing and marine applications, 

where materials must withstand prolonged exposure to corrosive conditions. In 

summary, AlCrFeNiTi alloys hold significant promise over various fields due to their 

superior mechanical properties and adaptability to extreme conditions, paving the way 

for advancements in high-performance materials technology. 
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1.5.3.2 AlCrFeNiMn HEA  

 

The alloy AlCrFeMnNi is a notable example of HEAs, which are represented by 

their new multi-principal element composition. Unlike conventional alloys that typically 

consist of one or two main elements, HEAs, such as AlCrFeMnNi, contain five or more 

elements in nearly equal atomic ratios. This composition leads to high configurational 

entropy, which stabilizes simple solid-solution phases. The AlCrFeMnNi alloy is made 

up of aluminum (Al), chromium (Cr), iron (Fe), manganese (Mn), and nickel (Ni). It has 

garnered significant attention due to its excellent mechanical properties and resistance 

to corrosion, particularly in high-temperature applications. [127]. The inclusion of 

aluminum in the AlCrFeMnNi system provides lightweight characteristics and aids in 

the formation of BCC phases, which are typically linked to high strength. Chromium 

offers excellent corrosion resistance, while iron ensures structural integrity and 

enhances magnetic properties. Manganese not only boosts the solid solution 

strengthening effect but also contributes to the alloy's ductility. Conversely, nickel 

facilitates the formation of FCC phases, which improve toughness and resistance to 

fracture. 

In the recent study of Wanhuan Yang [135], the corrosion behaviour of 

AlCrFeNiMn HEA was investigate under  high temperature conditions of of 5000C and 

25 MPa for 400h in an S-CO2  atmosphere. The alloy exhibited a duplex microstructure 

consisting of a cuboidal alpha (Mn, Al, Ni) phase adjacent to a B2 phase (Fe, Cr, Mn). 

Tthe microstructure was predominantly influenced by the NiAl phase with high B2-

structured FeCr precipitates. The B2 region is characterized by a layer of Mn-rich 

oxides on the outer layer and flocculent oxides (Mn-, Fe-, and Ni ) in the interior. A 

uniform Al2O3 layer developed in both the B2 region and extended to the B2 region 

providing a significant protection against corrosion. Xu Chen [136] developed 

AlxCrFeMnϚ.ϢNiϜ.ϛ high-entropy alloys (HEAs) to studeid their microstructure, 

corrosion behavior, and compressive properties. The crystal structure transitions from 

an initial dual FCC phase (x = 0.2) to a mixed FCC and BCC structure (x = 0.5ï1.0), 

with the FCC phase disappearing at x Ó 1.2. The AlϚ.ϢCrFeMnϚ.ϢNiϜ.ϛ HEA develops 

a spinodal structure. Additionally, a sunflower-like microstructure is observed in the 

HEAs within the range of 1.0 Ò x Ò 2.0, which disappears at x = 2.3. The 

microhardness of the AlxCrFeMnϚ.ϢNiϜ.ϛ alloys increases, while plasticity decreases 

with a higher Al content. These alloys exhibit good compressive properties, with a 

compressive strength of 2059 MPa and elongation of 34%. Furthermore, the corrosion 

resistance improves as the Al ratio increases.  A series of FeCrNiMnAlx (X = 0-1) HEA 

was synthesized by  Xuewei Xing [137] The addition of the Al ratio significantly 

influences the microstructure. The FeCrNiMn HEA forms a homogeneous FCC phase, 

while two phases are observed in  the FeCrNiMnAl0.3 alloy, which develops a dendritic 

microstructure. For the Al0.5 alloy, a mixed BCC+B2 dendritic microstructure is 

formed. The microhardness consistently increases with a higher Al ratio, while the 

yield strength initially increases with increasing Al content, before eventually 
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decreasing as the Al ratio continues to rise. The abrasive wear mechanism is optimal 

at the Al0.8 ratio and oxidation wear resistance is good at the Al1.0 ratio. Elkanthy[138] 

synthesized an AlϟCrϛϜFeϝϟMnϜϢNiϜϚ HEA with good workability at low temperatures 

and excellent mechanical strength.  

Munitaz. A[139] examined the influence of water quenching effect on the 

microstructure and mechanical properties AlCrFeMnNi HEAs. The results revealed 

that the alloy solidified dendritically, developing a soft dendritic core (DC) enriched in 

Cr, Fe, and Mn, while the hard interdendritic (ID) regions were primarily having of Al 

and Ni. Additionally, the coexistence of DC and ID regions contributed to improved 

compressive strength and ductility. N.D. Stepanov [140] synthesized high Fe ratio 

FeMnCrNiAl alloy system with 0-14% Al content to study its microstructure and 

mechanical properties. The Fe40Mn25Cr20Ni15 HEA presents a  FCC matrix+ small 

quantity of BCC phase. The addition of 2-6% Al increases  the BCC phase content by 

26 wt %, and B2 precipitates develop within the BCC phase. Furthermore, by adding 

10-14 wt % of Al the alloy consists of BCC phase, including B2 precipitates. These 

alloys show an increase in hardness as the aluminum content increases. 

1.5.3.2.1 Potential Applications 

The unique combination of thermal stability, mechanical resilience, and 

corrosion resistance in AlCrFeMnNi makes it a promising candidate for high-stress, 

high-temperature applications. Industries like aerospace, automotive, marine, and 

nuclear power are exploring this alloy for critical components where reliability under 

extreme conditions is paramount. Due to having high strength-to-weight ratio and 

excellent thermal stability, AlCrFeMnNi is suitable for aerospace applications where 

materials must endure extreme conditions without compromising performance. Its 

corrosion resistance positions AlCrFeMnNi as a potential material for use in chemical 

processing environments, where exposure to aggressive chemicals is common. 

Additionally, the AlCrFeMnNi alloy is being explored for advanced nuclear applications 

because of its resistance to irradiation damage and its exceptional mechanical 

properties at high temperatures. [141] [142] [143] [143].  In summary, the AlCrFeMnNi 

high-entropy alloy stands out for its robust mechanical properties, and impressive 

corrosion and oxidation resistance, which positions it as a promising candidate for 

advanced applications in aerospace, power generation, and chemical industries. 
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Chapter  2 
 

Aim of the Study  
 

The primary aim of this thesis is to explore the most promising High Entropy 

Alloy (HEA) systems and  to develop a novel high entropy alloy through powder 

metallurgy route for high-temperature applications. HEAs represent a novel class of 

advanced materials characterized by a single-phase solid solution structure formed by 

combining five or more elements in nearly equiatomic ratios. These alloys exhibit 

superior hardness, high strength, excellent thermal stability, and wear resistance 

compared to conventional alloys. These characteristics make HEAs promising 

materials for various innovative applications. 

In the development of HEAs  hundreds of compositions have been developed 

and investigated so far by the material science research community. Among all HEA 

families, the AlCoCrFeNi HEA is one of the most widely studied and shows superior 

properties that can potentially replace current high-temperature materials and extend 

their operational limits. In the AlCoCrFeNi HEA, cobalt (Co) is a key element, as it can 

form stable solutions with other elements. However, cobalt is considered a critical 

metal, and there is a growing desire to completely substitute or replace cobalt in future 

HEA developments. This has led to the rise of cobalt-free HEAs, which is a gradually 

increasing trend in HEA research.  

 

Why reducing/replacing Cobalt? 

 

The primary reason for considering the substitution of cobalt in AlCoCrFeNi 

HEA system is its high cost compared to the other elements in the alloy, along with 

the growing scarcity of cobalt in industries [144] [145]. Previous studies have shown 

that Co is not a crucial element in promoting the formation of Fe-Cr-rich disordered 

BCC (A2) and NiAl-rich ordered BCC (B2) phases. This suggest that Co does not 

significantly alter the microstructure of the HEAs [146] [147] [148]. Additionally, 

cobaltôs atomic radius is considered a disadvantage, as it does not align well with other 

elements in the system. There is ongoing debate on the impact of Co on mechanical 

properties of HEAs. Some studies indicate that with the addition of Cobalt in AlxCrFeNi 

(0.75 Ò x Ò 1) HEA [149] [150] the compressive mechanical properties slightly improve. 

In contrast, a study by Mingyu Wu [151] found that removing cobalt from AlCoCrFeNi 

HEA increased the fracture strain from 31.3% to 42.1% and improved the fracture 

strength from 2335 MPa to a higher value. Furthermore, no experimental or theoretical 

investigation have explored the influence of cobalt on wear performance of AlCrFeNi 

HEAs. For these reasons, researchers are increasingly focused on developing Co-free 

alloys. 
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This thesis focuses on the synthesis of High Entropy Alloys (HEAs) using 

methodologies designed to accelerate the discovery of novel materials. To achieve 

this goal, a new HEA composition is designed by reducing and substituting cobalt in 

the AlCoCrFeNi HEA family through the powder metallurgy route. The drive to lower 

or eliminate cobalt from the AlCoCrFeNi HEA system is the primary motivation for this 

PhD thesis. 

In this study, the alloys are evaluated by examining the influence of reducing 

Co molar ratios (X= 1,0.75,0.5,0.25) on the properties of the AlCoxCrFeNi HEA. The 

reduction in cobalt is compensated by increasing the amount of the other elements in 

the HEA system. Specifically, cobalt is completely substituted by manganese (Mn) and 

titanium (Ti) in the AlCoCrFeNi HEA via the powder metallurgy (PM) route. From the 

literature, aluminum (Al) is recognized as an important element that can transform soft 

BCC phases into harder BCC phases in other alloys, and it is a lightweight material. 

Chromium (Cr) serves as a BCC stabilizer, improving oxidation resistance. Iron (Fe) 

contributes to grain structure stability, which enhances mechanical strength. Nickel 

(Ni) stabilizes the FCC phase and improves corrosion resistance. These elements 

make them ideal candidates in the alloy composition. Titanium (Ti) is a lightweight 

material with a large atomic size and a high negative mixing enthalpy with Al, Fe, and 

Ni. Its addition facilitates the formation of a solid solution (BCC phase) and a simple 

microstructure, leading to enhanced strength and improved mechanical properties 

[152] [153]. Manganese(Mn) is essential for FCC phase stabilization and solid solution 

strengthening by introducing lattice distortion which improves mechanical properties 

and corrosion resistance. Additionally Mn is a cost effective element with a good 

strength-to-weight ratio, making it suitable to replace the cobalt [154] [155] [155] 

In the development of a novel High Entropy Alloys (HEA), a high-temperature 

resistant FeϜTiVZrWϚ.ϟ refractory high-entropy alloy is synthesized using the powder 

metallurgy route. This refractory HEA contains four of the five elements that belong to 

the "refractory elements" group. These alloys can also be considered for use as a 

matrix for WC in hard metals for tools. After proper heat treatment, they are able to 

maintain hardness at high temperatures while reducing excessive brittleness, making 

them suitable for high-temperature applications. 

The characteristics of HEAs are influenced by the choice of metal elements, i.e. 

the composition, and the synthesis process. The selection of elements plays a 

significant role in the evolution of the microstructure and affects all the properties of 

the alloy. Additionally, substitutional solid-solution provides a pathway to elevate the 

mechanical properties of the HEA. 

Currently, very few reports are available, and a clear understanding of these 

issues is very much required. The following objectives are outlined for the present 

investigation: 

Influence of Cobalt (Co) reduction on the properties of AlCoxCrFeNi (x=0.75, 

0.5, 0.25,1) HEA system, obtained via MA+SPS route. 
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Substitution and investigation of Ti and Mn to develop an AlCrFeNiTi and 

AlCrFeNiMn HEA using the MA+SPS production route under various milling and 

sintering conditions. 

Production and characterization of a refractory multielement alloy of 

FeϜTiVZrWϚ.ϟ RHEA.  

This study demonstrates that Powder Metallurgy can be a viable route to obtain 

novel high entropy alloys, or in general complex alloys, even if many issues need to 

be yet explored and more analyses must be done to have a better knowledge about 

their production process, microstructural characteristics and mechanical properties for 

possible future applications.  

2.1 Valence Electron Configuration (VEC)     

Valence Electron Concentration (VEC) is an important factor in determining the 

behavior of high-entropy alloys (HEAs), as it helps to develop solid solutions. It has 

been summarized that the BCC phase forms when VEC < 6.87, while the formation of 

FCC phase occurs when VEC > 8. A combination of FCC and BCC phases forms if 

the VEC value lies between 6.84 and 8. 

Tables 2-1, 2-2, 2-3, and 2-4 present the binary mixing enthalpies and various 

physicochemical property of the constituent elements of the Al-Co-Cr-Fe-Ni HEA 

system and FeϜTiVZrWϚ.ϟ RHEA. Table 5 shows the VEC calculation for both alloys. 

The following tables provide the binary mixing enthalpy, VEC values, and various 

physicochemical property values of the constituent elements of the alloys produced in 

this research work. 

ὠὉὅ    ὅὠὉὅ   

where the Ci is atomic fraction of the element i and (VEC) are the VEC of each 

element i, respectively. 

 
Table2- 1. ȹHmix (kJ/mol) among the alloy  elements in the studied of Co HEAs [153] 

 Al Co Cr Fe Ni Ti Mn 

Al  -18.8 -9.9 -11.1 -22.3 -29.5 -19.1 

Co -18.8  -4.5 -0.6 0 -28.3 -5.2 

Cr -9.9 -4.5  -1.5 -6.7 -7.5 2.1 

Fe -11.1 -1 -1.5  -1.6 -16.8 0.2 

Ni -22.3 0 -6.7 -1.6  -34.5 -8.2 

Ti -29.5 -28.3 -7.5 -16.8 -34.5  -8.2 

Mn -19.1 -5.2 2.1 0.2 -8.2 -8.2  
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Table 2- 2. Physiochemical properties of elements used for Co HEAs. 

Element Atomic Radius (Picometers ) Atomic Weight VEC 

Al 143 26.98 3 

Co 125 58.99 9 

Cr 128 51.99 6 

Fe 124.1 55.84 8 

Ni 124.6 58.69 10 

Ti 171 47.88 4 

Mn 136.7 54.94 7 

 
Table 2- 3. ȹHmix (kJ/mol) among the alloy elements in the studied of Co HEAs[153] 

 Fe Ti V Zr W 

Fe  -16.8 -7.1 -0.2 0 

Ti -16.8  -1.7 -0.2 -5.7 

V -7.1 -1.7  -3.7 -0.8 

Zr -0.2 -0.2 -3.7  -9.1 

W 0 -5.7 -0.8 -9.1  

 

Table2- 4. Physiochemical properties of elements used for Fe based HEA. 

Element Atomic Radius (Picometers ) Atomic Weight VEC 

Fe 124.1 55.84 8 

Ti 171 47.88 4 

V 134 50.94 5 

Zr 206 91.22 4 

W 139 183.84 6 

 
Table2- 5.  VEC Calculation for each alloy analysed in the present research work 

Alloy VEC 

AlCo0.25CrFeNi 6.88 

AlCo0.5CrFeNi 7.67 

AlCo0.75CrFeNi 7.10 

AlCoCrFeNi 7.2 

AlCrFeNiTi 6.2 

AlCrFeNiMn 6.8 

Fe2TiVZrW0.5 5.6 
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Chapter 3  
 

Powder Metallurgy  
 

HEAs were initially synthesized using ingot metallurgy. However, due to the 

composition of five or more elements, these alloys often face issues with density and 

solubility. Achieving a high amount of solubility during the melting process while 

avoiding segregation during solidification is particularly challenging. In contrast, 

powder metallurgy (PM) offers solutions that address these limitations are presented 

in the conventional ingot metallurgy. PM enables better microstructural control, the 

possibility of producing nanocrystalline materials, and the development of metal matrix 

composites without segregation issues. The first article on HEAs produced through 

PM was published in 2008 [156] [157] The structural advantages of nanostructures 

have resulted in numerous potential applications. [17] 

PM shares similarities with other techniques like high pressure torsion, but has 

some distinct advantages. Notably, it is particularly useful in two scenarios: (1) when 

working with metals of dissimilar densities, which is crucial for producing lightweight 

HEAs and (2)when processing metals with extremely high melting points, making it 

suitable for manufacturing refractory HEAs. [158] [159] [160].  

3.1 Mechanical Alloying  

In the development of advanced materials, the non-equilibrium process of 

mechanical alloying has garnered significant from the research community for its 

ability to enhance the properties and expand the applications field of HEAs [161]. 

Mechanical alloying is considered one of the most important and widely used 

techniques in powder metallurgy for producing HEAs, as it allows for sufficient time 

and energy to achieve the desired properties. Mechanical alloying is a solid-state, non-

equilibrium approach that enables the creation of nanocrystalline HEAs with uniform 

microstructures [162] compositional homogeneity, and solid solubility. The primary 

goal of MA, beyond simply alloying elemental powder, is to reduce particle size, 

reshape particles, and promote mixing and blending. The mechanism of MA involves 

the collision between milling balls and powder particles as shown in Figure 3-1. This 

energy relies on several factors, such as the mechanical properties of the metal 

powders and balls, the rotational speed of the mill, the duration of milling, the ball-to-

powder ratio (BPR), and the process control agent (PCA) used during the milling 

process. During the collision process, both welding and fracturing events occur which 

means that the powder particle size is controlled by fracture and welding events [163]. 

The size of the powder particles and the homogeneity of the element distribution are 

closely related to these mechanisms. In the alloying process, the particle morphology 
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is influenced by the characteristics of the interacting powders, which ca be ductileï

ductile, ductile-brittle, or brittleïbrittle [164] [165] as illustrated in Figure 3-1. 

 

 

Figure 3-  1. Planetary ball milling and different stages in MA [166] 

Several studies have investigated the preparation of AlCoCrFeNi metal 

powders using MA. Vikas Shivam [167] prepared equiatomic AlCoCrFeNi milled 

powder by milling at a speed of 200 rpm for intervals of 0h, 10h, 20h, and 30h in a 

planetary ball mill (Retsch PM400) to study the phase evolution. The ball-to-powder 

ratio was set at 10:1, and toluene was used as a PCA to prevent oxidation and control 

temperature rise. To avoid excessive heat buildup, the milling process was paused 

every half hour between each hour of milling. An equimolar AlCoCrFeNi alloy mixture 

was designed by Liangxiao Wei [168] to investigate the phase evolution using 

mechanical alloying (PM100, Germany) for different milling times. The milling speed 

was 250 rpm/min, using a ball-to-powder ratio of 10:1, and the milling times were 

4,8,12,16,20,60 and 84h. To avoid excessive temperature rise, a 5-minute interval was 

taken for every hour of milling. It was noticed that the particle size decreased with 

increasing milling time. The particle size reduced from 50µm to 5µm after 20h. 

However, after 60 hours of milling, the particle size began to increase again, and it is 

likely to continue growing as the milling duration increases further. The Planetary ball 

mill was used to synthesize an AlCoCrFeNi metal powder by Adrien Fourmont  [169] 

to investigate nano impurities using classical methods. The powder was blended in a 

planetary ball mill (Fritsch Pulverisette 4) at 250 rpm for 28h. The rotation speed was 

250 rpm for the disk and 250 rpm for vials with a pause every 7 hours to prevent 

powder from adhering to the vial. No process control agent (PCA) was used in this 

study. The results concluded that dry milling is an effective method for reducing carbon 

contamination without promoting excessive oxide formation. In another study by A.s 

Rogchav [170] 10g of an equimolar AlCoCrFeNi mixture was prepared using the 

following milling condition: powder mass ratio 20:1, milling time of 90h at the rotation 
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speed of 912 rpm, and jar speed of 2220 rpm in air atmosphere to reveal phase 

transformations. Similarly, Yunzi Liu [170] prepared AlCoCrFeNi powder using a gas 

atomization process under a 4 MPa pressure in an argon (Ar) atmosphere. In this 

study, different volume fractions of Al (5%, 10%, 15%, and 20% of wt) were milled 

using a planetary ball mill. The ball-to-powder ratio was 6:1, with a milling speed of 

240 rpm for 6 hours, using heptane as a PCA. The resulting powders were used to 

investigate the fracture and mechanical properties of the composite reinforcement. 

3.2 Spark Plasma Sintering (SPS) 

Spark plasma sintering (SPS) is one of the most widely used techniques and it 

is the best consolidation method for MAed powders (MA+SPS) to obtain high 

performance HEAs. The fundamental principle of SPS is mentioned in figure 13. The 

powder is placed between graphite punches and dies. Punches exert a certain uniaxial 

pressure while a high intensity pulsed direct current (DC) passes through the die and 

the powder compact generating localized high temperatures at the powder particles 

contact points. Different diffusion mechanisms were proposed to explain the formation 

of sintering necks between the powder particles [171]. In this way  the powder is 

consolidated with the desired configuration and density. Low vacuum, Hydrogen, 

nitrogen, and argon gases can be used in the SPS process to maintain phase stability 

and to avoid oxidation of metallic materials [172] [173]. SPS is characterized by its 

ability to quickly reach sintering temperatures and its short dwell time, making it a rapid 

process. These conditions enable the sintered material to achieve proper densification 

while minimizing excessive grain growth. After SPS consolidation, ultra-fine or even 

nanocrystalline grain sizes can be obtained in bulk alloys [174]. 

 

 

Figure 3-  2. Spark plasma sintering  [175] 
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Zohu P F[176] presented an alternative powder metallurgy method, combining 

gas atomization with Spark Plasma Sintering (SPS), to investigate the effects of 

sintering conditions on AlCoCrFeNi gas-atomized (GA) powder. The gas-atomized 

AlCoCrFeNi powder was sintered in a 40 mm graphite die at temperatures ranging 

from 500°C to 1250°C under 30 MPa pressure, with a 10-minute holding time. All 

samples were sintered in an argon (Ar) atmosphere and subsequently cooled to room 

temperature in the same atmosphere. The sintering characteristics of the pre-powder 

were analyzed at 700°C, 900°C, 1000°C, and 1100°C. At 700°C, the contact area 

between the powder particles was minimal. At 900°C, flat surface contact was 

observed between the powders. Furthermore, sintering and coalescence growth were 

improved at 1000°C, and full consolidation was achieved at 1100°C. This 

demonstrates that increasing the temperature is beneficial for achieving good 

consolidation. S Mohanty [177] prepared AlCoCrFeNi HEA samples using the 

following parameters:  a pulse on-off ratio of 12:2, a  0.015m of diameter of graphite 

die, a voltage of 20V and a current flow of 900amp., The vacuum level was maintained 

at 6 × 10ϖ³ Torr, and argon gas was used with a flow rate of 2 L/min. The heating rate 

was set to 100 K/min. Sintering was conducted at temperatures of 873 K, 973 K, 

1073K, 1173 K, and 1273 K under 50 MPa pressure. A K1-type chromel-alumel 

thermocouple was positioned 0.002 m away from the sample to monitor its real-time 

temperature. Siyao Xie[178] prepared AlCoCrFeNi samples to investigate the effects 

of  different heating rates using SPS. A total of 100g of AlCoCrFeNi gas atomized 

powder was placed in a 40mm diameter graphite die, and graphitic sheets were utilized 

to facilitate interaction between the powder and the die. The sintering parameters 

included an axial load of 40 MPa, a sintering temperature of 1200°C, an electric pulse 

of 8:2 m/s, and a dwell time of 10 minutes. The heating rates used were 100, 150, and 

200°C/min. Rahul [179]  prepared  AlxCoCrFeNi cylinder pellets (20mm×4mm) using 

SPS conditions like a heating rate of 1000° C/min, temperatures of 600-9000C for 5 

min, and a pressure of 50MPa. The obtained samples were used to investigate the 

effect of different Al molar ratios after 10 hours of mechanical alloying (MA). According 

to research by E. Manta  [179], Spark Plasma Sintering (SPS) was employed to study 

the influence of the processing method on the microstructures and properties of 

Al13.45CoCrFeNi MA powder. The powder was placed in an SPS machine (HP D25 ï 

FCT System) under the following conditions: temperatures of 950°C, 1050°C, and 

1100°C, a dwell time of 10 minutes, a cooling rate of 50ï75°C/min, and an applied 

pressure of 40 MPa. The sample dimensions were 20 mm in diameter and 3 mm in 

height, with a surface roughness ranging from 0.06ï0.14 µm. All processes were 

conducted in a vacuum atmosphere. The literature indicates that SPS facilitates the 

consolidation of AlCoCrFeNi HEAs at various temperatures, allowing for control over 

volume diffusion, grain boundaries, and chemical compositions of the milled powders 

during the SPS process. 

 



40 

3.3 Experimental Methods 

This chapter presents a comprehensive  summary of the experimental 

techniques employed throughout this study. It includes a detailed explanation of the 

powder metallurgy process and its parameters, along with an overview of the general 

characterization techniques used.  The chapter also covers the methods for 

conducting oxidation, corrosion testing, as well as heat treatment and mechanical 

properties of these alloys. 

3.3.1 Materials  

The materials and elements used for the high entropy alloys (HEAs) and 

refractory alloys are listed in Tables 3-1 below. 

Table 3- 1.  Characteristic of the powders used the Co, Ti and Mn samples 

Elements  Particle Size (µm) Purity Level (%) Density [g/cm3] 

Al <44 99.5% 2.70 

Co <149  99.8% 8.91 

Cr <44  99% 7.14 

Fe <74 99% 7.86 

Ni <44   99.8% 8.91 

Mn <44  99.3% 7.20 

Ti <149  99.7% 4.50 

 

Table 3- 2.  Characteristic of the powders used the Fe alloy samples 

Elements Particle Size (µm) Purity Level (%) 

Fe <74 99.00 

Ti <149 99.90 

V <44 99.50 

Zr <44 99.50 

W 0.6ï0.9 99.95 
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3.3.2 Fe Based HEA 

The powder metallurgy route was employed to produce the Fe2TiVZrW0.5 HEA 

and AlCoxCrFeNi (X = 0.025, 0.5, 0.75, 1, Mn, and Ti) HEA. The synthesis of the 

Fe2TiVZrW0.5 involved using five high-purity initial powders sourced from Fisher 

Scientific (Darmstadt, Germany). The Fe2TiVZrW0.5 alloy powder was milled under 

both air and vacuum conditions. These powders were weighed according to the 

nominal composition, as outlined in Table 3-3. This composition applies to both air and 

vacuum conditions. The table also provides details on the weight calculation, particle 

size, and atomic fraction of the initial powders as specified by the manufacturer. The 

total weight of the milled powder batch was 100g. Tungsten (W) powder with a small 

particle size was used to ensure a fine dispersion of W within the alloys. Preliminary 

laboratory experiments showed that larger particles hindered the complete dissolution 

of W, even after extended milling times. For this reason, the alloy composition was not 

formulated in equiatomic proportions (0.2 atomic fraction for each element), and the 

W amount was reduced, while the Fe content was increased accordingly. 

Table 3- 3. Chemical Composition for Fe Alloy 

Element 
Weight 

(wt.%) 

Atomic 

Fraction (-) 

Fe 28.4 0.35 

Ti 12.2 0.18 

V 13.0 0.18 

Zr 23.1 0.18 

W 23.4 0.1 

 

 

The mechanical alloying process was conducted in a Fritsch Pulverisette six-

ball mill (Fritsch, Idar-Oberstein, Germany) as shown in Figure 3-3. The milling rotation 

speed was set to 300 rpm and the ball to powder ratio (BPR) was 10:1. During the 

milling process, a 250 ml steel grinding bowl and hardened steel balls ( 100Cr6, 10 

mm diameter) were utilized as a grinding media. The milling was stopped every 5h to 

monitor powder refinement. Milling was performed for a total of 20 hours under both 

air and vacuum conditions. To prevent excessive temperature rise during intensive 

milling, a 10-minute rest period was introduced every 20 minutes of milling time. 

Ethanol was used as a process control agent (PCA) to prevent cold welding. The 

milling parameters were displayed on the unit and the milling jar was placed by a 

clamping system and a safety slider. The counterbalance was adjusted to match the 

total weight of the milling jar along with its contents. The milling process was carried 

out in an air atmosphere to promote oxide formation and oxygen absorption.  
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Figure 3-  3. Milling machine 

 

The same milling conditions were applied for the FeϜTiVZrWϚ.ϟ HEA, but in a 

vacuum atmosphere. To maintain the vacuum within the milling jar, a small hole was 

drilled on the top of the jar, and an on/off valve was installed to the hole, as illustrated 

in Figure 3-4. A vacuum pipe was connected to the valve, allowing a vacuum to be 

created inside the milling jar using a vacuum pump. 

 

 

Figure 3-  4. Milling jar with vacuum valve 
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The obtained as milled powder was sintered using Spark Plasma Sintering (DR. 

SINTER 1050® SPS from Sumitomo Coal and Mining Ltd., Tokyo, Japan) at three 

different temperatures: 1050°C, 1250°C, and 1350°C. The sintering time at the 

maximum temperature was 5minutes while 30MPa pressure was applied from 650°C 

until the end of the sintering cycle. During the sintering process, the heating rate was 

set to 50°C/min and a pyrometer was utilized to monitor the temperature from 570°C. 

The obtained samples were cooled in air to room temperature Discs with a diameter 

of 30 mm and a thickness of approximately 10 mm were fabricated during this process. 

3.3.3 Co Based HEA 

The second alloy was developed by reducing and replacing Cobalt. High purity 

Al, Co, Cr, Fe, and Ni elemental powders were utilized to prepare AlCoxCrFeNi HEAs. 

Furthermore, Mn and Ti elemental powders were employed to synthesize AlCrFeNiMn 

and AlCrFeNiTi HEA respectively, substituting Cobalt with Mn or Ti. The nominal 

compositions of these alloys are shown in Table 3-4. All metal powders were supplied 

by abcr GmbH, Karlsruhe, Germany, with a purity of 99.5% and a particle size of <45 

ɛm (-325 mesh). The same milling machine and grinding media used to prepare the 

Co-based HEA were applied for the Fe-based HEA. The milling process was carried 

out for a total of 80 hours at 300 rpm with a ball-to-powder ratio (BPR) of 10:1. Ethanol 

was used as the process control agent (PCA). Milling was paused every 20 hours to 

check powder refinement, and a 10-minute cooling period was taken every 10 minutes 

to prevent overheating. The entire milling process was conducted under vacuum 

conditions to eliminate air from the milling jar, thus enhancing the density of the 

samples. 

Table 3- 4. Nominal Composition for Co alloys 

Alloys 
Nominal Composition (at%) 

Label Al Co Cr Fe Ni 

AlCo0.25CrFeNi Co 0.25 23.75 5 23.75 23.75 23.75 

AlCo0.5CrFeNi Co 0.5 22.5 10 22.5 22.5 22.5 

AlCo0.75CrFeNi Co 0.75 21.25 15 21.25 21.25 21.25 

AlCoCrFeNi Co 1 20 20 20 20 20 

Ti Alloy 

Alloys  

Ti Alloy 

Al Cr Fe Ni Ti 

AlCrFeNiTi 11.2  21.6  23.1  24.3  19.8  

Mn Alloy 

Alloys  

Mn Alloy 

Al Cr Fe Ni Ti 

AlCrFeNiMn 10.9  20.9  22.5  22.1  23.6  
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The as-milled powders were subjected to SPS using an FCT HPD5 model 

S8451 (FCT Systeme GmbH, Rauenstein, Germany). The sintering process was 

conducted at 1200°C with a constant pressure of 50MPa applied for 2 minutes. The 

initial temperature was set to 1250°C based on previous laboratory investigations. 

However, due to the formation of a liquid phase at this temperature, which exuded 

from the compact, it was necessary to reduce the temperature to 1200°C. Discs with 

a diameter of 20 mm and a height of 6 mm were sintered, and all samples were cooled 

in air to room temperature. Graphite foil was used as a release agent to aid in 

lubrication and to line the inner surface of the die. For the Ti and Mn samples, a total 

of four distinct samples were prepared under different sintering conditions: Ti samples 

were sintered at 1000°C and 1100°C, while Mn samples were sintered at 1100°C and 

1200°C. 

3.3.4 General characterization techniques 

The obtained SPSed samples were sliced using a micro-cutting machine 

equipped with a diamond blade. The metal slices were then mounted in black resin for 

further processing. After mounting, the samples were ground using SiC paper with grit 

sizes ranging from 180 to 2000# and polished using 3µm and 1µm diamond 

suspension liquids to achieve a mirror-like surface finish. The surface microstructure 

of the samples was examined using a Zeiss Axiophot microscope. 

3.3.4.1 Scanning Electron Microscope (SEM) 

 

The sintered and oxidized samples were analyzed using a JEOL IT300 

scanning electron microscope (JEOL Ltd., Akishima, Japan) operating at a voltage of 

20 keV. The SEM setup was equipped with a Bruker energy-dispersive X-ray 

spectroscope (EDXS) and an Xflash 630M detector (Bruker, Billerica, MA, USA). To 

enhance conductivity and improve imaging resolution, the samples were metallized 

with a thin gold and platinum-palladium (Pt-Pd) coating. This coating helped minimize 

charging effects on non-conductive surfaces during electron beam exposure, allowing 

for more precise imaging and elemental analysis. The deposition process was 

carefully controlled to achieve an 80-20 Pt-Pd ratio, ensuring optimal conductivity while 

maintaining the visibility of the microstructure. The thickness of the metallization was 

kept sufficiently thin to avoid obscuring the underlying microstructural details while 

ensuring uniform conductivity across the sample surface. 

3.3.4.2  Transmission electron microscope (TEM) 

 
Transmission electron microscope (TEM) analysis was employed to investigate 

the phase composition and crystallographic structures of HEAs. This analysis provides 

a detailed understanding of the microstructures up to a nanometric level. A high 
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resolution Scanning Transmission Electron Microscope (S/TEM), ThermoFisher Talos 

F200S (Thermo Fisher Scientific, Waltham, MA, USA), operated at 200 kV, was used 

for the examination of the HEA samples. The system is equipped with an energy-

dispersive X-ray spectroscopy (EDXS) system featuring two windowless Silicon Drift 

Detectors (SDD), with a total active area of 60 mm². For this analysis, a 1 mm thick 

alloy slice was prepared and polished to a thickness of approximately 70 µm, with a 

surface roughness of about 1 µm. Discs with a diameter of 3 mm were punched from 

the thin foil and then subjected to dimple grinding in the central area to achieve a final 

thickness of 20 µm. 

3.3.4.3  X-Ray diffraction (XRD) 

 

X-ray diffraction (XRD) analyses were carried out on iron-based HEAs to 

evaluate the phase composition of milled powders and SPSed samples. The 

measurements were performed using an ItalStructures IPD3000 diffractometer (GNR 

Analytical Instruments Group, Novara, Italy) with Co KŬ radiation. The angular 

scanning range was set from 5° to 120° using an Intel CPS120 detector (Inel, Artenay, 

France). 

For Co-based HEA, the Rigaku DMAX III diffractometer, equipped with a copper 

(Cu) anode source, was used for X-ray diffraction (XRD) analysis. The samples were 

analyzed in reflection geometry (omega-theta) over the 20° to 120° range, with a scan 

resolution of 0.02° and a counting time of 2 seconds per step. The instrument was 

operated at 40 kV and 30 mA, using a graphite monochromator on the secondary 

beam. All XRD patterns were analyzed using the Rietveld refinement method. 

3.3.4.4 Differential Scanning Calorimetry (DSC) 

 

Differential scanning calorimetry (DSC) is a thermo-analytical technique that 

calculate the heat flow between a sample and a reference material as they undergo a 

temperature change. In DSC analysis, an alumina crucible is typically used to contain 

the sample, and the heat flow variation is recorded. This technique is widely employed 

to investigate phase transitions, such as crystallization, melting, and phase changes, 

by monitoring the energy absorbed or released during these processes. DSC is 

particularly useful for determining the heat capacity and understanding the thermal 

behavior of materials as they undergo various transformations.  

DSC analysis for the Fe-based HEA was performed using a Netzsch STA 409 

Luxx apparatus (Netzsch, Selb, Germany) under a protective argon atmosphere (100 

mL/min) within the chamber. The heating process was conducted at a rate of 10 

°C/min, reaching a maximum temperature of 1350°C, corresponding to the highest 

sintering temperature used. All parameters for the DSC analysis were programmed 

using the software provided by the instrument manufacturer. 
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3.3.4.5  Thermogravimetric Analysis (TGA) (Oxidation Test)  

 

Thermogravimetric analysis (TGA) was employed to investigate the oxidation 

behaviour and thermal stability of high-entropy alloys (HEAs), both Fe based and Co 

based alloys. The oxidation test was conducted using a Thermo Gravimetric Analyzer 

(TGA-STA 409 Luxx, Netzsch, Selb, Germany) at 1000 °C for a period of 10 hours 

under an air flow, with the mass gain being recorded throughout the test. Prior to the 

oxidation tests, the surface of each sample was measured. The oxidation duration was 

limited to 10 hours, as this time frame is sufficient for analysing oxidation kinetics, 

including the shape of the oxidation curve.  Small, clean specimens of AlCrFeNiTi and 

AlCrFeNiMn HEAs are prepared, typically weighing a few milligrams, to fit the TGA 

instrumentôs sample holder. The samples are polished to ensure a uniform surface 

and to reduce surface contaminants that might affect the oxidation process. A TGA 

instrument (STA 409 Luxx ) capable of high-temperature measurements, equipped 

with alumina crucibles, is used. The samples are placed in an alumina crucible, which 

can withstand the high temperatures of the experiment and prevent reactions with the 

alloy. 

The TGA chamber is purged with air to provide a constant oxidative 

environment. The samples are then heated to 1000°C at a controlled rate, typically 

10°C per minute, and maintained at this temperature for 10 hours. This dwell time 

allows for the formation of a stable oxide layer on the surface of the alloy. 

During the heating and holding period, the TGA continuously measures the 

mass change of the samples. The mass gain over time reflects the formation of oxides 

on the alloy surface as oxygen from the air reacts with the constituent metals in the 

HEAs. 

The TGA data is recorded as a plot of mass change (mg) versus time. This 

mass gain, measured in milligrams (mg), represents the amount of oxide formed on 

the surface of the alloy. The rate of oxidation can also be derived from the slope of the 

mass gain curve during the isothermal hold at 1000°C. 

3.3.4.6  Corrosion Test 

 

To investigate the corrosion behavior of materials, the potentiodynamic 

polarization test is a widely used electrochemical technique. During this test, several 

key parameters are measured, including corrosion potential (Ecorr), corrosion current 

density (icorr), pitting potential (Epit) or breakdown potential (Eb), and passive current 

density (ipass). These values can be represented in a typical polarization curve, such 

as one generated in a 3.5 weight percent (wt %) NaCl solution.The pitting potential 

(Epit) or breakdown potential (Eb) is identified by the potential at which there is a 

continuous increase in anodic current density. This increase indicates the ongoing 

localized dissolution of alloys, which occurs due to the breakdown of the protective 

oxide or passive film that forms on the surface. Therefore, the ratio of Epit to Eb can 
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serve as an index of resistance to localized corrosion; a higher value indicates greater 

resistance to localized corrosion. 

Moreover, the parameter icorr can be used to measure the average corrosion 

rates (rcorr), which indicate the overall corrosion resistance of the material. 

 

 

Figure 3-  5. A potentiodynamic-polarization curve to explain the corrosion parameters [180] 

Electrochemical testing was conducted to evaluate the corrosion behaviour of 

Ti, Mn, and Co samples in a 3.5 wt% NaCl solution prepared using demineralized 

water, simulating a saline environment. The specimens were meticulously sealed with 

a two-component epoxy resin to eliminate any crevice corrosion at the interface 

between the resin and the metal. This approach ensured that only the exposed metal 

surface interacted with the electrolyte, preventing any artifacts due to edge effects. 

After the resin had fully cured, electrical contact between the sample and the 

sample holder was established, ensuring a reliable connection throughout the test. 

The electrochemical setup was then completed with the installation of the electrodes 

and connection to the potentiated. 

The experimental configuration employed a three-electrode system: 

Working Electrode (WE): The metal specimens (Ti, Mn, and Co), embedded in 

epoxy resin, were used as working electrodes. 

Reference Electrode (RE): A commercially available Ag/AgCl electrode, 

saturated with 3.5 M KCl, served as the reference electrode. The stable potential of 

the Ag/AgCl electrode provides a reliable reference for potential measurements in 

chloride-containing environments. 

Counter Electrode (CE): A platinum electrode was used as the counter 

electrode due to its inert properties and excellent conductivity, ensuring a stable 

current distribution during the test. 

All electrodes were connected to the electrochemical testing unit, and the tests 

were conducted using Nova 1.11 software, which facilitated the control and data 
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acquisition for the electrochemical measurements.  Prior to the tests, all samples were 

carefully cleaned to remove any surface contaminants.  

To ensure the reliability of the data, each metal sample (Ti, Mn, and Co) was 

tested three times under identical conditions. This repetition allows for the assessment 

of the reproducibility of the results and the identification of any outliers. The average 

values of key electrochemical parameters were calculated and reported to provide a 

clear picture of the variability in the electrochemical response of each material. 

In the second test, the samples were immersed in an electrolyte consisting of 

0.5 M HϜSOϞ in demineralized water. This acidic environment was chosen to evaluate 

the corrosion resistance and passivation behaviour of the materials under aggressive 

conditions that simulate industrial or harsh environments. The electrochemical tests 

for the samples were conducted at room temperature (22 ± 2°C) and each of the 

samples (Ti and Mn) was tested three times under identical conditions. This repetition 

allowed for the assessment of the reproducibility of the results, ensuring that any 

variability in the electrochemical response of each material could be accounted for. 

EIS measurements were conducted to further understand the impedance behaviour of 

the samples in the acidic electrolyte across a range of frequencies. The frequency 

range was set between 100 kHz and 10 mHz, while the AC amplitude was 10 mV. EIS 

is a powerful tool for investigating the capacitive and resistive properties of the surface 

and oxide layers over time. The impedance at 0.01 Hz (Z0.01Hz) was specifically 

analysed, as before.  

3.3.4.7 Microhardness 

 
Microhardness measurements were evaluated on the sintered samples using a 

microhardness tester (FM-310, FUTURE-TECH CORP, Kawasaki Kanagawa, Japan). 

The 100 g of load is used to measure the hardness with a dwell time of 10 seconds, 

with a total of 10 indentations taken for each sample, and the final average of these 

measurements was considered as a representative of the sampleôs microhardness. 

Microhardness tests were conducted under two different applied loads: 100 gf 

(0.98 N) and 200 gf (1.96 N). These load values were selected to minimize the impact 

on the surface while still providing accurate measurements that reflect the materialôs 

hardness across different microstructural areas. 

The FM-310 tester uses a Vickers diamond indenter, which creates a square 

indentation on the sample surface. The indenter applies a controlled load, creating an 

indentation whose diagonal length (D) can be measured to calculate hardness. 

After indentations were made, the measurements were analysed using 

Alexasoft software. The software automates the calculation of hardness values and 

minimizes human error by precisely measuring the indentation diagonals. This digital 

analysis provides consistent and reliable results, crucial for accurate hardness 

evaluation. 
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3.3.4.8 Vickers hardness  

 
Vickers hardness measurements were employed to evaluate the fracture 

toughness of the heat treated samples. These measurements were conducted with 

EMCO-TEST M4U 025 hardness equipment. A load of 5kg was applied for Fe based 

(HV5) and 10kg for Co based HEAs (HV10) with 15s of dwell time. The 8 indentation 

measurements were noted for each sample. The Palmqvist method is used to measure  

fracture toughness KIC through appropriate Equation () 
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where H = Vickers hardness in N/mm2, P = load in N, and li = crack lengths in mm.  

3.3.4.9 Density Measurements  

 

The density of the sintered alloy samples was determined using two variations 

of Archimedesô method. These measurements are essential to evaluate the 

compactness and porosity of the materials, which can significantly influence their 

mechanical and physical properties. Both density measurements were conducted 

using an Ohaus-Pioneer balance, which offers high precision for small mass 

measurements and is suitable for Archimedean density determinations. 

The principle underlying the density measurements relies on Archimedesô 

principle, which determines the density of a sample based on its buoyant displacement 

when submerged in a liquid (in this case, water). The density (ɟ\rhoɟ) of each sample 

was calculated using the following Equation 
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where Wair is the weight of the sample in air, Wliquid is the weight of the sample 

when submerged in liquid (water or water with surfactant) and ɟliquid is the density of 

the liquid used (water or surfactant solution). 
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Chapter 4  
 

Results and Discussion  
Fe- based High Entropy Alloy    

4.1 Sintering Behaviour of Fe based alloy 

The sintering behaviour of the milled powder was investigated by analysing key 

parameters throughout the entire SPS process including applied voltage, current flow 

passing through the sample, displacement of the lower punch, and displacement rate. 

The currentïvoltage relationship is shown in Figure 4.1, This curve displays a smooth 

and continuous trend that indicates the absence of oxide layer breakdown. Typically, 

the breakdown of an oxide layer covering the powder particles is marked by a sudden 

change in slope and an evident curve discontinuity and irregularity [181]. The  smooth 

behaviour confirms the absence of a surface oxide layer on the milled powder particles 

in line with the results of XRD data of Figure 4-6. Furthermore, the presence of oxygen 

in the milled powder is attributed as a supersaturated solid solution. The oxygen 

subsequently forms oxide particles upon heating during the sintering process, as 

indicated by XRD data presented in Figure 4-6 and further validated through TEM 

analysis. Both findings indicate a significant presence of oxygen in solid solution, 

which transforms into oxides during the SPS process. 

 

 

Figure 4- 1. Current vs. voltage during the process of sintering cycle. 
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4.1.1 Displacement Behaviour During the SPS Process 

The displacement of the SPS lower punch as a function of the temperature 

along displacement rate is reported and presented in Figure 4-2. It is interesting to 

observe that the displacement increased progressively up to 1280 °C, after which the 

slope started to decrease, indicating a slowdown, since the densification process was 

approached completion. At 1250 °C the densification remained incomplete resulting 

in a residual porosity present within the sintered alloy at this temperature, as shown in 

Figure 4-5a. In contrast, at 1350 °C the sintered sample was achieved near full density 

and confirming the completion of densification at this temperature.  

The displacement rate also depicted in Figure 4-2 exhibited three distinct peaks 

each representing a maximum densification rate points. These peaks correspond to 

key temperatures densification rate points, i.e., temperatures at which the particles 

accommodation, plastic deformation, phase transformations, and localized sintering of 

the powders actively promote densification processes. The highest densification rate 

peak of the was observed at 1222 °C. This peak indicates the significance of high-

temperature plastic deformation, which serves as the primary mechanism for 

consolidation and densification of this material. The elevated temperature required for 

the powder compact deformation is attributed to the hardness of the milled powder 

which is related to its fine grain size, the alloying effect, and the dispersion of fine 

oxides particles formed during the heating stage of the sintering process. 

 

 

 

Figure 4- 2. Displacement and displacement rate vs. temperature curves during the process  

sintering cycle. 
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4.1.2 Differential Scanning Calorimetry (DSC) Analysis 

DSC analysis carried out on the milled powder is presented in Figure 4-3. It 

reveals four distinct peaks labelled by the numbers 1ï4 on the curve. The first peak 

was exothermic at 400 °C, that indicates an energy releasing reaction. Similarly, the 

second one is also exothermic and started at 740 °C suggesting another 

transformation or phase reaction. The peak number 3 is the only endothermic event 

and occurs at approximately 1120 °C and reached a minimum at 1170 °C as shown 

in the higher magnification inset of the graph. Finally, the fourth exothermic peak 

exhibited its maximum at 1274 °C and indicates a significant thermal event. The peaks 

observed on a calorimetric curve correspond to phase transformations, 

recrystallization, and possible oxidation or reduction reactions occurring in the milled 

powder during heating. 

 

 

Figure 4- 3. DSC curve of the milled powder. 

In the specific, referring to the present investigation, peak 1 is attributed to the 

formation of TiN as reported in previous studies [182],[183],[184], [185]. Peak 2 is 

associated with the precipitation of ZrO2 from the oxygen-rich supersaturated solid 

solution [186], which contributes to an increases of hardness acting as reinforcing 

particles in the metallic matrix. These effects slow down the sintering process, as 

evidenced by the reduction in displacement rate observed starting at 754°C,  as 

shown in Figure 4-2. The endothermic peak 3 corresponds to the transformation of the 

ZrO2 crystal structure from monoclinic to tetragonal [187] which led to enhance the 

ductility and reduces volume. This transformation results in the displacement rate 

increase observed in Figure 4-2, which has a maximum at 1222 °C [188]. Beyond this 
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temperature, the densification rate starts to decline, although sintering is still in 

progress. The presence of residual porosity in the sample sintered at 1250 °C confirms 

that complete densification had not yet been achieved at this stage. The final 

exothermic peak (Peak 4) is attributed to the sintering of the powders toward the end 

of the DSC test, during which, even in the absence of applied pressure, the powders 

transitioned from a dispersed state to a consolidated form within the crucible. The heat 

released during this sintering event was minimal, with a peak at 1274 °C. This 

temperature closely aligns with the deviation from linear displacement observed in 

Figure 4-2 at 1280°C, further confirming the onset of consolidation and densification 

of the powder compact. 

4.1.3 SEM analysis of Fe based Milled Powders  

The SEM images provide a comparative analysis of the morphological evolution 

of Fe-based milled powders processed under vacuum (Figure 4-4 AïD) and air (Figure 

4-4 EïF) conditions over milling durations of 5, 10, 15, and 20 hours. The images 

reveal distinct variations in particle size, shape, and agglomeration behavior, 

emphasizing the significant influence of the milling atmosphere on powder 

characteristics. In air milled powder, after 15h of milling time the powder mix contained 

some large particles created by cold welding and plastic deformation of various powder 

particles. The big powder particles are disappeared after 20 h of milling, when particle 

fragmentation prevails on cold welding [189]. The particles have a highly agglomerated 

structure with an irregular morphology. The observed clustering suggests extensive 

cold welding and plastic deformation which are typical in vacuum condition where 

oxidation is minimized. Over time, the particle size appears to increase, suggesting a 

tendency toward coalescence due to repeated impacts and adhesion during milling. 

This phenomenon is common in ductile materials where the absence of an oxide layer 

allows the particles to stick together and form larger aggregates.[190] 

In contrast, the powders milled in air exhibits more fragmented and dispersed 

morphology. The presence of finer and more distinct particles indicates that oxidation 

significantly contribute to preventing cold welding. As milling progresses, the powder 

becomes more refined, resulting in reduced agglomeration and a more uniform particle 

distribution [191]. The greater contrast observed in the SEM images highlights the 

presence of oxide-rich regions, further supporting the impact of atmospheric exposure. 
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Figure 4- 4. Fe2TiVZrW0.5 RHEA high-energy milled powder for  (a) Air 5 h, (b)10 h, (c) 15 h, (d) 
20 h and Vacuum 5 h (e), 10 h (f), 15 h (g), 20 h (h) 
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4.1.4 Fe based Milled Powders X-RD Analysis 

The XRD analysis was conducted on FeϜTiVZrWϚ.ϟ powders milled for 20hours 

under air and vacuum conditions. The results are presented in Figure 4-6 and 

highlighted the significant influence of milling environment on the structure evolution 

of milled powder. In the case of air milled powder XRD indicates the presence of two 

distinct cubic bcc phases, denoted as 1 and 2 on the XRD spectrum of Figure 4-6 a. 

The structure is dominated by the BCC1 phase, which has a lattice parameter of a = 

3.178Å and accounts for approximately 95% of the alloy. In contrast, the BCC2 phase, 

with a smaller lattice parameter of a = 2.905Å, constitutes only 5 wt.%. No oxide peaks 

were detected by XRD, proposed that the oxygen identified by LECO analysis is either 

present as a supersaturated solid solution within the matrixðformed during the high-

energy milling processðor, as reported by other authors, exists in the form of 

amorphous phases [191][192]. There were two primary sources of oxygen 

contamination: the initial oxygen content of the elemental powders (less than 0.1 %wt. 

declared by the powder producer) and the atmosphere (air) while milling process was 

carried out. Conversely, the vacuum milled powder Figure 4-6b shows a different 

composition, instead of a supersaturated solid solution the Ŭ-Fe and TiV phases are 

revealed. The defined peaks suggest that vacuum milling leads to phase segregation 

rather than the development  of a homogeneous solid solution, as observed in the air-

milled powder. The absence of BCC1 and BCC2 phases under vacuum conditions 

indicates that the oxygen introduced during air milling plays a key role in stabilizing the 

BCC phase. Under vacuum, where oxygen content is minimized, the material retains 

its original metallic phases without significant solid solution formation. These findings 

highlight the critical influence of the milling atmosphere on phase stability and 

microstructural evolution. 

 

 

Figure 4- 5. X-RD pattern of 20 h air (a) and vacuum milled powder (b) 

a b 
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4.1.5 Fe based Alloy Microstructural Analysis 

The microstructures of the sintered samples at 1250 °C and 1350°C are 

presented in Figure 4-5. The specimen sintered at 1050 °C has been excluded from 

this analysis due to  its excessive high amount of macro-porosity which makes it  

unsuitable for further evaluation. The 1250 °C sintered sample also exhibits some 

residual porosity, indicated by arrows in Figure (4-5). The amount of porosity analysed 

through Archimedesô method determined that the total porosity content is 3.6 

%volume. This suggest that densification has occurred to a significant extent 

influencing the mechanical properties. 

In air atmosphere, the alloy sintered at 1350 °C reached full density material 

(residual porosity evaluated through Image Analysis < 0.5 %vol.). On the other hand, 

the vacuum processed samples show a more uniform and finely textured surface with 

densely packed structure. Furthermore, the reduced porosity  observed indicates a 

more controlled sintering process. The microstructure of both specimens is very fine 

and constituted by a homogeneous mix of different light gray, dark gray, and white 

areas. The sample obtained milling the powder in air exhibits a heterogeneous 

microstructure with pronounced porosity and irregular grain structure. The non-uniform 

distribution of features implies that chemical reactions occurring in air may have led to 

the formation of secondary phases or an increase in surface defects. On the other 

hand, the samples processed under vacuum conditions exhibit a more uniform and 

finely textured surface with densely packed structures. The reduced porosity and 

smoother surface appearance indicate a more controlled deposition process, likely 

due to the absence of atmospheric interference. Processing in vacuum minimizes 

oxidation and unwanted reactions leading to a better microstructure. This difference 

suggests that vacuum conditions promote improved material integrity and this is 

particularly relevant for applications requiring high chemical quality to enhances 

mechanical properties.  
 

  

Figure 4- 6. Microstructure of Fe2TiVZrW0.5 sintered at Air 1250 °C (a) Air 1350 °C (b) and 
Vacuum 1350 °C(c) 

 

 

a b c 
Porosity Porosity 
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4.1.6 XRD Analysis of Fe based Alloy Sintered Sample  

The XRD patterns of FeϜTiVZrWϚ.ϟ sintered at 1350°C after milling the powder 

in air is reported in Figure 4-7 and after milling in vacuum in Figure 4-8. The XRd 

pattern of air sintered samples exhibits three primary phases such as Fe (BCC), ZrOϜ, 

and TiN. The presence of Fe(bcc) is a dominant phase suggesting that iron remains 

the main component similar to the findings of other sintered Fe based refractory alloys 

[193]. The formation of ZrOϜ indicates that oxidation reactions involving zirconium 

commonly occur during high-temperature sintering in air, promoting the development 

of zirconium oxide phases [195]. In contrast, the vacuum-sintered sample exhibits a 

different phase composition, with FeϜTi, TiN, and ZrOϜ identified as the primary 

phases. The most notable variation is the absence of Fe (BCC), which is instead 

replaced by the intermetallic compound FeϜTi. The development of this phase under 

vacuum conditions suggests that the reduced oxidation potential facilitates a direct 

reaction between iron and titanium, leading to the stabilization of intermetallic phases 

rather than oxide formation [196]. Under vacuum, despite of the controlled 

atmospheric conditions some amount of oxygen is still present as evidence by ZrOϜ 

and this can be attributed to trace amounts of oxygen in the sintering chamber and in 

the starting powders[194]. However, compared with air sintered sample the intensity 

of ZrOϜ peaks is significantly lower in vacuum sintered sample that indicates reduced 

oxidation. The presence of TiN in the vacuum-sintered sample indicates that titanium 

still reacts with nitrogen, although its formation is likely less extensive than in the air-

sintered sample. 

  

Figure 4- 7. XRD spectrum of Fe2TiVZrW0.5 sintered at Air 1350 °C 

Air 
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Figure 4- 8. XRD spectrum of Fe2TiVZrW0.5 RHEA sintered at Vacuum 1350 °C 

 

4.1.7 TEM Analysis of Fe based Alloy 

TEM analysis were carried out in various points of the sample sintered 1350 °C 

and this analysis confirmed the presence of ultrafine grain size microstructure ranging 

around 1 ɛm, as shown in the TEM micrograph of Figure 4-9 a. In addition to 

morphological analysis, elemental mapping and diffraction studies were employed to 

elucidate the phase composition and chemical distribution within microstructure as 

shown in Figure 4-9b. The detailed phase composition and the characteristics of the 

four different constituents identified are presented in Figure 4-10, Figure 4-11, Figure 

4-12, Figure 4-13 and Figure 4-14. Each phase was examined based on its unique 

crystallographic and compositional characteristics. 

  

  

 

Vacuum 
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Figure 4- 9. (a) TEM micrograph of sintered samples at 1350 °C and (b) Distribution map of 
elements 

The TEM analysis was carried out on air sintered 13500C sample and the four 

phases identified are indicated with the letters A-B-C-D in Figure 4-10, Figure 4-11, 

Figure 4-12 and Figure 4-13  as follows: 

Fe-V bcc phase (Figure 4-10 and Figure 4-11 ); ZrO2 monoclinic (Figure 4-12); 

Ti(V)-N cubic (Figure 4-13); Fe-V-W phase (Figure 4-13 ). 

XRD analysis revealed the presence of three distinct phases: Fe-V BCC, ZrOϜ, 

and Ti(V)-N. However, the potential formation of an Fe-V-W phase could not be 

confirmed, as it was not identified in the XRD spectrum due to limitations in the MAUD 

database. The presence of ZrOϜ and Ti(V)-N particles within the Fe-V phase suggests 

the formation of a composite-like structure, where hard particles are homogeneously 

distributed within a softer matrix, as shown in Figures 4-10a and 4-10b. The Fe-V 

matrix was found to contain approximately 15 %wt. of V as indicated by localized 

EDXS analysis conducted in various region on the sample. One of them is reported in 

Figure 4-11. From the literature the Fe-V matrix have an amount of V up to about 20 

%wt. is a soft bcc solid solution having a hardness of 200 HV, while for higher V 

contents above 700 °C thermal treatment induces the formation of ů phase with a 

consequent hardening [195].  

As illustrated in Figure 4-12, the TEM analysis reveled the presence of ZrO2 

particles exhibiting twinning in these oxides. The twinning was predominantly 

observed along the (1 1 0) and (1 0 0) crystallographic planes which is characteristic 

of the monoclinic phase of ZrO2 [196] The ZrO2 particles had an average size of 300 

nm as measured from TEM micrographs. Image analysis performed on EDXS 

elemental maps further quantified the zirconia content, revealing a uniform distribution 

a 

b 
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of these particles throughout the matrix with an estimated volume fraction of 18%. 

Such a homogeneous dispersion of hard oxide particles significantly contributes to the 

mechanical performance of the alloy, enhancing hardness and thermal stability at 

elevated temperatures. Zirconia is known to maintain its stability up to 1250°C under 

working conditions [200]. In this alloy system, the presence of finely dispersed ZrOϜ, 

combined with a refined microstructure of the metallic phases, contributes to the 

observed high hardness and its retention at elevated temperatures. In addition to 

ZrOϜ, the EDXS analysis have a presences of approximately 57 wt.% W, 33 wt.% Fe, 

and 5 wt.% V, as shown in Figure 4-13. Furthermore, beyond the four identified phases 

(AïD), a fifth phase has been observed, corresponding to spongy regions 

homogeneously distributed within the material, as shown in Figure 4-15. These areas 

contain the elements that constitute the alloy. However, due to the complexity of the 

system, it was not possible to index the diffraction pattern using the existing database, 

which lacks structural information for this specific phase. 

 

 

Figure 4- 10. Identification of area A having Fe and V and having a bcc structure  
 

 
Figure 4- 11. EDXS analysis carried out on an F-V bcc area. 



61 

 

Figure 4- 12. B particles identification, indicated by red dots, as a monoclinic ZrO2. * is a B, 
referring to the phase B. 

 
Figure 4- 13. C particles Identification, indicated with red dots, as cubic Ti(V)-N. 

 
Figure 4- 14. (a) D areas containing Fe-W-V (b) EDXS analysis on one of these areas. 
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Figure 4- 15. EDXS analysis on a spongy area containing all the alloy  elements 

4.1.8 Fe based Alloy Hardness and Fracture Toughness  

The sintered samples are demonstrating excellent hardness values at 1250°C 

and 1350°C in air and vacuum conditions; the measured values are 1316 HV5 and in 

air 1348 HV5, in vacuum it is 1360 HV5. Notably, the hardness remained relatively 

stable even after prolonged exposure at high temperatures. After 8 hours of annealing 

at 1100°C, the hardness will be high as 852 HV5 in air and 981 HV5 in vacuum 

conditions. A similar phenomenon is observed in Sathiyamoorthi et al.[197], who 

noticed a very stable hardness in various temperature for different composition of 

HEAs but with near  microstructural features, i.e., constituted by a very fine fcc matrix 

reinforced by the precipitation of carbides and oxides. This study also showed a 

significant thermal stability of hardness, highlighting the effectiveness of 

microstructural design strategies that incorporate hard phase reinforcement to 

stabilize the mechanical properties at elevated temperatures. 

Figure 4-16 provides an example of a hardness indentation, demonstrating 

radial cracks that initiate from the corners of the imprint. These cracks were used to 

calculate the fracture toughness. The measured KIC values were 3.55 MPa·m² for the 

sample sintered at 1250 °C and 3.97 MPa·m² for the sample sintered at 1350 °C. 

These values are relatively low and are more characteristic of ceramic materials than 

metals. This is primarily due to the presence of ZrOϜ and TiN, along with the inherent 

brittleness of the two high-entropy phases: Fe-W-V and a porous Fe-W-V-Ti-Zr phase. 

In contrast to more ductile systems like AlϜOϝ-reinforced aluminum alloys, which show 

significant improvements in strength, fracture toughness, stress corrosion resistance, 

and resistance to fatigue crack growth [198] [189], the ZrOϜ in this study was formed 

within a matrix of highly disordered and non-ductile phases. Consequently, any 
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potential toughening effect from ZrOϜ is overshadowed by the increased brittleness of 

the overall microstructure. 

 

 

Figure 4- 16. Vickers indentation micrographs and cracks propagation at the corners. 

 

Figure 4- 17. Hardness values for  Fe2TiVZrW0.5 RHEA heat treatments at 900 °C and 1100 
°C in air and vacuum. 
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Table 4- 1. KIC values of heat treated samples in air and vacuum at 900 °C and 1100 °C 

KIC measured through Palmqvist method 

MPa m1/2 

Conditions Air Vaccum 

Heat treatment time T=900°C T=1100°C T=900°C T=1100°C 

1h 4.10 5.05 7.13 5.97 

4h 4.68 5.71 7.62 6.91 

8h 4.87 5.90 6.14 8.85 

 

The mechanical properties of the Fe alloy system were evaluated using Vickers 

hardness (HV5) measurements and fracture toughness (KIC) assessments using the 

Palmqvist indentation method. The results are illustrated  in Figure 4-17 and in Table 

4-1, illustrated the effect of both heat treatment temperature and atmosphere (air vs. 

vacuum) on the microstructural stability formation and mechanical performance of the 

heat treated material. As shown in Figure 4-17, the hardness values clear depend on 

both temperature and duration of heat treatment. The sample treated at 900°C in air 

presents a good thermal stability, with hardness decreasing from 1346 HV5 (1 h) to 

1264 HV5 (8 h). A similar pattern is developed at 900°C in vacuum, where hardness 

starts at 1357 HV5 and decreases to 1274 HV5 after 8 h, still showing a high value 

that reflects a robust and wear-resistant structure. This behavior is attributed to the 

preservation of finely distributed hard phases such as ZrOϜ and Ti(V)N within the Fe-

based matrix, which effectively inhibit grain growth and dislocation movement at 

moderate temperatures. However, at 1100°C, a significant decrease in hardness is 

observed, particularly in samples exposed to an air atmosphere. The sample treated 

in air at this temperature shows a notable drop in hardness from 1005 HV5 (1 h) to 

852 HV5 (8 h). This decline is likely due to microstructural coarsening and partial 

degradation of the reinforcing phases. Interestingly, the sample treated in vacuum at 

the same temperature maintained higher hardness values throughout the heat 

treatment, decreasing from 1197 HV5 to 981 HV5 over 8 hours. This suggests that the 

vacuum environment reduces oxidation and may enhance phase stability at elevated 

temperatures [203][204], although the overall decline still indicates gradual thermal 

softening at 1100°C. The fracture toughness values (KIC) displayed in Table 1 show 

a distinct trend compared to hardness. The air-treated samples exhibit lower 

toughness values, from 4.10 MPa· m1/2 to 5.90 MPa·m1/2. In contrast, the vacuum-

treated specimens demonstrated significantly improved toughness across both 

temperature regimes. At 900°C, KIC increases from 7.13 MPa·m1/2 (1 h) to 7.62 
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MPa·m1/2 (4 h), before slightly decreasing to 6.14 MPa· m1/2 (8 h). At 1100°C in 

vacuum, toughness increases steadily from 5.97 MPa· m1/2 (1 h) to 8.85 MPa· m1/2 (8 

h), achieving the highest value among all tested conditions. The inverse relationship 

between hardness and toughness illustrates the classic trade-off between strength 

and damage tolerance [199]. High hardness, which is often linked with brittle behavior, 

is typically caused by the presence of hard, finely dispersed ceramic and intermetallic 

phases. The same phases can act as crack initiation sites under mechanical stress, 

which reduces the fracture toughness [200]. In vacuum-treated samples, although a 

reduction in hardness may occur, an improvement in fracture toughness is likely due 

to enhanced cohesion within the matrix phase, stress relaxation, and potential 

transformation toughening mechanismsðparticularly associated with the behavior of 

ZrOϜ at elevated temperatures. As reported in the review by Li [202], KϛC values range 

from less than 1 to over 200 MPa·m¹Ʊ², depending on factors such as alloy 

composition, phase constituents, processing methods, and temperature. Enhancing 

KϛC remains a critical challenge for the broader application of these alloys, especially 

in structural engineering components. 

Co- based High Entropy Alloys   

4.2 Density Measurements of Co, Ti and Mn Alloys 

A sintering temperature of 1200°C was selected for the Co-containing alloys 

because sintering the Co1 powder at a higher temperature of 1250°C led to the 

formation of a liquid phase and residual porosity, resulting in a reduced density of 

5.92g/cm³. Additionally, liquid exudation was observed from the die at 1250°C, 

posing a risk of damage to the punches and die components. The densities of the 

three alloys was determined by using the Archimedes method, are provided in Table 

4-2. These values are lower than those reported in the literature, primarily due to the 

presence of substantial oxide content. Nevertheless, metallographic analysis of both 

longitudinal and transverse sections confirmed a complete absence of porosity. The 

resulting microstructure is significantly finer, more uniform, and free from defects 

compared to those produced by conventional casting methods, sintering of 

insufficiently milled powders, or sintering processes involving a liquid phase [201] [198] 

[177]. 

The density of the Co, Ti and Mn samples was analysed using two Archimedeôs 

methods, as shown in the Table 4.2. In the first method, the density was calculated by 

measuring the weight of the sample in air, followed by its weight in water, from which 

the density value was extrapolated. In the second method, the procedure was the 

same, but Foamdoctor F2887 surfactant was added to the water to prevent bubbles 

and minimize the effect of surface irregularities on the samples. 
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Table 4- 2. Density of the Co, Ti and Mn samples obtained by Archimedeôs methods 

Co Samples density [g/cm3] 

Co 0.25 6.37 

Co 0.5 6.24 

Co 0.75 6.13 

Co 1 6.11 

 

1st density [g/cm3] 

Ti1000 5.472 

Ti1100 5.621 

Mn1100 6.222 

Mn1200 6.073 

- 
2nd density [g/cm3] 

Ti1000 5.384 

Ti1100 5.673 

Mn1100 6.263 

Mn1200 6.151 

 

From the obtained density values, it is evident that the Mn samples are denser 

than the Ti samples. This variation may be attributed to the presence of porosity in the 

Ti material, as suggested by the optical micrographs taken earlier. The density 

measured by Nagarjuna et al. for the AlCrFeNiTi alloy, using the same procedure, was 

6.14 g/cm³. This suggests that the Ti samples in this study may have higher porosity, 

indicating that the sintering process could be improved [128]. Typically, the density of 

AlCrFeMnNi high-entropy alloys (HEAs) processed by SPS approaches near full 

density, often greater than 95% of the theoretical value, and typically falls within the 

range of 6.5 to 7.5 g/cm3. The samples in this study exhibit lower density values 

compared to typical figures reported in the literature, supporting the hypothesis of 

higher porosity [208]. This discrepancy may be allocate to the formation of a liquid 

phase during sintering, as well as the need for optimization of the processing 
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procedure. Moreover, the density of other HEAs reported in the literature is generally 

higher than the values obtained in this study, further indicating the potential for 

improving processing parameters to reduce porosity [209][210][211]. For instance, 

Raza et al. [209] achieved a density of 7.93g/cm³ using optimized processing 

conditions, including a 10:1 ball-to-powder ratio, 7 hours of mechanical alloying, and 

sintering at 1100°C temperature with a heating rate of 100°C/min under 50MPa, 

along with the use of a process control agent (PCA) that facilitated densification. 

Similarly, Ganji [210] reported a density of 7.12g/cm³ for an AlCoCrCuFeNi alloy 

processed with a 5:1 ball-to-powder ratio, 60 hours of milling, and sintering at 750°C 

with a heating rate of 6.21°C/s under 80MPa. 

4.3 Co HEAs Optical Microscope Analysis  

The microstructural evolution of reduced cobalt-based materials sintered at 

1200°C was investigated as a function of decreasing cobalt concentration. The 

metallographic analysis was performed on the four compositions: Co 1.0 (100 wt. % 

Co), Co 0.75 (75 wt. % Co), Co 0.5 (50 wt. % Co), and Co 0.25 (25 wt. % Co) as 

shown in Fig 4.-18. The changes in microstructure as cobalt concentration decreases 

reveal insights into phase stability, elemental distribution, and grain morphology under 

thermal exposure. 

At the highest cobalt concentration of Co 1.0, the microstructure exhibits a 

highly uniform and fine-grained morphology. The optical microscope image reveals 

the dense and evenly distributed grains, suggesting the development of a single-phase 

solid solution stabilized by the high cobalt content. No distinct phase boundaries are 

visible, indicating a homogenous composition. This behavior is expected because 

cobalt, , maintains structural coherence and prevents phase segregation, even at high 

temperatures [202]. 

With a reduction of cobalt Co 0.75, the microstructure begins to exhibit phase 

contrast and anisotropy. The microscope image reveals elongated grain structures 

and subtle phase boundaries, suggesting the early formation of secondary phases. 

Although the system retains a degree of homogeneity, the reduced dominance of 

cobalt as a matrix-forming element permits the segregation of other constituents. This 

composition represents a transitional state in which cobalt remains sufficient to 

preserve structural integrity, but is no longer fully effective in inhibiting phase 

separation. 

In the Co 0.5 sample, the microstructure undergoes a significant transformation, 

exhibiting a well-defined two-phase system. The micrograph reveals large, irregular 

regions of contrasting phases. Grain boundaries become more distinct, and the overall 

morphology appears coarser compared to samples with higher cobalt content [203]. 

This behavior indicates a loss of solid solubility and increased elemental partitioning 
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during high-temperature SPS treatment, leading to a heterogeneous phase 

distribution. 

At the lowest cobalt Co 0.25, the microstructure becomes highly irregular and 

coarsened. This indicates a significant degradation from the uniform fine structure 

observed in cobalt-rich samples. The image reveals a complex network of elongated, 

interconnected, and sometimes lamellar structures, which is consistent with extensive 

phase segregation or even eutectic-like morphologies. This extreme heterogeneity 

suggests that the cobalt content is insufficient to maintain phase stability or suppress 

the growth of secondary phases. Additionally, the dominance of non-cobalt phases 

indicates a fundamental shift in the material's functional characteristics. 

Reducing cobalt below  0.75 and 0.5 results in significant degradation of 

microstructural characteristics, which may adversely affect performance in high-

temperature or high-stress environments. These findings are particularly important for 

designing cost-effective or cobalt-reduced alternatives, where it is crucial to carefully 

balance cobalt content with microstructural integrity. 

 

  

  
 

Figure 4- 18. Micrographs of Co1, Co 0.75, Co 0.5 and Co 0.25 at 12000C Samples 

4.3.1 Co HEAs SEM analysis  

The SEM microstructural evolution of Co 1, Co 0.75, Co 0.5, and Co 0.25 

sintered samples were analyzed to understand how gradual cobalt reduction affects 

phase formation, distribution, and morphology. Micrographs of samples sintered at 

1200°C are presented in Figure 4-19. This type of research is increasingly focused on 

Co 1 1200°C Co 0.75 1200°C 

Co 0.5 1200°C Co 0.25 1200°C 
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developing cost-effective alloy systems by investigating the role of cobalt in stabilizing 

alloy microstructures. 

At the Co 1 concentration, the SEM micrograph showed a uniformly distributed 

light grey phase with clearly defined phase boundaries. This composition's 

homogeneity indicates a good solubility of the alloying elements, resulting in minimal 

elemental segregation. 

As the cobalt content decreased to Co 0.75, the microstructure began to display 

signs of phase segregation. This was evidenced by distinct white and dark grey 

regions emerging within the light grey matrix, indicating the formation of a multiphase 

structure. This suggests a reduced ability of the alloy to maintain all elements in a solid 

solution, leading to the nucleation of secondary phases. While the overall 

microstructure remains relatively fine, it is however significantly increased compared 

to Co 1. 

 

 

Figure 4- 19. SEM Images of Co1, Co 0.75, Co 0.5 and Co 0.25 at 12000C Samples 

At Co 0.5, the image displayed a clearly defined three-phase microstructure 

characterized by distinct regions of white, light grey, and dark grey. These regions 

became more pronounced and spatially separated, indicating further phase 

decomposition and the growth of stable second-phase constituents. This phase 

separation likely corresponds to the precipitation of intermetallic compounds or 

carbides, as the stabilizing influence of cobalt diminishes. 
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The microstructure of the Co 0.25 samples changes consistently, revealing a 

coarse, highly segregated microstructure with irregular, elongated white, dark grey, 

and light grey phases. This morphology shows advanced phase separation, which is 

probably the product of spinodal or eutectic breakdown processes. When cobalt 

concentration decreases, solid solution  appears to diminish, promoting the 

development and coarsening of many phases that compromise microstructural 

homogeneity. 

These findings highlight the critical role of cobalt in maintaining microstructural 

uniformity in alloy systems. While a high cobalt content promotes the formation of 

homogeneous single-phase structures, a reduction in cobalt triggers a sequence of 

microstructural transformations that lead to coarse, multiphase morphologies. By 

demonstrating the structural consequences of cobalt dilution, this study provides 

valuable insights for the design of cobalt-reduced alloys. 

 

4.3.1.1  AlCoCrFeNi HEA SEM Analysis  

 

In the Co1 sample, three distinct phases can be identified by their varying gray-

scale contrasts in backscattered electron (BSE) SEM analysis: white, light gray, and 

dark gray regions, as indicated by arrows in the micrographs. 

 

 

Figure 4- 20. EDXS map of Co1 alloys. 
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To analyze the observed three phases compositionthe EDXS maps were 

utilized. As shown in Figure 4-20,  the Co1 HEA EDXS map shows the white areas 

represents  to Co-Fe-Ni rich regions. The Spot 1 indicates the presence of Al and Cr 

in these areas. This phase is clearly identified by the stripe in the central part of the 

micrograph image of figure 4-20. Conversely, the black area circled in the micrograph 

(spot 2), is rich in O, Cr, and partially Fe, indicating that it is a mixed oxide.  

4.3.1.2 AlCo0.75CrFeNi and AlCo0.5CrFeNi HEA SEM Analysis  

 

In the SEM images of Co 0.75 and Co 0.5 samples of Figure 4-21, a yellow 

rectangular box is overlaid on the microstructural SEM image as shown in Figure 4.21. 

This box highlights the region of interest (ROI) specifically chosen for elemental 

composition analysis using energy-dispersive X-ray spectroscopy (EDS). During the 

EDS acquisition process, the X-ray beam from the specified area is detected and 

quantified, enabling localized chemical analysis rather than averaging over the entire 

sample. Due to the highly homogeneous structure of the samples, it is challenging to 

select a specific point or phase for analysis. 

The size and placement of the selection box are crucial to ensure that the 

analyzed area accurately represents the bulk microstructure. In this study, the boxes 

were positioned over areas with clear contrasts between different phases, facilitating 

a reliable assessment of the elemental distribution associated with visible 

microstructure. The selected area have  similar size and magnification for both the  

samples (at 5000×), allowing for a direct comparison of phase morphology and 

chemical composition across varying cobalt concentrations. This approach provides 

more accurate and relevant compositional data. It is particularly valuable for analyzing 

multiphase alloys, as it enables the examination of elemental distribution across 

different cobalt contents. 

 

 

Figure 4- 21. SEM image of Co 0.75 and Co 0.5 alloys 

Co 0.5 Co 0.75 
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The SEM micrographs reveal a significant difference in the morphological 

characteristics between the Co 0.75 and Co 0.5 samples. The Co 0.75 sample exhibits 

a finer and more interconnected microstructure, characterized by distinct phase 

boundaries and a complex network of light and dark regions. This finer morphology 

suggests that the higher cobalt content contributes to phase refinement, potentially 

due to its influence on solidification kinetics or its stabilizing effect on certain 

intermetallic phases. 

In contrast, the Co 0.5 sample displays a coarser microstructure, with larger and 

more isolated phase regions. The decrease in cobalt likely reduces its impact on 

microstructural refinement, leading to the formation of broader phase domains. This 

observation indicates a correlation between cobalt concentration and phase 

morphology, where increased cobalt content promotes the development of a more 

uniform and finely dispersed microstructure. 

EDS analysis reveals that the Co 0.75 sample contains 16.73 wt.% cobalt, while 

the Co 0.5 sample contains 12.29 wt.%. The decrease concentration  in cobalt content 

is lead by a corresponding increase ratio in nickel (from 24.20 wt.% to 27.25 wt.%) and 

iron (from 38.18 wt.% to 41.06 wt.%), suggesting a possible redistribution of these 

elements to maintain overall alloy composition. The aluminum and chromium levels 

remain relatively consistent between the two samples, with minimal variations, 

indicating that their roles are likely unaffected by changes in cobalt content. Oxygen 

levels are low in both samplesð4.02 wt.% in Co 0.75 and 3.73 wt.% in Co 0.5ðlikely 

arising from surface oxidation or residual contamination. These oxygen levels are not 

expected to significantly influence the bulk properties of the alloys. 
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4.3.1.3 AlCo0.25CrFeNi HEA SEM Analysis  

 

Figure 4- 22. EDXS map of Co0.25 alloy. 

The microstructural characterization of the Co 0.25 sample was also performed. 

Four representative areas, labeled Area 1 through Area 4, were selected for detailed 

EDS point analysis to clarify the chemical composition of these regions, as presented 

in Fig. 4.22. Areas 1 and 2, which appeared as dark gray regions, were found to be 

rich in aluminum, with compositions of 29.35%wt. and 37.06%wt., respectively, and 

oxygen concentrations of 13.62%wt. and 14.96%wt.. There were negligible amounts 

of other transition metals. This composition is characteristic of alumina (AlϜOϝ), 

indicating that these regions likely represent non-metallic oxide phases formed during 

high-temperature oxidation. Area 3 is identified as a medium-grey region that exhibits 

a significantly high chromium content of 75.17%wt. and a moderate presence of 

oxygen (18.22%wt.). The contribution from other elements is minimal, which strongly 

suggests that this phase is chromium oxide, CrϜOϝ. In contrast, Area 4 appears bright 

in the BSE image due to the presence of heavier elements. This region is primarily 

composed of nickel (42.97%wt.), iron (36.80%wt.), and cobalt (8.78%wt.), with only 

trace amounts of chromium. The absence of oxygen in this area indicates that it is not 

an oxide. Based on the elemental composition, this area corresponds to a FeïCoïNi 

alloy phase. 
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4.3.2  Co HEAs XRD Analysis 

The phase composition of the Co free alloys was analyzed using XRD analysis. 

In all Co samples, three primary crystallographic phases were presented: a FCC 

structure, a spinel-like structure (likely corresponding to an oxide of the form M3O4), 

and an Al2O3-like structure (mainly alumina or other mixed oxides having the same 

crystal structure). These phases might correspond to the three phases noticed on the 

metallographic samples (white, light gray, and dark gray). Quantitative phase analysis 

was carried out using ReX software (Version v.0.9.4.) [53], which allowed refinement 

of phasesô weight parameters, lattice parameters and a significant microstructural 

features. The numerical values are presented in Table 4-3, and final fitting plots are 

shown in Figure 4-23. 

 

Figure 4- 23. Rietveld fit of XRD analysis data collected on Co 0.25, Co 0.50, Co 0.75, and 
Co1. 

 

The XRD analyses were investigated on Co samples with varying Co contents 

( Co1.00, Co0.75, Co0.50, and Co0.25 at 1200°C) evaluating the effect of cobalt 

reduction on the phase composition and microstructural evolution of Co HEAs. Four 

primary phase types were observed: face-centered cubic (FCC), including both 

disordered (denoted as ) and ordered (ƴ), spinel-type oxides (ƺ), and corundum-

type oxides () [204]. 

In the Co1.00 sample, the XRD pattern is characterized by sharp, well-defined 

peaks indicative to an ordered FCC (FCC-ORD) structure. This phase suggests that 

cobalt plays a crucial role to stabilize long-range atomic ordering within the HEA 

Co1.00 1200C 
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matrix. Alongside the metallic phases, distinct peaks corresponding to spinel and 

corundum oxide phases are observed. The spinel peaks likely arise from the formation 

of complex oxides such as (Co,Cr) AlϜOϞ, while the corundum peaks are attributed to 

AlϜOϝ. The notable presence of these oxide phases suggests significant oxidation in 

Co-rich environments under high-temperature conditions [205] [206]. 

 

Table 4- 3. Quantitative results from XRD data for Co alloys. 

 

 

As the cobalt content decreased to Co0.75 and Co0.50, significant changes are 

observed in the phase constitution. Although the ordered FCC phase remains present, 

its peak intensity significantly decreases, indicating a decline in atomic ordering. At the 

same time, the disordered FCC phase becomes increasingly dominant. Oxide phases 

persist in these intermediate compositions, with spinel peaks becoming particularly 

pronounced in the Co0.50 sample. This suggests that oxidation continues, even with 

lower cobalt content, albeit with less intensity than in the Co1.00 alloy. The 

simultaneous presence of both ordered and disordered FCC phases, along with spinel 

oxides, indicates a phase separation process that intensifies as cobalt concentration 

decreases [206] [207]. 

The Co0.25, displays a distinctly different phase profile. The XRD pattern is 

dominated by disordered FCC peaks,  with the ordered FCC phase no longer 

evidentðhighlighting cobalt crucial role in stabilizing long-range atomic order within 

the HEA matrix. Although the intensity of the spinel and corundum peaks appears 

reduced in this sample compared to Co1, the total oxide content is still substantial, 

Phase/Constituent Co0.25 12000C Co0.50 12000C Co0.75 12000C Co1.00 12500C 

 Rwp 0.3062 0.2838 0.2708 0.2593 

FCC 

W % 35.12% 49.70% 52.61% 21.13% 

Domain size [Å] 154 179 192 196 

Cell a [Å] 3.584 3.600 3.598 3.579 

 Lattice strain 

(r.m.s.) 
2.94E-03 2.97E-03 2.96E-03 2.90E-03 

Spinel 

W % 4.40% 41.22% 28.99% 10.06% 

Domain size  [Å] 187 261 280 214 

Cell a [Å] 8.221 8.215 8.228 8.324 

Al2O3 

W % 60.48% 9.07% 18.39% 68.81% 

Domain size  [Å] 146 595 466 177 

Cell a [Å] 4.831 4.780 4.781 4.868 

Cell c [Å] 13.192 13.033 13.035 13.279 
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measuring around 64%. This content primarily consists of alumina and chromium. This 

indicates that while the presence of cobalt influences the composition of the oxide 

phases due to its high affinity for oxygen, the overall oxidation behavior does not 

significantly decrease at lower cobalt levels. Instead, the reduction in cobalt is offset 

by increased contributions from other elements, which form their own stable oxides. 

Notably, while the oxide content is lower than in Co1, it remains higher than in Co0.75 

and Co0.50 [207] [207]. 

The XRD analysis indicates that cobalt serves two important functions in 

AlCoCrFeNi high-entropy alloys. Firstly, it facilitates long-range atomic ordering, which 

leads to the formation of an ordered FCC phase, particularly when present in higher 

concentrations. Secondly, cobalt enhances high-temperature oxidation due to its 

strong affinity for oxygen and its capability to form thermodynamically stable spinel 

and corundum oxides in combination with aluminum and chromium. As the cobalt 

content decreases, the alloy system gradually shifts towards a disordered FCC 

structure, resulting in a significant reduction in oxidation tendencies.  

Finally, systematically reducing cobalt content in AlCoCrFeNi high-entropy 

alloys leads to a gradual transition from ordered to disordered FCC phases, 

accompanied by a marked decline in the formation of oxide phases (spinel and 

corundum). These findings underscore the crucial role of cobalt in influencing both 

structural ordering and oxidation behavior. The observed composition-dependent 

changes provide valuable insights for developing cobalt-free HEAs with tailored 

microstructures and good thermal stability, potentially preparing them suitable for 

demanding high-temperature structural engineering applications. 

As the amount of cobalt increases, the weight fractions of both the FCC and 

FCC ORD phases significantly decrease, while the quantity of Al2O3 shows the 

opposite trend. In the samples containing 0.5Co and 0.75Co, an additional diffraction 

peak is observed at approximately 2ɗ of 26.5°. This peak may indicate a superlattice 

reflection, suggesting increased ordering within the FCC lattice. However, this feature 

has not been quantitatively modeled for the FCC ORD phase. The microstructural 

parameters remain relatively stable, although there is a noticeable decrease in the 

average crystallite sizes for the Al2O3 phase as the cobalt concentration increases. 

The presence of a substantial amount of oxides is attributed to the intense oxidation 

of the powders when they are presented to air after the milling process, which is 

exacerbated by their very fine particle size and chemical composition. 

In all the cases, the chemistry of the crystallographic phases cannot be reliably 

determined through diffraction data alone. However, due to the notable differences in 

lattice parameters compared to the structures are reported in the literature, as well as 

among the various samples, some semiquantitative trends can be identified. In 

particular, 

- With an increase in the Co content ratio, the FCC lattice reveal lattice/cell 

volume shrinking, although  the two oxides show the opposite behavior. Generally, we 
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can expect the larger unit cell volumes (compared to the reference structures) are 

associated with substitutional disorder, whereas smaller volumes may possibly 

associated with specific chemical element segregation. 

- The FCC crystal structure exhibits a reduction in the lattice parameter as 

increasing Co content, with values ranging  from  3.60 Å and 3.58 Å. For comparison, 

the standard FCC lattice parameters of Ni, Co, and ɔ-Fe are 3.53 Å, 3.55 Å, and 3.59 

Å, respectively. 

- The spinel cubic lattice shows a quite notable increase in lattice parameter 

from 8.21 Å to 8.32 Å as increasing of Co content. This trend align with reference 

structures such as Co3O4 and Fe3O4 which having lattice parameters ranging from 8.08 

Å to 8.39 Å, respectively. This observation could also be associated with Al-depletion 

in the matrix resulting to the Al2O3 phase increase. 

- For the Al2O3-like lattice, the measured parameters varying between 4.78 Å 

and 4.87 Å (a) and between 13.03 Å and 13.28 Å (c); in comparison, the standard 

lattice parameters for reference AlϜOϝ and CrϜOϝ structures are a = 4.76 Å, c = 12.99 

Å, and a = 4.96 Å, c = 13.6 Å, respectively. The presence of the Ŭ-Al2O3 phase was 

also reported by Wang et al.[201] , who synthesized the alloy via mechanical milling 

and SPS. This oxide shows high chemical stability and gives oxidation resistance. 

4.3.3 Hardness measurements  

Figure 5 shows the Vickers microhardness of AlCoxCrFeNi HEAs. From the 

Figure 4-24, Co1 exhibits the  highest microhardness which is attributed to its finer 

microstructure respect to the other  chemical compositions. From the previous studies 

[208] [209], reported microhardness values of the same alloy produced using self-

propagating high-temperature synthesis (SHS) and  suction casting method. The SHS-

processed alloys showed microhardness values ranging from 380 to 510 HV, while 

those obtained by suction casting ranged from 520 to 530 HV, depending on the 

processing parameters and the molar ratios of the elements involved. The relatively 

lower hardness in these earlier studies is primarily due to larger grain sizes and a more 

heterogeneous phase distribution. On the contrary , the alloys examined in the present 

study benefit from a finer microstructure and a more uniform phase distribution. 

Additionally, the exposure of the milled powder to air before sintering led to the 

formation of a significant amount of oxides, which further contributed to the increase 

in hardness. As previously demonstrated by the same authors [210], oxide particle 

reinforcement not only enhances hardness but also maintains it at elevated 

temperatures due to the thermal stability of the oxides. 
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Figure 4- 24. Vickers microhardness HV0.1 

 

Microhardness measurements at a fixed processing temperature of 1200°C 

revealed a non-linear dependence on Co content. Alloys with low Co (Co 0.25) and 

high Co (Co 1.0) contents exhibited significantly higher hardness values (~800 HV), 

whereas intermediate compositions (Co 0.5 and 0.75) showed reduced hardness 

(~600 HV).  

The figure 4-25 depicts the variation of Vickers hardness (HV5) with time (h) for 

different cobalt (Co) compositions and heat treatment temperatures. 

Initial Hardness Differences: Samples with Co 1% generally show higher initial 

hardness compared to Co 0.25% , likely due to solid solution strengthening or finer 

microstructural features at higher cobalt content. 

At 1100°C tends to reduce initial hardness in both compositions, suggesting 

some softening effects such as grain growth or phase changes. 

Hardness Trend Over Time at 900°C: For Co 0.25% at 900°C, hardness slightly 

increases from 1 hour to 4 hours and then stabilizes, indicating possible precipitation 

hardening or microstructural refinement during the initial stages of heat treatment. 

For Co 1% at 900°C, hardness peaks around 4 hours and then decreases, 

suggesting that prolonged heat exposure might cause coarsening of precipitates or 

recovery processes that reduce hardness. 
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Hardness Trend Over Time at 1100°C: Both compositions (0.25% and 1% Co) 

show a high decrease in hardness with increasing heat treatment time at 1100°C 

temperature. 

This pronounced softening can be attributed to accelerated grain growth, 

coarsening of precipitates, or phase transformations at this higher temperature, which 

reduce the resistance to deformation. 

Effect of Composition and Temperature: Higher cobalt content improves initial 

hardness but is more susceptible to softening over time at elevated temperatures. 

Lower temperature (900°C) treatments maintain or slightly improve hardness 

for a limited time due to precipitation strengthening, while higher temperature (1100°C) 

treatments lead to a marked decrease in hardness due to microstructural degradation. 

Figure 4- 25.  Vickers hardness HV5 for heat treatment samples 

 

Heat treatment experiments at 900°C and 1100°C for up to 8 hours provided 

insights into the thermal stability of the alloys, as shown in Figure 4-25. At 900°C, both 

the Co 0.25 and Co 1.0 alloys maintained high hardness with minimal degradation, 

indicating stable microstructures. However, at 1100°C, the hardness of the Co 0.25 

alloy dropped significantlyðfrom approximately 750 HV to 510 HVðlikely due to grain 

growth, phase decomposition, or coarsening of precipitates. This highlights the 

vulnerability of low-cobalt alloys to thermal softening at elevated temperatures. 
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Figure 4- 26. KIC Values for Co heat treatment samples 

The KIC values measured using the Palmqvist method are presented in Figure 

4.26. The example of the hardness indentation, showing cracks originating from the 

corners of the indentation is used for calculating KIC values is illustrated in Figure 6. 

The KIC value for the Co1 sample is significantly lower due to its higher hardness, 

which leads to a material brittle behavior. The fracture toughness of these HEAs falls 

within the typical range for  BCC HEAs, which is range between 0.2 and 20 MPa m1/2. 

In contrast, FCC alloys shows much higher values, reaching up to 250 MPa m1/2 [198]. 

This variation  is assign to the presence of oxide particles within the microstructure, 

rendering these alloys similar to fine-grained metal matrix composites. As highlighted 

in a previous study, the oxygen absorbed during the milled powders has a positive  

effect, as it can increase the matrix strength and improve its thermal stability. The 

fracture toughness measurements were conducted on a Co samples treated at 

1200°C revealed an inverse relationship with hardness. The Co 0.25 alloy exhibited 

the highest fracture toughness, approximately 15 MPa·m1/2. As the Co content 

increased, the fracture toughness steadily decreased, reaching a minimum of around 

5 MPa·m1/2 in the Co 1.0 alloy. This trend suggests that lower concentrations of cobalt 

may lead to the formation of multiphase or heterogeneous microstructures, which 

enhance energy dissipation during crack propagation. This enhancement may occur 

through mechanisms such as crack deflection or dislocation plasticity. 
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Figure 4- 27. Vickers indentation showing cracks at corners of Co1 sample 

All things considered, this work highlights the crucial role of cobalt  content in 

influencing the mechanical performance and thermal stability of high-entropy alloys 

(HEAs). While both high and low Co ratios enhance hardness, only low-Co 

compositions offer improved toughness, though this comes at the cost of reduced 

stability at elevated temperatures. 

 

4.3.4 Co Oxidation behaviour 

4.3.4.1      Co HEAs Oxidation Curves  

 

The comparative oxidation behavior of all the Co compositions is shown in 

Figure 4-28., The isothermal oxidation tests were conducted at 1000°C for up to 600 

minutes. The mass gain curves (Figure 4-28) and the corresponding parabolic rate 

constants (kp) (Table 4-4) revels a clear dependency on cobalt content. These findings 

indicate a significant improvement in oxidation resistance with decreasing of Cobalt 

content. The parabolic rate constants (kp) measured in this study fall within the 10ϖ¹¹ï

10ϖ¹² g²·cmϖώ·sϖ¹ range, closely matching values reported for advanced Ni-Al-Cr 

alloys [211] [212], reinforcing the potential of these Co-based high entropy alloys 

(HEAs) for application in high-temperature environments. 
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Figure 4- 28. Oxidation curves of Co1, Co0.75,  Co0.50 and Co 0.25. 

 

 

The Co1 curve exhibits the highest mass gain, exceeding 1.0 mg/cm² after 600 

minutes of oxidation. The rapid and continuous increase in mass suggests the 

formation of a thick, non-protective oxide layer, consistent with the presence of porous 

Fe and Co oxides that permit ongoing oxygen ingress. The Co0.75 sample also shows 

significant mass gain, albeit slightly lower than that of Co1. This indicates the partial 

formation of protective oxides, which are nonetheless insufficient to inhibit further 

oxidation, likely due to the porous nature of the AlϜOϝ and CrϜOϝ layers. In contrast, 

the Co0.50 sample exhibits a more moderate mass gain, which plateaus after 

approximately 300 minutes, suggesting the development of a compact and protective 

oxide scale dominated by AlϜOϝ and CrϜOϝ. Finally, the Co0.25 sample demonstrates 

exceptional oxidation resistance, with a mass increase of less than 0.2 mg/cm² after 

600 minutes. This behavior indicates the early formation of a dense and continuous 

AlïCr oxide layer, effectively suppressing further oxidation. The Co0.25 alloy, with the 

lowest kp, demonstrates a tenfold reduction in oxidation rate compared to Co1. This 

confirms that reducing cobalt content significantly improves oxidation resistance. 
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Table 4- 4. Oxidation constants kp for Co alloys 

Samples Kp [g2/cm4s] 

Co 1 26.3 × 10-12 

Co 0.75 17.82 × 10-12 

Co 0.5 7.43 × 10-12 

Co 0.25 2.35 × 10-12 

 

4.3.4.2   Metallographic analysis of Co containing HEAs samples after 

oxidation tests  

 

The impact of reducing cobalt content on the oxide scale was investigated using 

cross-sectional analysis of the oxidized samples, as illustrated in Figure 4.29 and 4.30, 

which show at two different magnifications the oxidized layers of the four different 

cobalt HEAs. A progressive decrease in cobalt concentration led to notable changes 

in the morphology and structure of the oxidation layer.  

In the high cobalt sample Co1, the oxide scale shows a complex, multilayered 

structure with the presence of pores and voids. The scale appears thick and 

heterogeneous, indicating a high oxidation rate and the creation of a less protective 

oxide layer. This morphology is linked to poor adhesion and thermal cycling, which 

can effect long-term performance.  

As the cobalt content decreases to 0.75, the structure of the oxide scale begins 

to change. The outer regions become more refined, while the internal layers appear 

more compact and organized, although some porous layers still remain. This transition 

suggests a reduction in cobalt contributes to the formation of faster-growing layers. At 

a cobalt content of 0.5, the oxide scale becomes noticeably thinner and more uniform. 

The appearance of porous sub-layers in certain areas indicates a balance between 

internal and external oxidation mechanisms, possibly due to decreased outward 

diffusion of reactive species. Overall, this composition reflects improved resistance to 

oxidation.  

At a low cobalt concentration of 0.25, the oxide scale exhibits a much simpler 

and more compact layer structure, as observed under high magnification due to the 

formation of very thin layers. The absence of complex multi-layering and the presence 

of a well-defined, dense inner layer indicate a highly protective scale morphology. The 

transition towards a thinner, denser, and more cohesive scale highlights a significant 

improvement in oxidation resistance as cobalt content decreases. As cobalt content 

reduces, there is a progressive shift from thick, multilayered, and less protective oxide 

scales to thinner, more compact, and stable structures. This transformation is 
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associated with better adherence, slower oxidation kinetics, and enhanced long-term 

resistance. These findings emphasize the advantages of lowering cobalt 

concentrations in the alloy system, which promotes the development of protective 

surface layers that are more suitable for high-temperature applications. 

 

 

Figure 4- 29. Oxidized surface layers SEM Images of Co1, Co 0.75, Co 0.5 and Co 0.25 alloys. 

Detailed analysis at SEM and with EDXS maps of the Co oxidized samples are 

presented in the following paragraphs. As it will be shown, the investigation of the 

oxidized samples reveals a variation in both thicknesses and nominal compositions of 

the oxide layers.  

The layers have different thickness, with the average values obtained from 20 

measurements being 47 ɛm for Co1, 28 ɛm for Co0.75, 34 ɛm for Co0.50 and 16 ɛm 

for Co 0.25. Additionally, the properties of the oxidation layers show significant 

differences in terms of composition and compactness across the various alloys. 

 

Co 1 Co 0.75 

Co 0.5 Co 0.25 
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Figure 4- 30. Oxidized SEM Images of Co1 (a), Co 0.75(b), Co 0.5(c) and Co 0.25(d) alloys 

- Co1 (Figure 4-30a): The oxide layer is separated into 3 distinct  parts. The 

outermost layer 1 is presents a grain-like structures. Beneath this layer, a separated 

by poor bonding and numerous longitudinal open cracks, is a second layer (layer2) 

with no visible grain boundaries and numerous cracks, indicating brittleness. The third 

layer (layer 3),which is in union with the alloy surface, is very thinner and exhibits some 

level of microporosity. 

- Co0.75 (Figure 4-30b): This alloy exhibits a ñsandwichò layer structure, with 

the top and bottom portion layers are exhibiting similar microporosity (layers 1), while 

the middle layer (layer2) is denser and high compacted. 

- Co0.50 (Figure 4-30c): This alloy shows three regions of layers: an external 

very thin layer with formation of various cracks (layer 1), the thicker compact internal 

layer in the middle (layer 2), and the bottom layer similar to layer 2  with diffused 

microporosity (layer 3). 

-Co 0.25 (Figure 4-30d): This oxide layer seems to be composed by two distinct 

regions showing similar compactness.  

To better investigate about the oxidation behavior of these HEAs, EDXS maps 

analyses were performed. This analysis is presented in the following paragraphs 

(Figure 4.31 to 4.34)..Substantial differences were observed depending on the 

reduction of Co content in the alloy. These compositional variations play a critical role 

in the oxidation resistance of the materials, as they are closely associated with the 

formation and integrity of the surface oxide scales. 
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4.3.4.3    AlCoCrFeNi HEA after oxidation SEM Analysis  

 

The Co1 alloy exhibits the poorest oxidation resistance among all the samples. 

Its oxide scale consists of three distinct layers: an outer external non-protective layer  

1 of Co and Fe oxides which are not very protective, a mid-layer  2 of Al oxide, and a 

layer 3 containing both Al and Cr oxides. Although the presence of Al and Cr, which 

are known to form protective oxides, the overall scale is thick and features voids and 

cracks, that implies a significant thermal stress during oxidation. The formation of 

these structural defects likely due to compositional mismatch between the layers and 

a lack of a compact, continuous protective barrier, leads to consistent oxidation 

phenomena. 

 

 

 

Figure 4- 31.  EDXS map of the oxide layer of Co1 alloy. 
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Moreover, the Co1 alloy had a considerable amount of AlϜOϝ already present 

in its microstructure before the oxidation testing, as shown from XRD data. This pre-

existing oxide limits the availability of free Al to form a new, coherent protective scale 

during oxidation, ultimately degrading its resistance. In this alloy the alumina and 

cromia surface scale is not enough to ensure a sufficient protection against oxidation. 

4.3.4.4 AlCo0.75 CrFeNi HEA after oxidation SEM Analysis  

 

The oxidation behavior of the Co0.75 alloy exhibits significant differences, as 

illustrated in Figure 4-32. The outermost oxide layers 1 is primarily composed of AlϜOϝ 

and CrϜOϝ; however, their porous structure compromises their protective function. A 

similar oxide configuration is also observed in Layer 3. The intermediate layer 2 mainly 

presents  of Fe and Co oxides. This composition is less desirable, as FeïCo oxides 

are thermodynamically less stable and less protective, and their presence within the 

inner structureðrather than being confined to the surfaceðfurther reduces oxidation 

resistance. The combination of porous outer layers and the inward diffusion of 

unstable oxides significantly diminishes the overall protective efficacy, rendering the 

alloy more susceptible to oxidation. 

 

 

Figure 4- 32. EDXS map of the oxide layer formed on Co0.75 alloy. 
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4.3.4.5 AlCo0.5CrFeNi HEA after oxidation SEM Analysis  

 

In comparison to the other Co containing samples, the Co0.50 alloy exhibits a 

more intricate tri-layered oxide scale structure , as shown in Figure 4.33. The thin outer 

layer1 (Figure 4.30)  is composed by Fe and Co oxides, which are known to be less 

protective than AlϜOϝ and CrϜOϝ. Beneath this a highly compact and continuous 

intermediate layer (layer 2)  composed of AlϜOϝ and CrϜOϝ oxides, serves as the 

primary protective barrier against further oxidation. The innermost layer  (layer 3) 

consists of alumina with some microporosity. The integrity and density of the 

intermediate oxide layer in this alloy indicate superior oxidation resistance, supported 

by the higher availability of Al and Cr in the alloy composition.  

 

 

 

Figure 4- 33. EDXS map of the oxide layer formed on Co0.5 alloy. 
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4.3.4.6 AlCo0.25CrFeNi HEA after oxidation SEM Analysis  

 

The Co0.25 alloy (Figure 4-34) exhibits a thin oxide layer with a bi-layered 

structure. The outermost layer 1 is primarily mixed of Fe oxides. Beneath this, there is 

a compacted intermediate layer 2 that mainly consists of aluminum, chromium, and 

oxygen (Al + Cr + O) corresponding tothe formation of AlϜOϝ and CrϜOϝ. These oxides 

are well-known for their thermodynamic stability and their ability to form continuous 

and adherent protective scales [213] [214]. The presence of this sublayer significantly 

enhances the oxidation resistance of the Co0.25 alloy . Although the overall oxide 

scale is thinner,, this alloy demonstrates excellent resistance due to the dense Al + Cr 

oxide layer beneath the thin outer Fe oxide. In contrast,Co0.5, Co0.75 and Co1 alloys 

exhibit inferior oxidation performance, attributed to the formation of porous protective 

layers and the internal presence of non-protective oxides. These findings align with 

oxidation behaviors reported for  alumina-forming austenitic steels and Al-rich Ni-

based superalloys [54,55], in which protective oxide formation is similarly governed by 

the inward diffusion of oxygen. 

 

 

 

Figure 4- 34. EDXS map of the oxide layer of Co0.25 alloy. 
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4.3.5  Corrosion results  

The corrosion behavior of AlCoCrFeNi HEAs with various cobalt content was 

thoroughly  analyzed with potentiodynamic polarization and electrochemical 

impedance spectroscopy (EIS). The polarization curves are illustrated in Figure 4-35 

A and the main data derived summarized in Table 4.5. The corrosion test reveal a 

clear pattern: decreasing cobalt content significantly improves the corrosion 

resistance. 

 

Figure 4- 35. Corrosion curves of Co1, Co0.75, Co0.50 and Co 0.25 alloys. 

 

Table 4- 5. The break down potential (Ebd),, the corrosion potential(Ecorr,), the passivation 
current (ipass), Z0.001Hz OF Co alloy samples 

Sample Ebd [V] Ecorr [V] ipass [A/cm2] 

Co 0.25 0.1518 -0.146 2.18×10 ī8 

Co 0.75 -0.029 -0.163 2.23×10 ī8 

Co 0.5 -0.115 -0.197 7.97 ×10 ī8 

Co 1 -0.219 -0.335 4.84 ×10 ī7 

 

At the high Co 1.0, the alloy shows the poorest electrochemical performance. 

The corrosion potential is ï0.335 V indicating a strong thermodynamic tendency to 

corrode. Additionally, the passivation current density reaches a maximum value of 
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4.84 × 10ï7A/cm², reflecting a high rate of metal dissolution even under passivating 

conditions. The breakdown potential is also the lowest with ï0.219 V and indicating an 

early failure of the passive film. Complementing these observations, the impedance 

modulus at 0.01 Hz is just 7273.96 ɋĿcmĮ, that shows a poor resistance to charge 

transfer and thus low electrochemical stability. 

As the cobalt content is reduced to Co 0.75, there is a improvement in corrosion 

resistance. The Ecorr becomes less negative ï0.163 V, and the ipass is slightly 

decreases to 2.23 × 10-8 A/cm². However, the Ebd value remains low ï0.029 V, 

suggesting that while corrosion rate improves, the passive film remains unstable. The 

impedance value improves significantly to 82,637.36 ɋĿcmĮ, reflecting better barrier 

properties compared to Co 1.  

Further improvement is observed in Co 0.5. Despite a slightly more negative 

E<corr of ï0.197 V, the breakdown potential is slightly more stable  at ï0.115 V. The 

ipass value increases to 7.97 × 10ï8 A/cm², indicating a higher dissolution rate than 

Co 0.75. The impedance range is drops to 30,923.34 ɋĿcmĮ indicating a decline in 

passive layer protection compared to Co 0.75. This discrepancy suggests that 

although the passive film may form, its stability and uniformity may vary due to 

microstructural inhomogeneity. 

The most corrosion-resistant behaviour is noticed in the Co 0.25 alloy. It 

significantly shows the most noble Ecorrï0.146 V, and the highest Ebd +0.1518 V and 

the lowest ipass value (2.18 × 10ï8 A/cm²). These values collectively shows the 

superior passivation behavior and stability of the oxide layer. Remarkably, the 

impedance at 0.01 Hz is the highest among all samples (167,546.54 ɋĿcmĮ), 

confirming the formation of a high corrosion resistance protective passive film. 

These research findings indicate that lowering the cobalt content improves the 

corrosion resistance of AlCoCrFeNi HEAs. This enhancement is linked to the 

decreased electrochemical activity of cobalt and the stabilization of passive oxide films 

at lower cobalt ratios. Consequently, adjusting the cobalt content can be a crucial 

strategy for optimizing HEAs in applications that require both structural integrity and 

corrosion resistance. 

Table 4-6 presents the effect of gradual reduction in cobalt (Co) ratio on the 

corrosion behavior of AlCoCrFeNi HEAs. The data point show the average of eight 

independent experimental trials, ensuring the statistical validity and reproducibility of 

the observed trends. 

As the cobalt content is decreases from Co 1.0 to Co 0.25, a marked increase 

in corrosion resistance is observed across all evaluated parameters. The breakdown 

potential, which reflects the alloyôs resistance to localized (pitting) corrosion, 

significantly increases from ī0.240 Ñ 0.060 V at Co 1.0 to 0.107 Ñ 0.066 V at Co 0.25. 

This positive shift indicates a more stable and robust passive film at lower cobalt 

concentrations. Similarly, the corrosion potential becomes less negative with 

decreasing Co content, shifting from ī0.344 Ñ 0.023 V (Co 1.0) to ī0.157 Ñ 0.019 V 
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(Co 0.25), suggesting a more thermodynamically stable and less active corrosion 

state. 

Table 4- 6. Ebd, the break down potential, Ecorr, the corrosion potential, , ipass, the 
passivation current, Z0.001Hz, Co alloy samples 

  
The passive current density , which reflects the integrity and protectiveness of 

the passive oxide film, decreases substantially as cobalt is reduced. At Co 1.0, the 

current density is (1.28 ± 0.43) × 10ϖϑ A/cm², indicating a relatively weak and possibly 

porous passive layer. In contrast, the Co 0.25 sample exhibits a significantly lower 

i<sub>pass</sub> of (3.03 ± 1.78) × 10ϖϓ A/cm², suggesting the development of a 

much more compact, protective, and stable passive film. 

The most substantial enhancement is observed in the impedance at 0.01 Hz, a 

critical indicator of electrochemical resistance and film stability. As the cobalt content 

decreases, the impedance increases, from 7,273.96 ɋĿcmĮ (Co 1.0) to 167,546.54 

ɋĿcmĮ (Co 0.25). This is more than 23-fold increase in low-frequency impedance and 

signifies a major enhancement in corrosion resistance and surface barrier properties. 

Collectively, these findings reveal a clear trend: reducing cobalt content in 

AlCoCrFeNi HEAs significantly enhances corrosion resistance. This is evidenced by 

more noble corrosion potentials, more stable passive films, lower current densities, 

and significantly higher impedance. These improvements are consistently observed 

across eight trials per sample, underscoring the reliability of the data. Although cobalt 

can contribute positively to other properties such as mechanical strength or magnetic 

behavior, this study demonstrates that its reduction is highly beneficial for corrosion 

protection, particularly in environments where passive film stability is crucial. 

The electrochemical impedance spectroscopy (EIS) analysis reveals a 

significant influence of cobalt content on the corrosion behavior and electrochemical 

stability of the AlCoCrFeNi HEA. As illustrated in Figure 4-36  showing the impedance 

modulus and phase angle diagrams, a systematic reduction in cobalt concentration 

from 1 to 0.25 leads to a marked decrease in overall impedance, particularly in the 

low-frequency region. This trend indicates a corresponding decline in the charge 

transfer resistance and a weakening of the protective passive film typically developed 

on the alloy surface. The Co-rich sample (Co = 1) exhibits relatively high impedance 

Sample Ebd [V] Ecorr [V] ipass [A/cm2] Z0.01Hz [Ɍcm2] 

Co 0.25 0.107 ± 0.066 ī0.157 ± 0.019 (3.03 ± 1.78) × 10ϖϓ 167,546.54 

Co 0.75 ī0.119 ± 0.049 ī0.179 ± 0.026 (3.61 ± 1.88) × 10ϖϓ 82637.36 

Co 0.5 ī0.193 ± 0.228 ī0.181 ± 0.019 (4.98 ± 3.11) × 10ϖϓ 30,923.34 

Co 1 ī0.240 ± 0.060 ī0.344 ± 0.023 (1.28 ± 0.43) × 10ϖϑ 7273.96 
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and a larger phase angle, which are characteristic of stable capacitive behavior and 

effective surface passivation. Conversely, the Co 0.25 sample demonstrates the 

lowest impedance and phase angle, suggesting a transition toward more resistive and 

less capacitive electrochemical behavior. These observations highlight the pivotal role 

of cobalt in enhancing the corrosion resistance of AlCoCrFeNi HEAs, primarily through 

the formation of a robust and stable oxide layer that impedes ionic transport and 

stabilizes the electrochemical interface. The reduction of cobalt compromises this 

passive layer, thereby diminishing the alloyôs resistance to electrochemical 

degradation. Therefore, cobalt content is directly correlated with the alloyôs ability to 

maintain passivation and resist corrosion, underscoring its critical importance in the 

design of HEAs for electrochemical applications. 

 

Figure 4- 36. Bode plot (Z and -Phase vs frequency) of the electrochemical impedance 
spectroscopy (EIS) measurements of Co samples 
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4.4 Mn and Ti containing HEAs 

4.4.1 Microstructural analysis of Mn and Ti HEAs ð optical microscope  

The following Figure 4-36 displays a series of optical micrographs taken using 

two different microscopes: Axiophot and Olympus optical microscopes, at 

magnifications of 200X and 500X. The strategic use of two different microscopes was 

employed to enhance the quality and resolution of microstructural characterization. 

Notably, the Olympus microscope provide the acquisition of high contrast colour 

micrographs which significantly improved visualization difference of microstructural 

features and phases. 

The micrographs clearly presented the influence of increasing the sintering 

temperature in the SPS process resulting in a finer microstructure. As the sintering 

temperature rises, a significant refinement in the microstructure is observed. This 

refinement is characterized by a decrease in grain and phase sizes, leading to a more 

uniform microstructure. At high sintering temperatures, the distribution of phases 

becomes more homogeneous with more continuous and less segregated phases. This 

microstructure indicates that the SPS process effectively enhances the diffusion at 

elevated temperatures. These observations suggest a strong relationship between the 

SPS parameters and the development of the microstructure, which has significant 

implications for the material properties. Compared to the AlCoCrFeNi alloy, the current 

samples exhibit more phases. In contrast, the Co-containing alloy shows a more 

homogeneous and finer microstructure, with phase sizes in the nanometre range. 

According to Pohanôs study, this finer structure is primarily attributed to the extended 

milling processðthe Co-alloy was milled for 80 hours, whereas the Co-free powders 

in this study were milled for only 20 hours, as the phase size did not show significant 

changes beyond that duration [225]. 
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Figure 4- 37.  Micrographs of Ti1000, Ti1100, Mn1100 and Mn1200°C SPS samples 
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As observed in the studies by Raja Rao et al. and Ujah et al., increasing the 

sintering temperature typically leads to a transition in the morphology of HEAs from a 

more porous structure to a denser one. For example, sintering at lower temperatures 

(around 500°C) tends to produce a less dense structure, while at higher temperatures 

(up to 1400°C), densification is significantly improved due to enhanced atomic mobility 

and diffusion processes [215] [216]. 

In the study by Rogal et al., the microstructure of AlCoCrFeNi alloys processed 

by spark plasma sintering (SPS) was compared to that of as-cast alloys. SPS typically 

results in finer grain sizes compared to as-cast alloys due to its rapid heating and 

cooling rates, which promote uniform microstructures and minimize grain growth. This 

process often yields nanocrystalline structures, with grain sizes in SPS-processed 

high-entropy alloys ranging from 50 to 500 nm, hanging on the specific alloy 

composition and processing parameters [217]. The micrographs also reveal a 

preferential orientation of the phases, which confirms the results obtained from the 

XRD analysis. 

4.4.2 Microstructural analysis of Mn and Ti HEAs ð SEM  

SEM analysis was conducted to investigate the microstructural characteristics 

of synthesized SPS Samples, with a focus on phase morphology, distribution and 

composition. Table 4.6 presents the mass percentages of the primary elements 

identified within the samples. These measured elemental compositions are consistent 

with the theoretical amounts used in the preparation of each sample.  

The detection of oxygen in the samples is attributed to unavoidable oxidation 

processes that occurred during either the SPS or milling stages. Oxygen incorporation 

likely took place upon exposure to air when the milling jars were opened, as well as 

during sample preparation for SPS. It is important to note that slight variations in the 

elemental percentages of Ti and Mn were observed across different regions of the 

sample. Therefore, the reported values should be interpreted as approximate 

indicators of elemental distribution. Additionally, the results of this method can vary 

depending on the specific region of the sample analyzed. 
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Table 4- 7. Mass percentages of each element in Ti1000°C, Ti1100°C, Mn1100°C and 
Mn1200°C samples 

 Mass Normal. [%] 

 Ti1000 Ti1100 Mn1100 Mn1200 

Ni 22.58 ± 0.38 16.30 ± 0.68 22.76 ± 1.51 21.07 ± 0.09 

Fe 21.98 ± 0.17 20.79 ± 0.24 22.31 ± 0.49 22.01 ± 0.52 

Ti 21.09 ± 0.27 21.43 ± 0.76 20.39 ± 0.50 20.12 ± 0.51 

Cr 19.24 ± 0.44 22.43 ± 0.83 20.08 ± 0.74 19.48 ± 0.17 

Al 10.95 ± 0.14 13.57 ± 0.42 11.63 ± 0.63 13.92 ± 0.36 

O 4.16 ± 0.19 5.47 ± 0.09 
2.83 ± 0.27 3.39 0.12 

4.4.2.1 AlCrFeNi Ti HEA at 1000°C SEM Analysis  

 

The AlCrFeNiTi HEA was sintered at 1000°C and 1100°C. Its microstructural 

evolution reveals a complex, multiphase structure indicative of various phase 

formation and elemental segregation processes. Four primary phases, distinguished 

by contrast and morphology in the SEM images, were identified: black, dark grey, light 

grey, and white. These phases exhibit distinct microstructural characteristics that 

evolve with increasing sintering temperature as illustrated in Figure 4-37. The 

microstructure of the alloy sample sintered at 1000°C is relatively coarse and uneven. 

The dark phase, which is the darkest area in the SEM picture, is sporadically 

distributed across the matrix and usually develops in interdendritic spaces or at grain 

boundaries. The dark gray phase constitutes a significant portion of the microstructure 

and exhibits a more continuous, network-like morphology. It is a titanium-rich 

intermetallic or solid solution phase that contributes to mechanical properties and 

structural cohesion of the material (bonding between the different phases). The light 

gray regions, which appear smoother and have an intermediate brightness, are 

predominantly associated with titanium-rich phases and show a low level of oxygen in 

their composition. These areas reflect a transitional phase within the matrix and may 

represent either secondary solid solutions or early-stage phase transformation zones. 

Their relatively uniform distribution suggests partial diffusion and homogenization, 

indicating that these areas serve as ñbridgesò between oxidized and metallic regions. 

Lastly, the white phase appears as the brightest and most prominent region in the 

SEM images. These areas are concentrated and relatively well-formed, suggesting 



98 

the presence of stable metallic compounds with mechanical strength. Upon sintering 

at 1100 °C, the microstructure shows noticeable refinement and increased 

homogeneity. While the dark phase persists, it becomes more localized and less 

interconnected, implying partial dissolution or redistribution due to enhanced atomic 

diffusion. The dark gray phase exhibits improved integration with the surrounding 

matrix, suggesting the stabilization and possible transformation of intermetallic 

structures into more uniform domains. Significantly, the light gray phase undergoes 

considerable transformation at this elevated temperature. Unlike its counterpart at 

1000 °C, the variant at 1100 °C displays a morphology that suggests a shift toward a 

more stable metallic matrix, with reduced segregation and enhanced continuity. This 

indicates that prolonged exposure at higher temperatures promotes the redistribution 

of elements, facilitating the evolution of thermodynamically favourable structures. The 

white phase continues to dominate in the higher temperature sample, but its features 

appear finer and more evenly distributed. Its morphology becomes more defined and 

less clustered, reflecting the effects of prolonged thermal energy in promoting 

equilibrium phase formation. This progression from coarse, segregated phases at 

lower temperatures to refined and stable configurations highlights the thermally driven 

evolution toward microstructural uniformity. 

 

 

Figure 4- 38. SEM micrographs of Ti10000C and Ti11000C SPS sample 

The detailed SEM compositional analysis was conducted on the Ti 10000C 

samples. The microstructure shows a varied distribution of elements across four 

distinct phasesðdark, dark grey, light grey, and white and each phase exhibits  unique 

chemical signatures indicative of specific compounds or intermetallic formations, as 

shown in the Figure 4-39. 

 

Dark phase: The darkest contrast region observed in the SEM images is 

composed primarily of aluminium (Al) at 27.54% and oxygen (O) at 10.86%. The 

significant concentrations of Al and O suggest the formation of oxide compounds, most 

Ti 10000C Ti 11000C 

White phase  

Light grey  phase  

Dark  phase  

Dark grey  phase  

White phase  

Light grey  phase  

Dark grey  phase  
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likely aluminium oxide (AlϜOϝ) or related phases. Minor traces of other metallic 

elements were also detected, but their contribution to the overall composition is 

negligible. 

Dark grey phase: The dark grey phase is characterized by a high concentration 

of Titanium (Ti), amounting to 63.23%, accompanied by significant levels of Oxygen 

(O), Nickel (Ni), and Iron (Fe). This compositional profile point toward the formation of 

Ti-based intermetallic compound containing significant levels of Ni and Fe. This 

indicates the possible formation of a Ti solid solution or Ti rich intermetallic phase that 

may exhibit enhanced mechanical and corrosion-resistant properties. 

Light grey phase: This phase is characterized by a high concentration of 

Titanium (Ti) at 47.44%, with relatively low levels of Aluminium (Al) and Oxygen (O). 

The lower oxygen content indicates a reduced degree of oxidation compared to the 

darker phases, suggesting the formation of a metallic or minimally oxidized titanium-

rich phase. This phase is likely to play a significant role in the structural integrity of the 

material, potentially serving as the primary matrix or load-bearing component due to 

its metallic nature and limited oxide content. 

White phase: The white phase stands out due to its brightness in the SEM 

images and was found to contain Chromium (Cr) at 37.94% and Iron (Fe) at 35.29%, 

with negligible amounts of oxygen and aluminium. The absence of significant oxygen 

indicates a metallic nature, while the high concentrations of Cr and Fe suggest the 

development of a Cr-Fe BCC intermetallic or solid solution phase, similar to those 

found in ferritic or martensitic stainless steels. These compositional variations indicate 

a complex multiphase microstructure in the Ti10000°C sample, where distinct 

elemental distributions give rise to various intermetallic compounds and phases. This 

heterogeneity may significantly influence the materialôs overall mechanical and 

chemical properties. 

Table 4- 8. Ti 10000C alloy phase composition 

 Mass Normal. [%] 

Phases Ni Fe Ti Cr Al O 

White p. 16.33 ± 0.82 35.29 ± 1.67 9.59 ± 0.52 37.94 ± 1.80 0.85 ± 0.13 0.00 ± 0.00 

Light Grey p. 23.59 ± 1.14 19.25 ± 0.93 47.44 ± 2.29 7.13 ± 0.39 0.75 ± 0.12 1.84 ± 0.77 

Dark Grey p. 11.52 ± 0.59 11.01 ± 0.56 63.23 ± 2.97 4.97 ± 0.29 2.07 ± 0.23 7.20 ± 2.20 

Dark p. 20.09 ± 0.84 13.83 ± 0.59 14.57 ± 0.64 13.10 ± 0.57 27.54 ± 1.94 10.86 ± 2.29 
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Figure 4- 39. EDXS map of Ti10000C SPS sample 
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4.4.2.2    AlCrFeNi Ti HEA at  1100°C SEM Analysis  

 

The Ti1100 sample revealed four distinct phases similar to those observed in 

the previously characterized Ti1000 alloy. The four phases are indicated asdark, dark 

grey, light grey, and white phases. A comparative summary of the chemical 

composition of these phases is summarized in Table 4.8. 

Table 4- 9. Ti 11000C phase alloy composition 

 Mass Normal. [%] 

Phases Ni Fe Ti Cr Al O 

White p. 14.80 ± 0.75 33.20 ± 1.57 9.54 ± 0.51 42.13 ± 1.99 0.33 ± 0.09 0.00 ± 0.00 

Light Grey p. 7.85 ± 0.43 29.45 ± 1.40 4.24 ± 0.26 58.28 ± 2.73 0.18 ± 0.07 0.00 ± 0.00 

Dark Grey p. 12.65 ± 0.65 11.48 ± 0.59 53.44 ± 2.55 12.72 ± 0.64 2.19 ± 0.24 7.52 ± 2.28 

Dark p. 11.53 ± 0.53 16.43 ± 0.71 15.45 ± 0.69 15.21 ± 0.66 30.01 ± 2.15 11.36 ± 2.44 

 

The dark phase, the dark grey phase, and the white phase exhibit similar 

compositional similarities to their counterparts detected in the Ti1000 sample, 

indicating consistency in their formation and chemical stability across both alloy 

system. The dark phase remains enriched in Aluminium (Al) and Oxygen (O) indicative 

of the presence of an alumina-rich oxide and the formation of stable Al-O compounds 

[218]. The dark grey phase continues to exhibit a high concentration of Titanium (Ti) 

suggesting its role as the primary matrix phase of the alloy. This phase likely 

corresponds to the Ŭ-Ti phase, which is expected to be the dominate the 

microstructure feature due to the more amount of Ti in the base alloy. Its consistent 

presence across both samples indicates a stable phase constitution that relatively 

unchanged by minor compositional changes between Ti1000°C and Ti1100°C 

samples. 

 

The white phase is clearly distinguishable in backscattered electron image due 

to its higher atomic weight and it shows a composition predominantly composed by 

Chromium (Cr) and Iron (Fe). This composition is typically characteristic of Cr-Fe 

intermetallic compounds or precipitates, which may form as a result of elemental 

segregation during solidification or subsequent thermal treatments [229]. 
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Figure 4-40. EDXS map of Ti1100°C alloy. 

 


















































































































































































