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ABSTRACT 
FCC-BCC PHASE STABILITY AND MAGNETISM IN 

Mn20Fe20Co20Ni20Cu(20-x)Alx AND Mn20Fe20Co20Ni20Cu(20-x)Gax HIGH 
ENTROPY ALLOYS 

 
Yaşar ORBAY 

 
Master of Science (M.Sc.)  

Graduate School of Natural and Applied Sciences 
Department of Metallurgy and Material Engineering 

Supervisor: Assoc. Prof. Dr. Aslı ÇAKIR 
Jan 2023, 68 pages 

In this study, the structural and magnetic properties of Mn20Fe20Co20Ni20Cu(20-x)Alx 
and Mn20Fe20Co20Ni20Cu(20-x)Gax (x = 0, 5, 10, 15, 20 at %) high entropy alloys (HEAs) 
were investigated. The alloys were produced in an arc melter by using high purity 
elemental materials. The effect of varying Al and Ga contents on the crystal structures 
were studied using X-ray diffraction (XRD). Determination of the chemical 
compositions were performed by energy dispersive x-ray analysis (EDX). Magnetic 
properties were investigated with a superconducting quantum interference device 
(SQUID) magnetometer, and the micro-hardness of alloys was investigated using a 
Vicker-hardness tester.  
From the XRD results, the face-centered cubic (FCC) crystal structure was observed 
for x = 0 and 5 at% Al and x = 0, 5 and 10 at% Ga. In addition to the FCC phase, the 
body-centered cubic (BCC) structure is formed by further increasing the amount of Al 
and Ga. Moreover, the equimolar Mn20Fe20Co20Ni20Al20 HEA forms as the ordered 
intermetallic B2 phase as seen by the appearance of super-structure peaks. 
Magnetization measurements revealed that FCC and BCC structures emerge with their 
own characteristic magnetic properties. While the FCC phase exhibits ferromagnetic 
and anti-ferromagnetic mixed magnetic interactions, the BCC structure comes along 
with its soft magnetic behavior with pure ferromagnetism. The saturation 
magnetization, coercive fields, Curie temperatures and average magnetic moment 
values of each alloy and phase were determined and evaluated for all Al and Ga. 
Additionally, the exchange bias effect was observed as a result of ferromagnetic and 
antiferromagnetic mixed magnetic interactions. It vanishes for high amounts of Al and 
Ga. The valence electron numbers and average magnetic moments were interpreted in 
view of the Slater-Pauling rule for the two HEA series. Micro-hardness results show 
that the formation of the BCC structure leads to a distinct increase in the hardness for 
both Al and Ga addition. We have also investigated the magnetocaloric properties of 
these HEAs. The field dependent entropy change was studied for x = 0 at%. The 
maximum entropy change was found as 0.96 Jkg-1K-1 around Curie temperature at 5 T 
magnetic field. The entropy change does not reduce to zero in the measured 
temperature range.    
Keywords: High Entropy Alloy, Magnetism, Crystal Structure, Micro-hardness 
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ÖZET 
Mn20Fe20Co20Ni20Cu(20-x)Alx VE Mn20Fe20Co20Ni20Cu(20-x)Gax YÜKSEK 

ENTROPİ ALAŞIMLARINDA FCC-BCC FAZ GEÇİŞİ VE MANYETİZMA 
 

Yaşar ORBAY 
 

Yüksek Lisans Tezi 
 Fen Bilimleri Enstitüsü 

Metalurji ve Malzeme Mühendisliği Anabilim Dalı 
Danışman: Doç. Dr. Aslı ÇAKIR 

Ocak 2023, 68 sayfa 
Bu çalışmada, Mn20Fe20Co20Ni20Cu(20-x)Alx ve Mn20Fe20Co20Ni20Cu(20-x)Gax (x = 0, 5, 
10, 15, 20 at %) yüksek entropi alaşımlarının (HEAs) yapısal ve manyetik özellikleri 
incelenmiştir. Alaşımlar, yüksek saflıkta elementler kullanılarak bir ark ergitme 
yöntemi ile üretilmiştir. Değişen Al ve Ga içeriklerinin kristal yapılar üzerindeki etkisi 
X-ışınları difraktometresi (XRD) kullanılarak incelenmiştir. Kimyasal bileşimlerinin 
belirlenmesi enerji dağılımlı x-ışını analizi (EDX) ile gerçekleştirildi. Manyetik 
özellikler, süper iletken kuantum girişim cihazı (SQUID) manyetometresi ile incelendi 
ve alaşımların mikro sertliği Vickers-sertlik test cihazı kullanılarak araştırıldı.  
XRD sonuçlarından, x = 0 ve 5 %Al ve x = 0, 5 ve 10 % Ga için yüzey merkezli kübik 
(FCC) kristal yapısı gözlendi. FCC fazına ek olarak, Al ve Ga miktarının daha da 
artmasıyla hacim merkezli kübik (BCC) yapısı oluşur. Ayrıca eşmolar 
Mn20Fe20Co20Ni20Al20 HEA, süper yapı piklerinin ortaya çıkmasıyla düzenli 
intermetalik B2 fazı olarak oluşur. Manyetizasyon ölçümleri, FCC ve BCC yapılarının 
kendi karakteristik manyetik özellikleriyle oluştuğunu ortaya çıkarmıştır. FCC fazı, 
ferromanyetik ve anti-ferromanyetik karışık manyetik etkileşimler sergilerken, BCC 
yapısı saf ferromanyetizma ile yumuşak manyetik davranışı ile ortaya çıkmıştır. Tüm 
Al ve Ga örnekleri için doygunluk manyetizasyonu, zorlayıcı alanları, Curie 
sıcaklıkları ve her bir alaşımın ve fazın ortalama manyetik moment değerleri 
belirlenmiş ve değerlendirilmiştir. Ek olarak, ferromanyetik ve anti-ferromanyetik 
karışık manyetik etkileşimlerin bir sonucu olarak exchange bias etkisi gözlenmiştir. 
Yüksek miktardaki Al ve Ga alaşımlarında bu etki kaybolmuştur. Değerlik elektron 
sayıları ve ortalama manyetik momentler, her iki HEA serisi için Slater-Pauling 
kuralına göre yorumlanmıştır. Mikro sertlik sonuçları, BCC yapısının oluşumunun 
hem Al hem de Ga ilavesi için sertlikte belirgin bir artışa yol açtığını göstermektedir. 
Ayrıca bu HEA'ların manyetokalorik özellikleri de araştırıldı. Alan bağımlı entropi 
değişimi, x = 0 için incelenmiştir. 5 T manyetik alanda Curie sıcaklığı etrafında 
maksimum entropi değişimi 0.96 Jkg-1K-1 olarak bulunmuştur. Entropi değişimi, 
ölçülen sıcaklık aralığında sıfıra düşmemiştir 
Anahtar Kelimeler: Yüksek Entropi Alaşımı, Manyetizma, Kristal Yapı, Mikro-

sertlik 
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1. INTRODUCTION 

1.1. General Concept of High-Entropy Alloy  

Alloys with advanced properties make an irreplaceable contribution to the 

development of technology. Since the Bronze Age, humans have been investigating 

different types of materials with various alloying elements to obtain desired property. 

Conventional alloys are typically composed with the addition of a relatively small 

amounts of secondary elements to the primary component selected according to the 

property requirements. Adding tin to copper to make bronze or adding carbon to iron 

to make steel are classical and the first examples of traditional alloying. This traditional 

alloy strategy has led to the development of the physical and mechanical properties of 

materials for many years. The majority of high-performance alloys currently in use are 

a product of this conventional method. On the other hand, with evolved industry and 

technology, the search for new metallic materials with superior performance has paved 

the way for the coming of novel approaches. In that context, Cantor and Yeh 

independently worked on alloys consisting of five or more elements in equimolar or 

near equimolar ratios, which was defined as a new alloying strategy. Unaware of Yeh's 

work, Cantor was the first to do pioneering work to draw attention to new approach in 

1981 with his student. However, he published the first article on this subject in 2004 

and he described his new materials as "multicomponent alloys". Cantor et al. prepared 

alloys that have equimolar 20 elements each ratio of 5 at.% Mn, Cr, Fe, Co, Ni, Cu, 

Ag, W, Mo, Nb, Al, Cd, Sn, Bi, Pb, Zn, Ge, Si, Sb and Mg, and 16 elements each ratio 

of 6,25 at.% Mn, Cr, Fe, Co, Ni, Cu, Ag, W, Mo, Nb, Al, Cd, Sn, Pb, Zn, and Mg 

produced by induction melting. Same results were found for both alloys, 

polycrystalline microstructure and mechanically brittle. While studying the 

aforementioned two alloys, they discovered predominantly a main FCC crystal 

structure, in particular, in the regions with high concentrations of Cr, Mn, Fe, Co, and 

Ni elements. Then, they designed an equimolar Cr20Mn20Fe20Co20Ni20 alloy which 
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exhibits single FCC phase and a typical dendrite structure. The equiatomic 

FeCrMnNiCo alloy is known as the "Cantor alloys" (Cantor et al., 2004). Yeh, 

independently has referred to the same concept and he defined these new concept 

alloys as “High-Entropy Alloys” (Yeh et al., 2004). 

The first definition of HEAs based on compositional specifications is that as a new 

concept solid solution alloying strategy HEAs include five or more major metallic 

elements in equal or near-equal atomic percentage (at%) between 5% and 35% (Yeh 

et al., 2004).  

Another definition of HEAs is related to the concept of entropy. The utilization of high 

mixing entropy to promote the development of solid solution phase is the essence of 

this concept. When the mole fraction of elements approaches the equimolar ratio, the 

entropy of mixing reaches the highest value. The degrees of freedom in a system are 

comprised of the atomic vibrational configuration, magnetic moment configuration, 

and atomic arrangement configuration. These parameters represent the mixing entropy 

of the system in thermodynamic aspect (Srivatsan & Gupta, 2020, Yeh et al., 2013).  

The mixing entropy of a system increases with increasing number of elements  (Pu et 

al., 2019). In Figure 1.1, as a general classification of the mixing entropy for an 

equiatomic system is given as a function of the number of components.  

 
Figure 1.1 Mixing entropy of a system as a function of element number for equimolar alloys in 

totally disordered states (Pu et al., 2019). 
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Yeh et al. defined the HEAs as an alloy with the configurational entropy ΔSconf larger 

than 1.61R in their random solid solution state at room temperature, where R is the gas 

constant. This definition is expressed as, 

 𝛥𝛥𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≥ 1.61 𝑅𝑅                                   (1.1) 

The formation of a solid solution from the mixing of "n" components results in 

configuration entropy, ΔSconf, calculated by (Yeh et al., 2004), 

𝛥𝛥𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = − 𝑅𝑅∑ 𝑥𝑥𝑖𝑖 ln 𝑥𝑥𝑖𝑖𝑛𝑛
𝑖𝑖=1                         (1.2) 

Where R equals to 8.314 J/K mol., xi is the molar fraction of ith element and n is the 

total number of the components. The following equation is used to specify the 

configurational entropy change per mole, Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, when n components of the system 

are in equimolar ratios at its liquid state or regular solid solution state (Yeh, 2006; Yeh 

et al., 2004). 

∆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = −𝑅𝑅 �1
𝑛𝑛

ln 1
𝑛𝑛

+ 1
𝑛𝑛

ln 1
𝑛𝑛

+ ⋯ 1
𝑛𝑛

ln 1
𝑛𝑛
� = −𝑅𝑅 ln 1

𝑛𝑛
= 𝑅𝑅 ln𝑛𝑛            (1.3) 

Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 of HEAs is calculated according to Equation 1.3. The configurational entropy 

of the alloys with increasing number of constituent elements with equiatomic ratios is 

presented in Table 1.1.  

Table 1.1 Configurational entropy of equiatomic alloys (Δ𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) with constituent elements from 
1 to 13 (Yeh, 2013) 

n 1 2 3 4 5 6 7 8 9 10 11 12 13 
Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(R) 0 0.69 1.1 1.39 1.61 1.79 1.95 2.08 2.2 2.3 2.4 2.49 2.57 

 

The configurational entropy of HEAs with five equimolar elements is calculated as 

1.61R. Yeh et al. specified that multicomponent equiatomic alloys are classified into 

three categories as low-entropy alloys, medium-entropy alloys and high-entropy alloys 

(Yeh, 2006; Yeh, 2013) as shown in Figure 1.1. The alloys with configurational 

entropy less than 0.69R are known as low entropy alloys, while Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(R) is in between 

0.69R and 1.61R for medium entropy alloys, and higher than 1.61R for high entropy 

alloys. 
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1.2. Four Core Effects  

In comparison to conventional alloys, HEAs have unique characteristics in terms of 

composition, kinetics, microstructure, and physical and mechanical properties. To 

identify the key characteristics of HEAs, Yeh et al. proposed four core effects: high-

entropy effect for thermodynamics, sluggish diffusion effect for kinetics, severe lattice 

distortion effect for structure, and cocktail effect for properties (Yeh, 2006, 2013). 

1.2.1. High entropy effect 

Exhibiting a high configurational entropy is the main characteristic of HEAs. The solid 

solution formation from multi-principal-elements is mostly explained by the high-

entropy effect. Instead of the formation of intermetallic phases, HEAs are mostly 

formed as BCC, FCC or HCP structures (Murty et al., 2019). In the conventional 

alloying strategy, the solid solution phases have also been found to have greater 

configurational entropy than that of intermetallic compounds (M. H. Tsai & Yeh, 

2014). In thermodynamics, the Gibbs free energy change is given by ΔG = ΔH-TΔS 

where ΔH is enthalpy change, T is temperature and ΔS is entropy change. High entropy 

change in a mixing means low Gibbs free energy change when the enthalpy change is 

assumed zero. HEAs with large number of components in equimolar or near-equimolar 

ratios will aid to maximize the configurational entropy change of mixing. The higher 

mixing entropy in HEAs reduces the Gibbs energy and promotes the formation of 

solid-solution phases instead of intermetallic compounds, particularly at high 

temperatures. High-entropy alloys crystallize mostly as a solid-solution creating a 

simple structure stabilized with the reduction of the Gibbs energy. In recent studies, it 

has been considered that it is not only the effect of mixing entropy but also the effect 

of mixing enthalpy and atom size difference that determines the phase formation of 

high entropy alloys (K. Zhang & Fu, 2012).  

On the other hand, it is found that some HEAs may contain also intermetallic 

compounds in addition to the FCC and BCC phases especially after annealing at 

moderate temperatures although they are still above the limit of the high 
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configurational entropy value (Otto et al., 2013; M. H. Tsai & Yeh, 2014; K. Zhang & 

Fu, 2012).  

1.2.2. Sluggish diffusion effect 

When compared to conventional alloys, phase transformation kinetics and diffusion 

rates of atoms are slower in HEAs. The better high-temperature strength and structural 

stability and also formation of nanostructures and nano-sized precipitates have all been 

attributed to the sluggish diffusion effect due to the slow kinetics in HEAs (K. Y. Tsai 

et al., 2013).  

In conventional alloying strategy, the local atomic configuration remains mostly the 

same after solute and solvent atoms jump and fill the vacancies. In HEAs, local atomic 

configuration is different before and after an atom diffuse into the vacancy, since every 

element with large portions has a different diffusion rate. Each region has a different 

local energy due to the differences in local atomic configuration. Each element has 

different melting temperatures, and the bond strengths are different, so some of them 

are more energetic. The more energetic atoms exhibit a very high affinity for atomic 

diffusion into the vacancies, and they are trapped when they jump into low-energy 

region. Nearest neighbor atomic diffusion becomes more difficult for the trapped 

atoms (M. H. Tsai & Yeh, 2014). Thus, the diffusion process is slowed down by this 

incident. The sluggish diffusion effect reduces the phase transformation rate in HEAs. 

This also influences the formation of the supersaturated state and nano-sized 

precipitates easily at high temperatures and additionally, contributes to obtain a high 

recrystallization temperature, slow grain growth, and excellent creep resistance (Murty 

et al., 2019). 

1.2.3. Severe lattice distortion effect 

The lattice of HEAs is highly distorted because of the different elements with different 

atomic sizes and different bonding energies. Therefore, the lattice distortion of HEAs 

is expected to be more severe compared to conventional alloys as seen in Figure 1.2 

(Murty et al., 2019). Due to the severe lattice distortion, the properties of HEAs such 
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as hardness, strength, solid solution hardening, electrical resistance, and thermal 

resistance are affected severely (M. H. Tsai, 2013; Yeh, 2006). 

 

Figure 1.2 BCC lattice diagram showing lattice distortion comparison of conventional alloys and 
multicomponent alloys (Murty et al., 2019). 

 

1.2.4. Cocktail effect 

Ranganathan et al. was the first to propose that multi-metallic alloys have a cocktail 

effect, so multicomponent alloys were described by him as multi-material cocktails 

(Ranganathan, 2003). The characteristics of HEAs are strongly related to the 

characteristics of the constituent elements. While creating a HEA for a desired 

property, the inter-elemental interaction in the composing elements of mixing can give 

rise to observation of composite properties. Therefore, the inter-element factors should 

be considered before selecting elements when designing HEA. Indeed, the cocktail 

effect of multi-component mixing alloys has been encountered before the discovery of 

HEAs. Ti-Nb-Ta-Zr-O metallic glass alloys are designed by a car company and it is 

found that this alloy group exhibits a combination of remarkable properties like ultra-

low elastic modulus and ultra-high strength in addition to Invar and Elinvar properties 

(Saito et al., 2003). Nowadays, this kind of multifunctionalities appear in different 

kinds of HEAs. 
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2. OVERVIEW 

Recently, HEAs have attracted tremendous attention with excellent properties such as 

high strength (Senkov et al., 2014), high fatigue resistance (Hemphill et al., 2012), 

outstanding wear resistance (Chuang et al., 2011), high thermal stability (Wang et al., 

2014), high fracture toughness (Gludovatz et al., 2014; Z. J. Zhang et al., 2015) and 

high electrical resistivity (Y. Zhang et al., 2013). All these properties makes HEAs 

attractive in many technological applications (M. H. Tsai & Yeh, 2014). Besides the 

mechanical properties, the physical features like magnetic and electrical transport 

properties of HEAs are also rather encouraging.  

Initially, most of the studies have concentrated on the microstructures and mechanical 

characteristics of HEAs, whereas physical features such as magnetization and electric 

resistance have received less attention (M. H. Tsai, 2013). The magnetic properties of 

HEAs mainly depend on the alloying element and especially on the compositional 

diversity of magnetic elements found in HEAs (Mishra & Shahi, 2018). 

Iron, cobalt, and nickel are ferromagnetic 3d-metals widely utilized in alloy 

production. The equiatomic CoCrFeNiCuAl alloy show impressive soft magnetic 

properties, like greater saturation magnetization (Ms) 38.18 emu/g and a lower 

coercive field (Hc) 16.08 emu/g due to its homogeneous polycrystalline microstructure 

compared with magnetic characteristic of bulk metals (Y. Zhang et al., 2014).  

In terms of the mechanical properties, the AlxCoCrCuFeNi HEA system was studied 

by Tong et al. with changing Al content (Tong et al., 2005). Al is lightweight, soft and 

has a low melting point. They found that the alloy's micro-hardness and strength were 

increased considerably with increasing Al concentration, as shown in Figure 1.3. They 

reported that the formation of the BCC phase is promoted by the addition of Al. In 

addition to the strong bonding forces between Al and other elements, solid solution 

strengthening of Al atoms and the larger atomic radius of Al than the other atoms are 

responsible for the increase of hardness with increasing Al content. 
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Figure 1.1 Effect of aluminum addition (x values) on the phase transformation of 
AlxCoCrCuFeNi high-entropy alloy, □ refers to hardness, ● refers to fcc phase, and ▲refers to 

bcc phase (Yeh, 2006). 

 

Independently, Zhang et al., studied the effects of Al and Cu alloying on magnetic and 

mechanical properties of FeCoNi(CuAl)x (x=0-1.2, mol%) HEAs. It is observed that 

the crystallographic structures transform from FCC to BCC with increasing amount of 

Cu and Al which are diamagnetic and paramagnetic elements, respectively. They 

reported that a single FCC phase was present in the range 0 ≤ x ≤ 0.6 and FCC/BCC 

duplex phases were obtained for 0.7 ≤ x < 0.9. For 0.9 ≤ x ≤ 1.2, FeCoNi(CuAl)x HEA 

alloy was found to exhibit the BCC phase and minor FCC phase. They found the Ms 

of FeCoNi(CuAl)x HEAs decreased linearly, with increasing Cu and Al concentration. 

Also, they investigated the effect of annealing on the magnetic behavior of 

FeCoNi(CuAl)x HEAs. After annealing between 573-673 K, an increase in Ms from 

78.9 Am2/kg to 93.1 Am2/kg was observed in the range of 0.7 ≤ x < 0.9, where only 

the BCC and FCC duplex phases were present. However, no changes were observed 

in Ms for other concentrations. They emphasized that the annealing of HEAs could be 

a potential method for obtaining high saturation magnetization and superior soft 

magnetic metallic alloys (Q. Zhang et al., 2016).  

Additionally, Lucas et al. found that the alloy CoCrFeNi is a poor candidate for soft 

magnetic applications at high temperatures due to its low Ms and Curie temperatures 
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(Tc). They observed that the addition of Pd increases Ms and Tc. These alloys can be 

utilized for magnetic refrigeration applications by controlling Tc with Pd additions 

(Lucas et al., 2011). 

Zhang et al. studied Ms, Hc and electrical resistivity (ρ) of the ternary FeCoNi alloy. 

After some addition of Al and Si, the electrical resistivity of FeCoNi(AlSi)x alloy 

dramatically increased from 16.7 µΩ-cm to 250 µΩ-cm by changing x up to 0,8. On 

the other hand, as the x value increased, a slight decrease was observed in saturation 

magnetization. (Y. Zhang et al., 2013). 

Li et al. investigated the effect of Mn and Al contents on the magnetic and other 

physical properties of FeCoNi(MnAl)x high entropy alloys. They synthesized 

FeCoNi(MnAl)x alloys for x = 0, 0.5, 1, 1.5 and 2 by vacuum arc melting. It is reported 

that the alloys easily reach a high Ms with an applied magnetic field and show a low 

Hc when the applied magnetic field is removed or reversed indicating a soft-magnetic 

property. As given in Table 2.1, Ms values varies between 155.7 and 51.9 emu/g and 

the lowest value is found for FeCoNiMn0.5Al0.5 HEA.  

On the basis of crystal structures, the addition of 3A and 4A elements into 3d element 

based HEA’s, such as Al, Ga, Sn, leads to the partial formation of BCC structure (P. 

Li et al., 2017). 

Zuo et al. investigated magnetic behaviors of CoFeMnNiX (X = Al, Cr, Ga, and Sn) 

high entropy alloys. They found that CoFeMnNi and CoFeMnNiCr alloys exhibit a 

simple FCC structure, CoFeMnNiAl alloy possesses an ordered BCC structure and 

CoFeMnNiGa alloy exhibits both FCC and BCC phases, but the BCC is much higher 

than the FCC phase given by the volume fraction. Therefore, structural change from 

FCC to BCC occurs by adding Al and Ga elements. They also reported the Ms and Hc 

values of these alloys determined from their hysteresis loops. The ferromagnetic 

properties of CoFeMnNiAl, CoFeMnNiGa, and CoFeMnNiSn alloys have been 

revealed by these M-H loops. In contrast, M-H of CoFeMnNiCr exhibits paramagnetic 

behavior. The obtained Ms and Hc values are collected in Table1.1. While Ms of 

CoFeMnNi and Hc is 18.14 Am2/kg and 119 A/m, respectively, after Sn, Ga and Al 

were added, Ms increased to 80.29 Am2/kg, 80.43 Am2/kg and 147.86 Am2/kg 

respectively. The Hc value of CoFeMnNiGa and CoFeMnNiSn alloys were found as 

915 A/m and 3431 A/m, respectively. The CoFeMnNiSn alloy remains out of the scope 
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for soft magnetic behaviour, due to the Hc value being higher than 1000 A/m. It can 

be considered that the addition of Al and Ga compensates the antiferromagnetic 

character of manganese (Mn) atoms in CoFeMnNi. Furthermore, Al and Ga addition 

promote the formation of BCC. So it can also be concluded that the increasing value 

of Ms is correlated with the formation of the BCC phase (Zuo et al., 2017). 

 

Table 2.1 Crystal structure, saturated magnetization (Ms) and coercivity (Hc) values of 
FeCoNi(MnAl)x alloys (P. Li et al., 2017) and CoFeMnNiX (X = Al, Cr, Ga, and Sn) alloys (Zuo et 
al., 2017). 

Alloys Structure        Ms (emu/g or 
Am2/kg) Hc(A/m) 

FeCoNi FCC 155.7 189 

FeCoNiMn0.25Al0.25 FCC 101.0 268 

FeCoNiMn0.5Al0.5 FCC + Minor BCC 51.9 730 

FeCoNiMn0.75Al0.75 BCC + Minor FCC 129.6 445 

FeCoNiMnAl BCC 132.2 266 

CoFeMnNi FCC 18.14 119 

CoFeMnNiSn - 80.29 3431 

CoFeMnNiGa BCC + Minor FCC 80.43 915 

CoFeMnNiAl BCC 147.86 629 

CoFeMnNiCr FCC 1.39 10804 

 

A further example of the studies on magnetic properties of HEAs is performed by Na 

et al.. They investigated the magnetic behavior in equiatomic FeCoNiCrX (X = Al, 

Ga, Mn, and Sn) HEAs. It is reported that FeCoNiCrMn and FeCoNiCrSn alloys 

exhibit paramagnetic behavior. Both Mn and Sn elements changed neither the structure 

nor the magnetic properties of the base FeCoNiCr alloy. However, the addition of Al 

and Ga in FeCoNiCr base alloy changed the structure from FCC to a duplex phase of 
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FCC and BCC and the magnetic state from paramagnetic to ferromagnetic. In addition 

to this, the Ms value significantly increased with the addition of Ga and Al in the base 

alloy from 0.5 emu/g to 38 emu/g and 25 emu/g, respectively. They also showed that 

the increase in Ms is related to the formation of BCC in addition to FCC (Na et al., 

2018).  

Another study was performed on structural, magnetic, and mechanical properties of 

FeCoNi(CuAl)0.8Gax (0 ≤ x ≤ 0.08) HEAs. It is obtained that the addition of Ga 

promotes the formation of the BCC phase. The formation of the BCC phase would 

increase the Ms value, due to the magnetic properties associated with the phase 

constitution. With increasing Ga concentration from 0 to 0.08, the saturation 

magnetization value gradually increased from 78.6 to 82.8 Am2/kg. Additionally, the 

formation of the BCC phase, which is formed by the addition of Ga, is the most 

important factor in increasing both strength and hardness. They reported that the 

strength of the FeCoNi(CuAl)0.8Gax alloy increased with increasing Ga ratio (Z. Li et 

al., 2018).  

Xu et al. studied the effect of Ag, Cu, and Co addition on the magnetic properties of 

mechanically alloyed FeSiBAlNi HEAs. They pointed out that Ms of FeSiBAlNi HEA 

decreased with the addition of Ag, Cu, and Co (Xu et al., 2016). 

High Entropy FexCo1-xNiMnGa alloys were synthesized by arc melting method and 

the effect of Fe or Co addition to the microstructure, mechanical and magnetic 

properties was investigated by Zuo et al.. They found that Ms for CoNiMnGa, 

Fe0.5Co0.5NiMnGa, and FeNiMnGa alloys were 115.92 emu/g, 78.48 emu/g, and 37.79 

emu/g at 300 K, respectively. As the temperature decreases to 5 K, the value of Ms 

increases to 124.73 emu/g, 92.24 emu/g, and 81.73 emu/g for CoNiMnGa, 

Fe0.5Co0.5NiMnGa, and FeNiMnGa alloys, respectively. On the other hand, the Hc of 

the three alloys is found to be virtually identical at 300 K, with values of 28.4 Oe, 27.4 

Oe, and 27.9 Oe for FeNiMnGa, Fe0.5Co0.5NiMnGa, and CoNiMnGa, respectively. 

The Hc of the Fe0.5Co0.5NiMnGa and CoNiMnGa alloys retains almost the same (26.6 

Oe and 27.4 Oe, respectively) at 5 K. However, at 5 K the Hc value of the FeNiMnGa 

alloy decreased to 20.8 Oe compared with the Hc at 300 K. In this study, it was 

emphasized that these three alloys exhibited excellent soft magnetic properties (Zuo et 

al., 2018). 
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Magnetic behavior of as-cast FeNiCoMnCux alloy was studied by Rao et al. They 

observed an increase of Ms with increasing Cu content. They recorded Ms values as 9, 

16 and 25 Am2/kg, when x is equal to 0, 0.5 and 1 for FeNiCoMnCux respectively 

(Rao et al., 2020).  

Wu et al., investigated the effect of Ce addition to the FeCoNiCuAlCex (0 ≤ x ≤ 0.09) 

HEAs on the magnetic properties, corrosion resistance, and microstructure. They 

observed that the initial and maximum permeability, maximum flux density, 

remanence and Hc decrease with the formation of the BCC phase. On the other hand, 

the FCC phase improves the initial and maximum permeability. Increasing the Ce 

amount helped the formation of the BCC phase, but the content of FCC phase 

decreased. In this study, the magnetic characteristics of FeCoNiCuAl HEA were 

significantly affected by a small quantity of Ce addition. They reported that all alloys 

have shown good soft magnetic properties. The addition of Ce led to the FCC phase 

changing from ferromagnetic to non-ferromagnetic in the HEAs (Z. Wu et al., 2022). 

Guo et al. studied the effect of valance electron concentration (VEC) on phase stability 

in HEAs. They have shown that the VEC can be used to estimate the phase stability of 

FCC and BCC phases in HEAs. They found that the FCC phase is formed at higher 

VEC (≥8), while BCC phase is formed at lower VEC (<6.87) and mixed FCC and BCC 

phases are formed in between 6.87>VEC<8.0 (Guo et al., 2011). 

In this study, we performed a systematic study on FCC-BCC phase transition and its 

effect on magnetic and mechanical properties of (MnFeCoNi)80Cu(20-x)Alx and 

(MnFeCoNi)80Cu(20-x)Gax (x = 0, 5, 10, 15, 20 at %) HEAs. It is known from literature 

that the HEAs composed of 3d-transition metals exhibit the FCC structure. The BCC 

structure forms as a result of introducing a 3-4A group elements like Al, Sn, Ga and 

Si. Here, we chose equiatomic MnFeCoNiCu HEA as reference material and added Al 

and Ga in place of Cu by keeping the MnFeCoNi part at a constant molar ratio. Hence, 

we obtained two HEA series in a broad VEC (e/a) range. The structural, magnetic, 

magnetocaloric and micro-hardness properties were investigated. The average 

magnetic moment values were calculated from obtained results and they are evaluated 

in terms of Slater-Pauling rule.    
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3. EXPERIMANTAL PROCEDURE  

3.1. Sample Preparation 

Two different series of (MnFeCoNi)80Cu(20-x)Alx and (MnFeCoNi)80Cu(20-x)Gax (x = 0, 

5, 10, 15, 20 at %) HEAs were produced by vacuum arc melting method. The typical 

schematic of arc melting method is shown in Figure 3.1. In this method, an electric arc 

is created between negative and positive electrodes. Here, the negative electrode is 

tungsten with a sharp pointed end and the positive electrode is the Cu crucible. A 

water-cooling system is used to protect system from overheating and the melting 

process is performed under argon atmosphere. 

The high purity of elemental bulk Mn, Fe, Co, Ni, Cu, Al, and Ga materials were 

weighed in required portions. Each sample was prepared by calculating their atomic 

percentages to be 4 gram in total and was placed into a water-cooled copper crucible 

seen in Figure 3.2. The melting process and solidification were conducted such that 

the water-cooled copper crucible was under argon atmosphere. Then, the produced 

HEA was repetitively melted and solidified by turning four times in order to ensure 

that the components were thoroughly combined with each other in their liquid 

condition so that chemical homogeneity improved.  

 

 

Figure 3.1 A schematic diagram of an arc melter (Chen et al., 2005)  



14 

 

The ingots were sealed in a quartz tube under argon atmosphere and kept at 1000 °C 

for 1 day for further homogenization. The samples were then quenched to room 

temperature in water.  

 

 

Figure 3.2 Images from the melting moment (a) and Cu crucible (b) 

 

3.2. X-Ray Diffraction Measurements 

X-ray diffraction (XRD) measurements were performed at room temperature with 

Bragg-Brentano focusing geometry and Cu-Kα radiation (λ-Kα=1.54 Å) over the range 

of 20° ≤ 2θ ≤ 120° and the scanning rate was kept at 0,5°/min. The lattice parameters 

and crystal structures were obtained from the Rietveld refinement of X-ray data using 

Jana2006 software (Petricek et. al., 2014). 

The XRD as one of the non-destructive testing methods is based on the principle that 

each crystal plane reflects X-rays in a different path depending on their unique atomic 

arrangement. These diffraction profiles for each crystal plane identify the crystal 

structure. The interaction of incident X-rays with the electrons of crystal atoms causes 

the scatter of incident X-rays. The interference of the reflected waves may be 

destructive or constructive when the incident plane wave hits the crystal at an arbitrary 

angle as an illustrated in Figure 3.3. Although these waves cancel each other out in 

(a
 

(b) 
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most directions due to destructive interference, they overlap in a few directions and 

form constructive interference, which is given by the Bragg law of scattering (Bragg 

et al., 1913): 

2𝑑𝑑 sin𝜃𝜃 = 𝑛𝑛𝑛𝑛                      (3.1) 

Here d is the crystal spacing between diffracting planes, θ is the incident angle of x-

rays relative to surface, λ is the beam wavelength, and n is the integer order of 

diffraction. According to Bragg’s law, an x-ray diffractometer gives angle dependent 

intensity data indicating the crystalline planes of measured structures from a 2-5 μm 

depth from sample surface. 

 

 

Figure 3.3 Bragg’s law illustration. (a) Destructive interference, (b) Constructive Interference of 
reflected waves 

3.3. Energy Dispersive X-ray Spectroscopy (EDX) 

Energy dispersive X-ray (EDX) spectroscopy is performed to identify chemical 

quantities of elements in HEAs. The sample surfaces were polished for EDX mapping 

analysis by grinding with 320, 600, 800, 1200, 2000 and 4000 grid SiC abrasive paper. 

EDX is an analytical technique performed by characteristic X-rays. It is used to ionize 

atoms in the sample and generally connected to a transmission electron microscopy 

(TEM) or scanning electron microscopy (SEM). As it is illustrated in Figure 3.4, 

secondary electrons with low energy are formed by the primary electron beam hitting 

an electron in an inner orbital and removes it from the orbital. Thus, the atom becomes 
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ionized and unstable. When another electron from the outer orbitals settles into the 

vacancy, the atom becomes stable again and the generated energy difference is emitted 

as x-rays such as Kα, Lα, Mα and Kβ. Emitted X-rays are collected by the EDX detector. 

These characteristic x-rays are used to identify each element in the sample. By using 

a spectrum, histogram, and mapping, EDX can determine which elements are present 

and where they are located and how much they are in the sample.  

 

 

Figure 3.4 Schematic illustration of the EDX characterization.  

 

3.4. Magnetization Measurements 

Temperature-dependent magnetization M(T) measurements were performed under 5 

mT and 5 T external magnetic fields in the temperature range of 10 K ≤ T ≤ 380 K and 

with an oven unit up to 780 K using Superconducting Quantum Interference Device 

(SQUID) magnetometer.  

To determine the intrinsic magnetic behavior of the samples, low field (5 mT) 

measurements were performed. Tc were also obtained from these measurements. The 

M(T) measurements in the range 10 K ≤ T ≤ 380 K are performed in 3 stages which 

determine the magnetic and structural phase changes. These are zero-field-cooled 

(ZFC), field-cooled (FC), and field-warmed (FW) measurements. For ZFC 

measurement, first the sample was cooled down to 10 K from room temperature 
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without applying any external magnetic field. Then, a 5 mT magnetic field is applied 

and magnetization was measured by increasing the temperature from 10 K to 380 K 

The sample is magnetized spontaneously under the influence of an internal molecular 

interaction in ZFC condition. As a result, ZFC measurements shows how virgin 

magnetization varies with temperature. In the case of FC, the measurement was 

performed from 380 K to 10 K with an applied 5 mT magnetic field and magnetization 

was measured while cooling under the applied magnetic field. FW measurements were 

carried out at increasing temperatures from 10 K to 380 K with same external magnetic 

field. The M(T) measurements were also performed under 5T external magnetic field 

in order to obtain the saturation magnetization of alloys. Additionally, SQUID furnace 

was utilized for some samples for high temperature measurements. 

In this study also, field-dependent magnetization M(H) measurements were performed 

using the SQUID magnetometer at 10 K for each alloy by applying a field in the range 

-5 T ≤ B ≤ 5 T. M(H) measurements generally are used to obtain Hc and the 

permeability of a ferromagnetic material. 

3.5. Hardness Measurements 

The resistance of a material to permanent deformation, such as indentation, abrasion, 

or scratch, is described as hardness. Hardness test is the most widely used mechanical 

test to determine the suitability of a material for a specific application and, to evaluate 

the properties of metals, in particular. 

The microhardness values of the high entropy alloys produced in this study were 

measured using a Duroline M Micro Vickers Hardness Tester under 3N load with a 

dwell time of 10 seconds. At least 10 hardness measurements were taken from various 

regions of each alloy sample and the average was used as the micro-hardness value. 
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4. RESULTS AND DISCUSSION 

In this section, the measurement results of (MnFeCoNi)80Cu(20-x)Alx and 

(MnFeCoNi)80Cu(20-x)Gax with (x = 0, 5, 10, 15, 20 at %) HEAs will be given and 

discussed in two subsections with the order of XRD, EDX, magnetization and 

hardness. Additionally, magnetocaloric measurements for x = 0 alloy will be given as 

a third subsection. 

4.1. Mn20Fe20Co20Ni20Cu(20-x)Alx High Entropy Alloys 

In this section, XRD, EDX, magnetization and hardness results of (MnFeCoNi)80Cu(20-

x)Alx HEAs with x = 0, 5, 10, 15 and 20 at% will be given. 

4.1.1. X-ray diffraction measurements 

X-ray diffraction (XRD) patterns of each alloy are presented in Figure 4.1. The pure 

FCC crystal structure was detected for x = 0 and 5 at% alloys. Then, BCC crystal 

structure was formed in addition to FCC with increasing Al content. The evolution of 

BCC peaks is shown with arrows in Figure 4.1. The superstructure peaks of the BCC 

phase at 30° and 55° emerge for the alloy x = 20 at%. This means that a portion of 

BCC is ordered as B2 with the rest as Al. B2 is known as the ordered CsCl structure. 

Cl atoms take place at the body centers of cubic lattice and here, Al takes place at body 

centers in contrast to the randomly distributed other atoms.  

To obtain the lattice parameters and the phase fractions of each phase, we performed 

Rietveld refinement of the XRD data. In the refinement results given in Figure.4.2a-d, 

the observed and calculated data are given in black and red lines, respectively. The 

blue lines represent the difference between observed and calculated data and vertical 

black lines correspond to the Bragg peak positions of FCC and BCC phases. 

The refinements have been performed by profile fitting of the FCC structure with Fm-

3m space group and a profile fitting of the BCC structure with Im-3m space group. 

For the alloy x = 20 at%, the fitting of the B2 structure (Figure.4.2d) was also 
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performed with Pm-3m space group and, it is observed that fitting B2 gives a better 

result than fitting BCC due to the presence of superstructure peaks at 30° and 55°. The 

formation of the B2 structure has also been detected in many kinds of HEAs which are 

mostly produced with 3d transition elements such as Fe, Co, Ni, Mn, Cu, Cr and Ti 

along with Al due to the strong affinity between Al and the other elements (Murty et 

al., 2019). 

 

Figure 4.1 XRD data of (MnFeCoNi)80Cu(20-x)Alx HEAs. 

 

The obtained lattice parameters and phase fractions of each phase are given in Table 

4.1. The lattice parameter of the FCC structure first slightly increases with the addition 

of Al as a result of its larger atomic radius. Then, with the formation of the BCC phase, 

it decreases to its initial value for the alloy x = 15 at% and even below it for the alloy 

x = 20 at%. The lattice parameter of the BCC structure remains the same for the alloys 

x = 10 and 15 at%. Then, it decreases slightly for x = 20 at% alloy. This can be 

attributed to the formation of the ordered B2 structure. Al with large atomic radius 

replaces the body centers by letting the other atoms with relatively small radius to sit 

at the corners of cubic structure. 

The phase fractions, also given in Table 4.1 show that the BCC phase is initially 

formed with 14% for the alloy x = 10 at%. The fractions of FCC and BCC are almost 
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equal for the alloy with x = 15 at%. Then, 23% of FCC occurs in the structure for the 

alloy x = 20 at% being the alloy with highest amount of Al. The rest of the alloy with 

77% is composed of BCC/B2. 

 

 

Figure 4.2 Rietveld refinement XRD data of Mn20Fe20Co20Ni20Cu(20-x)Alx HEAs, (a) x=0, (b) x=5,  

(c) x=10, (d) x=15 and (e) x=20 obtained by Jana2006 

 

Table 4.1 Lattice parameters and phase fractions of fcc and bcc phases for (MnFeCoNi)80Cu(20-

x)Alx HEAs. 

x 

 (at%) 

Lattice Parameters Phase Fractions 

fcc (Å) bcc (Å) fcc bcc 

x=0 3.6201 - 1 - 

x=5 3.6239 - 1 - 

x=10 3.6276 2.9022 0.86 0.14 

x=15 3.6203 2.9020 0.45 0.55 

x=20 3.6170 2.8991  0.23 0.77 (BCC&B2) 
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4.1.2. EDX analysis 

In order to determine the chemical composition of the phases and the element 

distributions of (MnFeCoNi)80Cu(20-x)Alx HEAs, EDX mapping and point analysis 

were performed. In the present study, after identifying the phase boarders by mapping, 

the nine random EDX spectra were obtained for each phase to obtain the average phase 

compositions. Figure 4.3 shows the electron image and the results of EDX-mapping 

for all elements. The scale bar given on the electron images corresponds to 50 μm in 

length. Table 4.2 shows the result of EDX point analysis and corresponding e/a values 

of the alloys.  

According to mapping results given in Figure 4.3a-e, the alloys with x = 0 and 5 at% 

(Figure 4.3a-b) were formed with a homogeneous distribution of all elements which 

correlates with the existence of single FCC structure. 

The first BCC phase was observed in x=10 at% (Figure 4.3c) HEA which contains two 

different regions in elemental mapping that are darker and brighter. The main phase of 

this alloy is the FCC structure with a larger phase fraction as seen in Table 4.1. It is 

understood that for Al and Ni, the darker areas represent the FCC phase and the 

brighter areas corresponds to the BCC phase. The completely opposite situation occurs 

for Fe. The darker regions represent the BCC phase, while the brighter regions 

correspond to the FCC phase. It can be clearly understood that the BCC phase is 

enriched with Al and Ni, while the FCC phase is enriched with Fe. A dendritic structure 

was observed at x=15 at% (Figure 4.3d) alloy because of solidification followed by 

arc melting. For this sample, the phase fractions of both FCC and BCC are almost 

equal to each other, so it is seen that the main matrix phase has changed to BCC and 

FCC structure formed as dendrites. For the sample x = 20 at% (Figure 4.3e), the main 

matrix of alloy becomes the BCC/B2. When we look for the elemental distribution for 

each phase, Co, Cu and Mn are almost similar in value of the atomic concentration for 

both FCC and BCC phases. We do not observe any distinct change in mapping for 

these elements. However, Fe, Ni and Al exhibit significant differences in compositions 

of the two phases. While most of the Fe prefers to remain in the FCC structure, Ni and 

Al prone to be in the BCC structure mostly. 
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Additionally, as shown in Figure 4.4a-b, EDX elemental mapping was also performed 

with a lower magnification for the x =20 at% alloy to interpret the grain structure in 

more detail. The scale bar in Figure 4.4b corresponds to 100 μm. At this magnification, 

it is clearly seen that the FCC phase occurs only at the grain boundaries as precipitates. 

This can also be associated with the formation of the ordered intermetallic B2 phase.  

 

 

Figure 4.3 EDX elemental mapping analysis of (MnFeCoNi)80Cu(20-x)Alx HEAs, (a) x=0, (b) x=5,  
(c) x=10, (d) x=15 and (e) x=20 from the same region (50 μm magnification) 

 

 

Figure 4.4 The comparison of (MnFeCoNi)80Al20 HEA at different areas and different scales a) 
50μm magnification b) 100μm in given scale bar. 

 

In Table 4.2, the compositions obtained from EDX analysis and corresponding e/a 

values are given. As a compositional comparison, x = 0 and 5 at% alloys exhibit a 
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homogeneous single-phase FCC structure. For x = 10, 15 and 20 at%, the sample 

exhibit both the FCC and BCC phases together. This means that Al addition facilitates 

the formation of the BCC phase with high amount of Al. From the compositions, it is 

clearly seen that Al and Ni are enriched in the BCC phase, while Fe is enriched in the 

FCC phase.  

 

Table 4.2 Chemical compositions (at%) and e/a values of each sample for (MnFeCoNi)80Cu(20-

x)Alx HEAs. 

Al  

(at%) 

FCC BCC 

Chemical Composition e/a Chemical Composition e/a 

x=0 Mn18.2Fe21.0Co21.0Ni20.5Cu19.3 9.02 -- - 

x=5 Mn19.8Fe20.6Co20.7Ni20.1Cu14.0Al4.8 8.73 -- - 

x=10 Mn19.3Fe22.2Co21.0Ni19.7Cu10.6Al7.2 8.37 Mn17.9Fe13.8Co17.8Ni25.9Cu8.4Al16.2 7.96 

x=15 Mn20.7Fe27.3Co21.9Ni16.3Cu5.4Al8.5 8.08 Mn18.0Fe15.5Co19.1Ni23.4Cu5.0Al19.1 7.68 

x=20 Mn24.2Fe37.2Co20.8Ni11.3Al6.5 7.87 Mn17.8Fe17.0Co21.2Ni23.2Al20.9 7.46 

 

The e/a values for each phase given in Table 4.2 span in a large range between 9.02 ≥ 

e/a ≥ 7.46 including some critical values for physical properties of 3d-transition metals 

and elements. As an example, e/a = 8 corresponds to the value for FCC-Fe, the 

properties observed for FCC-Fe such as anti-Invar can also be observed in other 3d-

metal alloys. Fe64Ni36 Invar alloy with e/a =8.7 exhibits a low coefficient of thermal 

expansion. This means that in this study, the alloy with x = 5 at%, having the same e/a 

value, can also exhibit low thermal expansion. It is observed that e/a values decrease 

with increasing the Al content, and the BCC phase gradually stabilizes accordingly. 

One of the main parameters to classify the phase formation in HEAs is e/a. It has been 

found in recent years that the stability of the FCC and BCC solid solution phases is 

strongly influenced by e/a (Guo et al., 2011). The FCC phase is stable for e/a ≥ 8, and 

duplex BCC and FCC phases are formed for 6.87 < e/a < 8.0.  
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4.1.3. Magnetization measurements 

The magnetization measurements have been carried out as temperature-dependent 

M(T) and field-dependent M(H). M(T) measurements were carried out under 5 mT 

and 5 T external magnetic fields using a SQUID magnetometer in the temperature 

range of 10 K ≤ T ≤ 380 K. For some compositions such as x = 0, 10, 15 and 20 at%, 

magnetization measurements were also done at high temperatures in the range 380 K 

≤ T ≤ 780 K under a 5 mT external magnetic field with an oven installed to the SQUID 

magnetometer. 

The results of the measurements performed at 5 mT external magnetic field are given 

in Figure 4.5a-e. The temperature range of 10 K ≤ T ≤ 380 K is indicated with a blue 

line and the range of 380 K ≤ T ≤ 800 K is indicated with a red line. The low 

temperature M(T) measurements were carried out in ZFC, FC and FW sequences. 

Tcs are obtained for each sample in these measurements. Tc is the temperature 

corresponding to the magnetic transition when a ferromagnetic material loses its 

permanent alignment and becomes paramagnetic at high temperatures. In Figure 4.5a-

e, the point where the derivative of the magnetization with respect to temperature 

reaches a minimum gives Tc. In this context, Tc values were obtained by taking the 

derivatives of the M(T) measurements. For x = 0 at%, as given in Figure 4.5a, the alloy 

exhibits a paramagnetic (PM) behavior at high temperatures, then ferromagnetic (FM) 

ordering is observed below Tc = 378 K. The splitting between ZFC and FC 

measurements indicates that the material embodies both FM and anti-ferromagnetic 

(AF) mixed magnetic ordering together. This gives rise to a spin glass state as observed 

in the ZFC and FC measurements. During the ZFC process, the spins are frozen at a 

certain temperature which is called the freezing temperature (Tf) and they are no longer 

affected by the external magnetic field. This state is known as a spin glass magnetic 

state. So, splitting starts after this point. Such a splitting is often a sign of various 

configurational locking of remnant or intrinsic ferromagnetic components by the 

antiferromagnetic environment (Mañosa et al., 2003).  A similar PM-FM transition 

with Tc = 220 K and ZFC-FC splitting are observed for the sample with x = 5 (Figure 

4.5b). Adding a small amount of Al instead of Cu gives rise to a decrease in the 

magnetic ordering temperature. For the sample x = 10 (Figure 4.5c), in addition to Tc 
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of the FCC structure around 130 K, the second Tc at 745 K emerges with the formation 

of the BCC phase. For x = 15 (Figure 4.5d), the Tc of BCC phase shifts to a higher 

value around 770 K while the Tc of FCC almost vanishes. As given in the inset of 

Figure 4.5d, a small cusp at 80 K only remains, and this cusp is an indication for the 

AF ordering temperature, TN. For this alloy, e/a = 8.08 for the FCC phase which is 

almost equal to that of metastable fcc γ-Fe with a TN = 80 K. The magnetic ordering 

temperature related to the FCC phase vanishes for the alloy x = 20 at% and Tc of 

BCC/B2 structure is located at 735 K (Figure 4.5e). The decrease in Tc can be 

attributed to the formation of ordered B2 phase. 

 

 

Figure 4.5. Temperature-dependent magnetization curves under 5 mT external magnetic field 
for (MnFeCoNi)80Cu(20-x)Alx with x = 0, 5, 10, 15 and 20 at% represented in (a), (b), (c), (d) and 

(e) respectively. 

 

The results of the M(T) measurements performed under 5 T external magnetic field 

are given in Figure 4.6. The purpose of these measurements carried out under a high 

magnetic field is to find the saturation magnetization. The Ms and Tc values are 

collected in Table 4.3. Ms first decreases with increasing amount of Al and then 

increases with the formation of the BCC phase. The maximum Ms value was obtained 
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for the Cu-free alloy as 102 Am2k-1. It is clear that the formation of the BCC/B2 phases 

is the main factor for increasing Ms. This increase was also supported by some other 

researches performed on HEAs (P. Li et al., 2017; Z. Li et al., 2018; Na et al., 2018; 

Zuo et al., 2017). 

 

 

Figure 4.6 Magnetization measurements as a function of temperature (MnFeCoNi)80Cu(20-x)Alx 
HEAs obtained from a magnetic field of 5 T. 

 

Table 4.3 Saturation magnetization (Ms), curie temperature (Tc) of (MnFeCoNi)80Cu(20-x)Alx 
HEAs. 

Al 

(at%) 

Ms  

(Am2/kg) 

Tc(K) 

FCC BCC 

x=0 54 378 - 

x=5 43 220 - 

x=10 45 130 745 

x=15 82 80 (TN) 770 

x=20 102 - 735 
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M(H) measurements of the (MnFeCoNi)80Cu(20-x)Alx alloys are shown in Figure 4.7. 

The parameters obtained from magnetization measurements such as Ms and coercive 

field (Hc) are shown as a function of Al content and are given in Figure 4.8. 

The magnetic hysteresis loops of all these alloys resemble typical ferromagnetic and 

soft magnetic materials behavior. The loops in soft magnetic materials are quite narrow 

and they show low Hc (Coey, 2010). The Hc of these samples firstly increases for x = 

0, 5 and 10, then a significant drop occurs for x = 10 and 20 alloys. The values of Hc 

for the synthesized HEAs are found to be 360 Oe, 930 Oe, 1120 Oe, 40 Oe and 7 Oe. 

The low Hc and high Ms values are associated with the presence of the pure 

ferromagnetic interactions for x = 20 alloy. The formation of the BCC/B2 phase with 

increasing Al content is directly related to the increase of Ms and the decrease of Hc. 

We can therefore conclude that these alloys exhibit soft magnetic behavior for high Al 

contents, and FM-AF mixed magnetic interactions are observed for the alloys with low 

Al amount. 

 

 

Figure 4.7. Field-dependent magnetization measurements of (MnFeCoNi)80Cu(20-x)Alx HEAs  
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Figure 4.8. Coercive field (Hc) and saturation magnetization (Ms) as a function of x value for 
(MnFeCoNi)80Cu(20-x)Alx HEA. 

Furthermore, exchange bias (EB) effects has been observed for x = 0, 5 and 10 at% 

samples as horizontal shifts in FC M(H) measurements as seen in Figure 4.9. The red 

data is obtained at 10 K in the field cooled state of the sample, while the black data 

shows the zero-field cooled state of same sample at 10 K. The EB effect gradually 

vanishes with increasing Al content. One of the effects of the exchange anisotropy 

achieved at the interface between an AF and an FM material is known as exchange 

bias (Nogués & Schuller, 1999). At the FM–AF interface, the interaction between the 

FM–AF spins acts to prevent the rotation of the FM spins in the direction of the applied 

field. When the field is sufficiently strong, the spins rotate, but rotate back easier when 

the field is again gradually reversed. Thus, shifts are observed at the hysteresis loops, 

it causes the formation of EB (Vishnoi & Kaur, 2011).  
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Figure 4.9. The enlarged hysteresis loops for (MnFeCoNi)80Cu(20-x)Alx at x=0, 5 and 10 at%. 

 

Additionally, due to same reason as the EB effect, double-shifted hysteresis loop has 

been observed during ZFC especially with the x=0 sample in Figure 4.9. This double-

shifted hysteresis loop consists of two sub-loops shifting in different directions such 

as one subloop shifts into the positive field while the other shifting into the negative 

field. It can be understood in this study that when the Al concentration increases, the 

FM interaction takes charge, and the AF anisotropy decreases. Thus, the EB eff ect 

diminishes.  

4.1.4. Micro-hardness measurements 

The minimum, maximum and average values of the measured microhardness of each 

alloy for the (MnFeCoNi)80Cu(20-x)Alx HEAs are given in Table 4.4. Considering the 

hardness results in relation to the Al content, an increase was observed with increasing 

Al content and the resulting BCC phase formation in the microstructure. For the alloys 

with x = 15 and 20 at% with the highest phase fractions of BCC, the micro-hardness 

values are the highest. The BCC phase is substantially stronger than the FCC phase. 

The reason for this is thought to be because of the increase in the elastic modulus by 
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the presence of elements such as Al with strong binding characteristics in the BCC 

phase (J. M. Wu et al., 2006).  

 

Table 4.4. The micro-hardness variation of (MnFeCoNi)80Cu(20-x)Alx alloys. 

Al 

(at%) 
Min. HV Max. HV Avr. HV 

x=0 186.6 199.8  194.1 

x=5 187.6 215.2 201.1 

x=10 197.3 207.0 202.4 

x=15 399.9 434.1 420.0 

x=20 477.9 507.8 494.8 

 

4.2. Mn20Fe20Co20Ni20Cu(20-x)Gax High Entropy Alloy 

In this section, XRD, EDX, magnetization and hardness results of (MnFeCoNi)80Cu(20-

x)Gax HEAs with x = 0, 5, 10, 15 and 20 at% are discussed. 

4.2.1. XRD measurements 

XRD results for (MnFeCoNi)80Cu(20-x)Gax HEAs with x = 0, 5, 10, 15 and 20 at% are 

given in Figure 4.10. The base (MnFeCoNi)80Cu20 alloy is same as the alloy is given 

in the previous section. Similar to the alloys with Al, for HEAs with Ga, an FCC - 

BCC phase transition was observed as the Ga content increased. The first BCC 

formation was detected for x = 15 at%. Compared to the Al series, the BCC phase 

formation starts at higher Ga addition. In contrast to HEAs with Al, in this case the 

formation of the B2 structure was not observed in XRD data. 
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Figure 4.10 XRD data of (MnFeCoNi)80Cu(20-x)Gax alloys  

 

Figure 4.11a-e show Rietveld-refined XRD pattern profiles of the alloys. The Fm-3m 

space group was used for the FCC structure, and the BCC structure was refined with 

the Im-3m space group. In Figure 4.11a-e, black and red data correspond to calculated 

and measured data, respectively. The difference between the observed and calculated 

data is represented by blue lines. Bragg peak positions of the phases are represented 

by black bars. The pure FCC structure is fitted for the alloys with x = 0, 5 and 10 at%, 

while the BCC structure contributes to the refinement for x = 15 and 20 at% alloys.  

The lattice parameters and phase fractions obtained from the refinements are given in 

Table 4.5. The lattice parameters of the FCC phase first increase with the addition of 

Ga atom having a larger atomic radius than the other atoms. Then it remains almost 

constant for the other alloys. The lattice parameter of the BCC structure also remains 

constant with varying Ga content, and it is the same with that of obtained the alloys 

with Al. The phase fractions of the FCC and BCC phases for x = 15 and 20 at% are 

almost inverted according to Table 4.5. The 22% of BCC for x = 15 at% increases to 

79% with 5% of Ga addition.   
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Figure 4.11 Rietveld refinement XRD data of (MnFeCoNi)80Cu(20-x)Gax alloys  (a) x = 0, (b) x=5, 
(c) x=10 (d) x=15 and (e) x=20 at% 

 

Table 4.5. Lattice parameters and phase fractions (MnFeCoNi)80Cu(20-x)Gax HEAs. 

Ga 

(at%) 

Lattice Parameters Phase Fractions 

fcc (Å) bcc (Å) fcc bcc 

x=0 3.6201 - 1 - 

x=5 3.6402 - 1 - 

x=10 3.6382 - 1 - 

x=15 3.6407 2.9099 0.78 0.22 

x=20 3.6348 2.9022 0.21 0.79 

 

4.2.2. EDX analysis 

EDX mapping and point analysis were performed to obtain the chemical compositions 

of the phases and element distributions in (MnFeCoNi)80Cu(20-x)Gax high entropy 

alloys. The mapping results for all elements are given in Figure 4.12a-e for x = 0, 5, 
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10, 15 and 20 at% alloys, respectively. The scale bar given in the electron images 

corresponds to 50 μm. Figures 4.12a-c show the homogenous distribution of the 

elements for x = 0, 5 and 10 at% alloys and correlate with XRD results as observed 

single FCC phase. The regions of two different phases seen as a darker and a brighter 

contrast were observed for the sample x=15 and 20 at% (Figure 4.12d and e). For these 

two samples, the FCC phase has a larger region because the phase fraction of the FCC 

phase is larger than the BCC phase as obtained from refinement results. In this case, 

the brighter regions for Ni and Ga elements represent the BCC phase while the brighter 

region for Fe corresponds to the FCC phase. At x=20 (Figure 4.12e), it is seen that the 

regions corresponding to the BCC phase has increased in size and constitutes the main 

phase of the alloy. 

 

 

Figure 4.12. EDX elemental mapping results of (MnFeCoNi)80Cu(20-x)Gax HEAs, (a) x=0, (b) x=5,  
(c) x=10, (d) x=15 and (e) x=20 at%. 

 

The chemical compositions and e/a values of (MnFeCoNi)80Cu(20-x)Gax HEAs are 

given in Table 4.6. For x = 0, 5, and 10 at%, the compositions of the homogeneously 

distributed single FCC phase were obtained. For x = 15 and 20 at% alloys, the 

composition of both FCC and BCC phases were acquired as given in Table 4.6. The 
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addition of Ga promotes the formation of the BCC phase. We can also conclude that 

Ga and Ni prone to be in the BCC phase, while the FCC is enriched with Fe. 

As shown in Table 4.6, when the Ga concentration increases, the e/a values decrease 

and form the BCC phase. As it also seen in the Al added HEAs, the single FCC phase 

becomes stable and forms for e/a ≥ 8, while both BCC and FCC phases are stable in 

between 6.87 < e/a < 8.0. 

 

Table 4.6 Chemical compositions and e/a values for (MnFeCoNi)80Cu(20-x)Gax HEAs. 

Ga 

(at%) 

FCC BCC 

Chemical Composition e/a Chemical Composition e/a 

x=0 Mn18.2Fe21.0Co21.0Ni20.5Cu19.3 9.02 -- - 

x=5 Mn16.5Fe22.2Co21.6Ni19.7Cu12.8Ga7.2 8.47 -- - 

x=10 Mn17.6Fe23.2Co22.1Ni19.2Cu8.1Ga9.7 8.18 -- - 

x=15 Mn18.4Fe22.4Co21.7Ni19.0Cu4.3Ga14.2 7.83 Mn18.1Fe14.3Co17.6Ni23.7Cu5.2Ga21.1 7.57 

x=20 Mn19.0Fe29.2Co21.7Ni15.6Ga14.4 7.61 Mn19.0Fe18.8Co19.8Ni21.1Ga21.3 7.37 

 

4.2.3. Magnetization measurements 

M(T) measurements under 5 mT and 5 T external magnetic fields and M(H) 

measurements performed for (MnFeCoNi)80Cu(20-x)Gax HEAs are given in Figure 

4.13a-e. The M(T) measurements were performed in the temperature range of 10 K ≤ 

T ≤ 380 K under 5 mT and 5 T external magnetic fields using a SQUID magnetometer. 

M(T) measurements were also carried out at high temperatures between 380 K ≤ T ≤ 

780 K under a 5 mT external magnetic field for the alloys with x = 0, 15 and 20 at%. 

The low temperature measurements are given with blue lines and the high temperature 

measurements are represented by red lines. The splitting between ZFC and FC 

susceptibilities is also observed below Tc for the samples with x = 0, 5 and 10 at% Ga. 

It is seen that the splitting decreases with increasing Ga concentration and disappears 

for the x = 15 alloy. It is understood that while the alloys initially exhibit coexistence 
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of FM and AF interactions, it begins to show completely FM characteristics as the Ga 

content increases. 

The Tc and Ms values for each phase of the alloys are given in Table 4.7. The Tc of the 

FCC phase decreases with increasing Ga content for the alloys with x = 0, 5 and 10 

at% (Figure 4.13a-c). Then, the Tc of the FCC phase only remains as a cusp around 85 

K for x = 15 and 20 at% (Figure 4.13d and e). This shows that the AF behavior remains 

from the FM-AF mixed state of the FCC structure. The second Tc appears at high 

temperatures for x = 15 and 20 at% alloys with the formation of the BCC phase (Figure 

4.13d and e). Tc corresponding to the BCC phase also increases with increasing Ga 

content for these two alloys, in contrast to (MnFeCoNi)80Al20 alloy with a decreasing 

Tc as a result of the formation of ordered B2 structure. 

 

 

Figure 4.13 Temperature-dependent magnetization curves under 5 mT external magnetic field 
for (MnFeCoNi)80Cu(20-x)Gax with x = 0, 5, 10, 15 and 20 at% represented in (a), (b), (c), (d) and 

(e) respectively. 

Figure 4.14 shows the M(T) measurements carried out under 5 T external magnetic 

field. From these measurements, the Ms values are determined and given in Table 4.7. 

A slight decrease in Ms value was observed with the addition of Ga into the equimolar 

Mn20Fe20Co20Ni20Cu20 HEA. However, it increases with further Ga amount and results 

in BCC formation. For x = 20 at%, the highest value of Ms was found as 98 Am2/kg. 
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In this context, it is obvious that one of the contributing factors to obtain high 

saturation magnetization is the formation of the BCC phase. 

 

 

Figure 4.14 Temperature dependent magnetization measurements for (MnFeCoNi)80Cu(20-x)Gax 
HEAs under 5 T external field. 

 

Table 4.7. Saturation magnetization (Ms) and Curie temperature (Tc) of (MnFeCoNi)80Cu(20-

x)Gax HEAs. 

Ga 

at% 

Ms  

(Am2/kg) 

Tc (K) 

FCC BCC 

x=0 54 374 - 

x=5 46 266 - 

x=10 21 151 - 

x=15 51 85 (TN) 750 

x=20 98 - 772 

 

Figure 4.15 shows the M(H) measurements of (MnFeCoNi)80Cu(20-x)Gax HEAs. The 

coercive fields obtained from the hysteresis loops Hc are shown in Figure 4.16 with 

Ms values together. The (MnFeCoNi)80Cu(20-x)Gax HEAs exhibit soft ferromagnetic 

behavior with increasing amount of Ga or with the formation the BCC phase similar 

to the Al-series samples. The initial mixed FM-AF interactions coming from the FCC 
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feature diminishes, and soft magnetic interactions become dominant. For this reason, 

as seen in Figure 4.16, Hc decreases while the Ms increases in hysteresis loops. 

 

 

Figure 4.15. M(H) measurement results for (MnFeCoNi)80Cu(20-x)Gax HEAs.  

 

 

Figure 4.16. Coercivity (Hc) and saturation magnetization (Ms) as a function of x for 
(MnFeCoNi)80Cu(20-x)Gax HEAs. 

 

As a result of the mixed FM-AF interactions of the FCC phase, in low field M(T) 

measurements, we observed a splitting between ZFC and FC measurements. This also 

gives rise to a horizontal shift in hysteresis loops measured at 10 K for the field-cooled 

state.  The horizontal shift and resulting EB effect observed in (MnFeCoNi)80Cu20 
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alloy in the previous section also remains with the addition of small amount of Ga for 

x = 5 at% and disappears for x = 10 at%, as given Figure 4.18.  

 

 

Figure 4.167. The enlarged hysteresis loops for (MnFeCoNi)80Cu(20-x)Gax for x = 0, 5 and 10 at%. 

 

4.2.4. Micro-hardness measurements 

Table 4.8 shows the minimum, maximum, and average micro-hardness values of each 

sample for the (MnFeCoNi)80Cu(20-x)Gax HEAs. It is seen that the obtained results are 

similar to those of the Al series. Likewise, the increase in the Ga concentration in the 

alloy gives rise to an increase of hardness values. This is due to the formation of the 

BCC. 
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Table 4.8. The micro-hardness variation of (MnFeCoNi)80Cu(20-x)Gax alloys. 

Ga (at%) Min. HV Max. HV Avr. HV 

x=0 186.6 199.8  194.1 

x=5 196.1 216.9 203.8 

x=10 189.7 226.1 215.1 

x=15 262.3 288.6 275.0 

x=20 490.0 554.4 518.2 

 

4.3. Magnetocaloric Effect for (MnFeCoNi)80Cu20  

The magnetocaloric effect (MCE) manifests itself in all magnetic materials. This effect 

is based on the fact that the material absorbs or dissipate heat when an external 

magnetic field is applied or removed. When a magnetic field is applied, the magnetic 

entropy value decreases, and heat is isothermally transferred from the magnetic 

cooling system to the environment. Conversely, when the magnetic field is removed, 

the magnetic entropy increases, and the heat is dissipated from the system, and it is 

absorbed adiabatically (Akdemir et al., 2014). 

A material that exhibits the magnetocaloric effect tends to release heat when a 

magnetic field is applied because its magnetic moments align parallel to the applied 

magnetic field and to conserve the entropy, the amplitude of lattice vibrations 

increases. The material tends to cool down when a magnetic field is removed because 

the alignment of the magnetic moments is reverted back to initial more random state, 

while the amplitude of lattice vibrations decreases. The MCE can also be observed in 

magnetic material around Tc. 

In this study, the magnetocaloric properties of (MnFeCoNi)80Cu20 (x = 0) were 

investigated. In order to determine the entropy changes of the alloy, firstly isothermal 

magnetization curves were measured in 5 K steps in the temperature range 350 - 385 

K which is around Tc as given in Figure 4.18. 
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Figure 4.18. The magnetization isotherms for (MnFeCoNi)80Cu20 HEA.  

 

The entropy change ΔS with respect to H is given by the Maxwell relationship: 
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This can be expressed in the integral form: 
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And can be integrated numerically using: 

∆𝑆𝑆 = ∑ 𝑀𝑀𝑖𝑖−𝑀𝑀𝑖𝑖+1
𝑇𝑇𝑖𝑖−𝑇𝑇𝑖𝑖−1

∆𝐻𝐻𝑖𝑖                      (4.3) 

The temperature dependence of ΔS for (MnFeCoNi)80Cu20 HEA are shown in Figure 

4.19. The value of isothermal magnetic entropy change (ΔSM) slowly increased with 

increasing temperature, then suddenly decreased where the temperature approaches Tc 

of 373 K) and then increased again.  

The entropy change taking place around the Curie temperature increases with 

increasing magnetic field and remains non-zero outside the range of Tc.  
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Figure 4.179. Temperature dependent magnetic entropy change of (MnFeCoNi)80Cu20 HEA. 
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5. CONCLUSION 

In this thesis, (MnFeCoNi)80Cu(20-x)Alx and (MnFeCoNi)80Cu(20-x)Gax HEAs with x = 

0, 5, 10, 15 and 20 at % were produced by vacuum arc-melting method. Both alloy 

series were examined in terms of the crystal structures, magnetization, and hardness 

using X-ray diffraction (XRD), energy dispersive x-ray analysis (EDX), 

superconducting quantum interference device (SQUID) magnetometery and a Vickers 

micro-harness device. The conclusions and findings of the study are summed up as in 

the subsections given below. 

(MnFeCoNi)80Cu(20-x)Alx HEAs with x = 0, 5, 10, 15 and 20 at %, 

i. According to XRD and EDX results, the base sample with x=0 exhibits single 

FCC crystal structure. The addition of Al element promotes the formation of the 

BCC phase by varying compositions of two phases. While Al and Ni have been 

enriched in the BCC phase, Fe mostly prefers to remain in the FCC structure. 

Additionally, the (MnFeCoNi)80Al20 alloy was found to possesses the B2 phase as 

an ordered intermetallic. 

ii. According to the magnetization results, M(T) performed under a low (5 mT) 

external magnetic field shows that there are two distinct Tcs belong to the FCC 

and the BCC phases. The FCC phase exhibits FM-AF mixed magnetic interactions 

while the BCC phase forms with its pure ferromagnetic behavior. The Tc of the 

FCC phase decreases with increasing amount of Al and only the AF part of FCC 

phase remains for the alloy with x = 15 at%. It is found that the Tc of the BCC 

phase occurs at very high temperatures and increases with increasing amount of 

Al for x = 10 and 15 at%. For x = 20 at% of Al, the Tc decreases slightly and this 

can be attributed to the formation of the ordered B2 structure. Moreover, the 

splitting between ZFC and FC susceptibility was observed in alloys showing FM-

AF mixed interactions. The M(T) measurements performed under a high (5 T) 

external magnetic field showed that Ms values were found as a 54, 43, 45, 82 and 

102 Am2/kg, for x = 0, 5, 10, 15 and 20, respectively. It was found that the x=20 

at% alloy exhibits BCC/B2 and FCC phases together and possesses the highest 

Ms value. From M(H) results, the Hc values are obtained and correlated with the 
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variation of Ms and Al content.  The results show that with increasing amount of 

Al, the hysteresis loops become narrower with increasing Ms and decreasing Hc. 

The alloys exhibit soft magnetic behavior and dominate over the AF behavior for 

high Al contents. 

iii. According to the hardness results, for alloys with the FCC crystal structure, there 

has been no noticeable changes in micro-hardness. However, the formation of 

BCC phase increases the hardness values significantly. The hardness value of the 

alloys, which was initially 194.1 HV for single FCC phase, increased to 494.8 HV 

for duplex FCC-BCC phase with the addition of Al. 

 

For Mn20Fe20Co20Ni20Cu(20-x)Gax HEAs with x = 0, 5, 10, 15 and 20 at %, 

i. The crystal structure of Mn20Fe20Co20Ni20Cu(20-x)Gax HEAs are also affected by 

changing Cu and Ga concentrations. It is evidenced that, x = 0, 5 and 10 at% alloys 

are formed homogeneously in the FCC structure by elemental mapping analysis. 

For x = 15 at%, the BCC phase is detected in addition to the FCC.  The Ga element 

favors the formation of the BCC phase in HEAs because it is found that the phase 

fraction of the BCC phase increases with the addition of Ga for x = 20 at%. 

Similarly, the BCC phase is prone to be enriched with Ni and Ga, while the FCC 

phase is formed with a high amount of Fe element. 

ii. As a result of the M(T) measurements performed under 5 mT external magnetic 

field, we obtained similar Tc values for both FCC and BCC phases. As mentioned 

for the Al series, the BCC phase exhibits Tc at high temperatures, while the Tc of 

the FCC phase decreases with increasing amount of Ga. Splitting between ZFC 

and FC was also observed for x = 0, 5 and 10 at% alloys due to the presence of 

FM-AF mixed magnetic interactions. Ms values are found from 5 T M(T) 

measurements, and Hc values are obtained from M(H) measurements. Ms 

increases and Hc decreases with the formation of the BCC phase giving rise to 

pure ferromagnetic behavior in these alloys.  

iii. The hardness value of the samples with a single FCC phase which are x=0, 5 and 

10 are found as 194.1, 203.8 and 215.1 HV, respectively. After formation of the 

BCC phase, the hardness values of the alloys with x=15 and 20 at% increases as 

275.0 and 518.2 HV due to the strong bonding nature of the BCC phase. 
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We have also investigated the MCE for (MnFeCoNi)80Cu20 alloy by calculating the 

entropy change ΔS from the first quadrant of M(H) measurements taken around Tc. 

The maximum entropy change was found as 0.96 Jkg-1K-1 around Tc at 5 T magnetic 

field. The entropy change does not reduce to zero in the measured temperature range. 

This can be interpreted that a small amount of heat exchange and entropy change 

around 0.2 Jkg-1K-1 can always be stored in HEAs. However, this needs to be verified 

with some additional measurements.  

We calculated the average magnetic moment values by using the lattice parameters, 

phase fractions, e/a and Ms values. The average magnetic moment values are 

interpreted as a function of e/a and Slater-Pauling rule. The Slater-Pauling rule shows 

how the magnetic moment of 3d-transition metals varies with e/a (Pauling, 1938; 

Slater J. C. 1936). The data obtained in this study are plotted in Figure 5.1 and given 

in Table 5.1 for each phase. In the Slater-Pauling curve given in Figure 5.1, the red 

and purple stars correspond to the values of the Al alloy series for FCC and BCC 

phases, respectively. Additionally, blue empty circles and purple triangles shows the 

values for the Ga alloy series for FCC and BCC phases, respectively. According to the 

e/a for both alloy series, the FCC phase is stabilized in the range of 7.61 ≤ e/a ≤ 9.02, 

while BCC phase is stabilized in the range of 7.37 ≤ e/a ≤ 7.96.  The addition of Al 

and Ga decreased the e/a value while leading to an increase in the average magnetic 

moment. In terms of Slater-Pauling rule, the HEAs studied in this work obey this rule 

as Heusler alloys. The values are well fitted at the region for that for Heusler alloys.  

 

Table 5.1. Average magnetic moment as a function of x for (MnFeCoNi)80Cu(20-x)Alx and 

(MnFeCoNi)80Cu(20-x)Gax HEAs. 

Al  
(at%) 

Average moment (μB) Ga  
(at%) 

Average moment (μB) 
FCC BCC FCC BCC 

x = 0 0.57 -- x = 0 0.57 -- 
x = 5 0.46 -- x = 5 0.46 -- 

x = 10 0.75 0.09 x = 10 0.75 0.09 
x = 15 1.20 0.58 x = 15 1.20 0.58 
x = 20 1.26 0.82 x = 20 1.26 0.82 
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Figure 5.1. Slater-Pauling curve. The points from this study are ★ refers to FCC in Al series, ★ 
refers to BCC in Al series, ○ refers to FCC in Ga series and ▲ refers to BCC in Ga series  
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