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for arc-melted FeCoNi- based HEA, adding Al in FeCoNi 
alloy enhanced the magnetic behavior much more signi“ -
cantly than adding Si (Zuo et�al.  2014 ). Lucas et�al. also 
reported that adding Al or Pd in FeCoCrNi alloy changed the 
paramagnetic behavior of the alloy to ferromagnetic (Lucas 
et�al.  2011 ). Our research group extensively studied the mag-
netic properties of di� erent HEAs (Mishra and Shahi  2018 , 
 2017 ,  2020b ; Mishra et�al.  2019 ,  2020 ,  2021a ). We also stud-
ied the e� ect of adding Cr, Al, and Mn in FeCoNiTi- based 
HEAs on magnetic and mechanical properties (Mishra et�al. 
 2020 ). For as-synthesized and 700 C annealed FeCoNiTiCr 
HEA and for as-synthesized FeCoNiTiMn HEA, fcc and R 
phase were formed. However, a new bcc phase was observed 
for 700 C annealed FeCoNiTiMn HEA. For as-synthesized 
and 700 C annealed FeCoNiTiAl HEAs formation of fcc, 
bcc, and R- phase was con“ rmed through the XRD analy-
sis. The value of  M s  and  H c  was found to be 24.17�emu/g 
& 151.6 Oe, 18.04�emu/g & 32.0 Oe and 53.67�emu/g & 
88 Oefor as- synthesized FeCoNiTiCr, FeCoNiTiMn and 
FeCoNiTiAl HEAs, respectively. The value of  M s  and  H c  
decreased to 1.83�emu/g, and 121.2 Oefor 700 C annealed 
FeCoNiTiCr HEA. However, the value of  M s and  H c  was 
increased to 41.29�emu/g & 176.0 Oe, and 70.04�emu/g & 
215.4 Oefor 700 C annealed FeCoNiTiMn and FeCoNiTiAl 
HEAs, respectively. Among the synthesized sample, the 
best magnetic properties were found for equiatomic FeCo-
NiTiAl HEA with hardness 115 ± 5 HV. Recently, a series 
of FeCoNi-based HEAs have been reported with excellent 
mechanical and better magnetic properties (Kumari et�al. 
 2022 ; Zhao et�al.  2018 ; Zuo et�al.  2014 ; Mishra and Shahi 
 2020b ; Sahu et�al.  2019 ). For application as a soft magnetic 
material, the reported FeCoNi-based HEAs still needed 
improvement regarding their Ms, Hc, and resistivity. Thus, 
to develop a better understanding of phase transformation 
and its correlation with magnetic properties, the e� ect of 
addition of di� erent alloying elements and the nature of the 
alloy (i.e., medium to high entropy) is essential for applying 
such alloys. In view of this, we have synthesized three di� er-
entFeCoNi MEAs, FeCoNiAl HEA and FeCoNiAlTi HEA, 
by selecting three, four, and “ ve alloying elements studied 
the e� ect of con“ gurational entropy on phase formation and 
their correlation with magnetic properties. 

    Materials and methods 

 Three different equiatomic  Fe 33.33 Co 33.33 Ni 33.33  MEA, 
 Fe 25 Co 25 Ni 25 Al 25,  and  Fe 20 Co 20 Ni 20 Al 20 Ti 20 HEAs were syn-
thesized through mechanical alloying (MA). The mixture of 
constituent elements with a purity 99.95% was mechanically 
alloyed in a planetary ball miller at 400�rpm with the ball-
to-powder ratio of 25:1. Mechanical alloying was performed 
at room temperature. The alloying process is stopped for 

5�min after each 30�min of milling to avoid access heat dur-
ing milling,. Toluene was used as a process control agent 
to prevent cold welding and oxidation. In order to study 
the phase evolution during MA process, powder samples 
were collected after a particular ball milling duration for 
the structural analysis. Structural analysis of the samples 
was performed by X-ray di� raction (XRD, Rigaku Smart 
Lab SE) using CuK� radiation (� = 1.5406�Å). The XRD 
patterns were recorded after collecting the XRD pattern for 
the standard Si sample. The crystallite size and lattice strain 
have also been evaluated through Pseudo-Voigt function 
analysis of the most intense peak of the fcc and bcc phases 
(Shahi et�al.  2008 ). The morphology and composition of the 
synthesized samples were investigated through Field emis-
sion scanning electron microscopy (FESEM, JEOL, JSM- 
7100F) equipped with an energy dispersive spectroscopy 
(EDS) facility. The magnetic properties of the synthesized 
HEAs were analyzed through a vibrating sample magnetom-
eter (VSM) (Quantum Design) at room temperature with a 
maximum applied magnetic “ eld of ± 20kOe. 

    Results and discussion 

   Structural and�microstructural characterizations 
of�di� erent alloys 

 Figure� 1 a shows the XRD patterns of hand-mixed (HM), 
5�h, and 10�h mechanically alloyed (MAed) FeCoNi mix-
ture. The XRD pattern of HM powder of the FeCoNi sample 
shows the peaks corresponding to the constituent elements 
(Fe, Co, Ni). The XRD pattern of 5�h MAed sample repre-
sents the evolution of new peaks at 2� = 43.80, 51.19, 75.40, 
82.86, 91.66, and 97.01  along with low-intensity peaks cor-
responding to the initial constituent elements. New peaks 
appeared due to the formation of a solid solution phase 
through the di� usion of constituent elements. The di� usion 
of the alloying elements occurred due to the local heat pro-
duced by the constant impact of the milling balls with the 
powder of alloying element. The XRD pattern of the 10�h 
mechanical alloyed sample reveals the formation of a new 
phase. All the peaks corresponding to constituent elements 
completely disappeared (Shown in the inset of Fig.� 1 a). The 
new phase is indexed through the Le Bail “ tting of the XRD 
pattern using JANA 2006 software. The best-“ tted XRD pat-
tern con“ rmed the formation of a single fcc phase (shown in 
Fig.� 1 b). The lattice parameter of the fcc phase was found to 
be 3.5800 Åevaluated through the best-“ tted XRD pattern 
by Jana 2006 software.         

 FeCoNiAl HEA was synthesized under the identical con-
dition of mechanical alloying with Fe, Co, Ni, Al constitu-
ent alloying elements. Figure� 2 a represents the XRD pat-
terns of hand-mixed (HM), 5�h, and 10�h MAed FeCoNiAl 
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where N is a total number of elements, Ci and Cj are atomic 
concentration of ith and jth element, ri and rj are the atomic 
radii of ithand jth elements.

       

       
(VEC) i  = the valence electron concentration of ith element

       

       
(T M ) i  = Melting point of the ith element.          

 The probability of the formation of fcc/bcc or a mix-
ture of bcc and fcc phase can be estimated by the value 
of VEC, If the value of VEC > 8,VEC < 6.87,or6.87 < V
EC < 8.0, then the formation of fcc, bcc or the mixture 
of bcc and fcc phases respectively may occur (Guo et�al. 
 2011 ). The evaluated value of VEC was 8.91, 7.5, and 
6.8 for FeCoNi MEA, FeCoNiAl, and FeCoNiAlTi HEAs, 
respectively, which is in good agreement with the formed 
phase. The formation of solid solution phases can be pre-
dicted by the values of the following thermodynamical 
parameter -22 � �H mix  � 7�kJ/mol, 11 � �S mix  � 19.5�J/K.
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mol, 	 � 8.5% and 
 � 1.1 (Zhang et�al.  2008 ). The evalu-
ated value of these thermodynamical parameters is sum-
marized in Table� 2 . The found value of �H mix  agrees with 
the range of formation of solid solution phase for FeCoNi 
MEA and FeCoNiAl HEA. However, for FeCoNiAlTi 
HEA, the value of �H mix  was not in this range. The value 
of �S mix suggests that FeCoNi alloy is in the range of 
medium entropy alloy while FeCoNiAl and FeCoNiAlTi 
alloys are in the range of HEA. The value of 
- param-
eter for all the alloys was in the range of the formation of 
the solid solution phase. The value of 	 in FeCoNi MEA 
does not satisfy the formation of the solid solution phase. 
However, the formation of the compound or disordered 
solid solution (DSS) depends on the value of �. The 
value of � � 0.24 suggests the formation of a compound, 
0.24 � � � 0.96 indicates the formation of the compound 
with DSS, and � � 0.96 suggests the formation of DSS 
(Singh et�al.  2014 ). The evaluated value of � was found to 
be 6.33 for FeCoNi MEA, which indicates the formation 
of DSSfor FeCoNi MEA. The value of � was found to 
be 0.32 and 0.24 for FeCoNiAl, and FeCoNiAlTi HEAs, 
respectively, which suggests the formation of DSS with 
compound and hence the formation of R phase occurred 
for FeCoNiAlTi HEAs.  

 The FE-SEM micrograph of the synthesized FeCoNi 
MEA, FeCoNiAl, and FeCoNiAlTi HEAs are shown in 
Fig.� 4 . All the synthesized MEA and HEAs have irregu-
lar lamellar morphology. Moreover, the particle size range 
for FeCoNi MEA and FeCoNiAl HEA is found to be 0.3 
to 11.0�µm (Fig.� 4 a, b). However, for FeCoNiAlTi HEA, 
the size of the particles is in the range of 1.0 to 10.0�µm 
(Fig.� 4 c). The elemental analysis for all the synthesized 
alloys was also investigated through EDS equipped with 

  Table 2       Thermodynamical 
parameters for di� erent alloys 
studied in the present paper  

  Alloy    �H mix  (kJ/mol.)    �S mix  (J/K.mol.)    �    
    VEC    �    Remark (Predicted Phase)  

  FeCoNi    Š�1.31    9.13    1.20    12.25    8.91    6.33    fcc  

  FeCoNiAl    Š�13.75    11.53    6.04    1.31    7.50    0.32    fcc + bcc + compound  

  FeCoNiAlTi    Š�26.4    13.38    7.44    0.83    6.80    0.24    fcc + bcc + compound  

  Fig. 4       FE-SEM micrograph of  a  FeCoNi MEA  b  FeCoNiAl HEA,  c  FeCoNiAlTi HEA  
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 In order to understand the exchange coupling between soft 
and hard microscopic magnetic phases dM/dH vs H plot for 
FeCoNi MEA and FeCoNiAl HEA, FeCoNiAlTi HEA is 
shown in Fig.� 6 . Single sharp peak in dM/dH vs H plot reveals 
the excellent exchange coupling between soft and hard mag-
netic phases present in the particular HEA (ChakrabortyA 
et�al.  2020 ; Mishra et�al.  2021b ; Pop et�al.  2010 ). A broad peak 
can be seen for FeCoNi MEA, It represents the weak coupling 
between the microscopic soft and hard phases of MEA. For 
the case of FeCoNiAl HEA, the peak is relatively sharper as 
compared to MEA. However, in the case of FeCoNiAlTi HEA, 
as the number of alloying elements increases, the sharpness 
of the peak is increased. Thus, it can be concluded that as the 
number of alloying elements increases or the nature of the 
alloy change from medium to high entropy alloy, the exchange 
coupling between soft and hard magnetic phases increases.         

 The low value of  M s  is found for FeCoNiAlTi HEA, this is 
related to the fact that as the content of ferromagnetic element 
decreased in the particular alloy, the value of  M s  decreased. 
For the present case, the value of  H c  increases with an 
increase in the number of alloying elements. As we know,  H c  
is a� ected by the particle size and the formation of  2 nd  phase. 
The enhancement in the coercivity for FeCoNiAl and FeCo-
NiAlTi HEAs is associated with appearance of a secondary 
bcc phase, which may hinder the domain wall motion during 
the magnetization/ demagnetization (Table 1 ). Moreover, grain 
size also plays a signi“ cant role in the variation in  H c . Herzer•s 
anisotropy model describes that when the grain size (D) is 
greater than the magnetic exchange length  (L ex ) then   Hc ∝

1

D
     . 

If D is smaller than  L ex  then   Hc ∝ D6     (Herzer  1990 ).  L ex  can 
be evaluated through the equation (Sahu et�al.  2019 ): -

      

        

 (1)Lex =



A

𝜇oM2
s

A ∼ kBTc∕2a; kB = Boltzmann constant

 As the  T c  is above the room temperature for ferromag-
netic materials so the approximate value of A will be 10pJ/m 
(Sahu et�al.  2019 ),   𝜇o = 4𝜋 × 10−7N∕A2     

 The evaluated value of  L ex  is found to be 2.47� nm, 
4.09�nm and 7.67�nm for FeCoNi MEA, FeCoNiAl HEA and 
FeCoNiAlTi HEA respectively. The evaluated value of crys-
tallite size from XRD is found to be 18.51�nm, 16.51�nm, 
and 11.82�nm for FeCoNi MEA, FeCoNiAl HEA, and FeCo-
NiAlTi HEA, which is greater than  L ex  therefore    Hc ∝

1

D
      

follows in the present case and the value of  H c  increased as 
the value of D decreased for FeCoNiAl and FeCoNiAlTi 
HEAs. 

     Conclusions 

 Three di� erent FeCoNi- based alloys, i.e., FeCoNiMEA, 
FeCoNiAlHEA, and FeCoNiAlTi HEA, were synthe-
sized and compared for the change in structural, magnetic 
property for the variation of con“ gurational entropy by 
changing alloying elements. The FeCoNi MEA is com-
prised of a single fcc phase structure having lattice param-
eter3.5800 Aand exhibits ferromagnetic behavior with  M s  
of 133.7�emu/g and  H c  of 26.1 Oe. The mixture of fcc + bcc 
and fcc + bcc + R-phase was formed for the FeCoNiAl and 
FeCoNiAlTi HEAs, respectively. With the addition of Al 
and Al, Ti as alloying elements separately with Fe, Co, and 
Ni, the magnetic behavior of the resultant alloy changed sig-
ni“ cantly. The change in the value of  M s  is associated with 
the content of ferromagnetic elements content present in the 
particular alloy. 

 Moreover, the change in the magnetic behavior is associ-
ated with the phase formation and the relative volume phase 
fraction present in a particular alloy. Thus, the change in 
the con“ gurational entropy of the alloys signi“ cantly a� ects 
the phase formation and hence magnetic properties of the 
FeCoNi- based medium and high entropy alloys. HEAs can 
show better magnetic properties than conventional magnetic 
alloys because we can tune the properties of the selected 

  Fig. 6       dM/dH vs H curves of synthesized  a  FeCoNi MEA,  b  FeCoNiAl HEA and,  c  FeCoNiAlTi HEA  
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HEA by varying single alloying elements and their composi-
tion. Thus, we can obtain balanced magnetic properties with 
other properties. 
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