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Abstract
The development of soft magnetic materials is fundamentally important for improving operational efficiencies of the ever-
growing field of power electronics, electrical motors, and generators. It requires to meet the challenges of constantly chang-
ing fields of modern areas of applications starting from spaceships to day-to-day electronics. Many new materials with soft 
magnetic properties, viz. ferrous alloys, soft ferrites, amorphous and nanocrystalline magnetic alloys, have been continuously 
evolving since the inception of electromagnetic induction. The main drive for the continuous improvements of soft magnetic 
materials is primarily to enhance energy efficiency, to reduce size and weight, and to boost the power of high-frequency power 
electronics and electrical machines of high rotational speed. Despite some predicaments, the amorphous and nanocrystal-
line soft magnetic materials have become a field of major research interest since their invention four decades ago. It has 
been observed that the amorphous and nanocrystalline alloys exhibit better magnetic properties than the conventional soft 
magnetic alloys. This group of materials is produced adapting various production techniques. In this review, amorphous, 
nanocrystalline, and high entropy alloys (HEA) are discussed as soft magnetic materials and their electromagnetic proper-
ties are assessed. However, this review will particularly focus on the mechanically alloyed amorphous, nanocrystalline, and 
HEA soft magnetic materials. The soft magnetic alloys of interest for this review are grouped on the basis of Fe, Co, Ni, and 
FeCoNi. Furthermore, the effect of MA parameters and subsequent annealing processes on the magnetic properties is also 
assessed. This review brings forth a great promise in the field of soft-core magnets for high-end applications.

Keywords Amorphous materials · Nanocrystalline alloys · High entropy alloys · Mechanical alloying · Soft magnetic 
properties

1 Introduction

A realization about the importance of soft magnetic materi-
als actually initiated by Michael Faraday since he discov-
ered electromagnetic induction with iron, a single-element 
system, in 1831. Since then, it has become a growing inter-
est with the industrial growth and modernization, and there 
has been a continuous search for the new materials with 
improved properties for various fields of applications. As a 
preamble to this review, it is important to remember that in 
the beginning use of iron as a core material happened to be 
an obvious choice because of its highest room-temperature 
magnetization value compared to any other elements known 
and also for its large magnetic permeability. Nevertheless, 

despite iron being a simple and single element-based soft 
magnetic material, it has opened opportunities to search 
for new materials for further improvements in magnetic 
properties. Besides improvement in mechanical properties, 
annealing iron also decreases coercivity due to stress relief 
and makes iron more effective for inductive applications. In 
an inquest for new materials that can perform even better 
than iron, initially scientists and engineers started to find 
ways to boost the properties of soft iron. Since the invention 
of silicon steel (3% Si and 97% Fe) in 1900 as a first step 
toward the improvement, there had been a long period of lull 
until 1933 when grain-oriented silicon steel was invented for 
enhanced magnetic permeability [1]. Because of its low cost, 
high magnetization, and high permeability values, it is not a 
surprise that silicon steel has been holding a major share of 
the global soft magnet market [2] for a long time. Moreover, 
due to their excellent corrosion resistance, relatively low 
production costs, and remarkable soft magnetic properties, 
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ferrosilicon and other ferrous alloys happen to be the subject 
of more extensive studies until today [3, 4]. A surge in the 
application of amorphous alloys as a new class of magnetic 
materials began with the invention of Duwez et al in 1967 
[5]. Their findings with iron-cobalt-based amorphous alloys 
of greatly reduced coercivity continued with a big leap to 
find newer applications. The incorporation of some support-
ive metals in amorphous alloys to enable the formation of 
ultrafine crystallites was first observed by Yoshizawa et al 
[6]. Annealed Co-Fe amorphous alloy with added Nb and Cu 
metals produced small and closely spaced nanocrystallites 
of 10 nm in size within the amorphous phase of the Co-Fe 
alloy [6]. This discovery marked as the dawn of the new era 
of nanocrystalline soft magnetic alloys.

Demand for this type of materials started growing with 
changing application scenarios since then. The properties of 
the group of very common materials could not meet all pre-
ferred properties needed as the field of application expanded. 
Therefore, in order to meet these needs, scientists devel-
oped materials that could exhibit superior properties than 
the existing materials for similar applications. Amorphous 
alloys exhibit good soft magnetic properties aside from high 
strength, corrosion resistance, and wear resistance compared 
to other material groups [4, 7, 8]. Considering the usage 
areas of soft magnetic materials, it is seen that this group 
of materials is used in many areas from transformers for 
the distribution of electrical energy to the devices used in 
our day-to-day life encompassing the field of applications 
starting from agriculture to entertainment, and healthcare 
to space and warfare [9, 10]. In general, power transform-
ers used in the distribution of electrical energy suffer from 
intense energy losses. Using transformer-core materials of 
improved soft magnetic properties, e.g., the materials of high 
saturation magnetization (Ms), low coercivity (Hc), and high 
permeability (μ) can minimize eddy current losses [10, 11]. 
In amorphous alloys, the formation of isolated transition 
metal crystallites helps to reduce such losses in compari-
son to the conventional magnetic materials such as iron, Si-
steels, and soft ferrites. Although conventional soft magnetic 
materials are still very common to find, the applications of 
amorphous and nanocrystalline alloys, bulk metallic glasses, 
and high entropy alloys (HEA) are very new in that respect 
[8, 9]. Nevertheless, they are gaining more and more mar-
ket acceptance in modern high-frequency power electron-
ics and electrical equipment. Despite their higher initial 
cost, these materials of comparable Ms are favored over the 
conventional magnetic materials due to their low losses. 
Considering the lifetime usage of the electrical equipment 
and power electronics, the use of advanced amorphous and 
nanocrystalline alloys is more economic after all. This has 
also been predicted by Coey that the amorphous/nanocrys-
talline alloys with soft magnetic properties are soon to be 
considered as prolific alternatives to many material groups 

in the near future due to their superior properties [12]. 
While comparing the soft magnetic properties of amorphous 
alloys vis-à-vis other traditional alloys, viz. Fe-Ni, Fe-Co, 
Ni-Co, and Fe-Si, it is seen that the competitive strength 
of amorphous alloys with respect to saturation magnetiza-
tion (Ms) is quite high [9, 12, 13]. In magnetic alloys, the 
interface between the separated magnetic domains, so to 
speak domain wall, undergoes transitions between different 
magnetic moments with an angular displacement of 90° or 
180°. It is a gradual reorientation of individual moments 
across a finite distance, a correlation length. The anisotropy 
of magnetic alloy defines the wall thickness, which gener-
ally extends across around 100–150 atoms. The anisotropy 
is lowest when the individual magnetic moments are aligned 
with the crystal lattice axes thus reducing the width of the 
domain wall. Magnetic properties of the amorphous alloys 
are predominantly determined by the spontaneous magneti-
zation and internal stresses. The structures of the magnetic 
domains and identifying domain walls are dependent on 
long-range and short-range stresses. It is known that the 
movement of magnetic wall fields or domain walls in the 
amorphous phase is easier than the crystalline materials. 
Besides, the reduced energy required to rotate the magnetic 
domains in amorphous alloys, their magnetic anisotropy is 
also reduced. It has been investigated that the reason for 
such low anisotropy is due to the random arrangement of 
the atoms in amorphous materials. They are less resistant to 
magnetization than the crystalline materials. This means that 
the energy loss is lower in amorphous materials compared 
to the crystalline materials [9].

Amorphous nanocrystalline materials can be produced 
at an industrial scale by several methods of synthesis. The 
production methods adopted for industrial manufacture are 
melt-spinning, copper mold-casting, arc-melting, suction-
casting, centrifugal-casting, and mechanical alloying (MA) 
methods etc. [8, 14, 15]. Among all methods, MA method is 
the most preferred one particularly because of its high poten-
tial for synthesizing materials for widespread applications. 
MA provides a various stable and metastable materials [16]. 
The metastable materials produced by MA cover mainly but 
not limited to supersaturated solid solutions, intermediate 
phases, quasicrystalline phases, amorphous alloys, and high-
entropy alloys. The MA involves repeated cold welding, 
fracturing, and rewelding of powder particles [17]. During 
the MA process, the particle size of the alloying powder is 
controlled by the continuous fracturing and welding events. 
The particle sizes decrease progressively with milling time. 
With prolonged milling, particle size decreased to the 
nanometer levels. In MA, by selecting an appropriate mill-
ing parameter such as elemental powder quantity, milling 
media, ball to powder ratio, milling speed, and periods, the 
process of synthesis of the desired material can be well con-
trolled. MA’s advantages feature especially its relatively low 
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equipment cost, its simple technique to control the process, 
and particularly its ability to synthesize both equilibrium 
and non-equilibrium materials at room temperature [7, 18, 
19]. In addition, an added process of annealing can further 
enable production of amorphous-nanocrystalline alloys with 
improved mechanical, magnetic, and thermal properties [20, 
21]. This study reviews only the soft magnetic amorphous-
nanocrystalline and high entropy alloys those are produced 
by MA method. Furthermore, the effect of MA method on 
the magnetic properties of such alloys is also reviewed.

1.1  History of magnetic amorphous/nanocrystalline 
alloys

With the brief delineation on the history of soft magnetic 
materials as described above, it is also important to know 
the historical background of amorphous and nanocrystalline 
alloys and their developments over the HEAs as competitive 
materials in the softcore magnet sector. This review mainly 
concentrates on the amorphous/nanocrystalline magnetic 
materials that have been advancing with a great rapidity 
due to their superior performance as far as Ms and core loss 
values are concerned. With the advancement of technology 
and industrial growth, demands for high-performance mag-
netic materials started looming large. Soon, it was realized 
that the conventional magnetic materials were insufficient to 
meet the market needs. Although Duwez and his co-workers 
started publishing in 1960 on a new class of materials called 
metallic glass with the existence of nanocrystallinity within 

the amorphous matrix [22, 23], the existence of amorphous 
magnetic material was not known until their serendipitous 
finding in 1967 (Fig. 1) [20]

During the development of planar flow casting of Fe-P-C 
alloy, Duwez adopted a rapid solidification (RS) process 
at a cooling rate of  106 C/s. By virtue of ultra-fast cooling 
of the alloy, it led to the formation of an amorphous alloy 
of Fe-P-C. It was also noticed that the magnetic properties 
of the amorphous ferrous alloys were much better than the 
conventional ones. After this discovery, amorphous alloys 
became the center of attention among the scientific community 
and subsequently it became the subject of many studies later 
on [23, 24]. However, generating an understanding of the 
superior magnetic properties of the amorphous alloys began 
with the study of Alben et al. in 1978 [25]. In their model 
of random anisotropy in the amorphous phase, the presence 
of the crystalline phase is either negligible, or they may be 
present in the form of micro-crystallites embedded within 
the amorphous matrix. Because of that reason, the magneto-
crystalline anisotropy becomes very negligible; conversely, 
the magnetic correlation length becomes longer than the 
structural correlation length in amorphous ferromagnetic 
materials. That is why the higher values of Ms and μ are the 
characteristics of an amorphous magnetic material. Later 
on, this random anisotropy model was further applied to the 
nanocrystalline materials by Herzer [26]. By studying the 
grain structure of the nanocrystalline ferromagnets, Herzer 
found that the reason for smaller effective anisotropy was 
due to the fact that the ferromagnetic nanocrystals were  

Fig. 1  Soft magnetic materials 
to nanocrystalline soft magnetic 
materials — a chronological 
transformation [20]
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magnetically interconnected with the ferromagnetic 
amorphous matrix. The pioneering work of Yoshizawa 
et  al. on the synthesis of Fe-Cu-Nb-Si-B amorphous-
nanocrystalline alloy was first reported back in 1988 [6]. 
As reported by Yoshizawa et al., an optimized composition 
allowed partial devitrification of the metallic glass during 
controlled heat treatment. This process resulted in a 
nanocrystalline soft magnetic material that consisted of 
10-nm diameter ferromagnetic nanograins embedded in 
an amorphous matrix (i.e., glass-ceramic) [6]. Because of 
relatively high polarization (P) for both amorphous and 
nanocrystalline alloys in comparison to their crystalline and 
thin lamination forms, eddy current losses in these materials 
were very low and that allowed them to operate more 
efficiently. Later on, developing strip-shaped amorphous 
alloys were succeeded. Afterwards three fundamental criteria 
for the formation of bulk metallic glasses (BMG) were 
proposed by Inoue et al [24]. Nanocrystalline alloys were 
obtained by applying processes under certain conditions to 
obtain thermodynamically metastable amorphous phases 
of the alloys. The subsequent nanocrystalline phases of the 
alloys can be achieved by subjecting the amorphous phase 
to certain controlled process conditions for controlling the 
grain sizes within nanometer scale [9, 11]. There are alloys 
that are completely nanocrystalline from the beginning 
of their formation, like Ni-P alloys produced by the 
electrodeposition method [27].

1.2  Soft magnetic properties of amorphous/
nanocrystalline alloys

Soft magnets play a key role in power generation, distri-
bution and conversion, magnetic sensors, magnetic record-
ing, security, and smart composite technologies. As per the 
Market Analysis Report from Grandview Research “Soft 
Magnetic Material Market Size, Share & Trends Analysis 
Report by Application (Motors, Transformers, Alterna-
tors), By Product (Electrical Steel, Soft Ferrite, Permal-
loys), And Segment Forecasts, 2020–2027,” the global soft 
magnetic material market of approximate size of USD 20 
billion in 2020 was expected to grow at a compound annual 
growth rate (CAGR) of 3.9% from 2020 to 2027 [28]. With 
the growing demands for power distribution and advanced 
motors for various applications particularly for medical 
applications, the market growth rate may propel further 
highlighting the importance of the understanding and fab-
rication of advanced materials with superior magnetic and 
mechanical properties and cost-effective method of produc-
tion. The efficiency of soft magnetic materials can be identi-
fied by narrow magnetic hysteresis implying that they can 
be easily magnetized or demagnetized with a small amount 
of energy. These materials generally have high induction 
and permeability for some applications and high operating 

temperatures with good mechanical properties. General con-
siderations for good soft magnets are low coercivity (Hc), 
minimum core losses, high saturation magnetization (Ms), 
high permeability, high Curie temperature, and high resis-
tivity [29].

The traditional crystalline soft magnetic materials are iron 
or iron-based alloys. Pure iron is a significantly soft material 
with high permeability and low coercivity. However, its low 
resistivity causes eddy current losses when subjected to the 
high flux density. Among iron-based alloys, Fe-Ni alloys are 
the most commonly used due to their higher permeability, 
saturation magnetization, and resistivity. In Fe-Ni class of 
alloys, the most notable one is Ni-rich Fe-Ni (20:80) permal-
loy for its very high magnetic permeability making it very 
useful as a magnetic core material for electrical and elec-
tronic equipment. They are also used for magnetic shielding 
to block magnetic fields. A major problem of Fe-Ni alloys 
is their high eddy current losses, which were resolved by 
the discovery of soft ferrites owing to their high electrical 
resistivity (10–108 μohm m). Particularly insulating fer-
rites are attractive for high-frequency applications such as 
power supplies, microwave devices, and antennas. Because 
of their low cost and efficient working at high frequencies, 
soft ferrites become more popular in the market. However, 
their relatively low Ms is a major hindrance to their wider 
applications.

Conventionally in microstructured magnets, coercivity 
decreases with increasing grain size following the inverse 
relationship between grain size (D) and coercivity (Hc) as 
Hc α D−1 [30]. The underlying physics of this behavior can 
be simply explained by the decrease in the grain boundaries 
which act as pinning centers for the domain walls. However, 
Hc follows a D6 dependence for nanostructured magnets with 
very small grain sizes, which is a result of averaging out 
of the magnetocrystalline anisotropy [31]. This property 
allows to engineer nanocrystalline magnets of lower Hc by 
controlling the grain size [32]. In amorphous soft magnets, 
as they do not have any long-range atomic order, nor do 
they even present magnetocrystalline anisotropy and grain 
boundaries, the coercivity is lowered further. Nevertheless, 
amorphous soft magnets are known to present lower satura-
tion magnetization when compared to polycrystalline metal 
alloys and nanocrystalline alloys. Amorphous metals usually 
fabricated by rapid solidification techniques in the form of 
ribbons. Most investigated amorphous alloys are (Fe,Co,Ni)
x(B,Si)100−x (x =70–85, at.%) where structure contains 
metalloids such as B and Si. Moreover, addition of elements 
such as Nb, Mo, Zr to Fe-based alloys leads the glass forma-
tion that stabilizes the amorphous structure [33]. For exam-
ple, 1977 Becker et al. produced amorphous  Fe80B20 binary 
alloy ribbons with a high Ms of 1.61 T [34]. When 10% Fe is 
replaced by Co, Ms of 1.65 T is obtained in the cost of high 
price [35]. The saturation magnetization of the amorphous 
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alloys is usually lower than crystalline alloys due to the non-
magnetic Si and B content. In 2008, Fe-Si-B-based amor-
phous alloys with good soft properties of 1.65 T Ms, high 
permeability, and extremely low core loss have been discov-
ered and patented under the trade name METGLAS [29]. 
More recently, Fe-rich Fe–Si–B–P(-C) amorphous ribbons 
were successfully produced and high saturation magnetiza-
tion of 1.7 T and low coercivity below 5 A/m was achieved 
in combination with good mechanical properties [36]. In 
2017, high-cost P-free  (Fe0.8Co0.2)85B14Si1 with increased 
B and decreased Si content was reported. The amorphous 
alloy present very high Ms of 1.92 T and low Hc of 2 A/m, 
which can be a very alternative to commercial Fe-Si alloys, 
especially for high power applications [37].

Nanocrystalline structured magnets can be produced by 
using the metastable amorphous phase by controlling the 
experimental processes. For example, the addition of an 
annealing step with Nd and Cu elements, isolated nanometer-
sized transition metal crystallites are known to form within 
the amorphous matrix. In Fig. 2, XRD patterns, TEM images, 
selected area diffraction patterns (SAED), and grain size dis-
tributions of  Fe73.5Si15.5B7Nb3Cu1 ribbons treated by free 
annealing (FA) and hot isostatic pressing (HIP) are shown. 
Results show that annealing and HIP processes lead to forma-
tion of bcc α-Fe (Si) nanocrystallites embedded in amorphous 
matrix [38]. For that reason, these types of magnets are named 
amorphous/nanocrystalline soft magnets and their eddy cur-
rent losses are substantially reduced when compared to soft 
amorphous alloys. As can be seen in the figure, the variations 
of their structural properties in the nanoscale giving the flex-
ibility to tune their magnetic properties make this class of mag-
nets attractive. For example, FINEMENT® with outstanding 
properties is described as TL(1−x)(TE, M, NM)x where TL 
denotes a late ferromagnetic transition metal, TE an early tran-
sition metal, M is metalloid, and NM is a noble metal, and x is 
usually lower than 0.2 which means that the magnet contains 
as much Co, Ni, or Fe as possible. The early transition metals 
such as Zr, Nb, Hf, and Ta along with metalloids (B, P, Si, etc.) 
promote the glass formation and the addition of noble metals 
(Cu, Ag, Au, etc.) helps the nucleation of the ferromagnetic 
nanocrystalline phase. The most famous example is Fe-Cu-
Nb-Si-B alloy which is produced by annealing of amorphous 
melt-spun ribbons. Yoshizawa et al. [6] showed that excel-
lent soft magnetic properties were obtained by the addition 
of two elements Cu and Nb to Fe-Si-B, which have the effect 
of increasing the crystallization temperature and retarding the 
grain growth. Thus, the alloy has an ultra-fine grain structure 
composed of bcc-Fe solid solution with a diameter of about 10 
nm. The fine distribution of crystalline grains within the amor-
phous matrix was explained to cause low magnetic anisotropy 

and magnetostriction leading to excellent soft magnetic prop-
erties including low core losses, saturation induction of about 
1.2 T, and high permeability of 100000 at 1 kHz. Moreover, 
the coercivity of the alloys decreases to values comparable to 
those of very large crystals, which can be explained using the 
random anisotropy model [39]. Another type of nanocrystal-
line/amorphous soft magnets is Fe-TM-B-based NANOPERM 
alloys with larger concentrations of Fe within 83–89%. The 
alloys have higher saturation inductions between 1.6 and 1.7 
T and permeabilities up to 15000 at 1 kHz which makes them 
effective material for electrical power distribution transform-
ers [40]. Consequently, several studies reported nanocrystal-
line (Fe, Co)–M–B–Cu (where M=Zr, Hf, Nb, etc.) alloys are 
patented under the trade name HITPERM. It is composed of 
nanocrystalline α’-FeCo grains with a B2 structure resulting 
in significantly improve high-temperature magnetic properties 
when compared to FINEMENT and NANOPERM. The reason 
for the good soft magnetic properties of all these amorphous/
nanocrystalline materials can basically originate from grains 
that are much smaller than the exchange coherence length. 
The ferromagnetic exchange correlation length is expressed 
as follows:

where A denotes the exchange stiffness and constant and 
K1 is the magnetocrystalline anisotropy. When the crystal-
lite size is smaller than Lex, each grain behaves as a sin-
gle domain, and the domain wall effect weakens. For that 
reason, coercivity can be calculated by using the random 
anisotropy model as follows [41]:

where Pc is a constant, and D is the crystallite size. The 
linear dependence of Hc to the sixth power of D means that 
even a small reduction in crystallite size of amorphous/
nanocrystalline materials can reduce the coercivity 
significantly. Thus, the soft magnetic character can be 
improved by tailoring the nanoscale structure of amorphous/
nanocrystalline alloys, and properties such as reduced 
coercivity and increased ac permeability can be obtained 
as compared with conventional alloys. For the purpose of 
optimizing both intrinsic and extrinsic magnetic properties 
to improve the certain properties of the existing materials, 
and to discover new types of advanced soft magnets, it is 
unequivocally true that the particle morphologies in micro 
or nanostructural forms, and the alloy chemistry must be 
precisely controlled.
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Fig. 2  Structural evaluation of 
 Fe73.5Si15.5B7Nb3Cu1 ribbons 
treated by free annealing (FA) 
and hot isostatic pressing (HIP). 
a XRD patterns. b–d High-
resolution TEM images. e–j 
Bright field images inset with 
selected area diffraction patterns 
(SAED). k, h Grain size distri-
butions. Adapted with copyright 
permission from [38]
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2  Mechanical alloying technique

The mechanical alloying (MA) technique has a fascinating 
history of its own in becoming a solid-state processing 
technic. It began with the inventing work of J. S. Benjamin 
[42] for synthesizing metal alloys. Later on, MA evolved into 
a most economic and practicable means for the development 
of various soft magnetic amorphous nanocrystalline alloys. 
Primarily MA is a process of high energy ball milling 
of pure metal mixtures or metal composites. During the 
milling process, the alloying components undergo multiple 
change sequences like continuous welding, fracturing, and 
re-welding of powdered metal mixtures. With the MA 
method, it is possible to produce metal alloys of various 
kinds that are otherwise difficult or impossible to make 
using other conventional means. This method is very 
versatile and not limited to conditions like metal solubility 
or melting points of individual alloying components [43]. 
From the impacts of ball milling action, the particles of 
alloying metals undergo severe deformation forming 
flattened combined layer structures comprised of all 
constituents of the alloying metal particles creating lattice 
defects due to the deformation process, which in turn 
increases the diffusion rates and results in the formation 
of the alloy. Figure 3 shows the pictorial impression of the 
impacts from the milling media, the hardened steel balls, 
and the powder particles. The MA originally developed by 
J. Benjamin was to produce oxide dispersion strengthened 
Ni and Fe base superalloys needed for gas turbine 
applications. Further investigations since the pioneering 
work of Benjamin have also shown that the MA can be 
effectively applied for synthesizing metastable amorphous 
nanocrystalline or quasi-crystalline structures that used to 
be possible only by rapid solidification processes [44–48]. 

With the MA method, it is possible to produce alloyed 
products that are otherwise difficult or impossible to make 
using other conventional methods [14, 15, 49, 50]. As a 
matter of fact, compared to the rapid solidification processes, 
the ease of forming amorphous phases by MA, so to speak 
forming the glassy state of an alloy, is far superior. The glass 
formation range in the MA process is very broad, whereas in 
other conventional processes like the rapid cooling method, 
the glass formation region is restricted only to the eutectic 
region of the alloy of because kinetic limitations. Moreover, 
amorphization is very difficult using conventional means of 
alloy manufacture if the eutectic region of the melt is very 
wide and shallow. However, despite all advantages, there are 
concerns of entraining impurities during alloying process 
originating from the attritions from the vials and milling 
media. In order to prevent this, the use of vials and milling 
media made of hard metal alloys and ceramics composites 
can be helpful depending upon the end-use suitability. 
A yet another disadvantage is the loss in magnetization, 
which mainly stem from the defects occurred due to 
continuous impact and plastic deformations during MA. 
Anyway, annealing, as a post-process of MA, corrects the  
problem [7, 51].

The nanostructured materials like nanocomposites, 
nanocrystals, and amorphous-nanocrystalline structures 
synthesized by the MA method enable synthesizing 
materials with extraordinary properties by controlling the 
nanocrystalline sizes of the alloyed materials [7, 15, 52]. 
Moreover, using the MA method, it is possible to synthesize 
highly homogeneous materials of near full density with high 
purity and excellent mechanical and magnetic properties [19, 
53]. In addition, using this method, a wide variety of materials 
can be synthesized in a wide variety of compositions [50, 
54, 55]. In other words, by selecting appropriate alloying 

Fig. 3  A schematic representa-
tion of mechanical alloying 
process
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parameters and choosing appropriate elements, a variety 
of nanomaterials like amorphous-nanocrystalline alloys, 
nanocrystalline alloys, nanocomposite alloys, and HEAs 
can be produced for soft magnetic applications, and for the 
application of hydrogen storage systems [4, 11, 14, 15, 56].

In MA, the obtained alloys can be controlled by adjusting 
the milling parameters [7]. Milled samples of the alloys can 
be collected at certain intervals during the milling process 
for the purpose of stepwise structural and material charac-
terizations of the alloy in the making to provide a complete 
picture of the stepwise structural and morphological trans-
formation as the alloying process continues, and also the 
changes occurred in their thermal and magnetic behaviors. 
The properties of the alloys thus formed by MA can be con-
trolled by altering milling parameters and milling condi-
tions if necessary [9, 14]. On the other hand, since the MA 
process only involves the solid-state processing of the metal 
powders, the amorphous phase formation criteria during the 
alloying stages are completely different from the other con-
ventional methods like rapid solidification processes. The 
formation ability of the intermetallic components during the 
alloying process positively influences the scope of forming 
amorphous use of the alloy [7, 19, 57]. The more the inter-
metallic phase, the higher the ability of the alloy to be in the 
amorphous state. In the MA process, the amorphous phase 
occurs when the free energy (ΔGa) of the amorphous phase 
formation is less than the formation free energy (ΔGc) of 
the crystalline phase. Under the normal conditions, ΔGc is 
generally higher than the ΔGa meaning all alloying phases 
proceed via amorphization regardless of how transient it 
may be. However, in MA, when the process of alloy forma-
tion undergoes severe crystal deformations, dislocations, and 
lattice defects, the positive free energy of deformation (ΔGd) 
further contributes to the ΔGc making it even higher in value 
than the ΔGa. In MA, the equation for the formation of free 
energy for the amorphous phase can therefore be expressed 
as Ga < Gd + Gc [7, 14].

The free energy of the alloys increases enough to form 
an amorphous phase because of the reduction of grain size 
and dislocations, and also due to the presence of interme-
tallic phases during the MA process. However, it has been 
observed that when the milling time is increased, amorphous 
alloys showed a tendency to crystallize [14, 15, 58]. This 
situation has been named as mechanical crystallization. This 
phenomenon has provided a great opportunity for the emer-
gence of a new class of materials, amorphous-nanocrystal-
line materials. In these materials, there exists a controlled 
proportion of both amorphous and crystalline phases dis-
playing superior properties compared to either of these indi-
vidual phases. For example, synthesis of either completely 
amorphous, amorphous-nanocrystalline, or fully crystal-
line materials can be possible by controlling both milling 
time and annealing conditions, particularly the annealing 

temperature and time. The amorphous phase formed dur-
ing MA can undergo crystallization, which is also known 
as mechanical crystallization, which is unique to the MA, 
and this can happen when the milling of the amorphous 
phase is continued over a longer time. With the MA method, 
when parameters such as ball to powder ratio (BPR), mill-
ing medium, vial fill rate, mill speed, and milling period 
are selected appropriately, particle size reduction can con-
tinue steadily with the milling time. Moreover, it allows the 
production of nanostructured materials with high strength, 
excellent electrical, and magnetic properties. These are the 
most tangible benefits of MA and also the reasons why the 
MA method is preferred more over the other methods [7, 11, 
15, 58]. By selecting the optimum parameters for the MA, 
amorphous-nanocrystalline alloys in a completely homo-
geneous structure can be successfully obtained. By using 
the MA method, three different alloys with  Co30Fe30Ni40, 
 Co30Fe40Ni30, and  Co40Fe30Ni30 compositions containing 
Co, Fe, and Ni were successfully synthesized by Betancourt 
et al. Based on the elemental maps of the synthesized alloy, 
it was observed that the content elements were homogene-
ously distributed in the alloy system after 7-h milling [59]. It 
is interesting to note in this context, depending on the meth-
ods of production used, alloys of identical compositions may 
differ greatly with respect to their mechanical, magnetic, and 
nanostructural characteristics. Even if the same production 
technique is used, those characteristics may also differ if one 
or more operating parameters are changed in a process. For 
example, in the MA, the parameters such as milling time, 
type of mills, rotating speed, milling temperature, mill-
ing medium, usage of process control agent (PCA), BPR, 
selected elements, annealing temperature, and time can sig-
nificantly affect the properties of the resulting alloy [14, 60, 
61]. By using the MA method,  Ni70Co30 alloy was success-
fully produced by grinding for 0, 1, 5, 10, 15, and 25h by 
Abbasi et al. SEM images showed that the morphological 
structure and particle size of the alloy changed depending on 
the increasing MA time. It was also observed that the reduc-
tion in particle size and changes in particles shapes from an 
irregular to a spherical structure occurred by increasing MA 
time [62, 63]. In other words, as the milling time increases, 
face-centered cubic (FCC), body centered cubic (BCC), 
and amorphous phase transformations occur. However, it 
must be noted that milling more than the optimum milling 
period may cause impurities to develop and can damage the 
structural properties of the alloys formed. With the phase 
transformations occurring during MA, multiple significant 
changes may occur resulting different mechanical, micro-
structural, and magnetic properties [7, 63, 64].

The effect of milling time on magnetic properties was 
investigated by Alijani et  al., for FeCoNiMnV HEA, 
which was alloyed for 96 h in a planetary mill with 350 
rpm. It was observed that the Ms values  of the as-made  
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alloy increased up to 48 h depending on the MA time, 
but this value decreased when the grinding process was 
continued. The highest Ms value of 100 emu/g was reached 
at the end of 48 h. However, as the milling continued, the 
Ms value started decreasing gradually. This situation has 
been attributed to the FCC-BCC phase transformations 
occurring in the alloy [65]. In another MA study, magnetic 
properties of Fe-Cr-Mn-N powders alloyed under a nitrogen 
environment were investigated. Interestingly it was observed 
that the increased milling time actually favored magnetic 
properties. As the MA milling time increased, the Ms 
increased and the Hc decreased. Milling under nitrogen 
atmosphere supported the glass-forming ability of the alloy. 
Ferromagnetic  Co2MnSi Heusler alloy was successfully 
synthesized when milled for 25 h of duration. It was shown 
that the  Co2MnSi phase was formed after 15 h of milling 
and the saturation magnetization reached a maximum after 
20 h of milling duration. It was observed that as the milling 
time increased, the Ms value initially decreased from 112 to 
75 emu/g and then again increased to the 95 emu/g and the 
Hc increased from 219 Oe to 269 Oe. The  Co2MnSi alloy 
was also successfully synthesized by Rabie et al. using the 
MA technique and it was seen that the Ms value reaches 
120 emu/g by mechanically alloyed powders followed 
by post-annealing. It was reported that the measured Hc 
value decreased to 25 Oe. Based on these results, it is very 
apparent that the the prolonged MA time is not as effective 
as that of annealing for boosting the magnetic properties of 
the alloys [66].  CoxCrCuFeMnNi (x = 0.5, 1.0, 1.5, 2.0 mol) 
HEA was produced in a total of 50 h by performing 45-h dry 
and 5-h wet milling in ethanol in a planetary miller with a 
speed of 300 rpm. It was observed that the  Co2CrCuFeMnNi 
alloy synthesized with x = 2 moles exhibited superior soft 
magnetic properties with Ms of 52 emu/g, and Hc of 14 Oe 
compared to other alloys formed with Co at molarities x<2. 
The reason for the improved magnetization characteristics 
was attributed to increasing amount of Co concentration 
in the alloy. In other words, as the amount of Co additive 
increased, the magnetic properties of the alloy improved. In 
addition to that, a single FCC phase was found to be formed 
by annealing the alloys at 900 °C, which further improved 
the magnetic properties. This established the importance of 
the annealing process for improving Ms values. It is worth 
noting in this respect, annealing at a lower temperature, e.g., 
700 °C, the alloys can comprise two different phases which 
slowly transformed into single FCC phase as the temperature 
rises to 900 °C. It has been observed that the Ms values  of 
the alloy consisting of single FCC phase are better than the 
alloys consisting of two phases [67].

3  Subsequent annealing process

The annealing process, as a matter of fact, relieves the 
microstructure stresses and those complex structures can 
be reduced to a single phase with a simple structure, thus 
making significant improvements in mechanical and mag-
netic properties [14, 15, 61]. Using the MA method by Duan 
et al., FeCoNiCuAl alloy was successfully synthesized after 
90 h of milling in a planetary-type mill with a speed of 300 
rpm. The hysteresis curves of the synthesis alloy before and 
after annealing were examined in detail. It was observed that 
the synthesized alloy had a value of Ms approximately 73 
emu/g before and 94.2 emu/g after annealing. These results 
definitely revealed that the annealing helps in improving the 
magnetic properties [68]. Nanocrystalline  Fe50Co30Ni20 was 
successfully synthesized by Raanei et al. with the desired 
properties by milling for 48 h followed by annealing at 450 
and 650 °C. It was reported that the Ms (80.52 emu/g) of the 
samples milled for 48 h and annealed at 650 C was higher 
than the samples milled for 32 h and annealed at 650 °C (Ms 
77.52 emu/g) [69]. In another study, Fe-Ni, Fe-Si, Fe-Co, 
Fe-Si-Ni, and Fe-Si-B alloys were synthesized using the MA  

Fig. 4  a Effect of annealing on the structural and magnetic proper-
ties of the mechanically alloyed materials. a Effect of annealing time 
on Hc value for each composition. b Effect of annealing time on Ms 
value. Adapted with copyright permission from [70]
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method. The annealing process was applied to each 
synthesized composition at 550 °C for various periods. 
Figure 4 shows the effect of the period of the annealing 
treatment on Hc and Ms values. It is seen that the highest 
Ms value was achieved after annealing for 1000 min in 
Fe-Si-B alloy, while the lowest Hc value belongs to the 
Fe-Si-B-Nb-Cu alloy [70].

4  Recently developed soft magnetic powder 
alloys

There are a large number of studies on many different types 
of magnetic materials and magnetic alloys produced by var-
ious production methods. In this section, a detailed search 
has been carried out on soft magnetic amorphous/nanocrys-
talline Fe, Co, Ni, FeCoNi-based alloys and HEAs synthe-
sized by the MA method. Recently, amorphous/nanocrystal 
alloys and HEAs are the center of attention in the scientific 
world with their very good soft magnetic properties as well 
as other superior mechanical properties [71].

4.1  Fe‑based alloys

Iron is the most widely used magnetic material with its rea-
sonable cost, besides its high Tc (770 °C) and Ms (2.15 T). 
Synthesis of 50 different Fe-based soft magnetic amorphous 
alloys produced by various methods is there in the literature. 
The compositions of these alloys were mostly chosen as (Fe, 
Co, Ni) 70–85 (Si, B) 15–30 and they were synthesized in vari-
ous particle sizes ranging from 20 to30 μm. Fe-based amor-
phous alloys have high Ms  such as 1.5–1.63 T due to the lack 
of crystal structure [18, 72]. Their magnetic properties were 
improved by modifying the chemical compositions further for 
their applications in power distribution transformers, mag-
netic sensors, and amplifiers. Fe-based soft magnetic amor-
phous materials are of increasing importance in soft magnetic 
applications because of their low core losses, high magnetic 
permeability, and low Hc values. Amorphous materials can 
be easily magnetized and demagnetized because they do not 
have crystalline magnetic anisotropy and grain boundaries. 
This ensures that amorphous materials exhibit low energy 
and core loss and have excellent soft magnetic properties 
[36]. The amorphous alloys thus obtained can compete with 
other conventional soft magnetic materials in terms of soft 
magnetic properties [73]. Especially with the oil crisis in the 
1970s, Fe-based amorphous alloys were synthesized at a level 
that could compete with grain-oriented Si-steels with their 
high Ms and low core losses, and were successfully used in 
power distribution transformers in the 1990s [11, 74]. Fig-
ure 5 briefly summarizes the Fe-based magnetic materials in 
a hierarchical order. As seen in the figure, Fe-based magnetic 

alloys are mainly examined in three groups. These groups are 
crystalline, amorphous, and nanocrystal alloys [74]. Crystal-
line alloys are the mostly used magnetic materials for over 
100 HEAs. Amorphous alloys, on the other hand, are rela-
tively new but have become a material of great interest due 
to their promising magnetic properties [7].

Figure  6 shows the advancement and chronological 
changes of some soft magnetic materials. As can be seen 
from the figure, Si steels together with iron and low carbon 
steels are still dominating as the soft magnetic materials. 
Amorphous/nanocrystal and other new material groups 
appear to be in the market later and their usage has been 
increasing but still far less than the conventional soft mag-
netic materials [9]. Amorphous alloys were first synthesized 
with rapid solidification (RS) methods and then success-
fully produced by MA with the development of the method 
[7, 18]. While alloys can be synthesized in limited quan-
tities with the rapid solidification (RS) method, they can 
be synthesized in very large compositions and industrial 

Fe based 
alloys

Crystal 
alloys    

Fe-Si

Fe-3 Si (wt 
%)

Fe-6.5 si (Wt 
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Fe Ni-Fe
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80Ni-15Fe-
5(Cu-Mo)  

(wt%)

Amorphou
s alloys

Nanocrystal 
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Fe-9.5Al-
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Fig. 5  Hierarchical representation of Fe-based magnetic alloys [74]

Fig. 6  Advancement and chronological evolution of soft magnetic 
alloys. Adapted with copyright permission from [9]
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scales with the MA [7]. Nanocrystal alloys, another soft 
magnetic material group, were obtained by first annealing 
the amorphous materials at or above the crystallization tem-
perature [75]. It has been shown by Yoshizawa et al. that 
these alloys have excellent magnetic properties. Fe-based 
amorphous alloys with soft magnetic properties could be 
synthesized in a controlled manner by applying an anneal-
ing process to amorphous alloys at a temperature above 
the crystallization. Moreover, nanocrystal alloys can be 
synthesized with desired properties using the MA method 
[72, 73, 76]. In another study, FeCo-based nanocrystal-
line alloys were synthesized by milling in a SPEX 8000 
type mill for 10 h. In this study,  Fe50Co50,  Fe70Co30, 
 Fe69.97Co30B0.03,  Fe49.2Co50Zr0.8,  (Fe0.5Co0.5)88Cu1Zr7B4, 
 (Fe0.6Co0.5)80Cu1Nb5P4B10, and  Fe62Ni15Cu1Nb2P14B6 nano-
structured/amorphous alloys were successfully synthesized 
with MA and heat treatment was applied to improve the 
magnetic properties of these alloys. The effect of annealing 
temperature on Ms and Hc is summarized in Fig. 7 [77].

It can be clearly seen that the highest Ms of 235 emu/g 
was achieved in  Fe70Co30 after heat treatment at 800 °C. 
On the other hand, the Hc values of all the alloys are low 
ranging from 10 to 20 Oe after annealing regardless of 
their composition. Khazaei et al. were milled Fe-based 
 Fe0.7Nb0.1Zr0.1Ti0.1 amorphous alloy for 60 h of duration. 
The wet milling process was applied using hexane as pro-
cess cooling agent (PCA). It has been reported that the 
PCA add-on increases the amorphous phase formation 
while significantly changing the magnetic properties. It 
was observed that the PCA addition increased the Ms by 
approximately 43% and decreased the Hc by 50%. Simi-
larly, improvement in magnetic properties has been also 
reported when milled powders are subjected to the anneal-
ing process [78]. İt has been well known that magnetic 
alloys are key materials for the future of the electronics 
industry. Recently developed transformers, inductors, coils, 
and filters require completely new types of alloys of supe-
rior properties. Among these new types of alloys, Fe-based 
Fe-Ni, Fe-Si, Fe-Co, Fe-Si-Ni, and Fe-Si-B alloys were 
successfully synthesized by Shokrollahi et al. using the MA 
method. It was seen that as the annealing time increased, 
the Ms value decreased first and then increased [70].

Fe-based alloys appear as the most important soft mag-
netic alloys due to their good magnetic properties. These 
alloys can be produced with two, three, or more compo-
nents. The MA method stands out as one of the most suit-
able synthesis methods for soft magnetic Fe-based alloys 
because it enables the formation of supersaturated solid 
solutions, multi-phase structures, or amorphous alloys 
[70]. By using the MA method, alloys with very good 
magnetic properties such as nanocrystalline, amorphous, 
nanocomposite, and high entropy alloys can be synthesized 
to the desired quality. Table 1 summarizes the magnetic 

properties of Fe-based amorphous/nanocrystal alloys syn-
thesized by the MA method showing that Fe-based alloys 
exhibit excellent soft magnetic properties.

4.2  Co‑based alloys

Cobalt has been chosen as both main or additive element 
due to its high atomic magnetic moment. Moreover, the 
addition of Co in appropriate proportions significantly 
increases the Ms and Tc values of the alloys. Co-based 
 SmCo5 alloy was milled by adding Co in different 
proportions and the magnetic properties were investigated. 
It has been reported that a low Hc and high Ms were achieved 
by adding Co in different mass ratios and by annealing 
at 750 °C for 1 h. As the amount of Co increased in the  

Fig. 7  The effect of annealing on the Fe-Co-based alloys produced by 
mechanical alloying. a Ms value. b Hc value. Adapted with copyright 
permission from [77]



464 Emergent Materials (2023) 6:453–481

1 3

Table 1  Fe-based amorphous/nanocrystalline alloys recently produced by MA

Alloy composition Ms (emu/g) Hc (Oe) Form Ref.

Fe80P11C9 milled for 120 h 158 16 Amorphous/nanocrystal-
line

[79]

Fe92Al2Si6 milled for 30 h 186.5 16–20 Nanocrystalline [80]
Fe46Co34Ni20 milled for 9 h 169.0 1.2 Nanocrystalline [81]
Fe49Co21Mn10Ti10B10 milled for 100 h 138 33.0 Nanocrystalline [82]
Co60Fe18Ti18Si4 milled for 50 h 89.68 155.08 Amorphous/nanocrystal-

line
[83]

FeaNibNbcZrd(a=31.3, b=48.7, c=0, d=20) milled for 20 h 70.6 17.0 Amorphous/nanocrystal-
line

[3]

(Fe0.6Co0.5)80Cu1Nb5P4B10 (milled for 10 h)
(773 K/1 h)

165
185

68.3
16

Nanocrystalline [77]

(Fe0.5Co0.5)88Cu1Zr7B4 

Milled for 10 h
823 K/1h

162
190

81
38

Nanocrystalline [77]

Fe80 (NiZr)7B12Cu1

SPEX milled for 80 h
Planetary (P7) milled for 80 h

105.3
155.6

29.2
30.7

Nanocrystalline [84]

Fe80  Nb7B12Cu1

SPEX milled for 80 h
Planetary (P7) milled for 80 h

162.6
146.1

36.9
28.6

Nanocrystalline [84]

Fe75Ta5Co20

20 h
70 h
120 h

145
130
132

4
2.75
3.4

Amorphous [85]

Fe46Co34Ni20 milled for 9 h
annealed 300 K

175.6
169

4.5
3.3

Nanocrystalline [81]

Co40Fe22Ta8B30 - Milled for 200 h 86 3.2 Amorphous [86]
Fe70Cr10Nb10B10 alloy milled for 50 h and annealed at 972 K  ~95   ~76 Amorphous/nanocrystal-

line
[87]

Fe70Ti10B20

2.5 h
20 h
70 h

130
110
94

32
47
117

Amorphous/nanocrystal-
line

[88]

Fe-%45 Ni2-(milled for 4 h + %1 PCA)
(milled for 48 h + %1 PCA)

138 3
163

14 ±3
–

Nanocrystalline [89]

Fe70Cu30−xNix
X= 0 123 105 Nanocrystalline [90]

10 124 135
15 130 144
30 141 82

Fe-%10 Ni milled for 36 h
Fe-%20 Ni milled for 36 h

227
219

2.5
1.3

Nanocrystalline [91]

(Fe75Al25)100−xBx
(milled for 80 h)
X = 0

5
9
12

-
-
130
128

-
-
35–40
30–40

Nanostructured [92]

Fe-Six (milled for 20 h)
X= 1.78 at.% 197 18 Nanocrystalline [93]

5.08 at.% 186 22.5
8.04 at.% 182.5 17.5

Fe49Co49V2 186 56
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Table 1  (continued)

Alloy composition Ms (emu/g) Hc (Oe) Form Ref.

Milled for 2 h 177 48 Nanostructured [94]
10 h 193 56
16 h 174 52
32 h 185 61
56 h 182 65
126 h 182 53

(Fe67  Ni33)70  Ti10  B20

milled for 120 h 105.3 36.7 Nanostructured [62]
Milled for 120 h and annealed at 1044 C 90.2 77.3

Fe42Ni28Zr8Ta2B10C10

milled for 198 h 93.9 33.3 Amorphous/nanocrystal [95]
milled for 176 h 82 24.0
milled for 176h and heat 500 C 77.1 11.7
milled for 176h and heat 650 C 87.6 25.4
Fe70Ta5Si10C15

milled for 120 h 93 34.1 Amorphous/nanocrystal [96]
120 h (673 K) 100 17.3

Annealed 120 h (743 K) 105 27.0
120 h (848 K) 116 28.5
120 h (993 K) 119 28.7

(Fe0.7Co0.3)100−xSix [milled for 72 h]
X= 0 223 42 Nanocrystalline [97]

5 213 41
10 199 42
15 185 49
20 162 52

Fe95B5 (milled for 50 h)
Before washing 21 191
After washing 28 179
Fe85B15 [milled for 50 h] Nanocrystalline [98]
Before washing 9.5 237
After washing 14 200
(Fe50Ti25Al25)70B15P7C6Si2 [milled for 30 h] 30 125 Amorphous/nanocrystal-

line
[99]

(Fe50Ti25Al25)70B15P7C6Si2-Co20 [milled for 20 h] 82 129
(Fe85Ni15)100−xCux (milled 72 h)
X= 0 150 35 Nanocrystalline [100]

0.5 156 29
1.5 159 62
3 166 40
5 160 41

Fe–16.5Ni–16.5Co
milled for 50h 15.1 700 Nanopowder [101]
Reduce under hydrogen 42.9 116.2
Fe84Nb7B 
milled for 35 h 155 360 Nanocrystalline [102]
Milled for 35 h and annealed at 350 C/30 min - 120
FeSi10Cr10

Milled for 30 h 151 31.4 Nanocrystalline [103]
[Fe50(Co50)]–6.5 wt% Si
Milled for 18 h 188 87 Nanocrystalline [104]
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Table 1  (continued)

Alloy composition Ms (emu/g) Hc (Oe) Form Ref.

Fe65Co35 milled for 80 h 185 25.3 Nanocrystalline [105]
(Fe65Co35)80  Si20 (Milled for 80 h) 110 43.8
(Fe65Co35)90  Si10 milled for 80 h 150 35.1
Fe75Si25

milled for 80 h 150 30 Nanocrystalline [106]
Fe-%10Ni
Milled for 36 213 5.28 Nanocrystalline [107]
Fe-%20Ni
As milled for 36 h 200 5.03
Fe-%10 Ni milled for 36 h 209 32.5 Nanocrystalline [108]
Fe-%10Si milled for 36 h 199 30.0
Fe-%10Al milled for 36 h 205 21.9

Fe75Ta5Co20

20 h 145 4 Amorphous [85]
70 h 130 2.7
120 h 132 3.4
Fe72−xCoxCr28 (10 < X < 22)
Milled for 20 h 175 115
(x=10) annealed 560

600
620
640

170
165
150
135

87
88
87
87

Nanocrystalline [109]

(x=14) annealed 560
600
620
640

175
168
138
135

135
113
100
89

(x=22) annealed 560
600
620
640

165
150
120
100

150
125
101
100

Fe50Co25Ni15X10 (milled 100h)
FeCoNi milled for 100 h 125 13 Amorphous/nanocrystal-

line
[110]

X = B amorphous 160 48
X= B crystalline 95 58
X= Si 160 93
(Fe85Ni15)97Al3
As milled 0 h 155 - Nanocrystalline [111]

4 h 180 -
16 h 185 -
32 h 195 -
64 h 185 -

(Fe70Al30)100−xSix [milled for 72 h]
X (at.%)= 0 150 37 Nanocrystalline [112]

5 125 22
10 85 21
15 75 23.5
20 45 42.5

Fe-49 wt% Co-2 wt% V
Milled for 45 h 300 K 211 66.6 Nanocrystalline [113]

600 K 210 43.9
900 K 225 6.7

Co3C-Co0.35Fe0.65 milled for 72 h 189 70 Nanostructured [114]
Fe70Zr30
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alloy, the Ms value also increased accordingly [120, 121]. 
Whether Co-based alloys are produced by fast cooling 
methods or by the MA method, it has been observed that 
the Co addition improves the magnetic properties [9, 122]. 
It has been observed that the 49Fe-49Co-2V alloy obtained 
by RS method exhibits excellent magnetic properties 
with high μ (4000–8000) and Ms (2.4 T) [13]. After the 
amorphous alloys were obtained by rapid cooling, these 

alloys attracted the attention of scientists because of their 
extraordinary properties. In amorphous alloys, it is not 
possible to repeat a certain structure or geometric shape 
as in crystal alloys. In other words, their atoms are random 
arranged. Figure 8 shows the XRD measurement as-milled 
Ti-Ni-Co-B powders after milling from 4 to 190 h. It is 
very interesting that after 190 h of milling, there is no 
observed Bragg reflections showing that the structure 

Table 1  (continued)

Alloy composition Ms (emu/g) Hc (Oe) Form Ref.

Milled for 8.5 h ( magnetic 
properties calcu-
lated at 100 K)

75 87.9

16 h (magnetic 
properties calcu-
lated at 100 K)

80 43.9

50 h (magnetic 
properties calcu-
lated at 100 K)

72 12.6 Amorphous [115]

Milled for 8.5 h (magnetic prop-
erties calculated at 
300 K)

40 213.6

16 h (magnetic 
properties calcu-
lated at 300K)

30 188.5

50 h (magnetic 
properties calcu-
lated at 100 K)

20 173.4

Fe80Nb10B10 (Milled for 60 h)
Annealed at 400 K 77 - Amorphous [116]

800 K 92 -
1200 K 160 -

Fe46Co34Ni20 [milled for 15 h]
At 300 K (post-thermal treatment) 190 25.1 Nanocrystalline [117]
Annealed at 300 K

840 K
160
171

-
-

Fe75Ta5Si10C10

Milled for 70 h
90 h
120 h

152
146
148

30.7
45.7
46.6

Fe70Ta5Si10C15

Milled for 70 h 145 29.6 Nanocrystalline [118]
90 h 96 30.6
120 h 93 34.1

Fe65Ta5Si10C20

Milled for 70 h
90 h
120 h

120
90
86

28.8
27.4
26.9

Fe-15 wt% Si
Milled for (4 h, 8 h) and annealed at 400 K 4 h 130 -

8 h 134 - Nanocrystalline [119]
Milled for (12 h) and annealed at 400 K 12 132.5 -
Milled for (16 h, 20 h) and annealed at 400 K 16 h

20 h
131
134

-
-
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completely becomes amorphous. Moreover, since the 
crystallite defects in amorphous alloys are not encountered 
as much as in crystalline alloys, these structures exhibit 
unusually superior mechanical and magnetic properties 
[7, 69, 75]. Thanks to these good soft magnetic properties, 
amorphous/nanocrystal alloys have been considered as an 
alternative to conventional soft magnetic alloys. For this 
purpose, in addition to the RS method, the MA method, in 
which amorphous/nanocrystal alloys in various compositions 
can be synthesized easily, has also been used to synthesize 
amorphous/nanocrystal alloys [56, 57, 74, 122].

In another study, dependence of Ms and Hc values on 
the milling time for the amorphous  Co60Fe5Ni5Ti25B5 
alloy was investigated by Avar et al. It was observed that 
both Ms and Hc  decreased substantially as the milling 
time increased. In addition, it was also observed that the 
annealing process did not improve the magnetic properties 

of that amorphous alloy. This anomaly was mainly due to the 
crystallinity occurred during the amorphous phase formation 
[17]. With the MA method, Fe- and Co-based amorphous-
nanocrystalline alloys have been successfully synthesized 
on a large scale. Co-based  Co49Ni21Ti10B20 amorphous alloy 
was synthesized by the MA method by milling for 190 h. 
Annealing process has been applied to the resulting alloy 
and its effect on magnetic properties has been observed. The 
results showed that the Ms of the 190 h as-milled alloy was 
lower than the Ms of the annealed alloy. On the other hand, 
the Hc increased significantly with the annealing. Ms and 
Hc values  of Co-based amorphous  Co49Ni21Ti10B20 alloy 
produced by MA were investigated in detail by Raanei et al. 
It was reported that while the Ms started decreasing after 
the first 40 h, there was a continuous decrease in the Hc 
with the increasing milling time [69]. Although Co-based 
alloys have very good soft magnetic properties, Fe-based 

Fig. 8  XRD plots of the a 
mixture powders before milling 
process. b  Co49Ni21Ti10B20 
amorphous alloy obtained as a 
result of 190 h-milling process. 
Adapted with copyright permis-
sion from [69]
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Table 2  Co-based amorphous/nanocrystal alloys produced with MA and their magnetic properties

Alloy composition Ms (emu/g) Hc (Oe) Form Ref.

Co40Fe22Ta8B30

Milled for 200 h 77 40.2
Annealed at 613 K 70 15.1 Amorphous [86]

723 K
773K

68
56

16.3
15.1

60Co–26Fe-14Al
Milled for 7 h 149 24.7

15 h
30 h
50 h

146
144
141

25.4
24.4
24

Nanocrystal [124]

(Co-Ni)70Ti10B20 Amorphous/nanocrystal [125]
Milled for 190 h
Annealed at 493 C

78.4 ±3.9
71.6 ±3.5

39.3 ±1.9
120.6

Co2MnAl (milled for 5 h) 105 25  Amorphous/nanocrystal  [126]
Co2B (milled for 20 h)

(rpm) 250
300
350

48.9
38.4
42.7

337.41
248.26
223.58

Nanocrystal [127]

Co70Fe4Ni2Si15B9

MA (40h)
573 K /2h annealed
573 K/3h annealed 

43
103
100

-
-
-

Nanocrystal/amorphous [128]

  Fe49.2Co50Zr0.8 milled for 10 h
873 K/1h annealed  232 11.5
Fe50Co50  Nanocrystal [77]
Milled for 10h
873 K/1h annealed

221
230

58
12.4

(Fe0.6Co0.5)80Cu1Nb5P4B10

milled for 10 h
annealed at 773 K/1 h

165
185

68.3
16

Nanocrystal [77]

Co70Si15B15 (milled for 2h) 135 147 [129]
(36 h milled)
(72 h milled)

100
95

118
114

Nanocrystal

Fe45Co45Ni10

Milled for 10 h 169 35
20 h
35 h

185
180

36
39

Nanostructured [130]

Co70Fe4Ni2Si10B9Ti5
Milled for 40 h 59 -
Co70Fe4Ni2Si10B9Zr5

Milled for 40 h 60 -
Co70Fe4Ni2Si15B9Zr5 Amorphous/nanostructured [131]
Milled for 40 h 58 -
Co70Fe4Ni2Si15B9Ti5
Milled for 40 h 55 -
Co57Fe13Nb8Ta4B18

Milled for 160 h 115.5 ± 5.5 123.4± 6.1
Milled for 160 h and annealed at 243 C 119.7 ± 6 11.6 ± 5.5 Nanocrystalline [132]
Milled for 160 h and annealed at 427 C 139.1 ± 7.5 136.8 ± 6.5
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alloys are preferred because the Co is an expensive material. 
However, the low amount of Co addition is highly preferred 
in many alloy systems as it improves magnetic and electrical 
properties significantly [9, 123]. Table 2 summarizes the 
contribution of the Co addition to magnetic properties of 
recently synthesized Co based alloys by the MA method.

4.3  Ni‑based alloys

It has been investigated that when Ni is added to an alloy 
system, it usually makes a significant improvement in the 
magnetic properties of the alloy. Ni-based alloys are widely 
used in inductance cores and transformers, especially in 
power generation transformers, thanks to their high Ms, 
permeability, and electrical resistance [9, 52]. In soft mag-
netic alloy, Ni content is generally preferred at 30% or 
above in order to increase the Tc. According to Ni content, 
in Ni-based alloys, the highest permeability was obtained 
in alloys containing 80% Ni, the highest Ms at 50% Ni and 
the highest electrical resistance at 30% Ni. Properties such 

as Ms, permeability, and electrical resistance are known to 
be the most important properties for soft magnetic materi-
als [13, 124]. Since these three can be obtained at a very 
high value, Ni-based alloys have a wide range of uses for 
soft magnetic applications [138]. Furthermore, Ni-based 
Ni-Zn and Ni ferrites are widely used in electronic devices 
and the telecommunications industry today [52]. Moreover, 
Ni-Zn ferrites are known to be highly preferred useful mate-
rials in transformer cores for high-frequency applications 
and in various electronic devices [52, 139–141]. Because 
Ni-based alloys have various usage areas, the production 
techniques are still improving. With the development of 
technology, the increase in energy needs has become the 
main goal to minimize energy losses in areas such as power 
generation and distribution transformers where energy losses 
are intense [142, 143]. To reduce these losses, advanced 
materials with better soft magnetic properties are needed 
than currently used counterparts such as Si steels and low 
carbon steels [9, 124]. From this point of view, it appears 
that amorphous/nanocrystalline alloys have much better 

Table 2  (continued)

Alloy composition Ms (emu/g) Hc (Oe) Form Ref.

(Co75Ti25)100−xFex milled for 60 h
X= 0 0.61 -

2 0.70 -
5 0.71 -
7 0.72 (T) -
10
15
20

0.87
0.94
1.01

-
-
-

Amorphous [133]

Co71Ti24B5,

Milled for 36 h  1.01 (T) 35.9
As consolidated (subsequent hot pressing) 0.96 36.7 Amorphous [134]
(Fe-Co)70  Mn10  Ti10  B10

As-milled 35 h 113 50
As-milled 35 h and annealed at 600 C 124 40
As-milled 35 h and a nnealed at 900 C
As milled 100 h
As milled 100 h and-annealed at 600
As milled 100 h and-annealed at 900

119
107
125
139

43
189
132
33

Nanocrystalline [135]

Co80−xTaxSi5C15
(x=0, 5)
X= 0 (Milled for) 20 h 107 56.5

45 h
120 h

103
100

47.7
56.5

Amorphous/nanocrystalline [136]

X= 5 (Milled for) 20 h
45 h
120 h

67
40
40

57.8
18.8
18.6

(Co75Ti25)100−xBx (milled for 50 h
X= 10 0.74 212.3 Amorphous [137]

20
30

0.95
0.85

182.2
221.2
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Table 3  Ni-based amorphous/nanocrystal alloys recently synthesized by MA

Alloy composition Ms (emu/g) Hc (Oe) Form Ref.

Ni58Fe12Zr10Hf10B10

Milled for 190 h 30 20
Milled for 190 h and annealed at 450 for 2h 40 5 Amorphous [146]
75wt% Ni-Fe
16 h
32 h

81 -
56 - Nanocrystalline [147]

64 h
100 h

12
7

-
-

CoNi milled for 10 h
Before annealing 111.4 127.7 [148]

Nanocrystalline
After annealing (750 C/2h) 129.5 30.9
Ni-Zn ferrit-as milled for 40 h
Sintered at 1200 °C (10 °C/dak) 3 h 54 25 Nanocrystalline [149]
Ni70Co30

Milled for 5h 96 34
10h 106 31 Nanocrystalline [150]
15h
25h

107
87

31
30

Cu50Ni50

5h
15h
30h

3
6
49

50
25
10

Nanocrystalline [151]

NiFe2O4 milled for 50 h
Annealed at 1018 K

1108 K
1198 K

40.6
46.2
52.8

0.164 (T)
0.092 (T)
0.011 (T)

Nanocrystalline [54]

Fe42Ni40B18 Milled for 100 h 0.1 (T) 15.0 Nanostructured [152]
After heat treatment 0.7 20.1
Fe40Ni38B18Mo4 milled for 100 h
After heat treatment

1.2 (T)
1.2 (T)

17.46
8.17

Nanostructured [152]

NiFe2O4

Milled for 8 h
 annealed 973K

24.35
34.55

0.351 (T)
0.107 (T)

Nanocrystalline Ni ferrite [153]

Annealed at 1073K
1273K

49.22
53.62

0.024 (T)
0.013 (T)

NiZnFe2O4

Milled for 60 h 52.97 129.95
Annealed 800 C/4 h 83.22 43.8 Nanocrystalline [154]
Ni0.3Zn0.7Fe2O4

Milled for 60 h
Annealed 800 C/4 h

39
46

-
-

Nanocrystalline [155]

Ni1−xMnxFe2O4 (milled for 2 h)
X= 0 12 - [156]

0.3
0.5
0.7

40
36
24

-
-
-

Nanocrystalline/nanosized

50i50

Fe50Ni50 milled for 50 h 120 - Nanocrystalline [157]
NiFe2O4
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magnetic properties than other conventional soft magnetic 
materials [7, 21, 144]. These alloys are produced using both 
RS and the MA method. By using the MA method, Ni, Fe, 
and Co-based amorphous/nanocrystal alloys could by eas-
ily synthesized with a wide variety of compositions and 
desired properties [7, 9]. The nanocrystal  (NiFe2O4) alloy 
was successfully synthesized by the MA method using a 
planetary type mill and then annealed to improve the mag-
netic properties by V. Sepelak at al. When the hysteresis 
curve was examined, it was seen that the Ms of the as-milled 
sample was 33.2 emu/g, and the Hc was 0.245 T. On the 
other hand, these values  were measured of the milled sam-
ple followed by annealing at 1198 K as 52.8 emu/g and 
0.011 T, respectively. Results show that this Ni-based alloy 
exhibits excellent soft magnetic properties after milling and 
annealing [145]. In another study, the nanocrystal Fe-10% 
Ni and Fe-20% Ni alloys were successfully synthesized by 
the MA by Hamzaoui et al. It has been reported that the Ms 
of the former alloy (227 emu/g) was higher than the latter 
second (219 emu/g). On the other hand, Hc was 200 and 
110 A/m, respectively. Thus, the addition of Ni decreases 
the Hc while Fe increases the Ms [83]. Table 3 depicts the 

Ni-based amorphous/nanocrystal alloys recently produced 
with MA summarizing that Ni-based alloys exhibit excellent 
soft magnetic properties. This enables Ni-based alloys to be 
used in electronic devices, power generation transformers, 
telecommunications industry, inductance cores, and many 
other electronic devices [21, 54, 140].

4.4  FeCoNi‑based alloys

It is known that alloys based on Fe, Co, and Ni elements 
have excellent magnetic properties. Fe-Co alloys containing 
atomically about 30% Co show good soft magnetic proper-
ties while adding 10–20% Ni by weight improves the electri-
cal resistance and permeability significantly [69]. Fe-Co-Ni 
ternary alloys are frequently used in file storage devices, 
energy storage, power converter, signal transmission, and 
quantum devices thanks to their magnetic properties such 
as good electrical resistance, high permeability, and Ms, low 
Hc [60, 101, 161]. When Co and Ni elements are added to 
Fe-based alloys, it improves the high-temperature magnetic 
properties of the alloys. Fe-Co-based alloys come to the fore 
with their high  Tc and Ms. On the other hand, Fe-Ni-based 

Table 3  (continued)

Alloy composition Ms (emu/g) Hc (Oe) Form Ref.

milled for 1 h and 30 h 53
32

-
-

Nanocrystalline [158]

Fe50Ni50

Milled for 5 h 148 37
25 h
50 h

145
133

16
18

Nanocrystalline [159]

Ni0.5Co0.5Fe2O4 (milled for 2h) 56 920 Nanocrystalline [160]

Fig. 9  Hysteresis curves of 
Fe-Co-Ni ternary alloys milled 
for 7 h. Adapted with copyright 
permission from [59]
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alloys come to the fore with their electrical resistances and 
high μ values. Fe-Co-Ni ternary amorphous/nanocrystal 
alloys are very popular for soft magnetic applications, as 
they have excellent magnetic properties containing the com-
bination of properties of each element [60, 82]. Fe-Co-Ni 
amorphous/nanocrystal alloys with good magnetic proper-
ties, which are important for soft magnetic applications, 
can be produced comfortably in various compositions with 
desired properties using the MA method [162].

Figure 9 shows the hysteresis curves of Fe-Co-Ni ternary 
nanocrystal alloys synthesized using the MA method. It is 

seen that the nanocrystal  Fe30Co40Ni30 alloy subjected to 
the milling for 7 h has the highest Ms (162 emu/g) and the 
lowest Hc value [59]. MA parameters such as milling tem-
perature, milling time, milling vial type and volume, the ball 
to powder ratio, milling environment, and PCA significantly 
affect the structural, mechanical, and magnetic properties of 
the alloy [162]. When these parameters are selected appro-
priately, the synthesis of the desired material can be easily 
controlled. MA method offers the opportunity to synthesize 
alloys in a wide variety of compositions compared to other 
methods [7]. Table 4 shows the composition and magnetic 

Table 4  FeCoNi-based amorphous/nanocrystal alloys synthesized by MA

Alloy composition Ms (emu/g) Hc (Oe) Form Ref.

Co40Fe30Ni30 milled for 7h 162 0.365
Co30Fe40Ni30 milled for 7h 166 0.296 Nanocrystalline [59]
Co30Fe30Ni40 milled for 7 h 150 0.306
Co60Fe5Ni5Ti25B5

Milled for 0.5 h 108 129
Milled for 1.5h 104 159 Amorphous [17]
Milled for 3.5 h 57 -
Milled for 7h 53.4 7.6
FeCoNi milled for 100 h 120 13
FeNiCoB (nanocrystalline) milled for 100 h 77 59 Amorphous/nanocrystalline [110]
FeCoNiB-(amorphous) milled for 100 h 160 50
FeCoNi (Mg-Si)x milled for 25 h
X= 0.0

0.1
0.2

94.1
142.4
30.0

91.6
30.2
295.7

Nanocrystalline [163]

FeCoNi (Mg-Si)x milled for 25 h
X= 0.0 125.5 46.8

0.1 16.5 Nanocrystalline [41]
0.2 234.0

266.6
23.2

Fe40Co30Ni30 milled for 15 h
In Ar 146 4.3
In air at 300 K 138 5.5
Annealed In Ar at 660K
Annealed In air at 660K
Annealed In Ar at 840K
Annealed In air at 840K

147
144
167
167

3.3
4.1
3.4
4.3

Nanocrystalline [162]

FeCoNiSi milled for 100 h 163 90 Amorphous/nanocrystalline [110]
(FeCoNi)70Ti10B20

Milled for 50 h
milled for 50 h and annealed 350C

107.2
119.2

33
13

Amorphous [164]

milled for 50 h and annealed 700 C 52.6 72
FeNiCo

5 h 116.2 60.6
10 h 36.7

milled for 15 h
20 h
25 h

121.8
122.0
125.4
125.5

65.4
59.4
46.8

Nanocrystalline [165]



474 Emergent Materials (2023) 6:453–481

1 3

properties of Fe-Co-Ni-based amorphous/nanocrystal alloys 
synthesized by the MA method, summarizing promising 
magnetic properties of the Fe-Co-Ni alloy.

In addition, as it is known in amorphous and nanocrys-
talline materials reducing crystallite sizes in the alloy is 
important for its soft magnetic properties. Considering this 
fact, many studies continue to be carried out on the amor-
phous and nanocrystalline magnetic alloys using mechanical 
alloying. In one of these studies, Hajipour et al. reported 

the dependence of the magnetic properties on the crystallite 
size of the alloys. They obtained the  Co64Fe21Zr10Cu5 (at.%) 
alloy powder in nanocrystalline form after 60 h of milling. 
As can be seen from the TEM results in Fig. 10, the nano-
sized particles, the nanocrystallites, of irregular morphology 
were embedded in the amorphous structure of the alloy. The 

Fig. 10  a, b TEM images 
with c SAED pattern of the 
 Co64Fe21Zr10Cu5 (at.%) alloy 
after 60 h-milling. Adapted with 
copyright permission from [166]

Fig. 11  Four core effects that make HEAs interesting

Fig. 12  Representation of phases corresponding to ΔHmix – δ values. 
Adapted with copyright permission from [170]
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areas of embedded amorphous structures are marked by cir-
cles. The selected area electron diffraction (SAED) image 
of the alloy shows the combination of both amorphous and 
nanocrystalline forms [166].

4.5  High entropy alloys

High entropy alloys (HEA) have attracted more attention 
than any other material group with their extraordinary prop-
erties [167]. Although a lot of studies have been done, these 
alloys have taken their place in the world of science after the 
research conducted by Yeh et al. [168]. Although HEAs are 
different from other alloys in terms of production methods 
and compositions, their high strength, hardness, good cor-
rosion resistance, excellent magnetic properties, high wear 
resistance, fatigue resistance, and toughness make these 
alloys much superior and different from other traditional 
alloys [61, 168–170].

Figure 11 shows the four core effects of HEA such as 
high entropy effect, slow diffusion effect, lattice distor-
tion, and slow mixing effect [61, 164, 171]. The struc-
tural diversity and uniqueness as observed with HEAs 
are mainly due to their metastability. Such diversity in 
HEAs primarily arises from the lattice distortions due to 
the interactions between atomic size misfits and chemical 
disorder. Lattice distortion is the key contributor for the 
strengthening of the alloy and its ductility. The slow dif-
fusion process during the formation of HEAs also enables 
them to maintain stability at high temperatures [172]. In 
HEAs, simple structured BCC, FCC, or FCC with BCC 
phases can be formed easily due to the high entropy mix-
ing effect. When suitable conditions are provided, HEAs 
can be formed from simple solid solution phases as well 
as amorphous, amorphous with nanocrystalline phases. In 
this respect, it is worth reminding about the three basic 
parameters as enunciated in the Hume-Rothery rules on 
the solid solutions such as the atomic size difference, 
electronegativity, and electron concentration to predict 
the phases that may occur in HEAs. Hume-Rothery rules 
basically delineate the dissolution conditions of an ele-
ment in a metal to form a solid solution, which can be 
either substitutional solid solutions or interstitial solid 
solutions. This concept is used to understand multi-com-
ponent alloys such as HEA [173]. Apart from these rules, 
there are also parameters such as ΔHmix and ΔSmix that 
affect the design of HEAs. In a thermodynamic system, 
the Gibbs free energy (G) tends to be minimized under iso-
baric and isothermal conditions. This orientation is known 
as the tendency to equilibrate the system, and equilibrium 
conditions are met when the G value is minimal. The free 
energy of a system can be expressed thermodynamically 
using the following equation.

where H is the enthalpy, S is the entropy, and T is the tem-
perature. From this equation, it is clear that the enthalpy of 
the mixture and the entropy of the mixture directly affect the 
equilibrium state. Thermodynamic calculations of elemental 
mixtures are made using the following equation.

According to the Boltzman hypothesis, the entropy of 
a resultant alloy of equal atomic structure is calculated by 
the following equation.

where R is the gas constant and it corresponds to a value of 
8.31 J/K mol. The mixing entropies of HEAs containing 5 
elements and 8 elements were calculated as 1.61 R and 2.08 
R, respectively, using Eq. 3. It has been suggested by Yeh 
et al. to combine at least five elements in an equal or near-
equal ratio for HEA. Because, for the formation of simple 
solid solution phases, the lowest element number for which 
the entropy of the mixture balances the enthalpy of the mix-
ture was found to be 5. The mixing entropy value increases 
up to the addition of 13 constituent elements in an HEA. 
However, for any further addition beyond 13 elements, the 
increase in the entropy value becomes negligible.

A complete solubility of an element into another element 
can occur when the difference (𝛿) in atomic sizes between 
the elements is less than 15% (𝛿< 15%). The phase structures 
corresponding to ΔHmix and 𝛿 values are shown in Fig. 12. 
It is seen that the solid solutions are formed when δ≤ 6.6 
and mixing enthalpy is in the range of −11.6 < ΔHmix <3.2 
kJ/mol. On the other hand, the values of δ > 6.4 and ΔHmix 
<12.2kJ/mol correspond to the formation of amorphous 
phases. The alloys to be synthesized can be predicted by 
interpreting the values  obtained from the theoretical calcu-
lations or experimental results obtained after MA process 
[172, 173].

The reasons why HEAs are interesting since they contain 
more than one superior properties which are otherwise diffi-
cult to obtain in other material groups in a single alloy form. 
Fabrication of these alloys can easily be carried out in very 
high purity forms using MA [163, 164, 166]. HEAs compris-
ing ferrous alloys have become the materials of great interest 
because of their good soft magnetic properties. Studies have 
shown that approximately 9% of the electricity produced is 
lost due to the core losses in transformers. It is known that 
even small changes in the magnetic properties used in trans-
former cores can affect energy efficiency and the cost sig-
nificantly. The biggest limitations of conventional magnetic 
core materials are the inferior material strength and poor 

(3)G = H − TS

(4)ΔG
mix

= ΔH
mix

− TΔS
mix

(5)ΔS
mix

= R ln (n)
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Table 5  Soft magnetic HEAs 
synthesized by MA

Alloy composition Ms (emu/g) Hc (Oe) Form Ref.

Co35Cr5Fe20Ni20Ti20

milled for 10 h 45.9 16.5
Heated up to 200 C for 2 h
Heated up to 200 C for 10 h
Heated up to 700 C for 2h

78.8
80.6
86.8

20.2
15.9
98.6

HEA [180]

FeCoNiAlCrx
X= 0.1 89.8 57.9 [182]

0.3 86.2 76.7 HEA
0.5
0.7
0.9

80.5
82.7
74.9

77.0
61.2
58.8

FeCoNiCuZn milled for 12 h 65.9 25 HEA [181]
CoxCrCuFeMnNi milled for 50 h
x= 0.5 21 63

1.0 32 27
1.5
2.0

40
52

19
14

HEA [8]

CoCuFeMnNi milled for (50 h) 84 6 HEA [179]
CoCr0.5CuFeMnNi milled for (50 h) 61 8
CoCr1.0CuFeMnNi milled for (50 h)
CoCr1.5CuFeMnNi milled for (50 h)

33
24

26
67

HEA [179]

CoCrFeNi milled for 200 h 13.9 15.7 HEA [183]
FeSiBAlNiNb
milled for 40 h 30 280

100 h
260 h

11
3

350
270

HEA [184]

TiC/Fe30Ni30Co29Cu5.5Mn5.5 milled for 40 h 107.2 3.3 HEA [185]
Co35Cr5Fe20Ni20Ti20 

milled for 20 h
milled for 20 h and annealed at 200 C

46
81

15
15

HEA [186]

TiFeNiCrCo milled for 10 h 24.4 149.5 HEA [187]
FeCoNi(B0.5Si0.5) 
milled for 150 h 94.3 49.0
Annealed at 650 C
MA +SPS at 750 C
MA+SPS at 1000 C

127.3
110.9
115.8

29.5
25.0
27.9

HEA [188]

AlCoCrFeNi (milled for 30h)
Sintered at 1173 K

47.7
70.0

121.2
51.4

HEA [178]

FeNiCoCrNb milled for 20 h 20.9 81 HEA [189]
AlCoCrFeNiTiZn
milled for 120 h 40.36 114.84 HEA [190]
Co35Cr5Fe10Ni30Ti20

milled for 20 h 74.8 12.92 HEA [191]
Fe50Ni10Co10Ti10B20

milled for 50 h 89.7 32
heat treated at 300 C 101.9 13.3 HEA [192]
Heat treated
heat treated at 700 C 38.3 72.2
FeSiBAlNi
milled for 160 h 30 75–85 HEA [193]
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ductility to overcome such deficiencies of the conventional 
transformers, and it is now more of a challenge to develop a 
new generation material with superior soft magnetic proper-
ties. The major requirements for the new generation mag-
netic materials are to have high Ms, low Hc, high electrical 
resistance (to decrease eddy current loss), and above all a 
good compromise to maintain a balance on the material 
strength and on the magnetic properties [174, 175]. The 
excellent mechanical and magnetic properties of HEAs make 
them the materials of great attention in the scientific world. 
These fundamental characteristics of HEAs enable them 
to be used in transformer cores, electromagnetic magnets, 
magnetic recording devices, and high-performance smart 
devices especially in the high usage areas of soft magnetic 
materials. The need for improved soft magnetic materials of 
superior magnetic properties has been leading the search for 
novel materials in perpetuity [176, 177]. As a result, HEAs 
have become the materials of choice for exploration. HEAs 
can be synthesized by using various methods, of which MA 
happens to be the most convenient one due to its advanta-
geous features over the other methods as discussed above 
and elsewhere [14]. Using the MA method, nanocrystals, 
high entropy alloys, intermetallic, amorphous materials, 
nanocomposites, and even amorphous + nanocrystal struc-
tures can be synthesized in a single alloy. Furthermore, it is 
relatively less costly and suitable for the mass production 
when compared to other methods of synthesis. Vikas et al 
successfully synthesized AlCoCrFeNi HEA alloy by milling 
for 30 h by MA using a planetary type of ball-mill. After 
30-h alloying and then followed by 2-h sintering at 1173 K, 
the Ms of the alloy was found to increase from 47.7 to 70 
emu/g with a significant drop in Hc from 121.2 to 51.4 Oe. 
It is clear that the sintering process has a great influence on 
the magnetic properties to obtain higher Ms with soft mag-
netic properties [178]. In another study,  CoCrxCuFeMnNi 
(x = 0, 0.5, 1.0, 1.5, 2.0 mol) was synthesized as super-
saturated solid solutions in a planetary type of mill by Zhao 
et al. Samples were first dry-milled for 45 h followed by wet 
milling for 5 h by adding ethanol. Ms and Hc values of the 
alloys formed with Cr at 0, 0.5, 1.0, 1.5, and 2.0 mol addi-
tions were examined by Zhao et al. It showed a decrease in 
Ms and an increase in Hc as the level of Cr increased in the 
alloy [179]. Table 5 summarizes the magnetic features of 
the HEAs recently synthesized by MA demonstrating their 
efficacies as candidates for soft magnetic materials.

5  Conclusions

This review provides an overview of soft magnetic materi-
als, as well as the soft magnetic properties of amorphous/
nanocrystalline alloys and HEAs particularly synthesized 

by the MA method, and also the effect of annealing on their 
properties.

• The effect of parameters used in the MA method on soft 
magnetic properties of amorphous/nanocrystal alloys 
was investigated. As a summary, as the milling time 
increases, phase transformations are observed in the 
alloys and consequently, significant changes occur in 
the mechanical and magnetic properties. These changes 
differ depending on the alloy compositions and milling 
conditions. As a result of investigation, it was found that 
when the appropriate milling time and conditions are 
selected, the MA could improve the soft magnetic prop-
erties of the alloy. On the other hand, as the milling time 
increases, dislocations occur which cause micro-strains. 
This situation negatively affects the magnetic properties, 
but this challenge can be overcome by the appropriate 
annealing process.

• When the alloys formed by MA are annealed at certain 
temperatures over a certain time period, their soft mag-
netic properties significantly improve. For example, the 
Ms of the FeCoNiCuAl alloy after the MA process is 73 
emu/g where it is successfully increased to 94.2 emu/g 
after a suitable annealing process. The annealing causes 
phase transformations by removing the stresses in the 
microstructure and provides the improvement of the soft 
magnetic properties. Researches show that the anneal-
ing at the appropriate temperature and time improves not 
only the soft magnetic but also the mechanical properties.

• On the other hand, it has been investigated that the addi-
tion of PCA enables phase transformations, formation 
of amorphous structure, development of glass-forming 
capability, shortening of alloying time, and control of 
chemical reactions. It was observed that the soft mag-
netic properties of the alloys improved when a suitable 
PCA was applied during milling.

• The material groups such as amorphous/nanocrystalline 
alloys and HEA having soft magnetic properties are used 
in almost every field where electricity and electronics 
involved, from military to health, from electronic devices 
to electricity distribution facilities.

• As a result, it has been observed that especially nanocrys-
tal/amorphous alloys have better and more interesting 
properties than traditional soft magnetic materials and 
are promising for soft magnetic applications.

• Additionally, despite HEAs rather being the recent 
developments compared to the other magnetic materi-
als, they gained considerable attention due to their supe-
rior mechanical as well as soft magnetic properties. The 
investigation carried out in this review shows that HEAs 
can be the very formidable alternative for soft magnetic 
applications.
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