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Abstract: In the present study, the effect of boron on the structural and magnetic properties of AlCrFeNiMnSiBx 
high entropy alloys (HEAs) were investigated. In this regard, different percentage of boron element was added to 
the base composition and the samples were characterized using X-ray diffraction (XRD), scanning electron 
microscopy (SEM) and vibrating sample magnetometer (VSM) methods. Based upon the results obtained, the 
tendency of Si element for the formation of silicide phases prevents the stabilization of single FCC and BCC solid 
solution phases in AlCrFeNiMnSi alloy. The boron element has significant effect on destabilization of silicide phases 
and by increasing in the percentage of this element, the simple BCC solid solution phase was observed to be the 
dominate phase. Of course, the presence of boron had an adverse effect on the magnetic properties of prepared 
alloys. The magnetization saturation of AlCrFeNiMnSiBx decreased from 29.8 to about 6 emu/g with the increase 
in the boron content. 
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1. INTRODUCTION 

High entropy alloy (introduced by Yeh et al. [1] in 
2004) has attracted much attention due to unique 
properties such as high strength and hardness, 
good wear resistance, and excellent thermal 
stability. These alloys are the solid solutions with 
at least 5 principle elements with the almost equal 
atomic ratio vary from 5 to 35% [2-7]. The high 
mixing entropy in these alloys makes solid 
solution phase more stable than intermetallic 
compounds and other complex phases.  
Since, most HEAs contain of ferromagnetic 
metallic elements, the magnetic characteristics of 
these alloys attracted great attention to the 
researchers [1-3]. Same as other physical and 
mechanical properties, the magnetic properties of 
these alloys are highly sensitive to the additional 
elements. For example, it has been shown that, the 
Al element can change the magnetic behavior of 
FeCoCrNi alloy from paramagnetic to 
ferromagnetic through a FCC to BCC phase 
transformation. The Nb, W and Zr element has 
destructive effect on magnetic behaviors of 
CoFeNi HEAs as a result of the formation of 
paramagnetic phases. The Bi has been reported as 
a promotion for soft-to-hard ferromagnetic 
transition in the equiatomic FeCoNiMn HEAs 
[12] and Cu has negligible effect on magnetic 
behaviors of AlCoCrCuFeNi alloy.  

Besides that, the effects of B and Si elements on 
structural and magnetic behaviors of different 
HEAs were investigated. For instance, Zeo et al. 
[11] report that Si has destructive effect on 
magnetic properties of CoFeNi based alloys due 
to the formation of Ni3Si and other silicide phases 
in the microstructure [11]. Moreover, based on Xu 
[12] and Qiushi at al. [13] studies, B and Si 
elements have negative effects on magnetic 
characteristics of FeSiBAlNi and AlCoCrFeNiBx 
alloys due to the tendency for the formation of 
silicide and boride phases. 
Although, there are a lot of publication about the 
formation and characterization of different HEAs 
[1-13], the exact effect of alloying elements on 
structural and magnetic properties of these alloys 
have not been properly investigated. However, 
the present work focuses on the effect of boron 
addition on structural and magnetic 
characteristics of AlCrFeNiMnSiBx high entropy 
alloys. 

2. EXPERIMENTAL PROCEDURE 

High purity Fe, Ni, Mn, Cr, Al, Si and B powders 
were used as raw materials (Table 1). Four 
powders mixture of initial elements, based on 
AlCrFeNiMnSiBx (x= 0, 0.5, 0.75 and 1) 
composition (at. %), were mechanically milled in 
a planetary ball mill in an argon atmosphere (the 
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rotation speed of 400 rpm and the ball to powder 
ratio of 10:1). Annealing procedure had been done 
at temperature of 900ºC for 2 h followed with 
quenching in cold water. Before annealing, the 
powder samples were sealed in a quartz tube 
under the vacuum of 10-3 Pa in order to prevent 
form oxidation during annealing. 
XRD technique, using a diffractometer with Cu 
Ka radiation (λ= 0.15406 nm; 40 kV; Philips 
PW3710) was used to follow the structural 
changes of the specimens (step size: 0.05°; time 
per step: 1s). Morphological characterization of 
as-milled and annealed samples was carried out 
by scanning electron microscopy (VEGA-
TESCAN-XMU) at an accelerating voltage of 20 
kV. Magnetic properties (saturation 
magnetization and approximate coercivity) of 
produced samples were also measured using 
vibrating sample magnetometer (VSM) under an 
applied field up to 10 kOe. 

3. RESULTS AND DISCUSSION 

The XRD patterns of AlCrFeNiMnSiBx (x=0, 
0.5, 0.75 and 1) alloys after 10 h of milling are 
presented in Fig. 1. The XRD analysis reveals that 
the elemental mixture contains peaks correspond 
to the constituent elements. Of course, boron is 
not detected by XRD because it is in amorphous 
state. As seen, there is not any evidence of 
formation of solid solution phases or other 
chemical compounds in specimens. In other 
words, the formation of homogenous physical 
mixture of the precursors is the final result from 
milling process. The presented SEM micrographs 
in Fig. 2 also confirm this point. However, this 
result is not in agreement with other reports about 
the formation of simple solid solution phases 
during milling process in Co-Ni, Fe-Co-Ni and 
Fe-Ni systems [12]. 
During ball milling process, the present element 
in the vial are subjected to high impact force 
which lead to fragmentation of brittle materials 
and flattening of ductile materials. Moreover, the 
milling process involved repeated cold welding, 

fracturing and re-welding which forms 
homogeneous-single/multi solid solution of 
powders. In fact, the difference in used milling 
parameters such as rotation speed, ball to powder 
ratio, the size and distribution of balls, milling 
atmosphere, temperature and time in this work in 
comparison with others is the main reason of this 
discrepancy. 

 
Fig. 1. The XRD patterns of AlCrFeNiMnSiBx as-

milled powder mixtures, a) x= 0, b) x= 0.5, c) x= 0.75 
and d) x= 1. 

The XRD patterns and SEM micrographs of 
milled samples after annealing process at 900°C 
for 2 h are presented in Figs. 3 and 4, respectively. 
Figure 3 (a) details the XRD pattern of B-0 alloy. 
When comparing this alloy with traditional HEAs 
with BCC and/or FCC phases, it is surprising to 
find them to be more complex. The ordered 
Cr5Si3, FeNi3, Fe2Si and Ni2Si phases, along with 
a solid solution phase, are observed in the 
diffraction graph of this alloy. 
The non-uniform distributions of alloying 
elements in this sample after annealing process, 
which are presented in Fig.5, also confirm this 
point. In this study, the intensity of the diffraction 
peak of the ordered intermetallic phase is 
considered as the strongest and is obviously 
higher than the peaks of the solid solution phases, 
which indicate that the intermetallic phases are 
the dominant. 
 

Table 1. The purity and producing company of used raw materials in this study. 
 Fe Ni Mn Cr Al Si B 

Company 
Merck 

(103819) 
Merck 

(112277) 
Merck 

(112237) 
Merck 

(112097) 
Merck 

(101056) 
Merck 

(112497) 
Merck 

(112070) 
Purity (%) 99 99.9 99.9 99.9 99.9 99 99 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 2. The SEM micrographs of AlCrFeNiMnSiBx powder mixture after 10 h of milling process, a) x= 0, b) x= 
0.5, c) x= 0.75 and d) x= 1. 

 
Fig. 3. The XRD patterns of AlCrFeNiMnSiBx milled powder mixture after annealing process, a) x= 0, b) x= 

0.5, c) x= 0.75 and d) x=1. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4. The SEM micrographs of AlCrFeNiMnSiBx milled powder mixture after annealing process, a) x= 0, b) 
x= 0.5, c) x= 0.75 and d) x= 1. 

 
Based on presented XRD pattern in Fig. 3(b), the 
structure of B-0.5 alloy is similar to the B-0 and 
composed of solid solution and order Cr5Si3, 
FeNi3, Fe2Si and Ni2Si intermetallic phases. 
However, the intensities of ordered phases are 
weaker than those detailed in Fig. 3(a), which 
suggest that the volume fraction of the ordered 
phases has been decreased. In contrast to B-0 and 
B-0.5 samples, B-0.75 and B-1 alloys exhibit 
duplex FCC+BCC and single BCC phase, 
respectively. Furthermore, the diffraction peak for 
ordered BCC (100) phase could be detected in 
these two alloys. It is apparent that the B acts as a 
BCC former in AlCrFeNiMnSiBx alloy due to the 

transition of crystal structure from multi-complex 
phases to a single BCC phase. The lattice parameter 
of BCC phase with the best fit of XRD peaks is 
found to be 2.875 A°. The uniform distributions of 
prepared alloying elements of AlCrFeNiMnSiB 
alloy which are presented in Fig. 6 also confirm the 
formation of single phase solid solution in this 
sample. Different experimental studies confirmed 
that the formation of simple solid solution phase 
depends on the value of enthalpy of mixing 
(∆Hmix), entropy of mixing (∆Smix), and difference 
in atomic size (δ) of constituent elements. These 
parameters are defined as following equations [3] 
and the results are presented in Table 2. 
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(a) 

 
(b) 
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(d) 

 
(e) 

 
(f) 

Fig. 5. The elemental maps of different alloying elements in AlCrFeNiMnSi sample after annealing process, a) 
Al, b) Cr, c) Fe, d) Ni, e) Mn and f) Si.   

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 6. The elemental maps of different alloying elements in AlCrFeNiMnSiB sample after annealing process, a) 
Al, b) Cr, c) Fe, d) Ni, e) Mn and f) Si.   
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Table 2. Topological and thermodynamic parameters of AlCrFeNiMnSiBx alloying system. 
Sample δ (%) ΔHmix (KJ/mol) ΔSmix (J/mol.K) 

AlCrFeMnNiSi 4.9 -28.33 1.79R 
AlCrFeMnNiSiB0.5 8.53 -28.34 1.93R 
AlCrFeMnNiSiB0.75 9.35 -29.06 1.94R 

AlCrFeMnNiSiB 10.06 -31.18 1.95R 
 
 
∆ ∑                  (1) 

∆ ∑ 4∆,             (2) 

δ ∑ c 1 /∑            (3) 

where R is the gas constant, n is the number of 
alloying elements and ci is the atomic percentage 
for the ith element and ∆HABmix is the enthalpy of 
mixing for the binary equiatomic AB alloys. The 
ri or rj is also the atomic radius for the ith or jth 
component. Based on literature, the primary 
preconditions for the formation of a solid solution 
in the HEAs are; - 22≤ ΔHmix ≤7 kJ/mol, δ≤8.5% 
and 11≤ΔSmix≤19.5 J/K.mol [3]. 
As seen, beside the ΔSmix, other presented 
parameters could not satisfy the criteria for the 
formation of simple solid solution phase in 
AlCrFeNiMnSiBx system. In this regards, the 
formation of simple solid solution phases in  
B-0.75 and B-1 samples can be related to the 
beneficial effects of boron on the stabilization of 
simple solid solution phases in AlCrFeNiMnSi 
HEA as follow: (a) boron has negative enthalpy 
of mixing with all other selected elements 
presents in AlCrFeNiMnSi, due to which 
formation of solid solution phase enhances, (b) 
boron has small atomic radius than Fe, Ni, Cr, Al, 
Si and Mn, the size difference leads the lattice 
distortion in the alloy system that impedes the 
ability of formation of simple solid solution 
phases, (c) the addition of boron as an extra 
element for the case of HEA can increase 
cofigurational entropy of mixing of the system 
and promotes the formation of a solid solution phase 
rather than the precipitation of intermetallic phases. 
The SEM micrographs of milled samples after 
annealing process at 900°C for 2 h are presented 
in Fig. 4. The annealed sample has the granular 
morphology size ranging from 1 to 14 μm. 
Increase in particle size is observed after the 
annealing, which is due to the grain growth 
phenomenon of the synthesized HEA. EDX 
analysis has been performed through the selection 
of five different regions for recording the EDX 

spectra and found that the synthesized HEA 
exhibit good chemical homogeneity. 
To study about the effect of boron content on 
magnetic properties of the AlCrFeMnNiSiBx 
HEAs, the hysteresis loops of the milled and 
vacuum annealed samples measured at room 
temperature through the VSM are presented in 
Fig. 7. By attention to this point, several points 
can be concluded as:  
- All milled and annealed samples exhibit 

ferromagnetic characteristics. 
- The saturation of magnetization and coercive 

force of milled samples in different 
composition are in the range of 56-57 emu/g 
and 60-70 Oe, respectively. As seen, there is 
no significant difference between presented 
magnetic characteristics. In fact, relatively 
same compositional, structural and topological 
characteristics of milled sample (based on Figs. 
1 and 2) are the main reason of this manner.  

- Annealing process has significant effects on 
magnetic properties of milled samples. Based 
on Fig. 7, during annealing process, the 
saturation of magnetization decreases form 
56-57 emu/g to about 8-29.8 emu/g. Hence the 
separation between the ferromagnetic 
elements of HEAs increased after annealing 
due to the formation of intermetallic 
compounds such as Cr5Si3, FeNi3, Fe2Si and 
Ni2Si, the magnetic exchange coupling is 
altered and the value of Ms decreased for 
annealed samples.  

- As the content of boron increased, the Ms 
value decreases from 29 to about 6 emu/g. 
Based on literature, the magnetic behavior of the 
HEAs highly depends on the base alloy, addition 
of elements and the resultant crystal structure 
formed after mutual interaction between the 
alloying elements [21-26]. Based on above, as the 
content of boron increased, the structure of the 
alloy changed from a multi-complex structure of 
FCC solid solution and order intermetallic phases 
to a mixture of FCC and BCC and then it 
transformed into a single BCC phase.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 7. Magnetic hysteresis loops of AlCrFeNiMnSiBx milled powder mixture before and after annealing 
process, a) x= 0, b) x= 0.5, c) x= 0.75 and d) x= 1. 

 
By attention to the presented results in literature, 
it was expected that, AlCrFeMnNiSiB alloy with 
single BCC solid solution structure must show 
the best magnetic characteristics. However, 
experimental finding shows that, the Ms value of 
this alloy is the lowest. In fact, the enhanced 
magnetic characteristics of AlCrFeMnNiSi alloy 
only can be related to the percentage of 
ferromagnetic elements in composition. In fact, 
AlCrFeMnNiSi HEA having 33.33 at.% of 
ferromagnetic elements, while AlCrFeMnNiSiB 
having 28.57 at.% of ferromagnetic elements. By 
attention to this point, the Ms value of 
AlCrFeMnNiSi HEA is higher than 
AlCrFeMnNiSiBx alloys.  
The values of saturation magnetization and 
coercive force of AlCrFeNiMnSi HEA are found 
to be 29.8 emu/g and 58 Oe, respectively. This 

sample shows better magnetization as compared to 
some recently reported HEAs. This value of 
magnetization is higher than the reported 
CoCrFeNiMn (1.34 emu/g), CoCrFeNiTiAl0.5/2.0 
(2.48-0.76 emu/g), FeCoCrNi (3 emu/g), 
CoCrFeNiCuTix (0.3-1.55 emu/g) and 
Al2CrFeNiCoCuTi (1.2 emu/g) HEAs [25-28]. 

4. CONCLUSIONS 

An investigation about the effect of boron content 
on the structural and magnetic properties of 
FeNiMnCrAlSiBx HEAs was the main goal of 
this work. Based upon results obtained, the 
constituent phases in the AlCrFeNiMnSi alloy 
were composed of ordered Cr5Si3, FeNi3, Fe2Si 
and Ni2Si, along with a solid solution phase. The 
boron had a significant effect on destabilization of 
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intermetallic phases. With the increase in the 
percentage of this element, the simple BCC phase 
solid solution was the dominate phase in 
FeNiMnCrAlSiB sample. Boron had an adeverse 
effect on magnetic properties of 
FeNiMnCrAlSiBx HEAs. The magnetization 
saturation decreased from 29.8 to about 6 emu/g 
with the increase in the boron content. 
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