
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 9
:4

3:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A new mechanis
aKey Laboratory of Solidication Contro

(Liaoning Province), School of Materials Sc

of Technology, Dalian 116085, P. R. China
bBeijing Aeronautical Manufacturing Techn

PR China

† Electronic supplementary informa
10.1039/c8ra01762j

Cite this: RSC Adv., 2018, 8, 14936

Received 28th February 2018
Accepted 8th April 2018

DOI: 10.1039/c8ra01762j

rsc.li/rsc-advances

14936 | RSC Adv., 2018, 8, 14936–1494
m for improving electromagnetic
properties based on tunable crystallographic
structures of FeCoNiSixAl0.4 high entropy alloy
powders†

Bin Zhang,a Yuping Duan, *a Yulong Cui,a Guojia Ma,b Tongmin Wang *a

and Xinglong Dong a

Mechanical grinding method was employed to prepare FeCoNiSixAl0.4 high entropy alloy powders, which

present a simple solid solution structure (FCC and BCC). After annealing at 673 K, a large amount of BCC

phase precipitate and a small amount of CoFe2O4 phase generate. The change of crystal structure may

lead to an increase in Ms (from 100.3 emu g�1 to 124.2 emu g�1) and a decrease in Hc (from 107 Oe to

59.5 Oe for FeCoNiSi0.3Al0.4). The silica content has a significant effect on the electromagnetic

parameters of the as-milled and as-annealed alloy powders, presenting the trend of first increase and

then decrease. And the dielectric constant is obviously improved after annealing (e.g. from 8.48 to 11.21

and from 0.15 to 2.84 for the 30 and 300 of FeCoNiSi0.3Al0.4 at 18 GHz, respectively), while the permeability

is reduced. Compared with those of the as-milled samples, the m0 of as-annealed FeCoNiSixAl0.4 (x ¼ 0.1,

0.3, 0.4) remain unchanged or even increase due to the formation of CoFe2O4. Meanwhile, the relative

content of the precipitated BCC to FCC for FeCoNiSi0.3Al0.4 enhance with the annealing temperature

increase from 573 K to 773 K, and then reduce. And the 30 and m0 at 2 GHz present the same trend as the

content ratio (ABCC/AFCC), while the 300 improve obviously after annealing, corresponding to the elevation

of conductivity.
1. Introduction

As the electronic devices using microwave frequency range are
growing every single year, the hazards of electromagnetic (EM)
wave on human body and equipment are increasing. To reduce
or avoid the harms of EM wave, high-performance EM wave
absorbing materials have high demand in civil, commercial and
military applications, especially working under harsh condi-
tions, such as oxidizing and corrosive conditions.1–4 Meanwhile,
the lightweight nanomaterials are the primary choice for EM
wave absorbers.5,6 Therefore, the high entropy alloy powders
with the above merits are excepted to be a new generation of EM
wave absorbing materials.

The high entropy alloys (HEAs) have received much attention
in last ten years due to their high hardness and strength,
outstanding wear resistance, good corrosion and oxidation
resistance and combinations of two or more properties, which
l and Digital Preparation Technology
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brings the new alloy design concept.7–15 Different from tradi-
tional alloy, HEAs are dened as the alloys with ve or more
principal elements in equimolar or near-equimolar ratio and
tend to form simple body-centered-cubic (BCC) and/or face-
centered-cubic (FCC), and hexagonal close packed (HCP) solid
solution due to the high congurational entropy.16–21 In recent
studies, some of the quaternary and ternary alloys in equimolar
ratio are also considered as HEAs.22–24

Lin et al.12 have proven that the corrosion potential and
pitting potential of the FeCoNiCrAl0.5 HEA in a 3.5 wt% NaCl
solution are smaller than those of the AISI 304L stainless steel.
Effects of Al element on the corrosion resistance behaviors of
Fe1.5Ni0.5CrMnAlx HEAs were investigated, and it can be
concluded that the pitting potentials of Al-containing alloys in
NaCl solution are obviously lower than that of Al-free alloy.25

These are because the surface of the alloy is easy to form an
oxide lm of Al2O3. Zhang et al.26 have studied the high
temperature oxidation properties of NbCrMoAl0.5X (X ¼ Ti, V,
TiV, TiVSi0.3). It proved that the addition of Al, Ti or Si element
help to improve the oxidation resistance. Therefore, we can get
that the HEAs with adding Si–Al elements have excellent
corrosion resistance and high temperature oxidation resistance
due to the presence of the “cocktail effects” for HEAs.
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra01762j&domain=pdf&date_stamp=2018-04-19
http://orcid.org/0000-0001-5599-7168
http://orcid.org/0000-0001-9871-1166
http://orcid.org/0000-0002-7090-1766
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01762j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008027


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 9
:4

3:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Recently, the magnetic properties of HEAs with varying
composition have been extensively investigated. The CuAl
contents had obvious inuence on the microstructure and
saturation magnetization of FeCoNi(CuAl)x alloy, and the Ms of
FeCoNi(CuAl)0.8 alloy increased from 78.9 Am2 kg�1 to 93.1 Am2

kg�1 by annealing at 673 K.27 Annealing can effectively improve
the saturation magnetization of a certain constituent. Zhang
et al. have prepared the FeCoNi(SiAl)x HEAs by arc-melting
method and found that the electrical resistivity increased and
sacriced the magnetization with adding SiAl content, and the
coercivity with a single-phase structure (BCC or FCC) was
smaller than that of the two-phase structure (BCC and FCC).22

Therefore, the alloy components and annealing process have
great inuence on the magnetic properties of alloys. In addi-
tion, Chen et al. found that the electrical conductivity of
FeCoNiCrAlx alloys decreased as x increasing in single-phase
(FCC or BCC) regions and the electrical conductivity in duplex
phase region possessed smaller value than that in single
region.14 It is clearly seen that the electrical conductivity is
related to the composition and phase structure. As far as we
know, Liu et al. have investigated the magnetic and EM wave
absorbing properties of FeCoNiCrAl and FeCoNiCrAl0.8 HEAs at
different milling time. Ms ranges from 20.21 emu g�1 to 67.52
emu g�1, while Hc distributes over an interval of 59.68 Oe to 142
Oe.28,29

Although a large number of literatures have studied the
microstructures, mechanical and magnetic properties of HEAs,
little attention have been paid to the effects of element content
and annealing on the tunable crystallographic structures and
relationship between crystal structures and EM properties of the
high entropy alloy powders. In the paper, the quinary
FeCoNiSixAl0.4 HEA powders were prepared by mechanical
alloying and processed by subsequent annealing treatment. The
tunable crystallographic structures and EM properties of the
alloy powders were investigated by adding different Si content.
In addition, since the HEA powders can produce BCC and
CoFe2O4 new phase aer annealing, so effects of crystal struc-
ture on the magnetic and EM properties were studied. It is
useful to modulate crystal structure and to optimize magnetic
properties and EM parameters.
2. Experimental
2.1 Synthetic procedures

The elemental powders of Fe, Co, Ni, Si, and Al with purity
higher than 99% and particle size less than 50 mm were used as
raw materials. The HEA powders with nominal compositions of
FeCoNiSixAl0.4 (expressed in molar ratio, denoted as Mx, x¼ 0.1,
0.2, 0.3, 0.4, and 0.5) were prepared by mechanical milling for
70 h in a planetary ball mill (QM-QX4). A moderate amount of
anhydrous ethanol as a process control agent was added into
the reaction system before milling. The powder-to-ball (10 mm
and 6 mm in diameter) weight ratio was 1 : 20, and the stainless
steel pot rotation speed was 300 rpm. In addition, a pause of
4 min have been done to avoid excessive heating during milling,
and the direction of the rotation was changed every half an
This journal is © The Royal Society of Chemistry 2018
hour. Then the alloy powders were annealed at 673 K, and
denoted as Ax (x ¼ 0.1, 0.2, 0.3, 0.4, and 0.5).
2.2 Characterization

The phase composition of the prepared powders was tested by
X-ray diffraction (XRD, Empyrean) using a Co Ka radiation (l ¼
1.78901 Å) in the 2q scan ranging from 30� to 120�, and the
operating voltage and tube current was 35 kV and 50 mA. The
morphology of the powders was performed by scanning electron
microscopy (SEM, SUPRA55) with EDS. And the size distribution
of alloy powders were measured by laser scattering particle size
distribution analyzer (LA960WET). The magnetic properties of
the alloy powders were measured with vibrating sample
magnetometer (VSM7404) with a maximum applied eld of
10 000 Oe at room temperature. The electrical conductivity was
measured using four point probe measurement (RTS-9), and the
cylinders used for measurement were cold pressed by presses at
10 MPa. The complex permittivity (3(f)) and permeability (m(f))
were measured by Agilent vector network analyzer (8720B) in
the frequency of ranging of 2–18 GHz. The mixture used for EM
parameter measurements were prepared by blending the milled
powers and paraffin at weight ratio of 6 : 4, and then a concen-
tric cylinder with 3.00 mm in inner diameter, 7.00 mm in outer
diameter and 2.00 mm in thickness was prepared by using
a mold.
3. Results and discussion
3.1 Structural characterization

Fig. 1(a) shows the XRD patterns of as-milled FeCoNiSixAl0.4
alloy powders with varying Si content. It is distinct that all alloy
powders are composed of a large amount of FCC phase (corre-
sponding to (111), (200), (220) crystal face) and a small amount
of BCC phase (corresponding to (110), (200), (211) crystal face),
indicating the formation of complete solid solution (high
entropy alloy). The diffraction peaks of BCC phase are obscure
and even no peak of the (110) crystal face is observed, which
could be due to the low content and the relatively low diffraction
intensity.30–32 The peaks of Si at around 33.2� and 55.5� can be
indexed as the (111) and (220) diffraction planes of Si (JCPDS,
no. 27-1402), respectively. Si is incomplete dissolution because
Si has a diamond-type crystal structure that is different from
other elements. And the dissolution rate of the element is
related to the melting point and crystal structure, and the
elements with low melting point and the same crystal structure
are more soluble. In addition, the structure of diamond-type is
more difficult to break up, which is the another reason for Si
failed to dissolve. The insertion shows an enlarged picture of
the main peaks of FCC phase. Because of the lattice parameter
of FCC phases decrease slightly by adding Si element with
smaller atomic radius, the peaks are shied rightwards. In
addition, the relative XRD intensity of FCC phase reduce along
with the increase of Si content. This is because the augment of
the X-ray diffusive scattering effect, and this phenomenon is the
result of the larger lattice distortion caused by the atomic rad-
ius's difference between the adding atoms and inherent atoms.
RSC Adv., 2018, 8, 14936–14946 | 14937
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Fig. 1 XRD patterns of (a) as-milled and (b) as-annealed FeCoNiSixAl0.4 HEA powders, and the detailed scans in the range of 2q ¼ 50–55� are
presented in the illustration. The change in area ratio (ABCC/AFCC) for the as-annealed HEA powders is also presented in the illustration. All alloys
are composed of BCC and FCC phase except a small amount of Si remained indicating the formation of high entropy alloy.
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Such a phenomenon is not uncommon for HEAs system, and it
also presents in other HEAs system.10,14 For example, the relative
intensity of main peak decreases with increasing Al addition in
FeCoNiCrAlx alloys.

Fig. 1(b) shows the XRD patterns of as-annealed FeCoNiSix-
Al0.4 alloy powders with varying Si content. The crystal struc-
tures are same with those of milled alloy powders. Differently,
the intensity of the Si peaks at 33.2� and 55.5� decrease and this
is because the silicon gradually dissolves in the matrix aer
annealing. And the intensity of the diffraction peaks magnify,
on account of the increase in crystallinity and crystallite size
and the decrease in internal stress of the alloy powders. The
illustration shows an enlarged picture of peak positions at 2q ¼
50–55�. The offset direction is similar with that of the milled
powders. In addition, the diffraction peaks located at 2q of 52.7�

and 41.53� appear aer annealing, indicating that BCC alloy
phases precipitate and the CoFe2O4 (JCPDS, no. 22-1086) phases
generate. And the size of the CoFe2O4 phase for samples A0.1,
A0.3, A0.4 are larger than others. Moreover, the relative content of
BCC to FCC (ratio of the integral area, ABCC/AFCC) for the as-
annealed powders are presented in the illustration.
Fig. 2 SEM backscattering electron images of FeCoNiSixAl0.4 HEA
powders: (a–e) A0.1–0.5, and (f) an enlarged figure of the A0.3 alloy
particles. All alloy powders present an aggregation composed of
elliptic ball shape. Elements mapping of (h) Fe, (i) Co, (j) Ni, (k) Si, (l) Al,
(m) O, and (n) Cr for (g) as-annealed A0.3 alloy powders. Size distri-
bution of (o) as-milled and (p) as-annealed alloy powders in different Si
content, and the aggregation of diminutive particles generate larger
particles after annealing.
3.2 Microscopic characterization

The morphologies and particle sizes of different samples are
characterized using SEM. Fig. 2(a–e) presents the back-scattered
images of the as-annealed FeCoNiSixAl0.4 alloy powders with
varying Si content. The sizes of the particles present a uneven
distribution, varying from hundreds of nanometers to
hundreds of micrometers. All of the alloy particles present an
aggregation composed of elliptic ball shape (see Fig. 2(f)) for
using alcohol as grinding media, which leads to the aspect ratio
increase and results in the decline of eddy current loss and the
acclivity of surface polarization simultaneously.33–36 It can be
seen that the morphologies of all alloy particles are similar and
the particle size distribution are inhomogeneous. So the size
distribution of as-milled and as-annealed alloy powders were
measured by laser particle size distribution analyzer, as shown
in Fig. 2(o and p). Aer annealing, the particle sizes are
14938 | RSC Adv., 2018, 8, 14936–14946
obviously increased by the aggregation of small particles.
Roughly, the sizes of the as-milled particles present an uptrend
with the increase of Si content and then decline. However, the
This journal is © The Royal Society of Chemistry 2018
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size distribution in Fig. 2(p) is abnormally due to the irregular
aggregation of particles during the annealing process. Fig. 2(g–
n) show the elemental mapping of Fe, Co, Ni, Si, Al, O, and Cr
for sample A0.3. Among them, the elements of O and Cr are
introduced into system during the ball milling. It is evident that
the other ve elements are dispersed better and there is the
presence of undissolved silicon element. This is corresponding
to the result of XRD. Besides, the oxidation of the particles'
surface is inevitable.

The TEM (a and e) and HRTEM (b and f) images of the as-
milled (a–c) and as-annealed (d–h) FeCoNiSi0.3Al0.4 HEA
powders are presented in Fig. 3. As depicted in the bright eld
image (Fig. 3(a) and (e)), the smaller particles of both HEA
Fig. 3 (a and e) TEM and (b and f) HRTEM images of (a–c) as-milled
and (d–h) as-annealed FeCoNiSi0.3Al0.4 HEA powders. The SAED
patterns (c) and (d, g and h) for the samples.

This journal is © The Royal Society of Chemistry 2018
powders also present elliptic ball shape. The interplanar
d spacings of 0.20 nm and 0.21 nm could be obviously observed
in the HRTEM image, which are consistent with the (110) and
(111) crystallographic planes of the BCC and FCC phase,
respectively. Moreover, the newly generated CoFe2O4 phase can
be observed from HRTEM and SAD, which is in agreement with
the XRD dates. Obviously, various crystalline structures are
surrounded by amorphous structure, and the boundaries
between crystal and amorphous phases become more
pronounced aer annealing. From the SAD, it can be seen that
more amorphous phase are contained in the milled sample and
many crystal diffraction spots are generated aer annealing.
This illustrates that the crystallinity rise aer annealing.

3.3 Magnetic properties

Fig. 4 displays the hysteresis loops of (a) M0.1–0.5 and (b) A0.1–0.5

alloy powders measured at room temperature with an applied
eld of �10 000 Oe to 10 000 Oe. It is obvious that all alloy
powders present partial so magnetic peculiarity. Compared
with the FeCoNiCrAl HEA powders, all alloy powders possess
biggish saturation magnetization, which may lead to a higher
initial permeability.28,29 The coercivity (Hc) and saturation
magnetization (Ms) of FeCoNiSixAl0.4 as a function of Si content
are given in the inset. In Fig. 4(a), the Ms decreases from 104.1
emu g�1 to 89.5 emu g�1 and the Hc increases from 91.3 Oe to
148.8 Oe. Adversely, the Ms of A0.3 has the maximum value (124
emu g�1) and declines in other concentrations, while the Hc

presents an enlarging trend within the whole range with
a deviation in A0.3 in Fig. 4(b).

In the light of the fact that theMs is primarily determined by
the composition and atomic-level structure, and the Hc is
sensitive to the grain size, impurity, and the heat-treatment
process.22 So, the reason for the Ms decrease with the incre-
ment of Si content is more 3d electrons of magnetic atoms
transfer to the 2p electron layer of Si atoms, while the augment
in Hc is due to the ineradicable point defect rise, corresponding
to the Si content increase. Aer annealing, the Ms and Hc of the
alloy powders with same Si content rise. The Ms increase is
attributed to the precipitation of the BCC phase, and the
magnitude of DMs (Ms (Ax) � Ms (Mx)) is related to the relative
content of the precipitated BCC to FCC (ABCC/AFCC). Although
the stress and defects generated in the process of milling are
reduced aer annealing, the increase in magnetic anisotropy
constant (K1), magnetostriction coefficient (ls), crystallinity,
crystallite size (D), particle size and Ms can magnify magnetic
anisotropy, stress anisotropy and shape anisotropy, which bring
about the increase of Hc. The anomalies of DMs and DHc (Hc (Ax)
� Hc (Mx)) for A0.1, A0.3 and A0.4 attribute to the generation of
new phase CoFe2O4 (in Fig. 4(c and d)). Namely, the CoFe2O4

phase can effectively improve Ms and lower Hc. The analysis of
magnetic properties are corresponding to the test results of
XRD.

3.4 EM parameters analysis

For microwave absorbing materials, the relative complex
permittivity (3r ¼ 30 � j300) and the relative complex permeability
RSC Adv., 2018, 8, 14936–14946 | 14939
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Fig. 4 Hysteresis loops of (a) M0.1–0.5 and (b) A0.1–0.5, and the illustrations present the change inmagnetic parameters (Hc andMs) of both kinds of
alloy powders. (c–d) is the area ratio (ABCC/AFCC), DMs (Ms (Ax) � Ms (Mx)), and DHc (Hc (Ax) � Hc (Mx)) for different alloy powders. Wherein X
represents the molar amount of Si in FeCoNiSixAl0.4 alloy powders.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 9
:4

3:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(mr ¼ m0 � jm00) are the key point to determine the absorbing
properties. Generally, the real parts (30 and m0) and the imagi-
nary parts (300 and m00) represent the energy storage and energy
dissipation respectively. The energy is stored through dipole
displacement polarization and resonance when the EM wave
radiates to the surface of the absorbing materials. And the
energy is dissipated by the way of conduction loss, dielectric
loss and magnetic loss.

Fig. 5 shows the frequency dependence of (a and e) the real
parts (30) and (b and f) the imaginary parts (300) of complex
permittivity of (a and b) as-milled and (e and f) as-annealed (at
673 K) alloy powders within the range of 2–18 GHz. The 30 of all
alloy powders change a little in the 2–18 GHz range, and the 300

of as-annealed powders gradually rise with the increment of
frequency. It is apparent that the Si contents have a strong
impact on the permittivity of both kinds of alloy powders. The 30

of alloy powders M0.1–0.5 increase from M0.1 (z6.8) to M0.3

(z8.5) along with the Si content increasing and get the
maximum value at M0.3, and then decrease to M0.5 (z7.5). And
the change of 300 (in the frequency range of 2–10 GHz) along with
Si content agrees with that of 30. The increase in dielectric
constant can be illustrated by the following three reasons.
Firstly, the polarization sites have a positive correlation with the
point defects, and as the increase of Si content induce more
point defects, which results in the growth of polarization effect.
Secondly, while at a relatively lower content (x # 0.3), the
surface polarization rises with the enlargement of aspect ratio,
corresponding to the increase of Si content (see Fig. 2(o)).
14940 | RSC Adv., 2018, 8, 14936–14946
Finally, the skin depth presents an uptrend with the increment
of electrical resistivity. Previous researches show that only part
of magnetic materials within the skin depth interact with the
EM wave.37 The larger the skin depth is, the more fraction of
magnetic materials absorbing the EM wave is. The decrease of
dielectric constant can be explained by the following reasons
similarly. Compared with the metal elements, the brittleness of
Si element is larger. While at a relatively higher content (x $

0.4), the surface polarization weakening caused by the reduc-
tion of aspect ratio gives rise to the decrease of permittivity.
Moreover, researches demonstrate a negative correlation
between the interaction radius of dipole and the point defects
when the defects are more, and as the smaller radius induce the
less displacement polarization.38 Furthermore, the electrical
resistivity (r ¼ 1/s) increase results in the decline of 30 and 300

(conduction loss) directly, according to the formulas Debye's
relaxation:39

30 ¼ s/u2s30 + 3N (1)

300 ¼ s/u30 (2)

where u (u ¼ 2pf) is the angular frequency, s is the relaxation
time of dipoles, 30 and 3N are the permittivity at static frequency
and at innite frequency, respectively.

Compared with the as-milled samples, the as-annealed
samples possess a larger dielectric constant value. The most
fundamental reason is the decrease in defects, the formation of
CoFe2O4 and BCC (FeCo) phase and the growth of particles from
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Frequency dependence of (a and e) 30, (b and f) 300, (c and g) m0, and (d and h) m00 for the (a–d) as-milled and (e–h) as-annealed
FeCoNiSixAl0.4–paraffin composites. The symbols of , , , and denote the x ¼ 0.1, 0.2, 0.3, 0.4, and 0.5 composites, respectively.
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the process of annealing. First of all, the interaction radius of
dipole presents an uptrend with the reduction of defects, and
then the displacement polarization could be increased, which
leads to the enlargement of 30. At the same time, an increase in
phase-interface caused by the formation of CoFe2O4 and BCC
phase induces the enhancement of interfacial polarization. And
the growth of particles results in the increase of surface polar-
ization. The 30 of the alloy powders A0.2 (z8.6) and A0.4 (z11.7)
does not conform to the original change rule of the as-milled
powders. This may be caused by the particle sizes are
different from other samples. The sample A0.2 has smaller
particle, and the sample A0.4 has larger particles than other alloy
This journal is © The Royal Society of Chemistry 2018
powders (see Fig. 2(p)). Meanwhile, the augment of electrical
conductivity (see Fig. 6(a)) caused by the decrease of defects
brings about the augment of 30 and 300 (according to the eqn (1)
and (2)), especially in the high frequency area. And the magni-
tude of D300 (300 (Ax)� 300 (Mx)) at high frequency for A0.1, A0.3, and
A0.5 agree well with the increment of conductivity (Ds) (in
Fig. 6(b)). To the sample A0.2, the polarization loss is less than
others due to the generation of smaller particles, which leads to
the smaller increase of 300, and the opposite is true for the
sample A0.4. Namely, the 300 in high frequency is mainly the role
of conductive loss. And the enlargement of conductivity can be
illustrated by the formula of the metallic resistivity:
RSC Adv., 2018, 8, 14936–14946 | 14941
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Fig. 6 (a) The change in the conductivity of as-milled, as-annealed alloy powders and the increment (Ds) are presented. (b andc) is theDs,D300 (at
18 GHz), and Dm00 (at 10 GHz) for different alloy powders. Wherein X represents the molar amount of Si in FeCoNiSixAl0.4 alloy powders.
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r ¼ m

ne2

�
1

sT
þ 1

sR

�
(3)

where m, n, e, sT, and sR present the quality, the density, the
charge of free electrons, and the scattering relaxation times
caused by the lattice thermal vibration and the lattice defects,
respectively. The augment of scattering relaxation time caused
by the decreased defects diminishes the resistivity, corre-
sponding to magnifying the conductivity. It can be seen that the
change of 300 is the same as that of 30, roughly. This can be
explained by the formula of Debye's relaxation: 30 ¼ 300/ut + 3N.
The 300 is proportional to the 30. It is worth mentioning that the
conductivity of A0.3 is higher than that of A0.2, and the same
phenomenon can be found in FeCoNi(SiAl)x alloys.22

Fig. 5 shows the frequency response of (c and g) the real parts
(m0) and (d and h) the imaginary parts (m00) of complex permeability
of (c and d) as-milled and (g and h) as-annealed (at 673 K) alloy
powders within the 2–18 GHz range. As shown in Fig. 5(c and d),
the m0 decrease gradually and stabilize in the high frequency, and
the m00 present an open downward parabolic shape over the almost
entire frequency range, which is caused by the inhomogeneity of
the particle size distribution (see Fig. 2(o)).40 Similar to the change
of the complex permittivity, the m0 of alloy powders M0.1–0.5 at 2
GHz increase fromM0.1 (1.57) toM0.3 (1.60) along with the increase
of Si content and get the maximum value at M0.3, and then
decrease to M0.5 (1.52). It can be explained by the empirical
formula of the initial permeability (mi):41

mi z
m0Ms

2�
K1 þ 3

2
lss

�
b1=3 d

d

(4)
14942 | RSC Adv., 2018, 8, 14936–14946
where Ms, K1, ls, s, b, d and d present the saturation magneti-
zation, the magnetocrystalline anisotropy constant, the
magnetostrictive coefficient constant, the internal strain, the
volume concentration of impurity, the domain wall thickness
and the impurity diameter, respectively. It is apparent that
a positive correlation between Ms and mi can be seen from the
formula, while K1, ls, s and b is negatively correlated with mi.
TheMs, K1 and ls decrease with the Si content increasing from x
¼ 0.1 to x¼ 0.3. The combination of these three factors enhance
the permeability, and the increment is smaller because of the
opposite effect between Ms and K1, ls. Instead, the reduction in
permeability can be explained by the following three reasons.
First, the decreased Ms and the increased K1 and ls bring down
the permeability. The values of K1 and ls close to zero when xz
0.3. Second, the exchange coupling reaction of the magnetic
moments between particles weakens as the surface area min-
ishes, resulting in the increase of K1 and decrease of mi.42,43

Third, the increase of s and b can also reduce mi. These
changing rules can be illustrated by the shape-dependent
Snoek's law similarly and it's formula is showed here:

mi � 1 ¼ 4pMs/(Hk + 4pMsNh) (5)

where Hk and Nh present the magnetocrystalline anisotropy
energy and the demagnetization factor in the direction of width,
respectively. The denominator represents the total anisotropy
energy and 4pMsNh represents the shape anisotropy energy.40

Similar to the effect of K1, the Hk decreases to zero and then
increases along with the Si content increasing. The combina-
tion effect of Ms and Hk results in the change of mi.
This journal is © The Royal Society of Chemistry 2018
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The imaginary parts (m00) of complex permeability possess
a wide resonance peak over the whole frequency range. The
changing trend of m00 is consistent with that of m0, and this can
be illustrated by the formula of eddy current loss. Formula is
expressed as follows:

m00
r ¼ 3pm0ðm0Þ2d2f s (6)

It is clearly that mr00 is proportional to m0 and conductivity (s).
So the value of mr

00 increases rstly and then decreases. To
recognize carefully, the location of resonance peaks agree with
the distributions of particles. This can be illustrated by the
formula of natural resonance or shape-dependent Snoek's limit.
According to the natural resonance frequency equation,

2pfr ¼ gHa (7)

the anisotropy energy (Ha) declination caused by the aspect ratio
reduction leads to the frequency of natural resonance (fr)
decrease. This changing role can be illustrated similarly by the
shape-dependent Snoek's limit and it's formula is showed here:

(mi � 1)f2r ¼ (g/2p)24pMs(Hk + 4pMsNt) (8)

Nh ¼ 1�Nt

2
(9)

where g and Nt present the gyromagnetic ratio and the
demagnetization factor in the direction of thickness, respec-
tively.33,40 Nh and Nt are a function of aspect ratios and the
larger akes have smallerNh values. It is easy to understand that
the fr agrees with particle size distribution.
Fig. 7 Schematic illustration of the change of crystal structure in the pr
wave for HEA powders.

This journal is © The Royal Society of Chemistry 2018
Compared with those of the as-milled alloy powders, the m0 of
the A0.1, A0.3, A0.4 samples get larger and the A0.2 and A0.5 get
smaller, ranging from 1.46 (A0.5) to 1.70 (A0.4) (see Fig. 5(g and
h)). The reason for this phenomenon is the BCC (FeCo) phase
precipitate out aer annealing, and Fe and SiAl elements are
separated from each other. The Ms, K1 and ls for the as-
annealed powders increase at the same time and the incre-
ment of Ms for A0.1, A0.3, A0.4 is larger than others, corre-
sponding to the formation of CoFe2O4 phase, which result in
the diversication. In addition, the decrease in s and b caused
by annealing bring about the amplify of m0 according to the eqn
(4), which prompt the enlargement of m0. Moreover, these three
samples possessing larger values of Dm0 (m0 (Ax) � m0 (Mx)) have
smaller DHc. On account of the skin depth reduction caused by
the enlargement of conductivity and particle sizes, the m00 of the
as-annealed samples become smaller. And the magnitude of
Dm00 (m00 (Ax) � m00 (Mx)) for A0.1, A0.3, and A0.5 agree with the
increment of conductivity (Ds) (in Fig. 6(c)). To the sample A0.2,
the particle size turns into smaller than the skin depth, which
leads to the larger Dm00, and the opposite is true for the sample
A0.4. In addition, the resonance peaks disappear aer anneal-
ing, which is caused by the extreme non-uniformity of the
particles (see Fig. 2(p)).

Based on these results, we propose the change of crystal
structure for FeCoNiSixAl0.4 system in the process of milling and
annealing and the interaction mechanism with EM wave as
a consistent explanation of all the above experimental obser-
vations as depicted in Fig. 7. The initial powders of Fe, Co, Ni,
Si, and Al possess the crystal structure with BCC, HCP, FCC,
CDT (cubic diamond type), and FCC phase, respectively. The
ocess of milling and annealing and the mechanism interacted with EM

RSC Adv., 2018, 8, 14936–14946 | 14943
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Fig. 8 XRD patterns of the as-milled and as-annealed (573–873 K)
FeCoNiSi0.3Al0.4 alloy powders, and the inset present the detailed
scans in the range of 2q¼ 49–56�. The relative content of BCC to FCC
(ABCC/AFCC) for different anneal temperature are also presented in the
illustration.

Fig. 9 Frequency dependence of (a) 30, (b) 300, (c) m0, and (d) m00 for the
as-annealed (573–873 K) FeCoNiSi0.3Al0.4–paraffin composites. The
symbols of , , , and denote the milled, 573 K, 673 K, 773 K and
873 K composites, respectively.
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FeCoNiSixAl0.4 alloy powders with FCC and BCC phase crystal
structure were prepared by the process of ball milling, where, all
the elements are mixed together randomly. The alloy powders
show elliptic ball shape because of the use of alcohol as
a control agent.

For the milled alloy powders, Si element are evenly distrib-
uted around the magnetic elements, and the charge ows from
magnetic atoms into the silicon atom, which brings about the
Ms decrease and a microstructural asymmetry generation, and
results in the formation of a permanent electric dipole that can
excite a dipole polarization under the alternating EM eld.
When the EM wave irradiate to the particle surface, the EM eld
will generate the electric and magnetic eld component in the
direction of paralleling to the surface of particles. The alter-
nating electrical eld interact with the alloy material to create
conduction loss. Meanwhile, the alloy particles will be magne-
tized under the alternating magnetic eld to generate the
magnetization (M). The compound interaction of magneto-
crystalline, shape and stress anisotropy eld produce a valid
eld (He), which can replace the extra steady magnetic eld and
interact with M, then generate nature resonance when satises
the formula 2pf ¼ gHe. In addition, a kind of ring induction
current, known as eddy current, are generated in the direction
of perpendicular to the magnetic ux, which can induce the
eddy current loss. All of the above types can attenuate the EM
wave.

Aer annealing, the FeCo and CoFe2O4 phase respective with
BCC phase and spinel crystal structure are separated out from
the matrix, which give rise to the increase in interface (phase
interface and particle surface) polarization. And the decrease of
defects magnify the conduction loss. Meanwhile, the clutter
distribution of anisotropy caused by the phase dissociation
leads to the clutter distribution of valid eld, which result in the
resonance peak disappear. And the size of the reunited alloy
powders are larger than that of the reduced skin depth, which
bring about the reduction of the effective volume for the alloy
powders interacted with EM wave.

To further investigate the variations of EM parameters with
the annealing temperature, the XRD and EM parameters of as-
annealed (at 573–873 K) FeCoNiSi0.3Al0.4 alloy powders were
tested.

XRD patterns of the as-milled and as-annealed FeCoNiSi0.3-
Al0.4 alloy powders are shown in Fig. 8. Along with the annealing
temperature rises, the intensity of (111), (200) and (220) for FCC
increase, which attribute to the augment of crystallinity, while
BCC (corresponding to (110), (200) and (211) crystal face) begin
to precipitate at 673 K and get the maximum value at 773 K, and
then decrease. In addition, the new phase CoFe2O4 starts to
generate at 673 K and its magnitude gets down with the
annealing temperature increasing. The insect shows an
enlarged picture of the main peaks of FCC and BCC phase.
Obviously, the peaks shi lewards slightly due to the increase
in the lattice parameter of the FCC phase. It can be illustrated
that the Si element dissolves into the alloy phase gradually
during the annealing process. And the intensity of 33.2� for
silicon peak is reduced by degrees. Meanwhile, the relative
content of BCC to FCC (ABCC/AFCC) for the as-annealed powders
14944 | RSC Adv., 2018, 8, 14936–14946
at different temperatures are presented in the illustration, and
it shows a tendency to increase rst (from 573 K to 773 K) and
then to decrease.

Fig. 9 shows effects of the annealing temperature on the (a) 30

(b) 300 (c) m0, and (d) m00 for the as-annealed (at 573–873 K)
FeCoNiSi0.3Al0.4 alloy powders. The 30 presents an uptrend with
the increase of annealing temperature and reaches a maximum
at 773 K, and then decreases. This may be caused by the relative
content of BCC to FCC (in Fig. 8), since the growth of these two
phases interface can store more energy. The effects of annealing
temperature on 300 are obvious, especially in high frequency
area, and the increment of 300 depends on the increment of
conductivity (in Fig. 10). This is also true that the conduction
loss play a major role in the high frequency range. The annealed
sample (at 773 K), possessing larger interfacial polarization and
loss, get a greater increase in 300 than other samples. Aer
annealing, the m0 at 2 GHz decrease rst and then increase (from
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Effect of annealing temperature on the conductivity of
FeCoNiSi0.3Al0.4 alloy powders.
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573 K to 773 K), which is the combination effect ofMs, K1 and ls,
and the decrease in m00 may be caused by the fact that the
particle size turn into larger than the skin depth, similarly.

The reection loss of the as-milled and as-annealed (673 K)
FeCoNiSixAl0.4 (x ¼ 0.1, 0.2, 0.3, 0.4, and 0.5) alloy powders and
the EM parameters of as-annealed (573–873 K) FeCoNiSixAl0.4 (x
¼ 0.1, 0.2, 0.4, and 0.5) alloy powders are presented in the
supporting.
4. Conclusions

FeCoNiSixAl0.4 HEA powders are prepared by mechanical ball
milling and processed by annealing (at 673 K), and the relation
between Si content, microstructure and magnetic and EM
properties are investigated. TheMs decrease and theHc increase
with the increase of Si content for the as-milled samples and the
Ms and Hc rise aer annealing. The CoFe2O4 phase generated in
the annealing process has a benecial to magnify Ms and
diminish Hc. The 30 of the as-milled alloy powders rise rst
along with the Si content increase, then reduce, and has
a maximum value, 30 z 8.5 (M0.3). The m0 present the same
changing rule, and get the maximum value at M0.3 (1.60 at 2
GHz). Aer annealing, the 30 and 300 have an obviously increase,
while the m00 decrease. The generation of CoFe2O4 phase can
magnify m0. The conductivity has been signicantly improved
aer annealing, and the 300 in high frequency is mainly the role
of conductive loss. Moreover, the annealing temperature has
a signicant impact on the relative content of CoFe2O4 and the
precipitated BCC to FCC, and the change of EM parameters
agree with this transformation.
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