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The analysis of magnetic properties of soft magnetic composite materials composed of iron insulated
by polymer bonded Ni—Zn ferrite nanofibers is presented in the paper, focusing on the investigation of
magnetization processes, by means of the total energy loss separation, the peak, differential, reversible
and irreversible permeability analysis and modelling and the percent proportions of reversible and
irreversible processes determination. The highest permeability exhibited by the sample with the optimal
ferrite to resin ratio within insulation means the highest number of movable domain walls involved in
the magnetization process. The highest proportion of irreversible domain wall displacements and the
lowest proportion of reversible magnetization vector rotations were found for this sample, as well as
the highest low induction losses and the lowest high induction losses, which also revealed the highest
amount of domain wall displacements, facilitating magnetization reversal and resulting in the improved
soft magnetic properties.
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1. Introduction

At present, scientists and engineers are constantly
working on the development of new materials with
the best possible magnetic properties suitable for
specific applications — various chemical composi-
tions and spectrum of parameters influencing the
behavior or structure of the material are inves-
tigated as well as various preparation processes.
In recent decades, the range of available soft mag-
netic materials has significantly expanded to in-
clude, e.g., nanocrystalline and amorphous alloys,
materials prepared by compacting of ferromagnetic
powders, and composite materials [1-6].

Soft magnetic composite materials (SMCs) con-
stitute a significant subclass of soft magnetic ma-
terials due to their growing importance in electro-
magnetic applications as electric motors, genera-
tors, transformers, or sensors. SMCs are composed
of magnetic powder particles that are electrically in-
sulated from each other [1, 6-10]. They provide sev-
eral properties which were improved as compared
to traditionally used electrical steels or soft ferrites,
combining the advantages of both. SMCs exhibit
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three-dimensional isotropic physical properties be-
havior, relatively high saturation magnetic polariza-
tion, the Curie temperature and magnetic perme-
ability and relatively low coercivity, but their main
feature is that an insulating layer between conduct-
ing ferromagnetic particles minimizes the eddy cur-
rent loss which results in low total power losses at
elevated frequencies > 100 Hz up to MHz [6-10].
In addition, the powder metallurgy techniques of
composite production allow a wide optimization of
the shapes of final components with a reduction in
material consumption [10]. The research on SMCs
has shown their vast potential in recent decades, fo-
cusing on a detailed examination of various factors
influencing their properties.

It is necessary to minimize the insulation content
in SMC due to the negative effect of inner demagne-
tizing fields [8] so that high permeability and den-
sity can be achieved, but concurrently the quality
of the insulation coating of each magnetic particle
must be ensured. In general, the coatings are or-
ganic, inorganic or mixed. The most commonly
used organic substances are thermosets as epoxy
resins, polyurethane, polyester and acrylic powders,
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and their hybrid compounds. The inorganic ones
comprise, e.g. phosphates, sulfates, and various
ceramics including the soft magnetic ferrites [10].
Soft magnetic ferrites promise advantageous coat-
ing not only insulating magnetic powder particles,
but also ensuring magnetic flux continuity in SMC.
The production of ferrite-matrix composites with Fe
powder as the base ferromagnet faces serious tech-
nological problems [10], so the use of a binder for
a fully sintered ferrite insulator seems to be a suit-
able solution [11].

Analyses of magnetic properties of materials pro-
vide the insight into magnetization processes be-
havior, whose knowledge might be important for the
properties optimization [12-14]. One of many useful
methods was proposed by Landgraf et al. [15-17],
namely the “method of separation of total energy
losses into high and low induction losses”. It can
be applied to both DC and AC hysteresis loops and
it attempts to connect particular types of magne-
tization processes with the loss components. The
method has yielded valuable results on various elec-
trical steels [15, 16, 18, 19], soft ferrites [17] or com-
posites [8]. The magnetic permeability can be de-
fined in various ways in relation to magnetization
curves. The reversible and irreversible permeabil-
ity reveal the proportions of the reversible and ir-
reversible magnetization processes along DC mag-
netization curves [12-14]. Important are also an-
alytical expressions and models for magnetization
curves, which enable to predict the curves and re-
veal various information on magnetic properties or
phenomena [1, 13, 14].

In a previous work [20], the boron-modified phe-
nolic resin was employed to bond Ni—Zn soft mag-
netic ferrite nanofibers to iron powder and the
relatively high initial permeability (ranging be-
tween 80-92 at frequency 100 Hz) together with
relatively high frequency stability (resonance fre-
quency 475-550 kHz) were found for those sam-
ples, due to sufficiently high specific electrical re-
sistivity (65-90 pfdm). The optimal, most effec-
tive insulation was indicated to be the volume ra-
tio of ferrite nanofibers to the resin % : % as
that composite exhibited the highest initial and to-
tal permeability and lowest hysteresis, total and
excess losses.

In continuation, the aim of this work is to fur-
ther analyse the magnetic properties with the em-
phasis on the magnetization processes during mag-
netization reversal in order to provide more com-
plex physical information on soft magnetic com-
posites composed of Fe powder insulated by Ni—Zn
ferrite nanofibers bonded by boron-modified phe-
nolic resin. The magnetic properties will be anal-
ysed by means of the separation of total energy
losses into high and low induction loss components
at frequency 100 Hz, in comparison with the peak
and differential permeability, and by the determi-
nation of percent proportions of reversible and ir-
reversible magnetization processes along the initial
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curves. The experimental dependences of the re-
versible and irreversible relative permeability will
be compared with the ones calculated from the an-
alytical expressions.

2. Experimental

2.1. Material characterization

Pure iron powder (polycrystalline) Fe ABC100.30
(from Hogands AB Sweden [21]) containing irreg-
ularly shaped particles with an average size of
~ 100 pm was chosen as the ferromagnetic compo-
nent of the SMC.

The soft ferrite nanofibers with composition
Nig.oZng gFesO4 were prepared by the needleless
electrospinning method (Nanospider™ NS Lab,
Elmarco) from the water solution of polyvinyl
alcohol with metal nitrates Ni(NO3)2.6H,O and
Zn(NO3)2.6H20-Fe(NO3)3.9H20. The process of
preparation with full detail description can be found
in [20, 22]. The coercivity of ferrite nanofibers does
not exceed 100 A/m at room temperature, after the
final sintering (800°C, 4 h, air). The nanofibers ex-
hibit a polycrystalline spinel-type ferrite character,
and the cubic fcc crystal structure corresponding to
the inverse spinel was confirmed in [22]. The aver-
age diameter of fibers is 50 nm.

As a binder of ferrite nanofibers to iron parti-
cles, the boron-modified phenolic resin (PFRB) was
synthesized (from phenol, formaldehyde, ammonia,
and boric acid), detailedly described in [23].

SMCs with 93 vol.% of iron powder and 7 vol.%
of electrical insulation were prepared by uniaxial
compacting followed by heat curing. The insulation
consisted of ferrite nanofibers, which were bonded
by the resin in volume ratios (ferrite : resin) 2 : 1,
% : % and i : %. The labels and parameters of
the samples and preparation conditions are given
in Table I. The shape of the prepared samples was
a ring (height =~ 2 mm, outer and inner diameter:
~ 24 mm and ~ 18 mm). The preparation proce-
dure is described in [20].

TABLE I

Composition of samples and parameters of the man-
ufacturing procedure.

Sample F3/4 | F1/2 | F1/4
iron powder 93 03 93
content [vol.%)|
lectrical i i
electrical insulation 7 7 7
content [vol.%)]
ferrit fib
errite nanofibers 5.95 35 175
content [vol.%]
PFRB resin content [vol.%] 1.75 3.5 5.25
ferrite nanofibers to PFRB 3.1 1.1 1.3
resin volume ratio 474 272 44
compacting pressure [MPa] 600 600 600

f h

tergperature of heat 220 220 220
curing [ °C]
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SEM of sample F1/2: (a) fracture surface, showing the resin bonded ferrite nanofiber insulation of

iron particles, with EDX analysis of the insulation, (b) polished surface, (c) polished surface, detail, with EDX
analysis of the insulation, (d) polished surface — the detail of Fe particles coated by the resin—ferrite nanofiber

mixture.

Figure 1 shows scanning electron microscopy
(SEM) images of microstructures of sample F1/2.
The polymer bonded ferrite nanofiber insulation of
iron particles visible on the fracture surface, with re-
sults of energy dispersive X-ray spectroscopy (EDX)
analysis of chemical elements of the insulation coat-
ing is depicted in Fig. 1la. The cases, e.g., the pol-
ished surface with a detailed view on iron particles
insulated from each other, also with EDX analysis of
the insulation, are presented in Fig. 1b—d. SEM im-
ages confirmed good coating capability of the resin—
ferrite nanofiber mixture.

The density of samples (obtained from sam-
ple mass and dimensions) reached values between
6.75 and 7.0 g/cm?® |20]. Further, the porosity was
calculated using those values and the density of
Fe ~ 7.86 g/cm?®, density of PFRB =~ 1.14 g/cm?,
and density of ferrite nanofibers 4.34 g/cm3.
The porosity was not changing with the increasing
amount of ferrite nanofibers until the ratio % : %
(samples F1/4 and F1/2 exhibited 6.5% of pores),
but a further increase of the ferrite content at the
expense of the resin resulted in the porosity increase
(sample F3/4 exhibited 10.5% of pores) [20].

~
~

2.2. Methods

Morphology of the samples was studied by scan-
ning electron microscope (SEM) JEOL JSM-7000F
equipped with energy-dispersive X-ray spectroscopy
(EDX). The AC hysteresis loops were measured at
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frequency 100 Hz within maximum magnetic induc-
tion range from 0.05 T to 1.0 T (in ferromagnetic
material) by an AC hysteresis graph MATS-2010M,
on ring-shaped samples. The reversible relative per-
meability along the initial curves (referred to fer-
romagnetic content) was measured using the setup
based on a lock-in amplifier reading of the induced
voltage, described in [24, 25]. The initial magnetiza-
tion curves and DC hysteresis loops were measured
by a DC fluxmeter-based hysteresis graph [25], up
to 1.0 T, on ring-shaped samples.

3. Results and discussion

In Fig. 2a, the hysteresis loops of the investi-
gated samples measured at maximum magnetic in-
duction B,, = 0.7 T and frequency 100 Hz are
plotted. From each hysteresis loop, the total en-
ergy losses Wit can be calculated as the area of the
loop, and the peak relative permeability pipear can
be determined as the slope of the loop according to
definition [12, 14]:

B

= (1)
,UOHm
where g is the vacuum permeability (also called
the magnetic constant) and H,, is the maxi-
mum magnetic field at which the maximum mag-
netic induction B,, is reached during magnetization
reversal.

Hpeak =
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Fig. 2. (a) Hysteresis loops of the investigated

samples at maximum induction 0.7 T and frequency
100 Hz, with the illustration of peak permeability
determination, (b) peak relative permeability of the
investigated samples as a function of maximum in-
duction in the range 0.05-1.0 T at frequency 100 Hz.

The determination of fipeax is illustrated
in Fig. 2a, and values of ppeax of the samples as
a function of B,, in the range from 0.05 T to 1.0 T
at frequency 100 Hz are plotted in Fig. 2b. We can
observe the highest peak permeability in the case of
sample F1/2, which confirms the most effective ra-
tio of soft ferrite nanofibers to PFRB resin within
the insulation mixture coating Fe particles, from
the view of the positive effect of magnetically active
insulator vs the negative effect of increased poros-
ity [20]. Higher permeability means that more ac-
tive magnetic objects (simultaneously movable do-
main walls [13]) are involved in magnetization rever-
sal and therefore more domain wall displacements
occur. A higher number of movable domain walls
displacing over shorter distances facilitates the mag-
netization reversal and leads to the magnetic prop-
erties improvement [12-14].

In Fig. 3a, the separation of total losses into high
and low induction loss components is illustrated.
This method is based on the statements [12-14] that
a change in the dominating magnetization mecha-
nism determining the regions of different predom-
inant magnetization behavior at initial magnetiza-
tion curve is associated with the “knee” of the initial
curve, whose position is at B, max induction. This
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Fig. 3. (a) Illustration of the separation of total

energy losses (area of hysteresis loop) into high
and low induction component, (b) high and low in-
duction energy losses of the investigated samples
as a function of maximum induction in the range
0.05-1.0 T at frequency 100 Hz.

point, B, max, is the point of maximum of the total
relative permeability por (calculated at the initial
curve as por = (B/uo H), where B is the induction
and H is the magnetic field [12, 14]). The horizon-
tal line at B, max separates the regions of predom-
inant magnetization processes at hysteresis loop —
the total energy losses Wt are subdivided into two
parts: the high induction losses Whign (below —
B, max and above B, max) and the low induction
losses Wiow (between — By, max and By, max). In the
high induction region, the magnetization vector ro-
tations as well as the domain wall nucleations and
annihilations dominate and in the low induction re-
gion, the dominating processes are the domain wall
displacements [15-19].

In the case of AC magnetization, the point B, max
lies at the curve of maximum points H,,, B,, of mi-
nor hysteresis loops of the same frequency, i.e., the
points used for calculation of pipeax with (1). The
values of B, max of the investigated samples for fre-
quency 100 Hz (see Fig. 2b) are given in Table II.
The highest value is 0.41 T for sample F1/2; indi-
cating the largest low induction region.

One can see that Wi, at frequency 100 Hz were
separated into Whign and Wie,, (plotted in Fig. 3b)
as a function of B,, in the range from 0.05 T
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TABLE II

Magnetic properties and model parameters of the
samples.

Sample F3/4 | F1/2 | F1/4
magnetic induction Bumaz [T]| 0.35 | 0.41 | 0.35
saturation magnetic 1.803 | 1.884 | 1.877
polarization Jg [T]
parameter a; 0.518 | 0.538 | 0.532
parameter az 1 1 1
parameter CFMC 14 1.3 14

to 1.0 T. We can observe the highest Wi, and the
lowest Whign for sample F1/2, revealing the high-
est proportion of domain wall displacements during
magnetization reversal. This is in agreement with
the conclusion from peak permeability investigation
that sample F'1/2 contains a higher number of active
magnetic objects than samples F3/4 and F1/4. It is
due to the improved interactions of iron particles in
SMC through the soft ferrite nanofibers acting as
a magnetically active insulator mediating magnetic
flux, together with the minimized amount of poros-
ity, hence minimized the inner demagnetizing fields
(arising from surface magnetic poles on insulated
iron particles and ferrites [8]). This finally results
in better soft magnetic properties.

In Fig. 4a, the differential, the irreversible and
the reversible relative permeability along the ini-
tial magnetization curves of the investigated sam-
ples are plotted as a function of B in the range
from 0.05 T to 1.0 T. The differential relative
permeability pqig is the derivative of magnetization
curve at each point (Hp, By), reflecting the curve
steepness [12, 14]:

dB

1
rdit = — | 77 . (2)
Ho ( dH) Ho,Bo

A sum of the reversible and the irreversible relative
permeability is denoted by pgig and it comprises
both the reversible and the irreversible magnetiza-
tion processes. The reversible relative permeability
lrey 1s defined as follows: at the point of the ini-
tial curve (Hy, Bp), a small AC magnetic field is
superimposed and the sample is magnetized along
an additional hysteresis loop, becoming a line when
its amplitude AH — 0. Then, the slope of the line
determines fiey, which indicates the amount of the
reversible processes

1 AB

— lim | — . (3)
po AH—=0 \AH ) 5

The irreversible relative permeability p;, reflects

the amount of the irreversible magnetization pro-
cesses and is obtained as a difference [12, 14]:

Mirr = Udiff — Hrev- (4)
We can observe the highest pqig, firr and fiyey for
sample F1/2. Nevertheless, while in the case of piyev
there is a minimum difference between the sam-
ples, in the case of pgig and pi the values for

Hrev =
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Fig. 4. (a) Differential, reversible, and irreversible

relative permeability along the initial curves of the
investigated samples as a function of induction in
the range 0.05-1.0 T, (b) proportions of reversible
and irreversible magnetization processes along the
initial curves as a function of induction in the range
0.05-1.0 T.

sample F1/2 are significantly higher. It means that
a much higher amount of irreversible processes oc-
curs during magnetizing of sample F1/2 as com-
pared to F1/4 and F3/4, revealing a much higher
number of the irreversible domain wall displace-
ments — the Barkhausen jumps. (Domain wall dis-
placements can be both reversible and irreversible
with statistically comparable occurrence, but mag-
netization vector rotations are mostly reversible in
the majority of soft magnetic materials [12-14].)
Hence, we again found the highest number of ac-
tive magnetic objects for sample F1/2; confirming
the above mentioned explanations.

In Fig. 4b, the percent proportions of the re-
versible and the irreversible magnetization pro-
cesses (kv and ki) along the initial curves of the
investigated samples were determined as a function
of B in the range from 0.05 T to 1.0 T. The pro-
portions ki, and ki, can be calculated as

o <“V) x 100%,
Hdiff

kirr _ < Mirr
Hdiff

()

) x 100%. (6)
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The dependences of k.., and ki, vs B should obey
the following behavior [12, 14, 16]: At very low B
(the Rayleigh region) ke, — 100%, because there
are only reversible domain wall displacements. Fur-
ther, the Barkhausen jumps appear and their in-
volvement in magnetization process grows until the
maximum at the highest pqig (krey — min). From
the point B max (the highest f14¢), domain wall an-
nihilation starts to occur, thus the number of do-
main wall displacements (reversible as well as irre-
versible) starts to decrease and the magnetization
process is still more realized by (reversible) magneti-
zation vector rotations, gradually k.., is increasing,
finally approaching saturation with k., — 100%
(no movable domain walls present to displace ir-
reversibly). (Detailed analysis of the magnetiza-
tion processes proportions in SMCs was performed
in [24].) We can observe sample F1/2 exhibits the
highest ki, and the lowest k.., among the investi-
gated samples, meaning the highest proportion of
irreversible domain wall displacements and the low-
est proportion of reversible magnetization vector
rotations, which is in agreement with all previous
conclusions.

In [26, 27], the analytical expression for the de-
pendence of reversible relative susceptibility xiev
(Xrev = Mrev — 1) as a function of magnetiza-
tion M (M = (B/uo) — H) was proposed; for struc-
turally isotropic materials Xy, was found to obey
the relation

M\?
= |1 ==
Xrev Xll (MS) ‘|7

where Mg is the saturation magnetization and y;
is the initial susceptibility of the material. Further,
different forms of the dependence were observed for
different structure anisotropies. The general ana-
lytical expression involving any class of anisotropy

was found to be [28]:
MY
Mg

Xrev _ 1—a <M)
Xi Mg
MO\

(I-a1 —a2) (Ms> , (8)
where the structure anisotropy vector a = (a1, ag) is
defined. The parameters a1, as reach values from 0
to 1 while one of them equals 1. For predominantly
anisotropic structure a; = 1 and concurrently as is
lower, and vice versa, for predominantly isotropic
structure as = 1 and concurrently a; is lower. For
example, a (1,0) was found for the hardened
steel 1018 with significant anisotropy, and a = (0, 1)
was found for perfectly isotropic nickel-based an-
nealed steel [28]. Using (8), we get Xyev = X; for
M — 0 and xrev = 0 for M = Mg (saturation
state). Figure 5a shows the experimental depen-
dences of ., along the initial curves of the in-
vestigated samples as a function of B in the range
from 0.05 T to 1.0 T. The dependences were al-
lowed to be expressed by (8), generally valid for

(7)
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Fig. 5. (a) Experimental dependences of the re-

versible relative permeability along the initial
curves as a function of induction, fitted with the an-
alytical expression, (b) comparison of experimental
data of the irreversible relative permeability along
the initial curves as a function of induction with the
ones calculated from the analytical expression.

any structural anisotropy, the fitting was performed
using relations pirev = Xrev + 1, pt; = x5 + 1 and ap-
proximate equality of ratios (M/Mg) ~ (B/Js).
The saturation magnetic polarization Jg (Table II)
was calculated as [29]:

where C' is the filling factor — the volume frac-
tion of a ferromagnetic or ferrimagnetic compo-
nent (excluding porosity), Jgme) ~ 2.15 T and
Js(territe) ~ 0.4 T [1]. As the structure of SMCs
is supposed to be rather isotropic, the parame-
ter ay was fixed to be equal to 1 during fitting.
It was found that the parameter a; showed values
about 0.5 for all investigated samples (Table II),
revealing slight anisotropy due to the uniaxial pres-
sure applied when compacting by a press. Detailed
information on the optimal parameter values of the
fitting is given in Table III. The parameters are
unitless and, as defined with mathematical statis-
tics, they confirm the goodness of the fitting: the re-
duced x (mean squared weighted deviation) is min-
imized and R-squared (determining the strength of
independent and dependent variable relationship)
is close to 1.
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Detailed information on optimal fitting values of parameters a1, a2, analyzed for all samples. TABLE III
Adj o a2
Fitting equation Reduced )
& ¢ X R-squared | Value Std. Value Std.
error error
F1/2]91 (1 —a17Zg —az (155)° — (1 —a1 — a2) (Lgﬁ)“) +1| 223313 0.9919 [0.538]0.01722| 1 0
F1/4(86 (1 - a1 185 — a2 (7857)° = (1 — a1 —a2) (15)") +1| 085597 | 0.9964 |0.532 [0.01125| 1 0
F3/4|79 (1 —a17Es —az (755)° — (1 — a1 — a2) (1_;”%)4) +1| 1.30344 | 0.99429 |0.518 |0.01469 | 1 0

In previous papers [25, 30], the relations for
the irreversible relative permeability along the ini-
tial curve were proposed for selected soft magnetic
materials including SMCs, based on the expressions
for DC energy losses. For Fe-phenolphormaldehyde
resin SMCs, the best fitting relation was the one de-
rived based on the linear functions approximation
of DC losses [30], in the form

Mirr = 3NUM§otCEiI\r/1[CHC/Bu (10)
where H¢o is the coercive field of minor DC hys-
teresis loop of which the maximum induction point
concurrently lies on the initial curve, and CEM€ is
the parameter which was found to be a constant
for SMCs investigated in [30]. In Fig. 5b, the ex-
perimental data of p;., along the initial curves as
a function of B in the range from 0.05 T to 1.0 T
are compared with the ones calculated using (10).
The dependences exhibit good agreement (relative
standard deviation less than 5%), hence we have
confirmed the validity of the relation (10) for an-
other type of SMCs. The values of parameter CPMC
are presented in Table II.

4. Conclusion

Magnetic properties and magnetization process
of soft magnetic composites consisting of poly-
crystalline iron powder insulated by Ni-Zn ferrite
nanofibers bonded with boron-modified phenolic
resin were analysed, especially the reversible and
irreversible permeability and processes. Scanning
electron microscopy documented good insulation of
iron particles with the polymer—ferrite nanofiber
mixture. The highest peak, the differential, re-
versible and irreversible relative permeability of the
sample with the optimal ratio of ferrite to poly-
mer confirmed the most effective insulation coat-
ing in terms of the positive effect of soft ferrite vs.
negative effect of porosity and indicated the high-
est number of active magnetic objects (simultane-
ously movable domain walls) involved in the magne-
tization process. This was consistent with the ob-
servation from total energy loss separation, which
revealed the highest low induction losses and the
lowest high induction losses for the optimal sam-
ple, meaning the highest proportion of domain wall
displacements (over shorter distances), facilitating
magnetization reversal. Furthermore, this result
was supported by the highest percentage of irre-
versible domain wall displacements and the lowest
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percentage of reversible magnetization vector rota-
tions calculated for this sample. Improved interac-
tions of iron particles through soft ferrite nanofibers
along with minimized porosity have led to improved
soft magnetic properties. The comparison of exper-
imental data of the irreversible and the reversible
relative permeability with the ones calculated from
the analytical expressions confirmed the validity of
the recently proposed relation for this type of com-
posites and revealed their slight uniaxial anisotropy,
respectively.
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