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The measurements and modeling of hysteresis loops of soft magnetic composites made of powder with different
particle sizes and different densities were investigated. The Takacs description that is based on hyperbolic tangent
transformation has been applied in the consideration. The paper shows recorded hysteresis loops with the maximum

flux density of 1.2 T.
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1. Introduction

The mathematical approximation of hysteresis loops is
one of the elementary problem of ferromagnetism. In the
last century, a numerous of approaches have been de-
veloped, like the Preisach model [1], vector hysteresis
based on the Stoner—Wohlfarth model [2] and the Jiles—
Atherton model [3]. In turn, Takacs in paper [4] describes
a purely mathematical approximation of the saturation
curve and the hysteresis loop based on the T'(z) function
which is composed of tangent hyperbolic and linear func-
tions. The Takacs model has been examined as the tool
for separation of magnetic phases in magnetic alloys [5].
Takacs has conjectured on the introduction of the effec-
tive field into his description in paper [6]. The concept of
the effective field has been introduced more than century
ago by Weiss [7]. The application of this concept has
allowed to introduce the influence of additional physical
phenomena on hysteretic, i.e. the effect of eddy currents,
temperature or the effect of stress. Extended Takcacs
model has been successfully used to approximation of a
dynamic hysteresis loops of cores made of soft magnetic
composites [8].

Powder metallurgy has recently attracted the interest
of the scientific and engineering community involved in
the development of electric machines. This fact is closely
related to manufacturing of parts for electric devices.
Furthermore, powder metallurgy is characterized by low
production costs, low powder waste and ease of recycling.

The expanding interest in the introduction of Fe-based
composite materials in electrical devices, such as electri-
cal motors, is obviously connected with their properties.
The main feature of these materials is that iron parti-
cles are insulated by a thin organic or inorganic coat-
ing. SMCs offer several advantages over laminated steel
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sheets, for example isotropic magnetic properties, the op-
portunity to tailor their physical properties to require-
ments, very low eddy current loss, relatively high resis-
tivity and high magnetic permeability [9-11].

The magnetic properties of soft magnetic composites
significantly depend on processing parameters, i.e. a
compaction pressure, an annealing temperature, a parti-
cle size distribution and a kind of coating layer. Shokrol-
lahi and Janghorban in paper [12] present the effect of
compaction parameters and particle size on magnetic
properties of soft magnetic composites. They have re-
ported that magnetic properties depend on densities,
residual stress, and properties of coating layer. It is clear
that with increasing pressure during compaction, green
density increases but also leads to formation of residual
stress. Suitable heat treatments can improve magnetic
properties as a result of stress relaxation.

Anbhalt in paper [13] has discussed particle size depen-
dence of magnetic properties in soft magnetic proper-
ties. Author proves that the coercivity H. shows a lin-
ear increase with increased inverse particle diameter 1/d.
In addition, the effective number of active domain walls
per particle is increased with an increased particle diam-
eter owing to the lower amount of defects and pinning
places in composites containing large particles compared
with smaller particles.

The effect of particle sizes and core densities on mag-
netic properties of soft magnetic composites was investi-
gated according to results of hysteresis loop modeling.

2. Takacs description of hysteresis loops

The Takacs description is based on hyperbolic tangent
transformation of loop coordinates [4]. The branches of
major loops are built in the Takacs model by offsetting
the argument of hyperbolic tangent function. In this
work, the coefficients occurring in the Takécs descrip-
tion have been identified as the magnetization M and
the effective magnetic field Heg = H + M, where « is
the so-called Weiss coupling coefficient.
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The hysteresis loops may be modeled by Eq. (1):

H, H,
M:Mstanh (EH;FC) :l:b(HVfo7MV)7 (]‘)
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where Mg is saturation magnetization, H. is coercive
field strength, a is a normalization constant, b is a pa-
rameter dependent on the vertex coordinate of hysteresis
loop (He‘gf, M), which can be written as

1 HY% + H,
b (H;/Cf,MV) =3 [tanh (eff:0>

~ tanh (H‘”—H)] | (2)

3. Materials and experimental details

Specimens investigated in this study were produced
from commercially available pure iron powder produced
by water atomization techniques, with a special surface
coating on each and every particle offered under the trade
name of Somaloy 700 (Hégands AB Company).

The research has examined magnetic properties of soft
magnetic composites made of powders with a different
particle size distribution. The mean particle size of pow-
ders were respectively equal to 63, 124 and 188 pm.
Two sets of specimens was analyzed in the investiga-
tion. The first set of measurements covered the speci-
mens compacted under pressure of 800 MPa and hard-
ened at 500°C. In turn, the second set covered the spec-
imens compacted under different pressure and hardened
at 500°C. Specimens of the second set had the same
density. The annealing temperature was applied in ac-
cordance with the manufacturer’s recommendations.

Measurements of the DC hysteresis cycle according to
IEC Standards 60404-4 (Methods of measurements of d.c.
magnetic properties of magnetically soft materials) were
conducted using the system AMH-20K-HS produced by
Laboratorio Elettrofisico Walker LDJ Scientific. Mea-
surements of hysteresis loops were taken by recording in-
dividual points at maximum flux density By, = 1.2 T for
ring shaped cores with following dimension: external di-
ameter of 55 mm, internal diameter of 45 mm and height
of 5 mm.

The particle-size distribution was obtained by laser
diffraction technology using Horiba LA-950 particle size
analyzer. The particle morphology observation were car-
ried out using a scanning electron microscope JSM-7600F
produced by JEOL.

Estimation of coefficient have been conducted using
non-linear regression basing on the generalized reduced
gradient (GRC) method. The generalized reduced gra-
dient method is incorporated into the spreadsheet Mi-
crosoft Excel (add-on function SOLVER). This tool was
described and applied by Brown in papers [3, 4]. The fit-
ness value was defined as the squared sum of errors be-
tween the model value and experiment in all points on
the M—H plane.

4. Results and discussion

Densities of prepared specimens are summarized in Ta-
ble I. It is worth to noting that specimens with large
particle sizes are more compressible which is resulting in
higher densities.

TABLE I

Densities of specimens made of Somaloy 700 powder with
different mean particle size.

Mean particle size [pm)]
63 | 124 [ 188

- ith
specimens w1. 7.18 £ 0.07 g/cm?
the same density

specimens compacted

7.18 0.07‘ 7.30 & 0.07‘ 7.324£0.07

under pressure of 800 MPa| g/cm3 g/cm3 g/cm3

Figures 1 depict the morphology of particles used
in the study. The investigation conducted by using
scanning electron microscope confirms the difference in
particle size. The mean size of the first fraction is
equal to 63 um and the most particles (90%) are less
than 86 pm. In the case of the second fraction, the
mean size is equal to 124 ym and the most particles are
less than 180 pm. In turn, for third fraction, the mean
size is equal to 188 um and the most particles are less
than 245 ym. The standard deviation of the particle size
distribution are equal to 34, 39 and 62 um respectively
for the first, second and third fraction.

Fig. 1. Particles of Somaloy 500 powder:
(b) 124 pm, (c) 188 um.

(a) 63 pm,

Table II presents the comparison of estimated coef-
ficients o, My, H¢, a. According to the results ob-
tained for specimens with the same density we can ob-
serve that the coercive field and the slope of hysteresis
loops decrease with increase of the mean particle sizes.
Similarly to previous results, the slope of the hystere-
sis loops for specimens compacted under the same pres-
sure of 800 MPa decreases with increase of the mean
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particle sizes. In turn, the coercive field reveals a local
minimum for the particle size with mean size of 124 pym
(p = 800 MPa, p = 7.30 g/cm?).

TABLE II
Coefficients of Takacs description.
d p D @ M Heo a
[pm] | [g/cm®] | [MPa] | [x107°] | [MA/m] | [A/m] | [A/m]
188 | 7.32 800 1.3 0.946 273 | 1070
124 | 7.30 800 3.4 0.948 267 | 1328
63 7.18 800 7.4 0.945 333 | 2338
124 | 7.18 550 9.1 0.945 327 | 1851
188 | 7.18 500 6.3 0.944 309 | 1502

Figures 2, 3 and 4 depict the hysteresis loops of
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Fig. 4. Hysteresis loop of SMC made of powder with

mean particle size 63 pm, density equal to 7.18 g/cm?.

Fe-based composites cores made of powder with differ-
ent particle sizes but compacted under the same pressure
of 800 MPa.
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Fig. 2. Hysteresis loop of SMC made of powder with

mean particle size 188 um, density equal to 7.32 g/cm®.
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Fig. 3. Hysteresis loop of SMC made of powder with

mean particle size 124 um, density equal to 7.30 g/cm®.

In turn, Figs. 4, 5, and 6 depict hysteresis loops of
Fe-based soft magnetic composites made of powder with
different particle sizes but the same densities. The mod-

eled hysteresis

loops exhibit good concordance with mea-

sured ones.
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Fig. 5. Asin Fig. 4, but for mean particle size 124 ym.
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5. Conclusion

In this paper the Takacs approximation has been used
to describe the hysteresis loops of cores made of soft mag-
netic composites. The study included the development of
dependences between processing parameters (compaction
pressure, particle sizes) and magnetic properties of soft
magnetic composites. In order to obtain these relations,
two set of specimens have been prepared under various
compaction pressures and densities.

Experimental research and computation of hysteresis
loops confirmed strong relationship between particle sizes
and magnetic properties. It should be mentioned that
the magnetization process depends greatly on the do-
main structure. Materials with large particle size (greater
than 100 pm) have a complex structure of magnetic do-
mains. The magnetization process in these materials
takes place through the movement of magnetic walls and
rotation of the magnetization vector and it is dominated
by the first component. On the other hand, in the mate-
rials with a small size of particle (smaller than 100 pm),
the rotation of the magnetization vector plays a domi-
nant role [14, 15]. The obtained results confirm men-
tioned above the physical relations of magnetization pro-
cess. In the case of specimens with the same density,
the coercivity represented by coefficient H.y and slope
of hysteresis loop — coeflicient a decreases with increase
of the mean particle size. These dependences prove that
the magnetization process is easier for materials which
contain large particles.

Another factor influencing the magnetic properties of
soft magnetic composites is density which depends on
compaction pressure. In the case of specimens compacted
under the same pressure (p = 800 MPa), the cores made
of powder with mean particle size of 124 and 188 um ex-
hibit very similar magnetic properties. Meanwhile, the
core made of powder with mean particle size of 63 um
reaches a much lower density compared to the other spec-
imens which leads to significant differences in magnetic
properties. This fact is related to the differences in the
compressibility of powders with different sizes.

The proposed approximation of hysteresis loops was
verified on the core specimens prepared under various
processing parameters. The results of calculation exhibit
good concordance with the experimental results which
confirms suitability of the Takacs description. Further
research should focus on the influence of residual stress
on magnetic properties of soft magnetic composites.
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