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The paper presents an application of the fractional scaling procedure in the analysis of magnetic coercivity.
The frequency and excitation dependences of measured coercivity can be expressed in a single curve using properly
scaled coercivity and frequency values. The scaling parameters will be presented for three different electrical steels.
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1. Introduction

The scaling hypothesis was first postulated by Widom
based on phenomenological grounds. It provides data
collapse and a relation between critical exponents, which
allows one to reduce the number of independent parame-
ters characterizing the critical behavior [1, 2.

Scaling and data collapse are usually used to analyze
critical phenomena and phase transitions. However, they
can also be applied to analyze phenomena far from the
critical point, e.g. related to magnetization phenomena
as hysteresis loop [3-8] or magnetic viscosity [9, 10].

The Widom scaling has been successfully applied in
analysis of power losses for various types of soft magnetic
materials [11-15]. The Widom procedure was also used
in scaling of magnetic coercivity [16]. However, the re-
sults of the coercivity scaling were not satisfactory. The
modified procedure for the coercivity scaling using the
hyperbolic tangent transformation was proposed in [17].
Although this procedure improved the coercivity scaling,
it also introduced a large number of new parameters to
be estimated.

In the paper, a new approach to the scaling of magnetic
coercivity, based on a fractional procedure, is presented.
The proposed coercivity scaling is examined for electrical
steels with different internal structures as non-oriented,
grain-oriented and microcrystalline ones.

2. Fractional scaling of magnetic coercivity

In general, the Widom scaling assumes that a functi-
onal relation F' = f(x1,x9,...,x,) describing the phe-
nomenon is a general homogeneous function, which is
defined as:

Ela/l...nap (VA >0

A f(x1, 22, ..., xn) = fA" 21, A2 2o, ..., A2y, (1)
where x; ...z, — variables, a;...a, and p — scaling
exponents.

*corresponding author; e-mail: najgebauer@el.pcz.czest.pl

The present study assumes that magnetic coercivity
depends on maximum magnetic induction B, and fre-
quency of magnetizing field f, which yields the following
functional relation Ho = h(f, B,,). According to (1),
this relation may be written

3e,dye YA > 0N He = h(A°f, \°B,,). (2)

For the particular choice A = By “, the relation (2) may
be transformed

B, ¥°He = (B ¢/°f,1),
B.,°He = h(B,Ff,1),

Hp = h(fp,1)
and finally reduced to the scaled form
Hp = H(fp), 3)

where §, ¢ are scaling exponents,Hg, fp are scaled coer-
civity and frequency, while H(fg) = h(fp, 1) is a scaling
function.

In the classical scaling the right side of (3) is repre-
sented by the Maclaurin series, while in the fractional
procedure — the variable fp is additionally substituted
by f§. It yields a fractional scaling formula for magnetic
coercivity

Hp = Ho+ Hif§ + Hof 5" + Hsf" + ..., (4)
where Hy 12, are scaling factors, « is a fractional expo-
nent.

The fractional scaling procedure has been previously
examined for power losses in electrical steels [18] and
magnetocaloric alloys [19]. It was proved that the sim-
plest scaling formula (a single power law) gave the scaling
results comparable to the use of more complex formu-
lae [18]. For this reason, a reduced form of the formula
(4) was chosen for the scaling of magnetic coercivity

Hp = Ho+ Hy f5. (5)

3. Results and discussion

The fractional scaling formula of magnetic coerci-
vity (5) is examined for commercially available electri-
cal steels with non-oriented, grain-oriented and micro-
crystalline internal structure. The scaling exponents 4, ¢,
2 and factors Hy ; should be estimated from experimen-
tal data, containing a family of frequency dependences of
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magnetic coercivity, measured at various levels of magne-
tic induction. The exemplary measurements of magnetic
coercivity, carried out using the computer-aided measu-
ring system MAG-RJJ-2.0, are depicted in Fig. 1.
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Fig. 1. Magnetic coercivity for grain-oriented electri-
cal steel, 111-35-N5 grade.
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Fig. 2. Scaling and data collapse of magnetic coerci-
vity for grain-oriented electrical steel, 111-35-N5 grade.
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Fig. 3. Scaling and data collapse of magnetic coerci-
vity for non-oriented electrical steel, M350-50A grade.

For the proper estimation of the parameters, all me-
asured curves (points) of magnetic coercivity should be
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Fig. 4. Scaling and data collapse of magnetic coerci-
vity for 6.5%Si-Fe steel, JNEX core.

collapsed onto a single curve. The results of the coerci-
vity scaling using the fractional procedure are depicted
in Figs. 2-4. Data collapse of coercivity measurements is
obtained for all samples. However, in the case of 6.5% Si—
Fe steel some deviations of measurements from the data
collapse curve are observed. It might be caused by lower
number of data points used in the parameters estimation,
comparing to the other samples. In order to evaluate the
quality of the coercivity scaling, the coefficient of deter-
mination R? was calculated. The obtained values of R?
are comparable and equal to 0.984, 0.991 and 0.972 for
the samples of GO steel, NO steel and 6.5% steel, re-
spectively. It confirms that the fractional procedure pro-
vides satisfactory results of the coercivity scaling for all
examined steels. The presented results might be consi-
dered as verification of the scaling behavior of magnetic
coercivity in electrical steels.

Finally, it should be noted that the scaling formula
for magnetic coercivity (5) has a structure similar to the
known frequency dependence of magnetic coercivity

He = He(0) + B(Ho f)'/™, (6)
where H is a field amplitude, B is a coefficient depending
on material intrinsic parameters and n is a coefficient
ranging from 1 to 3 [20, 21|. Moreover, the estimated
values of the fractional exponent x vary from 0.65 to 0.88,
thus they are in the range of the frequency exponent 1/n,
defined in (6). It additionally confirms that the fractional
scaling can be used in modeling of magnetic coercivity.

4. Conclusions

In the paper, the fractional scaling procedure was ap-
plied in the analysis of magnetic coercivity. It provides
a simply formula for the scaled coercivity, similar to cur-
rently used models. This procedure was examined for
commercially available electrical steels. For each sample,
a family of measured coercivity dependences was collap-
sed onto a single curve. The results confirm the useful-
ness of the fractional scaling as well as prove the scaling
behavior of magnetic coercivity in electrical steels. The
results indicate the potential use of the fractional scaling
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in coercivity modeling for different types of soft magne-
tic materials. However, this assumption requires further

research.
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