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Magnetization Curve Plotting from the Magnetic
Domain Images

H. Endo, S. Hayano, Y. Saito, M. Fujikura, and C. Kaido

Abstract—An innovative image processing methodology is pro-
posed to draw the magnetization curves of electrical steels. Our
methodology enables to draw the continuous magnetization curve
from a series of the distinct scanning electron microscope (SEM)
images of magnetic domains. Our image processing methodology
has two distinguished features. One is that the contrast of a domain
image is regarded as an average of flux density. Another one is that
domain motion observed in several domain images is represented
by the image Helmholtz equation. Its solution generates any
magnetized states of the magnetic domains. Moreover, computing
averaged contrast of each image gives value of flux density on a
magnetization curve. In this paper, we apply our methodology
to the domain images of a grain-oriented electrical steel. This
paper demonstrates the macroscopic- as well as microscopic-
magnetization curves reflecting on their physical conditions.

Index Terms—Grain-oriented electrical steel, image processing,
magnetic domains, magnetization curve, scanning electron
microscope.

I. INTRODUCTION

DYNAMIC observation of magnetic domain have been
investigated to clarify the mechanism of magnetization

processes [1], [2]. In case of electrical steels, it is also essential
to estimate iron loss in order to provide efficient electrical
devices such as transformers and rotating machines. Scanning
electron microscope (SEM) makes it possible to observe
domain structures using electrical steel sheets (the thickness is
mostly 10 m order) in practical use. On the other hand, it is
difficult to carry out the real time observation. Moreover, any
dynamic observation techniques are basically impossible to
obtain the domain images continuously in time or applied field
axes even if the real time observation. Thereby, the continuous
macroscopic/microscopic hysteresis loops are not obtained
by domain observation. The aim of this study is to obtain
continuous macroscopic/microscopic magnetization curves
from discretely given domain images.

This paper proposes a method of magnetization curve plot-
ting from a series of the distinct grain-oriented electrical steel
SEM domain images. Instead of measuring enormous number
of images, we employ the images Helmholtz equation method
[3] which makes it possible to extract parameters characterizing
transition information of animation from its frames. As a result
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of computation using these parameters makes it possible to gen-
erate animation continuously.

The macroscopic magnetization curve is computed from the
contrasts of magnetized domain images generated by the image
Helmholtz equation, which describes the magnetization charac-
teristics at the particular points on the domain image. The micro-
scopic magnetization curves are obtained from the pixel values,
constructing the digital image, at a position of the generated do-
main images as well.

II. I MAGE HELMHOLTZ EQUATION

A. Domain Images of a Grain-Oriented Electrical Steel

Fig. 1 shows the domain images of a grain-oriented electrical
steel under the distinct magnetized states [4]. The specimen is
the ORIENTCOREHI-B (Nippon Steel Corporation product)
without surface coating and its thickness is 0.23 mm. The ob-
servation of backscattered electrons was carried out using SEM
at 160 keV [5]. The conditions of domain images used in this
paper are listed in Table I.

B. Image Helmholtz Equation

To obtain continuous magnetization curves, we employ the
image Helmholtz equation method to given domain images [3].
Suppose that a domain image is composed of a scalar field,
and then the dynamics of magnetic domains can be represented
by the image Helmholtz equation. In magnetized state, the do-
main motion is caused by external magnetic field, so that our
image Helmholtz equation is reduced into:

(1)

where and respectively denote a domain motion parameter
and an image source density given by the Laplacian of final
image [6]. The first and second terms on the left in (1)
mean the spatial expanse and transition of image to the variable

, respectively. The parameterin (1) is not given. Key idea of
our method is to determine thefrom given SEM images.

C. Solution of the Image Helmholtz Equation

The modal analysis to (1) gives a general solution [3]:

(2)

where and are an initial image and a state
transition matrix, respectively. Because of the parameterin (1),
the state transition matrix is unknown. It is essentially required
to determine the state transition matrix from the given domain
images.
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(c) (d)

Fig. 1. Magnetic domain images of a grain-oriented electrical steel observed by SEM (256� 256 pixels, 0.01 mm/pixel). (a)–(d) are the domain images numbered
as 1, 3, 11, and 19 in Table I, respectively. They-direction is the rolling direction and applied field axis.

D. Determination of the State Transition Matrix

If we have the solution in (2), then it is possible to
determine the elements in matrixby modifying (2), as given
by

(3)

Thereby, the elements in theth matrix is determined from
a series of three distinct domain images by means of (4).

(4)

The subscript refers to a domain image numbered in Table I.
The domain images and correspond to and

TABLE I
CONDITIONS OFMEASUREDDOMAIN IMAGESH : EXTERNAL MAGNETIC FIELD

INTENSITY, B: FLUX DENSITY

in (2), respectively. It is possible to analytically generate
a domain image by substituting into (2).
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Fig. 2. Macroscopic magnetization curve reconstruction.

E. Physical Meaning of the Matrix

According to Preisach model, the relationship between the
magnetic field and flux density can be represented by

(5)

where and represent the effective and coercive fields,
respectively. Moreover, denotes the Preisach distribution
function [7]–[9]. Comparing in (1) and in (5), the matrix

obtained by (4) are a reciprocal of the Preisach distribution
function. The Preisach function is a rate of change of perme-
ability to the external field . Thereby, our method fully takes
into account the magnetic hysteresis. Since the elements in the
matrix should be constant values, then this approximation is
only satisfied in small region.

III. M AGNETIZATION CURVES PLOTTING

A. Macroscopic Magnetization Curve

The contrast of SEM images shown in Fig. 1 means the po-
larity of magnetization. A summation of all magnetization gives
a flux density in a magnetic material. Computing an average of
pixel values of an entire domain image just corresponds to a flux
density in a magnetic material.

Fig. 2 shows the computed magnetization curve. Since (2)
is possible to generate the domain images analytically, then
the smooth computed magnetization curve is generated. Even
though the domain images represent a limited area of the
specimen, we have good agreement with the experimental
result as shown in Fig. 2.

B. Microscopic Magnetization Curves

When we focus on a magnetization curve at a particular point
on the domain image, it is possible to draw the microscopic mag-
netization curves. In order to demonstrate the microscopic mag-
netization curves, Fig. 3 shows the selected sample positions de-
pending on the physical differences. The features of the selected
positions in Fig. 3 are as follows.

• Position Nos. 1 and 2: At the 180domains
• Position Nos. 3 and 4: At the lancet domains
• Position Nos. 5 and 6: At the strained parts.

Fig. 3. Selected pixel positions for drawing the microscopic magnetization
curves. The background domain image is the same one as Fig. 1(a). The
positions 1 and 2 are at the 180domains. The positions 3 and 4 are at the
lancet domains. The positions 5 and 6 are at the strained parts.

Fig. 4. Magnetization curves at the 180domains in Fig. 3.

Figs. 4–6 show the magnetization curves computed from each
of the pixel values. At first, in the magnetization curves at the
180 basic domains (Fig. 4), the residual inductions are higher
than those at the lancet domains (Fig. 5) and the strained parts
(Fig. 6). This means that the lancet and strained parts are hard
to be magnetized. Inversely, the 180basic domains are hard to
move due to keeping minimum static magnetic energy. Second,
in Fig. 5, the discontinuous curves are obtained at the begin-
ning of rotating magnetization region due to the lancet domain
generations. This results in supporting [10]. Finally, in Fig. 6,
a discontinuous curve is obtained at the position 5 due to the
physical stress to the specimen. However, the curve at the posi-
tion 6 is reconstructed smoothly. This is considered to cause by
stretching strain.
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Fig. 5. Magnetization curves at the lancet domains in Fig. 3.

Fig. 6. Magnetization curves at the strained parts in Fig. 3.

IV. CONCLUSIONS

We have proposed the magnetization curves drawing from a
series of the distinct magnetized domain images. Instead of the
real time observation, domain motion information is deduced
from the parameters determined by means of image Helmholtz
equation. Even though only a small number of images are
given, the macroscopic/microscopic magnetization curves can
be generated reflecting on the domain physical situations by
our method. This methodology is not only applicable to more
smaller or larger scale domain images but also another kinds of
imaging techniques.
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