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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- of computation using these parameters makes it possible to gen-
posed to draw the magnetization curves of electrical steels. Our erate animation continuously.
methodology enables to draw the continuous magnetization Curve  the macroscopic magnetization curve is computed from the
from a series of the distinct scanning electron microscope (SEM) . L .
images of magnetic domains. Our image processing methodologycomraStS of mag-netlzeq domain !mages generatgd b_y the image
has two distinguished features. One is that the contrast of a domain Helmholtz equation, which describes the magnetization charac-
image is regarded as an average of flux density. Another one is that teristics at the particular points on the domain image. The micro-
domain motion observed in several domain images is represented scopic magnetization curves are obtained from the pixel values,

by the image Helmholtz equation. Its solution generates any cqnsirycting the digital image, at a position of the generated do-
magnetized states of the magnetic domains. Moreover, computing .
main images as well.

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 Il. IMAGE HELMHOLTZ EQUATION
paper demonstrates the macroscopic- as well as microscopic- . . . .
magnetization curves reflecting on their physical conditions. A. Domain Images of a Grain-Oriented Electrical Steel

Index Terms—Grain-oriented electrical steel, image processing, ~ 9. 1 shows the domain images of a grain-oriented electrical
magnetic domains, magnetization curve, scanning electron Steel under the distinct magnetized states [4]. The specimen is
microscope. 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
YNAMIC observation of magnetic domain have beepaper are listed in Table I.

investigated to clarify the mechanism of magnetization
processes [1], [2]. In case of electrical steels, it is also essenfal Image Helmholtz Equation

to estimate iron loss in order to provide efficient electrical T¢ gptain continuous magnetization curves, we employ the
devices suc_h as transformers and rotating chhmes. Scanrp,lﬁgge Helmholtz equation method to given domain images [3].
electron microscope (SEM) makes it possible to obserggpnose that a domain image is composed of a scalarlfield
domain structures using electrical steel sheets (the thicknesgg then the dynamics of magnetic domains can be represented
mostly 10* m order) in practical use. On the other hand, it iy the image Helmholtz equation. In magnetized state, the do-

dynamic observation techniques are basically impossible jfgage Helmholtz equation is reduced into:

obtain the domain images continuously in time or applied field

axes even if the real time observation. Thereby, the continuous ViU + 5iU = ¢ 1)

macroscopic/microscopic hysteresis loops are not obtained oH

by domain observation. The aim of this study is to obtaiwheres ando respectively denote a domain motion parameter

continuous macroscopic/microscopic magnetization curvaad an image source density given by the Laplacian of final

from discretely given domain images. imageUg;nq: [6]. The first and second terms on the left in (1)
This paper proposes a method of magnetization curve platean the spatial expanse and transition of image to the variable

ting from a series of the distinct grain-oriented electrical stegf, respectively. The parametein (1) is not given. Key idea of

SEM domain images. Instead of measuring enormous number method is to determine tieefrom given SEM images.

of images, we employ the images Helmholtz equation method

[3] which makes it possible to extract parameters characterizifig Solution of the Image Helmholtz Equation

transition information of animation from its frames. As a result The modal analysis to (1) gives a general solution [3]:

I. INTRODUCTION
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Fig. 1. Magnetic domainimages of a grain-oriented electrical steel observed by SEM @Z&bpixels, 0.01 mm/pixel). (a)—(d) are the domain images numbered
as 1, 3, 11, and 19 in Table I, respectively. Thdirection is the rolling direction and applied field axis.

D. Determination of the State Transition Matrix TABLE |
CONDITIONS OF MEASURED DOMAIN IMAGES H : EXTERNAL MAGNETIC FIELD
If we have the solutio/(H) in (2), then it is possible to INTENSITY, B: FLUX DENSITY
determine the elements in matixby modifying (2), as given
by y modifying (2), as g Tmage No. H(A/m) _B(T) || image No. H(A/m) B(T)
1 0.00 0.00 13 214.13 193
2 2.85 0.10 14 160.37 1.92
Al o <M> , 3) 3 926 163] 15 98.68 191
H  \Ustart = Urinat 4 2416 1.73 16 54.66 1.84
Thereby, the elements in thh matrixA; is determined from Z ggig :;ﬁ :; 22;3 :gi
a series of three distinct domain images by means of (4). 7 84:92 1:86 19 0:00 1:73
8 115.39 1.88 20 -460 1.73
9 160.69 1.90 21 -5.95 -0.06
1 U U 10 236.32 1.92 22 -7.45 -1.43
A =— In < itl T i+2> ; 11 324.31 1.95 23 -9.07 -1.56
Hit1—H,; Ui = Uiy 12 269.64 195 24 -11.50 -1.62
1=1,2,...,22 4)

The subscript refers to a domain image numbered in Table L/r;,q; In (2), respectively. Itis possible to analytically generate
The domain image$/; and U, > correspond td/s.,.» and a domain image by substitutiny; 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 th
magnetic field and flux density can be represented by

1 oB

1
EB + E a(H a— H, ) = Hep — He ®) Fig. 3. Selected pixel positions for drawing the microscopic magnetization
© ¢ curves. The background domain image is the same one as Fig. 1(a). The

where H.y and H,. represent the effective and coercive ﬁe|dsplositions 1 a}nd 2 are at‘t_he I8@omains. The positipns 3 and 4 are at the
. . . ... . lancet domains. The positions 5 and 6 are at the strained parts.

respectively. Moreover¥ denotes the Preisach distribution
function [7]-[9]. Comparing in (1) and¥ in (5), the matrix
A; obtained by (4) are a reciprocal of the Preisach distribution

function. The Preisach function is a rate of change of perme N S BTN R ers oo T O T [T
ability to the external fieldd. Thereby, our method fully takes i P s
into account the magnetic hysteresis. Since the elements in tig  1-3
matrix A should be constant values, then this approximation i & i

only satisfied in smaliiB/dH region. o oonl
[ll. M AGNETIZATION CURVES PLOTTING E’ B
0.5

A. Macroscopic Magnetization Curve é

The contrast of SEM images shown in Fig. 1 means the pc™ [
larity of magnetization. A summation of all magnetization gives = | H : y
a flux density in a magnetic material. Computing an average ¢ il B 100  i%0 200 380 300 380
pixel values of an entire domain image just corresponds to a flL B el e B
density in a magnetic material. p— i

Fig. 2 shows the computed magnetization curve. Since (2)
is possible to generate the domain images analytically, theg. 4. Magnetization curves at the ¥8Gomains in Fig. 3.
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 experiment%t?
result as shown in Fig. 2. ort

s. 4-6 show the magnetization curves computed from each
he 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
When we focus on a magnetization curve at a particular poigtbe magnetized. Inversely, the F8fasic domains are hard to

onthe domainimage, itis possible to draw the microscopic magove due to keeping minimum static magnetic energy. Second,
netization curves. In order to demonstrate the microscopic mag-Fig. 5, the discontinuous curves are obtained at the begin-
netization curves, Fig. 3 shows the selected sample positions figry of rotating magnetization region due to the lancet domain
pending on the physical differences. The features of the selecgrgherations. This results in supporting [10]. Finally, in Fig. 6,

B. Microscopic Magnetization Curves

positions in Fig. 3 are as follows. a discontinuous curve is obtained at the position 5 due to the
 Position Nos. 1 and 2: At the 18@lomains physical stress to the specimen. However, the curve at the posi-
» Position Nos. 3 and 4: At the lancet domains tion 6 is reconstructed smoothly. This is considered to cause by

 Position Nos. 5 and 6: At the strained parts. stretching strain.
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Fig. 5. Magnetization curves at the lancet domains in Fig. 3.
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Fig. 6. Magnetization curves at the strained parts in Fig. 3.
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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.

REFERENCES

[1] J.-P. Jamett al,, “Dynamics of the magnetization reversal in Au/Co/Au

(2]

(3]

[4]

(5]
(6]

[7

(8]

—

[9]

(10]

micrometer-size dot arrays,Phys. Rev. Bvol. 57, no. 22, pp.
14320-14 331, 1998.

S.-B. Choe and S.-C. Shin, “Magnetization reversal dynamics with sub-
micron-scale coercivity variation in ferromagnetic film®&hys. Rev. B

vol. 62, no. 13, pp. 8646—-8649, 2000.

H. Endo, S. Hayano, Y. Saito, and T. L. Kunii, “A method of image
processing and its application to magnetodynamic fielfihs. IEE of
Japan (in Japanesgyol. 120-A, no. 10, pp. 913-918, 2000.

T. Nozawa, T. Yamamoto, Y. Matsuo, and Y. Ohya, “Effects of
scratching on losses in 3-percent Si—Fe single crystals with orientation
near (110)[001],1EEE Trans. Magn.vol. 15, no. 2, pp. 972-981, 1979.
A. Hubert and R. SchafeMagnetic Domains Berlin: Springer, 2000.

H. Endo, S. Hayano, Y. Saito, and T. L. Kunii, “Image governing
equations and its application to vector field$rans. IEE of Japan (in
Japanese)vol. 120-A, no. 12, pp. 1089-1094, 2000.

L. Liorzou, B. Phelps, and D. L. Atherton, “Macroscopic models of mag-
netization,”|EEE Trans. Magn.vol. 36, no. 2, pp. 418-427, 2000.

Y. Saito, S. Hayano, and Y. Sakaki, “A parameter representing eddy
current loss of soft magnetic materials and its constitutive equation,”
J. Appl. Phys.vol. 64, no. 1, pp. 5684-5686, 1988.

Y. Saito, K. Fukushima, S. Hayano, and N. Tsuya, “Application of a
Chua type model to the loss and skin effect calculatidBEE Trans.
Magn, vol. 23, no. 5, pp. 2227-2229, 1987.

C. Kaido et al,, “A discussion of the magnetic properties of nonori-
ented steel sheets,” Workshop of IEE of Japan, (in Japanes&®99,
MAG-99-173.



