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grain-oriented electrical steel (RGHPD) which is characterized by deterioration-free
properties even after stress relief annealing at high temperature. This steel is obtained
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be used for stacked core transformers and is expected to contribute significantly to
energy conservation and savings in the future as a result of improved transformer
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1 Introduction

There is a growing demand for the grain-oricnted
electrical steel used as the matcrial for transformer cores
to have reduced levels of iron loss in order to achieve
ever greater energy savings. As a result, steel manufac-
turers have been concentrating their efforts on finding
ways to reduce iron loss in steel sheets. Efforts to reduce
iron loss in grain-oriented electrical steel were pursued
mainly through reductions in hysteresis loss achieved by
improving the orientation of crystals. Hysteresis loss
was dramatically improved through the development of
high flux density grain-oriented electrical steel.'” Due
to a reduction in hysteresis loss, eddy current loss came
to some 7% of the iron loss occurring in grain-oriented
electrical steel. The aim of research and development
has also been shifted to the finding of effective ways of
reducing eddy current loss.

Eddy current loss has been reduced through a variety
of means such as raising electric resistivity through an
increase in silicon content, by reducing the grain size, as
well as by making the thickness of the steel sheet thin-
ner.”” Another technique aimed at controlling magnetic
domain structure in addition to these various metallurgi-
cal methods was also developed in order to reduce eddy
current loss. This technique consists of artificially reduc-
ing the width of the 180° domain. In particular, the
* Originally published in Kowasaki Steel Giho, 29(1997)3,
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Synopsis:

Kawasaki Steel has recently developed a new type of
heat-proof domain-refined grain-oriented electrical steel
(RGHPD) which is characterized by deterioration-free
properties even afier stress relief annealing at high tem-
perature, This steel is obtained by refining 180° mag-
netic domains through linear grooves introduced by
applying localized electrolytic etching on the surface of
the steel sheet after final cold rolling. The iron loss of
this new material product is 10% less than that of steel
which has not undergone domain refining. Iron loss in
wound core transformers using this material is also
about 10% less than that of conventional transformers.
Moreover, this material can be used for stacked core
transformers and is expected fo contribute significantly
fo energy conservation and savings in the future as a
result of improved transformer efficiency.

method to refine magnetic domains through an irradia-
tion of laser beam® or plasma flame®™® on secondary
recrystallized steel sheet was industrialized, thereby
making it possible to produce epoch-making materials
having low iron loss. The iron loss of transformers has
thus been markedly reduced by virtue of the develop-
ment of magnetic domain controlled materials. These
materials have come to be widely used particularly in
forcign countrics where loss evaluation systems® have
been established. However, one drawback of this type of
material is that the iron loss of magnetic domain con-
trolled materials irradiated with laser beams, plasma
flames and the like deteriorate when the material is
annealed at high temperatures. Therefore, these materi-
als could not be used for wound core transformers which
need to be annealed in order to minimize strain. For this
reason, it was subsequently considered desirable to
develop heat-proof domain-refining techniques in order
to make it possible to use these types of materials for
wound core transformers, as well.

Responding to this need at that time, Kawasaki Steel
went ahead with research and developed a new type of
domain-refined grain-oriented electrical steel, referred
to as RGHPD, in 1992 which is capable of enduring
stress-relief annealing”® The technique developed con-
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sists of introducing linear grooves onto the surface of
the steel after final cold rolling through the application
of locatized electrolytic ctching so as to refine magnetic
domains through the demagnetizing field effect.

This paper outlines this newly developed heat-proof
domain-refining technigue and describes examples of its
application in materials used for transformers.

2 Mechanism of Domain Refining through the
Intreduction of Linear Grooves

2.1 Magnetic Domain Refining of
Grain-Oriented Electrical Steel

Magnetization of grain-oriented electrical steel is pri-
marily accompanied by the domain wall motion of 180°
magnetic domains and the eddy current caused by the
domain wall motion brings about losses. Pry and Bean
found that eddy current loss can be approximately
expressed according to the following equation.”

P=163P (2Lid) (erg/g)

where
P..: Classical cddy current loss, P, = (mdB_ f ¥/6p
d. Sheet thickness (cm)
B,: Maximum magnetic flux density (G}
S Frequency (Hz)
p. Electric resistivity (£2 - cm)
L: Width of 180° magnetic domain (¢m)

It can be seen from this equation that reducing the
width of the 180° magnetic domain is effective in reduc-
ing eddy current loss.

As can be seen in Fig. 1, iron loss in grain-oriented
electrical steel shects generally tends to decrease as the
magnetic flux density {8y) becomes higher. However, it
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Fig. 1 lren loss and domain structures of grain-

oriented electrical steel sheets
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tends to increase somewhat when the magnetic flux
increases beyond a certain limit. The reason for this is
because crystal grain size tends to increase and the
width of the 180° magnetic domain becomes larger,
although hysteresis loss decrcases due te an improved
crientation of crystals which in turn leads to an increase
in eddy current loss. As a result, as shown in Frg. 1, it
becomes possible to obtain materials with remarkably
low 1ron loss by reducing eddy current loss through a
refinement of the 180° magnetic domain width, In this
case, the ron loss after magnetic domain refinement
becomes more dependent on hysteresis loss. Conse-
quently, the higher the magnetic flux density of a mater-
1al 1s, the lower the iron loss becomes.

The method of locally introducing grooves and utiliz-
ing the demagnetizing field effect resulting from the
magnetic poles generated in the vicinity of these grooves
1§ effective as a technique for artificially refined 1807
magnetic domains endurable to stress relief annealing at
high temperatures. Although magnetic poles can also be
generated by forming fine particles of foreign material
instead of grooves, the quantity of magnetic poles thus
generated becomes small when these materials are not
non-magnetic. Thus, the introduction of grooves is con-
stdered to be the most suitable means of generating
magnetic poles on the material.

When introducing grooves onto the material surface,
the shape of the grooves is important in taking full
advantage of the demagnetizing ficld effect. Thus, the
relationship between the shape of the grooves and the
resulting effect on domain refining was examined with
calculations using magnetic domain model'” as the next
step in this research.

2.2 Shape of Grooves and Domain Refining
Effect

Let us consider a case in which linear grooves having
a rectangular shape are formed perpendicularly to the
rolling direction on the surface of a steel sheet having an
axis of easy magnetization in the rothing direction as
shown in Fig. 2. In the structural model of the magnetic
domains, the 180° domain walls are assumed to be par-
allel to the direction of rolling and perpendicular to the

/'l‘runsvt'rsc direction

~—-+- == Rolling direction

[

Fig. 2 Model of 180° domain walls occuring in a
grooved grain-oriented  silicon steel sheet

used for the present analysis

KAWASAKI STEEL TECHNICAL REPORT



surface of the sheet.

Magnetic poles are generated on the groove sections
as indicated by + and — signs in the figure. These mag-
netic poles bring about an increase in magnetostatic
energy. As a result, the width of the 180° magnetic
domain must be decreased in order to reduce the amount
of magnctostatic energy present. Although magnetosta-
tic energy decreases as the width of the 180° magnetic
domain is reduced, domain wall energy increases. There-
fore, the domain structure is determined in such a way
as to minimize the sum of magnetostatic energy and
domain wall energy.

In actual apalysis, the magnetic potential is obtained
first on the basis of the magnetic poles generated by the
formation of the grooves accoding to Kittel’s method,
and then, magnetostatic energy is calculated. As men-
tioned above, although magnetostatic energy decreases
as domain width decreases, the consequent increase in
the number of domain walls resulting from the narrower
domain width resulis in a corresponding increase in
domain wall energy. Since the domain width is deter-
mined such that the sum of magnetostatic energy and
domain wall energy is minimized, the domain width is
determined analytically by obtaining the conditien of
such a case. When the grooves are tilted, the p* effect is
considered to become influential, which is known as an
effect that the magnetostatic energy is lowered by by-
pathing of the magnetic flux around the tilied side walls
and that the generation of magnetic poles is avoided. For
this reason, calculations were made taking the u* effect
into account. Although the details of the calculations are
omitted here in this paper, the results obtained are
described below.

The stable domain width 4, is given by

2apg(1 + 1.7 sin® /4K )yt

h<d
12 hcos @ ( v
d s —
\/2:%(1 + 1.7 sin® 0/du K )yl h > dy)
0.85317h cos &
where

g Width of grooves
h: Depth of grooves
I: Pitch of grooves
d: Tilt angle of side walls ol grooves from the direc-
tion vertical to the sheet surface
6 Introduction angle of grooves from the direction
transverse to the rolling direction
t: Thickness of steel sheet
I Spontaneous magnetization
y: Domain wall energy per unit area
K,: Crystal anisotropy constant in cubic crystal
e Magnetic permaeability in a vacuum

Figure 3 shows the results of calculations when /=3
mm, 0 =10° and & =20°. The figure indicatcs that the
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domain width , tends to become smaller as the groove
depth A gets larger. Measured values of the domain
width are plotted in the figure. These values are in a
good agreement with the results of calculation,

Using the domain width calculated accordmg to the
medel described above, eddy current loss was calculated
taking Pry and Bean’s equation” and the equation for in-
plane eddy current loss proposed by Yamaguchi'” into
consideration. These calculated values for eddy current
loss were then compared with the eddy current loss and
other magnetic properties actoally measured for grain-
oricnted electrical steel sheet having various linear
grooves. Figures 4 and 5 show the changes in magnetic
propertics when the groove width and groove pitch are
changed, respectively. Although the calculated values
and measured valucs for eddy current loss differ from
cach other to some cxtent, this is presumably due to the
reason that single crystals were assumed in the model
used for the calculations, while the actual materials are
polycrystalline. Consequently, the actual domain width
varics for respective crystal grains and changes as a
result of the effects of adjacent crystal grains. However,
it can be seen that the behavior of eddy current loss cor-
responding to changes in the groove shape can be quali-
tatively explained by the model calculations.

As groove depth becomes larger and groove pitch
becomes smaller, eddy current loss decreases. On the
other hand, hysteresis loss tends 1o increase. Therefore,
there exist optimum values for groove depth and pitch. It
can be seen from Figs. 4 and 3 that the optimum values
for groove depth and pitch are about 20 4m and 3 mm,
respectively. Figure 6 shows the relation between the tilt
angle of a groove side wall 8, and the domain width 4.
From this figure, it can be seen that the tilt angie of
grooves must be reduced as much as possible, that is, the
shape of the grooves must be as close to being rectangu-
lar as possible, in order to make the domain width as
small as possible.
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Fig. 3 Dependence of the stable domain width on
groove depth
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Fig. 7 Newly developed process for grooving

3 Newly Developed Heat-Proof Domain-
Refining Technique

3.1 Process and Special Features

Since the introduction of linear grooves is effective as
a heat-proof domain-refining technique, as explained in
the preceding section, it is essential to sellect approri-
ately the shape of the grooves in order to attain the full
extent of the magnetic domain refining effect.

From this viewpoint, Kawasaki Steel investigated the
matter in order to determine its practical potential for
industrialization and developed new techniques. Figure
7 shows the newly develped process for grooving. The
shadowed parts in the figure indicate the techniques
which were newly developed. Etching resistant ink is
printed over the steel after final cold rolling in a stripe
shape perpendicularly to the rolling direction leaving
unpainted parts. The steel sheet is then electrolytically
ctched to form grooves at the exposed, unpainted parts
of the steel. The grooves are made with a width of about
200 um, a depth of about 20 um, and a pitch in the
rolling dircction of 3—4 mm. After the etching resistant
ink is then removed by immersing the steel sheet into an
alkaline solution, the steel sheet is subjected to the ordi-
nary processes of decarburization annealing, final
annealing, insulation coating, and flattening,

The advantages of applying this type of grooving
treatment to final cold rolled sheets are as follows.

KAWASAKI STEEL TECHNICAL REPORT



Photo |  Cross-sectional view of the grooved region

of a steel surface after final anncaling

(1} An insulating film is formed in the grooved region
as well through decarburization annealing and final
annealing. As a result, the grooves do not affect the
insulation performance of the product at all (Pheto
1).

(2) The product is free from residual strain. Consc-
quently, it can be used not only for wound core trans-
formers but also for stacked core transformers.

3.2 Magnetic Properties of Etching Treated
Material

Steel sheets were produced by means of the newly
developed method described briefly above. The mag-
netic properties of these sheets after stress relicf anneal-
ing are shown in Fig. 8 as compared with the magnetic
properties of materials without grooves. According to
the figure, it 15 found that the iron loss is reduced by
F0-15% as a result of grooving. Similar to the casc of
plasma flame irradiation, the large effect of iron loss
reduction is attained with an increase in the magnetic
flux density of a material.

One point in which this technique differs from the
case of plasma flame irradiation is that the B; value
decreases by 0.02-0.03 T in the case of groove introduc-
tion. However, the decrease in By in this casc is not
caused by changes in the texture of the material but is
caused by a decreasc in saturation flux density due to the
existence of the grooves themselves. Therefore, as
shown in Fig. 9, the magnetic permeability of material

1.00
o

= o | =
< om0 5 %
= Tl e ]
:“ . ) co ?0 e oo 2
B el d s R A
080 —
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g A P 2 Without grovves
= S i

0.70 " ‘

188 1.90 1.92 1.94 1.96
Magnetic flux densily, B, (T
Fig. 8 Iron loss of steel sheets with and without

grooves (0.23 mm in thickness)
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Fig. ¢ DC magnetization curves before and after
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with grooves is nearly the same as that of material with-
out grooves in a range of magnetic flux density of less
than 1.7 T. Figure 9 also shows the magnetization curve
of material irradiated by plasma flame. Here the magne-
tization properties of the material deteriorates in tow
magnetic fields in cases where the materials are irradi-
ated by plasma flames and laser beams. From the above,
it is considered that the decrease in B, values of grooved
materials does not cause any problem for practical usc.
Further, grooving is somewhat more advantageous com-
pared with plasma flame or laser beam irradiation in the
sense of magnetization properties and noise propertics.
The magnetostriction curves of the materials with and
without grooves arc shown in Fig. 10. There arc only
minor differences between these two materials with
respect to both magnetization propertics and compres-
sive stress properties. It may also be said that there are
only minor changes in magnetostriction properties as a
result of grooving. Figure 11 shows the results of spec-
tral analysis of magnetostrictive oscillation for grooved,
ungrooved, and plasma flame irradiated materials. From
this figure, it is understood that the harmonic component
of magnetostriction, which is considered as a major
cause of noise, is smaller in the case of grooved materi-
als than in the case of plasma flame irradiated materials.
Thus, grooved materials have superior noise properties.

3.3 Domain Structure of Grooved Materials

The domain structure of grooved materials as com-
pared with that of plasma flame irradiated materials and
ungrooved materials is shown in Pheto 2. The photo-
graph shows that the domain width is smaller in the case
of both grooved and plasma flame irradiated materials
than in the case of ungrooved material. However, the
detailed observation indicates that there are differences
in the domain structures between grooved and plasma
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flame irradiated materials and ungrooved one. Photo 3
shows the domain structures of the treated, cross-scc-
tional and untreated surfaces of these materials during
the process of DC magnetization. In the demagnetized
condition A, 180° magnelic domains are observed in the
cross-section. Further, no inhomogenity in the domain
structure is found at thosc areas where grooves have
been introduced, in the case of grooved material. How-
ever, stress patterns  (90° magnetic domains)  are
sbserved at irradiated areas, with the effects penetrating
to the bottom surface in the case of plasma flame irradi-
ated material. When these materials are magnetized by
DC the grooved material tends to have delays in magne-
tization on the grooved surface side due to the existence
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of grooves up (o about 1.7 T (condition C), while the
ungrooved surface side becomes promptly magnetized
to that extent. Therefore, no delay in magnetization
occurs with grooved materials as a whole. In addition,
the magnetization properties of grooved materials are
considered not to differ from those of ungrooved
(untreated) materials up to about 1.7T. At about 1.7 T,
the magnetic flux density on the ungrooved surface side
becomes saturated, and magnetization hardly progresses
beyond 1.7T. As a result, the saturated magnetic flux
density becomes lower than that for ungrooved materi-
als. On the other hand, in the case of plasma flame irra-
diated materials, magnetization tends to be delayed both
on the top surface and bottom surface in lower magnetic
fields (condition B) due to the existence ot 90° magnetic
domains reaching to the bottom surface at irradiated
areas. This corresponds to a deterioration in magnctiza-
tion propertics 1n the range below 1.7 T. However, 90°
magnetic domains disappear with the application of a
stronger external magnetic field, while plasma flame
irradiated materials reach an equivalent state of magne-
tization saturation as ungrooved materials.

As explained above, although the level of magnetiza-
tion saturation tends to become low in the case of
grooved materials, any diffcrences can hardly be

KAWASAKI STEEL TECHNICAL REPGRT
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detected in magnetic propertics up to about 1.7 T which
is consideraed important from the viewpoint of practical
application.

4 Propertics of Transformers Made of Grooved
Material

4.1 Properties of Wound Core Transformers

A wound core having a capacity of 20kVA was pro-
duced as a part of the study, as shown in Photo 4, and
the magnetic properties of wound core transformers
made of the grooved material were evaluated. The
results of the measurement made are shown in Tabel 1.
In the table, the results obtained from transformers made
of an ungrooved material are also included for compari-
son. The building factors of the cores (B.F. = trans-
former core’s iron loss/material’s iron loss) arc equiva-
lent, being about 1.0 for both, which mecans that the
magnetic properties of the core materials are reflected in
those of the transformers. Noise was measured at four

Photo 4 Photograph of a step-lap wound-corc made
with newly devcloped materials (capacity:
20 KVA, weight: ~50kg)

positions 300 mm apart from the cores and at a height of
1/2 of the core. The average values for measured noise

Table 1 Magnetic properties of wound-core transformers {0.23 mm in thickness)

Magncliﬁ properlies \ .Magn_e.tT: properfies ri 'Ttl'i}di:rg
Materials - of sheets : ol transformer cores facter
) By Wiz Wis s Wiz Wisseo Noisezmo | (&D_ o
o Wikg (W/1b) (W/kgy  (W/Th) (aB) Wiz o Wi Jfa»umi
With grooves 1.90 0.782 0.343 0.793 0.339 43 1.01 0.99
___ Without grooves 1.83 0.892 00.389 0911 038 42 ez 089
BT = Iron lnss of transfolrn( r cores.
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Table 2 Magnetic propertics of stacked-core model

transformers
“TMagnctic properties | Magnetic properlies of model
Sheets of sheets transformer cores
grade T B W{?/-‘Jn Wizm VA NOiS“lT;ﬂS{] B.E
M W/ke) | (Wikg) (VAkg)  (@B)
23RGHPD 1.50 0.78 (190 23 52 1.15
23RGHP | 193 078 090 29 55 1315

are shown in the table. The value for background noise
at measurement was 24 dB.

4.2 Properties of Stacked Core Transformers

The results obtained from a stacked core model trans-
former made of the grooved material (RGHPD) are
shown in Table 2 and are compared with the results
obtained from a transformer made of plasma flame irra-
diated material (RGHPI). The joining geometry is a
step-lap with a two-part V-shaped notch as shown in Fig.
12. The building factors of the transformer core are
almost identical for both RGHPD and RGHPJ. On the
other hand, the levels of excitation VA and noisc are
slightly lower for RGHPD which corresponds to the
results expected from the properties of the materials
described in the preceding scction.

5 Conclusion

Kawasaki Steel has developed a new heat-proof
domain-refining technique for locally forming linear
grooves on final cold rolled sheets of gran-oriented
electrical steel by electrolytic etching.

The special features of the newly developed material
are summarized below.

(1) Tron loss has been reduced by about 10% compared
with steel sheets which have not undergone grooving
treatment, and its cffect is not changed by stress relief
annecaling.

{2) The magnetic flux density B; decreases by
0.02-003T as a result of the grooving treatment,
however, the magnetization properties of the material
barely change up to a level of 1.7T.

{3) The magnetostriction properties of the grooved
material are superior to those of plasma tlame irradi-
ated materials.

{4) As a result of using this new material for wound
core transformers, a reduction of iron loss of about
10% was atltained.

{5) As a result of using this new material for stacked
core transformers. it was found that the building fac-
tor is equivalent to transformers made of plasma
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Fig. 12 Stacked core structure for model trans-
former (step-lap joint)

flame irradiated material, and that noise becomes

lower for grooved material as compared with plasma

flame irradiated material.

As described above, it is clear that the newly devel-
oped grooved material can be used for transformers
regardless of whether it is with stacked cores or wound
cores. The use of this material can also be expected to
contribute significantly towards the achicvement of
greater energy-savings from now on through the
improvement of transformer efficiency.
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