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1 Introduction

Today we depend so heavily on electricity that much
of modern lifz would be unthinkable without it. This
essential part of our lives is supplied through a power
system which includes generators and transformers. The
core of the transformer is composed of grain-oriented
silicon steel sheets. Greater demand for electric power
has meant an increased need for transformers and
hence increased demand for grain oriented silicon
steels. In 1987, 570 000 transformers” and well over
300 000t of grain-oriented silicon steel were manufac-
tured in Japan.

The most important requirement placed on the grain-

* QOriginally published in Kawasaki Steel Giho, 21(1989)3,
pp. 239-244
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Synopsis:

Two approaches for reducing iron losses in grain ori-
ented Si-steel sheets were described. One is a metaliurgical
approach which reduces sheet thickness, increases Si con-
fent, and optimizes grain diameter without deteriorating
texture orientation. Increase in C content, hot roiling at
low temperature and low speed, and utilization of very fine
carbides have been applied for that purpose,

The other is a physical approach and is called the
“domain refining technique”. Plasma-jet (PJ) irradiation
has been found to be effective for refining domain wall
spacing without deteriorating surface coatings of sheets. PJ
irradiation has enabled further loss reduction in thin
gauge grain-oriented Si-steel sheets.

oriented silicon steels used as transformer cores is for
low iron loss. Iron loss is the heat energy loss generated
in the steel material while the transformer is in use. In
Japan, approximately 6% of all electrical power gener-
ated annually is lost in the power transportation system.
Transformer iron loss accounts for about 18%. In other
terms, iron loss costs Japan alone some 6.5 billion k'Wh,
or about 100 billion yen (at ¥15/kWh) each year.>* Fol-
lowing the two oil crises of the 1970s, the need for
energy conservation became urgeni, giving strong
impetus to the adoption of low iron loss transformers,
and as a result, a loss evaluation system for calculating
the monetary cost of power losses became firmly estab-
lished, especiaily outside Japan.

In the loss evaluation system, iron loss and copper
loss (Joule loss of the copper winding) in the tans-
former are expressed respectively as monetary values
and added to the price of the transformer to obtain a
“total owning cost,” which is taken as the evaluation of
the transformer. The use of sheets with better iron loss
than that of conventional materials in a transformer
reduces the total owning cost of the unit and gives it a
competitive advantage, provided the monetary savings
realized by the improved performance of the sheets out-
weigh the increased material cost. Depending on supply
and demand conditions affecting electricity, interest
rates, and other factors, the loss evaluation system
shows that the cost of iron loss can range from 100 000



ven to 3 million yen per kilowatt. Because copper loss
occurs only under conditions of loading, the loss evalua-
tion for copper depends on the ratio of loading; it is,
however, on the order of 2/3 to 1/5 that for iron loss.

With growing application of loss evaluation system,
the demand for better iron loss performance based on
the use of grain oriented silicon steels has become
increasingly strong, prompting steelmakers to an active,
ongoing pursuit of lower iron loss products. This paper
describes trends in lower iron loss steel sheets and dis-
cusses the development of the world’s highest grade
thin grain-oriented silicon steel and of domain-refined
grain-priented silicon steel sheets.

2 History of Low Iron Loss Technology

The outstanding magnetic properties of silicon steel
were first observed in 1900 by R.A, Hadfield. Within a
few years, silicon steel was being produced industrially
in the United States and Germany in the form of hot-
rolled silicon steel sheets, and had found use in trans-
formers. Its first production in Japan was in 1924 at
Yawata Steel and in 1931 at the sheet factory of Kawa-
saki Dockyard, Ltd., the predecessor firm to the pres-
ent-day Kawasaki Steel Corp.? With hot-rolled sheets,
the principal means of reducing iron loss were higher Si
contents, reduction of impurity levels, and the preven-
tion of oxidation and nitrization.

In 1934, prain-oriented silicon steel was invented by
N.P. Goss. Improvement of manufacturing techniques
continued in the United States into the 1950, when
substantial completion of this technology was achieved.
In Japan, concerted efforts were also made from the
Second World War into the postwar era, mainly by the
Institute of Electrical Engineers of Japan with the coop-
eration of specialists in academic and industrial circles,
but Japanese makers failed to achieve the same results
as their American counterparts. In 1958, however,
Yawata Steel introduced technology from Armco, lead-
ing to a rapid improvement in product quality.” Kawa-
saki Steel pursued an independent course, and in 1959
began the commercial production and sale of grain-
oriented silicon steel sheets (RG).Y

The year 1968 marked a turning point. Leadership in
the field of silicon steel sheet production technology
passed from the U.S. to Japan when Nippon Steel Cor-
poration {of which Yawata Steel was one of two prede-
cessor firms) marketed a highly grain-oriented silicon
stee! sheet product (Hi-B), based on an enhanced crystal
orientation.” Kawasaki Steel developed a highly grain
oriented silicon steel sheet (RGH) in 1973.% In this
connection, it is noteworthy that all highly grain-orient-
ed silicon steel sheet products now in use worldwide are
of either the Hi-B type or the RGH type.

Highly grain-oriented silicon steel sheet made possible
a reduction of approximately 10% in iron loss through a
reduction in hysteresis loss obtained by improvement of

crystal orientation. With this reduction in hysteresis
loss, eddy current loss, which had accounted for about
60% of iron loss, became proportionally more important,
now accounting for 70% (for 0.30-mm-thick RGH).
Consequently, research and development people turned
their attention to the reduction of eddy current loss.
It was known at the time that eddy current loss can
be reduced by decreasing the sheet thickness, raising
the Si content to increase electric resistance, or reduc-
ing the 180° domain wall spacing by reducing the grain
diameter.”’ Even a current technical levels, however, it is
no easy matter to reduce the sheet thickness and grain
diameter without also causing deterioration of the tex-
tural orientation because of the reciprocal metallurgical
relationship existing between these factors. Section 4
details Kawasaki Steel’'s development of thin gauge
grain-oriented silicon steel sheets .23 mm in thickness
(23RGH), in which several new metallurgical techniques
were used.'®'! Foliowing the introduction of 23RGH,
even thinner sheets of 0.20 mm and (.18 mm have been
developed,'” and have won strong acceptance from
transformer makers, especiaily in the US.

In contrast to the metallurgical method described
above, new methods based in physical science have also
been developed for reducing eddy curent loss, includig
the physical reduction of the 180° domain wall spacing.
One such technique involves the application of a surface
coating with a low coefficient of thermal expansion; the
tension introduced by this coating can reduce iron loss
on the order of several percent.>'¥ In another method,
refinement of the magnetic domain is achieved by
introducing local strain in the sheet following secondary
recrystallization. The originally proposed method of
scribing or inducing strain with steel balls, however, was
not commercially feasible.”>"'" Industrial-scale produc-
tion of strain-induced silicon steel was realized by Nip-
pon Steel Corporation, using pulse-laser irradiation
(product name, ZDKH),'® and then by Kawasaki Steel,
using a plasma-jet irradiation method (product name,
RGH - P1,'” giving Japan world leadership also in this
area of technology. More recent development efforts
have focused on domain-refining techniques compatible
with stress relief annealing.™ Figure 1 summarizes the
foregoing discussion of progress in the reduction of iron
loss in silicon steel sheets over the last four decades.

3 Methods of Reducing Eddy Current Loss

Magnetization of grain-oriented silicon steel sheets is
generally accomplished by domain wall displacement of
the 180° domain, which is the main domain. Changes
in the flux which accompany domain wall displacement,
however, cause eddy currents and result in eddy current
loss.

The classic definition of eddy current loss (Py) is
given by the following formula, which applies when
changes in magnetization are uniform:

85



2.0k / Haot-rolled sheets

20t

Cold-rolled grain-oriented sheets
/ (RG)

Wis-s0 (W/kg)
&

-

Highly grain-oriented sheets/ ~—
{RGH)
Thin-gauge sheets
{23 . RGH)
Domain refined sheets
{23 RGHP] .

1

051

! 1 1

ol 1 ) 1
1950 1360 1970 1830

Year

Fig. 1 Historical iron loss improvement of silicon
steel sheets

Py={(ndByf)f6p  (Wim')

d- thickness of sheet
B: maximum flux density

f: frequency

p: specific resistance

Pry and Bean?" concluded that eddy curent loss P is
given by the following formula when the 180° domain
wall moves sinusoidally relative to time and the domain
wall spacing is greater than the sheet thickness.

P =163 P2L/d) (W/m®

where

In this formula, [ represents 180° domain wall spacing.
As can be seen, eddy current loss decreases as the sheet
becomes thinner, as the specific resistance increases, or
as the 180° domain wall spacing becomes narrower.
The 180° domain wall spacing is determined in such a
way as to minimize the sum of the magneto-static
energy due to magnetic free poles at the grain bounda-
ries and the sheet surface, domain wall energy, and
magneto-elastic energy caused by strain. More con-
cretely, the 180° domain wall spacing is determined by
crystalized grain size, the tilt angle of the Goss texture,
tensile stress introduced by surface coating, and other
factors. When tilt angle and stress are fixed, domain
wall spacing is known to be proportional to ]/5 (D:
Crystalized grain diameter }.?¥ For practical applications
this means that by reducing the grain size, the domain
wall spacing can also be decreased, thereby reducing the
magneto-static energy caused by the magnetic free poles
which occur at the grain boundaries. To summarize

B6

these points, eddy current loss can be reduced by reduc-
ing the thickness of the sheet, increasing its Si content
in order to raise specific resistance, or reducing grain
size.

4 Development of Thin Gauge Grain-Oriented
Silicon Steel Sheet RGH

The principal material-related factors which control
eddy current loss, as discussed above, have been investi-
gated by Littmann® and a number of other researchers.
On the other hand, while these factors—sheet thickness,
Si content, and grain size—greatly affect iron loss, their
relationship to iron loss is not a simple one. In addition,
the reduction of iron loss has a minimum limit. The
explanation of these facts is that changes aimed at
reducing eddy current loss tend to increase hysteresis
loss, which is one of the two main components of iron
loss.

Increased hysteresis loss results from an increasingly
large misatignment of the secondary-recrystallized grain
orientation relative to (110)[001], i.e. Goss orientation,
and a failure to obtain an adequate secondary-recrystalli-
zation structure, both of which are factors causing dete-
rioration of grain orientation.

Although research indicated that the minimum limit
on iron loss was in the sheet thickness range of (.15
to 0.20 mm, at the beginning of the 1980s only sheet
as thin as 0.27 mm had been commercially produced.
Even assuming thinner steel sheet products were
manufactured, consistently good high grain orienta-
tion could not be guaranteed, making it mmpossible
to produce to low iron loss products. A true low iron
loss product, as described below, was realized in
the thin gauge grain-oriented silicon steel sheet RGH
by a combination of techniques aimed at reducing eddy
current loss. These included not only techniques for
reducing in thickness, increasing the Si content, and
reducing grain size without adversely affecting texture
orientation.

4.1 Increased Si Content

Figure 2 shows the relationship between the Si con-
tent of commercially produced RGH and iron loss.
Although the Si content of conventional RGH was
2.9%, advances in cold-rolling technology have made it
possible to roll steels with higher Si contents, allowing a
reduction in iron loss of 0.1 W/kg in comparison with
the conventional product.?? It was generally known that
an increased Si content improves iron loss perfermance
by increasing the specific resistance of the material, but
other factors made it difficult to obtain the originally
hoped-for effects. Specifically, the coarse elongated
grains which are created by hot rolling suppress the for-
mation of secondary-recrystallized grains in the high-
temperature final annealing process. To solve this
problem, the C content of the material was increased in
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praportion to the increase in Si content. This measure
improves the texture of hot-rolled sheets by promoting
formation of an austenite phase, which is necessary dur-
ing hot rolling.?® Figure 3 shows laboratory results for
the y-phase content at 1150°C obtained with materials
of varying C and Si contents. Based on the relationship
shown in this figure, appropriate levels of C addition
can be determined for various Si contents.

4.2 Reduced Grain Size

The size of the grain of the finished product depends
on the number of secondary-recrystallized grains gener-
ated during final high temperature annealing. In turn,
the frequency of generation of secondary-recrystallized
grains depends on the primary-recrystallized texture
formed during decarburization annealing prior to high-
temperature final annealing and the strength of the
inhibitors (in RGH, fine precipitates of MnSe and grain-
boundary segregated Sb) used to restrain the normal
grain growth of the grains. In RGH, which is subjected
to a two-stage cold-rolling process, the size of second-
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Fig. 4 Change of (110) intensity in the surface tex-
ture of hot-rolled sheet by frictional force dur-
ing hot rolling

ary-recrystallized grains is inversely proportionate to the
intensity of the Goss orientation component in the pri-
mary-recrystallized texture. Tracing the origin of the
Goss orientation upstream to the hot-rolling process,
the intensity of the Goss orientation component of the
primary-recrystallized texture is positively related to the
intensity of the Goss orientation of the surface layer of
the hot-rolled sheet.2”

An effective means of increasing the Goss intensity in
hot rolling is to increase the coefficient of friction be-
tween the sheet and rolls, as can be seen from Fig. 4.
The coefficient of friction is affected by rolling speed
and temperature and roll surface lubrication. Proper
control of these various factors, within the range in
which inhibitor function will not be affected, makes it
possible to obtain a strong Goss orientation component
in the hot-rolled texture, which is advantageous from
the viewpoint of refinement of secondary-recrystallized
Erains.

A second method on increasing the Goss intensity
requires that very fine carbides on the order of 10 nm
be made to precipitate minutely and disperse in the
sheet prior to final cold rolling. It was formerly believed
that solute carbon was more effective than carbides in
the formation of the Goss orientation component.”® As
shown in Fig. 5, however, if the finest possible carbides
are precipitated using a pattern of quenching in the
high temperature region followed by slow cooling at low
temperature as the intermediate annealing process pre-
ceding final cold rolling, the intensity of the Goss orien-
tation component in decarburized sheet will intensify to
a greater degree than if C is allowed to remain in solu-
tion.2"

Using these two methods it is possible to reduce the
size of the secondary-recrystallized grains in the final
product without causing the deterioration of textural
properties. As shown in Fig. 6, each 1-mm reduction in
grain diameter resuits in a reduction of approximately
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0.01 W/kg in iron loss.
4.3 Reduction of Sheet Thickness

In the heating process for high-temperature final
annealing, RGH is given long-time soaking at a temper-
ature between 800°C and 950°C. It is a feature of this
product that this process is used to promote formation
of the Goss orientation.® During the soaking period,
the inhibitors decompose and dispersion toward the sur-
face layer has been observed. This phenomenon
becomes more pronounced with thinner sheets, since
the surface area/volume ratio of the material increase,
and results in unsatisfactory inhibitor performance. As a
consequence, the desired secondary-recrystallization
structure is not obtained and fexture orientation dete-
riorates. When manufacturing thin-gauge products it is
therefore necessary to use stronger inhibitors. At the
same time, it is essential that the cold-rolling reduction
ratio and annealing conditions be adjusted to obtain an
appropriate primary-recrystallization texture.

The relationship between thickness and iron loss in
commercial products is shown in Fig. 7. In comparison
with the 0.30-mm thickness, formerly the most com-
monly used specification, a reduction in iron loss of
approximately 15% has been obtained with material
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0.23 mm thick. The reduction is approximately 20% with
a 0.15-mm product.

5 Domain Refining Technique Using Plasma Jet
Irradiation

As discussed in the previous section, thin-gauge
grain-oriented silicon steel sheets are produced using
metallurgical techniques for the reduction of eddy cur-
rent loss. On the other hand, the domain refining tech-
nique is used as a physical method of reducing eddy
current loss.

Eddy current loss decreases as the grain size becomes
smaller and the domain wall spacing is reduced, as was
discussed in Sec. 3. The principle of domain refining
involves the introduction of local strain in the steel
sheet after secondary recrystallization, and the use of
this local strain, as though it were in fact a grain bound-
ary, to reduce the domain wall spacing. The application
of the domain wall refining technique makes it possible
to achieve simulitaneously two generally mutually
incompatible aims: the reduction of hysteresis loss by
developing a highly oriented Goss texture and the
reduction of eddy current loss by reducing grain size.
As a result, it is possible to further reduce iron loss
in thin-gauge grain-oriented silicon steel sheets. A
domain refining technique using plasma jet irradiation,
and the application of this technigue to RGH will be
discussed in the following.

5.1 Plasma Jet Irradiation

Heating gas to high temperature gives rise to violent
collisions among the gas particles, causing the separation
of electrons and positively charged ions. This electrically
neutral compound of electrons and positively charged
ions is called plasma. The high temperature energy
available in plasma has found a wide range of applica-
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tions, from spray deposition to nuclear fusion.

A plasma jet (P)) is used in the refinement of domain
wall spacing. In this technique, the gas is transformed
into plasma by an arc discharge. The plasma is forcibly
cooled and restricted by a nozzle orifice and high speed
gas flow, and as a result of this “thermal pinch” effect
the plasma leaves the nozzle as a jet of even higher
temperature than the originally generated plasma. The
temperature of central zone of a plasma is in excess of
10 000°C.

When this type of high-temperature, high-energy
plasma jet is irradiated for short periods onto the sur-
face of a steel sheet perpendicuiar to the rolling direc-
tion, domain refining can be effected with absoiutely no
damage to the surface coatings of the sheet. As a result
of strains introduced by the plasma jet, domains in the
sections of the sheet subjected to plasma jet irradiation
are transformed into what are called “stress pattern
domains,” in which the magnetization of the sheet inte-
rior lies in the [100], [010} directions. As shown in Photo
1, by introducing the stress patterns as though they
were grain boundaries to reduce the magneto-static
energy caused by the magnetic free poles generated at
the interface between the stress pattern and the 180°
domain, a reduction in the 180° domain wall spacing
can be achieved.

Plasma jet irradiation is conducted at intervals in the
rolling direction. For the most effective domain refining,
the irradiation interval should be inversely related to the
grain size of the material. Plasma jet irradiation intro-
duces additional grain boundaries and reduces effective
grain diameter to a degree which depends on the irra-
diation interval and original grain diameter (D). The
optimum irradiation interval /., at which the effective
grain diameter corresponds to the optimum grain
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diameter (K,) and iron loss has been known to have a
minimum value is given by:

Lo = KDD/(D - K,)

As can be understood from the formula, the greater D
is, the smaller the value of /[, must be.

5.2 Magnetic Characteristics of Plasma
Jet-Treated Materials

Figure 8 shows iron loss Wiys, before and after
plasma jet irradiation of the material (0.23 mm in
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Fig. 8 Iron loss before and after plasma-jet
(P)) irradiation
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thickness). It has been verified that iron loss reductions
obtained by plasma jet irradiation are positively related
to B, value and that a maximum iron loss reduction of
about 16% can be achieved. Further, the relationship
between iron loss after plasma jet irradiation and the By
value is a linear function, with reductions in iron loss
being proportional to the By value. This can be
explained by the fact that, regardless of grain size, eddy
current loss upon irradiation dacreases to the same
level. Iron loss in plasma jet-irradiated sheets therefore
depends on hysteresis loss, and hysteresis loss decreases
linearly in proportion to the By value. The greatest
advantage of this type of domain refining technology is
that iron loss can be reduced even when the grain size
is large, provided the orientation of the secondary-
recrystallized texture can be enhanced. This has made it
possibie to achieve new levels of iron loss reduction.
Figure 9 shows the compressive stress sensitivity of
magnetostriction in the rolling direction before and after
plasma jet irradiation. Compressive stress sensitivity is
improved by plasma jet irradiation, indicating that some
significant degree of tensile stress is added by irradia-
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Fig. 10 Soaking-time dependency of iron loss of PJ-
irradiated sheets

tion. This additional tensile stress also contributes to the
refinement of the magnetic domains.

To confirm the stability of the magnetic properties of
plasma jet-irradiated sheets at normal operating temper-
atures for transformer cores, which run as high as
approximately 130°C, an investigation of aging deterio-
ration was conducted. The results are shown in Fig. 10.
In this aging test, under conditions of 200°C for a maxi-
mum of 15 months, no deterioration of iron loss prop-
erties was found with the plasma jet-irradiated sheets,
indicating that no significant relaxation of the stresses
induced by plasma jet irradiation occurs at the tempera-
tures under which transformer cores normal operate.

5.3 Magnetic Properties of Transformers with
Plasma Jet-Irradiated Materials

In order to examine the magnetic properties of trans-
formers constructed of plasma jet-irradiated materials,
two models transformers were assembled, as shown in
Fig. 11. The materials used were 0.23-mm-thick
RGH - PJ, which had been subjected to plasma jet irra-
diation, and standard RGH, to which the plasma jet

(mm)
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Fig. 11 Joint configurations Ll L ;
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Table |

Iron loss of model transformers

. Magnetic i)ropertieé'bf ‘model
é\l’_{;g;’iz; ] transformer cores
Sheets e - —
grade | of sheets preoral | Steplap joint
By Wi | Wore  we | Wi ne
! B.F. F.
(1) Wike) | (Wikg) BF | owikg) BF
1.89 0.91 1.08 1.19 1.06 1.16
RGH
1.89 (.92 1.09 1.18 1.07 1.16
1.90 0.84 1.00 1.19 0.97 1.15
RGH-PJ
1.90 084 1.01 1.20 0.98 1.17

treatment is not given. The magnetic properties of the
materials as well as of the model transformers are
shown in Table . With both the conventional lap joint
and the step-lap joint, RGH - PJ was superior to RGH
in iron loss, while the building factor (B.F, the ratio of
transformer core iron loss/original material iron loss) of
RGH - PJ was virtually the same as that of RGH. Thus
it can be predicted that the properties of the original
material will be retained and reflected in actual equip-
ment.

Because permeability and eddy current loss are
reduced in domain-refined materials, a lower building
factor was expected with the RGH - P1%** The build-
ing factor of the RGH - PJ, however, was virtually iden-
tical to that of the non-domain refined material The
presumed reason for this is as follows: In domain-
refined material, the magnetic flux in the strain-induced
area may be transferred to the upper and lower sheets,
but because this transferred flux includes a sheet nor-
mal component, the transfer causes eddy current loss
and thus contributes to iron loss. It is therefore con-
sidered that the transfer of magnetic flux offsets the
reduction in building factor expected in domain-refined
sheets.

Both Japanese and foreign makers of stacked-tvpe
transformers have already adopted RGH - PJ, and have
obtained the same excellent magnetic properties in
actual transformers as were found with the model units
described .above.

6 Conclusions

In response to the need for better iron loss perform-
ance in transformer cores, thin-gauge grain-oriented sili-
con steel sheet RGH and domain-refined RGH - PJ
were developed. With RGH, techniques for obtaining
thinner sheets with higher Si contents and reduced
grain size without causing deterioration of the Goss tex-
ture orientation were introduced. With RGH-PJ, a
plasma jet is used to introduce local strain in the steel
sheet without causing damage of the sheet coatings.
Domain refining is accomplished by using the strain-
induced areas as though they were grain boundaries,
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and results in reduced iron loss.

This type of steel sheet offers significant improve-
ment in iron loss over that of conventional products,
and by enhancing transformer efficiency is expected to
make a major contribution to energy conservation.
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