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Study of modern steel
processes used for the manufacture of Magnetic sheets of non-
oriented grain. New qualities obtained
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Abstract:

In this work the most modern siderurgical processes used in the manufacture of non-oriented
sheets for electrical machinery are reviewed. Previous work by the author is also included
along with work that corresponds to decarburized mild steel sheet for electrical applications,
non-oriented magnetic sheets with and without texture and new crystalline and amorphous
materials recently obtained. Propenties and applicatios of all these new qualitities obtained
are detailed as well.

Since 1906, the date of the industrial production of non-oriented
grain magnetic sheet as a consequence of the work of Barrett, Brown
and Hadfield (1-3), the evolution of the iron and steel processes for
the manufacture of these materials has been, until relatively recent
dates, quite slow (4-7), not having produced in the decades prior to
1976, in accordance with what was indicated by Taguchi (8), basic
modifications in the manufacturing processes of these materials, as
well as new qualities

However, the growing increase in energy costs, especially since 1974,
has made saving it acquire a singular relief.

Accordingly, and taking into account The factors that must be taken
into consideration in the selection of the magnetic plate that must
constitute a motor, which are:

-Costs derived from the quality selected for the raw material.
-Transformation costs.

-Exploitation or operating costs.

The need for a progressive change in the raw material selection
criteria is evident, since although prior to the energy crisis of 1974
the first of these factors was essential, after that date, the greater
incidence of the third factor, becoming more and more evident the need
to use electrical machines with higher performance (9) obtained
through the combination of the appropriate technological design and
the use of superior qualities in the chosen raw material.

The consequence of all this is the modification of conventional steel
processes and the introduction of new techniques, among which It is
worth mentioning, preferably, those aimed at obtaining non-oriented
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grain magnetic sheet but with texture, as well as the obtaining, at
the laboratory level, new materials, such as crystalline bands with a
high silicon content and amorphous materials. All of which has raised
entirely new expectations in the domain of non-oriented magnetic
sheeting.

Table 1 shows a classification, according to the author®s criteria, of
the various types of materials and qualities that are currently
included under the generic name of non-oriented grain magnetic sheets,
whose steel production processes, as well as their characteristics
magnetic, will be studied below.

TABLE I.- Classification of the various qualities and grades of non-
oriented grain magnetic sheet

R L. Si Content Grade Material Characteristics
Material Type Supply conditions % ALSL | snorm
Mild Carbon Electrical Steel Sheet Fullyprocessed : Tipos 1,2 | No se garantizan
Mild Carbon Electrical Steel Sheet
and Decarburized Semiprocessed - Tipo2S | AS.T.M. A726-78
Non —oriented magnetic steel sheet Fullyprocessed { Low M-47 A.S.T.M. A.677-77
0,35-1,00 M-45 DIN 46.400 - I Parte
Non —oriented magnetic steel sheet Fullyprocessed { Medium M-43 ASTM. A677-77
1,00-2,25 M-36 DIN 46.400 - | Parte
Non —oriented magnetic steel sheet Fullyprocesed { High M-27a | AS.T.M. A.677-77
>2,25 M-5 DIN 46.400 - I Parte
Non —oriented magnetic steel sheet Semiprocessed { Low M-47 A.S.T.M.A.683-77
0,35-1,00 M-45 DIN 46.400 - Il Parte
Non —oriented magnetic steel sheet Semiprocessed {Medium M-43 A.S.T.M.A.683-77
1,00-2,25 M-36 DIN 46.400 - 11 Parte
Non —oriented magnetic steel sheet
with texture Fullyprocessed ~3,20 (*) See present paper
Non —oriented magnetic steel sheet
with texture Semiprocessed ~1,80 (*) See present paper
New materials
— High silicon ultra-refrigerated ribbons
~6-6,5 (*) Experimental
— Amorphous ribbons (*) Experimental

2_-DECARBURED MILD CARBON STEEL PLATE FOR ELECTRICAL APPLICATIONS

This type of material, decarburized mild carbon steel sheet for
electrical applications, is currently used throughout the world for
the production of nuclei of small motors (1-50 h.p.) and fractional
(<1 h.p.), being able to indicate, in way of example, that in the
period 1976-1979 it represented 50% of the total volume of sheet
produced in the United States for electrical applications.




The explanation resides in the fact that in fractional and small
motors, the section corresponding to the costs derived from the
quality selected for the raw material acquires special importance due
to the low energy consumption in operation.

IT we add to this, the great relative specific weight

of the losses iIn the copper of the stator, as a consequence of the
high excitation currents required, and its possible minimization
through the increase of the permeability of the material and
improvement iIn the design of the motor, the wide use of this type of
material in the manufacture of small and fractional engines, 1s
consequently justified.

Steelmaking process

Figure 1 shows the schematics of the iron and steel processes used iIn
the manufacture of decarburized mild steel sheet for electrical
applications.
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Fig 1.-Schemes of the iron and steelmaking processes used in the
manufacture of decarburized mild steel sheet for electrical
applications.

(Colada convencional : casting; Colada continua: continous casting;
Laminacion en caliente: Hot rolling; Decapado: Pick line; Reduccion en
frio: Cold Rolling; Recocido: Annealing; Horno Cont: Continous
Furnace; Bateria Open — Coil: Open coil furnace; Recocido no
decarburante en horno continuo: Non decarburant annealing in continous
furnace; Instalaciones de acabado: Finishing lines; Material
totalmente tratado: Fully processed material; Material semitratado:
Semiprocessed Material.)



As regards the process iIn the steelworks, it is carried out using a
standard practice in an LD converter or in an electric furnace; It
should be noted, in accordance with the work of Anan*evsky et al.
(11), that the elaboration of this type of steel by means of
continuous casting allows to obtain a final product with magnetic
characteristics similar to those achieved by the conventional process
of casting iIn an ingot mold; in the aforementioned work the values of
these characteristics are collected, as well as the work parameters of
the steel process.

As far as cold rolling is concerned, it is currently carried out in a
single stage that includes reduction percentages of 80%, achievable by
using emulsions with a high saponification index.

In the case of semi-treated materials, the critical reduction stage
deserves special mention, regarding which it should be noted, in
accordance with the studies carried out by Knight et al. (12) and
Bochkov et al.(13), that the optimization of the magnetic
characteristics is achieved for an equiaxed and homogeneous grain
structure, with a grain size between 1-3 of the A.S.T.M. scale, which
corresponds to critical reductions, prior to the final annealing,
between 5 and 10%. These results agree with those obtained in similar
works carried out by the author (14), where critical reductions of the
10% Ffollowed by a final annealing performed at 780+10°C.

Finally, in the stage corresponding to decarburizing annealing,
recrystallization and decarburization of the material occur
simultaneously to levels below 0.005 %, using continuous decarburizing
annealing furnaces or open coil annealing.

In the case of mild carbon steels for electrical applications,
contrary to what happens with silicon magnetic sheet, especially in
medium and high content steels, the use of continuous decarburizing
annealing is not advisable, since in this case, decarburizing at
temperatures below A; leads to slow decarburizing rates, and therefore
to low productivities. On the other hand, decarburization at
temperatures above A1 leads to a carbon diffusion process in

a biphasic medium (a + v), which decreases the diffusion coefficient
of carbon and a columnar grain structure (15,16) is produced
simultaneously, origin of bad magnetic characteristic.

For this reason, the most appropriate method for the manufacture of
these materials is the use of decarburant annealing in open coil
furnace.

In previous works by the author (17, 18) a more complete vision of
this type of open coil annealing facilities is offered, as well as the
theoretical foundations and factors that affect the kinetics of the
decarburization process, especially in what to the annealing
atmospheres it refers.

It should also be noted that a low-cost steelmaking process (19) has
been developed very recently (Fig. 1) that incorporates vacuum-
degassing in the steelworks, and that allows carbon levels to be
reached in the range 0.002 < C < 0.02 %, with what is possible, in
these conditions, submit the material to a continuous non



decarburizing final annealing (760-815 ©C, 2 min, H.N_X. atmosphere)
of high productivity, since the aforementioned drawbacks are avoided.

Magnetic and mechanical characteristics

The materials treated in this way present average magnetic and
mechanical characteristics that are described in the bibliography

related to this type of material (20,21), as well as iIn previous works

by the author (22) that are summarized in table I1.

Table 11.-Magnetic and mechanical characteristics of decarburized mild

steel sheet for electrical applications

Magnetic Characteristics

Mechanical Characteristics

Type of material Thickness, W 1000050 | w 1500050 J15000/50 R E A, %
mm W/kg Gauss/Oe kg/mm' kg/mm? 1SO 80 X 20

Fully processed (*) 05 32 6,9 2.900 2931 1820 3536
Fully processed (**) 0,5 3,7 8,7 2.700 30-33 18-24 32-37
Fully processed (++) 05 47 10,1 1.800 42-47 40-45 69
Fullyprocessed(,****)

Vac. degassing 0,65 - 104 1.560 — — —
Semi-processed 0,5 2,8 6,4 3.300 At the buyer’s will

(*) Final Annealing at 780 °C, Atm. H.N.X. (5-15 % H.0,1-0,2 % CO, 0,1 % CO5,, Rest N2).

12 h

(**) Final Annealing at 580 ° C, Atm. H.N.X. (5-15 % H,.0,1-0,2 % CO, 0,1 % CO0p, Rest N,,), 12 h

(***) Annealing of partial Recrystallzation 450 °C, Atm. H.N.X. (5-15 % H,.0,1-0,2 % CO, 0,1 % CO,. Rest N,), 12 h
(****) Final continuous not descarburized annealing at 760-815 °C, Atm. H.N.X. (5-15% H, 0,1-0,2 % CO, 0,1

% CO2, Rest N2,), 2 min.

In view of the results presented here, the low mechanical

characteristics of the fully treated material become evident. To
obviate this inconvenience, the supply of these materials in

semiprocessed quality is becoming increasingly important.

However, currently and in order to improve the formability of the
fully treated material, we proceed to:

- Increase the phosphorus and manganese contents to levels between
0.10-0.15% and between 0.40 - 0.60%, respectively.

- Summit the material to partial recrystallization annealing at low
temperature (23), which allows, by controlling the degree of
recrystallization, to obtain the desired mechanical characteristics

prior to shaping.

3. NON ORIENTED MAGNETIC STEEL SHEET




Although this general heading includes the entire range of non-
oriented silicon magnetic sheets, it is currently necessary to
distinguish between the grades corresponding to a low silicon content
(0.35-1.00% ) and those whose content is medium or high, taking into
account the differences established in their respective manufacturing
processes, as well as in their applications.

3.1. NON ORIENTED MAGNETIC STEEL SHEET AND LOW SILICON CONTENT

Nevertheless what has been stated in the previous paragraph, referring
to the current wide use of decarburized mild steel sheet iIn the
manufacture of fractional and small engines, it is evident that, as a
consequence of the progressive increase In the costs of the energy,
acquires a greater and greater increase the progressive substitution
of said material by the low grades of the magnetic non-oriented
silicon steel sheets, pointing in this sense the recommendations of
the Ministry of Industry and Foreign Trade of Japan (Moonlight
Project) (24) and the Department of Energy of the United States (25),
who recommend the use of the lowest grades of Non- Oriented Magnetic
Steel as substitution of Decarburized Mild Steel Sheet for fractional
and small motors, respectively.

Example of this has been the beginning, from 1975, of the production
of electric motors of this type with greater performance, estimating
that in the United States, in 1980, 7% of these engines were
manufactured for this purpose, a figure which Is expected to reach 75%
in 1990 (26).

A complete study on the steel manufacturing process and
characteristics of the non-oriented grain magnetic sheet, in the low
range of silicon (0.35-1.20%), in its application to the case of
fractional and small motors can be seen at a previous work by the
author about this type of material (27).

3.2. NON ORIENTED MAGNETIC STEEL SHEET of MEDIUM AND HIGH SILICON
CONTENT

Within this range of silicon content, and in order to improve both the
surface quality and the magnetic properties of these steels, a series
of new techniques have recently been developed leading to:

- Reduce the levels of impurities in the material, by introducing
vacuum degassing techniques and intense desulphurization of the
material. In this way it is possible to eliminate the negative
incidence, which both directly; slowing down the movement of the
Bloch wall, magnetic dilution effects, etc., as well as
indirectly, inhibition of grain growth, exerted by these
impurities.



- To induce certain textures, giving rise to the non-oriented
grain magnetic sheet, but with texture, which we will deal with
in the following section.

Constituting both variables, impurities present in the material and
its texture, the current lines of work and research for the
improvement of the electromagnetic characteristics of the non-oriented
grain magnetic sheet.

Iron and steelmaking process
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Fig 2.-Scheme of the steel processes used in the manufacture of non-
oriented grain magnetic sheet

( Aceria: Steelworks; Desulfuracion: Desulfurization; Desgasificacion
al vacio: Vacuum degassing; Desulfuracion en cuchara: Ladle
desulfurization ; Colada continua : Continous casting; Laminacion en
caliente: Hot rolling; Decapado: Pick line; Reduccion en frio : Cold
Rolling; Recocido en continuo: Continous Annealing; Recocido
decarburante en continuo: Continuous decarburizing annealing ; Lineas
acabadoras: Finishing lines )

( Material totalmente tratado contenidos altos en silicio: Fully
processed material high silicon content; Material totalmente tratado
contenidos bajos y medios en silicio: Fully processed material low and
médium silicon content.)

All of the above, allows us to affirm that both the desulfurization
techniques through the use of synthetic slags (28), which achieve



final sulfur contents in the range 0.010-0.015%, and the use of
critical reductions prior to the final annealing, are procedures that,
even being currently used, tend to be replaced, and should be
considered as procedures of the past, whose general description can be
seen in the work of Coombs (29).

Figures 2a) and b) show the modern, although conventional, schemes for
obtaining non-oriented grain magnetic sheets in the interval of high
and medium-low silicon content, respectively.

The use of the steel process a) is exclusively limited to high silicon
content (Si > 2.25 %) for reasons similar to those stated in the
previous section, producing as then, in the case of medium and low
silicon content, a decrease in productivity of the continuous
annealing line and a grain structure columnar for carbon contents in
the range 0.03-0.04%, it being possible to obviate this inconvenience
by subjecting the hot rolled material to decarburant annealing in the
open-coil battery (process b), so that in this case the final
annealing becomes a recrystallization non-decarburant annealing at
high speed (v ~ 40-45 m/min).

Figure 2c) shows the scheme of the most recent steelmaking process for
the manufacture of medium and high grades of non-oriented grain
magnetic sheet, which includes the removal of impurities in the
steelworks through the stages of vacuum degassing and desulfurization
of the material, including additional ladle desulfurization to sulfur
levels below 0.005 %, all in accordance with modern iron and steel
practices (30,31) that allow obtaining chemical compositions such as
those indicated in table III.

TABLE 111.- Composition obtained in the steelworks after the processes
of vacuum degassing and desulfurization of the material, in(%).

C : 0.01 - 0.02
Si : 0.7 — 2.50

Al : 0.4 — 0.7 ()
S < 0.005

O : 0.001 — 0.003
N < 0.003

(*) Only for the highest grades

The removal of these impurities up to the indicated levels:

- Minimizes the negative effects that these impurities exert on the
magnetic properties, especially the hysteresis losses.

- Avoids the development, for medium silicon contents, of a columnar
grain structure during the continuous annealing process.

- Improves control and performance of ladle ferroalloys.
- As a consequence of the lower degree of decarburization required

during the continuous decarburizing process, it is possible to
partially eliminate the oxide sublayer generated at the gas-metal



interface during the aforementioned process (32, 33), resulting in a
decrease in the number of losses due to hysteresis.

It is also possible to promote adequate grain growth (ASTM 3-5) by
canceling the mechanism that inhibits grain growth, the latter being
linked to the presence of aluminum nitride and manganese oxysulfide
precipitates.

In the works by Browne (34) and Goto et al.(35) a complete study can
be seen on the factors involved in the aforementioned inhibition
mechanism, pointing out that the size, morphology and distribution of
the manganese oxysulfide precipitates produced during the course of
the stage of hot rolling, is closely related to the sulfur, oxygen and
manganese contents, as well as to the reheat temperatures of the slab.

Likewise, and as a consequence of all this, the dependence between the
final grain size and the number of magnetic losses is shown as a
function of the mentioned factors, proposing small additions of rare
earths (0.006-0.015%) in order to reduce the solubility of the
precipitates, thus blocking their inhibitory effect and obtaining as a
consequence the best magnetic characteristics within the range of non-
textured non-grain oriented magnetic sheet.

Magnetic characteristics and applications

The minimum magnetic characteristics required for the various grades,
in fully treated and semi-treated qualities, are established in
accordance with the various standards and specifications (36-38).
Regarding the applications, it should be noted that, given the
enormous diversity of electrical machines operating in the field of
high and medium power, it is very difficult to establish an
unequivocal correlation between the characteristics required in the
machine and the type of magnetic sheet to be used, however, in the
works of Vacari (39) and Stiebler et al. (40) can be seen the
correlations between the magnetic characteristics of the materials and
the specific applications for which they are intended.

4_. NON ORIENTED MAGNETIC STEEL SHEET WITH TEXTURE

It has already been pointed out above that the recent industrial
production of non-textured grain-oriented magnetic sheet constitutes a
authentic technological innovation within this range of steels.

Its development is closely related to the work carried out prior to
1970 leading to the production of doubly oriented magnetic sheet «Cube

Texture (100) [001]», whose manufacturing process was never developed
at an industrial level, due to its high economic cost. However, using
the non-oriented variant of this texture, called «Random Cube Texture
{100} <u v w>», lower loss figures and higher permeability values were
obtained than the best grade of non-oriented grain magnetic sheet,
This is due to the elimination of directions that are difficult to
magnetize <111> from the plane of the sheet, which makes this material
ideal for its application in rotating machines.

Let us now see the different procedures that make it possible to
obtain this type of texture.



4_.1_ Texture induction in mild carbon steel sheets using the
transformation y - a

Krause and Popovic (41), based on previous laboratory work by Aspden
et al. (42,43), have pointed out that the «Non oriented Cube Texture
{100} <u v w>» can be developed in mild carbon steel plates through
selective grain growth in the course of transformation y —» a, this
being associated with the surface energy necessary to generate this
type of texture, which, In turn, is a function of the type of
atmosphere used and the sulfur content in the sheet surface (44),
either from the annealing atmosphere (H2 + SH2) or from the dissolution
of manganese sulfides and subsequent diffusion process from the metal
base.

For all these reasons, in the opinion of the author, a complex
physical-chemical process is present in the development of these
textures, since to the selective growth of the grain during

transformation y —» o, the processes of dissolution of manganese
sulfides and diffusion of sulfur towards the solid-gas interface are
simultaneously joined, as well as the processes of transport in the
boundary layer, and phenomena of adsorption and desorption of H2 and
SH2 on the surface. IT to all this we add the kinetics of the
superficial metal purification reactions, the latter depending on the
previous stages as well as the temperature and composition of the
atmosphere, it is evident evidence the enormous complexity of the
process as a whole.

Figure 3 and Table IV show the schemes of the iron and steelmaking
processes used by Krause and Popovic for the development of this
texture as well as the results obtained.
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Fig 3.- lron and steelmaking processes used in the manufacture of
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used in the manufacture of tinplate; Tratamientos térmicos especiales:
Special heat treatments; Laminacién en caliente: Hot rolling;
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Annealing; Pasada temper:Skin pass; Recocido decarburante: Decarburant
annealing; Punto de Rocio: Dew point; Tratamiento térmico final: Final
heat treatment; Horno de laboratorio: Laboratory furnace.)



TABLE 1V.-Magnetic characteristics of textured mild carbon steel sheet

(41).

W 15.000/60

}115.000/60

Chemical Composition % Final Heat Treatment Thickness
Gauss/Oe
C S Mn Atmosphere 6(°C) t,(h) mm Wikg

<0,015 0,021 0,28 Hz + SH2 1.150 18 0,15 2,64 3.390
(20 ppm)

<0,015 0,021 0,28 H, (100 %) 925 0,5 0,15 4,22 2.040

<0,015 0,032 0,39 H., + SH 1.150 18 0,15 2,75 2.500
(20 ppm

<0,015 0,032 0,39 H, (100 %) 925 1 0,15 3,63 3.830

From their analysis it can be deduced that the optimization of the
magnetic characteristics is achieved for annealing for 18 hours at
1,150 ©C in H2 atmospheres containing 20 p.p.m. of SH2. However, it
becomes possible to develop a pronounced {100}< u v w > texture,
together with suitable magnetic characteristics, by means of a more
operational annealing at industrial level consisting of soaking time
of 0.5-1.0 h in an atmosphere of pure H2 at 925 ©C.

4_.2. Texture induction in high-content silicon non oriented magnetic
steel sheets. Fully- Processed.

Very recently, non-oriented grain magnetic sheets with a high silicon
content with texture have been developed at an industrial level, to
obtain which, and in accordance with what was indicated in the
previous section, it is necessary to lower the impurity content in the
steelworks to very low levels, thus making it possible to develop an
adequate texture, and reach values iIn the magnetic characteristics
higher than any of the qualities that existed until recently in the
market (45, 46).

According to these works, it becomes possible to correlate the final
texture developed and, therefore, the magnetic characteristics
depending on the parameters of the iron and steelmaking process, among
which it is worth mentioning:

- Chemical composition: impurities levels and contents of aluminum and
silicon.

- Temperature and texture developed in the intermediate annealing.

- Degree of reduction in cold rolling prior to the recrystallization
process.

- Variables of the final recrystallization process.

Figure 4 shows a scheme of the iron and steel process that enables the
development of cube textures random and favorable oriented
{100}<u;v,w3> and {110} <u, v, wy>, and partially prevents the
development of the unfavorable {111} <usz vz wz >, {211} <uy V4 Wu>.

Table V also shows the magnetic characteristics corresponding to these
steels, being the same higher than those required for grades M.15 of




the North American specification. A.1.S.1. or S.09 from the Japanese
J.1.S., which makes this steel with the best characteristics in the
world within the range of non-oriented grain magnetic sheet
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Fig 4.-Scheme of the iron and steelmaking process used in the
manufacture of fully treated, non-textured, grain-oriented magnetic
sheet with high silicon content.

( Aceria: Steelworks; Desulfuracion: desulfurization; Desgasificacion
al vacio: Vacuum degassing; Desulfuracion en cuchara: Ladle
desulfurization ; Colada continua : Continous casting; Laminacidn en
caliente: Hot rolling; Decapado: Pick line; Reduccion en frio a
espesor intermedio: Cold Rolling to intermediate thickness; Recocido
intermedio en continuo: Intermediate Continous Annealing; Reduccion en
frio a espesor final: Cold reduction to final thickness ; Recocido
final en continuo: Continuous final annealing ; Instalaciones de
acabado: Finishing lines )

TABLE V.- Magnetic characteristics of the non-oriented magnetic sheet
with texture. High silicon content. Fully treated (46)



Chemical Comp. in Thicknes Losses at 50Hz, W/Kg Magnetic induction (T)
Steel works % mm.

C(*): 0.01-0.02 10.000 15.000 B10 B25 B50 B100

Si: 3.10-3.20
Mn:0.18-0.21 0.35

A110.40-0.60 6 1.10 0.89 2.10 1.49 1.59 1.69 1.80
S:0.002-0.003
N:0.0022- 0.0025 0.50 1.10 2.45 1.49 1.60 1.70 1.81
0:0.0014-0.0017

(*)Final Carbon Content after decarburizing : 0.003-0.005%

For all these reasons, it becomes very suitable the use of this
material in rotating machines, especially those iIn which it is desired
to increase performance by reducing the amount of energy losses.

The case of large rotating machines deserves special mention, such as
the case of bipolar turbogenerators, In which, taking into account the
types and distributions of flows in the outer and inner parts of the
stator, as well as the specific weight of each of them iIn accordance
with the works of Moses and Radley (47), it is concluded that this new
quality of material can advantageously replace grain-oriented magnetic
steel sheets, that is currently being used in the manufacture of this
type of machine (48), also avoiding the elliptical vibrations that
occur iIn this type of machine and, therefore, its oversizing.

4_3. Texture induction in magnetic sheets of nonoriented grain and
medium silicon content. Semiprocessed quality

Another type of non-oriented magnetic plate, very adequate for use in
rotary machines, it is obtained in semiprocessed quality and medium
silicon content by inducing the appropriate texture (46).

It is known that when a hot strip of this material is cold processed
and annealed, recrystallization occurs, giving rise to the development
of a final texture component {111}<211> very sharp and the origin of
poor magnetic characteristics. This texture nucleates in the subjoints
of the grains originated in the hot rolling (49,50).

The development of this undesirable texture can be avoided by
submitting the hot rolled material to a bell furnace anneal before
cold rolling; the effect of eliminating said texture is reinforced by
the addition of small amounts of Sb (0.04-0.08 %) (51), which, due to
its tendency to segregate preferentially in grain joints, inhibits the
nucleation of the previous texture and developing a texture of type
{100} <uvw> . For this, said annealing must be verified in a bell
furnace, since the high cooling speeds of continuous annealing prevent
the segregation of antimony, avoiding its effect.

On the other hand, and since the impurities act in the same sense as
the grain subjoints, nucleating the {111} <211> texture, it is
desirable to obtain the material as free of impurities as possible
with the aim to optimize the texture.




Fig. 5 and Table VI show the scheme of the iron and steelmaking
process developed to obtain these materials, as well as theilr magnetic
characteristics depending on the antimony content.

PR
OCESQO SIDERURGICO e DESULFURACION

DESGASIFICACION
ACERI A ® EN VACIO

e DESULFURACION
EN CUCHARA

COLADA CONTINUA

LAM. EN CALIENTE — (e final = 2 mm )

DECAPADO
l

|

RECOCIDO EN HORNOD )
DE CAMPANA ——=(700-900°C, 5h, H.N.X)

REDUCCION EN FRIO A —
ESPESOR FINAL [ (e final = 0,5 mm )

INSTALACIONES DE
ACABADO

|

RECOCIDO FINAL
EN EL CLIENTE ‘_"[8400(:, 1h, N2|OOO/Q)

Fig 5.- Scheme of the iron and steelmaking process used in the
manufacture of semiprocessed nonoriented non-textured magnetic sheet
with medium silicon content.

( Aceria: Steelworks; Desulfuracion: desulfurization; Desgasificacion
al vacio: Vacuum degassing; Desulfuracion en cuchara: Ladle
desulfurization ; Colada continua : Continous casting; Laminacion en
caliente: Hot rolling; Decapado: Pick line; Recocido en horno de
campana : Annealing in Bell furnace; Reduccion en frio a espesor
final: Cold Rolling to final thickness; Instalaciones de acabado:
Finishing lines; Recocido final en el cliente: Final annealing in the
customer. )



Tab. VI._.-Magnetic characteristics of the non-oriented magnetic sheet
with texture. Medium silicon content. Semiprocessed (46)

Chemical composition  gp nen Wl%voiogﬂso B50 Hlss.%oo
in Steel works % % (T) Gauss/Oe
C:0.01-0.02
Si:1.80-1.90 0,01 | 05 3,00 1,72 2.740
Mn: 0.20-0.23
Al:0.29-0.32 004 | 05 2,59 1,74 | 3.778
S. 0.005-0.006
N < 0.0030
0 <0.0030 0,08 0,5 2,81 1,75 3.850

In view of these results, it is possible to affirm that this type of
material presents magnetic characteristics superior to the M.27 grade
of the specification American A_.1.S_1. for semiprocessed quality. The
high value of permeability at high inductions deserves special
attention, which makes it a very suitable material for use iIn the wide
range of large motors (> 50 h.p.) with high performance.

5. NEW MATERIALS.

The most notable advance during the past decade, at the laboratory
level, has been the obtaining and development of a series of new
materials obtained directly from the molten state using special
techniques.

These new materials are configured in two groups: crystalline bands
with a high silicon content and materials in an amorphous state.

5.1. Crystalline ribbons of high silicon content

It is known that Fe-Si alloys with a high silicon content (~6% Si)
have a high brittleness, and are therefore difficult to process by
conventional steelmaking processes.

However, very recently a new technique (52) has been developed at the
laboratory level, similar to that used to obtain amorphous materials,
which allows the manufacture of these materials by direct projection
of molten metal onto a rotating disk at high revolutions.

In this way, ribbons with width ranges between 5-50 mm and thickness
between 20 and 300 pm are obtained.

Subsequently, and in order to improve the magnetic characteristics of
the material, it is subjected to vacuum annealing at temperatures
between 1.100-1.200 ©C. (0.5 — 5 hours). As a result, a tertiary
recrystallization is achieved, accompanied by a growth in grain size
(1 mm) and texture development (100) [o u v], which gives the material
a high planar isotropy in terms of magnetic characteristics refers.

In the various works carried out on these materials (53-55) the grain
size, Final developed texture and, therefore, the magnetic



characteristics of these new materials are studied as a function of

parameters such as:
-Silicon content.

-Thickness.

-Annealing atmosphere (argon, vacuum).

-Temperature and time of the annealing.

Table V11 shows, based on these parameters, the most representative
magnetic characteristics for a 6.5% Si 93.5% Fe composition material
heat-treated after it was obtained from the molten state.

TABLE VII-Magnetic characteristics of the crystalline ribbons of high
silicon content (*) (53)

Annealing Thickness Total losses, W/kg H
Material 0 (CO) t min| Atmosphere mm IV VRY VW1o.U0urou m -Oe
6,5 % Si, 93,5 % Fe 1.200 35 vacio 0,10 0,25 0,70 60
6,5 % Si, 93,5 % Fe 900 30 argon 0,30 0,5 1,3 —
Oriented Magnetic Steel Sheet
(3 % Si) 0,30 0,35 0,80
The Mechanical Characteristics of the material are:: R = 70 kg/mm? E = 60 kg/mm’

5.2 Amorphous Materials

These materials, obtained by means of a procedure similar to the
previous one (56) or by electrodeposition, they are alloys with an
amorphous structure formed by metals (Fe, Ni, Co, Cr) and elements

such as (C, Si, P, B,

Said structure is a consequence of its own cooling process, not
presenting long range ordering and obtaining, as a consequence,

Y

specific characteristics, among which it is worth highlighting the

electrical and magnetic ones.

A general review regarding the development of these materials in

regards to:

- Manufacturing process, with special mention to the casting process
in rectangular section(57) for the manufacture of amorphous ribbons

with a width greater than 5 cm.

- Types of alloys.

- Applications.




It can be seen in the works of Davis et al. (58) and Luborsky et al.
(59). The latter compiles the most important works referring to the
structure, properties and applications, as well as the most
significant bibliography (60) on this type of alloys.

Regarding its applications, it should be noted that, although
amorphous alloys have been developed for very diverse uses, among
which alloys with high mechanical and corrosion resistance, etc., can
be mentioned, actually, one of the most interesting applications of
these materials are based on their peculiar electrical and magnetic
properties, a consequence of their amorphous state and high isotropy.

Indeed, ferromagnetic amorphous materials combine being soft,
magnetically speaking, with adequate hardness and mechanical
resistance. If we add to this their high resistivity, they become
especially suitable materials for use iIn magnetic applications, with
lower loss figures than those obtained In grain oriented magnetic
steel sheets.

By way of example, the alloy Feg, Bz Siy C (METGLASS 2605SC) has great
potential for application as a core in motors and transformers, since
this material has losses ranging from 33 to 50% of those produced in
grade H.2 (J.1.S. C 2553) of grain-oriented magnetic sheet and 12% of
those corresponding to grade M.15 (A.1.S.1.) of non-oriented magnetic
sheet, hence the enormous interest aroused by these materials.

However, i1t Is necessary to point out some negative aspects, which
together with the difficulty of obtaining it on a large scale, mean
that its use at an industrial level is not foreseeable in the short
term.

Such aspects are:

-Low value of induction at saturation 1.6 T compared to 1.9 T
corresponding to the silicon magnetic sheet (3% Si). This last aspect
is inherent to a material In whose composition approximately 20% of
atoms of non-ferromagnetic material are integrated.

-Low thickness, 20-50 um, due to the need for very fast heat transfer
during the solidification process and which leads to a reduction in
the stacking factor.

IT we add to this the great sensitivity of the magnetic properties of
the material against the stresses induced during the manufacturing
process, as well as the brittleness that occurs after final annealing
in the case of transformers, it becomes evident the need to modify
conventional manufacturing processes, replacing them with techniques
more in line with these new materials.

In spite of all this, it is possible to affirm at present, that these
types of new materials have surpassed the stage in which they were
considered as a laboratory curiosity, the current investigation being
aimed at solving the technical problems that would entail the large
scale manufacturing and transformation of these materials, taking into
account the enormous potential they present in terms of energy
savings.
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