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(571 ABSTRACT

Cube-on-edge oriented silicon steel and method of
making it wherein the silicon steel is characterized by
high permeability values. To the standard melt chem-
istry for cube-on-edge oriented silicon steel from
about 0.002 to about 0.012 percent boron and from
about 0.003 to about 0.010 percent nitrogen are
added. The melt material is cast into ingots or slabs,
reheated, hot rolled to hot band, annealed, pickled,
cold reduced to final gauge, subjected to a decarburiz-
ing step and given a final high temperature anneal to
produce the desired final orientation. The temperature
of the anneal following hot rolling bears an inverse re-
lationship to the final gauge of the silicon steel. Prior
to the final anneal the silicon steel is provided with an
annealing separator. A grain growth inhibitor may be
provided in the -environment of the stock during the
primary grain growth stage of the final anneal so as to
inhibit primary grain growth and to favor the growth
of cube-on-edge oriented nuclei during the secondary
grain growth stage.

10 Claims, No Drawings
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1
HIGH PERMEABILITY CUBE-ON-EDGE
ORIENTED SILICON STEEL AND METHOD OF
MAKING IT

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a cube-on-edge oriented sili-
con steel and method of making it, and more particu-
larly to such a silicon steel characterized by high per-
meability values.

2. Description of the Prior Art

The present invention relates to the production of sil-
icon steel sheet stock for magnetic uses and in which
the body centéred cubes making up the grains or crys-
tals are oriented in the cube-on-edge position, desig-

nated (100) [001] in accordance with Miller’s indices. -

‘As is well known, stocks having this orientation are
‘characterized by a relatively high permeability in the
rolling direction and a relatively low permeability in a
direction at right angles thereto. Cube-on-edge ori-
ented silicon steel has a number of applications, pri-
mary among which is its use for the cores of magnetic
apparatus such as transformers and the like.

Silicon steels having the cube-on-edge grain orienta-
tion were first produced by Goss, as taught in U.S. Pat.
No. 1,965,559. From the outset, however, silicon steels
of this orientation with consistently good magnetic
properties were difficult to produce on a commercial
basis. Aa a consequence, prior art. workers have de-
voted much time and effort to the development of such
silicon steels. '

Over the years prior art workers have made rapid ad-
vances in the commercial production of cube-on-edge
oriented silicon steels. For example, in U.S. Pat. No.
2,287,467 Carpenter and Jackson taught a process of
wet hydrogen decarburization enabling the removal of
carbon and the harmful magnetic aging caused thereby.
It had long been recognized that the formation of the
cube-on-edge orientation involved the grain boundary
energy phenomenon. It was further recognized that an
inhibitor such as sulfur in the form of sulfides, if ade-
quately dispersed in the grain boundaries during the
primary grain growth stage of the final anneal, would
prevent the primary grain structure from undergoing
such grain growth as would interfere with subsequent
secondary grain growth. As a result, a fine grained ma-
trix is maintained until secondary grains of the cube-
on-edge orientation begin to consume the grains of
other orientations. Thereafter, as the temperature rises
further during the final anneal, secondary grain growth
will proceed by grain boundary energy and convert the
fine grain matrix into a well developed cube-on-edge
structure. It was at first believed that the amount of in-
hibitor at the grain boundaries during the primary grain
growth stage of the final anneal depended upon the
amount of inhibitor in the original melt and the amount
of inhibitor lost during the processing steps ahead of
the final anneal. As a consequence, many of these pro-
cessing steps were considered critical in order to avoid
inhibitor loss. ‘

In U.S. Pat. No. 2,599,340 Littmann and Heck taught
that superior permeabilities could be obtained in sili-
con-steels which were hot rolled to intermediate gauge
from a high slab temperature of from 2,300°F. It was
determined that the high hot rolling temperature ef-
fected in part at least the solution and subsequent pre-
cipitation of inhibitor such as manganese sulfide in sili-
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con iron. In U.S. Pat. No. 2,906,645 Carpenter et al
taught the use of a magnesia annealing separator
which, as a part of the process, produced an insulative
mill glass on the finished silicon steel. Such a surface
film or glass is highly desirable in many applications,
providing electrical resistivity and protection against
oxidation or carburization.

In United States Letters Pat. - No. 3,333,991;
3,333,992 and 3,333,993 Kohler taught that an inhibi-
tor could be provided in the environment of the silicon
steel immediately prior to or during the primary grain
growth stage of the final anneal and could be caused to
diffuse into the grain boundaries. As a result, it was no
longer necessary to rely solely on the amount of inhibi-
tor present in the initial melt, and many of the process-
ing steps ahead of the final anneal came to be consid-
ered less critical. In accordance with the last mentioned
patents, sulfur and compounds thereof and selenium
and compounds thereof may serve as the inhibitor. The
inhibitor may be provided in the environment of the sil-
icon steel during the primary grain growth stage of the
final anneal in a number of ways. For example, sulfur
or a sulfur compound which dissociates or decomposes
at the temperatures of primary grain growth may be
added to the annealing separator. On the other hand,
the annealing atmosphere may be charged with hydro-
gen sulfide or any other appropriate gaseous sulfur
compound. In yet another variant procedure, hydrogen
sulfide or any other appropriate gaseous sulfur com-
pound may be added to the atmosphere in the decar-
burizing step ahead of the final anneal. The sulfur com-
pound reacts with the iron surface to form a controlled
iron sulfide film on the material, providing a source of
sulfur during the primary grain growth stage of the final
anneal.

The prior art workers finally reached a stage wherein
a cube-on-edge oriented silicon steel could consistently
be produced on a commercial basis having good mag-
netic characteristics, including a permeability at H=10
oersteds averaging about 1820. Attention has since
been centered upon the improvement of these mag-
netic characteristics. In Unites States Letters Pat. No.
3,287,183 a method of making cube-on-edge oriented
silicon steel is taught wherein the product has a perme-
ability at H=10 oersteds of at least 1,800 and up to
about 1,910. In accordance with this patent, the melt
composition is critical and must include from 0.025 to
0.085 percent carbon, from 2.5 to 4.0 percent silicon,
from 0.005 to 0.050 sulfur and, of special importance,
from 0.010 to 0.065 percent acid soluble aluminum,
the balance being iron and mixed impurities. After hot
rolling and pickling, the silicon steel is reduced to final
gauge by one or more stages of cold rolling. Aside from
the melt composition, it is critical that the last stage of
cold rolling produces a reduction of 81 to 95 percent
and that before the final cold rolling step the silicon
iron be subjected to a high temperature anneal such
that aluminum nitrides are formed in the steel sheet in
such quantity that more than 0.0020 percent nitrogen
is present as aluminum nitride. '

While the magnetic properties of the cube-on-edge
oriented silicon iron produced in accordance with U.S.
Pat. No. 3,287,183 are excellent, the process does in-
volve certain drawbacks. For example, pickling cannot
be as readily accomplished as in other routings by vir-
tue of the presence of the aluminum. The process re-
quires that the anneal immediately prior to the final
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stage of cold rolling be a high temperature anneal fol-
lowed by a relatively rapid cool or quench. Finally, by
virtue of the presence of aluminum oxide on the sur-
face of the silicon steel, an ordinary insulative mill glass
is difficult to form thereon.

United States Letters Pat. No. 3,700,506 teaches the
use of a particular annealing separator in the process of
the above mentioned U.S. Pat. No. 3,287,183. In ac-
cordance with this teaching, a magnesium oxide sepa-
rator is used to which a titanium compound and a
maganese compound have been added. To the anneal-
ing separator boron or a boron compound is addition-
ally added together with sulfur or a sulfur compound or
selenium or a selenium compound. The patent teaches
that the boron or boron compound when added with
sulfur or selenium results in an improved core loss in
the final product and in the formation of a thin, uni-
form glassy film on the silicon steel. In this patent the
boron or boron compound is used to control secondary
grain growth during the final anneal, the aluminum ni-
trides being relied upon to control grain growth during
theprimary grain growth stage of the final anneal.

The present invention is directed to the production
of a cube-on-edge oriented silicon steel having excel-
lent magnetic characteristics incliding a permeability
at H=10 oersteds of greater than about 1,820 and up
to 1,900 or more. No unusually high temperature an-
neal is required prior to the final anneal; pickling may
be readily accomplished in the usual manner; boron
and nitrogen additions are made to control grain
growth during the primary grain growth stage of the
final anneal; and a conventional insulative mill glass
may be formed on the silicon steel as a part of its regu-
lar processing.

SUMMARY OF THE INVENTION

The present invention contemplates the addition of
boron and nitrogen in critical amounts to a conven-
tional melt composition for cube-on-edge oriented sili-
con iron. The melt may also contain up to 0.008 alumi-
num. ‘

Any suitable melt process may be employed. The
melt can be either cast as ingots or continuously cast
slabs. Prior to hot rolling, the silicon steel is heated to
a temperature of from about 2,300° to about 2,550°
and thereafter hot rolled to hot band. Following hot
rolling, the silicon steel is annealed within a tempera-
ture range of from about 1,500°F to about 2100°F and
the annealing temperature used bears an inverse rela-
tionship to the final gauge of the silicon steel. The an-
neal is followed by conventional pickling and cold roll-
ing to final gauge in one or more stages.

The cold rolled material is conventionally decarbur-
ized and coated with a magnesia (MgO) annealing sep-
arator. While not required, to achieve optimum perme-
ability values in the final product an inhibitor may be
provided in the environment of the silicon iron during
the primary grain growth stage of the final anneal. For
example, from about 1 percent to about 6 percent by
weight of sulfur may be added to the magnesia anneal-
ing separator.

The decarburized and coated material is then sub-
jected to a final anneal in a dry hydrogen atmosphere
at a temperature of from about 2,000°F to about
2,300°F. Again, while not so limited, to achieve opti-
mum permeability values the heat-up portion of the
final anneal may be conducted in a nitrogen atmo-
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sphere, the temperature being raised at the rate of less
than about 125°F per hour and preferably about 50°F
per hour. :

The cube-on-edge oriented silicon iron of the present
invention is characterized by a permeability greater
than about 1,820 and up to 1,900 or beyond.

DESCRIPTION OF THE PREFERRED
EMBODIMENNTS

The melt contemplated by the present invention may
be produced by any suitable and known method such
as by an openhearth furnace, a converter, an electric
furnace, a vacuum melting furnace or the like.

The initial melt composition is conventional for the
production of cube-on-edge oriented silicon iron with
respect to silicon, maganese, carbon and sulfur. How-
ever, to this melt composition critical amounts of boron
and nitrogen are added. The melt composition may be
stated in weight percent as follows: from about 2 per-
cent to about 4 percent silicon, from about 0.01% to
about 0.15 percent (and preferably from about 0.03
percent to about 0.15 percent) manganese, from about
0.02 percent to about 0.05 percent carbon, from about
0.01 percent to about 0.03 percent sulfur, from about
0.002 percent to about .012% (and preferably from
about 0.003 percent to about 0.010 percent) boros,
from about 0.003 percent to about 0.010 percent (and
preferably from about 0.004 percent to about
0.008percent) nitrogen, the balance being iron and
those impurities incident to the mode of manufacture.
While not required, aluminum may be present in the
above stated melt composition (as a deoxidizer or int-
purity) in an amount up to about 0.008 percent. The
optimum amount of boron is believed to be 0.007 per-
cent and the optimum amount of nitrogen is believed
to be 0.007 percent.

The boron content of the initial melt can be achieved
in any suitable and well known manner, including the
addition to the initial melt of a boron-containing com-
pound such as ferroboron. The nitrogen content of the
initial melt can similarly be achieved by any suitable
and well known means. For example, nitrogen may be
added in the form of a nitrogen compound such as ni-
trided manganese. Nitrogen may also be added by
blowing. Finally, the desired nitrogen content may be
provided through the use of a melting process which
normally results in an appropriate nitrogen content, as
for example the use of the electric furnace to produce
a low carbon melt.

The silicon melt may be cast either as ingots or con-
tinuously cast slabs. If the steel is cast into ingots, the
ingots can be either directly hot rolled to hot band, or
alternatively, they can be rolled to slabs of intermediate
thickness, which slabs are subsequently reheated and
hot rolled to hot band. When hot rolling slabs formed
from ingots or slabs from a continuous caster, the slabs
should be reheated prior to hot rolling to a temperature
in the range of from about 2,400°F to 2,550°F (and
preferably about 2,500°F) in accordance with the
above mentioned U.S. Pat. No. 2,599,340. The final
hot band will normally have a thickness of from about
0.050 to about 0.10 inch.

After hot rolling to hot band, the silicon steel is an-
nealed at a temperature of from about 1,500°F to about
2,100°F, and preferably from about 1,700°F to about
2,000°F for about 3% minutes in any appropriate atmo-
sphere such as air, products of combustion, etc. It has
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been determined that to obtain optimum permeability
values the temperature of this anneal bears an inverse
relationship to the desired final thickness of the silicon
steel. Thus, when thinner final sheet stock is to be pro-
duced, the temperature of this anneal should fall within
the upper portions of the above stated ranges. Simi-
larly, when thicker sheet stock is to be produced, the
temperature of this anneal should fall within the lower
portion of the above stated ranges. The annealed, hot
rolled silicon steel may be spray quenched or air
cooled. The silicon steel is thereafter conventionally
pickled and cold reduced in a single stage (or in two or
more stages with intermediate anneals) to final gauge.

The cold reduced silicon steel is decarburized in a
wet hydrogen atmosphere at a temperature of about
1,500°F and a dewpoint of about 135° in accordance
with the above mentioned U.S. Pat. No. 2,287,467.

After the decarburization step, the silicon steel is
provided with an appropriate annealing separator such
as magnesia, alumina, calcium oxide or mixture of
these. When it is desired to have a mill glass formed
upon the finished product, a magnesia annealing sepa-
rator can be used in accordance with the above noted
U.S. Pat. No. 2,906,645. The magnesia separator may
be applied to the silicon steel in any of the conventional
and well known ways.
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The silicon steel, having been provided with an an- |

nealing separator, is subjected to a final box anneal at
a temperature of from about 2,000°F to about 2,300°F,
and preferably about 2,200°F for a period of time of
from about 8 to about 30 hours. This anneal, desig-
nated herein as the “final anneal” for purposes of clar-
ity, is that anneal during the secondary grain growth
stage of which the cube-on-edge orientation is
achieved. The anneal is conducted in a dry hydrogen
atmosphere.

While to obtain good permeability values it is not
necessary, it has been determined that to obtain opti-
mum permeability values an inhibitor should be pro-
vided in the environment of the silicon steel immedi-
ately prior to or during the primary grain growth stage
ofthe final anneal. Sulfur, selenium, and their com-
pounds will serve as excellent inhibitor material and the
provision of this material in the environment of the sili-
con steel may be accomplished in any of those ways de-
scribed by the above noted U.S. Pat. Nos. 3,333,991,
3,333,992 and 3,333,993. For example, excellent re-
sults have been achieved when the magnesia annealing
separator contains from about | percent to about 6 per-
cent by weight of sulfur.

While again it is not required for purposes of this in-
vention, it has nevertheless been found that to obtain
optimum magnetic properties a nitrogen atmosphere
should be used during the heat-up portion of the an-
neal, dry hydrogen being substituted therefore during
the remainder of the annealing treatment. The heat-up
portion of the anneal should have a relatively slow tem-
perature rise of less than about 125°F per hour and
preferably about 50° per hour.

Examples of the present invention may be given as
follows:

EXAMPLE |

A lab melt under vacuum was prepared havmg the
following analysis in weight percent:
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C 033%
Mn 094%
S 029%
Si 3.24%

B 006%
N 068%
Al 002%

An ingot was cast and heated to 1,900°F. The mate-
rial was thereafter hot rolled to 0.100° and annealed at
1,900°F for 3% minutes. Following this anneal, the sili-
con steel was air cooled, pickled and cold reduced in
a single stage to 0.012 in.

The cold reduced silicon iron was decarburized at
1,500°F in wet hydrogen at a dewpoint of 135°F.
Thereafter, the silicon steel was coated with a magnesia
annealing separator containing 6 percent by weight of
sulfur. Finally, the coated silicon steel was box an-
nealed in a hydrogen atmosphere at 2,200°F for 30
hours. The finished material was determined to have a
straight grain permeability at H=10 oersteds of 1921.

The above example illustrates the high permeability
achievable when both boron and nitrogen are added to
the melt within the ranges given above and the silicon
steel is processed in accordance with the present inven-
tion.

EXAMPLE 2

A laboratory heat was produced having the following
analysis in weight percent:

C 032%

Mn 100
S 025
Si 3.35

B 0052
N 0077
Al 004

The material was cast into ! inch thick ingots. The
ingots were heated to 1,900°F and hot rolled to approx-
imately 0.09 in. First and second samples of this mate-
rial were annealed at 1,700°F for 3% minutes. A third
sample was annealed at 2,100°F for 3% minutes. The
first sample was air cooled and cold rolled to 14 mils.
The second and third samples were each spray
quenched and cold rolled to 10 mils.

All three samples were decarburized at 1500°F in wet
hydrogen at a dewpoint of 135° All samples were
coated with a magnesia annealing separator containing
6 percent by weight of sulfur. The coated samples were
box annealed at 2,200°F for 27 hours with a heat-up
rate of 50° per hour. The heat-up portion of the final
anneal was conducted in a nitrogen atmosphere, while
the remainder of the final anneal was conducted in a
hydrogen atmosphere.

The first, second and third samples were character-
ized by permeabilities at H=10 oersteds of 1,889, 1,864
and 1,896, respectively. Samples 2 and 3 clearly dem-
onstrate the inverse relationship between the tempera-
ture of the anneal following hot rolling and the final
gauge.

EXAMPLE 3

A laboratory heat was prepared with the following
analysis in weight percent:
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C ’ .030
Mn 100
S .025
Si 3.29
B 0072
N 0078
Al 007

The material was cast into 1 inch thick ingots, heated
to 1,900°F and hot rolled to approximately 0.09 inches.
The material was annealed at 1,700°F for 3% minutes,
air cooled, pickled and cold rolled to a thickness of 14
mils. The cold rolled silicon steel was decarburized at
1,500F in wet hydrogen at a dewpoint of 135° and was
coated with a magnesia separator containing 6 percent
by weight of sulfur. The coated silicon steel was given
a final anneal at 2,200°F for 27 hours with a heat-up
rate of 50° per hour. During the heat-up portion of the
final anneal a nitrogen atmosphere was used, a hydro-
gen atmosphere being used throughout the remainder
of the anneal. The final product demonstrated a perme-
ability at H=10 oersteds of 1,889.

Maodifications may be made in the invention without
departing from the spirit of it.

The embodiments of the invention in which an exclu-
sive property or privilege is claimed are defined as fol-
lows:

1. A method of making cube-on-edge oriented silicon
steel comprising the steps of preparing a silicon steel
melt having a composition in weight percent consisting
essentially of from about 2 to about 4 percent silicon,
from about .01 to about 0.15 percent manganese, from
about 0.02 to about 0.05 percent carbon, from about
0.01 to about 0.03 percent sulfur, from about 0.003 to
about 0.010 percent boron, from about 0.003 to about
0.010 percent nitrogen, up to 0.008 percent aluminum,
the balance being iron and impurities incident to the
mode of manufacture, casting said silicon steel melt,
reheating said silicon steel at a temperature of from
about 2,300°F to about 2,550°F, hot rolling said silicon
steel to an intermediate thickness of from about 0.050
to about 0.100 in., annealing said hot rolled silicon
steel at a temperature of from about 1,500°F to about
2,100°F, pickling said annealed silicon steel and cold
reducing it to final gauge, decarburizing said cold re-
duced silicon steel, providing an annealing separator
for said decarburized silicon steel and subjecting said
silicon steel to a final box anneal in dry hydrogen at a
temperature of from about 2000°F to about 2,300°F for
from about 8 to about 30 hours, whereby to provide a
cube-on-edge oriented silicon steel having a permeabil-
ity at H=10 oersteds greater than 1820.

2. The process claimed in claim 1 wherein said melt
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composition in percent by weight consists essentially of
from about 2 to about 4 percent silicon, from about
0.03 to about 0.15 percent manganese, from about
0.02 to about 0.05 percent carbon, from about 0.01 to
about 0.03 percent sulfur, from about 0.003 to about
0.010 percent boron, from about 0.004 to about 0.008
percent nitrogen, the balance being iron and impurities
incident to the mode of manufacture.

3. The process claimed in claim 1 wherein said final
anneal has a primary grain growth stage and a secon-
dary grain growth stage, providing a grain growth inhib-
itor in the environment of said silicon steel during said
primary grain growth stage, said grain growth inhibitor
being chosen from the class consisting of sulfur, sulfur
compounds, selenium and selenium compounds.

4. The process claimed in claim 1 wherein said an-
nealing separator comprises magnesia containing from
about | percent to about 6 percent sulfur by weight.

5. The process claimed in claim 1 wherein said final
box anneal has a heat-up period, said heat-up period
being conducted in a nitrogen atmosphere, the remain-
der of said box annealing being conducted in said dry
hydrogen atmosphere.

6. The process claimed in claim 1 wherein said an-
neal following said hot rolling is conducted at a temper-
ature of from about 1,700°F to about 2,000°F, said
temperature range bearing an inverse relationship to
said final gauge of said silicon steel.

7. The process claimed in claim 2 wherein said melt
contains about 0.007 boron and about 0.007 percent
nitrogen.

8. The process claimed in claim 2 wherein said an-
neal following said hot rolling is conducted at a temper-
ature of from about 1,700°F to about 2,000°F, said last
mentioned temperature range bearing an inverse rela-

tionship to said final gauge of said silicon steel, said an-

nealing separator comprising magnesia containing from
about | percent to about 6 percent sulfur by weight,
said final anneal having a heat-up stage, said heat-up
stage being conducted with a nitrogen atmosphere, the
remainder of said final box anneal being conducted in
said dry hydrogen atmosphere, the temperature of said
heat-up stage being raised at the rate of less than about
125°F per hour.

9. The process claimed in claim 5 wherein said final
box anneal has a heat-up stage, said temperature of said
final anneal being raised during said heat-up stage at
the rate of less than 125° per hour.

10. A cube-on-edge oriented silicon steel having a
permeability at H=10 oersteds greater than 1,820 and

made in accordance with the process of claim 1.
® * * * *



