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[ 5 7 ] ABSTRACT 

A process for producing silicon steel having a cube 
on-edge orientation and a permeability of at least 
1850 (G/O,,) at 10 oersteds, which includes the steps 
of: cold rolling silicon steel; annealing the cold rolled 
steel prior to a ?nal cold roll, at a temperature of from 
1400° to 1700°F for a period of from 15 seconds to 2 
hours; cooling the annealed steel at a rate substantially 
equivalent to a still air cool; and cold rolling the 
cooled steel at a reduction of at least 80 percent. 

12 Claims, No Drawings 



3,855,021 
1 

PROCESSING FOR HIGH PERMEABILITY 
SILICON STEEL COMPRISING COPPER 

The present invention relates to a process for produc 
ing electromagnetic silicon steel having a cube-on-edge 
orientation and a permeability of at least 1850 (G/Oe) 
at 10 oersteds. 
Oriented silicon steels containing 2.60 to 4.0 percent 

silicon are generally produced by processes which in 
volve hot rolling, a double cold reduction, an anneal 
before each cold roll and a high temperature texture 
anneal. Characterizing these steels are permeabilities at 
10 oersteds of from 1790 to 1840 (6/08). 
In recent years a number of patents have disclosed 

silicon steels with permeabilities in excess of 1850 
(6/0,) at 10 oersteds. Of these, US. Pat. Nos. 
3,287,183, 3,632,456 and 3,636,579 appear to be the 
most interesting from a processing standpoint. US. Pat. 
No. 3,287,183 which issued on Nov. 22, 1966 reveals 
that a steel composed of speci?c amounts of carbon, 
silicon, aluminum, sulfur and iron could be processed 
into a high permeability silicon steel by cold rolling 
from 5 to 40 percent, annealing at a temperature of 
from l742° to 2192°F so as to precipitate AlN, cold 
rolling from 81 to 95 percent, decarburizing and ?nal 
texture annealing. More recently, similar processing for 
similar alloys was disclosed in US. Pat. Nos. 3,632,456 
and 3,636,579, which respectively issued on Jan. 4, 
1972 and Jan. 25, 1972. Each of these patents refer to 
cooling rates following the anneal in which MN is pre 
cipitated. US. Pat. No. 3,632,456 anneals a hot rolled 
band at a temperature of from 1382” to 2192°F de 
pending upon its silicon content, rapidly cools the an 
nealed band and then proceeds to subject it to at least 
two cold rollings. U.S. Pat. No. 3,636,579 anneals steel 
containing 2.5 to 4.0 percent silicon at a temperature 
of from l742° to 2192°F, quenches it from said temper 
ature to a temperature at least as low as 752° F and 
then cold rolls it.' 
Described herein is another, and improved method 

for producing silicon steel having a cube-on-edge ori 
entation and a permeability of at least 1850 (6/08) at 
10 oersteds from steel of a particular chemistry. The 
method includes the steps of: cold rolling silicon steel; 
annealing the cold rolled steel prior to a ?nal cold roll, 
at a temperature of from 1400” to 1700°F for a periiod 
of from _15 seconds to 2 hours; cooling the annealed 
steel at a rate substantially equivalent to a still air cool; 
and cold rolling the cooled steel at a reduction of at 
least 80 percent. It differs and is contradictory to the 
methods of heretofore referred to U.S. Pat. Nos. 
3,287,183, 3,632,456 and 3,636,579 in that: US. Pat. 
No. 3,287,183 discloses a minimum annealing temper 
ature of 1742°F and not a maximum annealing temper 
ature of 1700°F; US. Pat. No. 3,632,456 calls for a hot 
rolled band anneal at a temperature in excess of 1742°F 
for steels containing at least 2.5 % Si and a rapid cool 
therefrom; and US. Pat. No. 3,636,579 discloses a 
minimum annealing temperature of 1742°F for steels 
containing at least 2.5% Si and a rapid cool from said 
annealing temperature. Moreover, the chemistry of the 
steel being processed in accordance with the present 
invention differs from that being processed in said 
heretofore referred to patents. 

It is accordingly an object of the present invention to 
provide a process for producing electromagnetic sili 
con steel having a cube-on-edge orientation and a per 
meability of at least 1850 (6/0.) at 10 oersteds. 
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2 
The present invention provides a method for produc 

ing silicon steel having a cube-on-edge orientation and 
a permeability of at least 1850 (G/Oe), and preferably 
at least 1900 (G/Oe), at 10 oersteds. Involved therein 
are the steps of: preparing a melt of silicon steel having, 
by weight, up to 0.07% carbon, from 2.60 to 4.0% sili 
con, from 0.03 to 0.24% manganese, from 0.01 to 
0.07% sulfur, from 0.015 to 0.04% aluminum, up to 
0.02% nitrogen, and from 0.1 to 0.5% copper; casting 
the steel; hot rolling the steel into a hot rolled band, 
cold rolling the hot rolled band with or without an in 
termediate anneal between the hot rolling and the cold 
rolling, the intermediate anneal being at a maximum 
temperature of 1700°F; subjecting the steel to at least 
one additional cold rolling; subjecting the steel to a 
?nal annealing prior to the ?nal cold rolling; decarbur 
izing the steel; and ?nal texture annealing the steel. 
Also included, and signi?cantly so, are the specific 
steps of: carrying out the ?nal anneal prior to the ?nal 
cold rolling at a temperature of from l400° to 1700°F 
for a period of from 15 seconds to 2 hours; cooling the 
annealed steel at a rate substantially equivalent to a still 
air cool; and cold rolling the cooled steel at a reduction 
of at least 80 percent. Preferred conditions include an 
nealing at a temperature of from 1450° to 1650°F and 
cold rolling at a reduction of at least 85 percent. For 
purposes of de?nition, still air cools include those 
wherein the steel is cooled in a static atmosphere as 
well as those wherein there is relative motion between 
the atmosphere and the steel, as in a continuous pro 
cessing line, so long as there is no deliverate intention 
to cause the motion for cooling purposes. Moreover, 
for purposes of de?nition, all gaseous atmospheres are 
considered to have the same cooling effect as air. 
Hence, all open cools are at a rate substantially equiva 
lent to a still air cool unless a liquid quenching medium 
or forced gaseous atmosphere is employed, and a 
forced gaseous atmosphere is one in which motion is 
.deliverately imparted to the atmosphere for cooling 
purposes. 

Melting, casting, hot rolling, annealing, cold rolling, 
decarburizing and ?nal texture annealing'do not in 
volve any novel procedures, as far as techniques are 
concerned, and with regard to them, the invention en 
compasses all applicable steel making procedures. An 
nealing at a temperature of from l400° to 1700°F for 
the ?nal anneal prior to the ?nal cold roll is, however, 
believed to be particularly bene?cial in that it condi 
tions the steel for cold rolling, provides an operation 
during which inhibitors can form, and most impor 
tantly, increases the uniformity in which the inhibitors 
are distributed as essentially only ferrite phase is pres 
ent in the steel at temperatures below 1700°F, con 
trasted to the presence of austenite and ferrite phases 
and different solubilities for the inhibiting elements in 
each phase at somewhat higher temperatures. By inhib 
itors, the invention primarily pertains to aluminum ni 
tride, and manganese sul?de and/or manganese copper 
sul?de, which are discussed in greater detail hereinbe 
low. No criticality is placed upon the particular anneal~ 
ing atmosphere. Illustrative atmospheres therefore in 
clude nitrogen; reducing gases such as hydrogen; inert 
gases such as argon; air; and mixtures thereof. For simi 
lar reasons, as with the ?nal anneal prior to the ?nal 
cold roll the hot rolled band should not be annealed at 
temperatures in excess of 1700°F; and when a hot 
rolled band anneal is desired it is preferred to carry it 
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out at a temperature of from 1400° to 1700°F. The an 
nealed hot rolled band is generally cooled at a rate sub 
stantially equivalent to a still air cool. As to the cold 
rolling, it should be pointed out that several roll passes 
can constitute a single cold rolling operation, and that 
plural cold rolling operations exist only when cold roll 
ing passes are separated by. an anneal. 
The steel melt must include a silicon, aluminum, 

manganese, sulfur and copper. Silicon is necessary as 
it increases the steel’s resistivity, decreases it magneto 
striction, decreases its magnetocrystalline anisotropy 
and hence decreases its core loss. Aluminum, manga 
nese and sulfur are necessary as they form inhibitors 
which are essential to controlling the steel’s orientation 
and its properties which are dependent thereon. More 
speci?cally, aluminum combines with nitrogen, in the 
steel or from the atmosphere, to form aluminum ni 
tride, and manganese combines with sulfur to form 
manganese sul?de and/or manganese copper sul?de; 
and these compounds act so as to inhibit normal grain 
growth during the final texture anneal, while at the 
same time, aiding in the development of secondary re 
crystallized grains having the desired cube-on-edge ori 
entation. Copper in addition to possibly forming man 
ganese copper sul?de, is believed to be bene?cial in 
that it is hypothesized that copper can lower the an 
nealing temperature, improve rollability, simplify melt 
ing and relax annealing atmosphere requirements. 
A steel in which the process of the present invention 

is particularly adaptable to consists essentially of, by 
weight, from 0.02 to 0.07% carbon, from 2.60 to 3.5% 
silicon, a manganese equivalent of from 0.05 to 0.24% 
as expressed by an equivalency equation of %Mn + 
(0.1 to 0.25) X %Cu, from 0.01 to 0.05% sulfur, from 
0.015 to 0.04% aluminum, from 0.0030 to 0.0090% ni7 
trogen, from 0.1 to 0.3% copper, balance iron and re 
siduals; and wherein the ratio of manganese equivalent 
to sulfur'is in the range of from 2.0 to 4.75. The steel 
has its chemistry balanced so as to produce a highly 
beneficial structure when processed according to the 
present invention. 
The following examples are illustrative of several as 

pects of the invention. 
Five samples (Samples 1 - 5) of silicon steel were 

cast and processed into silicon steel having a cube-on 
edge orientation from 5 different heats of BOF silicon 
steel. The chemistry of the samples appears hereinbe 
low in Table l. ' 
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ture of nitrogen and wet hydrogen, and final annealing 
for 8 hours in hydrogen at a maximum temperature of 
2150°F. 7 

Samples 1 - 5 were tested for permeability and core 
loss. The results of the tests appear hereinbelow in 
Table II. I 

TABLE II ' 

Permeability Core Loss 
Sample -alkoxypropionyl (WPP at 17 KB) 

10 0e) 

1 1878 0.798 
2 1903 0.763 
3 1879 0.823 
4 1886 0.766 
5 1889 0.757 

From Table 11, it is clear that the processing of the 
present invention is highly bene?cial to the properties 
of silicon steel having a cube-on-edge orientation. Sam 
ples 1 through 5 were cold rolled, annealed at a tem 
perature of 1475°F for 5 minutes, air cooled to room 
temperature and cold rolled in excess of 80%; and all 
had permeabilities in excess of 1850 ((3/00) at 10 0,.. 
Moreover, sample 2 had a permeability in excess of 
‘1900 (GIOQ). 

It will be apparent to those vskilled in the art that the 
novel principles of the invention disclosed herein in 
connection with speci?c examples thereof will suggest 
various other modi?cations and applications of the 
same. It is accordingly desired that in construing the 
breadth of the appended claims they shall not be lim 
ited to the speci?c examples of ‘the invention described 
herein. ' 

We claim: 
1. In a process for producing electromagnetic silicon 

steel having a cube-on-edge, orientation and a permea 
bility of at least 1850 6/08) at 10 oersteds, which pro 
cess includes the steps of: preparing a melt of silicon 
steel consisting essentially of, by weight, up to 0.07% 
carbon, from 2.60 to 4.0% silicon, from 0.03 to 0.24% 
manganese, from 0.01 to 0.07% sulfur, from 0.015 to 
0.04% aluminum, up to 0.02% nitrogen, from 0.1 to 
0.5% copper and the balance iron; casting said steel; 
hot rolling said steel into a hot rolled band; cold rolling 
said hot rolled band with or without an intermediate 
anneal between said hot rolling and said cold rolling, 
said intermediate anneal being at a maximum tempera 
ture of 1700°F; subjecting said band to at least one ad 

TABLE I 

COMPOSITION (Wt. %) 
Sample C Mn S Si Al Cu N Fe 

1 0.050 0.13 0.044 3.04 0.023 0.23 0.0039 Hal. 
2 0.055 0. l 3 0.043 2.92 0.029 0.19 0.0055 Ba]. 
3 0.050 0.1 1 0.030 2.92 0.023 0.19 0.0055 Hal. 
4 0.048 0.076 0.026 2.84 0.029 0.23 0.0041 Hal. 
5 0.049 0.094 0.032 2.91 0.036 0.22 0.0046 Bal. 

Processing for the ?ve samples involved soaking at an 
- elevated temperature for several hours, blooming, hot 
rolling to a gage of approximately 130 mils, normaliz 
ing for 2 minutes at 1650°F in air, cold rolling to a gage 
(if-approximately 92 mils, annealing at 1475°F for 5 
minutes in impure nitrogen (nitrogen with approxi 
mately 0.1 to 10% oxygen), air cooling to room tem 
perature; cold rolling to ?nal gage of approximately 13 
mils, decarburizing for 2 minutes at 1475°F in a mix 

60 

65 

ditional cold rolling; subjecting said band to a ?nal an 
nealing prior to the ?nal cold rolling; decarburizing 
said steel‘, and ?nal texture annealing said steel; the im 
provement comprising the steps of carrying out said 
?nal anneal prior to the ?nal cold rolling at a tempera 
ture of from 1400’ to 1700°F for a period of from 15 
seconds to 2 hours; cooling said annealed steel at a rate 
equivalent to a still air cool, said cool including those 
wherein the steel is cooled in a static atmosphere or in 
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a continuous processing line where there is some rela 
tive motion between the atmosphere and the steel, and 
excluding furnace cools and those where relative mo 
tion is deliberately induced for cooling purposes; and 
cold rolling said cooled steel at a reduction of at least 
80 percent. 

2. An improvement according to claim 1, wherein 
said ?nal anneal prior to the ?nal cold rolling is at a 
temperature of from l450° to l650°F. 

3. An improvement according to claim 1, wherein 
said cooled steel is cold rolled at a reduction of at least 
85 percent. 

4. An improvement according to claim 1, wherein the 
hot rolled band is cold rolled without an intermediate 
anneal between hot rolling and cold rolling. 

5. An improvement according to claim 1, wherein the 
hot rolled band is annealed at a temperature of from 
l400°—l700°F prior to being cold rolled. 

‘ 6. An improvement according to claim 5, wherein 
said annealed hot rolled band is cooled at a rate equiva 
lent to a still air cool prior to being cold rolled. 

7. An improvement according to claim 1, wherein 
said steel consists essentially of, by weight, from 0.02 
to 0.07% carbon, from 2.60 to 3.5% silicon, a manga 
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6 
nese equivalent of from 0.05 to 0.24%, as expressed by 
an equivalency equation of %Mn + (0.1 to 0.25) X 
%CU, from 0.01 to 0.05% sulfur, from 0.015 to 0.04% 
aluminum, from 0.0030 to 0.0090% nitrogen, from 0.1 
to 0.3% copper, balance iron and residuals; and 
wherein the ratio of manganese equivalent to sulfur is 
in the range of from 2.0 to 4.75. 

8. An improvement according to claim 7, wherein 
said ?nal anneal prior to the ?nal cold rolling is at a 
temperature of from 1450'’ to 1650°F. ' 

9. An improvement according to claim 7, wherein 
said cooled steel is cold rolled at a reduction of at least 
85 percent. 

10. An improvement according to claim 7, wherein 
the hot rolled band is cold rolled without an intermedi 
ate anneal between hot rolling and cold rolling. 

11. An improvement according to claim 7, wherein 
the hot rolled band is annealed at a temperature of 
from l400° — 1700°F prior to being cold rolled. 

12. An improvement according to claim 11, wherein 
said annealed hot rolled band is cooled at a rate equiva 
lent to a still air cool prior to being cold rolled. 

- * * * * * 


