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DESCRIPTION

Description

[0001] The present invention relates to a method of production of Fe-Si electrical steel sheets
exhibiting magnetic properties. Such material is used, for instance, in the manufacturing of
rotors and/or stators for electric motors for vehicles.

[0002] Imparting magnetic properties to Fe-Si steel is the most economical source of magnetic
induction. From a chemical composition standpoint, adding silicon to iron is a very common
way to increase electrical resistivity, hence improving magnetic properties, and reducing at the
same time the total power losses. Two families presently co-exist for the construction of steels
for electrical equipment: grain-oriented and non grain-oriented steels.

[0003] Non grain-oriented steels have the advantage of possessing magnetic properties that
are nearly equivalent in all the magnetizing directions. As a consequence, such material is
more adapted for applications that require rotative movements such as motors or generators
for instance.

[0004] The following properties are used to evaluate the efficiency of electrical steels when it
comes to magnetic properties:

« the magnetic induction, expressed in Tesla. This induction is obtained under specific
magnetic field expressed in A/m. The higher the induction, the better.

» the core power loss, expressed in W/kg, is measured at a specific polarization expressed
in Tesla (T) using a frequency expressed in Hertz. The lower the total losses, the better.

[0005] Many metallurgical parameters may influence the above mentioned properties, the
most common ones being: the alloying content, material texture, the ferritic grain size,
precipitates size and distribution, and the material thickness. Henceforth, the
thermomechanical processing from the cast to the final cold rolled steel annealing is essential
to reach the targeted specifications.

[0006] JP201301837 discloses a method for producing an electromagnetic steel sheet which
comprises 0.0030% or less of C, 2.0-3.5% of Si, 0.20-2.5% of Al, 0.10-1.0% of Mn, and 0.03-
0.10% of Sn, wherein Si+Al+Sn < 4.5%. Such steel is subjected to hot rolling, and then primary
cold rolling with a rolling rate of 60-70% to produce a steel sheet with a middle thickness. Then,
the steel sheet is subjected to process annealing, then secondary cold rolling with a rolling rate
of 55-70%, and further final annealing at 950 °C or more for 20-90 seconds. Such method is
rather energy consuming and involves a long production route.
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[0007] JP2008127612 relates to a non grain-oriented electromagnetic steel sheet having a
chemical composition comprising, by mass%, 0.005% or less C, 2 to 4% Si, 1% or less Mn, 0.2
to 2% Al, 0.003 to 0.2% Sn, and the balance Fe with unavoidable impurities. The non grain-
oriented electromagnetic steel sheet with a thickness of 0.1 to 0.3 mm is manufactured by the
steps of. cold-rolling the hot-rolled plate before and after an intermediate annealing step and
subsequently recrystallization-annealing the sheet. Such processing route is as for the first
application detrimental to productivity since it involves a long production route.

[0008] WO 2006/068399 discloses an example of a method of production of an annealed cold-
rolled non grain-oriented Fe-Si steel sheet.

[0009] It appears that a need remains for a production method of such FeSi steels that would
be simplified and more robust while not comprising on power loss and induction properties.

[0010] The method according to the invention follows a simplified production route to reach
good compromises of power loss and induction. Furthermore, tool wear is limited with the steel
obtained according to the invention.

[0011] The present invention aims at providing a method of production of annealed cold-rolled
non grain-oriented Fe-Si steel sheet according to claim 1.

[0012] In the invention, the method of production of non grain-oriented Fe-Si steel sheet
according to the invention has a silicon content such that 2.2 < Si < 3.3.

[0013] In a preferred embodiment, the method of production of non grain-oriented Fe-Si steel
sheet according to the invention has an aluminum content such that: 0.2 < Al < 1.5, even more
preferably, 0.25 < Al<1.1.

[0014] In a preferred embodiment, the method of production of non grain-oriented Fe-Si steel
sheet according to the invention has a manganese content such that: 0.1 < Mn <1.0.

[0015] In the invention, the method of production of non grain-oriented Fe-Si steel sheet
according to the invention has a tin content such that 0.11 < Sn <0.15.

[0016] In another preferred embodiment, the method of production of non grain-oriented Fe-Si
steel sheet according to the invention involves a hot band annealing done using a continuous
annealing line.

[0017] In another preferred embodiment, the method of production of non grain-oriented Fe-Si
steel sheet according to the invention involves a hot band annealing done using a batch

annealing.

[0018] In a preferred embodiment, the soaking temperature is between 900 and 1120°C
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[0019] In another embodiment, the non grain-oriented cold rolled annealed steel sheet
obtained according to the invention is coated.

[0020] High efficiency industry motors, generators for electricity production, motors for
electrical vehicles may use the non grain-oriented steel produced according to the invention. In
addition, motors for hybrid vehicle may use the non grain-oriented steel produced according to
the invention.

[0021] In order to reach the desired properties, the steel according to the invention includes
the following chemical composition elements in weight percent:

Carbon in an amount limited to 0.006 included. This element can be harmful because it can
provoke steel ageing and/or precipitation which would deteriorate the magnetic properties. The
concentration should therefore be limited to below 60 ppm (0.006 wt%).

[0022] Si minimum content is 2.0% while its maximum is limited to 5.0%, both limits included. Si
plays a major role in increasing the resistivity of the steel and thus reducing the Eddy current
losses. Below 2.0 wt% of Si, loss levels for low loss grades are hard to achieve. Above 5.0 wt%
Si, the steel becomes fragile and subsequent industrial processing becomes difficult.
Consequently, Si content is such that 2.2 wt% < Si < 3.3 wt%.

[0023] Aluminium content shall be between 0.1 and 3.0 %, both included. This element acts in
a similar way to that of silicon in terms of resistivity effect. Below 0.1 wt% of Al, there is no real
effect on resistivity or losses. Above 3.0 wt% Al, the steel becomes fragile and subsequent
industrial processing becomes difficult. Consequently, Al is such that: 0.1 wt% < Al < 3.0 wt%, in
a preferred embodiment, 0.2 wt% < Al < 1.5 wit%, even more preferably, 0.25 wt% < Al < 1.1
wit%.

[0024] Manganese content shall be between 0.1 and 3.0 %, both included. This element acts
in a similar way to that of Si or Al for resistivity: it increases resistivity and thus lowers Eddy
current losses. Also, Mn helps harden the steel and can be useful for grades that require
higher mechanical properties. Below 0.1 wt% Mn, there is not a real effect on resistivity, losses
or on mechanical properties. Above 3.0 wt% Mn, sulphides such as MnS will form and can be
detrimental to core losses. Consequently, Mn is such that 0.1 wt% < Mn < 3.0 wt%, in a
preferred embodiment, 0.1 wt% < Mn < 1.0 wi%,

[0025] Just as carbon, nitrogen can be harmful because it can result in AIN or TiN precipitation
which can deteriorate the magnetic properties. Free nitrogen can also cause ageing which
would deteriorate the magnetic properties. The concentration of nitrogen should therefore be
limited to 60 ppm (0.006 wt%).

[0026] Tin is an essential element of the steel of this invention. Its content must be between
0.04 and 0.2%, both limits included. It plays a beneficial role on magnetic properties, especially
through texture improvement. It helps reduce the (111) component in the final texture and by
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doing so it helps improve magnetic properties in general and polarization/induction in
particular. Below 0.04 wt% of tin, the effect is negligible and above 0.2 wit%, steel brittleness will
become an issue. Consequently, tin is such that 0.11 wt% < Sn < 0.15 wt%.

[0027] Sulphur concentration needs to be limited to 0.005 wt% because S might form
precipitates such as MnS or TiS that would deteriorate magnetic properties.

[0028] Phosphorous content must be below 0.2 wi%. P increases resistivity which reduces
losses and also might improve texture and magnetic properties due to the fact that is a
segregating element that might play a role on recrystallization and texture. It can also increase
mechanical properties. If the concentration is above 0.2 wt%, industrial processing will be
difficult due to increasing fragility of the steel. Consequently, P is such that P < 0.2 wt% but in a
preferred embodiment, to limit segregation issues, P < 0.05 wt%.

[0029] Titanium is a precipitate forming element that may form precipitates such as: TiN, TiS,
TigCsSy, Ti(C,N), and TiC that are harmful to the magnetic properties. Its concentration should

be below 0.01 wt%.

[0030] The balance is iron and unavoidable impurities such as the ones listed here below with
their maximum contents allowed in the steel according to the invention:

Nb = 0.005 wt%
V= 0.005 wt%
Cu= 0.030 wt%
Ni = 0.030 wt%
Cr=0.040 wt%

B=< 0.0005

[0031] Other possible impurities are: As, Pb, Se, Zr, Ca, O, Co, Sb, and Zn, that may be
present at traces level.

[0032] The cast with the chemical composition according to the invention is afterwards
reheated, the Slab Reheating Temperature (SRT) lying between 1050°C and 1250°C until the
temperature is homogeneous through the whole slab. Below 1050°C, rolling becomes difficult
and forces on the mill will be too high. Above 1250°C, high silicon grades become very soft and
might show some sagging and thus become difficult to handle.

[0033] Hot rolling finishing temperature plays a role on the final hot rolled microstructure and
takes place between 750 and 950°C. When the Finishing Rolling Temperature (FRT) is below
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750°C, recrystallization is limited and the microstructure is highly deformed. Above 950°C
would mean more impurities in solid solution and possible consequent precipitation and
deterioration of magnetic properties as well.

[0034] The Coiling Temperature (CT) of the hot rolled band also plays a role on the final hot
rolled product; it takes place between 500°C and 750°C. Coiling at temperatures below 500°C
would not allow sufficient recovery to take place while this metallurgical step is necessary for
magnetic properties. Above 750°C, a thick oxide layer would appear and it will cause difficulties
for subsequent processing steps such as cold rolling and/or pickling.

[0035] The hot rolled steel band presents a surface layer with Goss texture having orientation
component as {110} <100>, the said Goss texture being measured at 15% thickness of the hot
rolled steel band. Goss texture provides the band with enhanced magnetic flux density thereby
decreasing the core loss which is well evident from Table 2, 4 and 6 provided hereinafter. The
nucleation of Goss texture is promoted during hot rolling by keeping the finishing rolling
temperature above 750 degree Celsius.

[0036] The thickness of the hot strip band varies from 1.5 mm to 3 mm. It is difficult to get a
thickness below 1.5 mm by the usual hot rolling mills. Cold rolling from more than 3 mm thick
band down to the targeted cold rolled thickness would strongly reduce productivity after the
coiling step and that would also deteriorate the final magnetic properties.

[0037] The Hot Band Annealing (HBA) can be performed at temperatures between 650°C and
950°C. It can be a continuous annealing or a batch annealing. Below a soaking temperature of
650°C, recrystallization will not be complete and the improvement of final magnetic properties
will be limited. Above a soaking temperature 950°C, recrystallized grains will become too large
and the metal will become brittle and difficult to handle during the subsequent industrial steps.
The duration of the soaking will depend on whether it is continuous annealing (between 10 s
and 60 s) or batch annealing (between 24h and 48h). Afterwards, the annealed band is cold
rolled. In this invention, cold rolling is done in one step i.e without intermediate annealing.

[0038] Pickling can be done before or after the annealing step.

[0039] Finally, the cold rolled steel undergoes a final annealing at a temperature (FAT) lying
between between 850°C and 1150°C, preferably between 900 and 1120°C, for a time between
10 and 100 s depending on the temperature used and on the targeted grain size. Below
850°C, recrystallization will not be complete and losses will not reach their full potential. Above
1150°C, grain size will be too high and induction will deteriorate. As for the soaking time, below
10 seconds, not enough time is given for recrystallization whereas above 100s the grain size
will be too big and will negatively affect the final magnetic properties such as the induction
level.

[0040] The Final Sheet Thickness (FST) is between 0.14 mm and 0.67 mm.
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[0041] The microstructure of the final sheet produced according to this invention contains
ferrite with grain size between 30 um and 200um. Below 30 ym, the losses will be too high
while above 200um, the induction level will be too low.

[0042] As for mechanical properties, the yield strength will be between 300 MPa and 480 MPa,
while ultimate tensile strength shall be between 350 MPa and 600 MPa.

[0043] The following examples are for the purposes of illustration and are not meant to be
construed to limit the scope of the disclosure herein:

Example 1

[0044] Two laboratory heats were produced with the compositions given in the table 1 below.
The underlined values are not according to the invention. Then, successively: hot rolling was
done after reheating the slabs at 1150°C. The finished rolling temperature was 900°C and the
steels were coiled at 530°C. The hot bands were batch annealed at 750°C during 48h. The
steels were cold rolled down to 0.5 mm. No intermediate annealing took place. The final
annealing was done at a soaking temperature of 1000°C and the soaking time was 40s.

Table 1: chemical composition in weight % of heats 1 and 2

Element (wt%) Heat 1 Heat 2
C 0.0024 0.0053
Si 2.305 2.310
Al 0.45 0.50

Mn 0.19 0.24

N 0.001 0.0021
Sn 0.005 0.12

S 0.0049 0.005

P < 0.05% < 0.05%
Ti 0.0049 0.0060

[0045] Magnetic measurements were done on both of these heats. Total magnetic losses at
1.5T and 50Hz as well as the induction B5000 were measured and the results are shown in the
table below. It can be seen that Sn addition results in a significant improvement of magnetic
properties using this processing route.

Table 2: Magnetic properties of heats 1 and 2

Heat 1 Heat 2
Losses at 1.56T/50Hz (W/Kg) 2.98 292
B5000 (T) 1.663 1.695
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Example 2

[0046] Two heats were produced with the compositions given in the table 3 below. The
underlined values are not according to the invention. Hot rolling was done after reheating the
slabs at 1120°C. The finishing rolling temperature was 870°C, coiling temperature was 635°C.
The hot bands were batch annealed at 750°C during 48h. Then cold rolling took place down to
0.35 mm. no intermediate annealing took place. The final annealing was done at a soaking
temperature of 950°C and the soaking time was 60s.

Table 3: chemical composition in weight % of heats 3 and 4

Element (wt%) Heat 3 Heat 4
C 0.0037 0.0030
Si 2.898 2.937
Al 0.386 0.415
Mn 0.168 0.135
N 0.0011 0.0038
Sn 0.033 0.123
S 0.0011 0.0012
P 0.0180 0.0165
Ti 0.0049 0.0041

[0047] Magnetic measurements were done on both of these heats. Total magnetic losses at
1.5T and 50Hz as well as the induction B5000 were measured and the results are shown in the
table below. It can be seen that Sn addition results in a significant improvement of magnetic
properties using this processing route.

Table 4. Magnetic properties of heats 3 and 4

Heat 3 Heat 4
Losses at 1.56T/50Hz (W/Kg) 2.40 234
B5000 (T) 1.666 1.688

Example 3

[0048] Two heats were produced with the compositions given in the table 5 below. The
underlined values are not according to the invention. Then, successively: hot rolling was done
after reheating the slabs at 1150°C. The finished rolling temperature was 850°C and the steels
were coiled at 550°C. The hot bands were batch annealed at 800°C during 48h. The steels
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were cold rolled down to 0.35 mm. No intermediate annealing took place. The final annealing
was done at a soaking temperature of 1040°C and the soaking time was 60s.

Table 5: chemical composition in weight % of heats 5 and 6

Element (wt%) Heat 5 Heat 6
C 0.002 0.0009
Si 3.30 3.10
Al 0.77 0.61
Mn 0.20 0.21

N 0.0004 0.0014
Sn 0.006 0.076
S 0.0004 0.0012
P <0.05 <0.05
Ti 0.0015 0.0037
Resistivity (uQcm) 55.54 53.07

[0049] As can be seen, from both of these examples, Sn improves magnetic properties using

the metallurgical route with different chemical compositions.

[0050] The steel obtained with the method according to the invention can be used for motors
of electric or hybrid cars, for high efficiency industry motors as well as for generators for

electricity production.
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Patentkrav

1. Fremgangsmade til fremstilling af en udgledet koldvalset ikke-kornorienteret
Fe-Si-stalplade bestaende af de pa hinanden falgende trin:

- at smelte en stalsammensaetning, som indeholder | veegtprocent:

C <0,006

22=<8i=3,3

0,1<AI30

01=Mn<30

N < 0,006

0,11=8Sn<0,15

S <0,005

P=<02

Ti<0,01

hvor resten er Fe og uundgaelige urenheder

- at stebe smeltemassen til en plade

- at genopvarme pladen ved en temperatur pa mellem 1050 °C og 1250 °C

- at varmvalse pladen med en varmvalsnings-finishtemperatur pa mellem 750
°C og 950 °C for at opna et varmvalset stalband,

- at vikle det varmvalsede stalband ved en temperatur pa mellem 500 °C og
750 °C,

- det varmvalsede stalband udgledes ved en temperatur pa mellem 650 °C og
950 °C i et tidsrum pa mellem 10 s og 48 timer

- at koldvalse det varmvalsede stalband for at opna en koldvalset stalplade

- at opvarme den koldvalsede stalplade til en udbladningstemperatur pa mel-
lem 850 °C og 1150 °C

- at holde det koldvalsede stal pa udbl@dningstemperaturen i et tidsrum pa
mellem 20 s og 100 s

- at afkele det koldvalsede stal til rum.

2. Fremgangsmade ifglge krav 1, hvor 0,2 < Al <1,5.

3. Fremgangsmade ifelge krav 2, hvor 0,25 < Al <1,1.
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4. Fremgangsmade ifelge et af kravene 1 til 3, hvor 0,1 <Mn < 1,0.

5. Fremgangsmade ifglge et af kravene 1 til 4, hvor varmtbandsudgledningen
foretages under anvendelse af en kontinuerlig udgl@adningslinje.

6. Fremgangsmade ifglge et af kravene 1 til 4, hvor varmtbandsudgladningen
foretages under anvendelse af batch-udgladning.

7. Fremgangsmade ifglge et af kravene 1 til 6, hvor udbledningstemperaturen
er mellem 900 og 1120 °C.

8. Fremgangsmade ifglge et af kravene 1 til 7, hvor den koldvalsede udgle-
dede stalplade coates yderligere.



	Page 1 - ABSTRACT/BIBLIOGRAPHY
	Page 2 - ABSTRACT/BIBLIOGRAPHY
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - CLAIMS
	Page 13 - CLAIMS

