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HIGH STRENGTH INTERSTITIAL FREE LOW DENSITY STEEL AND METHOD
FOR PRODUCING SAID STEEL

The invention relates to a high strength interstitial free low density steel and

method for producing said steel.

In the continuing efforts to reduce the carbon emissions of vehicles the steel
industry, together with the car manufacturers, continue to strive for steels which
allow weight reduction without affecting the processability of the steels and the
safety of the passengers. To meet future CO,-emission requirements, the fuel
consumption of automobiles has to be reduced. One way towards this reduction is
to lower the weight of the car body. A steel with a low density and high strength
can contribute to this. At the same thickness, the use of a low density steel
reduces the weight of car components. A problem with known high strength
steels is that their high strength compromises the formability of the material

during forming of the sheet into a car component.

Ordinary high strength steels, for example dual phase steels, allow use of thinner
sheets and therefore weight reduction. However, a thinner part will have a
negative effect on other properties such as stiffness, crash - and dent resistance.
These negative effects can only be solved by increasing the steel thickness, thus
negating the effect of the downgauging, or by changing the geometry of the

component which is also undesirable.

It is an object of this invention to provide a low density steel with a high strength

in the finished component combined with excellent formability.

It is also an object of this invention to provide a high strength steel with excellent

surface quality after forming.

One or more of these objects can be reached by providing an interstitial free
ferritic steel strip or sheet comprising, in weight percent,

e upto 0.01 % C_total;

e upto 0.2 % Si;

e upto 1.0 % Mn;

e from 6 to up to 9 % Al;

e upto0.010% N;

e upto 0.080 % Ti

e up to 0.080 % Nb;

e upto0.1% Zr;
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e upto0.1%V;
e upto0.01%S;
e upto0.1%P;
e upto0.01%B
e remainder iron and inevitable impurities;
wherein C_total <= Minimum[X,Y]
+ Maximum[Z,0]
+ 12/93*Nb
+ 12/91*Zr
+ 12/51*V;
wherein
X = 2*%12/(2*32)*S;
Y = 2*¥12/(4*48)*(Ti-48/14*N);
Z = 12/48*(Ti -48/14*N - 4*48/(2*32)*S);
wherein
Minimum[X,Y] = lower value of X and Y and Minimum[X,Y] = zero if Y is
negative;
Maximum[Z,0] = higher value of zero and Z;
Wherein C_solute = C_total
- Minimum[X,Y]
- Maximum[Z,0]
12/93*Nb
- 12/91*Zr
- 12/51*V;

and wherein C_solute <= 0.

All compositional percentages are in weight percent, unless otherwise indicated.
C_total is the total carbon content in the steel. The steel according to the
invention has a tailored chemical composition so as to eliminate the carbon in
solid solution (C_solute) and the nitrogen in solid solution. This steel with no
carbon or nitrogen in solid solution is called interstitial-free steel. This interstitial-
free steel is strain ageing resistant, does not form so-called Liders lines during
forming the sheet into a car component and has high formability. The case where
C_solute is negative indicates that there is an excess of carbon binding elements,

and that in effect the amount of free carbon in solid solution (=C_solute) is zero.
For the sake of avoiding any unclarity the following should be noted:

X = 2*12/(2*32)*S can also be written as X = 2*((12/(2*32))*S);
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Y = 2*%12/(4*48)*(Ti-48/14*N) can also be written as Y =
2*(12/(4*48))*(Ti-((48/14)*N))
Z = 12/48*(Ti -48/14*N - 4*48/(2*32)*S) as Z = (12/48)*(Ti -

(48/14*N) - ((4*48/(2*32))*S))

93, 91 and 51 are the atomic masses of Nb, Zr and V respectively, and 12 is the
atomic mass of C. The ratio 12/93, 12/91 and 12/51 is used to calculate how
much carbon is consumed by Nb, Zr or V as a carbide and therefore the ratio of
(e.g.) 12/93*Nb must be read as (12/93)*Nb. Figure 1 shows an example of the
calculation on the basis of prior art steel CA from JP2005-120399.

Titanium, as an alloying element or as an inevitable impurity, will first form TiN. If
there is excess nitrogen, then the remaining nitrogen will be bound to aluminium.
If there is excess titanium, then the remaining titanium will form TisC,S,. After
forming TiN and TisC;S;, the remaining Ti will form TiC. The factor Minimum[X,Y]
calculates how much carbon is consumed by the formation of TisC,S, after all free
nitrogen was bound to TiN. If the calculation results in a negative value for Y,
then the factor is to be set to zero. The factor Maximum[Z,0] calculates how

much carbon is consumed by the formation of TiC.

If there is no titanium at all, no TiN or Ti4sC,S, or TiC will be formed and then

Minimum[X,Y] and Maximum[Z,0] amount to zero.

The other three factors account for the formation of NbC, ZrC and VC, and
thereby together with the factors Minimum[X,Y] and Maximum[Z,0] determine

the amount of solute carbon in the steel.

By adding no or only small amounts of titanium and/or a specified amount of Nb,

the solute carbon will be eliminated.

The inventors found that to make interstitial-free steel, all carbon and nitrogen

should be bounded to carbide and nitride forming elements.

JP2005-120399 discloses a steel having 0.0015% C, 0.05% Si, 0.45% Mn,
0.008% P, 7.5% Al and 0.005%N, the remainder being iron and inevitable
impurities. Figure 1 shows the calculation of C_solute according to the invention
of this steel which is found to be 0.0015, because no carbon binding elements like
Nb, Zr or V are present. C_solute is therefore not equal or smaller than zero, but
instead it is larger than zero. Minimum[X,Y] and Maximum [Z,0] yield a value of

zero in both cases.

The total carbon (C_total) is preferably at most 0.005%, and more preferably at
most 0.004% and even more preferably at most 0.003%. The lower the total



10

15

20

25

30

35

WO 2013/153114 PCT/EP2013/057492

carbon, the smaller the amount of carbide forming elements needed. However a
lower C_total becomes increasingly difficult to achieve, so there is a balance
between the costs to reduce the carbon content to a lower value and the amount
of expensive carbide forming elements that need to be added to eliminate the

carbon in solid solution.

Nitrogen, in particularly free nitrogen (i.e. nitrogen in solid solution), is not
desirable but unavoidable in steel making. It should therefore be kept as low as
possible to reduce the amount of nitrogen binding elements needed to make the
steel matrix free of free nitrogen and to reduce the amount of nitrides in the
matrix as the shape of some nitrides, particularly titanium nitrides, is perceived to
be undesirable. Consequently the inventors found that a maximum value of 50
ppm is preferable. Preferably the nitrogen content is at most 40 ppm, and more
preferably the nitrogen content is at most 30 ppm.

The addition of Ti is beneficial for binding nitrogen, but not strictly necessary.
Titanium, whether as an alloying element or as an inevitable impurity, will first
form TiN. If there is excess nitrogen, then the remaining nitrogen will be bound to
aluminium. However, the large amount of aluminium in the steel can also ensure
that all nitrogen is bound. This means that the matrix is substantially free of
nitrogen in solid solution. TiN are cubic hard precipitates and may form crack
initiations. Consequently, it is preferable that the amount of titanium is kept as
low as possible to prevent the undesirable effects of TiN-precipitates. Up to
0.08% Ti can be added to the steel, to bind nitrogen into TiN and to control the

amount of solute carbon.

In an embodiment, the titanium content is 0.019% or lower, e.g. at most 0.018%
or 0.015% or even at most 0.012%. As described hereinabove, it may be
preferable for some applications to limit the amount of TiN-precipitates.
Particularly, but not solely, in combination with a low nitrogen content a low
titanium content is preferable. If the amount of titanium is not enough to bind all
nitrogen, then the aluminium in the steel will take over and bind the nitrogen as

aluminium-nitride.

Boron is added to high strength interstitial steels to reduce cold working
embrittlement and/or to contribute to the strength.

According to an embodiment the composition of the ferritic steel according to the
invention has a base composition of,

e upto 0.2 % Si;

e upto 1.0 % Mn;
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e from 6 to up to 9 % Al;
e upto 0.010% N;

e up to 0.08 % Nb;

e upto0.1% Zr;

e upto0.1%V;

e upto0.01%S;

e upto0.1%P;

e upto 0.01 % B;

e remainder iron and inevitable impurities;

In this embodiment no titanium is added as an alloying element to the steel and
any titanium present in trace amounts is an inevitable impurity as a result of the
steelmaking process. This embodiment covers the case where the amount of TiN-

particles is to be kept at a minimum.

In an embodiment of the invention the manganese content is at least 0.1%. In
another embodiment the aluminium content is at least 6 % and/or at most 9%,
preferably at most 8.5%. Preferably the aluminium content is at least 6.5 %
and/or at most 8.0%.

In an embodiment of the invention the silicon content is at most 0.05%. During
the annealing process silicon can segregate on the steel surface to form
nanometer-sized oxides. Because these oxides show poor wettability by liquid
zinc, uncoated (bare) spots are sometimes found on the surfaces of such steels
after they are hot-dip galvanized. Consequently, for instance for these
applications the silicon content is preferably limited to at most 0.05%.

Steel according to any one of the preceding claims wherein the specific density of
the steel is between 6800 and 7300 kg/m?>. As a result of the aluminium additions
the specific density of the steel is reduced.

The steel is preferably calcium treated. The chemical composition may therefore

also contain calcium in an amount consistent with a calcium treatment.

In the steels according to the invention the amount of carbon in solid solution is
controlled by the addition of microalloying elements (Ti, Nb, V, Zr) in combination

with excellent control of the total carbon content in the steel.

The amount of Ti or Nb should be strictly controlled. Too much titanium or
niobium will increase costs and too low titanium or niobium can not bind all

nitrogen and carbon into nitride and carbide.
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If titanium is added as an alloying element, a suitable minimum value for the
titanium content is 0.005%. A suitable minimum value for Nb is 0.004%. For V

and Zr suitable minimum values are 0.002% and 0.004% respectively.

According to a second aspect, a method for producing an interstitial free ferritic
steel strip is provided comprising the steps of:
e providing a steel slab or thick strip by:
0 continuous casting, or
0 by thin slab casting, or
0 by belt casting, or
0 by strip casting;
o optionally followed by reheating the steel slab or strip at a reheating
temperature of at most 1250°C;
¢ hot rolling the slab or thick strip and finishing the hot-rolling process at a
hot rolling finishing temperature of at least 850°C;
e coiling the hot-rolled strip at a coiling temperature of between 500 and
750°C.

In preferable embodiment the coiling temperature is at least 600°C and/or the
hot rolling finishing temperature is at least 900°C.

This hot-rolled strip can be subsequently further processed in a process
comprising the steps of:

e cold-rolling the hot-rolled strip at a cold-rolling reduction of from 40 to
90% to produce a cold-rolled strip;

e annealing the cold-rolled strip in a continuous annealing process at a peak
metal temperature of between 700 and 900°C or in a batch annealing
process at a top temperature between 650 and 800°C;

e optionally galvanising the annealed strip in a hot-dip galvanising or

electro-galvanising or a heat-to-coat process.

The hot-rolled strip is usually pickled and cleaned prior to the cold-rolling step. In
an embodiment the peak metal temperature in the continuous annealing process
is at least 750°C, preferably at least 800°C.

In an embodiment the cold rolling reduction is at least 50%.
In an embodiment the thickness cold-rolled strip is between 0.4 and 2 mm.

The invention is now further explained by means of the following, non-limiting

examples.
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Steels were produced and processed into cold-rolled steel sheets having a
thickness of 1 mm. The hot rolled strip had a thickness of 3.0 mm. The chemical
composition of the steels is given in Table 1.

Table 1 - Chemical composition in 1/1000 wt.% (except Al in wt.%) (I = invention,

R = reference) (tr = trace, inevitable impurity, C_solute=carbon in solid solution).

Steel | C Al Mn | Si P N|Ti|{Nb|Zr| V |S| B | C_solute
1 25180 (220 10 | 1 |4 |45 | tr | tr | tr |4 | 1.5 0.000 I
2 3|70 (22010 | 1 |3 |15 |25 | tr | tr |4 | tr 0.000 I
3 318021010 |1 |3 |12 |25 | tr|tr |4 |15 0.000 I
4 3|70 (220010 | 1 |3 |tr |30 | tr|tr|4]|1.5 0.000 I
5 4 | 751200 10 | 1 |4 |15| tr | tr |20 | 4 | tr 0.000 I
6 4 | 7.0 |210| 10 | 1 |3 |15| tr |30 | tr |4 | tr 0.000 I
7 4 |0.05|1700(220|90| 3|45 | tr | tr | tr | 5| tr 0.000 R
8 10| 7.0 {200 10 | 1 |3 |15 |25 | tr | tr |5 1.5 6.2 R

The steels were produced by casting a slab and reheating the slab at a temperature
of at most 1250°C. This temperature is the maximum temperature, because at
higher reheating temperatures excessive grain growth may occur. The finishing
temperature during hot rolling was 900°C, coiling temperature 700°C, followed by
pickling and cold rolling (67%) and continuous annealing at a peak metal

temperature of 800°C and hot-dip-galvanising.

Table 2 - Mechanical properties (NA= natural ageing)

steel YLD uTsS A80 NA Densit3y

(MPa) (MPa) (%) (kg/m~)
1 410 530 25 - 7110
2 345 465 31 - 7210
3 420 530 22 - 7110
4 351 470 30 - 7210
5 408 518 23 - 7160
6 349 468 29 - 7210
7 291 396 36 - 7850
8 359 475 29 + 7210
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Interstitial free ferritic steel strip or sheet comprising, in weight percent,
e upto 0.01 % C_total;
e upto 0.2 % Si;
e upto 1.0 % Mn;

e fromé6

to up to 9 % Al;

e upto 0.010% N;

e upto 0.080 % Ti

e up to 0.080 % Nb;
e upto0.1% Zr;

e upto0.1%V;

e upto0.01%S;

e upto0.1% P;

e upto0.01%B

e remain

wherein C_tot

wherein

der iron and inevitable impurities;

al <= Minimum[X,Y]
+ Maximum[Z,0]
+ 12/93*Nb
+ 12/91*Zr
+ 12/51*V;

X = 2%12/(2%32)*S;
Y = 2%12/(4*48)*(Ti-48/14*N);
Z = 12/48*(Ti -48/14*N - 4*48/(2*32)*S);

wherein
Minimum[X,Y]
negative;

Maximum[Z,0

C_solute =

= lower value of X and Y and Minimum[X,Y] = zero if Y is

1 = higher value of zero and Z;

C_total
- Minimum[X,Y]

- Maximum[Z,0]
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- 12/93*Nb
- 12/91%Zr
- 12/51%*V;

and wherein C_solute is equal to or smaller than zero.
Steel according to claim 1 comprising, at most 0.019% titanium.

Steel according to claim 1, wherein the steel comprises titanium only as an

inevitable impurity.

Steel according to any one of the preceding claims, wherein Al is at least
6.5 % and/or at most 8.5%.

Steel according to any one of the preceding claims, wherein N is at most
0.004% (40 ppm), preferably at most 0.003% (30 ppm).

Steel according to any one of the preceding claims, wherein Mn is at least
0.1% and/or Si is at most 0.05%.

Steel according to any one of the preceding claims, wherein the specific
density of the steel is between 6800 and 7300 kg/m?°.

Steel according to any one of the preceding claims, wherein the steel is a

cold-rolled steel sheet.

Method for producing a ferritic steel strip comprising the steps of:
e providing a steel slab or thick strip, optionally calcium treated, by:
= continuous casting, or
= by thin slab casting, or
= by belt casting, or
= by strip casting;

the steel comprising, in weight percent,
= upto 0.01 % C_total;
» upto 0.2 % Si;
= upto 1.0 % Mn;
= from 6 to up to 9 % Al;
* upto 0.010% N;
= upto 0.080 % Ti
= up to 0.080 % Nb;
= upto0.1% Zr;
= upto0.1%YV;
= upto0.01%S;
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10.

11.

12.

» upto 0.1 % P;
= upto0.01%B
= remainder iron and inevitable impurities;
wherein C_total <= Minimum[X,Y]
+ Maximum[Z,0]
+ 12/93*Nb
+ 12/91*Zr
+ 12/51*V;
wherein
X = 2*%12/(2*32)*S;
Y = 2*¥12/(4*48)*(Ti-48/14*N);
Z = 12/48*(Ti -48/14*N - 4*48/(2*32)*S);
wherein
Minimum[X,Y] = lower value of X and Y and Minimum[X,Y] = zero if
Y is negative;
Maximum[Z,0] = higher value of zero and Z;
C_solute = C_total
- Minimum[X,Y]
- Maximum[Z,0]
12/93*Nb
12/91*Zr
12/51*V;

and wherein C_solute is equal to or smaller than zero;

e optionally followed by reheating the steel slab or strip at a reheating
temperature of at most 1250°C;

¢ hot rolling the slab or thick strip and finishing the hot-rolling process at
a hot rolling finishing temperature of at least 850°C;

e coiling the hot-rolled strip at a coiling temperature of between 600 and
750°C.

Method according to claim 9 wherein the steel comprises at most 0.019%

titanium.

Method according to claim 9, wherein the steel comprises titanium only as

an inevitable impurity.

Method according to any one of claims 9 to 11, wherein the hot-rolled strip

is reheated in:

e a continuous annealing step, optionally followed by hot-dip

galvanising followed by fast cooling, or



WO 2013/153114 -11- PCT/EP2013/057492

e a heat-to-coat step, followed by hot-dip galvanising and fast
cooling.

13. Method according to any one of claims 9 to 11 comprising
e cold-rolling the hot-rolled ferritic steel strip of claim 9 or 10 at a cold-
5 rolling reduction of from 40 to 90% to produce a cold-rolled strip;
¢ annealing the cold-rolled strip in a continuous annealing process with a
peak metal temperature of between 700 and 900°C or in a batch
annealing process at a top temperature between 650 and 800°C;
e optionally galvanising the annealed strip in a hot-dip galvanising or

10 electro-galvanising or a heat-to-coat process.

14, Method according to claim 13, wherein the peak metal temperature in the
continuous annealing process is at least 750°C, preferably at least 800°C.

15. Method according to any one of claims 9 to 14, wherein the cold rolling
reduction is at least 50%, and/or the thickness of the cold-rolled strip is
15 between 0.4 and 2 mm.
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Figure 1
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