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Method for producing a steel product from steel billet, a
steel product and a microstructure of a steel

Background of the invention

The invention relates to a method according to the preamble of claim 1 for
producing a steel product, such as a steel plate, having a thickness of 2-60 mm from a
steel billet, which is produced from steel comprising iron and residue contents as well
as unavoidable impurities.

The invention also relates to a steel product according to the preamble of
claim 18, such as a steel plate, which is hot-rolled to a thickness of 2—-60 mm, wherein
the steel product is produced from steel comprising iron and residue contents as well
as unavoidable impurities. ,

The invention also relates to a substantially martensitic microstructure of a
steel product according to the preamble of claim 37, such as preferably a wear
resistant steel plate, having a hardness of greater than 300 HB, especially a hardness
of greater than 500 HB.

The invention relates to such steel products, such as plate-like steel products
or steel plates having a hardness of greater than 300 HB, especially greater than 500
HB and having a thickness of 2—60 mm, preferably 5~60 mm and most preferably 5—
20 mm. '

Already known are several steel products having a hardness of greater than -
300 HB, particularly greater than 500 HB. These extremely hard steel products have,
however, certain disadvantages. One is that they are typically produced from steel,
which contains significant amounts of exceptionally expensive alloying elements,
such as nickel, Ni, and molybdenum, Mo. Nickel is alloyed so that the martensite
remains tough and thus no hardening fractures are created. Further, as is known,

" molybdenum Mo is alloyed because, using it, hardenability can be increased and

impact toughness can be improved and, as needed, upper temper brittleness can be
prevented. |

The problem of known art is thus that, in particular, steel products hardened to
a hardness of greater than 500 HB require- ver'y“ expensive alloying. Alternatively,
without expensive alloying according to known art, steel products fracture during
hardening, as is illustrated in the examples of this description.

Also known are microstructures of steel, in which a substantially martensitic
microstructure comprises ferrite, but also significant amounts of bainite. The excess
formation of bainite is problematic because it impairs the mechanical properties of the
steel product in question.
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Brief description of the invention

The object of the invention is to provide a steel product having a low alloying
element level and a hardness of, however, greater than 300 HB, preferably as the
primary target greater than 500 HB, without creation of visually observable fractures
particularly in hardening quenching.

The object of the invention is achieved by a method accordmg to independent
claim 1 for producing a steel product, such as a steel plate, having a thickness of 2-60
mm from steel comprising iron and residue contents as well as unavoidable
impurities.

The invention also relates to a steel product according to independent claim
18, such as a steel plate, having a thickness of 2—60 mm, wherein the steel product is

produced from steel comprising iron and residue contents as well as unavoidable

impurities.

The invention also relates to a microstructure of a steel product according to
independent claim 37.

The preferred embodiments of the invention are presented in the dependent
claims.

The steel product has two possible mechanisms, which together or separately
prevent problematic hardening fractures of the steel without the alloying of Ni which
would make the martensite tougher: |

1.) There is ferrite in the microstructure of the steel product. This is due to that
the steel, from which the steel product is produced, contains aluminium 1,0-2,5%.
Aluminium leads, for example, to that ferrite can form to the microstructure of the
steel already at hot-rolling temperatures. _

2.) There are vanadium carbides in the steel product, which gather hydrogen -
around them and provide an even distribution of hydrogen in the steel, in which case
hydrogen gas does not necessarily cause a delayed fracture. Vanadium carbides can be
created in the steel product because the steel, from which the steel product is
produced, preferably contains vanadium. Additionally, the somewhat high carbon
content of steel according to the invention contributes to formation of vanadium
carbides. Vanadium also assures that the microstructure of the steel product develops
substantially martensitic.

The vanadium used in the steel of the steel product increases the hardenability
of the austenite and prevents formation of bainite in the microstructure of the steel
product.

It was observed that ferrite formed as equal-axial to the microstructure of the
steel product specifically at the boundaries of the austenite, in which case a structure
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is achieved that prevents hardening fractures exceptionally well. The ferrite zone at
the grain boundaries of the austenite grains can be seen as functioning as a type of a
soft, formable buffer during the martensitic transformation and possibly also after the
martensitic transformdtion, releasing the stresses caused by the changes in volume of
the martensite. Ferrite releases stresses in thermal treatment steps such as in welding
or flame cutting, due to which the tendency of the steel product to fracture decreases.
However, it is recommended that pre-heating be performed before thermal treatments.

In one solution according to the invention, the steel billet, from which the steel
product is produced, is hot-rolled to provide a hot-rolled steel billet and the hot-rolled
steel billet is cooled in an accelerated manner to a low temperature, i.e. is direct-
quenched immediately after hot-rolling. Alternatively, the hot-rolled steel billet, from
which the steel product is produced, can be later post-hardened in a hardening
furnace. Direct-hardening is, in this case, a more advantageous manner than post-
hardening in a hardening furnace because the worked structure has, in comparison to
the unworked structure, a wider ferrite area in the continuous cooling transformation
curve diagram (in the CCT-curve diagram). Hot-rolling raises the temperature of
ferrite formation and moves the ferrite area in the continuous cooling transformation
curve diagram to the left.

The most significant advantage of the invention is the hardness to be attained
in the steel product without significant problems relating to hardening fractures. This
can be achieved by an exceptionally innovative alloying, which leads to the low
alloying element costs of the steel. Further, a steel product according to the invention
is, under certain conditions, weldable and suitable for thermal cutting, such as flame
cutting.

One advantage of a steel product according to the invention is that it can be
produced for very different intended uses at low alloying element costs. Thus, the
invention provides mass tailoring into different products using the same chemical
composition of the billet and even at the same heat treatment condition of the hot-
rolled steel product. The steel product can be used in very many different applications
depending on the manner of production. Most preferably, the steel product is used in
the hardened condition as so-called wear resistant steel, from which is required great
hardness and resistance to wear. Wear resistant steels are used, for example, in
platform bodies and excavator buckets.

Alternatively, the steel can, after hardening, be tempered in a known manner,
for example, at a temperature of 650°C, i.e. a tempered martensitic quenched and
tempering steel with a completely new and preferred steel composition can be
provided. In other words, mechanical engineering steel can be produced. This kind of
steel is exceptionally suitable for use, for example, in the shaft of a machine, wherein
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an elongated steel rod is a recommended form of the steel product. Further, the steel is
exceptionally suitable as tempering steel, which as further machined machine parts,
such as gear wheels, is surface hardened.
The diversity of the applications for use of the steel product when produced
from the same steel with low alloying element costs is thus a significant technical
advantage of the invention.

List of figures

In the following, some preferred embodiments of the invention are presented
in more detail with reference to the accompanying figures, in which

Fig. 1 shows the steps of a first preferred embodiment of the method according
to the invention,

Fig. 2 shows the steps of a second preferred embodiment of the method
according to the invention,

Fig. 3 shows the steps of a third preferred embodiment of the method
according to the invention, _

Fig. 4 shows the steps of a fourth preferred embodiment of the method
according to the invention,

Fig. 5 shows the effect of the hardening temperature relating to post-hardening
in a hardening furnace on the hardness of the steel product with one steel composition,

Fig. 6 shows the continuous cooling transformation curves for an unmodified
structure with one reference steel composition, which has a low Al-level (0,084% as
percentage by weight),

Fig. 7 shows the continuous cooling transformation curves for a modified
structure with the reference steel composition, which is the same as in Fig. 6,

Fig. 8 shows the continuous cooling transformation curves for an unmodified
structure with a steel composition, which is according to the invention,

Fig. 9 shows the continuous cooling transformation curves for a modified
structure with the steel composition, which is the same as in Fig. 8,

Fig. 10 shows a microstructure of a first steel product according to the
invention,

Fig. 11 shows a microstructure of a second steel product according to the
invention,

Fig. 12 shows a fractured steel plate.

Detailed description of the invention

The invention relates, first of all, to a method for producing a steel product,
such as a steel plate, having a thickness of 2-60 mm, preferably 2-20 mm from a steel
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billet, which is produced from steel comprising iron and residue contents as well as
unavoidable impurities, such as phosphorus, P, and sulphur, S. The steel further
comprises, as percentages by weight:

Carbon, C, 0,3-0,6%,

Aluminium, Al, 1,0-2,5%, and

Vanadium, V, 0-0,4%.

Steel according to one preferred embodiment further comprises, as percentages by
weight:

Silicon, Si, 0,15-1,0%,

Manganése, Mn, 0,4-1,5%,

Titanium, Ti, 0-0,05%,

Chromium, Cr, 0-1,0%, and

Boron, B, 0-0,005%.

Before beginning accelerated cooling, to the steel billet is performed annealing
for austenitizing‘ above the Az temperature at a temperature of 1000-1300°C, more
preferably at a temperature of 1050-1220°C.

The method comprises a step, in which the steel billet is hot-rolled to provide a
hot-rolled steel billet. '

The somewhat high carbon content of the steel increases hardenability and
promotes achieving hardness due to i.a. iron carbides. Due to this, the carbon content
of the steel is at least 0,30%. However, greater than 0,6% limits the use of the steel
due to weakening weldability. In the method, in the steel billet is used preferably steel
comprising, as a percentage by weight, carbon, C, 0,35-0,50%, more preferably 0,4-
0,5%.

The aluminium content of the steel is at least 1,0%, with which is assured the
effect of aluminium to form ferrite. However, contents greater than 2,5% lead to too
great a portion of ferrite and a decrease in hardness to below the target hardness. In
the method, in the steel billet is used preferably steel comprising, as a percentage by
weight, aluminium, AL 1,2-2,0%, most preferably 1,5-1,9 %. |

~ Vanadium, V, is an essential alloying element and it is alloyed at the most
0,4%. In the method, in the steel billet is used preferably steel comprising, as a
percentage by weight, vanadium, V, 0,05-0,4%, more preferably 0,1-0,3%.
Vanadium can precipitate with carbon and/or nitrogen into carbides, nitrides and/or
carbonitrides. According to a preferred embodiment, these precipitations are
incoherencies, which are outlined from the matrix. In this case, it is possible that the
interface of the precipitation and the matrix functions exceptionally well as a
hydrogen trap further preventing fractures.
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In a steel product according to the invention, which has a somewhat high
carbon content, there is preferably, but not necessarily, manganese below 1,5%
because, in this case, problems relating to strong segregation of manganese can be
decreased. However, there is preferably, but not necessarily, at least 0,4% of
manganese in order that hardenability remains at the required level. In the invention, it
is observed, as is observed from Exémple 2, that a high Mn content weakens the
hardenability of the steel at high carbon contents and the target hardness is achieved
only at high hardening temperatures. Additionally, using i.a. a low alloying of Mn, the
shape of the grain boundary ferrite can be affected such that the impact toughness of
the steel product improves. In the method, in the steel billet is indeed thus used more
preferably a steel comprising, as a percentage by weight, Manganese, Mn, 0,4-1,2%,
most preferably 0,4-0,8%, wherein an excellent combination in relation to
hardenability and segregation sensitivity is achieved, which leads to a fairly
homogenous microstructure. Further, in this case, hardness can be achieved over a
wide hardening temperature range.

In the method, in the steel billet is used preferably, but not necessarily, steel
comprising, as a percentage by weight, silicon, Si, 0,15-1,0%, more preferany 0,25-
0,8%, most preferably 0,3-0,7%. ‘ ‘

- Chromium, Cr, is alloyed preferably, but not necessarily, less than 1%.
Chromium increases the hardenability of the steel and thus decreases the need for high
alloying of Mn. In the method, in the steel billet is thus used preferably steel
comprising, as a percentage by weight, chromium, Cr, 0-1,0%, more preferably 0,1-
0,8%, most preferably 0,15-0,5%.

Titanium, Ti, prevents the growth of grains in thermal treatments, such as
weldings and flame cutting when appearing as TiN titanium nitrides. Ti is alloyed
particularly, when Boron B is along in the steel in order that boron nitrides BN,
detrimental to the function of boron B, are not created. In the method, in the steel
billet is thus used preferably steel comprising, as a percentage by weight, titanium, Ti,
< 0,02%, most preferably titanium Ti is alloyed, however, at least 0,005%, with which
better weldability properties are provided.

In a method according to the invention, it is not necessary to alloy boron, B
because boron can hinder the formation of the desired soft buffer at the grain
boundaries of the austenite. Due to this, boron is preferably limited B: 0-0,005%.

Particularly, when producing a steel product having a thickness of greater than
20 mm, in the method, in the steel billet can, however, be used preferably steel
comprising, as a percentage by weight, boron, B, 0,0005-0,005%, more preferably
0,0008-0,003%, particularly when the thickness of a plate-like product exceeds 20
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mm and the diameter of an elongated product exceeds 40 mm. In this case, using
boron, the hardenability of the steel product is assured also with large thicknesses.

Of the alloying elements, C, Si, Mn, Cr, V and B can increase the depth of
hardenability and prevent the transformation of austenite into bainite and perlite. Of
these alloying elements, the use of boron B is avoided, if possible because it can
hinder the nucleation of the ferrite at the grain boundaries of the austenite.

According to the basic idea of the invention, there is no need to substantially
alloy nickel Ni or molybdenum Mo into a steel according to the invention, i.e. their
contents, as percentages by weight, are, in principle, limited at least as follows Mo <
0.5% and Ni < 1%. Molybdenum can be used particularly, if tempering treatment is
performed to the steel product in the area of upper temper brittleness. Raising nickel

- content can be useless, needlessly increasing alloying element costs.

However, the contents of nickel Ni and molybdenum Mo are preferably
limited to extremely small contents M0<0,1% and Ni<0,5%. In a method according to
the invention, Mo is thus not acfively alloyed into the steel, but it is, for example,
possible that the steel has a low, Mo0<0,1%, Mo residue content. At the most
preferably, the contents of molybdenum Mo and nickel Ni are, at the most, residue
contents.

One preferred embodiment of the method according the invention comprises a
step, in which the steel billet is hot-rolled after annealing for austenitizing to provide a
hot-rolled steel billet and preferably such that the temperature of the hot-rolled steel
billet is at the last pass 800-1050°C, more preferably 820-960°C, most preferably
900-960°C, wherein a great hardness is achieved without the grain size of the
austenite remaining large and that the rolling forces remain reasonably low.
Additionally, the hardening temperature can advantageously affect impact toughness.

In one preferred embodiment of the method according to the invention, the
hot-rolled steel billet is post-hardened in a hardening furnace after hot-rolling such
that the hardening temperature of the hot-rolled steel billet in the annecaling for
hardening belonging to posf—hardening in a hardening furnace is 800-1050°C, more
preferably 850—-1000°C, wherein a great hardness is achieved without the grain size of
the austenite growing large.

From Fig. 5, it is observed that the hardening temperature relating to post-
hardening in a hardening furnace has an essential effect on the hardness of a steel
product post-hardened in a hardening furnace. From Fig. 5, it is also observed that a
great hardness is achieved preferably by using hardening temperatures of 850-
1000°C. By a hardening temperature is meant the temperature, at which the steel is
annealed before the accelerated cooling belonging to hardening. Using a low
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hardening temperature, primary target hardness may be difficult to achieve because, in
this case, too much soft structure may be formed.

One preferred embodiment of the method according to the invention
comprises a step, in which a steel billet, such as a hot-rolled steel billet or an annealed
for hardening hot-rolled steel billet, is cooled in an accelerated manner such that the
temperature of the steel billet at the time cooling begins is 750-1050°C, more
preferably 750-960°C, and such that the average speed of cooling in the temperature
range of 700—400°C is greater than 5°C/s, more preferably greater than 12°C/s, most
preferably 20—40°C/s, and such that the temperature of the steel billet at the time
‘cooling ends is below 400°C (i.e. approximately Ms+100°C), preferably below 100°C.
Accelerated cooling can also be performed to a room temperature of approximately
20°C.

Referring to Fig. 8, the optimal cooling speed for steel 1338 (see Table 1),
which, in the case of Fig. 8, is unmodified before cooling, is 20-40°C/s in the
temperature range of 700—400°C. In this case, the bainite area (marked with the letter
B in Fig. 8) is substantially avoided and the desired microstructure is provided in the
steel.

Referring to Fig. 9, the optimal cooling speed for steel 1338 (see Table 1),
which, in the case of Fig. 9, was further hot-rolled before immediate accelerated.
cooling, is 20—40°C/s in the temperature range of 700—400°C. In this case, in a steel
according to the invention, is avoided at least partially the shifted bainite area (marked
with the letter B in Fig. 9) at the same time as in the microstructure forms as much-
ferrite as possible.

The continuous cooling transformation curves of Figs. 6-9 are defined using a
Gleeble-1500 thermal-mechanical simulator.

Fig. 10 shows an enlargement of the microstructure of steel 1338 (see Table 1)
in a situation, in which accelerated cooling after hot-rolling is used and in which the
average speed of cooling has been 12°C/s. As can be seen in the figure, at the edges of
the prior austenite grains has formed soft ferrite standing out as dark. The soft ferrite
is so-called grain boundary ferrite, which is provided as equal-axial. This has a
advantageous affect on the impact toughness of the steel product. Inside the grains,
there is hard martensite and possibly, at the most, a very small amounts of bainite.

Fig. 11 shows an enlargement of the microstructure of steel 1338 (see Table 1)
in a situation, in which accelerated cooling after hot-rolling is used and in which the
average speed of cooling has been 24°C/s. As can be seen in the figure, at the edges of
the prior austenite grains has formed soft ferrite standing out as dark. In comparison to
the situation shown in Fig. 10, the amounts of ferrite and bainite in the microstructure
have decreased, which means a greater hardness.
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One preferred embodiment of the method according to the invention
comprises a step, in which to the hot-rolled steel billet is performed air-cooling after
hot-rolling, and a step, in which the air-cooled hot-rolled steel billet is hardened by
the method of post-hardening in a hardening furnace known as such.

One preferred embodiment of the method according to the invention
comprises steps, in which to the steel billet is performed air-cooling and in which the
steel billet is coiled onto a coil. In this case, the steel product can be delivered as a
coil and later hardened to provide a hard final result. Before hardening, the steel
product can preferably be machined while it is soft.

One preferred embodiment of the method according to the invention
comprises a step, in which to the steel billet is performed tempering after accelerated
cooling. In tempering, the temperature is at the highest 700°C, preferably 600—680°C,
wherein the toughness and machineability of the steel can be further increased.

One preferred embodiment of the method according to the invention
comprises a step, in which to the steel billet is performed surface hardening after
tempering. l

In the method, most preferably, but not necessarily, a steel product, such as a
steel plate, is produced having a thickness of 5-60 mm, most preferably 5-20 mm.

Figs. 1-4 show four different ways to produce a steel product.

Fig. 1 shows a first embodiment of the method. In this embodiment, the steel
billet is annealed for austenitizing above the Aj temperature at a temperature of 1000~
1300°C, more preferably at a temperature of 1050-1220°C, after which the
austenitized steel billet is hot-rolled to provide a hot-rolled steel billet such that the
temperature of the steel billet at the last pass is 800-1050°C, more preferably 820—
960°C, most preferably 900-960°C. After this, the hot-rolled steel billet is cooled in
an accelerated manner from hot-rolling, i.e. immediately after hot-rolling. The
temperature of the hot-rolled steel billet at the time accelerated cooling begins is 750
1050°C, more preferably 750-960°C, most preferably 750-960°C, in order that the
hot-rolled steel billet can be cooled quickly in the range of 700-400°C. In the
embodiment according to Fig. 1, accelerated cooling is performed preferably such that
the average quenching speed in the range of 700-400°C is greater than 5°C/s,
preferably greater than 12°C/s, and more preferably 20-40°C/s. The temperature of the
steel billet at the time accelerated cooling ends is below 400°C, such as below 100°C.
Cooling can be performed to a room temperature of approximately 20°C. Fast cooling
i.e. quenching prevents, in particular, the undesirable excess creation of bainite in the
microstructure of the steel product. Fast cooling can also lead to a harder steel
product. In this matter, we refer to Fig. 9, which shows the continuous cooling
transformation curves of steel 1338 (see Table 1 and Example 4 in the passage
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Examples), in which the bainite area is marked with the letter B. As can be observed
from Fig. 9, hot-rolling also widens the ferrite area (marked with the letter F) in
comparison to the situation of Fig. 8, is which the steel billet is not modified by hot-
rolling immediately before accelerated cooling to a low temperature.

Preferably, hot-rolling is performed as plate- or strip rolling.

Fig. 2 shows a second embodiment of the method. In this embodiment, the
steel billet is annealed for austenitizing above the A; temperature at a temperature of
1000-1300°C, more preferably at a temperature of 1050-1220°C, after which the
austenitized steel billet is hot-rolled to provide a hot-rolled steel billet such that the
temperature of the hot-rolled steel billet at the last pass is 800-1050°C, more
preferably 820-960°C, most preferably 900-960°C. After this, the hot-rolled steel
billet is cooled in an accelerated manner from hot-rolling immediately after hot-
rolling. The temperature of the hot-rolled steel billet at the time accelerated cooling
begins is 750-1050°C, more preferably 750-960°C, most preferably 750-960°C. The
hot-rolled steel billet is cooled quickly in the range of 700—-400°C. In the embodiment
according to Fig. 2, accelerated cooling is perfdrmed preferably such that the average
speed of quenching in the range of 700—400°C is greater than 5°C/s, preferably greater
than 12°C/s, and most preferably 20-40°C/s. The temperature of the steel billet at the
time accelerated cooling ends is below 400°C, preferably below 100°C. Most
preferably, cooling is performed to a room temperature of approximately 20°C. Fast
cooling i.e. quenching prevents, in particular, undesirable excess formation of bainite
in the microstructure of the steel product. After accelerated cooling, in this
embodiment is also performed tempering. In tempering, the temperature of the steel
product is at the highest 700°C, most preferably 600—680 °C

According to one embodiment of the invention, after the last pass of hot-
rolling, the steel billet is cooled for a moment freely in the air before accelerated
cooling (such as water cooling). This step might be possible because water cooling
apparatus is seldom located immediately after the roller stand. Further, it can be
preferred for increasing the amount of ferrite and/or for forming VC precipitations in
the desired amount, wherein it is also assured that in the steel product are not created
fractures in connection with quenching. '

Fig. 3 shows a third embodiment of the method. In this embodiment, the steel

. billet is annealed for austenitizing above the Az temperature at a temperature of 1000~

1300°C, more preferably at a temperature of 1050-1220°C, after which the
austenitized steel billet is hot-rolled and cooled to provide a hot-rolled steel billet. In
other words, in this embodiment, it is not direct-quenched. After this, the hot-rolled
steel billet is annealed for the purpose of hardening such that the hardening
temperature of the hot-rolled steel billet in annealing for hardening is 800-1050°C,
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more preferably 850-1000°C. After annealing for hardening, the hot-rolled steel billet
is cooled in an accelerated manner. The steel billet is cooled quickly in the range 700
400°C. In the embodiment according to Fig. 3, accelerated cooling is performed
preferably such that the average speed of hardening in the range 700-400°C is greater
than 5°C/s, preferably greater than 12°C/s, and most preferably 20-40°C/s. The
temperature of the steel billet at the time accelerated cooling ends is below 400°C,
preferably below 100°C. Most preferably, cooling is performed to a room temperature
of approximately 20°C. Fast cooling i.c. hardening prevents, in particular, undesirable
excess creation of bainite in the microstructure of the steel product.

Fig. 4 shows a fourth embodiment of the method. In this embodiment, the steel
billet is annealed for austenitizing above the A; temperature at a temperature of 1000—
1300°C, more preferably at a temperature of 1050-1220°C, after which the
austenitized steel billet is hot-rolled to provide a hot-rolled steel billet. Cooling after
hot-rolling can be implemented, for example, partially or completely freely in the air.
After this, the hot-rolled steel billet is annealed for hardening such that the hardening
temperature of the hot-rolled steel billet in annealing for hardening is 800-1050°C,
more preferably 850-1000°C. After annealing for hardening, the hot-rolled steel billet |
18 cooled in an accelerated manner. The steel billet is cooled quickly in the range of
700-400°C. In the embodiment according to Fig. 4, accelerated cooling is performed
preferably such that the average speed of quenching in the range of 700—400°C is
greater than 5°C/s, preferably greater than 12°C/s, and most preferably 20-40°C/s. The .
temperature of the steel billet at the time accelerated cooling ends is below 400°C,
preferably below 100°C. Most preferably, cooling is performed to a room temperature
of approximately 20°C. Fast cooling i.e. quenching prevents, in particular, undesirable
excess creation of bainite in the microstructure of the steel product. After accelerated
cooling, in this embodiment is also performed tempering. In tempering, the
temperature is at the highest 700°C, more preferably 600-680 °C.

The invention also relates to a steel product, such as a steel plate, which is hot-
rolled to a thickness of 2—60 mm. The steel product can be such that it is hot-rolled to
a thickness of 2-60 mm, which, at the same time, is the final thickness of the steel
product. In other words, steel according to the invention is not substantially cold-
rolled, except for possible skin pass rolling.

The thickness of the steel product is preferably in the range of 2-20 mm.
Most preferably, the thickness of the steel product is in the range of 5-20 mm. Most
preferably, the steel product is a so-called heavy steel plate product, i.e. it is not a
steel strip product that is coiled onto a coil.



10

15

20

25

30

35

WO 2012/136897 PCT/F12012/050353

12

The steel product is produced from steel comprising iron and residue contents
as well as unavoidable impurities, such as phosphorus, P, and sulphur, S, and
comprising, as percentages by weight:

Carbon, C, 0,3-0,6%,

Aluminium, Al, 1,0-2,5%, and

Vanadium, V, 0-0,4%.

The steel of the steel product comprises more preferably, but not necessarily,
as a percentage by weight, carbon, C, 0,35-0,50%, most preferably C 0,40 -0,50%.

The steel of the steel product comprises more preferably, but not necessarily,
as a percentage by weight, aluminium, Al, 1,2-2,0%, most preferably 1,5-1,9%.

The steel of the steel product comprises more preferably, but not necessarily,
as a percentage by weight, vanadium, V, 0,05-0,4%, more preferably 0,1-0,3%.

The steel of the steel product further comprises, preferably, but not
necessarily, as a percentage by weight, silicon, Si, 0,15-1,0%, more preferably 0,25—
0,8%, most preferably 0,3-0,7%,

The steel of the steel product further comprises, preferably, but not
necessarily, as a percentage by weight, manganese, Mn, 0,4-1,5%, more preferably
0,4-1,2%, most preferably 0,4-0,8%. |

‘The steel of the steel product further comprises, preferably, but not
necessarily, as a percentage by weight, titanium, Ti, 0—0,05%, more preferably 0,005-
0,02%.

The steel of the steel product further comprises, preferably, but not
necessarily, as a percentage by weight, chromium, Cr, 0-1,0%, more preferably 0,1-
0,8%, most preferably 0,15-0,5%, and

The steel of the steel product further comprises, preferably, but not
necessarily, as a percentage by weight, boron, B, 0-0,005%, more preferably 0,0005—
0,005%, most preferably 0,0008-0,003%.

The reasons for the chemical composition of the steel product are described
above in connection with the description of the method. Additionally, they are further
described in connection with the examples.

The percentage portions applying to the phases of the microstructure are given
as percentages by volume.

According to one embodiment, the microstructure of the steel is substantially
2-phase, comprising ferrite and at least 90% martensite. The microstructure of the
steel product comprises preferably 2-10% ferrite, most preferably 2-5% as well as
possibly small amounts of residual austenite, however, less than 10%, most preferably
less than 2% residual austenite.
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Ferrite is formed at the grain boundaries of the prior austenite as so-called
grain boundary ferrite. Most preferably, grain boundary ferrite is equal-axial, wherein
the impact toughness of the steel product remains good. In other words, the invention
has succeeded in avoiding lath like ferrite, which has a detrimental effect on i.a.
impact toughness.

Bainite is an undesirable phase and the invention has succeeded in keeping its
amount relatively quite small. However, the microstructure can comprise very small
amounts of bainite, such as at the most 5%.

In one preferred embodiment of the steel product, a part of the microstructure
of the steel product comprises at least 90% martensite. Thus, the predominant phase
of the steel is preferably a carbon-rich and hard phase. Additionally, a part of the
microstructure of the steel product comprises preferably 2-10% ferrite, most
preferably 2-5% as well as possibly small amounts of residual austenite, however,
less than 10%, most preferably less than 2% residual austenite.

Preferably, the microstructure of the steel product consists of the following
structures, as percentages by volume, |

90% martensite ‘

2-10% ferrite formed at the grain boundaries of the pn'dr austenite

as well as

possibly the rest of residual austenite as well as possibly a very small amount
of bainite.

By hardening, preferably also by hardening and tempering, the hardness of the
steel product is preferably, but not necessarily, greater than 300 HB, preferably
greater than 500 HB, most preferably of all 550-750 HB, when hardness is measured
less than 5 mm, preferably 1,0-2 mm, from the surface of the steel product.

By hardening, the tensile strength of the steel product is preferably at least
1600 MPa, i.e. R;,>1600 MPa. Most preferably, the tensile strength of the hardened
steel product is at least 1800 MPa, i.e. R;,>1800 MPa.

In one preferred embodiment of the steel product, the martensite of the
microstructure of the steel product is tempered martensite. Preferably, in exactly this
preferred embodiment, the hardness of the steel product is 300-500 HB, the yield
ratio of the steel product (Rpo2/Rm) is at least 0,85, the yield limit of the steel product
Ryo.2 is 600-1050 MPa, and the tensile strength of the steel product Ry, is 700-1100
MPa.

The steel product is preferably, but not necessarily, an elongated steel rod or a
plate-like heavy plate or strip plate.

According to the most preferable embodiment, the steel product is a heavy
steel plate, i.e. a steel plate, which is produced on a plate rolling line.
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In the following, the invention is illustrated by means of examples.

The tests are implemented on a laboratory scale as small-scale rolling by hot-
rolling the steel billet to a final thickness of 12 mm. The examples apply to a steel
cooled immediately from hot-rolling in an accelerated manner to a low temperature,
i.e. direct-quenched steel.

Table 1: Test compositions. Steels 1294 and 1295 in Table 1 are reference steels.

steel code C Si Mn Al )" Ti Cr {R/I
1294 0,38 {0,181 0,65 | 0,080 | 0,20 [0,019(0,37{ R
1295 0,39 {0,221 149 /0,084 | 0,21 [0,017( - R
1296 039 {030 | 1,15 ] 1,23 | 0,20 {0,021 - [
1310 043 (0,26 | 150 ] 2,10 | 0,20 [0,019| - |
1337L 036 { 06 | 0.7 | 214 | 0.002 | 0.02 | 0.2 [
13381 047 {056 | 077 | 1.9 | 0.192 | 0.02 | 0.2 |
R=reference
l=invention

Table 2: Hardening test results. Steels 1294 and 1295 in Table 2 are reference
steels. HT=hardening temperature. The steels shown are cooled in an accelerated
manner as water cooling.

Visually
method noticeably
example hardness | hardening
Rimg steal code - HT Bripell (HB} | cracks?

Ri 1254-850WQ

R1 1284-950WQ

R2 1255-850W0

R2 1265-4583W0Q

1 1266-850W0Q

1 12858-958WQ

2 1310-858W0Q

g 1310-858WQ

3 1337L-880WG-1-Pi

3 1337L-000WQ-1-Pi

3 1337L-850WQ-1-Pt 314 ng

3 1337L-10G0W0-1 -Fi 583 no

4 1338L-850WQ-1-Pi 839 ne

4 1338L-B00WG-1-Fi 881 ng

4 1338L-950WQ-1-Pi 830 no

4 13381 -00WQ-3-Fi 855 ng

4 1338L-350Wa-4-Pi 538 no

4 133BL-250WQ-5-Pi §83 ne

4 1338L-1008WWQ-1-Py 888 NG
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Reference example (R1/R2)

In Reference example R1, in the steel products was used steel 1294 of Table 1,
which is characterized by a significantly lower Al-content and Mn-content than the
steel product according to the invention. As the hardening temperature was used
850°C at the point 1294-850WQ of Table 2 and 950°C at the point 1294-950WQ of
Table 2. In both cases, the steel product was cooled in an accelerated manner to a low
temperature after hot-rolling. As can be observed from Table 2, in both cases, the
result was a steel product, the hardness of which exceeded the set primary target, S00
'HB, but, in connection with quenching, a clearly visually observable fracture was
formed in the steel product.

In Reference example R2, in the steel products was used steel 1295 of Table 1,
which is characterized by a significantly lower Al-content as well as a somewhat high
Mn-content than the steel product according to the invention. As the hardening
temperature was used 850°C at the point 1295-850WQ of Table 2 and 950°C at the
point 1295-950WQ of Table 2. In both cases, the steel product was cooled in an
accelerated manner to a low temperature after hot-rolling. As can be seen from Table
2, in both cases, the result was a steel product, the hardness of which exceeded the set
primary target, 500" HB, but, in connection with quenching, a clearly visually
observable fracture was formed in the steel product making the steel unusable.
Further, it is observed that increasing the amount of manganese can affect hardness.

~ Fig. 12 shows an example of test steel fractured in reference tests. In the
following are presented examples according to the invention, with which i.a. the
problem shown in Fig. 12 is solved:

Example 1
In the tests of Example 1, in the steel products was used steel 1296 of Table 1,

which is characterized by an Al-content according to the invention, but a somewhat
low other alloying element level. ’

As the hardening temperature was used 850°C at the point 1296-850WQ of
Table 2 and 950°C at the point 1296-950WQ of Table 2. In both cases, the steel
product was cooled in an accelerated manner to a low temperature after hot-rolling.
As can be seen from Table 2, in both cases, as the result was a steel product, whose
hardness exceeded the set primary target, 500 HB, without visually observable cracks
or fractures.
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Example 2

In the tests of Example 2, in the steel products was used steel 1310 of Table 1,
which is characterized in that the steel comprises somewhat high Mn- and Al-
contents.

As the hardening temperature was used 850°C at the point 1310-850WQ of
Table 2 and 950°C at the point 1310-950WQ of Table 2. In both cases, the steel
product was cooled in an accelerated manner to a low temperature after hot-rolling. -

As can be seen from Table 2, in case 1310-950WQ, as the result was a steel
product, the hardness of which exceeded the set primary target, 500 HB, whereas in
case of 1310-850WQ, as the result was a steel product, whose hardness fell below the
set primary target, 500 HB. From the example, it is observed that a steel product
comprising a somewhat high Mn-content combined with a somewhat low Si-content
as well as a lack of chromium Cr, leads to low hardenability, i.e. somewhat low
hardness at low starting temperatures of accelerated cooling of a hot-rolled steel billet.
From the example, it is thus learned that it is not preferable to increase the
hardenability of a steel product according to the invention solely by raising Mn
without alloying Cr and without somewhat high alloying of Si.

Example 3
In the tests of Example 3, in the steel products was used steel 1337L of Table

1, which is particularly characterized in that into it is not substantially alloyed

vanadium V.

As the hardening temperature was used 850°C at the point 1337L-850WQ of
Table 2, 900°C at the point 1337L-900WQ of Table 2, 950°C at the point 1337L-
950WQ of Table 2, and 1000°C at the point 1337L-1000WQ of Table 2. In all cases,
the steel product was cooled in an accelerated manner to a low temperature after hot-
rolling.

As can be seen from Table 2, in cases of 1337L-950WQ and 1337L-1000WQ
was a steel product, whose hardness exceeded the set primary target, 500 HB, without
visually observable fractures or cracks, whereas in cases of 1337L-850WQ and
1337L-900WQ was a steel product, whose hardness fell below the set primary target,
500 HB. _

From the example, it is observed that, without vanadium V, the primary targets
of the invention are achieved only using high (over 900°C) starting temperaturés of
accelerated cooling of the hot-rolled steel billet. Thus, into steel according to the
invention, it is preferable to alloy vanadium V 0,05-0,4%, most preferably 0,1-0,3%.
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Example 4

In the tests of Example 4, in the steel products was used steel 1338L of Table
1, which is characterized by the high alloying level of preferred embodiments of steel
according to the invention, in particular, in relation to carbon C, silicon Si, aluminium
Al and chromium Cer. | '

As the hardening temperature was used 850°C at the point 1338L-850WQ of
Table 2, 900°C at the point 1338L-900WQ of Table 2, 950°C at the point 1338L-
950WQ of Table 2, and 1000°C at the point 1338L-1000WQ of Table 2. In all cases,
the steel product was cooled in an accelerated manner to a low temperature after hot-
rolling.

As can be seen from Table 2, in all cases, as the result was a steel product, the
hardness of which exceeded the set primary target, S00 HB, at all hardening
temperatures of 850°C, 900°C, 950°C, and 1000°C. Further, the embodiment fulfils the
preferred primary target of the invention 550-750 HB at all hardening temperatures of
850°C, 900°C, 950°C, and 1000°C, when hardness is measured less than 5 mm, more
preferably 1,0-2 mm, from the surface of the steel product.

Surprisingly, it is observed that using steel 1338 having substantially almost
the same calculatory hardenability as that of steel 1310 can be provided excellent
‘hardenability and hardness also using low starting temperatures of accelerated cooling
of the hot-rolled steel billet, however, such that soft ferrite is along in the
microstructure of the steel. ,

To the person skilled in the art it is obvious that, as technology develops, the
fundamental idea of the invention can be implemented in many different ways. The
invention and its embodiments are thus not limited to only the examples presented
above, rather many variations are possible within the scope of the claims.
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Claims

1. A method for producing a steel product, such as a steel plate, having a
thickness of 2-60 mm, from a steel billet, which is produced from steel comprising
iron and residue contents as well as unavoidable impurities, characterized in that the
steel comprises, as percentages by weight,

C: 0,3-0,6%,

Al: 1,0-2,5%,

V: 0-0,4%,

wherein the method comprises steps, in which

to the steel billet is performed annealing for austenitizing at a temperature of
1000-1300°C, more preferably 1050-1220°C, and

the steel billet is hot-rolled to provide a hot-rolled steel billet.

2. A method according to claim 1, characterized in that in the method, in the
steel billet is used steel comprising, as a percentage by weight, C 0,35-0,50%, more
preferably 0,40-0,50%.

3. A method according to claim 1 or 2, characterized in that in the method, in
the steel billet is used steel comprising, as a percentage by weight, Al 1,2-2,0%, more
preferably 1,5-1,9%.

4. A method according to any one of claims 1-3, characterized in that in the
method, in the steel billet is used steel comprising, as a percentage by weight, V 0,05—
0,4%, more preferably 0,1-0,3%,

5. A method according to any one of claims 1-4, characterized in that in the
method, in the steel billet is used steel further comprising, as a percentage by weight,
Si: 0,15-1,0%, more preferably 0,25-0,8%, most preferably 0,3-0,7%.

6 A method according to any one of claims 1-5, characterized in that in the
method, in the steel billet is used steel further comprising, as a percentage by weight,
Mn: 0,4-1,5%, more preferably 0,4-0,8%.

7. A method according to any one of claims 1-6, characterized in that in the
method, in the steel billet is used steel further comprising, as a percentage by weight,
Ti: 0-0,05%, more preferably 0,005-0,02%.
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- 8. A method according to any one of claims 1-7, characterized in that in the

method, in the steel billet is used steel further comprising, as a percentage by weight,
Cr: 0-1,0%, more preferably 0,1-0,8%, most preferably 0,15-0,5%.

9. A method according to any one of claims 1-8, characterized in that in the
method, in the steel billet is used steel further comprising, as a percentage by weight,
B: 0-0,005%, more preferably 0,0005-0,005%, most preferably 0,0008-0,003%.

10. A method according to any one of claims 1-9, characterized in that in the
method, in the steel billet is used steel comprising, as a percentage by weight, Mo <
0,1%, more preferably molybdenum content is, at the most, a residue content.

11. A method according to any one of claims 1-10, characterized in that in the
method, in the steel billet is used steel comprising, as a percentage by weight, Ni <
0,5%, more preferably nickel content is, at the most, a residue content.

12. A method according to any one of claims 1-11, characterized in that the
method comprises a step, in which the steel billet is cooled in an accelerated manner
from a temperature of 750-1050°C such that the average speed of cooling in the
temperature range of 700-400°C is greater than 5°C/s, more preferably greater than
12°C/s, most preferably 20-40°C/s and such that the temperature of the steel billet at
the time accelerated cooling ends is below 400°C, more preferably below 100°C.

13. A method according to any one of claims 1-12, characterized in

that the steel billet is hot-rolled after annealing for austenitizing to provide a
hot-rolled steel billet such that the temperature of the hot-rolled steel billet at the last
pass of the hot-rolling step is 800-1050°C, more preferably 820-960°C, most
preferably 900-960°C,

that the hot-rolled steel billet is cooled in an accelerated manner immediately
after hot-rolling such that the temperature of the hot-rolled steel billet at the time
accelerated cooling begins is 750-1050°C, more preferably 750-960°C, most
preferably 750-960°C,

that the average speed of cooling in the temperature range of 700—400°C is
greater than 5°C/s, more preferably greater than 12°C/s, most preferably 20—40°C/s,
and

that the temperature of the hot-rolled steel billet at the time accelerated cooling
ends is below 400°C, more preferably below 100°C.



10

15

20

25

30

35

WO 2012/136897 PCT/F12012/050353

20

14. A method according to any one of claims 1-12, characterized in

that the steel billet is hot-rolled after annealing for austenitizing to provide a
hot-rolled steel billet,

that the hot-rolled steel billet is post-hardened in a hardening furnace such that
the hardening temperature of the hot-rolled steel billet in the annealing for hardening
step belonging to post-hardening in a hardening furnace is 800-1050°C, more
preferably 850-1000°C, |

that the hot-rolled steel billet is cooled after annealing for hardening step in an
accelerated manner such that the temperature of the hot-rolled steel billet at the time
accelerated cooling begins is 750—1050°C, more preferably 850—1000°C.

that the average speed of cooling in the temperature range of 700-400°C is
greater than 5°C/s, more preferably greater than 12°C/s, most preferably 20-40°C/s,
and '

that the temperature of the hot-rolled steel billet at the time accelerated cooling
ends is below 400°C, more preferably below 100°C.

15. A method according to any one of claims 10-14, characterized in that to the
hot-rolled steel billet is performed tempering.

16. A method according to any one of claims 1-11, characterized in

that the steel billet is hot-rolled after annealing for austenitizing to provide a
hot-rolled steel billet, |

that to the hot-rolled steel billet is performed air-cooling, and

that the air-cooled hot-rolled steel billet is hardened.

17. A method according to any one of claims 1-16, characterized in that in the
method is produced a steel product having a thickness of 5-20 mm.

18. A steel product, such as a steel plate, which is hot-rolled to a thickness of 2—60
mm, wherein the steel product is produced from steel comprising iron and residue
contents as well as unavoidable impurities, characterized in that the steel comprises,
as percentages by weight,

C: 0,3-0,6%,

Al: 1,0-2,5%, and

V: 0-0,4%.
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19. A steel product according to claim 18, characterized in that the steel
comprises, as a percentage by weight, C: 0,35-0,50%, more preferably 0,40-0,50%.

20. A steel product according to claim 18 or 19, characterized in that the steel
comprises, as a percentage by weight, Al: 1,2-2,0%, more preferably 1,5-1,9%.

21. A steel product according to any one of claims 18-20, characterized in that
the steel comprises, as a percentage by weight, V: 0,05-0,4%, more preferably 0,1-
0,3%.

22. A steel product according to any one of claims 18-21, characterized in that
the steel further comprises, as a percentage by weight, Si: 0,15-1,0%, more preferably
0,25-0,8%, most preferably 0,3—0,7%.

23, A steel product according to any one of claims 18-22, characterized in that

the steel further comprises, as a percentage by weight, Mn: 0,4—1,5%, more preferably
0,4-0,8%.

24. A steel product according to any one of claims 18-23, characterized in that
the steel further comprises, as a percentage by weight, Ti: 0-0,05%, more preferably
0,005-0,02%. '

25. A steel product according to any one of claims 18-24, characterized in that
the steel further comprises, as a percentage by weight, Cr: 0-1,0%, more preferably
0,1-0,8%, most preferably 0,15-0,5%.

26. A steel product according to any one of claims 18-25, characterized in that
the steel further comprises, as a percentage by weight, B 0-0,005%, more preferably
0,0005-0,005%, most preferably 0,0008—0,003%.

27. A steel product according to any one of claims 18-26, characterized in that
the steel comprises, as a percentage by weight, Mo < 0,1%, more preferably
molybdenum content is, at the most, a residue content.

28. A steel product according to any one of claims 18-27, characterized in that
the steel comprises, as a percentage by weight, Ni < 0,5%, more preferably nickel
content is, at the most, a residue content.
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29. A steel product according to any one of claims 18-28, characterized in that
the thickness of the steel product is in the range of 5-20 mm.

30. A steel product according to any one of claims 18-29, characterized in that
the microstructure of the steel is substantially 2-phase, comprising ferrite and at least
90% martensite.

31. A steel product according to any one of claims 18-30, characterized in that
the microstructure of the steel comprises at least 90% pure martensite, 2-10% ferrite
as well as possibly small amounts of residual austenite, however, less than 10%, most
preferably less than 2% residual austenite.

32. A steel product according to claim 30 or 31, characterized in that the
microstructure of the steel comprises ferrite, which is formed at the grain boundaries
of the prior austenite as grain boundary ferrite.

33. A steel product according to any one of claims 18-32, characterized in that
the hardness of the steel product is greater than 300 HB, more preferably greater than

- 500 HB, most preferably 550-750 HB, when hardness is measured less than 5 mm,

more preferably 1-2 mm, from the surface of the steel product.

34. A steel product according to any one of claims 18-33, characterized in that
the yield strength of the steel product is at least 1600MPa, i.e. R;,>1600MPa, most
preferably at least 1800MPa, i.e. R,,>1800MPa.

35. A steel product according to any one of claims 18-29, characterized in that
the martensite of the microstructure of the steel product is tempered martensite.

36.. A steel product according to claim 35, characterized in
that the hardness of the steel product is 300-500 HB,
that the yield ratio of the steel product (Ry0,2/Rpm) is at least 0,85,
that the yield limit of the steel product Ry is 600-1050 MPa, and
that the tensile strength of the steel product Ry, is 700-1100 MPa.

37. A microstructure of a steel product, such as a wear resistant steel plate, having
a hardness of greater than 300 HB, more preferably greater than 500 HB,
characterized in that the microstructure is composed of, as percentages by volume,

at least 90% martensite,
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2-10% ferrite formed at the grain boundaries of the prior austenite, and
0-10% residue austenite.

38. A microstructure according to claim 37, characterized in that the grain boundary
ferrite is equal-axial.

39, A microstructure according to cla_im 37, characterized in that there is ferrite, as a
percentage by volume, 2-5%.

40, A microstructure according to claim 37, 38 or 39, characterized in that there is
residual austenite, as a percentage by volume, 0-2%.

4]1. A microstructure according to any one of claims 37-39, characterized in that there is
bainite, as a percentage by volume, 0-2%.
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