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Method for manufacturing a high-strength structural steel and a high-strength

structural steel product

The invention disclosed in this patent application has been made by inven-
tors Mahesh Chandra Somani, David Arthur Porter, Leo Pentti Karjalainen, at Univer-
sity of Oulu, and by Tero Tapio Rasmus and Ari Mikael Hirvi at Rautaruukki Oyj. The
invention has been transferred to the assignee, Rautaruukki Oyj, by a separate agree-

ment made between the parties.

Field of invention

The invention relates to a method for manufacturing a high-strength struc-
tural steel according to claim 1 and to a high-strength structural steel product according
to claim 23. Especially the invention relates to Q&P (Quenching & Partitioning)
method applied in a hot rolling mill and to a high-strength, ductile, tough structural
steel product having an essentially martensitic microstructure with small fractions of

finely divided retained austenite.

Background of the invention

Conventionally, quenching and tempering is used to obtain high-strength
structural steels with good impact toughness. The ductility of these steels in terms of
their elongation or reduction of area to fracture in uniaxial tensile testing 18 generally
acceptable, but their uniform elongation, i.e. work hardening capacity is relatively low.
This deficiency is an important factor limiting the wider application of such steels be-
cause strain localization during fabrication or as a result of overloading in the final ap-
plication can be detrimental to the integrity of the structure.

Due to an ever-increasing demand for advanced high-strength steels
(AHSS) with excellent toughness and reasonable ductility and weldability, fresh efforts
have been directed to develop new compositions and/or processes to meet the chal-
lenges of the industry. Within this category, the dual-phase (DP), complex phase (CP),
transformation induced plasticity (TRIP) and twinning induced plasticity (TWIP) steels
have been developed during the past few decades, mainly to meet the requirements of
the automotive industry. The main aims have been to save energy and raw materials,
improve safety standards and protect the environment. So far, the yield strength of the
above AHSS steels with carbon content in the range of 0.05 to 0.2 wt.% has been usu-
ally restricted to about 500 to 1000 MPa.
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Patent publication US2006/0011274 A1 discloses a relatively new process
called quenching and partitioning (Q&P) which enables the production of steels with
microstructures containing retained austenite. This known quenching and partitioning
process consists of a two-step heat treatment. After reheating in order to obtain either a
partially or fully austenitic microstructure, the steel is quenched to a suitable predeter-
mined temperature between the martensite start (M;) and finish (Mg) temperatures. The
desired microstructure at this quench temperature (QT) consists of ferrite, martensite
and untransformed austenite or martensite and untransformed austenite. In a second
partitioning trcatment stcp, the stecl is cither held at the QT or brought to a higher tem-
perature, the so-called partitioning temperature (PT), i.e., PT > QT. The aim of the
later step is to enrich the untransformed austenite with carbon through depletion of the
carbon-supersaturated martensite. In the Q&P process, formation of iron carbides or
bainite is intentionally suppressed, and the retained austenite is stabilized to get the
advantage of strain-induced transformation during subsequent forming operations.

The above developments were intended to improve the mechanical and
forming related properties of thin sheet steels to be used in automotive applications. In
such applications, good impact toughness is not required and yield strengths are lim-
ited to below 1000 MPa.

The target of this invention is to accomplish a structural steel product hav-
ing a yield strength Ry, of at least 960 MPa and excellent impact toughness,such as
27J Charpy V transition temperature < -50°C, preferably < - 80°C.

Short description of the invention

In the method, a steel slab, ingot or billet (hereafter referred to simply as a
steel slab) is heated in a heating step to a specified temperature and then thermome-
chanically rolled in a hot rolling step. The thermomechanical rolling includes a hot
rolling stage of type I for hot rolling the steel slab in a temperature range below the
recrystallization stop temperature (RST) and above the ferrite formation temperature
As. If the heating step for heating the steel slab includes heating to a temperature in the
range 1000 to 1300 °C, the thermomechanical rolling includes additionally a hot roll-
ing stage of type Il for hot rolling the steel slab in the static recrystallization domain
above the recrystallization limit temperature (RLT), which hot rolling stage of type II
is performed prior to the hot rolling stage of type I for hot rolling the steel slab in the
temperature range below the recrystallization stop temperature (RST) and above the
ferrite formation temperature Asz. In the case of the heating step being performed in

lower heating temperatures, such as 950 © C, the smaller resultant initial austenite grain
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size precludes the need for the hot rolling stage of type 1II that is performed above the
recrystallization limit temperature (RLT), and consequently most of the hot rolling can
take place below the recrystallization stop temperature (RST).

The accumulated strain below the recrystallization stop temperature (RST)
is preferably at least 0.4. Subsequent to this thermomechanical rolling i.e. the hot roll-
ing step, the hot-rolled steel is direct quenched in a quenching step to a temperature
between M; and My temperatures to achieve desired martensite-austenite fractions and
subsequently the hot-rolled steel is held at a quenching-stop temperature (QT), slowly
cooled from QT or cven heated to a partitioning temperaturc PT > QT to incrcasc the
stability of the austenite by performing a partitioning treatment step for partitioning of
carbon from the supersaturated martensite into the austenite. Following carbon parti-
tioning treatment i.c. the partitioning treatment step, a cooling step for cooling the hot-
rolled steel to room temperature is performed. During the cooling step some of the aus-
tenite may transform to martensite, but some austenite remains stable at room tempera-
ture or lower. Unlike in the case of tempering, the formation of iron carbides and the
decomposition of austenite are intentionally suppressed during partitioning treatment
by suitable choosing the chemical composition of the steel, mainly by using a high sili-
con content.

The method for providing a structural steel having high-strength and high
impact toughness requires controlling of austenite state, i.e. grain size and shape, and
dislocation density, prior to quenching, which means preferably deformation both in
the recrystallization regime and in the no-recrystallization regime followed by DQ&P
processing (Direct Quenching & Partitioning) . The termomechanical rolling followed
by direct quenching results in the formation of fine packets and blocks of fine marten-
sitic laths, shortened and randomized in different directions. Such a microstructure en-
hances the strength. It also enhances impact and fracture toughness by making crack
propagation more tortuous. Further, the partitioning treatment increases the stability of
the austenite existing after cooling to QT thereby leading to the presence of retained
austenite at room temperature and lower temperatures.

The retained austenite is, however, partially metastable and transforms par-
tially to martensite during plastic deformation as occurs in intentional straining of the
steel, tensile testing of the steel, or overloading of the steel structure in the final appli-
cation. This austenite transformation to martensite increases the work hardening rate
and the uniform elongation of the steel product helping to prevent strain localization

and premature structural failure by ductile fracture. Together with the fine, shortened
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and randomized martensite laths, thin films of retained austenite improve the impact
and fracture toughness.

The method according to the invention provides a high-strength structural
steel having improved impact and fracture toughness. The structural steel product ac-
cording to the invention can be used in wider applications in which impact and fracture
toughness are essential and/or better deformation capacity without ductile fracture is
required. The use of high-strength steel means that lighter-weight structures can be
made.

The invented method has been named as TMR-DQP, i.c. thermomcechani-

cal rolling followed by direct quenching & partitioning.

Description of the drawings

Figure 1 depicts a temperature - time curve according to the embodiments
of the invention,

Figure 2 depicts the microstructure of a high-strength structural steel hav-
ing retained austenite and fine packets/blocks of fine martensitic laths, shortened and
randomized in different directions,

Figure 3 depicts a TEM micrograph of a Gleeble simulated specimen hav-
ing packets/blocks of fine martensitic laths (white) and interlath austenite (dark),

Figure 4 depicts a temperature - time curve of one embodiment according
to the invention,

Figure 5 depicts a temperature — time curve of one embodiment according
to the invention, and

Figure 6 depicts test results related to impact toughness in comparison to

direct quenched steel without partitioning treatment.

Description of abbreviations and symbols

€ True strain

€1, €2, €3 Principal plastic true strains in three principal perpandicular direc-
tions

€eq Equivalent plastic true strain

g’ Constant true strain rate

A Total elongation

AC Air cool

AF Alloy factor
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CEV

Q&P
QT

RLT

R

Rpo.2

Rp10

RST

RT

SEM

t

T27])
T50%
TEM

TMR
TMR-DQP
TRIP
TWIP
XRD

V4

Plastic uniform elongation

Total uniform elongation

Temperature below which austenite becomes supersaturated with respect
to ferrite

Carbon equivalent

Complex phase

Ideal critical diameter

Dual-phase

Dircct quenching and partitioning

Electron back scatter diffraction

Finish rolling temperature

Length of a volume element after plastic strain
Length of a volume element before plastic strain
Martensite finish temperature

Martensite start temperature

Partitioning temperature (if partitioning treatment achieved at a tempera-
ture greater than QT).

Quenching and partitioning

Quench stop or quenching temperature
Recrystallization limit temperature

Ultimate tensile strength

0.2% yield strength

1.0% proof strength

Recrystallization stop temperature

Room temperature

Scanning electron microscopy

Time

Temperature corresponding to 27J impact energy
Temperature corresponding to 50% shear fracture
Transmission electron microscopy
Thermomechanical rolling

Thermomechanical rolling followed by direct quenching and partitioning
Transformation induced plasticity

Twinning induced plasticity

X-Ray diffraction

Reduction of area
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List of reference numerals and explanation

O 0 1 N i W N

—
<o

Heating step

Temperature equalizing step

Hot rolling stage of type II in the recrystallization temperature range
Waiting period for temperature to drop below the RST

Hot rolling step of type I in the no-recrystallization temperature range
Quenching step

Partitioning treatment step

Cooling step

Alternative partitioning treatment step

Austenite

11 Martensite

Detailed description of the invention

The method for manufacturing a high-strength structural steel according to

independent claim 1 comprises the following:

A providing step for providing a steel slab (not shown in the fig-
ures),

A heating step 1 for heating the steel slab to a temperature in the
range 950 to 1300°C,

A temperature equalizing step 2 for equalizing the temperature of
the steel slab,

A hot rolling step including a hot rolling stage of type 1 5 for hot
rolling the steel slab in the no-recrystallization temperature range
below RST but above ferrite formation temperature As, ,

A quenching step 6 for quenching the hot-rolled steel at cooling
rate of at least 20°C/s to the quenching-stop temperature (QT),
which said quenching-stop temperature (QT) is between M and M¢
temperatures,

A partitioning treatment step 7, 9 for partitioning the hot-rolled
steel in order to transfer carbon from martensite to austenite, and

A cooling step 8 for cooling said hot-rolled steel to room tempera-

ture by forced or natural cooling.

Preferred embodiments of the method are disclosed in

the accompanying claims 2 to 22.
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The method comprises a heating step 1 for heating the steel slab to a tem-
perature in the range 950 to 1300°C in order to have completely austenitic microstruc-
ture.

The heating step 1 is followed by a temperature equalizing step 2 allowing
all parts of the slab to reach essentially the same temperature level.

If the heating step 1 for heating the steel slab to a temperature in the range
950 to 1300°C includes heating the steel slab to a temperature in the range 1000 to
1300°C, the hot rolling step also comprises a hot rolling stage of type II 3, which is
performed prior to the hot rolling stage of typc I 5, for hot rolling the steel slab in a
temperature above the RLT in the recrystallization regime in order to refine the austen-
ite grain size. In order to achieve the targets of this invention, the hot rolling step in-
cludes a hot rolling stage of type I 5 that is performed in the no-recrystallization tem-
perature range, i.e. below RST and above the ferrite formation temperature As. If the
hot rolling step comprises both a hot rolling stage of type I 5 that is performed in the
no-recrystallization temperature range, i.e. below RST and above the ferrite formation
temperature Az and a hot rolling stage of type II 3 for hot rolling the steel slab in a
temperature above the RLT in the recrystallization regime, there may be a waiting pe-
riod 4 without including any hot rolling between the hot rolling stage of type II 5 and
the hot rolling stage of type I 3. A purpose of such waiting period 4 between the hot
rolling stage of type II 5 and the hot rolling stage of type I 3 is to let the temperature of
the hot-rolled steel to drop down below the RST temperature. It is also possible to have
other waiting periods during the hot rolling stage of type Il 3 and the hot rolling stage
of type 1 5. It is also possible that the hot rolling step includes a hot rolling stage of
type III that is performed in the waiting period 4 in the temperature range below the
RLT and above the RST. Such a practice may be desirable for productivity reasons for
example.

If the hot rolling step comprises a hot rolling stage of type I, a hot rolling
stage of type I, and a hot rolling stage of type III, the steel slab is preferably, but not
necessarily, uninterruptedly rolled during the hot rolling stage of type I, during the hot
rolling stage of type II, and during the hot rolling stage of type Il and when shifting
from hot rolling stage of type II to hot rolling stage of type III and correspondingly
when shifting from hot rolling stage of type Il to hot rolling stage of type 1.

Hot rolling is not realized below Ajz because otherwise the high yield
strength is not achieved.

The hot rolling stage of type 1 5 in the no-recrystallization temperature

range followed by the quenching step 6 results in fine packets and blocks of fine mart-
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ensite laths shortened and randomized in different directions in the microstructure. The
correct state of the austenite prior to the quenching step 6 and partitioning treatment
step 7 is essential to ensure the fineness of the subsequent martensite and the nature of
the carbon partitioning to the finely divided submicron-sized austenite pools and laths.
Finely divided nano/submicron size austenite pools/laths between martensite laths pro-
vide the requisite work hardening capacity thus improving the balance of elongation to
fracture and tensile strength for this high-strength structural steel.

According to one embodiment, the hot rolling stage of type I 5 in the no-
recrystallization tempcrature range includes of at 1cast 0.4 total accumulated cquivalent
strain. This is because, a total accumulated von Mises equivalent strain of 0.4 below
the RST is considered to be the preferred minimum needed to provide sufficient aus-
tenite conditioning prior to the quenching step 6 and the partitioning treatment step 7.

In this description, the term “strain” means the equivalent von Mises true
plastic strain. It describes the extent of plastic deformation during rolling passes, or the
compression steps in the Gleeble simulation experiments described below, or prestrain
given to the steel before use. It is given by the following equation:

goq = {2(81 + 2" +&27)3}

where €1, €, and &3 are the principle plastic true strains in the steel such that

€ +t& +te3=0.

True strain is given by the natural logarithm of the ratio of the length of a
volume element after plastic strain (h) to that before plastic strain (H), i.e.

¢ = In(h/H)

It can be seen that while true strain can be either positive or negative,
equivalent strain is always a positive quantity irrespective of whether the principle
strain is tensile or compressive.

As an example of the above, an accumulated true equivalent strain of 0.4
corresponds to a thickness reduction of 29 % in plate rolling or an area reduction of 33
% 1in bar rolling.

The hot rolling step is preferably realized so that the final thickness of hot-
rolled steel is 3 to 20 mm and according to embodiments described in more detail later
in this description, the thickness ranges are 3 to 11 and 11 to 20 mm.

Immediately after the hot rolling step the hot-rolled slab is in a quenching
step 6 quenched to a temperature between M; and My temperatures at a cooling rate of
at least 20°C/s. This quenching step 6 i.e., forced cooling provides a mixture of mart-
ensite and austenite. During the partitioning treatment step 7, carbon partitions into the

austenite thereby increasing its stability with regard to transformation to martensite in
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a subsequent cooling step 8 to room temperature. In this way, after cooling to room
temperature, a small fraction of finely divided austenite 10 is retained between the
transformed martensite laths 11. As a result, the martensitic matrix provides the re-
quired strength, while the small fraction of retained austenite distributed very finely
between the martensitic laths improves the work hardening rate, uniform elongation
and impact toughness.

M; and My temperatures vary according to the chemical composition of the
steel. They can be calculated using formulae available in the literature, or measured
cxpcerimentally using dilatomctric mcasurcments.

According to one embodiment the quenching stop temperature (QT) is less
than 400°C, but more than 200°C.

The quenching stop temperature (QT) is preferably selected such that a
suitable amount of austenite remains in the microstructure after the quenching step 6 at
QT at the start of the partitioning treatment step 7. This means that QT must be greater
than My. A suitable amount of austenite is at least 5% in order to assure sufficient re-
tained austenite at room temperature for improved ductility and toughness. On the
other hand, the amount of austenite at QT immediately after quenching cannot be
higher than 30%. Microstructures in this description are given in terms of volume per-
centages.

According to one preferred embodiment depicted in Figure 1 with a refer-
ence number 7, the partitioning treatment step 7 is preferably realized substantially at
quenching stop temperature (QT).

According to alternative embodiment depicted in Figure 1 with a reference
number 9, the partitioning treatment step 9 is realized substantially above quenching
stop temperature (QT), preferably above the M temperature. Heating to a temperature
above the quenching stop temperature (QT) can be realized, for instance, by induction
heating equipment on a hot rolling mill.

It is preferred that partitioning treatment step (7 or 9) is realized at a tem-
perature in the range 250 to 500°C.

The partitioning treatment step 7, 9 is preferably realized so that the maxi-
mum average cooling rate during this step is 0.2°C/s: i.e., much less than the cooling
rate with free air cooling at the temperature concerned (QT). Retardation of the cooling
rate can be realized in various ways.

According to one embodiment, the method comprises a coiling step that is
performed after the quenching step 6 and before the partitioning treatment step 7, 9. In

this embodiment, the cooling rate is reduced by coiling strip material subsequent to
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quenching step 6. The coil allows very slow cooling, but in some cases, it can be pre-
ferred to use also thermal shields on the coils in order to further decrease cooling rate.
In this case the partitioning treatment step 7, 9 is realized after the coil is wound and it
is indistinguishable from the final cooling step 8.

According to one embodiment, the cooling rate is limited by thermal
shields applied to hot-rolled steel plates or bars.

According to one embodiment, the partitioning treatment step 7, 9 is real-
ized at an essentially constant temperature. This can be realized for example in a fur-
nacc.

It is preferred that partitioning treatment step 7, is realized for 10 to
100000 s, preferably within the time period 600 to 10000 s calculated from reaching of
the quenching stop temperature (QT).

The cooling step 8 takes naturally place after the partitioning treatment
step 7, 9. This can be free air cooling or accelerated cooling to room temperature.

The method can provide a structural steel having a yield strength Ryo0 >
960 MPa, preferably Rpo2 > 1000 MPa.

According to one embodiment, a prestraining step is performed subsequent
to partitioning treatment step 7, 9. Prestraining of 0.01 - 0.02 subsequent to the parti-
tioning treatment step 7, 9 can result in the structural steel having yield strength Ryo» >
1200 MPa.

It is more preferred that the steel slab as well as the hot-rolled high-
strength structural steel includes, in terms of mass percentages, iron and unavoidable
impurities, and further at least the following

C: 0.17 to 0.23%,

Si: 1.4 to 2.0%,

Mn: 1.4 to 2.3%, and

Cr: 0.4 to 2.0%.

Reasons for the limits of this preferred embodiment are the following:

Carbon, C, in the specified range is needed to achieve the desired strength
level together with sufficient toughness and weldability. Lower levels of carbon will
result in too low a strength, while higher levels will impair the toughness and weldabil-
ity of the steel.

Silicon, Si, is needed at least 1.4% to prevent carbide formation and pro-
mote carbon partitioning from supersaturated martensite to finely divided austenite.
High silicon content helps carbon to stay in solution in the austenite during and after

the partitioning treatment 7,9 by hindering the formation of carbides.
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Manganese, Mn, in the specified range provides hardenability enabling the
formation of martensite during quenching and avoiding the formation of bainite or fer-
rite. This is why there is a lower limit of 1.4%. The upper limit of manganese 2.3% is
to avoid excessive segregation and structural banding, which is detrimental to ductility.

Chromium, Cr, in the specified range also provides hardenability enabling
the formation of martensite during quenching and avoiding the formation of bainite or
ferrite. This is why there is a lower limit of 0.4%. The upper limit of 2.0% is to avoid
excessive segregation and structural banding, which is detrimental to ductility.

Hardcnability can be dctermined in various ways. In this patent descrip-
tion, the hardenability is determined by DI, where DI is a hardenability index based on
a modification of the ASTM standard A255-89 given by the following formula:

DI =13.0C x (1.15+2.48Mn+0.74Mn?) x (1+2.16Cr) x (1+3.00Mo)
x (1+1.73V) x (1+0.36Ni) x (14+0.70Si) x (1+0.37Cu) (1)

in which the alloying elements are in wt.% and DI in mm.

According to one embodiment, the hot rolling is realized so that the thick-
ness of hot-rolled steel is 3 to 20 mm, preferably 3 to 11 mm and providing a steel slab
is realized so that composition of steel includes iron and unavoidable impurities, and
further including at least the following

C:0.17 t0 0.23%,

Si: 1.4 to 2.0%,

Mn: 1.4 to 2.3%, and

Cr: 0.4 to 2.0%

and further so that the hardenability index DI as calculated using the for-
mula (1) is more than 70 mm. This ensures the hardenability especially of strip or plate
products having thickness 3 to 11 mm without undesired bainite formation.

Table 1 comprises earlier mentioned chemical composition ranges of the
hot-rolled structural steel that has been invented to give requisite properties especially
in strip or plate products having thickness 3 to 11 mm and produced according to the
method. Further, Table 1 comprises upper limits for additional alloying elements such
as Mo (£ 0.3%), Ni (< 1.0%), Cu (£1.0%) and V (£ 0.06%), which one or more alloy-
ing element is preferred in order to extend the method according to the invention to
thicker plates up to 20 mm. For instance, one or more of alloying elements Mo, Ni, Cu,

Nb, V as given in Table 1, can be used to increase the hardenability especially of
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thicker plates 11 to 20mm. Also other alloying elements increasing hardenability may

be used.

Steel C Si | Mn | Cr [ Mo | Ni Cu V | Nb
Hi-Si | Min. [ 0.17[ 1.40 | 1.40 [ 0.40 [ 0.00 [ 0.00 [ 0.00 | 0.00] 0.00
DQP | Max. | 0.23| 2.00 | 2.30 | 2.00 | 0.30 [ 1.00 | 1.00 | 0.06 | 0.03

Table 1. Chemical composition ranges

According to second embodiment, the hot rolling 3,5 is realized so that the
thickness of hot-rolled steel is 3 to 20 mm, preferably 11 to 20 mm and providing a
steel slab is realized so that composition of steel includes iron and unavoidable impuri-
ties, and further including at least the following

C:0.17 t0 0.23%

Si: 1.4 to 2.0%

Mn: 1.4 to 2.3%

Cr: 0.4 t0 2.0%

Cu: less than 1.0%

Ni: less than 1.0%

V: less than 0.06%

Nb: less than 0.03%

Mo: less than 0.3%

and further so that the hardenability index DI as calculated using the for-
mula (1) is at least 125 mm. This ensures the hardenability especially of strip or plate
products having thickness 11 to 20 mm without undesired bainite formation.

Also Al 0.01 to 0.10% 1s preferred to use to kill the steel and thereby
achieve low oxide inclusion levels. Further, it is preferred that maximum permitted
levels of impurity elements P, S and N are the following P < 0.012, S < 0.006 and N <
0.006, which means that these levels are to be controlled adequately through good
melting practice in order to achieve good impact toughness and bendability.

The exact combination of alloying elements chosen will be determined by
the product thickness and the cooling power of the equipment available for direct
quenching. In general, the aim will be to use the minimum level of alloying consistent
with the need to achieve a martensitic microstructure without the formation of bainite

or ferrite during quenching. In this way, production costs can be kept to a minimum.
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The high-strength structural steel product has a yield strength Ryoo >
960MPa, preferably Ry > 1000MPa, and is characterized by a microstructure com-
prising at least 80% martensite and 5 to 20% retained austenite.

At least 80% martensite is required to achieve the desired strength and 5-
20% retained austenite is required to achieve high impact toughness and ductility.

It is preferable that the high-strength structural steel product has a Charpy
V 27] temperature (T277J) of less than -50°C, preferably less than -80°C.

Charpy V 27] temperature (T27]) means the temperature at which the im-
pact cncrgy 27J can be achicved with impact spccimens according to the standard EN
10045-1. Impact toughness improves as T27J decreases.

Mechanical properties are proved later in this description.

The most preferred embodiments of the high-strength structural steel prod-
uct are disclosed in the accompanying claims 23 to 34.

Figure 2 depicts the preferred microstructure of the high-strength structural
steel product as seen using light microscopy, i.c. fine martensitic laths, shortened and
randomized in different directions and retained austenite. Figure 3, a transmission elec-
tron micrograph, shows the presence of elongated pools of austenite (dark) 10 between
the martensite laths 11. The presence of retained austenite was also visible in SEM-
EBSD micrographs.

The fineness of the retained austenite 10 (submicron/ nanometer size) im-
proves its stability such that during straining, such as during stretch-flanging or bend-
ing or overloading, the retained austenite transforms to martensite over a large range of
strain. In this way, 5 to 20% retained austenite imparts improved formability and over-
load bearing capacity to the high-strength structural steel product.

According to one embodiment, high-strength structural steel product hav-
ing thickness 3 to 20 mm, preferably 3 to 11 mm includes, in terms of mass percent-
ages, iron and unavoidable impurities, and at least the following

C:0.17 t0 0.23 %,

Si: 1.4 t0 2.0 %,

Mn: 1.4t0 2.3 %,

Cr:0.41t02.0%

and further the hardenability index DI as calculated using the formula (1) is
more than 70 mm.

According to a second embodiment, high-strength structural steel product
having thickness 3 to 20 mm, preferably 11 to 20 mm includes, in terms of mass per-

centages, iron and unavoidable impurities, and further at least the following
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C:0.17 t0 0.23%

Si: 1.4 to 2.0%

Mn: 1.4 to 2.3%

Cr: 0.4 to 2.0%

Cu: less than 1.0%

Ni: less than 1.0%

V: less than 0.06%

Nb: less than 0.03%

Mo: less than 0.3%

and further the hardenability index DI as calculated using the formula (1) is
at least 125 mm.

According to one embodiment, the high-strength structural steel product is
a plate steel.

According to another embodiment, the high-strength structural steel prod-
uct is a strip steel.

According to another embodiment, the high-strength structural steel prod-

uct is a long steel product in the form of bar.

Examples of the invention

The present invention is now described by examples, in which an experi-
mental steel containing (in wt.%) 0.2C-2.0Mn-1.5Si-0.6Cr has been hot rolled, direct
quenched into the M, - My range and partitioning treated in order to prove feasibility of
the invention for making structural steels having a yield strength at least 960 MPa with
improved combination of strength, ductility and impact toughness over other structural
steels in this strength class.

Two austenite states prior to quenching were investigated: strained and re-
crystallized. Thermomechanical simulations were carried out in a Gleeble simulator to
determine appropriate cooling rates and cooling stop temperatures for obtaining mart-
ensite fractions in the range 70 to 90% at the quenching stop temperature QT. Subse-
quent laboratory rolling experiments showed that desired martensite - austenite micro-
structures were achieved, and ductility and impact toughness were improved in this
high-strength class.

The invention will be now described in greater detail with the aid of 1)
the results of Gleeble simulation experiments and 2) the results of laboratory hot roll-

ing experiments.
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1. Gleeble simulation experiments

Preliminary dilatation tests were carried out on a Gleeble simulator to
roughly simulate industrial rolling with high and low finish rolling temperatures, re-
sulting in respectively undeformed (recrystallized) and deformed (strained) austenites
prior to quenching.

For undeformed austenite, samples were reheated at 20°C/s to 1150°C,
held for 2 min, and cooled at 30°C/s to below the M, temperature giving initial marten-
site fractions in the range 70 to 90%. The samples were then held to allow partitioning
of carbon for 10 to 1000 s at or above the quenching stop temperature QT, followed by
cooling in air between the Gleeble anvils (~10-15°C/s down to 100°C).

In the case of deformed austenite, samples were reheated in a similar man-
ner, cooled to 850°C, held 10 s, and then compressed with three hits each having a
strain of ~0.2 at a strain rate of 1 s™. The time between hits was 25 s. The specimens
were then held 25 s prior to cooling at 30°C/s to a quenching temperature below M,
giving initial martensite fractions of 70 to 90%. Figure 4 depicts a temperature vs. time
schematic of this thermomechanical simulation schedule.

The dilatation curves of specimens cooled at 30°C/s enabled measurements
of M; (395°C) and My temperatures (255°C). These were as expected on the basis of
standard equations given in the literature. The dilatometer results suggested that initial
martensite fractions of about 70, 80 and 90% would be present at quenching tempera-
tures of 340, 320 and 290°C, respectively.

Following direct quenching of recrystallized undeformed austenite,
coarse packets and blocks of martensite laths were seen in the microstructure. How-
ever, specimens that were compressed at 850°C prior to quenching showed finer pack-
cts and blocks of martensite 11 laths, shortened and randomized in different directions,
Figure 2. Elongated pools of austenite 10 were present between the martensite laths.
An example of finely divided interlath austenite 10 is shown in Figure 3.

Final austenite 10 fractions varied in the range 7 to 15%; generally increas-
ing with higher quench stop temperature QT (290, 320, 340°C) and/or partitioning
temperature PT (370, 410, 450°C).

2. Laboratory rolling experiments

Based on the results of the dilatation experiments, rolling trials were made
using a laboratory rolling mill starting with slabs 110 x 80 x 60 mm cut from the cast
ingots, having a composition in wt.% of 0.2C-2.0Mn-1.5S1-0.6Cr. The rolling was

done in the fashion shown in Figure 1. The temperature of the samples during hot roll-
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ing and cooling was monitored by thermocouples placed in holes drilled in the edges
of the samples to the mid-width at mid-length. The samples were heated at 1200°C for
2 h (steps 1 and 2 in Figure 1) in a furnace prior to two-stage rolling (steps 3 — 5 in
Figure 1). Step 3 i.e. hot rolling step of type II comprised hot rolling in four passes to a
thickness of 26 mm with about 0.2 strain/pass with the temperature of the fourth pass
about 1040°C. Waiting step 4 comprised waiting for the temperature to drop below
900°C, which was estimated to be the RST, and step 5 i.e., hot rolling step of type I
comprised hot rolling to a final thickness of 11.2 mm with four passes of about 0.21
strain/pass with a finish rolling temperature (FRT) in the range 800-820°C (> Aj3), Fig-
ure 5. All rolling passes were in the same direction, i.e. parallel to the long side of the
slab. Immediately after hot rolling 3, 5, the samples were quenched 6, i.c., cooled at
cooling rate of at least 20°C/s (average cooling rates about 30-35°C/s down to about
400°C), in a tank of water to close to 290 or 320°C (QT) and then subjected to parti-
tioning treatment 7 in a furnace at the same temperature for 10 minutes, Figure 5.

Microstructural features of laboratory high-strength DQ&P material in
respect of martensite block and packet sizes were quite similar to those seen in optical
microstructures of Gleeble simulated specimens, indicating that the deformation condi-
tions in hot rolling and direct quenching to QT were suitably controlled. The micro-
structure of the plate rolled to a low FRT consisted of fine packets and blocks of fine
martensite laths 11, shortened and randomized in different directions, and austenite 10
contents (as measured by XRD) in the range 6 to 9%, irrespective of quenching and
furnace temperature (290 or 320°C).

Table 2 presents a summary of process parameters and mechanical proper-
ties of the laboratory rolled plates A, B and C, all having the composition 0.2C-2.0Mn-
1.5Si-0.6Cr. Table 2 clearly shows an all-round improvement in the properties as a re-
sult of TMR-DQP, i.c. after two-stage rolling with the hot rolling stage of type I 5 be-
low the RST (FRT = 800°C) in comparison to rolling including only the hot rolling
stage of type II 3 (FRT = 1000°C). It is also clear that properties are improved in com-
parison to simple direct quenching of a lower carbon steel having a similar yield
strength.
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Plate / tensile FRT QT Rz R0 R, A25 A Ay A, Z T27J | T50%
specimen (O (O |MPH|MP) | (MP)| (%) | () | Co) | Co) | B) | (O] (O

G DR800 AL 1484 ) 1S a6 29} 85 ). 12 ). 25
DR ] 2088 )443 ) 12e L ILT 3 25| 46 1 e
D3-R 1105 1450 | 137 | 115 37 3 57.8

:* Low C fully martensitic DQ steel

Table 2. Process parameters and mechanical properties for 11.2 mm thick plates

The mechanical properties of plates A, B and C produced by direct
quenching & partitioning (DQ&P) were compared with plate D obtained using simple
direct quenching to below the My temperature, i.¢. to room temperature, using a steel
with a composition giving similar yield strength properties, i.c., in wt.% 0.14C-
1.13Mn-0.2Si-0.71Cr-0.15M0-0.03Ti-0.0017B. A slab of this steel was hot-rolled in
the same way as described above using the two-stage rolling schedule to a low FRT
and directly water quenching to room temperature.

For each plate, three tensile specimens were extracted. The 0.2% yield
strength (Ry0.2) of plates A and B is marginally lower than the 1100 MPa obtained with
D. Both yield and tensile strengths obtained with recrystallized DQ&P plates C (finish
rolled at about 1000°C) are lower than those of A and B having finish rolling tempera-
tures (FRT) of 800°C. This shows the importance of thermomechanical rolling, i.c.,
straining of austenite on the subsequent phase transformation characteristics and resul-
tant properties.

Prestraining the steel for some applications can be feasible or even natural
and in these cases the yield strength in use will be raised above the Ry.» values in Ta-
ble 2: the yield strength may then exceed 1100, 1200 or even 1300 MPa depending on
the prestrain applied. This is implied by the high values of Ry1.0 shown by steels A and
B.

As depicted in Table 2, low finish rolling temperature (FRT), ie., the hot
rolling stage of type I 5 performed below the recrystallization stop temperature (RST)
has a notable effect on impact toughness in context of DQ&P processing. For each
plate approximately nine 10 x 10 mm Charpy V impact test specimens were tested at

various temperatures across the ductile — brittle transition range. The results were used
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to determine the values of T27J and T50% in Table 2. Individual values of absorbed
energy are shown in Figure 6. It can be seen from Figure 6 that FRT 800°C followed
by direct quenching and partitioning treatment (plates A and B) causes improved im-
pact strength compared to FRT 1000°C followed by direct quenching and partitioning
treatment (plate C) or compared to simple direct quenching to room temperature of a
lower carbon steel (plate D).

Further, surprisingly, despite the fact that the carbon content of specimens
A and B (0.20%) is higher than the carbon content of specimen D (0.14%), the tem-
peraturc corresponding to 27J Charpy V impact cnergy (T27]) and 50% shcar fracturc
(T50%) for plates A and B are distinctly lower, i.e. better, than for plate D.

According to Table 2, temperatures corresponding to 27J Charpy V impact
energy (T27J)) can be less than -50°C by using thermomechanical rolling, i.e., using a
rolling stage of type I 5 at temperatures below the RST.

The TMR-DQP plates in Table 2 (A and B) satisfy the target related to ex-
cellent Charpy V impact toughness transition temperature T27J < -50°C, preferably <
-80°C and also yield strength Ry at least 960 MPa.

While the total elongation (A) and reduction of area to fracture (Z) vary in
a narrow range, the total uniform elongation (Ag) and the plastic uniform elongation
(Ag) are higher at the lower quenching temperature of 290°C than the same properties
obtained at quenching temperature 320°C, as can be seen in Table 2.

According to Table 2, the total elongation of A > 10% was achieved,
which is also a good value at this strength level.

According to Table 2, the total uniform elongation of Ay > 3.5% was
achieved, even A > 4.0%, which is also a good value at this strength level.

According to the preferred embodiment of the method, the quenching stop
temperature (QT) is between M, and My temperatures and further less than 300°C but
greater than 200°C in order to achieve improved properties related to elongation.

The mechanical properties obtained in the invention are better than those
obtained in conventionally quenched and tempered steels in the same strength class.
Further, it must be noticed that the overall combination of mechanical properties is ex-
cellent, including strength, ductility and impact toughness properties. All these are ob-

tained simultaneously.

Test conditions

For tensile testing, according to standard EN 10002, round specimens with
threaded ends (10 mm x M10 threads) and dimensions of 6 mm diameter and total par-
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allel length of 40 mm were machined in the transverse direction to the rolling direc-
tion.

For testing impact toughness, according to standard EN 10045-1, Charpy
V impact specimens (10 x 10 x 55 mm; 2 mm deep notch along transverse normal di-
rection with root radius of 0.25 £ 0.025mm) were machined in the longitudinal direc-
tion, i.e. parallel to the rolling direction.

In the above, the invention has been illustrated by specific examples. It is
to be noted, however, that the details of the invention may be implemented in many
other ways within the scope of the accompanying claims.
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CLAIMS
1. A method for manufacturing a high-strength structural steel comprising the

following:

a providing step for providing a steel slab,

- a heating step (1) for heating said steel slab to a temperature in the
range 950 - 1300°C,

- atemperature equalizing step (2) for equalizing the temperature of
the steel slab,

- ahot rolling step including a hot rolling stage of type I (5) for hot
rolling said steel slab in the no-recrystallization temperature range
below the recrystallation stop temperature (RST) but above the fer-
rite formation temperature As,

- a quenching step (6) for quenching the hot-rolled steel at cooling
rate of at least 20°C/s to a quenching-stop temperature (QT), which
quenching-stop temperature (QT) is between Mg and My tempera-
tures,

- a partitioning treatment step (7, 9) for partitioning the hot-rolled
steel in order to transfer carbon from martensite to austenite, and

- acooling step (8) for cooling the hot-rolled steel to room tempera-

ture by forced or natural cooling.

2. The method according to claim 1, characterized

in that the heating step (1) for heating said steel slab to a temperature in the
range 950 to 1300°C includes heating said steel slab to a temperature in the range 1000
to 1300°C,

in that the hot rolling step includes a hot rolling stage of type 1I (3) for hot
rolling said steel slab in the recrystallization temperature range above the recrystalla-
tion limit temperature (RLT), and

in that the hot rolling stage of type 11 (3) is performed before the hot rolling
stage of type I (3).

3. The method according to claim 2, characterized

in that the hot rolling step includes a waiting period (4) including a hot
rolling stage of type III for hot rolling said steel slab in the temperature range below
the recrystallation limit temperature (RLT) and above the recrystallation stop tempera-
ture (RST), and
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in that the waiting period (4) is performed after the hot rolling stage of type
IT (3) and before the hot rolling stage of type I (5).

4. The method according to any of the claim 3, characterized in that the steel
slab is uninterruptedly rolled during the hot rolling stage of type I, the hot rolling stage
of type 11, and the hot rolling stage of type III and when shifting from hot rolling stage
of type II to hot rolling stage of type III and correspondingly when shifting from hot
rolling stage of type III to hot rolling stage of type 1.

5. The method according to any of the claims 1 to 4, characterized in that
said quenching-stop temperature (QT) is between M and M temperatures such that
the amount of austenite at said quenching-stop temperature (QT) immediately after
quenching is, in terms of volume percentages, a minimum of 5% but no higher than
30%.

6. The method according to any of the claims 1 to 5, characterized in that
said partitioning treatment step (7) is realized substantially at quenching stop tempera-
ture (QT).

7. The method according to any of the claims 1 to 5, characterized in that
said partitioning treatment step (9) is realized substantially above quenching stop tem-
perature (QT).

8. The method according to any of the claims 1 to 5, characterized in that
said partitioning treatment step (7, 9) is realized at temperature in the range 250 to 500
°C.

9. The method according to any of the claims 1 to &, characterized in that
said partitioning treatment step (7, 9) is realized so that the maximum average cooling

rate during the partitioning treatment is 0.2°C/s.

10. The method according to any of the claims 1 to 9, characterized in that
said partitioning treatment step (7, 9) is realized by holding at an essentially constant

temperature.
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11. The method according to any of the claims 1 to 10, characterized in that
said partitioning treatment step (7, 9) is realized within the time period 10 to 100000 s,
preferably within the time period 600 to 10000 s calculated from the quenching stop
temperature (QT).

12. The method according to any of the claims 1 to 11, characterized in that
the method comprises a coiling step that is performed after the quenching step (6) and

before the partitioning treatment step (7, 9).

13. The method according to any of the claims 1 to 12, characterized in that
said hot rolling (5) includes at least 0.4 total accumulated equivalent strain below the

recrystallization stop temperature (RST).

14. The method according to any of the claims 1 to 13, characterized in that
quenching stop temperature (QT) is between the M and My temperatures and further
below 400°C but above 200°C in order to achieve improved properties related to elon-

gation.

15. The method according to claim 14, characterized in that quenching stop
temperature (QT) is between the Mg and My temperatures and further below 300°C but
above 200°C in order to achieve improved properties related to elongation.

16. The method according to any of the claims 1 to 15, characterized in that
the structural steel has yield strength Ry02> 960 MPa, preferably R0 > 1000 MPa.

17. The method according to any of the claims 1 to 16, characterized in that
the method comprises a prestraining step, which is performed subsequent to the parti-

tioning treatment step (7, 9).

18. The method according to claim 17, characterized in that said prestrain in-
cludes 0.01 - 0.02 strain.

19. The method according to claim 18, characterized in that structural steel
has yield strength R0, > 1200 MPa following of prestrain including 0.01 - 0.02 strain.
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20. The method according to any of the claims 1 to 18, characterized in that
the providing step includes providing a steel slab including Fe and unavoidable impuri-
ties, and further, in terms of mass percentages, at least the following

C:0.17 t0 0.23%,

Si: 1.4 to 2.0%,

Mn: 1.4 to 2.3%, and

Cr: 0.4 to 2.0%.

21. The mcthod according to claim 20, characterized
in that said hot rolling step is realized so that the thickness of hot-rolled
steel slab is 3 to 20 mm, preferably 3 to 11 mm, and
in that said providing step includes providing a steel slab including Fe and
unavoidable impurities, and further, in terms of mass percentages, at least the follow-
ing
C:0.17 t0 0.23%,
Si: 1.4 to 2.0%,
Mn: 1.8 to 2.3%, and
Cr: 0.4 to 1.0%
and further so that the hardenability index DI as calculated using the for-

mula (1) is more than 70 mm.

22. The method according to claim 20, characterized
in that the hot rolling step is realized so that the thickness of hot-rolled
steel is 3 to 20 mm, preferably 11 to 20 mm, and
in that the providing step includes providing a steel slab including Fe and
unavoidable impurities, and further, in terms of mass percentages, at least the follow-
ing
C:0.17 t0 0.23%,
Si: 1.4 to 2.0%,
Mn: 1.4 to 2.3%,
Cr: 0.4 to 2.0%,
Cu: less than 1.0%,
Ni: less than 1.0%,
V: less than 0.06%,
Nb: less than 0.03%,
Mo: less than 0.3%,
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and further so that the hardenability index DI as calculated using the for-
mula (1) is at least 125 mm.

23. A high-strength structural steel product having yield strength Rpo2 > 960
MPa, preferably Ryo2 > 1000 MPa, characterized in that the high-strength structural
steel product has a microstructure comprising, in terms of volume percentages, at least

80% martensite and 5 to 20% retained austenite

24. The high-strength structural stecl product according to claim 23, charac-
terized in that said martensite consists of fine martensitic laths, shortened and random-

ized in different directions.

25. The high-strength structural steel product according to claim 23 or 24,
characterized in that the high-strength structural steel product has a Charpy V 27]
transition temperature of less than -50°C, preferably less than -80°C.

26. The high-strength structural steel product according to any of the claims 23
to 25, characterized in that high-strength structural steel product includes, in terms of

mass percentages, Fe and unavoidable impurities, and further includes at least the fol-

lowing

C:0.17 t0 0.23%,

Si: 1.4 to 2.0%,

Mn: 1.4 to 2.3%, and

Cr: 0.4 to 2.0%.
27. The high-strength structural steel product according to claim 26, charac-
terized

in that the high-strength structural steel product has thickness of 3 to 20
mm, preferable 3 to 11 mm, and
in that the high-strength structural steel product includes, in terms of mass
percentages, Fe and unavoidable impurities, and further includes at least the following
C:0.17 t0 0.23%,
Si: 1.4 to 2.0%,
Mn: 1.4 to 2.3%,
Cr: 0.4 t0 2.0%,
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and further the hardenability index DI as calculated using the formula (1) is

more than 70 mm.

28. The high-strength structural steel product according to claim 26, charac-
terized
in that the high-strength structural steel product having thickness of 3 to 20
mm, preferable 11 to 20 mm, and
in that the high-strength structural steel product includes, in terms of mass
percentages, Fe and unavoidable impuritics, and includcs further at lcast the following
C:0.17 t0 0.23%,
Si: 1.4 to 2.0%,
Mn: 1.4 to 2.3%,
Cr: 0.4 to 2.0%,
Cu: less than 1.0%,
Ni: less than 1.0%,
V: less than 0.06%,
Nb: less than 0.03%,
Mo: less than 0.3%,
and further the hardenability index DI as calculated using formula (1) is at

least 125 mm.

29. The high-strength structural steel product according to any of the claims 23
to 28, characterized in that the total clongation to fracture (A) of high-strength struc-
tural steel product is A > 10%.

30. The high-strength structural steel product according to any of the claims 23
to 29, characterized in that total uniform elongation (Ay) of high-strength structural
steel product is Ay > 3.5%, preferably Ay > 4.0%.

31. The high-strength structural steel product according to any of the claims 23
to 30, characterized in that said yield strength of high-strength structural steel product
18 Rpo2 > 1200 MPa.

32. The high-strength structural steel product according to any of the claims 23
to 31, characterized in that said high-strength structural steel product is in the form of

a steel plate.
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33. The high-strength structural steel product according to any of the claims 23
to 31, characterized in that said high-strength structural steel product is in the form of

a steel strip.

34. The high-strength structural steel product according to any of the claims 23
to 31, characterized in that said high-strength structural steel product is in the form of

a steel bar.
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kategoriaan kuuluva julkaisu yhdessa.
A Yleistd tekniikan tasoa edustava julkaisu.

O Tullut julkiseksi esitelmén vilitykselld, hyviksikdyttdmalla tai muutoin muun kuin kirjoituksen avulla.

P Julkaistu ennen hakemuksen tekemispdivdd mutta ei ennen aikaisinta etuoikeuspaivaa.

T Julkaistu hakemuksen tekemispéivin tai etuoikeuspéivin jilkeen ja valaisee keksinnOn periaatetta tai teoreettista taustaa.

E Aikaisempi suomalainen tai Suomea koskeva patentti- tai hyddyllisyysmallihakemus, joka on tullut julkiseksi hakemuksen tekemispdivind
(etuoikeuspdivind) tai sen jilkeen.

D Julkaisu, joka on mainittu hakemuksessa.

L Julkaisu, joka kyseenalaistaa etuoikeuden, osoittaa toisen julkaisun julkaisupdiviméirin tai johon viitataan jostakin muusta syysti.

& Samaan patenttiperheeseen kuuluva julkaisu.

Téma asiakirja on koneellisesti allekirjoitettu. Liséitietoja liitteessi ]
Piivays Tutkijainsinoori
12.03.2012 Sonja Patana

Puhelinnumero (09) 6939 5476
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