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Description

FIELD OF THE INVENTION

[0001] The invention relates to a method for producing a steel strip composite and to a steel strip composite produced
by said method.

BACKGROUND OF THE INVENTION

[0002] Enhancement of ductility at elevated strength is desirable for widespread markets.
[0003] In the automotive industry in particular, where legislation is driving improvements in fuel economy and safety,
there is a move towards stronger, formable high strength steels. High strength and ultrahigh strength strip steel provides
automotive manufacturers potential for down weighting of the body in white and the opportunity for countering weight
increases arising from the move to electric and hybrid vehicles. In addition high and ultrahigh strength steels play a
critical role in determining the crash worthiness of modern passenger vehicles.
[0004] Extensive application of high strength and ultrahigh strength steel requires, in many cases, levels of formability
that are higher than can be expected for conventional carbon-manganese steels. Enhancement of residual ductility in
formed parts is beneficial for integrity in crash. As a first approximation tensile elongation may be considered a simple
measure of both formability and impact integrity. Consequently, such effort has been given to developing advanced high
strength steels (AHSS) with optimised tensile ductility.
[0005] In the case of current commercial AHSS, enhancement of ductility is realised either by using composite effects
(Dual Phase or DP steels) or by using deformation induced transformation of retained austenite (TRIP steels). Both
composite hardening and transformation induced plasticity mechanisms can measurably enhance the ductility of pre-
dominantly ferritic steels. However, the enhancement of ductility which may be achieved in this way is limited to around
1.5 (for DP) to 2 (for TRIP) times that of conventional C-Mn steels at equivalent strength. Furthermore, the strength level
that may be achieved in commercial, ferritic-matrix DP and TRIP steels is also limited (TRIP to around 800MPa and DP
to around 1000MPa).
[0006] Extreme enhancement of tensile ductility may also be achieved by utilising high alloy (predominantly manga-
nese) additions to stabilise austenite (Twinning Induced Plasticity or TWIP steels). Austenite is inherently more ductile
than ferrite and twinning provides a very effective work hardening mechanism. Such steels may achieve very high
elongations (typically 50%) at very high strengths (typically 1000MPa). The improvement in elongation may be typically
5x that of a conventional C-Mn steel. However, the yield strength is comparatively low and large strains need to be
uniformly imposed to achieve high strength in the formed component. Furthermore, the extremely high levels of alloy
make large scale production over conventional process problematic.
[0007] Practical experience gained during the implementation of these first and second generations of AHSS have
revealed that forming and performance parameters beyond those measured in the tensile test can represent significant
barriers to implementation. In particular, although exhibiting high uniform and total elongations, and consequently high
resistance to necking during stretch forming, mixed microstructures comprising a distribution of hard phase in a matrix
of soft ferrite may be highly susceptible to cracking at stretched edges. Low stretched edge formability is known to
impose a practical limit to the formability of otherwise highly ductile AHSS.
[0008] WO2010/029983 discloses a method for manufacturing a high-strength steel sheet, comprising hot-rolling and
then cold-rolling a billet to be formed into a steel sheet having the composition on a mass percent basis: 0.17%-0.73%
C; 3.0% or less Si; 0.5%-3.0% Mn; 0.1% or less P; 0.07% or less S; 3.0% or less Al; 0.010% or less N, balance Fe and
incidental impurities to form a cold-rolled steel sheet, annealing the cold-rolled steel sheet in an austenite single-phase
region for 15 seconds to 600 seconds, cooling the cold-rolled steel sheet to a first temperature range of 50 °C to 300
°C at an average cooling rate of 8 °C/s or more, heating the cold-rolled steel sheet to a second temperature range of
350 °C to 490 °C, and maintaining the cold-rolled steel sheet at the second temperature range for 5 seconds to 1000
seconds.
[0009] A new generation of AHSS that exhibits an advantage in strength ductility-balance with respect to carbon
manganese steels but at lower levels of alloy, and consequently lower cost and greater processability, is emerging. For
this generation of steels more attention is also being paid to other formability parameters such as stretched edge ductility
(hole expansitivity) and bendability. In most cases, mixed microstructures comprising hard majority phases such as
martensite or bainite are used to develop high to ultrahigh strengths. Such hard, uniformly fine, microstructures tend to
exhibit good hole expansitivity. Alloy compositions fall into two basic categories: Medium Manganese compositions (Mn
typically 7wt%) and Medium Carbon, carbon-manganese steels with additions of Si and or Al.
[0010] In the case of the high Mn TRIP steels austenite is simply chemically stabilised by large additions of Mn.
Although clearly differentiated strength-ductility combinations can be achieved in this way, processing has proven to be
difficult since hard, brittle martensitic phases are developed in intermediate product. This renders further processing,
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such as cold rolling, difficult at dimensions relevant to commercial processing. Furthermore, alloy costs are high due to
the high manganese content.
[0011] Therefore the problem arises that it is difficult to provide a steel strip having improved strength and edge ductility.
[0012] It is an object of this invention to provide a method for improving the strength and edge ductility of steels.
[0013] It is a further object of this invention to provide a steel having improved strength and ductility in combination
with an low allow content.

SUMMARY OF THE INVENTION

[0014] According to a first aspect of the invention there is provided a method for producing a quenched and partitioned
steel by providing a cold rolled and annealed steel strip containing (in weight %):

• 0.18 - 0.4% C
• 1.5 - 4.0% Mn
• 0.5 - 2.0% Si
• 0 - 1.5% Al
• 0 - 0.5% Mo
• 0 - 0.5% tri
• 0 - 0.4% V
• 0 - 0.010% Nb
• 0 - 0.005% B
• 0 - 0.015% N
• 0 - 0.08% P
• 0 - 0.01% S
• 0 - 0.06% Sb
• 0 - 0.05% Ca.
• 0 - 1.0%Cr
• 0 - 1.0% Ni
• the remainder being iron and unavoidable impurities.

wherein the annealing process comprises the following steps:

(i) reheating the cold rolled strip to an annealing temperature T1 of between Ac3-40 and Ac3+80;
(ii) holding the strip at T1 for an annealing time t1 of between 10 and 200 seconds;
(iii) cooling the annealed strip at a cooling rate CR1 to a quench temperature T2 for producing a microstructure in
the strip comprising a martensite fraction and a retained austenite fraction;
(iv) partitioning annealing the cooled strip at a temperature T3 for enriching the austenite in carbon by repartitioning
the carbon from the martensite to the austenite fraction for a repartitioning time t2 of between 20 and 500 seconds;
(v) cooling the strip at a cooling rate CR2 to ambient temperature.

[0015] According to the invention a cold-rolled strip is provided by the conventional and known processes of casting,
hot-rolling and cold-rolling. The casting process may involve thick slab casting (slab thickness between 150 and 350
mm), thin slab-casting (slab thickness below 150 mm, usually between 50 and 100 mm) or even strip casting. Cold
rolling is also a conventional and known process.
[0016] The composition of the steel according to the invention is a balanced composition comprising medium carbon
and moderate manganese additions. The cold rolled steel is heated to form austenite, either partially or fully, followed
by quenching to a temperature between the martensite start temperature (Ms) and the martensite finish temperature
(Mf), thereby creating a controlled amount of martensite and retained austenite. The manganese additions result in
stabilisation of an austenite fraction during cooling from the annealing temperature and the subsequent carbon enrichment
further stabilises the austenite fraction. Combined stabilisation via C and Mn additions enables alloying with either
element to be restricted to reasonable limits leading to cost and processability advantages. The steel is then subjected
to a thermal treatment to partition carbon from the martensite into the austenite. The carbon enrichment of the austenite
fraction is achieved by partitioning from martensite or low temperature bainitic transformation or preferably a combination
of both. By this partitioning, the formation of carbides is suppressed and the austenite is stabilised rather than decom-
posed. Combined stabilisation with partitioning and bainitic transformation enables the amount of austenite and the
microstructure in which it is embedded to be optimised. The bainitic transformation also leads to carbon enrichment of
the remaining austenite because the formation of carbides is suppressed. All compositions are given in weight percent-
ages, unless otherwise indicated. The final microstructure of the steel comprises martensite, bainite and carbon-enriched
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austenite and, if T1 < Ac3, equiaxed ferrite. The stabilisation of austenite results in the steel exhibiting improved ductility
relative to traditional high strength steels.
[0017] Carbon (C) provides solid solution strengthening, enhances hardenability (thus enabling avoidance of high
temperature transformations at cooling rates achievable in conventional annealing lines) and, when dissolved in austenite,
promotes the retention of austenite at room temperature. Above 0.4wt% C the propensity for formation of brittle high
carbon martensite increases.
[0018] Manganese (Mn) delivers substantial solid solution strengthening, stabilises austenite, thus promoting its re-
tention at room temperature, and enhances hardenability promoting the formation of hard transformation products at
cooling rates achievable in conventional annealing lines. A preferable upper limit for the manganese content is 3.5%.
[0019] Silicon (Si) addition provides solid solution strengthening thus enabling the attainment of high strength and
promotes the stabilisation of austenite. Si very effectively retards the formation of carbides during overaging thus keeping
carbon in solution for stabilisation of austenite. Ferrite and hard phases such as bainite and martensite exhibit improved
ductility in the absence of carbides. Free carbon, not trapped in carbides, may be partitioned to austenite. For acceptable
coatability the imposed addition of Si should be below a certain level: Si may be added in the range of between 0.5 to
1wt% when combined with Al addition. In the absence of Al additions beyond the level needed for deoxidation Si should
be maintained in the range of between 1 to 2wt%.
[0020] Aluminium (Al) is usually already added in small quantities of at most 0.1% and preferably at most 0.05% to
liquid steel for the purpose of deoxidation by forming alumina. Ideally, the total aluminium content in the steel is between
0.01 and 0.08% if aluminium is only added for desoxidation. In the right quantity it also provides an acceleration of the
bainite transformation. Al also retards the formation of carbides thus keeping carbon in solution for partitioning to austenite
and promoting the stabilisation of austenite. A maximum value of 1.5wt% is imposed for castability purposes because
higher Al-contents lead to poisoning of casting mould slag and consequently an increase in mould slag viscosity leading
to incorrect heat transfer and lubrication during casting. Aluminium alone delivers low strength. Therefore, if Al is used
above levels required for deoxidation it should always be in combination with Si.
[0021] Niobium (Nb), if added, is added in small amounts of up to 0.1% or more preferably of up to 0.05wt%. It is
added for austenitic grain refinement during hot rolling. If combined with a suitable rolling schedule, it promotes trans-
formation on the run-out-table, and thus finer and a more homogeneous grain size in the hot-rolled intermediate product
which is then subsequently cold-rolled.
[0022] Titanium (Ti) can be used to form fine precipitates in the ferritic component of mixed microstructures thus
increasing strength and promoting uniformity of strength at the microstructural scale and in turn good stretched edge
ductility. Preferably Ti is below 0.1%.
[0023] Molybdenum (Mo) is used to increase hardenability thus retarding the formation of high temperature transfor-
mation products on cooling to the quench temperature. Additions of Mo may therefore allow the utilisation of lower cooling
rates more readily achieved in full-scale production lines or to achieve the desired structure and properties in heavier
gauge strip. The use of Mo is to be preferred over the use of Cr when UHS is required since in addition to enhancing
hardenability Mo provides additional solid solution strengthening. Mo is also known to retard coarsening of fine strength-
ening precipitates thus promoting thermal stability precipitation strengthening variants. For reasons of cost less than
0.5wt% is preferable.
[0024] Vanadium (V) is used to increase hardenability thus retarding the formation of high temperature transformation
products on cooling to the quench temperature. Furthermore V may combine with C or N or both to form fine strengthening
precipitates thus increasing strength and promoting uniformity in strength at the microstructural scale in mixed micro-
structures and in turn improved stretched edge ductility. V addition up to 0.4wt% is effective. Higher additions are
undesirable for reasons of cost and because excessive levels of precipitation tie up high amounts of C. Since free C is
required for austenite stabilisation too high V requires increased C addition. Preferably V is below 0.1%.
[0025] Phosphorus (P) is used to suppress the formation of pearlite during cooling, to suppress carbide formation and
thereby promote the partitioning of carbon to austenite resulting in austenite stabilisation. However, too high a P addition
is known to cause embrittlement at hot-rolling temperatures and to lead to reduced toughness in martensitic UHSS. P
may also lead to problems in spot welding of the final product. For these reasons P is limited to a maximum of 0.08wt%
and more preferably to a maximum of 0.02wt%.
[0026] Sulphur (S) is an impurity which may embrittle the intermediate or final product. S should be limited to a maximum
level of 0.01wt% and more preferably to at most 0.005wt%.
[0027] Chromium (Cr) and nickel (Ni) may be used to increase hardenability thus retarding the formation of high
temperature transformation products on cooling to the quench temperature. Additions of Cr and/or Ni may therefore
allow the utilisation of lower cooling rates more readily achieved in full-scale production lines or to achieve the desired
structure and properties in heavier gauge strip. Cr and/or Ni should be limited to a level of less than 1wt% for reasons
of cost and preferably to levels of 0.5wt% or less and more preferably below 0.1%.
[0028] Boron (B) may be used to improve hardenability and, in particular, to prevent the formation of ferrite on cooling
from a fully austenitic soaking temperature. B should be limited to 50ppm because above these levels further addition
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is ineffective.
[0029] Antimony (Sb) may be used to enhance the wettability of zinc during hot dip galvanising. Addition should be
limited to 0.06wt% or less.
[0030] Calcium (Ca) may be required to avoid clogging during casting and may be beneficial for modifying the mor-
phology of MnS inclusion. Globular inclusions are known to be less detrimental to stretched edge ductility than highly
elongated inclusions If used, then addition should preferably be made to the level of 30ppm or less. Additions above
0.05% lead to the formation of coarse inclusions detrimental to ductility and toughness.
[0031] Nitrogen (N) may be used, in combination with V, to form fine strengthening precipitates imparting strength and
promoting uniformity in strength at the microstructural scale and in turn good stretched edge ductility. Additions should
be limited to 150ppm or less.
[0032] The annealing step starts with reheating to an annealing temperature (T1). T1 may be above or below Ac3. If
T1 is below Ac3 the resulting ferrite fraction leads to a lower strength and may introduce heterogeneity in strength at a
microstructural scale. Local differences in strength lower the ratio of yield to tensile strength and lead to poor stretched
edge ductility and bendability. It is therefore preferable that T1 is above Ac3. In the context of this invention the phrase
"above Ac3" means that the microstructure is austenitic at T1. Although the equilibrium transformation temperature Ae3
is only determined by the composition, the value of the corresponding Ac3 temperature is not a constant value as its
value depends among others on the heating rate during which Ac3 is measured and the starting microstructure of the
steel. Usually Ac3 is determined using dilatometry. When the heating rate used during dilatometry and the microstructure
of the test specimen are those used in the process according to the invention, the value of Ac3 is easy to determine. In
determining T1 and the allowable variation around T1 the narrowing of the transformation temperature range with in-
creasing C content should preferably be taken into account as follows: 

or 

[0033] The rapid cooling to T2 (CR1) is required to avoid the formation of high temperature transformation phases.
The specific rate required depends upon the steel chemistry and corresponds to the critical cooling rate for avoidance
of ferrite and pearlite noses in the relevant CCT diagram. In addition, the critical rate decreases with increasing T1 above
Ac3. Preferably CR1, i.e. the cooling rate over the temperature interval 800-500°C from T1 to T2 is between 30 to 80
°C/s. T2 should be chosen low enough to deliver partial transformation to martensite, but not so low as to cause complete
transformation to martensite. T2 is chosen to deliver a volume fraction of martensite of between 50 to 90% (in volume)
and preferably an austenite fraction of at least vol.5%. The dependency of the martensitic transformation start temperature
(MS) on composition means that T2 will also depend upon chemistry. Preferably a martensite fraction of 60 - 85 vol.%
is chosen.
[0034] Holding at T3 is needed to enrich the remaining austenite in carbon via a bainitic transformation or carbon
partitioning or both. This temperature may be the same as the quench stop temperature (T2=T3) or may be higher
(T3>T2). Higher isothermal holding temperatures may be advantageous since increased rates of carbon diffusion may
make feasible shorter isothermal holds. Several processes occur during isothermal holding including tempering of mar-
tensite, diffusion of carbon from the martensite fraction to the remaining austenite, the precipitation of carbides and the
formation of bainite. The presence of a small fraction of martensite is known to accelerate subsequent transformation
to bainite so, for some combinations of alloy composition and processing capability, quench stop temperatures under
Ms are desirable. T3 is chosen so as to give a suitable rate of transformation to bainite or rate of partitioning or both.
The specific temperature will be dependent upon alloy composition and will preferably fall in a range expressed by:

[0035] The correct balance of isothermal holding temperature and isothermal holding time must be chosen for each
composition. These can be determined by means of dilatometry as described hereinbelow.
[0036] The formation of carbides may lock up carbon which would otherwise be available for stabilisation of austenite
and should therefore preferably be avoided. Furthermore, coarse Fe3C carbides may lead to a deterioration in tensile
ductility and/or stretched edge ductility. The levels of Si or Si/Al must be suitably tuned to retard carbide formation for
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the duration of the isothermal hold.
[0037] Since both the carbon partitioning accompanying the martensite tempering and bainitic transformation, in the
presence of sufficient Si or Si/Al, each deliver an enrichment of carbon in austenite, exploitation of both mechanisms in
tandem is highly beneficial leading to a greater total degree of austenite stabilisation.
[0038] It should also be noted that the optimum properties are not delivered by simply tuning process to deliver the
maximum stabilisation of austenite. Levels of carbon enrichment too low to completely stabilise all austenite but sufficient
to deliver high carbon austenite prior to the final cool can lead to the formation of brittle martensite. Excessive tempering
of martensite can lead to significant loss in strength and, in combination with insufficient stabilisation of austenite and
the formation of new hard martensite on final cooling, to low ratios of the yield to tensile strength.
[0039] Therefore, it is preferred that the partitioning temperature and time are chosen such as to optimise the enrichment
of carbon in the austenite but without creation of deleterious microstructures during the isothermal hold.
[0040] Subsequent to the hold at T3 the strip is cooled to ambient temperature. The strip may also be coated with zinc
or other such metallic layers using a suitable method of deposition either in-line or in a following process step.
[0041] In a preferable embodiment the cold rolled strip contains at least 0.25% C and at least 0.03% Al. A lower limit
of 0.25wt% is placed on C because below this level the desired combinations of strength and ductility may not be achieved.
[0042] In an embodiment the use of Si is preferred to that of Al such that a minimum silicon content of 1wt% and a
max maximum aluminium content of 0.5 wt% is defined. Si provides substantial strengthening allowing the achievement
of ultra high strength, more effectively suppresses carbide formation enabling longer isothermal holds without formation
of large volumes of coarse iron carbides, and because it does not accelerate bainite formation to the same extent as Al
thus preventing excessive formation of bainite and enabling higher strengths to be achieved.
[0043] Strength-Ductility data for a range of production C-Mn steels including ferritic forming steels and quenched
martensitic steels have been used to generate a base-line strength-ductility decay for conventional strip steels. The data
conform to the expression: 

where ecalculated is the total elongation (expressed as % engineering strain), UTS is the ultimate tensile strength and k
is a constant which for tensile test pieces with 80 mm gauge and thickness 1 mm is 250000.
[0044] If elongations are measured at different gauge or thickness then they must be converted to an equivalent
elongation at 80mm gauge and 1mm thick or the above expression must be fit to base-line data measured at that
alternative gauge/thickness combination using appropriate values of the constants. Conversion of tensile ductility can
be performed using accepted procedures (ISO Norm 2566/1-2) when the geometries corresponding to the measured
and to be calculated elongations are know: 

Where e2 is the required elongation for a gauge length of L2 with a cross section of A2, e1 is the known elongation
measured for a gauge length of L1 with a cross section of A1 and the exponent m is a material constant here assumed
to be equal to 0.4.
[0045] In an embodiment the quenched and partitioned steel has an e-ratio of at least 1.8 wherein the e-ratio is defined
as emeasured/ecalculated and wherein emulated is calculated according to equation (1) and wherein emeasured is the elongation
measured from an 80mm gauge length sample at 1mm thick (or measured at some other geometry and converted to
an equivalent elongation on an 80mm gauge at 1mm thick using expression (2)).
[0046] In an embodiment the tensile strength of the steel according to the invention is at least 900 MPa. This strength
regime is of interest since it provides significant opportunity for down-gauging and is a strength regime for which formability
is most limited. Ductility levels are at least 1.8x or more than that of conventional C-Mn steels at equivalent strength.
[0047] Preferably the yield to tensile strength ratio is 0.6 or higher. More preferably the ratio is at least 0.65 or even
higher. Low yield to tensile strength ratios are associated with poor bendability and edge cracking sensitivity. Performance
is often dependent on yield strength, anti-intrusion components for instance require high yield strength. High yield to
tensile strength ratios ensure strength uniformity in the formed part, especially in forming operations which apply localised
strain such as bending, or hole expansion.
[0048] In a preferred embodiment of the invention the metal or metal alloy coating is zinc, aluminium, magnesium or
alloys thereof. Hereby the steel is afforded sacrificial corrosion protection since the zinc and aluminium will oxidise in
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preference to iron in the steel.
[0049] It was stated above that it is preferred that the partitioning temperature and time are chosen such as to optimise
the enrichment of carbon in the austenite but without creation of deleterious microstructures during the isothermal hold.
The temperature and time can be determined using dilatometry as follows:

First, fully austenitise a sample and apply a fast cool to room temperature to determine the fraction of martensite
as a function of temperature below Ms. This allows to select an appropriate fraction of martensite as a function of
the quench temperature. For this selected quench temperature the range of time-temperature partitioning combi-
nations that deliver the correct stabilisation of austenite can be determined as follows. Cool a fully austenitized
specimen to the selected quench temperature T2 to produce the desired fraction of austenite and martensite and
subsequently reheat the sample to a selected partitioning temperature T3 and hold the sample at this temperature
for a certain partitioning time t2. The value of t2 may be between 10 and 500 seconds, but for practical purposes in
commercial annealing lines t2 is preferably in the range of 20 to 180 s or even 20 to 100 s. After the partitioning step
the specimen can be cooled naturally or acceleratedly to room temperature; no fast quench is needed. If during this
cooling the dilatation curve shows that the martensite formation re-starts at a temperature in the range from (Ms -
20) to 120°C, then a correct degree of stabilisation has been achieved. In the case that the martensite formation
recommences at a temperature <120°C, it means that the stabilisation is too strong and the martensite has a very
high carbon content compared to the bulk concentration. In the other case that the martensite formation recommences
at a temperature less than 20°C below Ms the stabilisation is not sufficient. This experiments needs to be repeated
for different partitioning times to find the times corresponding the two limiting boundary conditions for the chosen
partitioning temperature.

[0050] By varying the partitioning temperature T3 and repeat above the required partitioning time will also vary. In-
creasing the partitioning temperature results in a decrease in partitioning time t2 and to a higher degree of tempering of
the martensite formed during the quench.
[0051] In a preferred embodiment of the invention the metallic coating is provided by hot-dip galvanising or by electro-
galvanising.

BRIEF DESCRIPTION OF THE DRAWINGS ,

[0052] The invention will now be elucidated by way of example making reference to the accompanying figures and
examples.
[0053] Figure 1 shows the schematic annealing schedule indicating the meaning of T1, T2 and T3, t1 and t2, and of
CR1 and CR2.
[0054] Figure 2a and 2b show a set of result of the dilatometric experiments to determine the quench temperature
and the partitioning time. Figure 2a shows the temperature as a function of time for a steel having 3.5% Mn which was
quenched to a quench temperature of 280°C and reheated to a partitioning temperature of 330°C (triangle) and 440°C
(circle). The sample was held at the partitioning temperature for 20 seconds. The quenching temperature resulting in
the required amount of martensite is determined on the basis of the base curve (NC-III, square). Figure 2b shows the
dilatation of the samples for these conditions. The base curve, with a full quench to room temperature allows to determine
Ms (about 315°C). The partitioning step for 20s at 330°C shows no dilation of the sample, which means that no bainite
is formed, carbon is partitioned and the martensite is only marginally tempered. The transformation to martensite re-
starts at temperatures lower than the quench temperature of 280°C, namely at 250°C, which indicates that the austenite
has been stabilized due to carbon partitioning. Increased partition times at 330°C show that the transformation to mar-
tensite re-starts at lower temperatures than 250°C. The dilation observed during annealing of the sample for 20s at
440°C means that bainite is formed. Concurrently, carbon is partitioned and the martensite is tempered. The consequence
of this high partitioning temperature is that the martensite is severely tempered. Due to the bainitic transformation and
the carbon partitioning the austenite is strongly enriched in carbon, which is reflected in the relatively low start temperature
of the martensite of approximately 150°C during the second quench after the partitioning at 440°C. The latter martensite
is very hard and brittle and therefore undesirable. By varying the partitioning time and the partitioning temperature the
optimum combination can be determined.
[0055] Table 2 shows the results of various thermal cycles with the steels of Table 1. These results show that (I-VI):

I. The desired property balance is not achieved for processing with C and Mn additions at the level of current
commercial TRIP Steels (composition G). G delivers a very large extension of ductility (typically 2.2 times that of a
conventional C-Mn steel) at strengths ranging from 850 to 1050MPa. However, this is only true when the annealing
temperature T1 is chosen below the preferred range, (Ac3-40 to Ac3+40 such that a high fraction of ferrite is retained
in the final structure. From table 2 it is apparent that, in these cases (cycles 31-32, although ductility is at the desired
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level, the ratio of YS to UTS drops below the desired level to approximately 0.4.
When annealing is performed with T1 within the claimed range, both direct quenching to room temperature and
direct quenching to room temperature followed by an isothermal hold at a higher temperature (i.e. conventional
quenching and tempering as in cycle 25) deliver strengths in the desired range but do not deliver ductility above the
desired minimum level.
When annealing is performed with T1 within the claimed range (cycles 26-30 and 33) strengths in the range 1000-1300
MPa may be achieved but the desired level of ductility is not achieved.
Processing variants annealed at T1 within the claimed range, subsequently quenched to a low T2 to give high
fractions of martensite (in examples 85-93%) after the quench and followed by an isotherm at some higher temper-
ature (table 3 cycles 28-30) to not deliver the desired level of ductility.
Processing variants annealed at T1 within the claimed range, subsequently quenched to a low T2 to give high
fractions of martensite after the quench followed by an isotherm at the same temperature (cycle 26) do not deliver
the desired level of ductility.
Processing variants annealed at T1 within the claimed range, subsequently quenched to a high T2 to give low
fractions of martensite (in example 50%) after the quench followed by an isotherm at the same temperature (cycle
27) to not deliver the desired level of ductility.

II. Complete replacement of Si with Al delivers strength and ductility below the desired minima: Composition A when
directly quenched to room temperature delivers strength in the desired range but ductility below the desired minimum
(cycle 4). Composition A when quenched to a T2 above the Ms temperature and subjected to isothermal holding at
the same temperature delivers strength greatly below the desired range and ductility below the desired minimum
(cycle 3). Composition A when quenched to a T2 below the Ms temperature and subjected to isothermal holding at
some higher temperature delivers strengths in the approximate range 950 to 1000MPa and ductilities below the
desired minimum (thermal cycles 1-2).

III. Addition of C and/or Mn to levels beyond that found in current commercial trip steels does not enable the desired
strength ductility balance to be achieved with conventional quench and temper process. For compositions B, C, D,
E , F, and H utilising a direct quench or a direct quench followed by isothermal holding at some higher temperature
(i.e. conventional quench and temper) delivers strengths in the desired range but ductility lower than the required
minimum (cycles 9, 14, 25, 19, 24, 38).

IV. Addition of C and/or Mn enables the desired strength ductility balance to be achieved when T2 is above the
preferred range but only when the duration of the isothermal hold is unacceptably long for conventional process.
Compositions B, C, D, F and H each enable the desired property range to be achieved even if T2 is set such that
no martensite is formed during the initial quench (cycles 8, 12, 13, 16, 17, 36 and 37) but in all cases the isothermal
holding time at T3 is unacceptably long to be practical or economical in a continuous annealing process.

V. Addition of C and/or Mn enables the desired strength ductility balance to be achieved when processing is carried
out in the preferred manner using a quench temperature (T2) below Ms and a suitable combination of isothermal
holding temperature (T3) and time. Compositions B, D and F each enable the desired property range to be achieved
if T2 is set such that the desired fraction of martensite is formed during the initial quench (cycles 6, 15, 22) and if
an isothermal holding temperature (T3) and the holding time at this temperature are set at suitable levels.

VI. C addition of higher than 0.4wt% leads to embrittlement when processing is carried out according to the preferred
route. Compositions C and H each return effectively zero ductility results when subjected to processing involving a
deep quench (low T2) and isothermal hold times at T3 sufficiently short for conventional CA process (cycles 10-11
and 34-35) due to the formation of brittle, high carbon martensite in the final structure.
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Claims

1. A method for producing a quenched and partitioned steel by providing a cold rolled and annealed steel strip containing
(in weight %):

• 0.18 - 0.4% C
• 1.5 - 4.0% Mn
• 0.5 - 2.0% Si
• 0-1.5% Al
• 0-0.5% Mo
• 0-0.5% Ti
• 0 - 0.1% V
• 0 - 0.010% Nb
• 0 - 0.005% B
• 0 - 0.015% N
• 0 - 0.08% P
• 0 - 0.01% S
• 0-0.06% Sb
• 0-0.05% Ca
• 0 - 0.5%Cr
• 0-1.0% Ni
• the remainder being iron and unavoidable impurities.

wherein the annealing process comprises the following steps:

(i) reheating the cold rolled strip to an annealing temperature T1 of between Ac3-40 and Ac3+80;
(ii) holding the strip at T1 for an annealing time t1 of between 10 and 200 seconds;
(iii) cooling the annealed strip at the critical cooling rate CR1 for avoidance of ferrite and pearlite formation to
a quench temperature T2 for producing a microstructure in the strip comprising a martensite fraction and a
retained austenite fraction;
(iv) repartitioning annealing the cooled strip at a temperature T3 for enriching the austenite in carbon by repar-
titioning the carbon from the martensite to the austenite fraction for a repartitioning time t2 of between 20 and
500 seconds wherein the martensite fraction is between 60 and 90% of the microstructure at the start of the
repartitioning annealing wherein (Ms-70) < T3 ≤ (Ms+50)
(v) cooling the strip at a cooling rate CR2 to ambient temperature.

2. A method according to claim 1 wherein CR1 is at least 30°C/s.

3. A method according to claim 1 or 2 wherein the martensite fraction is at most 85% of the microstructure at the start
of the repartitioning annealing.

4. A method according to any one of the preceding claims wherein
(Ac3-40) < T1 ≤ (Ac3+50) for carbon between 0.18 - 0.3% C or
(Ac3-20) < T1 ≤ (Ac3+30) for carbon between 0.3 to 0.4% C

5. A method according to any one of the preceding claims wherein T1 is above Ac3.

6. A method according to any one of the preceding claims wherein the cold rolled strip contains at most 0.5% Al.

7. A method according to any one of the preceding claims wherein the cold rolled strip contains at least 0.25% C and
at least 0.01% Al.

8. A method according to any one of the preceding claims wherein T2 equals T3.

9. A method according to any one of claims 1 to 7 wherein T2 is lower than T3.

10. A method according to any one of the preceding claims wherein the cold-rolled and annealed strip is coated with
one or more metallic layer(s), preferably wherein the step of providing the metallic coating is by hot-dip galvanising
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or electro-galvanising.

11. Steel strip produced by any one of the claims 1 to 10 wherein the steel has a microstructure containing at least 5%
austenite, wherein the microstructure contains 60 to 90 % (in volume) of thermally treated martensite and wherein
an e-ratio of at least 1.8 and a tensile strength (UTS) of at least 900 MPa, wherein the e-ratio is defined as
emeasured/ecalculated and wherein ecalculated is calculated according to: 

and wherein measured is the elongation measured from an 80mm gauge length sample at 1mm thick, or wherein
emeasured is the elongation measured at some other geometry and converted to an equivalent elongation on an
80mm gauge at 1mm thick using: 

12. Steel strip according to claim 11 wherein the microstructure further contains one or more of bainite, martensite,
tempered martensite, ferrite, fine carbides.

13. Steel strip according to claim 11 or 12 wherein the microstructure does not contain ferrite and/or coarse cementite.

14. Steel strip according to any one of claims 11 to 13 wherein the yield strength to tensile strength ratio is at least 0.6.

Patentansprüche

1. Verfahren zum Herstellen von abgeschrecktem und partitioniertem Stahl durch Bereitstellen eines kaltgewalzten
und geglühten Stahlbandes, der (in Gew.-%) folgendes enthält:

• 0,18 - 0,4 % C
• 1,5 - 4,0 % Mn
• 0,5 - 2,0 % Si
• 0 - 1,5% Al
• 0 - 0,5% Mo
• 0 - 0,5% Ti
• 0-0,1%V
• 0 - 0,010 % Nb
• 0 - 0,005 % B
• 0 - 0,015 % N
• 0 - 0,08 % P
• 0-0,01 %S
• 0 - 0,06 % Sb
• 0 - 0,05 % Ca
• 0-0,5%Cr
• 0 - 1,0 % Ni
• wobei der Rest Eisen und unvermeidbare Verunreinigungen ist,

wobei der Glühprozess die folgenden Schritte umfasst:

(i) Wiedererhitzen des kaltgewalzten Bandes auf eine Glühtemperatur T1 zwischen Ac3 - 40 und Ac3 +80;
(ii) Halten des Bandes auf T1 über eine Glühzeit t1 zwischen 10 und 200 Sekunden;
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(iii) Kühlen des geglühten Streifens mit der kritischen Kühlrate CR1, um eine Bildung von Ferrit und Perlit zu
vermeiden, auf eine Abschreckungstemperatur T2, um eine Mikrostruktur in dem Band zu erzeugen, die einen
Martensitanteil und einen Restaustenitanteil umfasst;
(iv) repartitionierendes Glühen des gekühlten Bandes auf einer Temperatur T3, um das Austenit in Kohlenstoff
anzureichern durch Repartitionierung des Kohlenstoffs aus dem Martensit auf den Austenitanteil über eine
Repartitionierungszeit t2 zwischen 20 und 500 Sekunden, wobei der Martensitanteil zu Beginn des repartitio-
nierenden Glühens zwischen 60 und 90 % der Mikrostruktur liegt, wobei (Ms-70) < T3 ≤ (Ms+50);
(v) Kühlen des Bandes mit einer Kühlrate CR2 auf Umgebungstemperatur.

2. Verfahren nach Anspruch 1, wobei CR1 mindestens 30 °C/s beträgt.

3. Verfahren nach Anspruch 1 oder 2, wobei der Martensitanteil zu Beginn des repartitionierenden Glühens höchstens
85% der Mikrostruktur beträgt.

4. Verfahren nach einem der vorstehenden Ansprüche, wobei: 

oder 

5. Verfahren nach einem der vorstehenden Ansprüche, wobei T1 größer ist als Ac3.

6. Verfahren nach einem der vorstehenden Ansprüche, wobei der kaltgewalzte Band höchstens 0,5 % Al enthält.

7. Verfahren nach einem der vorstehenden Ansprüche, wobei der kaltgewalzte Band mindestens 0,25 % C und min-
destens 0,01 % Al enthält.

8. Verfahren nach einem der vorstehenden Ansprüche, wobei T2 gleich T3 ist.

9. Verfahren nach einem der Ansprüche 1 bis 7, wobei T2 kleiner ist als T3.

10. Verfahren nach einem der vorstehenden Ansprüche, wobei der kaltgewalzte und geglühte Band mit einer oder
mehreren metallischen Schicht(en) überzogen ist, wobei der Schritt des Bereitstellens des metallischen Überzugs
vorzugsweise durch Feuerverzinkung oder galvanische Verzinkung erfolgt.

11. Stahlband, der durch ein Verfahren nach einem der Ansprüche 1 bis 10 erzeugt worden ist, wobei der Stahl eine
Mikrostruktur aufweist, die mindestens 5 % Austenit enthält, wobei die Mikrostruktur 60 bis 90 % (Volumenprozent)
wärmebehandeltes Martensit enthält, und wobei ein e-Verhältnis von mindestens 1,8 und eine Zugfestigkeit (UTS)
von mindestens 900 MPa gegeben sind, wobei das e-Verhältnis definiert ist als egemessen/eberechnet, und wobei
eberechnet wie folgt berechnet wird: 

und wobei egemessen der an einem Probenstück mit einer Dicke von 1 mm gemessenen Elongation bei einer Mess-
länge von 80 mm entspricht, oder wobei egemessen der an einer anderen Geometrie gemessenen Elongation ent-
spricht, und umgewandelt in eine äquivalente Elongation bei einer Messlänge von 80 mm und einer Dicke von 1
mm unter Verwendung von: 
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12. Stahlband nach Anspruch 11, wobei die Mikrostruktur ferne eines oder mehrere der aus Bainit, Martensit, angelas-
senem Martensit, Ferrit, feinen Carbiden enthält.

13. Stahlband nach Anspruch 11 oder 12, wobei die Mikrostruktur kein Ferrit und/oder grobes Cementit enthält.

14. Stahlband nach einem der Ansprüche 11 bis 13, wobei das Verhältnis der Streckgrenze zur Zugfestigkeit mindestens
0,6 beträgt.

Revendications

1. Procédé de production d’un acier trempé et partitionné en utilisant une bande d’acier laminée à froid et recuite
contenant (en % en poids) :

• 0,18 - 0,4 % C
• 1,5 - 4,0 % Mn
• 0,5 - 2,0 % Si
• 0 - 1,5 % Al
• 0 - 0,5 % Mo
• 0 - 0,5% Ti
• 0 - 0,1 % V
• 0 - 0,010 % Nb
• 0 - 0,005 % B
• 0 - 0,015 % N
• 0 - 0,08 % P
• 0-0,01 %S
• 0 - 0,06 % Sb
• 0 - 0,05 % Ca
• 0 - 0,5 % Cr
• 0-1,0% Ni
• le reste étant du fer et des impuretés inévitables

dans lequel le procédé de recuit comprend les étapes suivantes :

(i) réchauffer la bande laminée à froid à une température de recuit T1 comprise entre Ac3-40 et Ac3+80 ;
(ii) maintenir la bande à T1 pendant un temps de recuit t1 compris entre 10 et 200 secondes ;
(iii) refroidir la bande recuite à la vitesse de refroidissement critique CR1 pour éviter la formation de ferrite et
de perlite à une température de trempe T2 pour produire une microstructure dans la bande comprenant une
fraction de martensite et une fraction d’austénite résiduelle ;
(iv) recuire pour repartitionnement la bande refroidie à une température T3 pour enrichir l’austénite en carbone
en repartitionnant le carbone à partir de la martensite à la fraction d’austénite pendant un temps de repartition-
nement t2 compris entre 20 et 500 secondes, dans lequel la fraction de martensite est comprise entre 60 et 90
% de la microstructure au début du recuit de repartitionnement dans lequel (Ms-70) < T3 ≤ (Ms+50) ;
(v) refroidir la bande à une vitesse de refroidissement CR2 à température ambiante.

2. Procédé selon la revendication 1, dans lequel CR1 est d’au moins 30 °C/s.

3. Procédé selon la revendication 1 ou 2, dans lequel la fraction de martensite est au maximum de 85 % de la micros-
tructure au début du recuit de partitionnement.

4. Procédé selon l’une quelconque des revendications précédentes, dans lequel : 
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ou 

5. Procédé selon l’une quelconque des revendications précédentes, dans lequel T1 est supérieure à Ac3.

6. Procédé selon l’une quelconque des revendications précédentes, dans lequel la bande laminée à froid contient au
maximum 0,5 % d’Al.

7. Procédé selon l’une quelconque des revendications précédentes, dans lequel la bande laminée à froid contient au
moins 0,25 % de C et au moins 0,01 % d’Al.

8. Procédé selon l’une quelconque des revendications précédentes, dans lequel T2 est égale à T3.

9. Procédé selon l’une quelconque des revendications 1 à 7 dans lequel T2 est inférieure à T3.

10. Procédé selon l’une quelconque des revendications précédentes, dans lequel la bande laminée à froid et recuite
est revêtue d’une ou plusieurs couche(s) métallique(s), de préférence dans lequel l’étape de fourniture de revêtement
métallique est par galvanisation à chaud ou électro-galvanisation.

11. Bande d’acier produite par l’une quelconque des revendications 1 à 10, dans laquelle l’acier a une microstructure
contenant au moins 5 % d’austénite, dans laquelle la microstructure contient de 60 à 90 % (en volume) de martensite
traitée thermiquement et dans laquelle un e-rapport est d’au moins 1,8 et une résistance à la traction (UTS) d’au
moins 900 MPa, dans laquelle l’e-rapport est défini comme emeasured/ecalculated et dans laquelle ecalculated est calculé
selon : 

et dans laquelle emeasured est l’allongement mesuré à partir d’un échantillon de longueur de calibre de 80 mm à 1
mm d’épaisseur, ou dans laquelle emeasured est l’allongement mesuré à une autre géométrie et converti en un
allongement équivalent sur un calibre de 80 mm à 1 mm d’épaisseur à l’aide de : 

12. Bande d’acier selon la revendication 11, dans laquelle la microstructure contient en outre un ou plusieurs parmi la
bainite, la martensite, la martensite trempée, la ferrite, les carbures fins.

13. Bande d’acier selon la revendication 11 ou 12, dans laquelle la microstructure ne contient pas de ferrite et/ou de
cémentite grossière.

14. Bande d’acier selon l’une quelconque des revendications 11 à 13, dans laquelle le rapport limite d’élasticité/résistance
à la traction est d’au moins 0,6.



EP 2 683 839 B1

16



EP 2 683 839 B1

17



EP 2 683 839 B1

18



EP 2 683 839 B1

19

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• WO 2010029983 A [0008]


	bibliography
	description
	claims
	drawings
	cited references

