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DESCRIPTION

[0001] The invention relates to a production method for manufacturing a flat metal plate.

[0002] A flat metal plate is generally produced by hot-rolling a cast metal block to form a thin, plate-shaped metal layer. When
using the term metal plate, it generally indicates that the thickness of the metal layer is greater than 6 mm, or 6mm or more. With
thinner layer thicknesses, the term metal sheet or sheet metal is generally used. In the ASTM A480M standard and the Bureau of
Indian Standards ICS 77.140.01, for example, the threshold value between metal plate and metal sheet is defined as a thickness
of 5 mm. In ISO 6929:2013(en) standard, points 1.3.2.1.2 and 1.3.2.2.2, this threshold value is defined as a thickness of 3 mm. In
European standard EN10051, a range of thicknesses, from 2 mm to 25 mm, is given for metal sheets / metal plates. The term flat
in the context of flat metal plate is intended to mean that the metal plate has a virtually rectangular cross section whose width is
much greater than the thickness. The width of the flat metal plate is generally greater than 0.6 m and may increase to, for
example, more than 2 m, whereas the thickness will remain lower than 2 to 3 cm.

[0003] Large amounts of hot-rolled metal plate are transported in the form of metal coils. These metal coils may have a weight of
several tens of tonnes and have an inner diameter of, for example, 0.5 m to 1 m and have an outer diameter of, for example,
more than 2 m and may thus contain several hundreds of metres of metal plate in wound form. The flat metal plate is
subsequently uncoiled from the metal coil by means of a production process and cut into pieces at right angles to the direction of
movement of the flat metal plate so that a cut flat metal plate of a specific length along the direction of movement is obtained.
These cut flat metal plates have a length, for example, in the range from 0.8 m to 15 m, for example 6 m. These cut metal plates
are used, for example, in further production steps in which smaller parts are cut from this metal plate, such as for example by
means of laser cutting. In this case, the metal plate is cut by means of a high-power laser. Since the head of such a laser moves
at only a limited distance from the surface of the metal plate, the metal plate has to meet specific requirements regarding minimum
flatness and maximum curvature in order to be considered for such an operation.

[0004] In addition, not only the metal plate, but also the smaller parts cut therefrom have to satisfy specific requirements
regarding minimum flatness and maximum curvature. Although the cut metal plate may overall satisfy these requirements when all
residual stresses in the metal plate compensate one another to a sufficient degree, the uneven local distribution of residual
stresses across the metal plate may result in the cut-out part having a much greater curvature and lower flatness. This problem
may occur, in particular with relatively thick metal plates, to such a degree that there is a risk of deformations occurring suddenly
during the cutting process when cutting the part and damaging the laser head.

[0005] It is clear that these problems may occur not only with a laser-cutting process, but with any other metal-treatment process
in which smaller parts are made from such a metal plate, as a result of which the desired quality of the part to be produced cannot
be ensured.

[0006] A production method for manufacturing a flat metal plate of a specific thickness which is uncoiled from a metal coil is
known, for example, from CA940431.

[0007] In general, this production process comprises the following steps:

» uncoiling the metal plate from the metal coil using an uncoiler;

s subsequently flattening the metal plate by means of a flattening apparatus having alternating flattening rollers which are
configured to deform the metal plate according to a specific alternating curvature with respect to the direction of movement
of the metal plate; and

s subsequently cutting the metal plate into pieces at right angles to the direction of movement (M) by means of a cutting
device, so that a cut flat metal plate of a specific length along the direction of movement is obtained.

[0008] According to this production process, the flattening apparatus is adjusted in such a way that the determined alternating
curvature has a maximum surface strain of the metal plate along the direction of movement in the range from 0.6% to 3.0%, for
metal plates having a specific thickness in the range from 4.5 mm to 16 mm. See for example Fig. 4 of CA940431. In order to give
an indication of the curvature, the maximum deviation a at right angles to the direction of movement was determined over a length
of 3 m of the metal plate for parts which were cut from the metal plate and had a length L of 3 m and a width b of 150 mm. As can
be seen in Figs 6 to 11, these parts were cut out at various locations across the width of the metal plate. It can clearly be seen in
Figs 7, 8, and 11 that, for the cut parts, the largest maximum deviation a for all parts cut from the metal plate may approach 10
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mm. This means that it is not possible with this method to guarantee that such parts can be cut from the metal plate and
consistently produce a curvature having a maximum deviation a of less than 10 mm for a length L of 3 m or, in other words, a
maximum curvature having a maximum deviation of less than approximately 3 mm per length L of 1 m of the metal plate along the
direction of movement for metal plates having a specific thickness which is greater than 4.5 mm. Not even if the maximum
curvature of the overall cut metal plate results in a maxmum deviation according to a cross section along the direction of
movement which is less than 3 mm per length L of 1 m along the direction of movement.

[0009] As described in the first paragraph on page 2 of CA940431, it was not possible to guarantee such a maximum curvature
for the parts cut out of the metal plate when using a production method comprising the following steps:

¢ uncoiling the metal plate from the metal coil using an uncoiler;

¢ subsequently cold-rolling the metal plate by means of a skin-pass roller with opposite skin-pass rollers which are configured
to achieve a specific skin-pass elongation of the metal plate along the direction of movement of the metal plate;

s subsequently flattening the metal plate by means of a flattening apparatus with alternating flattening rollers which are
configured to deform the metal plate according to a specific alternating curvature with respect to the direction of movement
of the metal plate,

in which the specific alternating curvature has a maximum surface strain of the metal plate along the direction of movement which
is at most 0.6%.

[0010] This is confirmed, for example, by JP 2000-176504 A where, for example, Table 1 clearly shows that such a production
process for metal sheets having a relatively limited thickness using a specific skin-pass elongation in the range from 0.5% to 2%
and the specific alternating curvature of the flattening apparatus with a maximum surface strain 0.2% to 0.5%, can only achieve a
maximum curvature of 0.40% or approximately 4 mm of deviation per length of 1 m for a thickness of 5.6 mm for the smallest width
of the steel plate of 650 mm. It should furthermore be noted that this relates to the maximum curvature for the uncut steel plate
and that the curvature for smaller parts cut therefrom can be expected to be significantly greater. Furthermore, it is also clear
from Fig. 1 that the steel strip is coiled up again after the production method to form a metal coil instead of the metal plate being
cut into pieces at right angles to the direction of movement by means of a cutting device, so that a cut flat metal plate of a specific
length along the direction of movement is obtained. This is an additional drawback since the results of such a production process
with respect to optimum flatness and minimum curvature along the direction of movement of the metal plate are thus at least partly
nullified by the longitudinal residual stresses introduced by the plastic deformation of the metal plate which has been coiled up
again.

[0011] In addition, JP 2007-330996 A shows that when the surface strain in the flattening apparatus is greater than 1%, as
indicated in the sixth column, even metal sheets having a limited thickness of 2 to 2.5 mm may become damaged at the surface,
resulting in a deterioration of the surface quality, see the penultimate column.

[0012] These two documents confirm that there is still a need for a production process which is able to produce metal plates of
relatively great thickness, more particularly metal plates of a thickness greater than or equal to 8 mm, and also metal plates

having a relatively high yield point, more particularly a yield point higher than 400 N/mm?, in which the flatness of the overall cut
metal plate and the distribution of the longitudinal residual stresses within the metal plate are of such a nature that a higher
degree of flatness and a lower maximum curvature can be guaranteed when cutting smaller parts from such a metal plate.

[0013] According to a first aspect of the invention, a production method for manufacturing a flat metal plate of a specific
thickness which is uncoiled from a metal coil is provided, which comprises the following steps:

s uncoiling the metal plate from the metal coil using an uncoiler;

¢ subsequently cold-rolling the metal plate by means of a skin-pass roller with opposite skin-pass rollers which are configured
to achieve a specific skin-pass elongation of the metal plate along the direction of movement of the metal plate;

s subsequently flattening the metal plate by means of a flattening apparatus with alternating flattening rollers which are
configured to deform the metal plate according to a specific alternating curvature with respect to the direction of movement
of the metal plate; and

o subsequently cutting the metal plate into pieces at right angles to the direction of movement by means of a cutting device,
so that a cut flat metal plate of a specific length along the direction of movement is obtained,

CHARACTERIZED IN THAT

s the alternating curvature is such that it results in a plastification ratio of 55% or more, in which said plastification ratio is
determined by the ratio across the thickness of the metal plate between:
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s the plastic zones of material of the metal plate which is plastically deformed; and

o the elastic zone of material of the metal plate which is only elastically deformed at the location of the maximum curvature of
the alternating curvature; and

¢ the skin-pass elongation is such that it results in a translation ratio of 15% or more at the location of the alternating
curvature, the translation ratio being determined by the ratio across the thickness of the metal plate between:

¢ the translation of the elastic zone at the location of the maximum curvature of the alternating curvature; and

¢ half the thickness of the metal plate.

[0014] This production method succeeds in equalizing longitudinal residual stresses even for metal plates, for a larger part of the
thickness of the metal plate than was hitherto possible. In addition, this production method ensures that even for metal plates of
such thickness, the uniformity of the longitudinal residual stresses can be guaranteed, so that it is ensured that parts can be cut
from such a plate which have a maximum curvature which results in a deviation of 3 mm per length of 1 m along the direction of
movement of the metal plate. This is caused by the synergetic effect of a sufficiently high plastification ratio caused by the
flattening apparatus and a specific selected skin-pass which results in a sufficiently large translation ratio. As will be described
below in more detall, this results in a guaranteed and hitherto unachieved equalization of the longitudinal residual stresses across
a greater part of the thickness of the metal plate. The reason for this is that, at the location of the flattening apparatus, this
synergetic effect causes the elastic zone to move closer to the compression side of the curve. This therefore means that the
elastic zone, after passing through the alternating curve, alternately moves to that side of the metal plate which is in contact with
the alternating flattening rollers of the flattening apparatus. This means alternately, i.e. to the top side and bottom side of the
metal plate. As a result thereof, a larger part of the thickness of the metal plate alternately ends up in the plastic zone after
passing through the alternating curve, which is necessary for equalization of the longitudinal residual stresses, as a result
whereof the longitudinal residual stresses are thus equalized across a greater part of the thickness of the metal plate.

[0015] This production method is particularly advantageous when the thickness of the metal plate has been determined to be
greater than or equal to 8 mm. This production method is also particularly advantageous in the case of metal plates in which the

yield point of the metal plate is higher than 400 N/mm?, preferably higher than 600 Nmm2. For example, in the case of metal
plates having a yield point of 700 N/mm? and higher, or 1000 N/mm? and higher.

[0016] According to a preferred embodiment, it is provided that:

o the thickness of the metal plate is less than 30 mm, for example 10 mm to 25 mm, preferably 12 mm to 18 mm;

o the alternating curvature is such that it results in a plastification ratio of 60% or more at the location of the maximum
curvature of the alternating curvature; and

s the skin-pass elongation is such that, at the location of the alternating curvature, it results in a movement of the elastic
zone over 20% or more of the thickness of the metal plate at the location of the maximum curvature of the alternating
curvature.

[0017] With such a production method, it is possible to guarantee that virtually the entire thickness alternately ends up in the
plastic zone which results in an optimum equalization of the longitudinal residual stresses in the metal plate and a guaranteed
minimum curvature of the parts cut from the metal plate.

[0018] According to a preferred embodiment, it is provided that:

o the specific skin-pass elongation is at most 5%; and
s the specific alternating curvature has a maximum surface strain of the metal plate along the direction of movement which is
at most 1 %.

[0019] This makes it possible to equalize the residual longitudinal stresses in an optimum manner, even for a metal plate of such
thickness, and additionally to guarantee a good surface quality of the metal plate.

[0020] According to an embodiment of the invention:

» the specific skin-pass elongation is at most 4.5%, for example 0.2% to 4.5%.
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» the maximum surface strain of the metal plate along the direction of movement is at most 0.6%, for example 0.05% to 0.5%.

[0021] This further optimizes the distribution of the internal stresses and the surface quality of the metal plate.

[0022] According to an embodiment, the production method furthermore comprises the following additional step:

» after uncoiling the metal plate using the uncoiler and cold-rolling the metal plate using the skin-pass roller, preparatory
flattening of the metal plate by means of a preparatory flattening apparatus with alternating preparatory flattening rollers
which are configured to reduce the curvature of the metal plate along the direction of movement to a value below a specific
flatness tolerance, in which the specific flathess tolerance results in a maxmum deformation of 20 mm at right angles to the
direction of movement, measured per length of 1 m of the metal plate along the direction of movement.

[0023] This results in a further optimization of the surface treatment by the skin-pass roller since the flatness of the metal plate
on the entry side of the skin-pass walls ensures a more homogenous surface treatment.

[0024] According to an embodiment, the specific alternating curvature contains a specific plurality of alternating curves.
Preferably, the specific plurality of alternating curves is three to ten, preferably five to eight. Preferably, the specific alternating
curvature virtually comprises a damped sinusoid along the direction of movement.

[0025] Such a flattening in combination with the skin-pass operation not only ensures a suitable flatness tolerance, but also a
more homogenous distribution of the internal stresses in the metal plate having such a thickness.

[0026] According to an embodiment, the production method furthermore comprises the following additional step:

e determining an elongation correlation function for the skin-pass elongation and a flattening correlation function for the
alternating curvature as a function of the thickness of the metal plate and the associated plastification ratio and translation
ratio;

s actuating the skin-pass roller by an elongation correlation module as a function of the elongation correlation function; and

e actuating the flattening apparatus by a flattening correlation module as a function of the flattening correlation function.

[0027] Preferably, the elongation correlation function and the flattening correlation function are furthermore determined as a
function of the thickness and/or the yield point of the metal plate.

[0028] In this way, it becomes possible to obtain parts cut from the metal plate which have a guaranteed very limited curvature in
an efficient and consistent way.

[0029] According to a second aspect of the invention, a production line is provided for manufacturing a flat metal plate of a
specific thickness which is uncoiled from a metal coil according to the production method according to the first aspect of the
invention, the production line comprising:

¢ an uncoiler for uncoiling the metal plate from the metal coil;

s a skin-pass roller for subsequently cold-rolling the metal plate using opposite skin-pass rollers which are configured to
produce a specific skin-pass elongation of the metal plate along the direction of movement of the metal plate; and

o a flattening apparatus for subsequently flattening the metal plate using alternating flattening rollers which are configured to
deform the metal plate according to a specific alternating curvature with respect to the direction of movement of the metal
plate,

e a cutting device for subsequently cutting the metal plate into pieces at right angles to the direction of movement (M), so that
a cut flat metal plate of a specific length along the direction of movement (M) is obtained,

CHARACTERIZED IN THAT

¢ the alternating curvature is such that it results in a plastification ratio of 55% or more, in which said plastification ratio is
determined by the ratio across the thickness of the metal plate between:
¢ the plastic zones of material of the metal plate which is plastically deformed; and
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the elastic zone of material of the metal plate which is only elastically deformed at the location of the maximum curvature of
the alternating curvature; and

the skin-pass elongation is such that it results in a translation ratio of 15% or more at the location of the alternating
curvature, the translation ratio being determined by the ratio across the thickness of the metal plate between:

the translation of the elastic zone at the location of the maximum curvature of the alternating curvature; and

half the thickness of the metal plate.

[0030] This production line is particularly advantageous if the specific thickness of the metal plate is greater than or equal to 8
mm. This production line is also particularly advantageous in the case of metal plates in which the yield point of the metal plate is

higher than 400 N/mm2, preferably higher than 600 N/mm?. For example, in the case of metal plates having a yield point of 700
N/mm? and higher, or 1000 N/mm? and higher.

[0031] According to a third aspect of the invention, a flat metal plate produced according to the production method according to
the first aspect of the invention is provided.

[0032] The invention will now be described in more detail by way of example and with reference to embodiments illustrated in the
drawings, in which:

Fig. 1 diagrammatically shows an embodiment of the production line for manufacturing a flat metal plate of a specific
thickness which is uncoiled from a metal coil according to the production method according to the invention; and

Fig. 2 diagrammatically shows a side view of a cut flat metal plate produced using the production line from Fig. 1;

Fig. 3 shows a top view of the metal plate from Fig. 2;

Fig. 4 diagrammatically illustrates how the maximum curvature of parts cut from the metal plate from Figs 3 and 4 can be
determined;

Figs 5 and 6 illustrate the effect of the production method according to the prior art;

Figs 7 and 8 illustrate the effect of the production method according to the invention;

Fig. 9 shows an embodiment of the elongation correlation function and the flattening correlation function;

Fig. 10 shows a selection of suitable steel plates for use with the production method according to the invention.

[0033] Fig. 1 shows a production line 1 for manufacturing a flat metal plate 10 of a specific thickness 12 which is uncoiled from a
metal coil 20 according to the production method which will be described below in more detail. As can be seen in Fig. 1, the
production line 1 comprises an uncoiler 30 for uncoiling the metal plate 10 from the metal coil 20. It is clear in this case that the
diameter of the metal coil 20 diminishes while the metal coil 20 is being uncoiled, often from more than 2 metres, diagrammatically
illustrated by a solid line, to the minimum inner diameter which is normally somewhere between 1 m and 0.5 m, as is
diagrammatically illustrated by a dashed line.

[0034] After uncoiling the metal plate 10 from the metal coil 20 using the uncoiler 30, the metal plate 10 is fed to a preparatory
flattening apparatus 60 with alternating preparatory flattening rollers 62, as is diagrammatically illustrated. This preparatory
flattening apparatus 60 ensures that the metal plate 10 is fed to the subsequent skin-pass roller 40 along the direction of
movement M, irrespective of the changing diameter of the metal coil 20. Furthermore, the flattening rollers 62 of the preparatory
flattening apparatus 60 ensure that the curvature of the metal plate 10 is reduced along the direction of movement M to a value
below a specific flatness tolerance during preparatory flattening. A suitable specific flatness tolerance results in a maximum
deformation of 20 mm at right angles to the direction of movement M measured per length of 1 m of the metal plate 10 along the
direction of movement M. Such a flatness tolerance ensures optimum effectiveness of the successive operation by the skin-pass
roller 40.

[0035] This skin-pass roller 40 subsequently cold-rolls the metal plate 10 using opposite skin-pass rollers 42 which are
configured to produce a specific skin-pass elongation 44 of the metal plate 10 along the direction of movement M of the metal
plate 10. The skin-pass elongation 44 may be determined, for example by means of a pair of length sensors 82, 84 on the entry
side and exit side of the skin-pass roller 40, in which the percentage difference between the measurements of these two length
sensors 82, 84 is a measure of the specific skin-pass elongation 44. As is diagrammatically illustrated, the length sensors are
coupled to a controller 80 which, on the basis of these measurements, controls the pressure which is exerted on the skin-pass
rollers 42, so that the desired skin-pass elongation 44 is achieved.
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[0036] After the skin-pass roller 40, the metal plate 10 is fed to a flattening apparatus 50 along the direction of movement M.
This flattening apparatus 50 comprises alternating flattening rollers 52 which are configured to deform the metal plate according
to a specific alternating curvature 54 with respect to the direction of movement M of the metal plate 10 in order to thus flatten the
metal plate 10. This is achieved by actuating the flattening apparatus in such a manner that the alternating curvature 54 causes a
maximum surface strain 56 on the expansion side of the metal plate 10 along the direction of movement M in an alternating
manner. That is to say alternately on the top side and bottom side of the metal plate 10, in each case when this respective side is
situated opposite that side which comes into contact with the flattening roller 52. It is clear that a so-called negative surface strain
will occur on the compression side of the metal plate which is in contact with the flattening roller 52. By alternately subjecting the
opposite zones of the metal plate to positive and negative strain, the longitudinal residual stresses in the metal plate are
equalized, as will be described below in more detail. Such a flattening apparatus 50 can also be referred to as a levelling
apparatus 50 or leveller 50, and the flattening rollers 52 could also be referred to as plurality of levelling rollers 52. The function
of such a flattening apparatus 50 referred to above as flattening the metal plate 10, could also be referred to as levelling the
metal plate 10 by means of such a levelling apparatus 50 or leveller 50.

[0037] Subsequently, the metal plate 10 is cut into pieces at right angles to the direction of movement M by means of a cutting
device 70. In this way, a cut flat metal plate 10 of a specific length 14 along the direction of movement M is obtained. These cut
flat metal plates have a length, for example, in the range from 0.8 m to 15 m, for example 6 m. Preferably, the cutting device
makes it possible to keep the conveying speed of the metal plate 10 along the direction of movement M virtually constant, so that
the effects of the skin-pass roller 40 and the flattening apparatus 50 can thus be provided on the metal plate 10 based on the
assumption that the time during which all zones of the metal plate 10 will be subjected thereto will be virtually constant along the
direction of movement M.

[0038] Optionally, the cut metal plate 10 may subsequently be subjected to different subsequent operations, such as for example
transportation, stacking or packaging operations, in which the cut metal plates 10 are grouped to form suitable packs 90 for
further storage or transportation. Also in this case, it is important for the cut metal plates 10 to be treated with a sufficient degree
of care, so that no substantial deformations occur during these operations which could adversely affect the flatness and the
distribution of the residual stresses.

[0039] As is diagrammatically illustrated in Fig. 1, it is obvious that optionally additional sensor may be fitted in order to supply
that information so as to optimize the production process via the controller 80. Thus, a flathess sensor 86 is for example
illustrated downstream of the flattening apparatus 50 to provide information to the controller 80 which is representative of the
resulting flatness of the metal plate 10 after the skin-pass and flattening operation. This may, for example, be a suitable distance
sensor which is able to determine the fluctuation in the relative deviation transversely with respect to the direction of movement M
and with respect to the surface of the metal plate 10, for example at different locations along the width 16 of the metal plate 16. In
this way, a flatness profile can be compiled for the metal plate 10 on the basis of which the settings of the production process can
be verified and/or adjusted by the controller 80 to guarantee a desired flatness.

[0040] A side view and a top view of a metal plate produced according to the production process illustrated in Fig. 1 is illustrated
in Figs 2 and 3, respectively. This production process is particularly advantageous in the case of metal plates 10 whose thickness
12 is greater than or equal to 8 mm. Although the production process may also be used for other metals, it is particularly suitable
for hot-rolled steel plates which are situated on a metal coil 20. Suitable hot-rolled steel plates have a tensile strength, for

example, in the range from 300 to 700 Nmm?2 or more, an elastic limit or yield point in the range from 200 to 600 N/mm? or more.
The production method is particularly advantageous when the yield point of the metal plate is higher than 400 N/mm?2, preferably

higher than 600 N/mm2. For example in the case of metal plates having a yield point of 700 N/mm? and higher, or 1000 N/mm?2
and higher. The most optimum production method for such steel plates 10 is one where the thickness 12 of the metal plate 10 is
less than 30 mm, for example 10 mm to 25 mm, preferably 12 mm to 18 mm. The width 16 of the flat metal plate 10 is generally
greater than 0.6 m and may be as much as, for example, more than 2 m. Such cut flat metal plates 10 have a length in the range
of, for example, 0.8 mto 15 m. For the illustrated example in Figs 2 and 3, the length is assumed to be approximately 5 m.

[0041] In order to determine a figure for the maximum curvature of parts 11 cut from this metal plate 10, elongate parts 11 are
cut out at various locations along the width 16 of the metal plate 10, as is illustrated in Fig. 3, and virtually extend along the
direction of movement M. Such parts 11 have, for example, a length of 3 m and a width of 3 mm. An indication for the maximum
curvature of the parts 11 is then formed, as is illustrated in Fig. 4, by the part whose deviation 18 transversely with respect to the
direction of movement M is greatest. This deviation 18 may be expressed as a deviation per metre of the length of the cut part. In
this example, where the length of the part 11 is 3 m and a maximum deviation 18 of less than 9 mm can be guaranteed via the
production method, the maximum deviation can thus be described as being 3 mm per 1 m of length of the part cut out of the metal
plate.
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[0042] If the metal plate 10 is only subjected to a flattening operation by the flattening apparatus 50, then Figs 5 and 6
diagrammatically show the effect on the longitudinal strain € and the associated longitudinal stress o distributed across the
thickness 12 of the metal plate 10 at the location of the respective alternating flattening rollers 52 which cause a maximum surface
strain at the top side 214 and the bottom side 216 of the flat metal plate 10, respectively.

[0043] Fig. 5 shows a side view of the metal plate 10 at the location of the maximum curvature of the alternating curvature 54,
where a maximum surface strain is caused at the top side 214 of the metal plate, that is to say at the location of the flattening
roller 52 which comes into contact with the bottom side 216 and produces the maximum curvature of the alternating curvature 54
there by its relative position with respect to the upstream and downstream flattening roller 52, viewed along the direction of
movement M. As illustrated, the strain will decrease virtually linearly, from a positive maximum surface strain at the location of the
top side 214 of the metal plate 10 to virtually no strain virtually halfway along the thickness 12 of the metal plate 10 in order to
decrease further in linear fashion and produce a negative surface strain at the location of the bottom side 216 of the metal plate
which virtually corresponds, as an absolute value, to the positive maximum surface strain. This therefore means that the neutral
fibre 200 of the metal plate 10, where the strain at bending is virtually zero, is situated approximately halfway along the thickness
12 of the metal plate. In other words, the distance 224 between the neutral fibre 200 and the top side 214 of the metal plate 10,
as well as the distance 226 between the neutral fibre 200 and the bottom side 216 of the metal plate 10 is virtually half of the
thickness 12 of the metal plate 10.

[0044] Fig. 6 shows a side view of the metal plate 10 at the location of the maximum curvature of the alternating curvature 54,
where a maximum surface strain is caused at the bottom side 216 of the metal plate 10, that is to say at the location of the
flattening roller 52 which comes into contact with the top side 214 and produces the maximum curvature of the alternating
curvature 54 there by its relative position with respect to the upstream and downstream flattening roller 52, viewed along the
direction of movement M. As illustrated, the strain will decrease virtually linearly, from a positive maximum surface strain at the
location of the top side 214 of the metal plate 10 to virtually no strain virtually halfway along the thickness 12 of the metal plate 10
in order to decrease further in linear fashion and produce a negative surface strain at the location of the bottom side 216 of the
metal plate which virtually corresponds, as an absolute value, to the positive maximum surface strain. As in Fig. 5, this therefore
means that the neutral fibre 200 of the metal plate 10, where the strain at bending is virtually zero, is situated approximately
halfway along the thickness 12 of the metal plate. In other words, the distance 224 between the neutral fibre 200 and the top side
214 of the metal plate 10, as well as the distance 226 between the neutral fibre 200 and the bottom side 216 of the metal plate 10
is virtually half of the thickness 12 of the metal plate 10.

[0045] In order to achieve good equalization of the longitudinal residual stresses in the metal plate 10, it is important to
alternately subject as many metal fibres of the metal plate 10 as possible to a plastic deformation during the flattening process in
order thus to equalize the length of these metal fibres of the metal plate and equalize longitudinal residual stresses. On the other
hand, the maximum surface strain of the metal plate is limited by a maximum value, at which the risk of damage to the surface is
no longer acceptable. As a result thereof, an elastic zone 202 is produced around the neutral fibre 200 of the metal plate in which
the strain is insufficient to cause a stress which results in a plastic deformation. Between the top surface 214 and this elastic zone
202, there is a plastic zone 204 in which the strain is sufficiently large to cause stresses which result in plastic deformation.
Between the bottom side 216 and the elastic zone 202, such a plastic zone 206 is also present, as is illustrated in Figs 5 and 6.

[0046] Figs 5 and 6 furthermore clearly show that, during a known flattening operation, the fibres of the metal plate in this elastic
zone 202 are not subjected to alternating plastic deformations when passing through the alternating curvature 54, which leads to
the fact that the residual longitudinal stresses are insufficiently equalized at the location of this elastic zone 202. With relatively
thick metal plates 10, in particular when the thickness 12 of the metal plate 10 is greater than or equal to 8 mm, the forces which
result therefrom become so great that they prevent a further improvement of the guaranteed flatness of parts cut out of the metal
plate 10. Furthermore, as the thickness of the metal plate increases, it also becomes more difficult to reach a sufficiently high
plastification ratio 100, of for example 70% or more, as will be described in more detail below.

[0047] A solution is provided by the production process described with reference to the embodiment from Fig. 1, in which it is
only necessary to produce an alternating curvature 54 during the flattening operation which is such that it results in a
plastification ratio 100 of 55% or more in order to achieve a sufficient degree of equalization of the longitudinal residual stresses,
as will now be described in more detail with reference to Figs 7 and 8. This plastification ratio 100 is determined by the ratio
across the thickness of the metal plate 10 between:

o the plastic zones 204, 206 of material of the metal plate 10 which is plastically deformed; and
e the elastic zone 202 of material of the metal plate 10 which is only elastically deformed at the location of the maximum
curvature of the alternating curvature 54.
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[0048] Fig. 7 is similar to Fig. 5 and shows the metal plate at the location of a maximum surface strain on the top side 214 of the
metal plate 10 and Fig. 8 is similar to Fig. 6 and shows the metal plate at the location of a maximum surface strain on the bottom
side 216 of the metal plate 10 during the flattening operation.

[0049] However, it has been found that specific skin-pass elongations and the associated distribution of the residual longitudinal
stresses due to the skin-pass operation resulted in a shift of the neutral fibre 200 in the direction of the compression side, that is
to say the bottom side 216 in Fig. 7 and the top side 214 in Fig. 8, during a subsequent flattening operation. This made it possible
to choose the skin-pass elongation 44 in such a manner as a function of the subsequent alternating curvature 10, that it results in
a translation ratio 220 of 15% or more at the location of the alternating curvature 54. This translation ratio 220 is determined by
the ratio along the thickness of the metal plate (10) between:

¢ the translation of the elastic zone 202 at the location of the maximum curvature of the alternating curvature 54; and
s half of the thickness 12 of the metal plate 10.

[0050] This means that the skin-pass elongation is chosen in such a manner that, in Fig. 7, the distance between the top side
214 and the elastic zone 202, or the thickness of the plastic zone 204, increases by 15% with respect to half the thickness 12 of
the metal plate. It is evident that the distance between the elastic zone 202 and the bottom side 216, or the thickness of the
plastic zone 206, then decreases by 15% with respect to half the thickness 12 of the metal plate 10. In other words, the distance
224 between the neutral fibre 200 and the top side is virtually 10% greater than half the thickness 12 and the distance 226
between the neutral fibre 200 and the bottom side 216 is virtually 15% smaller than half the thickness 12 of the metal plate 10. It
is clear that by using the effect of the specific skin-pass elongation which results in such an alternating translation of the elastic
zone 202 along the thickness 12 of the metal plate 10, a greater part of the thickness 12 of the metal plate 10 is subjected to a
strain which results in sufficiently high stresses which lead to a plastic deformation. It is clear from Figs 7 and 8 that the ratio of
this zone with respect to the thickness 12 of the metal plate 10 virtually corresponds to the sum of the plastification ratio and
translation ratio, that is to say the sum of 55% or more and 15% or more, i.e. 70% or more, which, until now, was not achievable
for metal plates of a thickness of 8 mm or more in a simple and practical manner, in particular if such metal plates are steel plates

having a relatively high yield point, for example higher than 400 N/mm?2.

[0051] According to a preferred embodiment, this production process according to the invention is applied to metal plates having
a thickness 12 which is less than 30 mm, for example 10 mm to 25 mm, preferably 12 mm to 18 mm. In such cases, the alternating
curvature 54 is chosen in such a manner that it results in a plastification ratio of 60% or more at the location of the maximum
curvature of the alternating curvature 54. Additionally, the skin-pass elongation 44 is set so that, at the location of the alternating
curvature 54, it results in a displacement of the elastic zone 202 across 20% or more of the thickness 12 of the metal plate at the
location of the maximum curvature of the alternating curvature 54. It is clear that this results in a sum of the plastification ratio and
translation ratio of 100% or more, which means that virtually the entire thickness 12 of the metal plate 10 is subjected to
sufficiently high stresses to cause a plastic deformation, which makes a degree of equalization of the longitudinal residual
stresses possible which was hitherto unknown.

[0052] In order to be able to actuate the skin-pass roller 40 and the flattening apparatus 50 in a consistent manner by means of
the controller 80, according to a preferred embodiment, use is made of an elongation correlation function 140 for the skin-pass
elongation 44 and of a flattening correlation function 150 for the alternating curvature 54 as a function of the thickness 12 of the
metal plate 10 and the associated plastification ratio 100 and translation ratio 220. Subsequently, the skin-pass roller 40 is
actuated by an elongation correlation module 142 as a function of this elongation correlation function 140 and the flattening
apparatus 50 is actuated by a flattening correlation module 152 as a function of the flattening correlation function 140. As is
illustrated in Fig. 1, the elongation correlation module 142 and the flattening correlation module 152 may form part of the
controller 80. It is clear that additional parameters can be used to determine the elongation correlation function 140 and the
flattening correlation function 150, such as for example the yield point of the metal plate 10, the width of the metal plate, etc.

[0053] This elongation correlation function 140 and the flattening correlation function 150 can be realized in a simple manner, for
example by means of a reference table, such as that illustrated by way of example in Fig. 9.

[0054] However, it is clear that other suitable embodiments are possible, such as for example determining suitable formulas
which make it possible for the controller to calculate the maximum surface strain and the skin-pass elongation as a function of the
parameters indicated above.
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[0055] The specific skin-pass elongation which results in a desired translation ratio for a specific alternating curve can be
determined experimentally or by means of simulations, for example by means of a finite element analysis.

[0056] Generally, suitable values for the skin-pass elongation and the maximum surface strain, in particular for applying the
production process on the types of steel plates according to the ASTM standard, as illustrated in Fig. 10, are found in the
following ranges:

o the skin-pass elongation 44 is at most 6%; and
o the alternating curvature 54 has a maximum surface strain 56 of the metal plate 10 along the direction of movement M
which is at most 1 %.

[0057] More particularly, for hot-rolled steel plates having a tensile strength in the range from 300 to 700 N/mm?2 or higher and

an elastic limit or yield point in the range from 200 to 600 Nmm?2 or higher, the skin-pass elongation and maximum surface strain
should be in the following ranges:

s the skin-pass elongation 44 is at most 4.5%, for example 0.2% to 4.5%.
¢ the alternating curvature has a maximum surface strain 56 of the metal plate 10 along the direction of movement M of at
most 0.6%, for example 0.05% to 0.5%.

[0058] In order to achieve an optimum equalization of the longitudinal residual stresses, the alternating curvature 54 of the
flattening apparatus 50 comprises a plurality of alternating curves 58, for example three to ten, preferably five to eight.
Furthermore, it is also advantageous if the alternating curvature 54 has a virtually damped sinusoid along the direction of
movement M. In this way, the longitudinal residual stresses, after a first phase in which all fibres are subjected to plastic
deformations across virtually the entire thickness 12, are gradually subjected to increasingly smaller alternating stresses which, in
a second phase of the flattening operation, only result in increasingly smaller alternating elastic deformations, which results in a
further optimization of the equalization of the residual longitudinal stresses.

[0059] It is clear that combinations of the above-described embodiments and further variant embodiments are possible without
deviating from the scope of protection of the invention as defined in the claims.
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PATENTKRAV
1. Fremstillingsfremgangsmade til fremstilling af en flad metalplade (10) med en tykkelse (12) pa 6
mm eller mere, der er afrullet fra en metalspole (20), hvilken fremgangsmade omfatter fglgende trin:

- afrulning af metalpladen (10) fra metalspolen (20) ved anvendelse af en afruller (30);

- efterfplgende koldvalsning af metalpladen (10) ved hjzlp af en slutvalsningsvalse (40) med
modstéende slutvalsningsvalser (42), der er konfigureret til at opna en slutvalsningsforlengelse (44) af
metalpladen (10) langs metalpladens (10) bevegelsesretning (M);

- efterfplgende affladning af metalpladen (10) ved hjelp af en affladningsanordning (50)
med vekslende affladningsvalser (52), der er konfigureret til at deformere metalpladen ifglge en vekslende
krumning (54) i forhold til metalpladens (10) bevegelsesretning (M); og

- efterfplgende skaring af metalpladen (10) i stykker med rette vinkler i forhold til
bevagelsesretningen (M) ved hjzlp af en skareanordning (70), saledes at der opnas en skaret flad
metalplade (10) af en specifik lengde (14) langs bevaegelsesretningen (M), KENDETEGNET VED, AT

- den vekslende krumning (54) er séledes, at den resulterer i et plastificeringsforhold (100)
pa 55 % eller mere, hvor plastificeringsforholdet (100) bestemmes ved forholdet over tykkelsen af
metalpladen (10) mellem:

- de plastiske zoner (204, 206) af materiale af metalpladen (10), der er plastisk deformeret;
0g

- den elastiske zone (202) af materiale af metalpladen (10), der kun er elastisk deformeret
pé stedet for den vekslende krumnings (54) maksimale krumning; og

- slutvalsningsforlangelsen (44) er sdledes, at den resulterer i et forskydningsforhold (220)
pé 15 % eller mere pé stedet for den vekslende krumning (54), hvor forskydningsforholdet (220) bestemmes
ved forholdet over tykkelsen af metalpladen (10) mellem:

- forskydningen af den elastiske zone (202) pa stedet for den vekslende krumnings (54)
maksimale krumning og

- halvdelen af tykkelsen (12) af metalpladen (10).

2. Fremstillingsfremgangsmade ifglge krav 1, kendetegnet ved, at tykkelsen (12) af metalpladen (10)

er stgrre end eller lig med 8§ mm.

3. Fremstillingsfremgangsmade ifglge krav 1 eller 2, kendetegnet ved, at flydegrensen for
metalpladen (10) er stgrre end 400 N/mm?, fortrinsvis stgrre end 600 N/mm?,

4. Fremstillingsfremgangsmade ifglge et eller flere af de foregdende krav, kendetegnet ved, at:

- tykkelsen (12) af metalpladen (10) er mindre end 30 mm, for eksempel 10 mm til 25 mm,
fortrinsvis 12 mm til 18 mm;

- den vekslende krumning (54) er saledes, at den resulterer i et plastificeringsforhold pa 60

% eller mere pa stedet for den maksimale krumning af den vekslende krumning (54); og
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- slutvalsningsforlengelsen (44) er saledes, pa stedet for den vekslende krumning 54, at den
resulterer i forskydning af den elastiske zone (202) over 20 % eller mere af tykkelsen (12) af metalpladen
pa stedet for den vekslende krumnings (54) maksimale krumning.

5. Fremstillingsfremgangsmade ifglge et eller flere af de foregaende krav, kendetegnet ved, at

- slutvalsningsforlengelsen (44) er maksimalt 5%; og

- den vekslende krumning (54) har en maksimal overfladespending (56) for metalpladen
(10) langs bevagelsesretningen (M), der maksimalt er 1 %.

6. Fremstillingsfremgangsmade ifglge et eller flere af de foregaende krav, kendetegnet ved, at:

- slutvalsningsforlengelsen (44) er maksimalt 4,5 %, for eksempel 0,2 % til 4,5 %,

- den vekslende krumning har en maksimal overfladespending (56) for metalpladen (10)
langs bevagelsesretningen (M) pa maksimalt 0,6 %, for eksempel 0,05 % til 0,5 %.

7. Fremstillingsfremgangsmade ifglge et eller flere af de foregdende krav, kendetegnet ved, at
fremstillingsfremgangsmaden endvidere omfatter dette supplerende trin:

- efter afrulning af metalpladen (10) ved anvendelse af afrulleren (30) og koldvalsning af
metalpladen (10) ved anvendelse af slutvalsningsvalsen (40), forberedende affladning af metalpladen (10)
ved hjzlp af en forberedende affladningsanordning (60) med vekslende forberedende affladningsvalser
(62), der er konfigureret til at reducere krumningen af metalpladen (10) langs bevagelsesretningen (M) til
en vaerdi under en specifik fladhedstolerance (64), hvor den specifikke fladhedstolerance (64) resulterer i
maksimal deformation pa 20 mm ved rette vinkler i forhold til bevagelsesretningen (M), mélt pr. leengde

péa 1 m af metalpladen (10) langs bevaegelsesretningen (M).

8. Fremstillingsfremgangsméade ifglge et eller flere af de foregaende krav, kendetegnet ved, at den

vekslende krumning (54) omfatter en flerhed af vekslende kurver (58).

0. Fremstillingsfremgangsmade ifglge krav 8, kendetegnet ved, at flerheden af vekslende kurver (58)

er tre til ti, fortrinsvis fem til otte.

10. Fremstillingsfremgangsmade ifglge et eller flere af de foregaende krav, kendetegnet ved, at den

vekslende krumning (54) omfatter en kvasidempet sinuskurve langs bevagelsesretningen (M).

11. Fremstillingsfremgangsmade ifglge et eller flere af de foregdende krav, kendetegnet ved, at
fremstillingsfremgangsmaden endvidere omfatter dette supplerende trin:

- bestemmelse af en forlengelseskorrelationsfunktion (140) for slutvalsningsforlengelsen
(44) og en affladningskorrelationsfunktion (150) for den vekslende krumning (54) som en funktion af
tykkelsen (12) af metalpladen (10) og det tilhgrende plastificeringsforhold (100) og forskydningsforhold
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(220);

- aktivering af slutvalsningsvalsen (40) med et forlengelseskorrelationsmodul (142) som en
funktion af forlengelseskorrelationsfunktionen (140) og

- aktivering af affladningsanordningen (50) med et affladningskorrelationsmodul (152) som

en funktion af affladningskorrelationsfunktionen (140).

12. Fremstillingsfremgangsmade ifplge krav 11, kendetegnet ved, at
forlengelseskorrelationsfunktionen (140) og affladningskorrelationsfunktionen (150) endvidere

bestemmes som en funktion af metalpladens (10) tykkelse og/eller flydegrense.

13. Iremstillingsfremgangsmade ifglge et eller flere af de foregaende krav, kendetegnet ved, at

metalpladen (10) er en stalplade.
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DRAWINGS
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