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(7) ABSTRACT

A steel rolling mill including a Steckel mill is provided with
an in-line upstream quench station located downstream of
the caster and upstream of the reheat furnace, a shear located
downstream of the Steckel mill, and a temperature reduction
station downstream of the shear. The upstream quench
station has spray nozzles that quench a surface layer of the
steel to transform same from an austentitic to a non-auste-
ntitic microstructure. The shear provides a precise transverse
vertical face on the leading end of the steel. The temperature
reduction station applies cooling fluid to the rolled steel so
as to obtain a preferred microstructure that may be either
bainite or martensite. If bainite, the temperature reduction
station includes laminar-flow cooling apparatus; if marten-
site, the station also includes an initial rapid quench, in
which latter case the station is followed by a tempering
furnace.
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METHOD AND APPARATUS FOR PRODUCING
STEEL

RELATED APPLICATIONS

[0001] This is a divisional application of (1) U.S. appli-
cation Ser. No. 09/350,314, filed Jul. 9, 1999, which is a
continuation-in-part of (2) U.S. application Ser. No. 09/157,
075, which is a continuation of U.S. application Ser. No.
08/594,704, now issued as U.S. Pat. No. 5,810,951, and (3)
U.S. application Ser. No. 08,870,470, which is a continua-
tion of U.S. application Ser. No. 08/481,614, now issued as
U.S. Pat. No. 5,706,688, and (4) U.S. application Ser. No.
09/113,428. This application also claims priority from U.S.
application Ser. No. 09/113,428, filed Jul. 10, 1998.

FIELD OF INVENTION

[0002] This invention relates to an apparatus combination
in or for use in a steel-making mill, and a preferred method
of operating same.

BACKGROUND OF THE INVENTION

[0003] Inin-line rolling mills, high speeds of operation are
essential if undue cooling of the steel below optimal rolling
temperatures is to be avoided. Consequently, in such mills,
control of both internal microstructure and of external
surface properties is difficult to achieve to produce optimum
metallurgical characteristics in the finished steel product.

[0004] In a conventional continuous castir steel mill using
a reversing rolling mill such as a Steckel mill for rolling,
steel is cast into a strand by a caster, is severe Id into slabs
or other preferred portions downstream of the caster, and
passes to a reheat furnace where it is heated to a uniform
pre-rolling temperature. From the reheat furnace, the steel
may be rolled by an initial roughing mill, but at least the final
rolling steps are effected by a Steckel mill. If thicker plate
product is produced by the Steckel mill, the Steckel mill
rolling is confined to flat-pass rolling. For thinner, coilable
plate and strip product, the steel may be coiled within the
coiler furnace during at least the later rolling passes. Fol-
lowing rolling, the steel is typically cooled, and if finished
as a plate product, is conventionally passed through a hot
leveller or cold leveller or both. Coilable products are
typically up-coiled or down-coiled and offloaded for ship-
ment; flat plate is cut to preferred length and may be
subjected to final cooling on a cooling bed before stacking
and shipment.

[0005] The use of a Steckel mill to roll steel is well
established in industrial practice and in the technical litera-
ture. However, the optimization of steel quality from both a
surface standpoint and an internal microstructure standpoint,
especially for flat steel plate products, has not been achieved
by others. In particular, it has not been understood prior to
the development of the present invention by the present
inventors that a unique combination of steel cooling, steel
heating and steel reduction steps, taken in a controlled
manner between the caster and the end of the downstream
line, can lead to preferred surface and metallurgical charac-
teristics in finished steel plate.

SUMMARY OF THE INVENTION

[0006] We have found that optimal metallurgical charac-
teristics of the steel thus produced, and particularly steel
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plate products thus produced, may be optimized by a careful
selection of the combination of apparatus that is provided
between the caster and the more remote downstream appa-
ratus, and if appropriate operational constraints are applied
to this combination of equipment.

[0007] Generally speaking, preferred metallurgical results
require an overall reduction in thickness of the steel of at
least about 3:1. Consequently, if the objective is to make
1/2" plate, the initial casting must be at least 1.5" thick.
Further, for various other reasons it may be preferred to use
castings of greater thickness than three times the target
end-product thickness. The present invention is preferably
used with castings of at least about 3 inches in thickness.

[0008] Specifically, the apparatus combination protected
by this invention comprises a quench facility located down-
stream of the caster and upstream of the reheat furnace
(“upstream quench station”), and a controlled temperature
reduction facility located closely downstream of a Steckel
mill or other similar reversing rolling mill. Note that
“closely” does not preclude the possible installation of
devices between the Steckel mill and temperature reduction
facility. A hot flying shear or other suitable severing device
is also required; ideally two hot flying shears one upstream
and one downstream of the temperature reduction facility
would be used. However, depending upon the intended use
of the rolling mill, it is possible to make do with one flying
shear. Some preferred uses of the rolling mill favour
upstream location of the flying shear; others favour down-
stream location. For example, some of the rolling optimi-
zation aspects of the invention and the objective of present-
ing a clean vertical leading edge of the steel to the
downstream quench station favour an upstream location of
the hot flying shear. On the other hand, the need to accelerate
a leading severed portion of the steel relative to a trailing
portion when the steel is cut to length favours a cut-to-length
flying shear downstream of the temperature reduction facil-
ity. The applicable considerations will be reviewed further
later in this specification. To accommodate all possible
objectives, two shears may be provided—one upstream of
the temperature reduction facility, and one downstream. If
the mill is to produce steel of an appreciable range of
thicknesses, one type of shear could be provided for thinner
steel, another type for thicker steel. Further, some shears
work well only for hot steel, others for cold. The mill
designer will take these points into consideration in the
overall equipment selection and design.

[0009] The upstream quench station may be located either
upstream or downstream of the slab severing apparatus
(typically a cutting torch) This upstream quench station is
constrained to apply to the steel a controlled surface quench
with a depth of penetration of at least 2 inch, and preferably
no more than about ¥ inch (while quench penetration deeper
than % inch is metallurgically tolerable, it conveys no
additional benefit so far as the steel surface is concerned, and
the greater the depth of penetration of the quench, the greater
the amount, of heat required in the reheat furnace to heat the
steel to uniform pre-rolling temperature, and thus the higher
the cost of production). The quench imparted to the steel
must be sufficient to alter the surface layer of the steel from
austenite to some other microstructure such as ferrite or
pearlite. Preferably the quench is initiated when the surface
temperature is at or above the austenite transformation start
temperature Ar;, although start temperatures somewhat
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below the Ar; can be tolerated, even though such lower
temperatures are not optimum. A reduction in temperature
by the quench station in the order of about 250-300° C. is
preferably effected. Assuming a preferred start temperature
at or above the steel’s transformation start temperature Ars,
a suitable completion temperature is at or below the steel’s
transformation completion temperature Ar,

[0010] The steel transformation start and completion tem-
peratures Ar,, Ar, depend on the type of steel that is cast and
the cooling rate. Most types of steel cast in a conventional
continuous casting mill are suitable for application of the
invention; for example, typical plain carbon steels suitable
for quenching in accordance with the invention include
steels having 0.03-0.2 X carbon content. The cooling rate of
a steel product is not constant throughout its body; cooling
rates differ at different depths beneath the product surface.
Different cooling rates will transform austenite to different
combinations of transformation products; as the steel’s
cooling rate varies with strand depth, it follows that the
transformed microstructure will differ with strand depth.

[0011] For optimal results, the quench should be applied in
a manner that responds to the surface temperature gradient
of the casting, which typically is hotter at the inner surface
portions near the longitudinal centre of the casting than at
the outer side edges of the casting. To this end, a transversely
differential spray is arranged within the quench unit. Since
spray applied above the casting is typically more effective
than spray applied underneath the casting, the ratio of
bottom spray flow rates to top spray flow rates is preferably
in about the range of 1.2 to 1.5. Since the side edges of the
casting tend to cool more rapidly than the central portions,
and since there is a tendency of any accumulation of surface
water to flow from the central portion over the side edges,
no spray may be required for the side edges, and further, the
side edges may be protected against overcooling. Such
protection may include longitudinally extending suction
devices overlying the side edges (adjustable for width of
casting) and masking of the side edges to impede cooling

spray.

[0012] Further line control of the quench spray may be
provided to accommodate changes in casting speed, and
other variations that could result in non-uniform quenching
of upper and lower surfaces of the casting.

[0013] The upstream quench station facilitates the produc-
tion of plate having a surface relatively free of defects.

[0014] In the reheat furnace, the steel is reheated to a
uniform pre-rolling temperature suitably above the austenite
transformation temperature T,,. Rolling in a Steckel mill
proceeds with the inevitable pauses between passes to
permit the steel to decelerate and the Steckel mill to reverse
the direction of rolling pass and to accelerate the steel for the
next following reduction. These pauses permit a greater
opportunity for controlled recrystallization of the steel to
occur while the temperature of the steel is above the T, than
is available for in-line rolling through a series of sequential
roll stands. Preferably, any given portion of the steel is at
“rest” (not subjected to a reduction operation) for a cumu-
lative total “rest” time of at least about 60 seconds during the
rolling procedure so as to optimize the controlled recrystal-
lization (by “rest” is not meant that the steel is not moving
longitudinally; by “rest” is meant that the steel is not being
actively reduced by the Steckel mill rolls). If the steel
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product is, a coilable product, some rolling above the T,,
may be effected at steel thicknesses below the minimum
coilable thickness of the steel while using the Steckel mill
coiler furnaces for winding of the steel between passes, and
the heat within the coiler furnace may impede temperature
drop of the steel below the T, , thus making possible a
greater amount: of time during which controlled recrystal-
lization can occur than would be the case if the coiler
furnaces cannot be used. On the other hand, steel that is to
be rolled to thicker end products tends to retain heat to a
greater extent than thinner steel products, and consequently
may be flat-passed rolled for a sufficient number of passes
above the T, that an adequate amount of controlled recrys-
tallization can occur.

[0015] For optimum metallurgical results, the steel is
rolled above the T, for a selected number of rolling passes
to achieve a reduction of the steel of at least about 1.5:1.
Thereafter, the steel is rolled below the T, for a further
selected number of rolling passes so as to achieve a further
reduction of the steel of the order of 2:1. The combined
effect of the first and second reductions is, therefore, an
overall reduction of at least about 3:1, which is considered
to be the appropriate minimum for the obtention of preferred
metallurgical results. The second reduction is preferably
completed at an exit temperature from the rolling mill at
about the Ar;.

[0016] During the reduction rolling below the T, the
fine-grained austenitic mircrostructure that was obtained by
controlled recrystaillzation is pancaked. The eventual micro-
structure desired in the eventual steel product will vary
considerably depending upon the expected end use of the
product. Such preferred microstructure is achieved by a
controlled cooling of the steel after the last reduction pass
through the Steckel mill.

[0017] The controlled cooling should be effected so that
upper and lower surfaces of the steel are subjected to the
initial cooling simultaneously and uniformly. To this end, a
hot-flying shear or equivalent transverse shearing device
should provide a leading edge of the steel to be cooled that
is precisely transverse, planar and vertical within engineer-
ing limits. As previously noted, this objective is served by
locating a hot flying shear between the Steckel mill and the
temperature reduction facility.

[0018] The nature of the controlled cooling is selected to
meet the metallurgical objectives for the end product to be
produced. Two different end products will be discussed in
this specification by way of example.

[0019] A first suitable choice of end product is one con-
taining a high proportion of fine-grained bainite. Such steels
have a good combination of strength, toughness and ductil-
ity. To this end, immediately downstream of the hot-flying
shear, or equivalent severing device, is an controlled cooling
station that facilitates production of the high-bainite-content
product.

[0020] The steel, at about the Ar, temperature, is subjected
in the controlled cooling station to controlled cooling of
about 12 C to about 20 C per second, and preferably about
15 C per second, so as to reduce the temperature of the steel
by at least about 200 C and preferably at least about 250 C.
Since the Ar; for most commercial grades of steel of interest
is typically of the order of 800 C or at least in the range of



US 2002/0104597 A1l

about 750-800 C, it follows that the exit temperature from
the cooling station will be no higher than 600 C and typically
no lower than about 450 C, land most probably and prefer-
ably in the range of about 470 C to about 570 C. The
temperature drop imparted by the controlled cooling can be
more than 250 C below the Ar,, but should riot be more than
about 400 C below the Ar; and preferably in the range about
250 C to about 350 C below the Ars.

[0021] The controlled cooling station is preferably laminar
flow cooling apparatus so far as the upper surface of the steel
being processed is concerned; the undersurface of the steel
product is preferably cooled by a quasi-laminar spray. The
usual spray medium is water, maintained within conven-
tional temperature ranges.

[0022] The amount of the temperature drop from the Ar,
imparted by the controlled cooling will depend upon the
chemistry (alloy composition) of the steel being rolled, in
the discretion of the metallurgist who is responsible for the
steel processing.

[0023] Another example of a suitable steel product to be
produced is plate having a high proportion of fine-grained
martensite. In such case, the controlled cooling facility
downstream of the hot-flying shear, or equivalent device,
would be a quench station (“downstream quench station™)
followed by a laminar-flow cooling facility, and in turn
followed by a tempering furnace off-line. The downstream
quench station would impart an initial severe quench to this
steel, the laminar-flow cooling to follow would maintain
cooling of the steel at a rate preferably equal to the maxi-
mum rate permitted by the heat-transfer characteristics of
the steel.

[0024] More particularly, after being cut by the hot flying
shear, the steel is passed through and is rapidly cooled by a
roller pressure quench (RPQ) apparatus, thereby transform-
ing the surface layers of the product into martensite. As a
result of the quenching, the product’s surface is chilled to
about the temperature of the applied cooling fluid. The
product then passes through and is further cooled in an
controlled cooling station. The controlled cooling maintains
the temperature of the chilled surface layer, thereby pro-
vided a maximum temperature gradient between the surface
and the product core, in turn enabling a maximum rate of
heat dissipation out of the core. The rate of heat dissipation
and the temperature of product after controlled cooling
exceeds the critical martensite cooling rate, and the tem-
perature within the steel falls below the martensite start
temperature throughout most it not all of the product,
thereby transforming as much martensite as the chemistry
and cooling rate will permit. Optionally, the RPQ quench
unit may be modified to provide tensioning of the steel
between its input and output rolls (in a manner similar to that
provided conventionally in some types of hot levelling
apparatus) to promote flatness of the steel and possibly to
improve its surface quality. Optionally the RPQ quench unit
may be provided with suction devices in the vicinity of the
spray nozzle orifices to remove heated water from the
surface of the steel.

[0025] Note that production of bainite-rich or martensite-
rich steels both require a laminar-flow cooling or equivalent
controlled cooling facility; the difference is that production
of the martensite-rich steel requires also a quench station
and an off-line tempering furnace. Accordingly, the steel
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mill may be arranged to provide the facility required for
martensite-rich steel production, and when the mill produces
bainite-rich steel, the quench station downstream of the
Steckel mill will be idle and only the laminar flow controlled
cooling station will be used. The laminar flow cooling
facility or equivalent will have to accommodate production
of both types of steel it both are to be produced by the mill;
to this end, the controlled cooling facility should be designed
to provide maximum flow to meet peak production require-
ments, with the availability of reduced flow or of idling
some banks of nozzles if maximum flow is not required. The
tempering furnace, being off-line, would in any case not
interfere with continued on-line processing of bainite-rich
steel product If tempering of martensite-rich steel plate is to
be effected, the product is after quenching and cooling in the
controlled cooling facility optionally hot levelled in a hot
leveller, in essentially the same manner as a bainite-rich
product. Then, the product in accordance with conventional
practice passes to a transfer table and thence transversely to
a cooling bed. Then, the product is taken off-line and
transferred into in a tempering furnace and heated for a
suitable tempering period and at a suitable tempering tem-
perature. The temperature allows the reconstitution of
entrapped carbon, thereby increasing the ductility of the
steel. After tempering the martensite-rich steel possesses
high strength and hardness typically characteristic of
quench-and-tempered steels.

[0026] The resulting plate steel product produced by appa-
ratus according to the invention is of a preferred fine-grained
microstructure whose character will depend upon the nature
of the controlled cooling downstream of the hot-flying shear.
The steel product will have a surface relatively tree of
defects by reason of the quench imparted immediately
downstream of the caster. The product will have a fine-
grained microstructure by reason of the controlled recrys-
tallization that occurs during the initial flat-pass rolling of
the steel above the T,,. This preferred combination of
metallurgical characteristics is obtainable in an optimally
economical manner by the apparatus combination of the
present invention.

THE DRAWINGS

[0027] A detailed description of the preferred embodiment
is provided herein below with reference to the accompany-
ing drawings, in which:

[0028] FIG. 1 is a schematic perspective diagram of a
steel casting and rolling mill incorporating a caster assem-
bly, upstream quench station, reheat furnace, Steckel Mill,
hot flying shear, downstream quench station, controlled
cooling station, and tempering furnace in accordance with
principles of the present invention;

[0029] FIG. 2 is a schematic interior side elevation frag-
ment view of an embodiment of the upstream quench station
according to the invention.

[0030] FIG. 3 is schematic plan view of an array of
bottom transversely variable spray nozzles suitable for use
with the upstream quench station of FIG. 2, and associated
fluid supplies thereof.

[0031] FIG. 4 is a schematic diagram of a control unit for
the transmission of air and water to spray nozzles in the
array of FIG. 3 shown as a fragmentary group.
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[0032] FIG. 5 is schematic interior elevation view of top
and bottom groups of spray nozzles within an upstream
upstream quench station according to an embodiment of the
invention that provides both transverse and longitudinal
adjustment of flow rate of cooling fluid from the nozzles.

[0033] FIG. 6 is schematic plan view of an array of
longitudinally adjustable nozzles and transversely adjustable
nozzles and supply lines therefor, for use within an upstream
quench station according to an embodiment of the invention
that provides both transverse and longitudinal adjustment of
flow rate of cooling fluid from the nozzles.

[0034] FIG. 7 is a schematic diagram showing in greater
detail of a portion of the Steckel mill and associated coiler
furnaces of FIG. 1;

[0035] FIG. 8 is a schematic diagram showing in detail the
Steckel Mill, flying shear, downstream quench station, and
controlled cooling station of the rolling mill in FIG. 1;

[0036] FIG. 9 is a schematic diagram showing in: greater
detail of a portion of the downstream quench station of FIG.
1; and

[0037] FIG. 10 is a flowchart indicating a preferred
sequence of operations for optimizing the efficiency of a
rolling mill in accordance with the principles of the present
invention.

DETAILED DESCRIPTION WIT REFERENCE
TO ACCOMPANYING DRAWINGS

[0038] Referring to FIG. 1, molten steel is supplied to a
caster 11 that casts molten steel into a cast steel strand 12.
The strand 12 exits the caster 11 and enters a strand
containment and redirection apparatus 16 wherein it forms a
solidified thin skin, moves from a generally vertical position
to a generally horizontal position, and is straightened. The
devices just described collectively constitute a caster assem-
bly 21.

[0039] Referring to FIG. 2, After exiting the strand con-
tainment and redirection apparatus 16, the strand 12 is fed by
a series of rollers 22 into a upstream quench station 14
located closely downstream and in-line to the caster 11.

[0040] The upstream quench station 14 has a housing 113
surrounding the strand 12. Selected portions of the strand 12
are quenched by a plurality of intense sprays of water and air
combined into an air mist applied by clusters of top spray 10
nozzles 131 and bottom spray nozzles 124. (Air mist tends
to be more efficient than water to quench steel; however, a
water-only spray may be suitable but not preferred). As a
result of the quench, the steel is rapidly cooled from its
pre-quench start temperature to a suitable completion tem-
perature so that the steel’s microstructure is changed from
austenite to one or more suitable microconstituents, such as
ferrite or pearlite. It has been found that effecting a surface
quench to a suitable depth, then reheating the steel in a
reheat furnace 15 downstream of a severing apparatus 13,
reduces or prevents altogether the occurrence of surface
defects in the steel product.

[0041] Suitable transformed microstructures include
pearlite, bainite, martensite and ferrite, or some combination
of two or more of these. The preferred start temperature is
at or 25 above the steel’s transformation start temperature
Ar, and the suitable completion temperature is at or below
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the steel’s transformation completion temperature Ar,. It has
been found that quenching from a start temperature below
the transformation start temperature Ar; and above the
transformation completion temperature Ar, is in some cases
acceptable but not preferred, as quenching in this tempera-
ture range provides some but not as much reduction in the
occurrence of surface defects as quenching from a tempera-
ture above the transformation start temperature Ars.

[0042] The steel transformation start and completion tem-
peratures Ar;, Ar, depend on the type of steel that is cast and
the cooling rate. Most types of steel cast in a conventional
continuous casting mill are suitable for application of the
invention; for example, typical plain carbon steels suitable
for quenching in accordance with the invention include
steels having 0.03-0.2% carbon content. The cooling rate of
a steel product is not constant throughout its body; cooling
rates differ at different depths beneath the product surface.
Different cooling rates will transform austenite to different
combinations of transformation products; as the steel’s
cooling rate varies with strand depth, it follows that the
transformed microstructure will differ with strand depth. It
has been found that a minimum transformed depth of about
Y to ¥ inch will satisfactororily reduce the occurrence of
surface defects.

[0043] The spray nozzle clusters 131, 124 are respectively
arranged into a top array 126 and a bottom array 128,
wherein each array 126, 128 applies cooling spray to an
associated top and bottom surface at the strand 12. The
appropriate proportions of cooling fluid that should be
applied respectively to the top and bottom surfaces so that
both surfaces are quenched to the same depth can be
empirically determined by removing test portions of the
quenched strand and examining their cross-section. The
appropriate proportion can then be programmed into the
control system for the quench so that subsequently quenched
portions of the strand will be quenched to the required depth.

[0044] Top and bottom nozzle clusters 124, 131 are
arranged in respective matrix arrays 126, 128 each compris-
ing a plurality of equally spaced longitudinal banks 130
extending in columns parallel to the line FIG. 3 illustrates
this arrangement for bottom nozzle clusters 124; the mirror
image of this arrangement would exist for top nozzle clus-
ters 131 arranged in banks 130 The number of banks 130
chosen to span the transverse width of the line depends on
the maximum width of the cast strand. In the illustrated
embodiment, there are nine banks of bottom nozzle clusters
124 by way of example.

[0045] The maximum number of nozzles 133 in a bank
130 depends on the interior length of the upstream quench
station 14. In the embodiment illustrated in FIGS. 1-3, the
length of the upstream quench station 14 is limited by the
space available between the caster assembly 21 and the
severing apparatus 13. An exemplary eleven nozzles 133 are
arranged along the length of the upstream quench station 14
for each bank 130. Note that no nozzles 133 are arrayed so
as to overlap the conveyor rolls 22; although the rolls 2
constitute a direct impediment to nozzle placement only for
the bottom banks 130, the arrangement of the top banks 130
should mirror that of the bottom banks 130 to ensure spray
symmetry so that uneven quenching of top and bottom
surfaces of strand 12 is avoided or at least mitigated.

[0046] The bank of nozzles 130 are grouped into four
groups 137a, 137b, 137c, 137d. Each group 137a, etc.
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comprises at least two banks 130 equidistant from the
longitudinal center of the line. The center group 137d
additionally includes one central bank 130 overlapping the
center of the line. The spray applied to the strand 12 by any
group 137a, ete. (“spray group”) of nozzles 133 is controlled
by controlling the flow rate and optionally other usefully
controllable characteristics of the sprays (e.g., pressure) of
the spray group 1374, etc. (such controllable characteristics
are collectively referred to as “spray characteristics”). The
spray characteristics of any one spray group 1374, etc. are
controllable separately from the spray characteristics of
other spray groups 137b, etc. as discussed in detail below.
Each spray group 1374, 137b, 137¢, 1374 is supplied water
from an associated respective water supply pipe 140a, 140D,
140c, 140d connected to and supplied by a water pump 144.
Each nozzle 133 is provided with air from an air compressor
142 via suitable air supply lines (omitted from FIG. 3 for
purpose of clarity). The air and water are mixed in each
nozzle to provide the air mist applied to the strand 12.

[0047] Each water supply pipe 140a, 140b, 140c, 140d has
an associated respective control valve 146a, 146b, 146c,
146d, the adjustment of which changes the water flow rate
and consequently the air mist flow rate for each spray group
137a, 137b, 137¢, 137d. Each such valve 1464, etc. may be
a butterfly valve or any suitable adjustable flow-rate valve.
Each water supply pipe 140a, 140b, 140c, 140d has an
associated respective pressure regulator 155a, 155b, 155¢,
155d the adjustment of which regulates the water pressure
through the associated supply pipes 140. Similar air control
valves and air pressure regulators control flow rate and
pressure for the air (not shown). The air and water control
valves 146 and pressure regulators 155 enable the spray
characteristics of the sprays to be differentially controlled
transversely across the strand 12. Since the temperature
profile of the strand is almost always symmetrical about its
centerline, the choice of spray groups 1374, etc. to include
banks 130 equidistant from the center of the line is appro-
priate.

[0048] Preferably, each spray nozzle cluster 131, 124
comprises a longitudinally aligned series of individual
nozzles 133 each being an internal-mix pneumatic atomiz-
ing-type nozzle that mixes water and air for discharging in
a flat oval spray pattern. Each nozzle cluster 131, 124 is
preferably positioned so that the major axis of the oval spray
pattern is transversely oriented, i.e. perpendicular to the line.
The transverse width of each spray pattern and the distance
between adjacent clusters 124 of nozzles are selected so that
there is no gap but preferably minimal overlap between the
sprays of the adjacent clusters of nozzles. To this end, the
nozzle clusters 124 in alternate columns are offset from one
another by a selected amount.

[0049] Because slabs or slab-shaped strands tend to cool
naturally more quickly around the vicinity of their outer
edges than at other parts of the surface, and because air mist
sprayed on the longitudinal central portions of the strand
tend to migrate towards and contribute to further cooling of
the outer edges, transverse differential spray control of the
columns or longitudinally aligned banks 130 enables a lower
intensity of spray to be applied by the outer banks of nozzles
130 than the inner banks of nozzles 130. The spray charac-
teristics of each spray group 137a, 137b, 137¢, 137d can be
selected in response to this expected temperature profile and
the heat-transfer properties of the associated portion of the

Aug. 8, 2002

surface of the strand 12. Thus, by way of example, for
quenching a given casting, spray group 137a might be idle,
spray group 137b providing a low flow rate spray, spray
group 137d providing a considerably higher flow rate spray,
and spray group 137¢ providing a spray at a flow rate
intermediate that provided by spray groups 137b and 137d.
Suitable selection of flow rate and any other useful spray
parameters enables the temperature of all surface portions of
the strand 12 to be cooled to nearly the same post-quench
temperature.

[0050] Masking means such as longitudinal flanges [not
shown] can be optionally installed on both longitudinal
strand edges to shield the outermost longitudinal edges of
the strand from spray, thereby further reducing the amount
of cooling effected on the strand edges. The longitudinal
flange may be used in conjunction with the tranversely
controllable sprays to reduce the amount of edge cooling.

[0051] Alternatively, suction means [not shown] such as
longitudinal suction slots extending along the length of the
upstream quench station 14 and at either longitudinal edge
of the strand may be used to suction excess cooling fluid
collected on the top surface of the strand, thereby preventing
overcooling of the edge portions of the strand.

[0052] Tt has been found that it is unnecessary to provide
sprays especially to quench the sides of the strand 12 (for a
strand to be severed into slabs); the side surfaces tend to cool
sufficiently quickly that separate spraying is unnecessary.
Further, downstream edging may correct some surface
defects in the vicinity of the side surfaces. If there is a risk
of overcooling the side edges of the steel, shields or spray
masks in the vicinity of the side edges may be optionally
provided to impede cooling fluid from reaching the side
edges of the steel.

[0053] The air compressor 142, water pump 144 control
valves 146 and pressure regulators 155 can be manually
operated. An operator can determine the appropriated spray
characteristics required to apply a suitable quench from
temperature profile data of the incoming slab 12, then
manually make the appropriate adjustments for each of these
pieces of equipment. Preferably, at least some of these steps
are automated by conventional means. In this connection
and referring to FIG. 4, monitors or sensors for monitoring
or measuring the values of selected parameters can be
provided. For example, basic supply water pressure and air
pressure, line speed, pre-quench surface temperature of the
steel across a transverse profile, post-quench surface tem-
perature of the steel across a transverse profile, and spray
group flow rates or valve settings could all be monitored or
measured. The associated sensors are each electrically con-
nected to and communicative with a control unit 160. For
example, sensors 139, 141 for air and water supply respec-
tively transmit data signals associated with air and water
pressure respectively to the control unit 160 via data trans-
mission lines 143, 145 respectively. The control unit 160 in
response to the received data signals can provide control
signals via control signal lines 149, 151 to air pressure
regulator 153 and water pressure regulator 155 respectively,
to remedy any irregularity in the air and water supplies.
Suitable intervening digital/analog converters, relays, sole-
noids, etc. are not illustrated but would be used as required
in accordance with conventional practice. The specific
means chosen for the sensing of system parameters and
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provision of data signals may be per se essentially conven-
tional in character and is not per se part of the present
invention.

[0054] Water control valves 146 and 147 control the water
flow rate to bottom and top nozzle clusters 124, 131 respec-
tively. Air control valves 158, 159 control the air flow rate
to bottom and top nozzle clusters 124, 131 respectively. The
air and water valves 146, 147, 158, 159 are similarly
connected to and responsive to the control unit 160 which
controls the flow rate of air mist through the valves 146, 147
by means of control signals transmitted via respective con-
trol signal lines, only one of which, line 157, is illustrated in
FIG. 4 in the interest of simplification of the drawing.

[0055] Pyrometers 156 may be located downstream of the
upstream quench station 14 or located in the vicinity of the
quench unit exit port 127 or elsewhere as the designer may
prefer, e.g. just upstream of the upstream quench station 14.
In FIG. 4, the strand 12 moves in the direction of the arrow
(right to left). The pyrometers 156 illustrated are mounted
downstream of the upstream quench station above and
below the as-quenched strand 12 passing therebetween.
While only one block 156 appears above and below the
strand 12 in the drawing, it is to be understood that either the
pyrometers 156 would be able to scan across the transverse
width of the strand 12, or else a transverse array of pyrom-
eters 56 across the width of the strand 12 would be provided.
For each of the top and bottom strand surfaces, the pyrom-
eters 156 measure the transverse temperature profile of the
respective surface. The pyrometers 156 are electrically con-
nected to and communicative with the control unit 160 and
transmit data signals associated with the surface temperature
to the control unit 160 via data transmission lines 161
following the strand’s passage through the upstream quench
station 14. With this data, the control unit 160 can determine
whether the as-quenched temperature profile of the strand 12
falls within acceptable parameters; if not, the control pro-
gram 160 (or the operator, if performed manually) calibrates
the quench characteristics settings accordingly for the sub-
sequent portions of the strand to be quenched. Generally,
after enough data on castings of various compositions,
widths, and casting histories have been accumulated, enough
look-up tables for flow-rate settings will have been compiled
that recalibration will seldom be necessary. Alternatively,
pyrometers may be installed upstream of the upstream
quench station 14 to determine the products incoming tem-
perature profile, thereby in conjunction with the downstream
pyrometers 156 providing a dynamically responsive control
system.

[0056] Roll speed tachometers 150 provide conveyor
speed data to the control unit 160 via data line 163. One or
more tachometers 150 are positioned at one or more selected
conveyor rolls 22; in the case of quenching of slabs, such
tachometers 150 may be preferably located at both upstream
and downstream rolls 22 relative to the severing apparatus
13 so that a measurement of both casting speed and strand
conveyor speed (if permitted to be different from casting
speed) is obtained. However, for purposes of simplification,
only downstream tachometer 150 is illustrated in FIG. 4.
The conveyer speed data are used by the control unit 160 to
determine the appropriate flow rate co be applied to the
strand 12, as described in further detail below.

[0057] Similarly, the tachometer 150 may with the control
unit 160 be part of a feedback control loop controlling the
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conveyor roll rotary speed. If line speed is to be made
dependent upon quench operation, the conveyor roll drive
(not shown) may receive control signals from the control
unit 160 that control the rotary speed of the conveyor rolls
22. For example, the control unit 160 may be programmed
to change the casting speed under certain circumstances, for
example, if the casting speed exceeds the quenching capac-
ity of the upstream quench station 14; in this situation, the
control unit 60 would send a control signal to the caster 11
to reduce the speed of the caster 11.

[0058] In a preferred embodiment, the control unit 160 is
a general purpose digital computer that is electrically con-
nected to and receives data signals from sensed parameters,
as exemplified by the various data signal lines from the
devices illustrated in FIG. 4. The control unit 160 may have
a memory storage device [not separately shown] for storing
data, and is operated by a suitable control program. Pro-
gramming the control program is routine and will take into
account the specific objectives to be served in any given
rolling mill; such programming is not considered to be per
se part of this invention. For example, the control program
may conveniently be based in part on conventional dynamic
cooling control programs used in other parts of the casting
mill, such as known cooling control programs used in the
secondary cooling region of the strand containment and
straightening apparatus 16.

[0059] Analysis indicates that preferred flow rate from a
given nozzle, or bank or group of nozzles, is dependent upon
casting speed roughly in accordance with the equation
f=av+bvic

[0060] where f is the flow rate for any given nozzle, or
bank or group of nozzles, a, b and c are constants, and v is
casting speed. Obviously the constants a, b, C will be
different for a given individual nozzle, a given bank, or a
given group. However, reliance should not be placed too
highly on the analytical results; empirical approaches are
required to determine optimum flow rate choices for nozzle
groups.

[0061] Because the equation given above for the relation-
ship between flow rate and casting speed includes one term
that is proportional to the square of the casting speed, it
follows that dramatically increasing flow rates are required
as casting speed increases. For example, the flow rate at a
casting speed of 60 inches per minute for a 6-inch casting
might be roughly three times the flow rate required for the
same casting travelling at 30 inches per minute.

[0062] The control unit 160 may have user input devices
such as a keyboard 162 to enable an operator to input new
data or override any of the functions performed by the
control program. For example, a test slab may be occasion-
ally removed from the casting line after the strand from
which it was cut was quenched and before it enters the reheat
furnace. The cross-section of the test slab is then examined
to determine (a) whether the steel’s microstructure has been
transformed by the quench to a suitable depth, and (b)
whether the depth is suitably uniform across the transverse
width of the slab. If the operator is not satisfied with the
quench effected on the test slab, he may reprogram, adjust
the weight to be given the parameters used by the quench
program, recalibrate and recalculate look-up tables, or
manually select the spray characteristics and any other
controllable parameters, so that subsequent steel product is
quenched to his satisfaction.
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[0063] Referring to FIGS. 3 and 4, the transverse differ-
ential control of the spray nozzles 124 enables the control
unit 160 to tailor the transverse width of the sprays to the
width of the target strand 12 and to adjust flow rates of the
spray groups 137a, etc. to fit the surface temperature profile
of the strand 12. The control unit 160 receives and processes
a data signal identifying the width of the strand, determines
the number of spray groups that are required to cover the
target surfaces, and sends control signals to the appropriate
output control devices (e.g., solenoid valve actuators for the
control valves) that will enable or disable the spray groups
137a, etc. and adjust their respective flow rates.

[0064] The foregoing description has covered steady-state
conditions in which the casting speed is constant. However,
casting speeds typically vary considerably throughout a
casting run. Since whenever the speed begins to change, it
is uncertain what new steady-state value of casting speed
will be reached, the flow-rate control system has to respond
on the basis of an inherent uncertainty as to the new target
casting speed expected to be reached after the current
transient condition has come to an end. It has been found that
potential deceleration-related over-quench problems tend to
be more acute than potential acceleration-related under-
quench problems, partly because casting-line problems tend
to require a fairly steep “ramp down” deceleration that is
sometimes as much as three times the rate of “ramp up”
acceleration. Accordingly, the requisite decrease in flow rate
to avoid over-quenching should be greater when decelera-
tion occurs than the increase in flow rate when acceleration
occurs in the casting line. In any given facility, an empirical
approach should be taken to determine the optimum value.
Monitoring surface temperature of the steel downstream of
the quench may facilitate automatic or operator control of
the flow rate through the quench nozzles. Typically the
downstream surface temperature should be maintained in the
range about 538° C. (1000° F.) to about 704 C (1300° F.). At
temperatures above about 1300° F., the quenched layer tends
to be insufficiently deep.

[0065] The arrangement offering the finest differential
control over the spray characteristics of the sprays would
include an array of nozzles having a dedicated supply line
and control valve for each nozzle. This arrangement is
within the scope of the invention but is not preferred, as the
high number of individual controls may make the cost of
constructing a upstream quench station prohibitive and the
control system for the array unduly complex.

[0066] The upstream quench station 14 may quench steel
that include titanium as an alloying element. In such cases,
the relative position of the upstream quench station 14 in the
line, its longitudinal dimensions, and the speed of the casting
are preferably optimized to permit substantial TiN precipi-
tation so that AIN precipitation is suppressed and solute
nitrogen content is reduced. The presence of solute nitrogen
tends to reduce ductility in the cast metal. Typically, the steel
contains between about 0.015% and 0.040% titanium. Pref-
erably, enough titanium is added to the metal prior to
quenching to form a titanium-to-nitrogen weight ratio of the
order of 3:1. Quenching to a post-quench surface tempera-
ture below about 750° C. to 800° C. yields optimal TiN
precipitation, thereby optimally suppressing ALN forma-
tion. As a further effect of optimal TiN precipitation, solute
nitrogen content is reduced. As a result, undesirable effects
caused by AIN precipitation are minimized. Other residual
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elements may precipitate and/or segregate to grain bound-
aries as the strand cools prior to being quenched. Any
contribution to surface defects by the other residual elements
appears to be addressed either by the quench alone, or by
some combination of the quench and TiN precipitation.
Also, the decrease in ductility resulting from residual ele-
ment precipitation is at least partially offset by the increase
in ductility from the solute nitrogen reduction.

[0067] Referring back to FIG. 1, after the strand 12 has
been quenched in the upstream quench station 14, the strand
12 exits the upstream quench station 14 and is severed into
slabs 18 by the severing apparatus 13. Then, each slab 18 is
transferred onto a transfer table 20 that transversely feeds
each slab 18 sequentially into a reheat furnace 15, where the
quenched portions of the slab 18 are reheated to a uniform
temperature at least above AC; (about 900 C for most steels
of interest) and re-transformed to austenite. Preferably the
slab is reheated to a temperature above T, and specifically,
to a temperature of about 1260° C. to provide a suitably high
temperature for controlled rolling, discussed in detail below.
It has been found that the austenite formed by this combi-
nation of quenching and reheating tends to have a finer grain
size than austenite grains of a steel product that has not been
quenched before reheating. It has further been found that
formation of finer grains of austenite is associated with the
reduction in the occurrence of defects in the surface of the
eventual steel product. The slabs 18 are held in the reheat
furnace 15 for a period of time sufficient to heat the slabs is
to a uniform temperature for rolling.

[0068] After the slab has been suitably quenched and
reheated in the reheat furnace is, each slab 18 is transferred
out of the reheat furnace 15 and onto the upstream end of a
rolling table 22. The slabs are descaled in a descaler 17,
which applies a series of high-pressure water sprays onto the
surface of the slab to remove scale. If the weight of a slab
exceeds the weight capacity of the coiler furnaces 21, 23, (or
some other applicable limiting flow through parameter, to be
discussed in detail below) the slab is severed by hot flying
shear 25 into a target portion within the coiler furnace
weight capacity and a surplus portion. While a hot flying
shear is the preferable choice, another severing device
capable of severing such slabs may be suitable used. Pref-
erably the target portion is severed after it has been reduced
to a thickness within the coiler furnace thickness capacity,
but if not, it is then further reduced until its thickness is
within the coiler furnace thickness capacity. Then the target
portion is coiled in one of coiler furnaces 21, 23 while the
surplus portion can be further reduced by the Steckel mill,
or immediately sent downstream for further processing.

[0069] Referring to FIG. 7, each slab is then sequentially
to reversingly rolled in a Steckel mill 19 into an intermediate
steel product 26 having a target end-product thickness (i.c.
the objective end-thickness to be met) and a recrystallized
and pancaked austenitic microstructure. This process is
described in detail in U.S. Pat. No. 5,810,951 and is sum-
marized briefly here. In the Steckel mill 19 and during a
recrystallization stage, the slab 19 is first flat-passed rolled
into an intermediate steel product at a temperature above T,
in order reduce the thickness of the product by a selected
amount and to enable some controlled austenite recrystalli-
zation in the product. Then, the product is subjected to at
least one recrystallization coiler-pass comprising reducing
the steel to a thickness within the coiler furnace thickness
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limitation (say, of the order of about 1"), and coiling and
uncoiling the steel product within the coiler furnaces 21, 23.
The coiler furnaces 21, 23 are maintained at least about
1,000 C, which is for steel grades of interest, above the T .
The coiler furnaces 21, 23 substantially slow the natural
(slow=-air) cooling of the coiled product, so that the product
remains above T, for the selected number of recrystalliza-
tion coiler passes, thereby enabling additional controlled
austenite recrystallization of the product.

[0070] To provide enough time for recrystallization, the
recrystallization stage should preferably be at least about 60
seconds; however, the desired recrystallization period will
vary somewhat for different steel chemistries. Typically,
there is enough time for the steel product to achieve the
desired recrystallization period during normal flat and coiler
passing; during the flat passes, the slower speed of the
Steckel mill relative to conventional sequential in-line roll-
ing stands affords an opportunity for recrystallization above
T,,- During the recrystallization coiler passes, the time taken
to coil, stop, reverse direction, then uncoil the steel product
provides additional time for recrystalliztion. The rolling
sequence above the T, for this period will achieve a fine-
grained austenite structure of the steel undergoing sequential
reductions.

[0071] Once the steel product 26 has been reduced to an
interim thickness and sutficient recrystallization has
occurred, the steel product 26 enters a pancaking stage
wherein its temperature is permitted to drop below T, in a
controlled manner during a further series of coiler passes
through the Steckel mill, during which the fine grain struc-
ture achieved is “pancaked” and consolidated. The coiler
passes during the pancaking stage are hereinafter referred to
as pancaking coiler passes to distinguish from the recrys-
tallization coiler passes. Over the period of time taken by a
predetermined series of pancaking coiler passes, the tem-
perature is permitted to drop from the T,, to the Ar; at which
time the steel product 26 should have reached its target
end-product thickness. Although a reduction of as much as
75% between the T,, and the Ar; can be tolerated, it is
preferred that the end-product thickness be about one-half
the thickness of the first-rolled thickness of the intermediate
steel product at the time it begins to drop below the T_,. In
other words, the “pancaking” rolling between the T, and the
Ar; would preferably result in a 2.1 reduction from the
first-rolled thickness of the intermediate steel product to the
end-product thickness.

[0072] In certain situations, it may be desired to slow
down the rate of natural slow-air cooling of the steel product
during the pancaking stage, e.g. if it will be difficult to
achieve the desired reductions during this stage before the
product falls below temperature Ar,. To this end, auxiliary
heaters may be installed at appropriate locations around the
Steckel mill, such as an induction furnace [not shown] in a
space between the Steckel mill and pinch rolls of the coiler
furnace.

[0073] In addition to facilitating the metallurgical treat-
ment described above, the heat from the coiler furnace 21,
23 tends to equalize any temperature variation that may have
developed along the product’s surfaces. The time taken to
coil, reverse direction and uncoil the product typically
provides enough time to equalize temperature variations
found in steels typically processed in the Steckel mill 19.
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Should the product exhibit extraordinarily large temperature
variations, the product may be held in the coiler furnace 21,
23 for a deliberate pause period to provide additional time
for temperature equalization to occur. Such temperature
equalization is important for avoiding the development of
inconsistent metallurgical properties after the product is
quenched.

[0074] The pause periods, if carried out when the steel is
above T, also provide additional time for desirable austenite
recrystallization. In this connection, such austenite recrys-
tallization pause periods may be carried out during flat
passing. However, the pause periods also provide additional
time for precipitates to come out of the steel, which
adversely affects the quality of the end-product. Therefore,
an operator when selecting the number and length of each
pause period, if any, will take into consideration these
competing interests, and may affect the precipitation prob-
lem somewhat by confining the occurrences of the pause
periods to passes at higher temperatures during the recrys-
tallization period.

[0075] Preferred metallurgical practice dictates that the
overall reduction in the rolling mill should be at least about
3:1. Accordingly, if the reduction imparted below the T, is
about 2:1 (ie. from the interim-rolled thickness to the
end-target thickness), then it follows that the reduction
above the T,, should be at least about 1.5:1 (i.e. from a initial
slab thickness to the interim-rolled thickness). The amount
of reduction, of course, will depend in large measure upon
the ratio of the end-product thickness (determined by the
customer’s order) and the initial slab thickness (typically
fixed for a given rolling mill). If, for example, the end-
product thickness is to be 0.5", then preferably the interme-
diate steel product 26 is rolled from a interim-rolled thick-
ness of about 1.0" to a thickness of 0.5" below the T, to
reach a rolling completion temperature of about the Ar;. If
the initial slab thickness is 6", it follows that a 6:1 reduction
must occur above the T, in order to generate an intermediate
product of interim-rolled thickness of 1.0" that can be rolled
between the T, and the Ar; to the desired 0.5" end-product
thickness.

[0076] Coiler furnaces based on present technology can
typically coil steel slabs having thicknesses up to 1.0",
although in some cases, steel product having thicknesses of
up to 1%" may be coiled. Given that the desired reduction
from the interirm-rolled thickness to the end-product thick-
ness is 2:1 (in the pancaking stage where the product
temperature is between T, and Ars), it follows then that the
maximum end-product thickness that can be obtained is
0.5". To obtain steel products with a thicker end-product
thickness, during the recrystallization stage, the product is
subjected to flat pass rolling only, i.e. without any recrys-
tallization coiler passes, at a reduction rate that achieves the
desired interim reduction while the steel product is above
T.,. For example, if an end-product thickness of 0.75" is
desired, a 2:1 reduction requires the interim-rolled thickness
to be around 1.5". As the product enters into the pancaking
stage, i.e. falls below T, the product is further flat-passed
until it reaches the target end-product thickness. Should the
end-product thickness be within the coiler furnace thickness
limitation,. it is possible to subject the product to at least one
coiler pass; however, coiling product thicker than 0.5" is
generally not desirable, as such product tends to suffer from
coiling memory.
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[0077] Steel product to be produced into flat plate may
also undergo rolling without coiler passes, especially at
lower rolling temperatures, to avoid the risk of suffering coil
memory.

[0078] To increase the rate of steel processing, an optional
optimization method may be performed that involves pro-
cessing a maximum weight slab through the rolling mill.

[0079] This maximum weight slab exceeds the capacity of
one of the rolling mill apparatuses but is within the maxi-
mum capacity of the reheat furnace 15. Typically for pro-
ducing coiled plate, the limiting flow-through parameter is
the weight capacity of the coiler furnace 21, 23; typically for
producing strip, it is the strip downcoiler 29. For example,
if the weight of a maximum weight slab exceeds the weight
capacity of the coiler furnaces 21, 23, (or some other
applicable limiting flow through parameter, to be discussed
in detail below) the slab is severed by hot flying shear 25 into
a target portion within the coiler furnace weight capacity and
a surplus portion. Preferably the target portion is severed
after it has been reduced to a coilable thickness, but if not,
it is then further reduced until its thickness is within a
coilable thickness. Then the target portion can be coiled in
one of coiler furnaces 21, 23 while the surplus portion can
be further reduced by the Steckel mill, or immediately sent
downstream for further processing. This optimization
method is discussed in detail in U.S. Pat. No. 5,706,688 and
is briefly summarized below.

[0080] The weight of the maximum-weight slab to be
rolled is typically limited by the maximum dimensions of
the slab that can be reheated in the reheat furnace 15, which
can typically handle slabs of 6" thickness, 120" width, and
75' length. Such slabs of maximum dimensions weigh
approximately 92 tons. While the Steckel mill 19 can be
built to be capable of rolling such maximum weight slabs,
the weight capacity of the coiler furnaces 21, 23 is typically
exceeded. Therefore, the maximum weight slab is severed
into portions prior to coiling in the coiler furnace 21, 23,
wherein the weight of the portion to be coiled (the target
portion) is within the coiler furnace weight capacity.

[0081] By positioning the flying shear 25 between the
Steckel mill 19 and the controlled cooling station 27, spe-
cifically, by positioning the flying shear 25 closely down-
stream of the downstream coiler furnace 23, a maximum-
weight slab can be rolled by the Steckel mill 19 at a
temperature around T, then be severed by the flying shear
25 into the target portion and a surplus portion prior to
coiling in the coiler furnace 21, 23. Because the steel can be
above T, when severed, a hot flying shear is preferred.

[0082] For producing plate, the maximum-weight slab is
preferably reduction rolled to below the coiler furnace
thickness capacity before it is severed by the flying shear 25.
The target portion is then coiled by one of the coiler furnaces
21,23, and kept above T, in accordance with the previously
described steps of the method. The surplus portion is then
further reversingly rolled in the Steckel mill 19 to reduce its
thickness to a desired end-product thickness, or is trans-
ferred immediately for downstream finishing.

[0083] The target portion is held in the coiler furnace 21,
23 for a selected period to enable substantial austenite
recyrstallization and temperature equalization, uncoiled,
then is processed according to the method described above.
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[0084] In order for the surplus portion to he reversingly
rolled in the above manner, the target portion that is tem-
porarily stored within one of the coiler furnaces 21, 23
cannot protrude outside the mouth of the coiler furnace 21,
23 to an extent that would cause interference with the
surplus portion during rolling. Referring to FIG. 5, the use
of an auxiliary set of pinch rolls 241, 243 within the mouth
each of the coiler furnaces 21, 23, as proposed in the Smith
U.S. Pat. No. 5,637,249, facilitates the retraction of the
intermediate product within the coiler furnace 21, 23 to an
extent much greater than was previously possible using a
conventional coiler furnace, and consequently the use of
such auxiliary pinch rolls may be necessary or highly
desirable in order that the foregoing alternative mode of
operation be practised to advantage. Obviously, the forego-
ing procedure cannot be practised it the tongue of steel sheet
hanging out of the coiler furnace mouth 235 is in the path of
travel of the residual portion of the steel being flat-passed
within the Steckel mill.

[0085] The objective of obtaining a final high-quality plate
product by means of an economical sequence of steps in a
mill provided with a cost-effective selection of equipment is
satisfied by the present invention. The plate flow-through
capacity is typically determined by the coiler furnace weight
capacity. However, according to another aspect of the inven-
tion, at least part of the slab may be reduced to strip
thickness for coiling on a downcoiler 29. This is illustrated
in the left column of the flowchart in FIG. 10. The slab is
reduced to a thickness not exceeding the coiler furnace
thickness capacity, it is severed into a target portion of a
weight not exceeding the strip downcoiler weight capacity,
and a surplus portion. The surplus portion may be sent
immediately downstream to be further processed as a flat
plate product, or alternatively, the surplus portion may be
further reduction rolled while the target portion yet to be
rolled is held in the coiler furnace (assuming the target
portion thickness is less than the coiler furnace thickness
capacity).

[0086] As a further alternative, one or both of the severed
slab portions could be made into coiled plate product.

[0087] 1If desired, the benefit of processing a maximum
weight slab may be obtained independently of other advan-
tages described in this method. For example, a maximum-
weight slab may be severed into target and surplus portions
wherein the target portion is coiled in a downcoiler as coiled
plate and the surplus portion is sent directly downstream for
finishing. In this case, the surplus portion is not necessarily
subjected to controlled cooling, in order that the target
portion be further processed as quickly as possible. In such
case, the surplus portion will not obtain optimal bainite
microstructure. However, the benefit of increased flow-
through capacity is still achieved.

[0088] Referring back to FIG. 1, once the product 26 has
been suitably reduced in the Steckel mill, its leading end is
cut off by hot flying shear 25. The leading end is preferably
cut into an precise vertical and clean transverse face. This
facilitates even cooling of the top and bottom surfaces of the
product when it is subjected to downstream forced cooling
(described in detail below). An unevenly cut face will result
in one of the top and bottom surfaces being cooled before the
other thereby causing uneven cooling between the two
surfaces. If allowed to persist, such uneven cooling tends to
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cause the steel to buckle. The flying shear 25 (itself of
conventional design) has been found to be capable of cutting
a suitably precise and clean vertical transverse face so that
such buckling is avoided.

[0089] The flying shear 25 may also be used to cut the
product 26 to length (as separate from cutting the product to
a target and surplus portion according to the optimization
method). Once cut, the upstream product portion is accel-
erated away from the downstream portion to create a suit-
able distance between the two portions. In some cases, such
speed changes may cause longitudinal temperature varia-
tions along the steel product when it is subjected to forced
cooling in the temperature reduction facility described in
detail below. Such temperature variations if sufficiently
severe tend to result in an inferior end product having
inconsistent metallurgical and physical properties.

[0090] To avoid the onset of unacceptable longitudinal
temperature variations, the location of the temperature
reduction station can be extended further downstream to
allow the product to reach a steady speed before being
forcibly cooled; however, such lengthening is usually expen-
sive and impractical given the limited space in the mill and
is inconsistent with the objective of maintaining a suitably
hot product for quenching. Alternatively, cutting to length
may be effected by a separate flying shear (“downstream
flying shear”) located downstream from the temperature
reduction facility [not shown]. However, a second flying
shear will also be costly. Therefore, the product may be cut
to length by the upstream flying shear and a certain amount
of temperature variation may be tolerated; in this connection
the operator will be mindful to keep the acceleration of the
leading portion to a minimum.

[0091] After the product is cut by the flying shear 26, the
as-rolled steel product enters a temperature reduction facility
27, 28 wherein it is forcibly cooled. The temperature reduc-
tion facility comprises a roller pressure quench unit 28
(“downstream quench station”) and a controlled cooling
station 27. The type of forced cooling effected will depend
on the type of steel selected for production. In this embodi-
ment, two types are steel may be produced, each of which
are subjected to different forced cooling: for martensite-rich
steels, the product is quenched in the downstream quench
station 28 and controlled cooling station 27 then tempered in
a tempering furnace; for bainite-rich steels, the downstream
quench station 28 is de-activated and the product is cooled
in the controlled cooling station 27 only.

[0092] To produce quenched and tempered steels, the
product is fed into the downstream quench station 28 for
quenching. The preferred minimum quench start tempera-
ture of the product is Ars; as discussed above, the rolling
schedule is selected so that the as-rolled product is a suitably
high temperature for quenching. Referring to FIGS. 8 and
9, the downstream quench station 28 is a roller pressure type
quench (RPQ) unit that within its housing 60 includes a
plurality of tightly-spaced rollers 62 arranged above and
below the product passing in-between. The rollers 62 feed
the product through the downstream quench station 28 and
apply a constraining force above and below the product.
There is inside the downstream quench station 28 near the
quench apparatus entrance end, opposed upper and lower
headers 64, 66 arranged above and below the product
passing in-between. The headers 64, 66 are aligned trans-
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versely to the rolling direction and emit a transverse uniform
sheet of high velocity cooling water onto the upper and
lower surfaces of the intermediate steel product, respec-
tively. To facilitate the emission of a uniform sheet of water,
the headers 64, 66 may comprise of a plurality of discrete
emitters [not shown].

[0093] The sheet of water emitted by each header 64, 66
is deflected by a respective deflector 68, 70 at an angle that
prevents water from spitting upstream of the plate thereby
causing pre-cooling. It has been found that an angle of about
22 degrees to the vertical in the direction of travel of the
product provides suitable deflection. The tips of the headers
64, 66 are about ¥5" from the top and bottom surfaces of the
product passing in-between. The headers 64, 66 are carefully
aligned so that the leading upper and lower edge of the steel
are simultaneously struck by the water emitted from the
headers 64, 66. This provides even and uniform cooling to
the upper and lower surfaces and in conjunction with the
constraining force provided by the rollers 62, reduces the
risk of the product buckling.

[0094] Additional quench water is delivered to the upper
and lower surfaces by a series of upper and lower down-
stream headers 72, 74.

[0095] The features of the downstream quench station
discussed above are conventional and available in commer-
cial quench units, such as the roller pressure continuous high
intensity quench units designed and manufactured by Drever
Company (“Drever RPQ unit”).

[0096] The accumulation of water on the top product
surface tends to cause non-uniform quenching of the top
product surface relative to the bottom product surface.
Severe non-uniform quenching may cause the steel to buckle
or produce inconsistent as-quenched properties between the
top and bottom surfaces. To avoid this, a suction device 76
may be installed immediately downstream of headers 72, 74
or elsewhere above the top product surface where space
permits. The suction device has a transversely-aligned slot
spanning the width of the maximum width product and
uniformly suctions water off the product passing underneath.
To facilitate uniform suction, the slot may comprise of a
plurality of sub-slats closely spaced in a transverse row.

[0097] Each of rollers G2 may be separately driven by
associated roller drives [not shown], similar to the arrange-
ment in conventional hot levellers. This provides indepen-
dent speed control to each individual roller 62 (or at least
two separate sets of rollers driven by two separate roller
drives). The rollers 62 may be operated at slightly different
speeds to create a lengthwise tension to the product 26
passing through. Such tension has been found to contribute
to improved product flatness, and possibly, to improved
surface properties.

[0098] In operation, cooling water is discharged through
the headers 64, 66 at a rate and pressure sufficient to reduce
the temperature of the respective surfaces of the steel
product below the martensite transformation start tempera-
ture M, and to effect a surface cooling rate exceeding the
martensite critical cooling rate, thereby transforming the
upper and lower surface layers of the steel product to
martensite. The depth of transformation will vary from
product to product depending on a number of factors as
including, the thickness of the product, the cooling rate,
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pressure, and cooling fluid temperature. The Drever RPQ
unit is operable to deliver a quench at 100 psi and 3500
gal/mi of cooling water. This quench has been found to
generate a surface layer of martensite of around 0.25" deep.

[0099] After exiting the downstream quench station 28,
the product’s upper and lower surface layers have been
cooled to about the temperature of the cooling fluid; how-
ever the product core remains relatively hot, typically at or
exceeding Ar;. The product 26 is then fed through the
controlled cooling station 27, wherein it is subjected to
further cooling directed at keeping the product surface at a
chilled temperature. This creates and maintains a maximum
temperature gradient that enables maximum heat dissipation
out of the product core, as well as impedes the tendency for
heat from the core to temper the surface layers. By so
cooling the steel at its maximum heat transfer rate, a high
proportion of martensite is obtained in the end product.

[0100] The controlled cooling station 27 includes an upper
array 51 of laminar flow cooling devices that provide
cooling water to the upper surface of the intermediate steel
product 61 passing underneath the upper array 51. At the
same time, a lower array 53 of spray cooling devices provide
a cooling spray to the undersurface of the intermediate steel
product 61 passing above the array 53. The upper array 51
comprises a longitudinally arranged series of cooling nozzle
groups or banks 55. The lower array 53 comprises a series
of spray headers 57. The headers 57 are themselves longi-
tudinally spaced from one another and interposed between a
longitudinal series of transversely extending table rolls [not
shown] that support and drive the product. A suitable such
controlled cooling station 27 is discussed in detail in U.S.
Pat. No. 5,810,951.

[0101] Preferably, for all portions of the product, the heat
dissipation rate exceeds the critical martensite quench rate
and the finish temperature is below the martensite start
temperature, so that the entire product is transformed into
martensite. However, since the amount and rate of heat
dissipation depends on many factors, including the inherent
heat transfer characteristics of the steel, and the steel’s
chemistry and dimensions, not every portion of the product
microstructure may necessarily be transformed into marten-
site. An operator will consider these factors in relation to the
capability of the downstream quench station 26 and con-
trolled cooling station 27 to ensure that the end-product will
be sufficiently transformed so that it falls within the appli-
cable quench and temper specifications for the steel end-
product. Such specifications may be, for example, ASTM
514 or ASTM 514M.

[0102] After cooling in the controlled cooling station, the
as-quenched product should have been cooled to about the
cooling fluid temperature (typically about 90 F) on the
surface and 200 F in the core.

[0103] Referring back to FIG. 1, after leaving the con-
trolled cooling station 27, the product is either downcoiled
on a downcoiler 29 if the steel is to be eventually processed
into strip end product, or passed further downstream for
further processing as an eventual plate product. The remain-
ing discussion relates to the production of plate product.

[0104] The product may be optionally levelled in a hot
leveller 31. Then, the product is transferred to a transfer
table 33 and thence transversely to a cooling bed 35. Then,
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the steel is taken off-line and transferred into a tempering
furnace 37 where it is held for a suitable tempering period
at a suitable tempering temperature. Tempering effects a
useful amount of ductility to the product, without which the
as-quenched product would be undesirably brittle. The tem-
pering temperature is selected to be below a lower critical
transformation temperature Ar, being the lower temperature
limit above which austenite transforms into austenite. The
tempering effects a controlled diffusion of entrapped carbon
from the martensite to restore some ductility to the product.
Suitable such tempering furnaces are commercially avail-
able and not per se part of the invention.

[0105] After tempering, the product has extremely high
strength and other properties characteristic of quench and
tempered steels. The product is then transferred to a plate
finishing line, which typically includes a static shear 39 for
cutting heavier plate product to length, a cold-leveller sta-
tion 41 for further levelling, and a flying shear 43 for cutting
or trimming lighter plate product to length. After finishing,
the finished plate product may be piled in piles 49, or put
onto transfer tables 47 for shipping.

[0106] For processing non-quench and tempered steel, the
forced cooling downstream of the Steckel mill is directed
towards obtaining a product with a predominantly bainitic
microstructure; such a product tends to exhibit enhanced
strength and toughness. To produce such product, the roller-
pressure downstream quench station 2B is deactivated and
the as-rolled product 26 is fed through the downstream
quench station 28 without quenching and into an operational
controlled cooling station 27. The product 26 will have slow
air cooled somewhat by the time the it reaches the controlled
cooling station 27, but it is still relatively hot, in the order of
about the Ar;, and therefore has a predominately austenitic
microstructure. In the controlled cooling station 27, the
product surface is cooled at a rate of about 12 C to about 20
C per second and to a temperature of about 200 C to about
350 C below Ar;. This cooling transforms most of the
austenite into fine-grained bainite so that the product has a
predominantly bainitic microstructure relatively free of mar-
tensite, which in conjunction with the austenite recrystalli-
zation and pancaking effected during rolling, provides the
steel with enhanced strength and toughness. This method is
described in detail in patent and U.S. Pat. No. 5,810,951.

[0107] After cooling in the controlled cooling station 27,
the product is further processed and finished in a manner
substantially similar to the processing and finishing of
quench and tempered steel described above.

[0108] An exemplary application of the invention to pro-
cess 12" 80,000 PSI yield-strength steel plate begins with a
6" slab of the following chemistry:

carbon 0.03 to 0.05%
manganese 1.40 to 1.60%
sulphur 0.005% max
phosphorus 0.015% max
silicon 0.20 to 0.25%
copper 0.45% max
chromium 0.12% max
columbium (niobium) 0.02 to 0.06%
molybdenum 0.18 to 0.22%
tin 0.03%
aluminum 0.02 to 0.04%
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-continued

0.018 to 0.020%
0.010% max
up to 0.08%

titanium
nitrogen
vanadium

[0109] Consider the above 6 inch thick steel casting hav-
ing a variable width of anywhere between about 40 inches
and 125 inches, being produced at normal casting line
speeds of anywhere between about 30 inches per minute and
75 inches per minute. Assume that a quench penetration of
at least about a half-inch from the surface is targeted, and
that the quench will reduce surface temperature of the
casting from a temperature of the order of 982 C (1800° F.)
to a temperature of the order of 538-704 C (1000-1300° F).

[0110] Engineering considerations, notably the principle
of simplification, make it desirable to control nozzles in
banks of longitudinally aligned nozzles. Four groups of top
nozzle banks can be arrayed over the maximum width of the
casting, including:

[0111] first, a central group of at least 1, and perhaps
3 or 5 banks of nozzles;

[0112] second, a mid-inner group comprising, say, 4
banks of nozzles, two on either side of the centre line
and lying outside the central group;

[0113] third, a mid-outer group of nozzles compris-
ing, say, 4 nozzle banks, two on either side of the
centre line and outside the mid-inner group; and

[0114] fourth, a final outermost group of nozzles
comprising, say, 4 banks, two on either side of the
centre line, and the outermost bank of which on each
side of the centre line overlaps the edge margin of the
casting of maximum width, or may be inset slightly
from the edge of the casting.

[0115] A counterpart four groups of bottom nozzle banks
can be arrayed under the casting in a comparable manner.
Note that the maximum number of nozzle banks in the
foregoing example exceeds the number illustrated in FIG. 3.

[0116] With a nozzle array and nozzle bank selection of
the foregoing sort, it may be useful to operate all four groups
of top and bottom nozzles only when the casting being
produced is of maximum width, or up to about, say, 90% of
maximum width. For castings of, say, 75-90% of maximum
width, the outermost group of nozzles would be idled. For
castings of about 55-75% of maximum width, the outermost
group and the mid-outer group of nozzles could be idled. For
castings of about 35-55% of maximum width, all nozzle
groups except the central group could be idled.

[0117] Conveniently, the bottom nozzles underneath the
casting may correspond on a one-to-one basis with the top
nozzles above the casting. The groups of bottom nozzles can
operate at flow rates that may conveniently be set at a
specified multiple of the flow rates of the corresponding
groups of top nozzles. It has been found that the flow rate for
the bottom nozzles should be preferably from about 1.2 to
about 1.5 times the flow rate for the top nozzles located
above the casting. The reason for the difference, of course,
is that water or other cooling fluid is assisted by gravity to
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cool the top of the casting, but water quickly falls away from
the bottom surface of the casting.

[0118] It may be desired to set the flow rates for the
different groups of nozzles at specified fractions of the
central group. The fraction chosen will depend upon how
many groups there are altogether, and whether particular
groups are operating, or idle. It has been found effective to
have the outermost nozzle groups provide flow rates that can
be as little as about % the flow rate of the central nozzle
group, with the fractions for nozzle groups between the
outermost group and the central group progressively increas-
ing in relative flow rate as one progresses from the trans-
verse edge of the nozzle array toward the central nozzle
group (which coincides with the central portion of the
casting being sprayed). For example, the mid-inner nozzle
group next to the central group might be operated at about
50 to 75% of the flow rate of the central group of nozzles.
Different ratios may be chosen for the top and bottom arrays
of nozzles respectively, but generally similar ratios have in
practice proven to be satisfactory for a given top nozzle
group and its counterpart underneath the casting, relative to
the central nozzle group in the two cases.

[0119] It has also been found that if nozzle groups are
selected as indicated above, and idled selectively as indi-
cated above, it may be possible to have all three nozzle
groups other than the central nozzle group operate at a single
specified fraction of the flow rate of the central nozzle group,
the fraction preferably being in the range about 50-75% of
the flow rate provided by the central nozzle group. Trans-
verse control of flow rate in this mode of operation is
effected by selectively idling one or more groups of nozzles.

[0120] Values chosen for flow rates, selection of nozzle
groups to remain idle, and other operating parameters may
be expected to vary depending upon steel grade. For most
commercial grades of steel plate cast from a 6" mold, a
quench penetration into the casting of about ¥2" is a satis-
factory. The total flow required will vary considerably with
casting width; for narrower castings of up to about 65", it
may be possible to achieve quite satisfactory quenching with
only the central nozzle groups (top and bottom) operating.
For maximum-width castings of, say, 125", all nozzle groups
should operate for at least moderate casting line speeds (say
30"/min and over). At a casting line speed of 30"/min, the
top central nozzle group of three longitudinal banks of
nozzles might provide a flow rate of about 120 gal/min; at
60"/min, that same group might provide a flow rate of about
three times the flow rate set for 30"/min. The actual choices
of setting of flow rate per nozzle group are best determined
empirically for each speed, for each casting width, and for
each grade of steel being produced. A set of look-up tables
may be compiled based on the empirical data and used as
input to the computer for controlling nozzle groups or used
by the mill operator to set flow rates, or in unusual or
experimental circumstances to override the computer where
this is considered desirable. Computer control of solenoids
or relays or the like for controlling butterfly valves or other
suitable valves for individual nozzles or groups of nozzles is
known per se and not per se part of the present invention. If
desired, appropriate instrumentation, such as pyrometers,
may be located at the quench unit 14 entrance and used to
construct a temperature profile model of the incoming steel
product. This model would be updatable with fresh date
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from the instrumentation and would be utilized by the
control unit 160 to dynamically control the operation of the
quench.

[0121] For automatic control of the quench, the quench
control program may be alternatively developed from
known cooling control models, such as those developed by
Richard A. Hardin and Christoph Beckermann from the
University of lowa, or I. V. Samarasekera et al. tram the
University of British Columbia. The programming of the
control program from such known control models or known
cooling: control programs is routine.

[0122] After quenching, the slab is sent to a reheat furnace
wherein it is heated to a uniform rolling temperature of
preferably above or about 1,260 C.

[0123] The slab is then sent to the Steckel mill for reverse
rolling according to the following rolling schedule:

Temperature Thickness
Slab Dropout 1,260 C. 6.0" (252.4 mm)
1,230 C. 4.7" (119.4 mm)
1,200 C. 35" (88.9 mm)
1,165 C. 2.4" (61.0 mm)
1,100 C. 5 1.6" (40.6 mm)
1,050 C. 1.0" (25.4 mm)
T,, (Non-Recrys.) 970 C. COIL in Coiler Furnace
950 C. 0.76" (19.0 mm)
875 C. 0.61" (15.5 mm)
800 C. 0.50" (12.7 mm)
Ar; (Upper 800 C. 0.50" (12.7 mm)
Critical)
[0124] In the above table, for steel of the chemistry

indicated, the T, is approximately 970 C. During the recrys-
tallization stage, the steel product is reduced by a series of
flat passes according to the above rolling schedule from the
reheat furnace dropout temperature of 1,260 C to 1,050 C.
After the flat passes, the steel product in a single recrystal-
lization coiler pass is reduced to the interim thickness of 1.0"
and coiled in one of the coiler furnaces. Both coiler furnaces
are maintained at an interior furnace temperature of 1,000 C
(but at least 970 C) to prevent the steel being rolled from
dropping in temperature below the T, , before being reduced
to the selected interim thickness.

[0125] The steel product preferably stays in the coiler
furnace for a period that in combination with the flat passes
totals at least 60 seconds. While the above rolling schedule
has only one recrystallization coiler pass, it is also accept-
able to have multiple recrystallization coiler passes, so long
as the total time spent above T, is at least 60 seconds (or
such other period as is suitable to the chemistry of the steel
being rolled). However, it is preferable to have only one
coiler pass, as this permits the Steckel mill to process
another slab (surplus portion) while the first slab (target
portion) is held out of the way in the coiler furnace.

[0126] Once the intermediate steel product has fallen
toT,,, it enters the pancaking stage where it is rolled in a
series of pancaking coiler passes between T, and the Ar;,
(800 C in the above example). During the pancaking stage,
the first-rolled thickness of 1.01" at about the T, (which
should still be effective for achieving some degree of recrys-
tallization,) is successively reduced. Note that rolling below
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the T, will not admit of any further recrystallization, but
instead the next rolling sequence pancakes or flattens the
crystal structure previously obtained. In this example, the
initial 1.0" thickness obtained from rolling at the T, is
reduced by 50% to an end-product thickness 0.50" at the
Ar;. This 2:1 reduction in thickness from the T, thickness
to the Ar; thickness is representative, and tends to generate
a preferred degree of pancaking of the fine crystal structure
chat had been obtained in the austenite (that is, in accor-
dance with the procedure described, transformed predomi-
nantly into bainite).

[0127] In the above discussion, the assumption has been
made that the T, , and the Ar; can be accurately determined
for a given steel product. However, different and somewhat
competing approaches to the determination of these critical
temperatures are discussed in the technical literature.
Depending upon the equations used, the calculated Ar, (for
example) computed according to a given method may differ
by as much as about 10 C from the calculation of the Ar,
using one of the competing methods of calculation. The
present invention is not predicated upon any particular
selection of method of calculation of the T, or Ar;. A10 C
variation at either end of a stated range of temperatures is
equally considered not to be material to the practice of the
present invention. In any given plant, the metallurgist or the
person responsible for mill operation will undoubtedly
evaluate rolling and cooling results empirically, and choose
a combination of rolling and cooling parameters that appears
to give optimum or near-optimum results. However, opti-
mum or near-optimum results should be obtainable with a
minimum of empirical adjustment using the combination
and methods described and claimed in the present applica-
tion.

[0128] After rolling, the product is subjected to forced
cooling suitable for the type of end-product steel desired,
e.g. quench-and-tempered steel or bainite-rich steel.

[0129] Alternative Embodiments

[0130] FIGS. 5 and 6 illustrate an alternative embodiment
of the upstream quench station 14 that includes longitudinal
spray control. In this embodiment, there is a second top and
bottom arrays of nozzle clusters 170, 172 interspersed with
the top and bottom nozzle arrays 126, 128 of the first
embodiment, i.e. the array of nozzles that are actuated on a
transversely variable basis. For purposes of distinction, the
second top and bottom arrays are hereinafter referred to as
the longitudinal-control arrays, and the arrays ot the first
embodiment illustrated in FIGS. 1-4 are referred to as the
transverse-control arrays.

[0131] The longitudinal-control arrays are actuated on a
longitudinally variable basis. To this end, there are opposed
top and bottom longitudinal-control arrays of nozzles 170,
172 (FIG. 5) above and below the strand 12, respectively.
For convenience, the bottom longitudinal-control array 172
is discussed, it being understood that the discussion also
applies to the top longitudinal-control array 170. The lon-
gitudinal-control array 172 comprises a plurality of separate
longitudinally-spaced banks 176a, 176b, 176¢ of trans-
versely aligned nozzles (“longitudinal nozzle banks™) each
having dedicated supply pipes 182a, 182b, 182c¢ that are
arranged in a horizontal plane below the bottom transverse-
control array 128. Each nozzle 178 of each longitudinal
nozzle bank extends from its respective supply pipe 182a
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etc. into the same plane as the nozzles 133 from the bottom
transverse control array 128. Each longitudinal nozzle bank
176 spans a width that is at least as wide as the maximum
strand width. The nozzles 178 provide spray patterns
complementary to the spray patterns provided by the trans-
verse-control nozzle array 128. The arrangement illustrated
is exemplary; more longitudinal-control nozzle banks could
be provided; more nozzles altogether of smaller capacity and
providing smaller spray patterns could be provided, etc.

[0132] In this embodiment, the longitudinal supply pipes
182 are connected to associated respective water control
valves 184a, 184b, 184¢ and water pressure regulators 185a,
185b, 185c. Similarly, the longitudinal supply pipes are
connected to associated respective air control valves and
pressure regulators (not shown) In a manner similar to the
transverse spray control described in the first embodiment,
the control valves 184 and pressure regulators 185 regulate
the fluid flow rate and pressure for the three longitudinally
spaced banks 176. Such longitudinal control is useful in
countering non-uniform longitudinal cooling in the strand,
which may for example, be caused by anomalies in the
orderly progress of the steel through the caster assembly 21.
For example, for a given length of the strand, the leading
portion may be at a higher temperature than the trailing
portion at a given line location. In this connection, the
longitudinal-control array may be programmed to apply a
higher intensity quench to the leading portion of the strand,
and a lower intensity quench to the trailing portion. As the
lengthwise strand portions are moving through the upstream
quench station 14, the quench intensity for each longitudi-
nally spaced group must be varied depending on which
strand portion is directly above (or below for the top
longitudinal array 170).

[0133] Optionally, the flow rate provided by each longi-
tudinal array nozzle 178 near the center line of the strand
may be somewhat larger than that of nozzles 178 near the
strand edges. Suitable sizing of the nozzles 178 in the banks
176 can achieve this objective. This variation in flow rate
across the bank enables a higher coolant flow rate to be
provided by the central nozzles 178 than the outermost
nozzles 178, thereby providing a differential transverse
cooling to complement the variable control transverse cool-
ing described in the first embodiment, albeit without fine
transverse control of the longitudinal-control nozzles. The
chosen transverse flow-rate profile would be selected to
match within engineering limits the transverse surface tem-
perature profile of an average casting.

[0134] The upstream quench station 14 in accordance with
this embodiment may be alternatively located downstream
of the severing apparatus 13. The steel product that enters
the upstream quench station 14 will in such case typically be
in the form of slabs severed by the severing apparatus 13.
The data and control program parameters of the control unit
are appropriately modified to account for the longer distance
between the caster assembly 21 exit and the upstream
quench station entrance 123, and the time it takes the strand
to travel this distance. Locating the upstream quench station
14 further downstream from the caster assembly 21 enables
the steel product to cool somewhat in ambient air before it
reaches the upstream quench station 14, thereby reducing
the amount of water and energy required to quench the
product surfaces to the appropriate temperature.
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[0135] If the upstream quench station 14 is located down-
stream of the severing apparatus 13, the casting line speed
should preferably be kept constant between the caster
assembly 21 and reheat furnace 15. As the steel product has
been severed into slabs, the casting line speed of the slabs
can be changed relative to the casting line speed for the
strand. However, when such a speed change occurs, slabs
tend to develop a longitudinal temperature gradient. For
example, if the speed of the casting line downstream of the
severing apparatus increases, the steel product that has
exited the caster assembly 21 but not yet entered the
upstream quench station 14 will have a downstream portion
that will have had more time to cool than an upstream
portion. In a typical continuous casting mill, the casting line
speed remains fairly constant between the caster assembly
21 and the reheat furnace 15, and therefore, the occurrence
of such longitudinal temperature gradients is minimal. How-
ever, should there be a longitudinal temperature gradient,
such gradient can be minimized or eliminated by use of the
longitudinal spray control described above.

[0136] In a further alternative embodiment, a portion of
the upstream quench station 14 is installed within the strand
containment and straightening apparatus 16 near the caster
assembly exit, and operates in conjunction with a portion of
the upstream quench station 14 positioned outside the caster
assembly 21 to quench the steel product in a manner
described for the above two embodiments. Of course, the
strand 19 must be completely unbent and straightened before
it is quenched.

[0137] The location of the upstream quench station 14 in
this embodiment is selected to be closely downstream of the
caster assembly 21 to minimize the formation of lengthwise
and transverse temperature variations along the surfaces of
the strand. Such temperature variations if not compensated
for tend to cause inconsistent as-quenched properties in the
steel. Should temperature variations along the product reach
an unacceptable severity, the upstream quench station is
fitted with a control system and equipment that provide a
controlled spraying system that compensates for the tem-
perature variations, so that after quench spraying in the
upstream quench station, the sprayed surfaces have a uni-
form temperature and the surface layers have a microstruc-
ture that is transformed to a uniform depth.

[0138] Other alternatives and wvariants of the above
described methods and apparatus suitable for practising the
methods will occur to those skilled in the technology.

1. In or for use in an in-line rolling mill for producing
steel, said mill having a continuous caster for producing a
cast strand of steel, severing means for cutting the cast
strand transversely into a series of slabs, a reheat furnace
downstream of the caster for bringing slabs to a substantially
uniform pre-rolling temperature, and a Steckel mill down-
stream of the reheat furnace for rolling the castings in
sequence; the apparatus combination comprising;

(a) an in-line upstream quench station located down-
stream of the caster and upstream of the reheat furnace
and having a plurality of spray nozzles directed at the
cast steel for applying cooling sprays onto the cast steel
that quench a surface layer of the cast steel to a selected
depth so that the surface layer is transformed from an
austentitic to a substantially non-austentitic microstruc-
ture;
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(b) a shear located downstream of the Steckel mill for
transversely severing and trimming the leading edge of
the rolled steel to provide a precise transverse vertical
face thereon and for optionally cutting the steel to a
series of portions of selected length; and

(C) a temperature reduction station downstream of the
shear for applying a controlled flow of cooling fluid to
the rolled steel so as to obtain a preferred microstruc-
ture of the steel;

wherein

(d) the reheat furnace heats the slabs to a suitable pre-
rolling temperature above the temperature T, and

transforms the quenched surface layer to fine-grained
austenite; and

(e) the Steckel mill rolls and reduces the thickness of the
slab first in a temperature range above the temperature
T,, and then at a decreasing temperature between the

temperatures T,, and Ar; to obtain first a controlled

recrystailization of austenite and then a pancaking of
the austenite.

2. The apparatus of claim 1, wherein the temperature
reduction station comprises a controlled cooling station for
cooling the rolled steel at a rate of about 12 C to 20 C per
second and to a temperature of about 200 C to about 350 C
below the temperature Ars, thereby obtaining in the rolled
steel a preferred microstructure including a substantial por-
tion of fine-grained bainite.

3. The apparatus of claim 1, wherein the temperature s
reduction station comprises a downstream quench station
immediately followed by a controlled cooling station, the
quench station applying cooling fluid to the rolled steel at a
rate and in a quantity sufficient to quench the rolled steel
rapidly and intensely to obtain a preferred microstructure
including a substantial portion of fine-grained martensite,
and the controlled cooling station applying additional cool-
ing fluid sufficient to maintain the cooling of the steel at a
high rate so as to obtain a relatively high portion of fine-
grained martensite in the quenched steel.

4. The apparatus of claim 3, additionally including a
tempering furnace receiving the rolled steel from the con-
trolled cooling station and tempering same.

5. In or for use in an in-line rolling mill for producing steel
plate of a selected target length and thickness, said mill
having a continuous caster for producing a cast strand of
steel, severing means for cutting the cast strand transversely
into a series of slabs, a reheat furnace downstream of the
severance means for bringing slabs to a substantially uni-
form pre-rolling temperature, and a Steckel rolling mill
downstream of the reheat furnace for rolling the castings in
sequence; the apparatus combination comprising: (a) an
in-line upstream quench station located downstream of the
caster and upstream of the reheat furnace and having a
plurality of spray nozzles directed at the cast steel for
applying cooling sprays onto the cast steel that quench a
surface layer of the cast steel to a selected depth so that the
surface layer is transformed from an austentitic to a sub-
stantially non-austentitic microstructure; and

(b) a temperature reduction station downstream of the
Steckel mill for applying a controlled flow of cooling

15
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fluid to the rolled steel so as to obtain a preferred
microstructure of the steel;

wherein

(c) the reheat furnace heats the castings to a suitable
pre-rolling temperature above the temperature T, and
transforms the quenched surface layer to fine-grained
austenite;

(d) the Steckel mill rolls and reduces the thickness of the
casting first in a temperature range above the tempera-
ture T, and then at a decreasing temperature between
the temperatures T, , and Ar; to obtain first a controlled
recrystallization of austenite and then a pancaking of
the austenite.

6. The apparatus of claim 5, including a transverse shear
in line with and proximate to the temperature reduction
station.

7. The apparatus of claim 5, including a transverse shear
upstream of the temperature reduction station for trans-
versely severing and trimming the leading edge of the rolled
steel to provide a precise transverse vertical face thereon.

8. The apparatus of claim 6, additionally including a
transverse shear downstream of the temperature reduction
station for cutting the steel to a series of portions of selected
length.

9. The apparatus of any of claims 5-8, wherein the
temperature reduction station comprises a controlled cooling
station for cooling the rolled steel at a rate of about 12 C to
20 C per second and to a temperature of about 200 C to about
350 C below the temperature Ars, thereby obtaining in the
rolled steel a preferred microstructure including a substantial
portion of fine-grained bainite.

10. The apparatus of any of claims 5-8, wherein the
temperature reduction station comprises a downstream
quench station immediately followed by a controlled cooling
station, the quench station applying cooling fluid to the
rolled steel at a rate and in a quantity sufficient to quench the
rolled steel rapidly and intensely to obtain a preferred
microstructure including a substantial portion of fine-
grained martensite, and the controlled cooling station apply-
ing additional cooling fluid sufficient to maintain the cooling
of the steel at a high rate sufficient to substantially maintain
and preferably to increase the portion of fine-grained mar-
tensite obtained in the rolled steel.

11. The apparatus of claim 10, additionally including a
tempering furnace receiving the rolled steel from the con-
trolled cooling station and tempering same.

12. The apparatus of any of the preceding claims, wherein
the Steckel mill is provided with coiler furnaces immedi-
ately upstream and downstream thereof, each said coiler
furnace including pinch rolls in the vicinity of the entrance
port thereof for facilitating near-complete retraction into the
coiler furnace of coilable steel undergoing rolling.

13. The apparatus of any of the preceding claims, wherein
the controlled cooling station provides laminar flow cooling
for the upper surface of the rolled steel and quasi-laminar
flow cooling for the undersurface of the rolled steel.

14. The apparatus of any of the preceding claims, wherein
said upstream quench station comprises:

(a) an array of spray nozzles arranged in transversely
separated spray groups above and below the cast steel
as the cast steel passes through the upstream quench
station;

(b) at least one valve for each spray group for controlling
the amount of spray provided by each group to the cast
steel;
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(c) a control unit for controlling the valves thereby to
regulate the amount of spray provided by each spray
group, in response to selected parameters including
casting width and casting speed;

thereby to provide transversely differential spray to the

cast steel being quenched.

15. The apparatus of claim 14, wherein the selected
parameters include a post-quench surface temperature pro-
file of the cast steel.

16. The apparatus of claim 14 or 15, wherein the selected
parameters include a pre-quench surface temperature profile
of the cast steel.

17. The apparatus of any of claims 14-16, wherein the
upstream quench station is located upstream of the severing
means.

18. The apparatus of any of claims 14-16, wherein the
upstream quench station is located downstream of the sev-
ering means.

19. The apparatus of any of claims 14-18, wherein the
array of nozzles underneath the cast steel is substantially the
mirror image of the array of nozzles above the cast steel.

20. The apparatus of any of claims 14-19, wherein the
array of nozzles underneath the cast steel provides a greater
amount of spray to the cast steel than is provided by the
nozzles above the cast steel.

21. The apparatus of any of claims 14-20, additionally
including spray nozzles arrayed in longitudinally spaced
transversely extending groups, said last mentioned groups
being controlled by the control unit to provide longitudinally
differential spraying of the cast steel.

22. An in-line method for producing a rolled steel product,
including continuously casting a strand of steel, severing the
cast strand transversely into a series of slabs, reheating the
slabs to a substantially uniform pre-rolling temperature, and
reversingly reduction-rolling the reheated steel slabs; char-
acterized by:

(2) applying to the cast steel an upstream quench prior to
reheating so as to quench a surface layer of the cast
steel to a selected depth so that the surface layer is
transformed from an austentitic to a substantially non-
austentitic microstructure;

(b) shearing the leading edge of the rolled steel immedi-
ately after completion of rolling to crop the steel so as
to provide a precise transverse vertical face on the
leading edge of the rolled steel; and

(c) applying to the cropped rolled steel a controlled
temperature reduction so as to obtain a preferred micro-
structure of the steel;

and further characterized in that

(d) the slabs are reheated to a suitable pre-rolling tem-
perature above the temperature T,, sufficient to trans-
form the quenched surface layer to fine-grained auste-
nite; and

(e) the slabs are reduction rolled first in a temperature
range above the temperature T and then at a decreas-
ing temperature between the temperatures T,, and Ary
to obtain first a controlled recrystallization of austenite
and then a pancaking of the austenite.

23. The method of claim 22, wherein the controlled

temperature reduction comprises cooling the rolled steel at
a rate of about 12 C to 20 C per second and to a temperature
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of about 200 C to about 350 C below the temperature Arj,
thereby obtaining in the rolled steel a preferred microstruc-
ture including a substantial portion of fine-grained bainite.

24. The method of claim 22, wherein the controlled
temperature reduction comprises a downstream quench
immediately followed by a martensite sustaining cooling,
the quench being sufficient to obtain a preferred microstruc-
ture including a substantial portion of fine-grained marten-
site, and the sustaining cooling being sufficient to substan-
tially maintain and preferably to increase the portion of
fine-grained martensite obtained in the rolled steel.

25. The method of claim 24, additionally including tem-
pering the rolled steel following the sustaining cooling step

26. The method of any of claims 22-25, wherein the
controlled temperature reduction is effected at least in part
by laminar flow cooling.

27. The method of any of claims 22-26, wherein the
upstream quench is applied transversely differentially to
compensate for the transverse surface temperature profile of
the cast steel.

28. The method any of claims 22-27, wherein the reduc-
tion rolling comprises

(i) a selected number of flat-pass rolling passes above T,
to achieve a selected flat-pass reduction of the thickness
of the steel and recrystallization of the austentite in the
steel being rolled, then

(i) a selected number of initial coiler passes performed
while the steel is of coilable thickness and the tem-
perature of the steel is above the T, each said initial

coiler pass comprising reducing the steel and then

coiling the product in a heated environment at a tem-

perature above the Ars, then

(iii) a selected number of final coiler passes performed
while the temperature of the steel is above the Ar;, each
said final coiler pass comprising reducing the steel and
then coiling the product in a heated environment at a
temperature above the Arj,.

29. The method defined in claim 22-28, wherein the
reduction rolling prior to the final coiler passes reduces the
thickness of the steel by a factor in the order of at least 1.5:1
and wherein the final coiler passes reduce the thickness of
the steel by a factor in the order of at least 2:1 so that the
overall combined reduction of the steel is at least about 3:1.

30. The method defined in any of claims 22-29, for
optimizing the production of steel products in circumstances
in which the rolling mill is limited at least in part by coiler
furnace capacity and by the inability of the coiler furnaces
to coil steel above a maximum coilable thickness;

characterized by rolling a maximum-weight slab exceed-
ing the coiler furnace capacity and severing the slab to
obtain an end-product of a target weight and target
dimensions, the target weight of the particular end-
product of target dimensions being limited by the coiler
furnace capacity; and further characterized by

(a) flat-pass reduction rolling the maximum-weight slab
from a pre-rolled thickness to produce an interim steel
product of a severable thickness exceeding the maxi-
mum coilable thickness; then

(b) transversely severing the interim steel product into
two portions, viz a pre-determined target portion hav-
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ing a target weight selected to be within the coiler
furnace capacity, and a residual surplus portion;

(c) flat-pass rolling the target portion to further reduce the
target portion from the severable thickness to a thick-
ness not exceeding the maximum coilable thickness;

(d) coaling the target portion an one of the coiler furnaces;

(e) flat-pass rolling the surplus portion from the severable
thickness to a desired end-product thickness; then

(D) transferring the surplus portion downstream for further
processing to obtain a surplus end product.
31. The method as claimed in claim 30, additionally
including, after completion of step (f),

(g) flat-pass rolling the target portion to a plate of desired
end-product thickness, then directing the target portion
downstream for processing as plate end-product.
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32. Apparatus as claimed in claim 1, wherein the tem-
perature reduction station is selectably operable to apply
cooling to provide an end-product that is bainite-rich or
martensite-rich.

33. Apparatus as claimed in claim 32, wherein the tem-
perature reduction station comprises a downstream quench
station and immediately downstream thereof a controlled
cooling facility, wherein both the quench station and con-
trolled cooling station are operated to produce martensite-
rich steel, and wherein the quench station is idle and the
controlled cooling station is operated to produce bainite-rich
steel.

34. Apparatus as claimed in claim 33, wherein the con-
trolled cooling station is a laminar flow cooling station.

35. Apparatus as claimed in claim 33 or 34, wherein the
quench station comprises RPQ quench apparatus.
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