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APPARATUS FOR CONTINUOUSLY CASTING 
STEEL SLABS 

This is a division of US Pat. application Ser. No. 
199,988, filed Nov. 18, 1971 of Irving Rossi for Ther 
mally Controlled Reinforcement of Cast Structures, 
now US. Pat. No. 3,773,009 dated Nov. 20, 1973. 
This invention relates to the reinforcement of sur 

faces against forces acting transversely thereto, and 
more particularly it concerns novel application of ther 
mal stresses to maintain desired surface con?gurations 
on structures subjected to internal pressures. 

In its broadest aspects, the present invention is car 
ried out by rapidly cooling the side of the structural sur 
face which faces away from the transversely acting 
forces and maintaining this rapid cooling by an amount 
sufficient to set up thermal stresses which act in the 
plane of the surface to resist the transverse forces. As 
the thermal stresses begin to develop, any initial sur 
face de?ection is directed against the transversely act 
ing forces so that any transverse components of the 
thermal stresses will be directed against the transverse 
forces. ' 

The present invention is particularly advantageous in 
connection with the continuous casting of metal 
strands such as slabs (having an essentially rectangular 
cross-section) and billets or blooms (having a general 
square cross-section). In the continuous casting of 
these strands, molten metal is poured into the top‘ of an 
open mold which is shaped to define the cross-section 
of the strand, i.e., the slab or billet, being cast. An outer 
shell forms inside the mold and this shell, which en 
closes a still molten core, is pulled continuously from 
the bottom of the mold. 

Previously developed techniques of continuous cast 
ing are described in US. Pat. No. 3,766,962 dated Oct. 
23, 1973, of the present inventor. Those same applica 
tions describe various novel techniques for reinforcing 
the wide sides of cast slabs against the bulging forces 
caused by the high ferrostatic pressure from the still 
molten core of the strand. In general, those reinforcing 
techniques make use of the compression strength of the 
outer shell of the slab being cast; and they involve shap 
ing the wide sides of the slab to curve inwardly to form 
arches and, at the same time, squeezing the narrow 
sides in toward each other to maintain the arched con 
figuration. The maintenance of an arch in this fashion 
enables the compressive strength of the outer shell to 
be utilized in resisting the outward bulging forces of the 
molten core. 
The present invention provides a completely differ 

ent type of surface reinforcement which does not de 
pend upon the compressive strenght of the arch of the 
outer shell of the strand being cast. According to the 
present invention, reinforcement is obtained by intro 
ducing thermal stresses in the outer shell of the strand 
and then directing the effects of these stresses so that 
they act in opposition to, rather than in conjunction 
with, the bulging forces of the pressurized molten core. 

As illustratively embodied herein, the present inven 
tion may be carried out by rapidly cooling the outer 
surfaces of a strand as it exits from a mold; and at the 
same time restraining the surfaces against initial con 
vexity which internal ferrostatic pressures tend to pro 
duce. This may be done by introducing at least a slight 
inward concavity to these outer surfaces to give direc 
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2 
tion to effects of the rapid cooling. In certain situations 
the sides may merely be held straight. The rapid cool 
ing produces thermal stresses which shrink the outer 
surfaces of the shell of the strand being cast. These 
thermal stresses, which are extremely powerful, result 
in a bending of the shell walls. By introducing an initial 
concavity into the shell walls, the bending produced by 
the thermal stresses is directed to maintain this concav 
ity. Furthermore, by properly controlling the cooling 
rate of the strand, the amount of thermal stress may be 
increased or decreased to increase or decrease the 
pitch of the arch. In continuous casting operations 
where strands such as slabs or billets are pulled down 
wardly from a mold, their molten cores experience a 
ferrostatic pressure which increases downwardly away 
from the mold. It is possible, with the present invention, 
to control the rate at‘which heat is withdrawn from the 
strand so that the thermal stresses will support the 
outer shell against the initially low ferrostatic pressure 
and thereafter to allow the increased ferrostatic pres 
sure to force the slab sides outwardly to a ?at condition 
suitable for rolling. 
There has thus been outlined rather broadly the more 

important features of the invention in order that the de 
tailed description thereof that follows may be better 
understood, and in order that the present contribution 
to the art may be better appreciated. There are, of 
course, additional features of the invention that will be 
described hereinafter and which will form the subject 
of the claims appended hereto. Those skilled in the art 
will appreciate that the conception upon which this dis 
closure is based may readily be utilized as a basis for 
the designing of other structures for carrying out the 
several purposes of the invention. It is important, there 
fore, that the claims be regarded as including such 
equivalent construction as do not depart from the spirit 
and scope of the invention. 

Specific embodiments of the invention have been 
chosen for purposes of illustration and description, and 
are shown in the accompanying drawings, forming a 
part of the speci?cation wherein: 
FIG. 1 is a diagrammatic view illustrating the action 

of a uniformly distributed load on a structure supported 
according to the prior art; 
FIG. 2 is a diagrammatic view illustrating a previ 

ously developed reinforcing technique for reinforcing 
structures against the action of a uniformly distributed 
load; 
FIG. 3 is a diagrammatic view illustrating the tech 

nique of the present invention for reinforcing a struc 
ture against the action of a uniformly distributed load; 

FIG. 4 is a side elevational view of a continuous cast 
ing system, in operation, in which the present invention 
is embodied; 
FIG. 5 is a side elevational view of the continuous 

casting apparatus of FIG. 4; 
FIGS. 6, 7, 8 and 9 are section views taken respec 

tively, along lines 6-76, 7-7, 8-8 and 9-9 of FIG. 5; 

FIGS. 10 and 11 are cross section views similar to 
FIG. 7 but showing alternate initial shaping roll con?g 
urations; - 

FIG. 12 is a perspective view illustrating how’ roll ar 
rangements of the prior art may be utilized with the 
present invention; 
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FIG. 13 is a cross sectional view of a billet forming 
mold in which a billet is continuously casting according 
to the present invention; and 
FIG. 14 is a cross sectional view showing a billet sup 

port and cooling arrangement in accordance with the 
present invention. 
In the diagram of FIG. 1, a shell section 10, which 

may be, for example, a section of solidi?ed metal which 
de?nes the outer surface of a casting during cooling 
thereof, is shown as supported on one side at two end 
points 12 and 14 by upwardly directed support force 
vectors Fs. A uniformly distributed load, represented 
by a plurality of small downwardly extending load force 
vectors Fi is applied to the other side of the section 10. 
This uniformly distributed load may be developed, for 
example by the ferrostatic pressure of the still molten 
core portion of a metal casting as it pushes outwardly 
against the outer solidi?ed shell. 
Now, where the section 10 is either too thin or is too 

soft to resist the effects of the uniformly distributed 
force vectors Fi, it will, when supported only at its two 
end points 12 and 14, begin to sag or bulge as indicated 
in dashed outline in FIG. 1. 
FIG. 2 illustrates a previous approach to prevent the 

above-described sagging or bulging action. As can be 
seen in FIG. 2, the shell section 10 is given an initial 
arch-like con?guration in the direction of the uni 
formly distributed load. This arch-like con?guration is 
maintained by orienting the support force vectors Fsl 
so that they angle in toward each other. With this ar 
rangement, the archlike shape of the shell section 
serves to divert the uniformly distributed load force 
vectors Fi along the plane of the shell section where 
they are resisted by the inwardly angled support force 
vectors Fs'. 
While the arched con?guration in FIG. 2 serves to 

increase the resistance of the shell section 10 to the 
bulging effects of the load force vectors Fi, this ar 
rangement is subject to two conditions, namely the 
compressive or column strength of the shell section it 
self, and the availability of some external means for 
maintaining the externally supplied angled support 
force vectors Fs‘. 
FIG. 3 illustrates the manner in which the present in 

vention serves to overcome the above two limiting con 
ditions. As can be seen in FIG. 3, there are provided a 
plurality of coolant spray nozzles 16 which direct in 
tense sprays of coolant against the shell section 10 on 
the side opposite to that where the load force vectors 
Fi are applied. The sudden cooling of the lower shell 
section surface produces thermal stresses within the 
material of the shell section, as illustrated by the tan~ 
gentially oriented thermal stress vectors Ft. These ther 
mal stress vectors cause the shell section to shrink, es 
pecially at its outer surface. The inner surface of the 
shell section, where the load force vectors Fi are ap 
plied, is not subjected to the intense cooling action of 
the sprays from the nozzles 16. Accordingly, a temper 
ature differential is set up across the thickness of the 
shell section which causes it to bend and automatically 
assume an arch-like configuration, as shown in FIG. 3. 

It will be seen in FIG. 3 that the thermal stresses set 
up in the shell section 10 by the intense cooling action 
of the nozzle sprays tend to shrink the shell section. 
Thus, the arrangement of FIG. 3 is not subject to and, 
therefore, is not limited by, the compressive or column 
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strength of the shell section itself as is the case with the 
arrangement of FIG. 2. In addition, since the stresses 
which maintain the arch-like con?gurations are gener 
ated within the material of the shell section itself, they 
render the arch-like con?guration self-sustaining so 
that no special external support is required other than 
that needed to guide or support the overall casting. 
FIGS. 4-9 illustrate the application of the abovede 

scribed thermal stress reinforcing principles to the con~ 
tinuous casting of a rectangularly cross-sectional slab 
of steel. Continuous casting of steel slabs is described 
in detail in the previously identi?ed US. Pat. No. 
3,766,962. In this application, the process and appara 
tus will be described only with such detail as is required 
to illustrate the applications of the present invention to 
the process. 
As can be seen in FIGS. 4 and 5, molten steel 20 is 

poured continuously into the top of a hollow mold 22 
and a slab 24 of steel is pulled continuously downward 
from the bottom of the mold and is guided by various 
sets of rolls 26, along a path which extends ?rst down 
wardly and then curves to the horizontal. A plurality of 
water spray nozzles 32 are provided to subject substan 
tially the entire surface of the slab 24 to intense and 
continuous cooling. 
The slab 24, upon exiting from the mold 22, is made 

up of an outer shell 34 which surrounds a central still 
molten core 36. As the slab proceeds downwardly from 
the mold and is cooled by water sprays from the nozzles 
32, its outer shell 34 stiffens and thickens while the 
central core 36 correspondingly diminishes. In the past, 
it was found that the thickening and stiffening of the 
outer shell 34 was insuf?cient to strengthen the slab 
against the increasing ferrostatic pressure which built 
up in the central core as the slab proceeded down 
wardly from the mold. As a result, the slab began to 
bulge along its wider faces. In order to prevent this, the 
prior art resorted to heavy rolls which, in effect, hot 
rolled the slab back to rectangular con?guration. These 
rolls had to be quite large; and because they interfered 
with coolant application, and because they worked the 
outer surface of the slab, the slab did not cool in a con 
tinuous or uniform manner; and in fact the slab would 
undergo numerous temperature reversals as a result of 
passing through several sets of rolls. This tended to pro 
duce deleterious effects on the structural characteris 
tics of the slab. 
The present invention makes use of thermal stresses, 

introduced by suddenly applied and continuously main 
tained cooling of the surface of the slab to bring the 
slab itself to a self supporting condition. 

It will be seen in FIGS. 4 and 5 that the coolant spray 
nozzles 32 are distributed so as to maintain a continu 
ous spray of coolant liquid over substantially the entire 
outer surfaces of the slab 24. Whereas in prior continu 
ous casting systems the size of the support rolls had to 
be so large and their spacing so close that the slab was 
to a great degree masked from the coolant, it will be 
noted in FIG. 5 that no such masking or interference 
occurs in the case of the present invention; and cooling 
is carried out in a continuous manner. As can be seen 
in FIG..5 the rolls 26 contact only the outer edges of 
the slab 24, so that substantially the entire slab is ex 
posed to coolant spray. Corresponding rolls 26 on op 
posite edges of the slab 24 are interconnected by an 
axle 38 which serves to synchronize their rotation and 
to maintain them in axial alignment. The axles 38, it 
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will be noted, are quite small in diameter and they do 
not touch the slab 24. Accordingly no interference with 
the continuous spray cooling is produced by the axles 
38. 
FIG. 6 illustrates the initiation of slab formation and 

cooling inside the mold 22. As can be seen the mold is 
essentially a hollow jacket through which a coolant liq 
uid is circulated. The coolant enters through an inlet 40 
and leaves via an outlet 42. A central copper liner 44 
forms the inner surfaces of the coolant jacket and de 
fines the cross sectional shape to be formed by the 
mold, in this case rectangular. 
The molten material which is poured into the mold 

is chilled by contact with the copper liner 44 and it be 
gins to solidify in this region to form the outer shell 34 
surrounding the still molten core 36. 
The cooling and solidi?cation of the shell 34 is ac 

companied by a shrinkage thereof and this shrinkage is 
greatest in the corner regions of the mold. This is be 
cause in the corner regions the material being cast ex 
periences the highest ratio of mold cooling surface area 
to molten material volume. This accentuated corner 
shrinkage plus the outward push exerted by the molten 
core 36 against the very thin and as yet'quite soft shell 
34 in the central regions of the wide faces of the slab 
being formed causes the slab to tend toward an initial 
oval cross sectional shape with bulged wide sides 46'as 
shown in FIG. 6. 
As the newly formed slab exits from the mold 22 it 

immediately encounters intense cooling sprays from 
the uppermost of the nozzles 32, as shown in FIGS. 5 
and 6. The slab then passes between a set of bellied ini 
tial shaping rolls 48 which serve as shown in FIG. 7 to 
reverse the direction of bulging of the wide sides 46 of 
the slab. Since the ferrostatic head in the region of the 
initial shaping rolls 48 is relatively small and since the 
outer shell 34 is still rather thin and soft, these rolls do 
not encounter substantial resistance and accordingly 
they may be of small diameter. The initial concavity 
may, if desired, be provided by so shaping the wide 
sides of the mold itself; and in such case the rolls 48 are 
not necessary. Also, under certain conditions the initial 
concavity may be eliminated altogether so long as the 
wide sides of the slab are restrained against initial con 
vexity of bulging caused by internal ferrostatic pres 
sure. 

As the slab 24 proceeds downwardly from the initial 
shaping rolls 48 it immediately encounters the full ef 
fects of the coolant sprays from the nozzles 32. This 
rapid cooling establishes high thermal stresses in the 
outer shell 34 which cause it to pull inwardly from end 
to end. Because however, the wide sides 46 have been 
directed inwardly toward each other in the form of 
arches, the thermal stresses act to sustain this arched 
con?guration. Depending upon the intensity of cooling 
the rate of shell thickening may be controlled. This is 
especially advantageous since as the slab 24 progresses 
downwardly from the mold 22 the ferrostatic pressure 
within the molten core 36 builds up very rapidly and 
the tendency toward bulging along the wide sides 46 of 
the slab increases correspondingly. This increased 
bulging tendency may be compensated for by the con 
trolled thickening of the outer shell 34. Because the 
shell itself is under thermal stress the overall restraining 
action of the shell is controlled by control of its thick 
ness, which in turn is controlled by the intensity of 
cooling. 
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Conversely, the restraining action of the shell may be 

relieved by reducing the cooling action and thermal 
stresses produced by the nozzle sprays. This will de 
crease the resistance to bulging; and by proper control 
of the nozzle sprays the thermal stresses may be re 
lieved suf?ciently in the ?nal cooling stages so that the 
ferrostatic pressures will being the slab to a ?nal de 
sired con?guration upon completion of solidi?cation. 

The ?nal desired con?guration of the slab will de 
pend upon the subsequent processing to which it is sub 
jected. In most cases the slab is rolled; and for this pur 
pose a generally rectangular cross section is usually 
preferred. Other cross sections may be provided how 
ever by control of the intensity of cooling. In some 
cases it may be necessary only to maintain a slight con 
cavity in the slab under thermal stress; and where that I 
concavity is quite small, it may not be necessary to 
change the cooling to allow the ferrostatic pressure to 
bulge the sides out to a fully ?attened condition. On the 
other hand, as indicated previously, the thermal 
stresses may be able to maintain the sides of the slab in 
?attened condition without any concavity being intro 
duced or maintained. 
As shown in FIG. 9 the slab 24 is guided in its move 

ment downwardly from the mold 22 and around to a 
horizontal direction by passing between the sets of rolls 
26. These rolls, it will be noted, merely guide the slab 
and exert no reinforcing or shaping forces on its cross 
sectional con?guration. They do however allow the 
outer surface of the slab to remain exposed to the di 
rect action of the nozzle sprays. 
FIGS. 10 and 11 illustrate alternate con?gurations of 

initial shaping rolls which can be used in place of the 
bellied rolls 48 shown in FIGS. 5 and 7. In FIG. 10 a set 
of double arched rolls 50 serve to produce a ?gure 

eight type cross sectional con?guration to the slab. In 
FIG. 11, a set of double conical rolls 52 serve to pro 
duce an inward V-shape to the wide sides of the slab. 
These various con?gurations, including the inward 
arch produced by the bellied initial shaping rolls 48, 
merely serve to give initial direction to the effects of 
the thermal stresses produced by the sudden cooling of 
the nozzle sprays. Thus the contours produced by these 
rolls may be very shallow, and need not be as accentu 
ated as shown in these drawings. 
FIG. 12 illustrates how the present invention may be 

practiced using a continuous casting system in which 
conventional uniform diameter rolls extending across 
the full width of the slab are employed. In such arrange 
ments there is provided, of course, an initial shock 
cooling by the action of intense coolant sprays upon the 
slab 24 as it exits from the mold. This is carried out as 
described above. Also as previously described the ini 
tial shock cooling is coordinated with an initial shape 
guiding action which may, as described above, be pro 
vided with initial shaping rolls or it may be provided by 
shaping the mold itself with inwardly arched wide sides. 
In any event, the combination of the initial shaping and 
the sudden shock cooling sets up in the outer shell of 
the slab 24, high thermal stresses which serve to main 
tain inward concavities 60 along the wide sides of the 
slab. As the slab 24 passes downwardly between a pair 
of conventional straight sided rolls 62 there remains a 
space 64 between the roll surfaces and the concavities 
60 of the slab. This space allows continuous flow of 
coolant liquid from the nozzles 32 so thatit ?ows down 
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along the slab between the slab and the rolls 62. Be 
cause of the open space between the rolls 62 and the 
slab surfaces it is possible to maintain the continuous 
cooling action over the entire slab surface which is re 
quired to maintain the thermal stresses which provide 
self support for the slab according to the present inven 
tion. 
Turning now to FIGS. 13 and 14 there is seen an ad 

aptation of the present invention to the formation of 
strands of metal known as billets. These billets are of 
generally square cross section. In the past dif?culties 
have arisen as the billet tended to bulge along all four 
sides clue to the effects of ferrostatic pressure acting 
through the molten core. In some cases that is the billet 
would shift to an out of square condition and diagonal 
shear stresses and faults would be developed. 
With the present invention the difficulties described 

above are avoided. As can be seen in FIG. 13 there is 
provided, as shown in cross section, a billet forming 
mold 70 of essentially square cross section. The four 
sides of the mold 70 are arched inwardly as at 72 to 
provide an initial shaping. As described above in con 
nection with the preceeding embodiment the sides of 
the mold 70 may be straight and initial shaping rolls 
may be provided to give direction to the deformations 
which will be produced by thermal stresses. In the mold 
70, there is shown a billet 74 having an outer shell 76 
and a central molten core 77. The molding action and 
the formation of the shell 76 are as described previ 
ously. 
As the billet exits from the mold 70 it passes down 

wardly between corner support rolls 78, which, as 
shown in FIG. 14, engage only the corners of the billet 
and leave its four inwardly arched sides exposed to the 
action of a continuous and intense cooling action pro 
duced by sprays from nozzles 80. These sprays act, as 
described above to induce thermal stresses in the shell 
76 so that the arched con?gurations become self sup 
porting. No forces other than those needed for guid 
ence are imposed on the corner support rolls 78. 

It will be appreciated from the foregoing that the 
present invention provides a basically different means 
of reinforcing surfaces during a molding operation in 
that it makes use of the very high thermal stresses 
which occur during solidification of the material being 
cast. It will further be appreciated that the present in 
vention takes advantage of phenomena not heretofore 
recognized as being useful, namely the extremely high 
thermal stresses which can be developed; and it directs 
these stresses in a novel manner so that they act to pro 
duce a self supporting effect which permits a reduction 
in the size and strength of the supporting apparatus. 
The thermal stresses may also be controlled anywhere 
along the cooling path simply by adjusting the tempera 
ture or the intensity of coolant spray at the selected lo 
cations. 

In conection with each of the embodiments described 
above, the control of cooling obtained with the nozzle 
sprays also serves, in addition to the control of thermal 
stresses, to control the shell thickness. Thus, as greater 
cooling is maintained, the shell thickness will build up 
faster, and conversely, as cooling intensity is reduced, 
shell thickness buildup is also slowed down. In fact, the 
thickness of the shell may actually be decreased by re 
duction of cooling. This is because the molten core 
serves as a heat source at that high temperature. By re 
ducing the cooling action of the coolant sprays the rate 
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8 
of heat transfer through the shell, from the molten core 
to the outer surface of the cast element is reduced. 
Consequently the temperature along the inner regions 
of the shell begins to rise and the material in this region 
reverts to a plastic or semi-liquid state. The thermal 
stresses in this region are lost and the shell wall thick 
ness is thus effectively reduced. This thickness can, of 
course, be rebuilt by increasing the cooling intensity of 
the sprays. 
As indicated previously the thermal stress reinforc 

ing, which can be closely controlled by control of the 
intensity and temperature of the coolant action with 
the ferrostatic pressure effects of the molten central 
core to control the ?nal shape of the completely solidi 
fied casting. Thus by reducing the intensity and/or tem 
perature of the coolant sprays toward the lowermost 
regions of the casting path, the increased ferrostatic 
pressure of the molten core in these regions will act to 
bulge outwardly the inwardly arched sides of the outer 
shell. By proper coordination of the cooling intensity 
and the ferrostatic pressure a very substantial degree of 
contour control is obtained without any need for exter 
nal rolling or forming operations. 

It will thus be appreciated from the foregoing that the 
thermal stress reinforcing concept of the present inven 
tion is not limited to slabs and billets, but in fact, it may 
be applied to various other structural shapes, for exam 
ple rounded outer con?gurations. Also, depending 
upon the amount of reinforcing needed, and the degree 
of thermal stress produced it may be possible, under 
certain conditions, to maintain an outer shell surface in 
a ?at con?guration during the solidification of the 
inner core, with the thermal stresses developed by the 
coolant sprays serving alone, without any compressive 
arch action, to resist the bulging effects of the molten 
core. 

Having thus described the invention with particular 
references to the preferred forms thereof, it will be ob 
vious to those skilled in the art to which the invention 
pertains, after understanding the invention, that vari 
ous changes and modi?cations may be made therein 
without departing from the spirit and scope of the in 
vention as de?ned by the claims appended hereto. 
What is claimed is: 
1. Apparatus for continuously casting steel slabs of 

rectangular cross section having two opposed wide 
sides and two opposed narrow sides comprising a mold 

- into which metal is poured continuously and from the 
bottom of which a slab having an outer solidi?ed shell 
surrounding a liquid metal core, is pulled, means for 
shaping the opposed wide sides of said slab to form op 
posed concave arched surfaces therein, guide means 
contacting limited corner regions of said slab adjacent 
said concave arched surfaces to direct said slab along 
a path down from said mold, said guide means along 
said path being displaced laterally from the said con 
cave arched surfaces of said slab in order to allow maxi 
mum cooling to be applied to said surfaces throughout 
said path and a plurality of spray nozzles positioned 
below said mold and along said path to direct an inten 
sive cooling spray against said concave arched surfaces 
of said shell throughout said path to set up thermal 
stresses in said shell which maintain the concave 
arched contours of said surfaces against the ferrostatic 
pressure of the liquid metal forming said core. 

2. Apparatus according to claim 1 wherein said shap 
ing means comprises a pair of convexly bulged rolls po 
sitioned immediately below the mold to operate against 
the opposed wide sides of said strand. 

* * * * * 


