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3,230,056
CASTING STEEL INGOTS
Norbert R. Arant, Pitisburgh, and Michael A. Orehosksy,
Dugquesne, Pa., assignors to United Siaies Steel Corpo-
ration, a corperation of New Jersey
Filed Mar, 24, 1959, Ser. No. 861,667
16 Ciaims. (Cl 29—187)

This application is a continuation-in-part of our co-
pending application, Serial No. 463,362, filed October 20,
1854, now abandoned. _

This invention relates to cast-steel ingots that have a
solid cross section and are to be worked to a smaller cross
sectional size by forging or rolling. 1Tt is directed gen-
erally to the problem of obtaining an improved ingot skin
structure and, more particularly, pertains {0 an ingot cast-
ing process that effects a reduction of both cracks and
peripheral inclusions of nonmetallic materials as well
as other surface defects in a cast-steel ingot. The im-
provements of the invention are obtained by controlling
the initial freezing of molten steel teemed into a mold
through the appliction to the internal mold surfaces of a
thin laver of high thermal insulating material in a man-
ner 1o be described.

Ingot surface defects such as cracks, peripheral non-
metallic inclusions, folds, laps, scabs, double seams and
the like, are a serious problem in the steel industry and
require expensive scarfing operations to condition siabs,
blooms or billets for subsequent rolling or forging. Sur-
face cracks and peripheral inclusions are particularly
troublesome, especially in killed and semi-killed steels,
since they may not be visible during inspection for re-
moval by scarfing, and may thus first appear as defects
in the rolled or forged product. While conventional prac-
tices require careful regulation of the ingot teeming opera-
tion in order to maintain such defects at a minimum,
steps taken to reduce one type of defect frequently result
in an increase of others. The improved ingot skin struc-
ture and the casting process of this invention involve a
radical departure from accepted theory and ingot casting
principles and may be best explained by reference first to
conventional ingot casting practices as a basis for com-
parison.

According to conventional practice, steel Ingots for
rolling or forging purposes are cast in different sizes and
shapes by teeming molten steel into cast-iren or cast-
steel molds which may have smooth or corrugated walls
of a thickness usually between four and six inches de-
pending on the size of the ingot being cast. Molds of
cast-iron or cast-steel are universally used since the re-
sulting ingots have the well known columnar siructure that
is particularly suited for working by forging or rolling.
Such ingots have a skin of dense randomly oriented
equiaxed crystals which is formed by the chilling action
of the mold sidewalls on the molten metal as it rises in
the mold. The molten metal freezes at a rapid rate as
long as it has contact with the mold walls, but in a short
period of time thermal expansion of the mold and con-
traction of the ingot skin cause the ingot to pull away
from the mold and a gap forms between the ingot shell
and the mold walls. This gap together with the increased
temperature of the mold reduces the rate at wiuch heat
is transferred from the ingot metal through the mold
walls, thereby decreasing the rate of growth of the ingot
skin, which at this point must have sufficient thickness
and strencth to enable it to withstand the ferrostatic head
of molten metal within the ingot without rupturing. Sub-
sequent freezing of the ingot metal continues at a slower
rate with the formation of larger crystals, dendrites, which
erow inwardly normal to the internal surface of the mgot
<kin. The thickness of the ingot skin is determined in
part by the rate and temperature at which molien steel
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is teemed into the mold. In this respect slow teeming
rates and low metal temperatures produce a thick ingot
skin while faster teeming and higher temperatures de-
crease its thickness.

The incidence of surface cracks in steel ingots that are
cast conventionally in uninsulated iron molds is usually
regarded according to conventional theory as varying in-
versely with the thickness of the ingot skin. To obtain a
thick ingot skin and thereby a minimum of ingot cracks,
conventional casting procedures, stated as a general rule,
are directed to practices that promote the transfer of heat
through the mold walls. For example, fluted or corru-

gated mold walls are frequently used to increase the inner

mold wall area and thus promote faster freezing and a
thicker ingot skin. Since the corollary of this rule re-
quires the avoidance of anything that decreases the trans-
fer of heat through the mold walls and thus the rate at
which the ingot metal freezes, it will be understood for
purposes of definition that the term “conventional” as
applied herein to both casting practices and steel ingots
means the casting of steel ingots in an “uninsulated” cast-
iron or cast steel mold. While mold washes are frequently
used for obtaining an improved ingot suriace, conven-
tional procedures as presently practiced recognize that
they should be applied carefully in a manner that will not
reduce initial ingot solidification and thus induce ingot
cracks, and it will be accordingly further understood for
purposes of definition that a cast-iron mold having a
conventional mold wash thereon is an “uninsulated” mold
within the above definition of conventional practices.
While a thick ingot skin is required by conventional
practices to reduce ingot cracks, the teeming temperatures
and rates that may be used for this purpose are limited
since teeming rates and temperatures that are too low

may result in other ingot surface defects. FFor example,

low metal temperatures and teeming rates may produce
ripples, folds, double skin, and entrapped inclusions of
non metallic refractories in the ingot skin that may cause
cracks or tears upon rolling. It is thus necessary under
conventional practices to adopt teeming conditions which
are a compromise between those that will produce a thick

ingot skin and avoid cracking and those that will reduce

folds and peripheral inclusions. Attention is particularly
directed to the fact that the procedures required by con-
ventional practices from the standpoint of obtaining a
thick ingot skin and reduced ingot cracks can normally
be expected to increase the other defects mentioned above.

This invention, contrary to conventional casting proce-
dures and principles particularly with respect to the re-
quirement of a thick ingot skin to aveid cracking, 1s
based on the discovery that both ingot cracks and periph-
eral inclusions are avoided and an improved steel ingot
structure is obtained by retarding during an initial period
of short duration the transfer of heat through the walls

of a cast-iron mold in which the ingot is being cast to

thereby retard the rate at which the ingot metal freezes
upon initial contact with the mold side walls. The heat
transfer retarding action required to produce the improved
ingot structure of this invention need exist only for a
relatively short period of time, for example, the time re-
quired to teem the molten metal in the mold, and has
been accordingly designated an “initial retarding action.”
This is accomplished in accordance with the principles of
this invention by applying a lining of refractory insulat-
ing material to the internal surfaces of an iron mold in
which the ingot is to be cast, which has a thickness and
insulating properties of a character to be described such
that the desired initial retardation of heat transfer is ef-
fected. While the resulting ingot has a thinner skin com-
pared to steel ingots produced conventionally by casting
in uninsulated cast-iron molds, the practice of the inven-
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tion in this respect has been found to reduce both the
incidence of ingot cracking as well as other surface defects
such as peripheral inclusions of non-metallics, and to re-
duce by as much as 50% for scarfing reqmred to COIldl-
tion the resulting ingots for rolling.

In addition to correcting surface and subsurface defects
common 1n conventional ingots, this invention has as one
of its principal objects the provision of a steel ingot hav-
ing an improved columnar structure in which its skin has
a planar internal surface compared to the wave-like inter-
nal skin surface of conventionally cast ingots, and in which
its dendritic columnar crystals are more uniformly ar-
ranged relative to each other but are of a size not sub-
stantially different compared to those in conventionally
cast ingots. This improved columnar structure, by rea-
son of the more uniform arrangement of its dendritic
columnar crystals and the corresponding freedom from
intersecting lines or planes of cleavage therebetween, re-
lteves factors causing cracks to form in the surface of
the ingot both before and during rolling and, as indicated
above, is obtained by the initial heat retarding action of
the refractory heat insulating lining on the internal sur-
faces of a cast-iron mold. The nature of the refractory
insulating coating effective for this purpose may be
characterized further as being such that it provides dur-
ing an initial period, corresponding to the time of pour-
ing, the action of a slow cooling mold formed from sand
or other insulating refractory material and during a sub-
sequent period the more rapid chilling action of a conven-
tional iron mold. In this manner, the advantages of cast-
ing ingots in uninsulated cast-iron molds with respect to
size of dendritic columnar crystals are retained while
obtaining a vniform arrangement of such crystals relative
to each other similar to that produced in sand castings
or the like.

As is well known, steel cast in sand molds is not suit-
able for rolling purposes since its dendritic columnar
crystals are so coarse and large that excessive cracking
will take place if an attempt is made to roll the casting.
The coarse structure of sand cast steel is due to the high
insulating properties of the mold material and the resulting
slow solidification of the casting metal which affords time
for the formation and growth of dendritic columnar crys-
tals. However, the internal surface of the skin structure
of a sand casting of this character has a substantially
planar shape with respect to which its columnar crystals
are uniformly arranged relative to each other and thus
free of intersecting lines or planes of cleavage, and this
property is retained by the ingot and process of this inven-
tion. This is accomplished by the iInsulating coating of
this invention which provides during an initial period of
solidification of the ingot metal a heat transfer action
comparable to that of a mold of sand or material of
similar insulating properties.

Compared to sand casting, the more rapid chilling ac-
tion of the ingot metal when cast conventionally in iron
molds, either with or without a splash repelling mold wash,
provides advantages rendering the resulting ingot more
suitable for rolling. The iron mold, in conducting the
heat of the molien metal away more rapidly, not only
enables earlier stripping for soaking purposes but, in addi-
tion, reduces the time required for solidification of the
ingot metal and therefore the time for the formation and
growth of its dendritic columnar crystals. As a result,
its dendritic columnar crystals are smaller and thus less
likely to split or cleave apart in the form of cracks when
the 1ngot is reduced in size by rolling as is the case with
larger crystals formed by slower solidification in a sand
casting. The smaller size of dendritic columnar crystals
obtained by conventional casting in iron molds is retained
by the ingot and process of this invention. This is accom-
plished by limiting the thickness and insulating properties
of the insulating coating of this invention in such manner
that it is not noticeably effective, after its imitial heat
retarding action has served its purpose, to further slow

10

15

20

29

30

39

4.0

50

09

60

65

70

75

4

the rate of solidification of the ingot metal, the final rate
of solidification after formation of the ingot skin structure
taking place at a rate not substantially different than that
of conventionally cast ingots whereby the dendritic
columnar crystals have a size not significantly different
than the size of such crystals in conventionally cast ingots,

By controlling the initial rate of solidification of the
ingot while its skin structure is being formed in accord-
ance with the principles of this invention, the skin struc-
ture of the resulting ingot will have a planar internal
surface and the dendritic columnar crystals extending in-
wardly from such surface will be parallel as in a slowly
cotled sand mold casting, and will also have a size sub-
stantially the same as obfained in a rapidly coled iron
mold casting. In addition, the initial retardation of the
rate of ingot metal solidification is effective to eliminate
one of the disadvantages of conventionally cast ingots.
In the conventional casting of steel ingots in iron molds,
either with or without conventional mold washes, the
initial heat transfer action through the sides of the mold
1s unconirolled and the molten metal freezes at a rapid
rate thereby producing a thick ingot skin, but the turbu-
lence of the molten metal in the mold has a washing
action against the ingot skin that results in its internal
surface having an irregular and wave-like shape. Since
the dendritic columnar crystals grow perpendicular to
the internal surface of the skin, they intersect and form
weak points along lines or planes of cleavage extending
imwardly particularly from low areas in the wave-like
internal surface of the skin. Ruptures or cracks often
form at these points during cooling of the ingot or later
when the ingot is being rolled. By providing an ingot
having a skin structure with a planar internal surface,
this source of cracking regarded as unavoidable in con-
ventional casting practices is eliminated.

Cf particular importance to stecls which are killed by
the addition of strong deoxidizers, one of the objects
of this invention is to reduce peripheral nonmettallic
inclusions entrapped beneath the surface of the ingot
skin. Upon rolling of the ingot, these materials frequent-
ly tear through the surface and produce the surface de-
fect commonly designated by the term “slivers.” By
retarding initially the rate of solidification of the ingot
metal, the resulting ingot has a skin or surface structure
of a transverse depth which is significantly less than and
about 13 of the transverse depth of a conventionally
cast ingot and a significantly smaller quantity of non-
metallic oxides and ingot scum is entrapped in the skin,
a greater percentage of these materials floating on the
teeming molten metal to the upper end of the ingot.

The refractory insulating coating of this invention, in
retarding the initial rate of solodification, is additionally
effective in decreasing folds and scabs due to surging
and splashing of the metal as it is teemed in the mold.

Other objects and advantages of the invention will be
apparent from the following description.

In the practice of the process of this invention, a mix-
ture or slurry of a liquid vehicle and a high- -temperature
insulating refractory composition is applied in the form
of a coating or lining to the internal surfaces of a cast-
iron or steel mold. It is applied by brushing, spraying,
dipping, or swabbing, and its consistency is regulated
according to the intended manner of application. It is
applied in a thickness of a character to be described such
that it provides an initial retarding action on the transfer
of heat through the walls of the mold as described above.
After the coating is dried to remove the liquid vehicle,
and thus may take place rapidly if the iron mold is hot
or heated, the ingot is cast and stripped in conventional
fashion. When the ingot is stripped, the insulating lining
separates and 1s removed from the iron mold which may
be used again after applying another coating to its in-
ternal surfaces as described.

An 1nsulating composition siutable for the purposes
of this invention consists primarily of a heat-insulating




3,230,056

5

refractory, a bonding material, a suspending agent, and
a liquid vehicle which may be mixed in varying propor-
tions.

The heat-insulating refractory should be inorganic and
preferably is one containing minutes voids for improving
its insulating properties. Materials providig proper heat
insulation and refractoriness are as follows: asbestos,
diatomaceous earth, perlite, vermiculite, or alumina bub-
bles (hollow spheres of fused alumina) and the like.
Any heat insulating material having comparable or low-
er coeflficients of heat transfer are suitable for the pur-
noses of this invention.

To promote adherence of the insulating coating to
the mold walls, suitable bonding materials are as follows:
bentonite, cereal binder, china clay, core oil, corn flour,
dextrin, ethyl cellulose, fire clay, gum arabic, ground
resin, methyl cellulose, molasses, phenolic resin, urea
formaldehyde, water glass, or pitch.

As a suspending agent, and for the purpose of de-
creasing the settling tendency of the solid particles in the
coating prior to its application, suitable materials are
as follows: aluminum hydroxide, bentoanlte, china clay,
or gum arabic. If these materials are used as a bonding
agent, no further addition is necessary.

The liguid vehicle, or carrier, not only facilitates ap-
plication of the coating by brushing, spraying, dipping or
swabbing, but also aids in obtaining a coating of uniform
thickness. Materials suitable for this purpose are as
follows: alcohols, kerosene, ketones, or water.

In addition, increased coverage materlals may be added
to increase the amount of surface area that may be cov-
ered with the mold coating. Such materials are as fol-
lows: alumina, ball clay, chamotte, chrome ore, do-
lomite, fire clay, flint clay, forsterite, glass wool, graphite,
kaolin, limestone, mineral wool, blast-furnace slag, open-
hearth slag, magnesia, magnesite, rutile, silicates, silica,
silicon carbide, or zircon.

The above materials may be combined to provide in
different proportions many coating compositions suifable
for the purposes of this invention, the only requirement
being that the insulating coating when applied provides
an insulating effect with maximum and minmimum limits
as hereinafter described. Two examples of mold coat-
ings that were used to retard initial solidification during
the time of pouring and were effective in decreasing the
incidence of ingot cracks and sliver defects are as follows:

EXAMPLE I.—PERCENT BY WEIGHT OF SOLIDS

Diatomaceous earth o oo 20.0
Glutrin® o e e 5.0
Ball clay - 2.0
Western bentonite _ o 3.0
Silica flour e 70.0

EXAMPLE I.—PERCENT BY WEIGHT OF SOLIDS
el e o e e e 10.0
Methyl cellulose oo e 1.0
Western benionile o 4.0
Zircon flovr o e 35.0

Sufficient water was added to each of the above exam-
ples tc enable their being spread as a coating by brushing
on the internal surfaces of a casi-iron mold. More par-
ticularly the composition of Example I is applied in ac-
cordance with the principles of this invention 1n an amount
sufficient to provide when dried an insulating coating hav-
ing a minimum thickness of from .020 to .250 inch, and
preferably between 140 and ¥4 inch, the minimum thlck-
ness being increased in a manner to be described with in-
creased pouring time and ingot sizes. For an explanation
of the requirements of the mold lining of this invention
from the standpoint of its minimum thickness and insulat-
ing properties, reference will be made to the accompany-
ing drawings in which:

FIGURE 1 is a photographic reproduction of a ver-
tical section of a conventionally cast ingot;
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FIGURE 2 is a photographic reproduction of an ingot
shell which furnishes a comparison of the skin structure
of an ingot obtained by the practice of the process of
this invention with the skin structure of a conventionally
cast 1ngot;

FIGURE 3 is a photographic reproduciion of a ver-
tical section of an ingot which furnishes a comparison
of the results of this invention with conventional casting
practices; and

FIGURES 4, 5 and 6 are schematic drawings iilustrat-
ing, for the purpose of explaining the theory of this in-
vention, the comparative results of casting convention-
ally in iron molds, casting in sand, and casting in accord-
ance with the method of this invention.

As indicated above, the ingot and practice of the meth-
od of this invention is effected in a conventional iron mold
which has a refractory insulating coating applied to its
inner surfaces in a manner to be described. Since con-
ventional iron molds have wall thicknesses of from four
to six inches and greater depending upon the size of the
ingot to be cast and the msulating coating has a thickness
in the nature of I4s—14¢ Inch, no attempt has been made
in the drawings to show the relative proportions of the
cast-iron mold and coating and the mold has been shown
only fragmentarily. While FIGURES 4, 5 and 6 are
respectively intended to illustrate the relative crystal struc-
tures obtained by casting steel in conventional 1iron molds,
in sand, and in an insulated iron mold according to this
invention, it is to be understood that they have not been
prepared from microphotographic studtes and that the rela-
tive sizes of dendrites illustrated are not accurate. Their

respective showings are diagrammatic and are solely for

the purpose of explaining the principles of this invention.

In FIGURE 4, the numeral 1 designates a portion of
the wall of a conventional uninsulated cast-iron mold
which may or may not be provided with a conventional

mold wash on its internal surface 2. When metal is teemed

in the mold 1, a skin structure 3 essentially of equiaxed
crystals is formed by the chilling action which takes place
as the metal is cooled by the mold wall 1. It will be
noted that the inner surface of the skin 4 has an irregu-
lar or wave-like contour, depressions being indicated at
the points §. After the ingot skin 3 has formed in this
manner continued cooling of the metal results in dendritic
columnar crystals 6 growing inwardly from the skin sur-
face 4. The crystals 6 grow in a direction substantially
normal to the inner skin surface 4 and, because of this,
the crystals in the areas 7 opposite the low points § inter-
sect along lines 8. The lines 8 represent weak points at
which cracks are likely to occur upon cooling of the
ingot or when it is rolled.

In the photographic reproduction of a vertical section
of a conventionally cast ingot in FIGURE 1, similar nu-
merals have been applied to designate like parts of the
ingot structure referred to in connection with FIGURE
4. This reproduction is a section of a typical ingot struc-
ture after stripping and before rolling, and it will be
noted that a crack 19 in the skin 3 has already appeared
at the point 5 along the line § of intersection of dendritic
columnar crystals.

As distinguished from the crystal structure obtained by
the conventional casting of an inget in a cast-iron meold,
the diagrammatic showing of FIGURE 35 illustrates the
structure that is obtained by casting steel in a hot mold
fabricated of sand or other similar refractory insulating
material. In this showing, the numeral 11 designates a
sand mold having an internal surface 12. When metal is
teemed in the mold 11, the chilling action of the mold
results in the formation of a skin 13 of equiaxed crystals
similar to those in the skin 3 of FIGURE 4. However,
it will be noted that the internal surface 14 of the skin
13 is parallel to the mold surface 12 and of a planar
shape which is free of indentations such as the depres-
sions 5 in the structure of FIGURE 4. It will also be
noted that the skin 13 has a considerably smaller trans-
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verse depth than does the skin 3, the lesser depth of the
skin 13 being due to the fact that the sand in the mold
11 does not have the same initial chilling effect as does
the cast-iron of the mold 1. It will also be noted that
the dendritic columnar crystals 16 growing inwardly from
the skin surface 14 are much larger than the crystals 6 of
FIGURE 4. The larger size of the crystals 16 is due to
the high heat insulating properties of the mold 11 by rea-
son of which solidification of the cast metal takes place
at a much slower rate thus affording more time for the
crystals to grow to the relative size indicated. However,
it will be noted that the crystals 16 are parallel and more
uniformly arranged relative to each other and thus free
of intersecting lines such as the line § of FIGURE 5.
While the elimination of intersecting cleavage lines 8 is
‘desirable, this casting is not suitable for rolling for the
reason that it would tend to crack along the lines between
adjacent dendritic columnar crystals 16.

As distinguished from conventional casting practices
and the structures illustrated by the showings of FIG-
URES 4 and 5, FIGURE 6 illustrates the casting practice
and ingot in this invention. In this showing, numera}l 20
designates a cast-iron mold having a coating 21 on its
inner surface of refractory insulating material, the coat-
ing 21 being for example one corresponding to Example
I above and applied in a thickness such that it provides an
‘initial heat retarding action according to the principles of
this mmvention. When metal is teemed in the mold 20,
a skin 23 of equiaxed crystals is first formed along the
surface of the coating 21. As distinguished from the un-
dulating surface 4 shown in FIGURE 4, the skin 23 has
surface 24 which is planar and free of depressions 5
similar to the skin surface 14 of the sand casting of FIG-
URE 5. However, it will be noted that the dendrilic
columnar crystals 26 are of substantially the same size
as the crystals 6 of a conventional casting but have the
uniform arrangement of the crystals 16 of the sand cast-
ing. While the skin 23 has a transverse depth larger than
the depth of the sand cast skin 14, its depth is consider-
ably less than and in the nature of, as illustrated, about
Y3 that of the conventionally cast skin 3. The planar
shape of its surface 24 is due to the fact that the insulating
coating 21 is effective during the time of pouring to pro-

vide an insulating effect similar to that of the sand of the

mold 11. The size of its dendritic columnar crystals 26
indicates that the heat transfer through the mold wall 2¢
after the insulating coating 21 has completed ifs retarding
action 1s substantially the same as the rate of heat trans-
fer through the walls of a conventional mold such as the
mold 1. |

FIGURES 2 and 3 are photographic reproductions of
ingot specimens that furnish a comparison of the ingot
structure of this invention with ingot structures obtained
by conventional casting procedures. The specimen shown
in FIGURE 2 was cast in a laboratory size cast-iron mold
which had an internal mold cavity of about 15" deep
tapering from a width of about 334’ at the top to about
338’ at the bottom, the ingots obtained from such molds
usually weighing about 60 pounds. The specimen shown
in FIGURE 3 was cast in a slightly larger mold having a
depth of about 19" tapering from a width of about 415"’
at the top to about 334’ at the bottom, the ingots cast
in such molds weighing about 100 pounds. In preparing
cach specimen one of two opposite side walls of the mold
was coated with the composition of Example I above io
provide an insulating lining thereon that had a thickness
of about 14 inch, and the other had nothing thereon and
thus corresponded to conventional practice.

FIGURE 2 shows a vertical section of an ingot shell
that was obtained by filling a laboratory mold prepared as
explained above with molten metal and dumping the moid
as soon as the pouring operation was completed. In pro-
ducing this shell, the pouring operation required about
30 seconds to fill the mold, and the mold was dumped in
abouf 3 to 5 seconds after pouring was completed. The
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-shell thus obtained represents the portion of the ingot that

solidifies during the time of filling the mold and is repre-
sentative of the skin of an ingot. In this showing, the
numeral 3¢ designates the wall or skin structure which
formed against the uncoated or conventional side of the
mold, and the numeral 31 designates the wall or skin
structure which formed against the side of the mold hav-
ing the insulating coating of this invention. It will be
noted that the conventional skin structure 30 has an in-
terior surface 32 of wave-like shape and a transverse depth
roughly three times the thickness of the skin structure 31
of this invention. In addition to having a lesser trans-
verse depth, attention is directed to the fact that the skin
structure 31 has an internal surface 33 which is essentially
planar in shape compared to the wave-like contour of the
conventional skin surface 32. The differences in trans-
verse depths of the skin structures 3¢ and 31 furnishes an
iHustration of the manner in which the insulating coating
of this invention provides an initial retardation of heat
transfer during the time of pouring. Since the dendritic
columnar crystals grow inwardly from and in a direction
substantially normal to the internal surfaces of the ingot
skin structures as explained above, a comparison of the
inner surfaces 32 and 33 furnishes an indication that the
dendritic columnar crystals will be more uniformly ar-
ranged relative to the planar surface 33 than in conven-
tionally cast ingots and particularly with respect to free-
dom from weak points such as the points 5 as shown in
FIGURES 2 and 4.

The ingot shown in FIGURE 3 was cast from killed
steel and the metal was retailed in the mold until com-
pletely solidified. The skin 34 thereof was adjacent the
coated side of the mold and the skin 35 was adjacent the
uncoated or conventional side of the mold. The dark
spots along the skin 35 are entrapped non-metallic in-
clusions and their arrangement along the line 36 indicates
the inner boundary of the skin 35. Attention is particu-
larly directed to the fact that the edge or skin 34 formed
according to the practice of this invention contains a
smaller number of dark spots or non-metallic inclusions.
The vertically extending crack or shrinkage cavity 38
furnishes an indication of the line along which final solidi-
fication of the ingot took place, and by reason of its sub-
stantially central location, it will be apparent that the heat
transfer through both mold walls after formation of the
skins 34 and 35 was substantially the same. The line 38
1s actually positioned closer to the edge 34 by an amount
representing the difference in the depths of the skins 34
and 35 and thus furnishes an additicnal indication of the
initial retarding action of the coating of this invention.

As indicated, a 142" thick lining 21 prepared from the
composition of Example I and applied to 60 and 100 ib.
laboratory cast-iron molds as explained above was ef-
fective in producing thin planar shaped ingot skins 31
and 34 as shown in FIGURES 2 and 3 of the drawings.
In producing these examples of the invention pouring
times of 30-35 seconds were used to fill the molds. How-
ever, further laboratory investigations of a similar type
developed that the minimum thickness of linings prepared
from the composition of Example I, could be varied with
different rates of pouring and reduced to about .018—.020
inch for faster pouring times of about 20 seconds. Linings
that had a thickness less than .018-.020 inch, for example,
did not produce the desired results from the standpoint
of ingot surface structure, but resulted in ignot skins that
had a wave-like internal surface similar to those obtained
by casting conventionally in uncoated cast-iron molds.
From this it was concluded that a lining thickness of about
020" was the minimum that could be used for the pur-
poses of this invention, and that the insulation or lining
thickness should be increased for increased pouring times.

The foregoing laboratory determinations concerning the
requirement that the minimum lining thickness be in-
creased with increased pouring times has been verified by
plant trials in casting steel ingots in commercial sizes
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ranging from a cross-sectional size of 19 x 22 inches to
24 x 64 and 34 x 66 inches. These ingots were cast with
pouring times of from about 30 seconds for smaller
sizes to about 2V4 minutes for the larger sizes. While a
lining 21 of the insulating composition of Example 1
above applied in a thickness of 142 inch provided sig-
nificantly improved results in all cases and particularly
for the shorter pouring times of irom 30-90 seconds,
these trials demonstrated that a thickness of 14¢”" for the
longer ingot pouring times of about 2-214 minutes 1s
required to obtain the maximum benefit of the invention.
These trials further indicated that lining thicknesses of
g’ for ingots having pouring times of four minutes and
that lining thickness of as much as Y4 immch may be re-
quired for still larger sieel ingots having pouring times
up to 10 minutes, for example, those weighing in excess
of 20 tons.

From the foregoing it will be apparent that a cast-iron
or cast-steel mold having a refractory insulating lining
21, prepared from the composition of Example I above
or its equivalent and applied in an increasing thickness
of from .020-.250 inch according to ingot teeming times
of from 20 seconds to 10 minutes, 1s required for the
purposes of this invention. With reference to ingots of
the commercial sizes indicated above that are to be rolled
into plates or into rails or billets, it will be understood
that a lining thickness between ¥42”” and %" of the
Example 1 composition for teeming times of from 30
seconds to 24 minutes represents the preferred practice
of the invention.

The thickness of the lining 21 as indicated above is
based on the use of the composition of Example I, but
it will be understood that such thickness for other com-
positions will vary directly with the coefficient of thermal
conductivity (K) of such other compositions. While the
actual thermal coefficient of conductivity of the composi-
tion of Example I has not been determined, its K-value can
be assumed as being essentially that of diatomaceous earth
since this material forms the bulk of the composition
and has greater insulating properties than the other ma-
terials therein. Since reference to available textbooks and
scientific publications containing tables listing the k-
values of insulating materials indicates that diatomaceous
earth has a coefficent of thermal conductivity of about
0.60 at a mean temperature of 400° F. and that asbestos
and vermiculite have coeflicients that are not substan-
tially higher, it will be apparent that linings 21 formed
essentially from the latter materials should be applied
in a thickness of .020-.250 inch as explained above in
connection with the Example 1 composition linings.
While specific K-values could not be found in published
literature for the materials perlite and alumina bubbles
in the list of heat-insulating refractories mentioned above
as being suitable high-heat insulating materials for the
purposes of this invention, such materials have high m-
sulating properties that are essentially similar toc those
of diatomaceous earth and should therefore be applied as
linings having the same thickness range. For materials
having different K-values the thickness range may be
defined as lying between

KX .020N . X250
inch and

0.60 0.60 /) meh

where K is the thermal coefficient of conductivity of the
material used expressed as B.tu.-hr.=t-ft.—2-°F-1 It
will of course be understood that the use of materials
having K-values substantially above 0.60 should be avoid-
ed since they will require increased lining thicknesses
that may have the undesired efiect of retarding the trans-
fer of heat through the mold walls after the ingot skin
has formed and thus produce larger dendrites approach-
‘ing the condition of sand castings shown in FIGURE 5.

The requirement that the lining 21 be as thin as pos-
sible and the manner in which the insulated mold of
this invention provides a heaf transfer action equivalent
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to that of a conventional iron mold after formation of
the ingot skin can be explained best by considering
in detail first the heat transfer action of a conventicnal
mold. When molten metal is teemed in a conventional
mold, the walls of the mold initially are in contact with
the molten metal and conduct heat away quite rapidly
so that the skin structure i1s formed in a relatively short
time, about 60 seconds for normal casting procedures.
However, as the metal of the skin solidifies, it contracts
and pulls away from the sides of the mold to form a
gap between the ingot skin and the mold. The formation
of this gap materially decreases the rate of heat transfer
through the mold, the effective coefficient of heat transfer
changing from that of the cast-iron mold walls to that of
the mold walls plus the gap and this change accounts for
the slower solidification period in which dendritic col-
umnar crystals are formed.

Turning now to the casting procedure of this invention,
the initial coefficient of heat transfer is that of the cast-
iron mold walls plus that of the insulating lining 23.
This coeflicient of heat transfer being less than that of a
conventional mold results in a thinner skin as explained
above. Since the skin is thinner, shrinkage will be less
and the initial gap between the surface of the skin and
the surface of the lining 21 wiil not be as great as in the
conventional mold. While the lining 21 continues to
exert its insulating effect, the smaller gap results in
a total insulating effect such that the rate of heat trans-
fer to the mold walls is substantially the same as for
the larger gap formed when ingots are cast conveniently,
and this furnishes a further test for the maximum thick-
ness of the lining 21. The thickness of the lining 21
should not exceed a dimension such that its insulating
action together with that of the gap between it and the
ingot skin is materially greater than that of the gap which
forms about the skin of a conventionally cast ingot. The
maximum thickness of the lining 21 in this respect has
not been determined since no advantage would be pro-
vided by linings of a thickness greater than the minimum
specified above.

In addition to improving ingot sub-surface structure by
minimizing slivers from nonmetallic inclusions and the
formation of cracks upon cooling and during rolling, the
reiractory insulating lining or coating of this invention
nrovides an improved ingot surface structure in that it
is effective in eliminating scabs or folds. By reason of
the high initial insulating effect of the lining 21, molten
metial surging and splashing against the sides of the coated
mold during teeming does not freeze and adhere to the
sides of the mold as in conventional casting operations.
Molten metal surging and splashing against the surface
of the coating 21 will either flow downwardly into the
body of molten metal rising in the mold or will not be
chilled to such a low temperature such that it cannot re-
pnite with the molten metal as its level rises in the mold.
Regardless of the theory of the action of the lining 21
in tnis respect, the external surface of an ingot cast
according to the present invention has a noticeably im-
proved appearance irom the standpoint of freedom of
scabs and suriace defects as compared to ingots cast con-
ventionally in uncoated cast-iron molds or molds coated
with conventional splash-repelling mold washes.

From the above, it will be apparent that the ingot of

this mvention has an improved surface and sub-surface
structure as compared to conventionally cast ingots. Its
sub-surface structure reduces the incidence of ingot
cracks resulting from an irregular growth of dendritic
columnar crystals and reduces sliver defects from sub-
surface entrapment of nonmetallic inclusions, and its sur-
face 1s relatively free of imperfections such as scabs and
the like. These improvements are obtained by applying
to the internal surfaces of a cast-iron mold a high heat
insulating lining of the character described above. Atten-
tion is particularly directed to the fact that the minimum
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thickness of such linng is one which will retard the trans-
fer of heat through the mold walls during teeming so as
to provide during this period the insulating effect of a
mold constructed entirely of a high-temperature refrac-
tory insulating material and to thereby obtain an ingot
having a skin structure of a thickness significantly less
than, and in the nature of about 5 the depth of conven-
tionally cast ingots, the internal surface of such skin
structure being smooth and of planar shape with the
dendritic columnar crystals growing inwardly therefrom
being arranged parallel and relatively free of intersecting
lines of cleavage., It will also be apparent that the lining
21 of this invention acts as a temporary thermal barrier
during the teeming period when the turbulence of the
molien metal in the mold 1s at a maximum and thus re-
sults in an ingot skin that has a planar internal surface
as described above. Its action in this respect is tempo-
rary since it becomes heated through during this period
to a temperature approaching that of the ingot metal
with the result that it loses - most of its initial temperature
gradient and its original insulating action.

While a preferred practice of the invention has been
described it will be understood that modifications may
be made without departing from the scope of the follow-
ing claims. -

We claim:

1. A method of casting steel ingots which comprises
applying to the internal surfaces of a cast-iron mold a
coating of a liquid dispersion containing solids in pro-
portions by weight comprising diatomaceous earth 20%,
glutrin 5%, ball clay 2%, bentonite 3% and silica flour
70%, drying said coating to provide an insulating lining
on said internal surfaces, said coating being applied in
an amount such that said lining when dried has a thick-
ness of between 0.020 inch and 0.250 inch, and then
teeming molten steel in said mold.

2. The method defined in claim I characterized by
applying said coating in an amount such that said lining
when dried has a thickness between 145 inch and Y& inch.

3. A method of casting steel ingots which comprises
applying to the internal surfaces of a cast-iron mold a
coating of a liquid dispersion containing solids in pro-
portions by weight comprising diatomaceous earth 20%,
glutrin 5%, ball clay 2%, bentonite 3% and silica flour
70%, drying said coating to provide an insulating lining
on said internal surfaces, and teeming molten steel in
sald mold at rates providing teeming periods of from 20
seconds to 10 minutes, said coating being applied in
amounts according to the length of the teeming period
and such that said lining when dried has a thickness of
between 0.020 inch and 0.250 inch, the thickness of said
lining being increased with teeming periods of increased
duration.

4. A method of casting steel ingots which comprises
applying to the internal surfaces of a cast-iron mold a
coating of a liquid dispersion containing solids in pro-
portions by weight comprising diatomaceous earth 20%,
glutrin 5%, ball clay 2%, bentonite 3% and silica flour
70%, drying said soating to provide an insulating lining
on said internal surfaces, and teeming molten steel in
said mold at rates providing teeming periods of from 30
seconds to 4 minutes, said coating being applied in
amounts determined by the length of the teeming period
and such that said lining when dried has a thickness of
between 142 Inch and V8 inch, the thickness of said lining
being increased with teeming periods of increased dura-
tion.

5. A method of casting steel ingots which comprises
applying to the internal surfaces of a cast-iron mold a
high-temperature insulating lining comprising an inor-
ganic refractory material and having a coefficient of
thermal conductivity (K) of substantially 0.60, teeming
molten steel in said mold at rates providing teeming pe-
riods of from 30 seconds to 4 minutes, said lining being
applied with a thickness according to the length of teem-

10

20

25

o0

40

45

50

09

60

65

12

g period and lying between 145 inch and ¥8 inch, the
thickness of said lining being increased with teeming pe-
riods of increased duration.

6. A method of casting steel ingots in cast-iron molds
which comprises applying to the internal surfaces of the
mold a refractory insulating lining having a minimum in-
sulating value effective during an initial period corre-
sponding to the time of pouring to provide the action of
a mold formed entirely of high insulating material, and
a maximum insulating value such that it is ineffective
during a subsequent period to reduce the transfer of heat
through the walls of the mold below that which is had
in a conventional uninsulated cast-iron mold, and teeming
molten steel in said mold,

7. A method of casting steel ingots which comprises
applying to the internal surfaces of a cast-iron mold an
insulating lining having a minimum thickness and heat
insulating properties effective to retard significantly the
initial rate of solidification of the ingot during an initial
period corresponding to the time of pouring as com-
pared to an ingot cast in an uninsulated cast-iron mold
and to thereby produce an ingot having a skin structure
of uniform depth with its inner surface substantially
smooth and free of wave-like irregularities and a center
portion of columnar structure in which its dendritic col-
umnar crystals are parallel and free of intersecting lines
of cleavage, said lining having a maximum thickness and
insulating properties during a period subsequent to said
initial period such that said dendritic columnar crystals
have a size comparing favorably to those obtained in
ingots cast in uninsulated cast-iron molds, and teeming
molten steel in said mold.

8. A method of casting steel ingots which comprises
applying to the internal surfaces of a cast-iron mold an
insulating lining having a thickness between maximum
and minimum limits, the minimum thickness of said lin-
g being one providing insulating properties effective to
retard the transfer of heat through the mold walls during
an 1initial period corresponding to the time of pouring
by an amount sufficient to provide the action of a mold
constructed entirely of a high heat insulating material
and to thereby obtain an ingot having a skin structure of
a transverse depth significantly less than the depth of
conventionally cast ingots, the internal surface of such
skin structure being smooth and of planar shape with
dendritic columnar crystals growing inwardly therefrom
being arranged uniformly relative to each other and free
of intersecting lines of cleavage, the maximum limit of
thickness of said lining being one providing an insulating
effect operative to provide for the transfer of heat through
the mold walls during a subsequent period, correspond-
ing to the time of completion of ingot solidification after
said initial period or pouring time when its skin is being
formed, at a rate substantially the same as is had through
the walls of a conventional uninsulated cast-iton mold,
and teeming molten steel in said mold.

9. The method defined in claim 8 characterized by
sald skin structure having a transverse depth in the na-
ture of about 15 the transverse depth of the skin struc-
ture of an ingot cast in an uninsulated cast-iron mold.

10. A steel ingot having skin and dendritic columnar
crystal structures formed by casting molten metal in a
cast-iron mold having a high heat insulating coating on
its internal surfaces, which is effective during an initial
period corresponding to the time of pouring to provide
the heat transfer action of a mold formed entirely of a

- high heat insulating material, and which is ineffective

70

5

during a subsequent period to appreciably reduce the
heat transfer through the walls of the mold below that
which is had by casting in uninsulated cast-iron molds,
said skin structure having an internal surface of planar
shape and a transverse depth significantly less than the
transverse depth of conventionally cast ingots, said den-

dritic columnar crystals extending inwardly from the in-

ternal surface of said skin structure and having a uni-
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form and parallel arrangement relative to each other
substantially free of intersecting lines of cleavage and
being of a size comparable to those in ingots cast 1in un-
insulated cast-iron molds.

11. An ingot as claimed in claim 10 characterized
by the said transverse depth of said skin structure being
in the nature of ¥ the transverse depth of the skin
structure of an ingot cast in an uninsulated cast-iron mold.

12. A method of casting steel ingots which comprises
applving to the internal surfaces of a cast-iron mold an
insulating lining having a minimum thickness and insulat-
ing properties effective to retard the transfer of heat
through the mold walls during an initial period corre-
sponding to the time of teeming metal in said mold by an
amount sufficient to provide the action of a mold con-
structed entirely of high heat insulating material and to
thereby produce an ingot having a skin structure of unt-
form depth with a substantially smooth inner surface and
center portion of columnar structure in which its dendri-
tic columnar crystals are parallel and free of intersecting
lines of cleavage, said lining having a maximum thickness
such that its insulating action plus that of the air gap that
forms between the internal surface of said lining and the
external surface of said skin structure during a subse-
quent period, corresponding to the time of completion
of ingot solidfication after said imtial period when its
skin i1s being formed, provides for the transfer of heat
through the mold walls at a rate substantially the same
as is had through the walls of a conventional uninsulated
cast-iron mold, whereby said dendritic columnar crystals
have a size comparing favorably to those obtained In
ingots cast in uninsulated cast-iron molds, and teeming
moiten steel in said mold.

13. A steel ingot of columnar structure characterized
by iis dendritic columnar crystals having the relative uni-
form and parallel arrangement of those in a casting
formed in a mold of high thermal insulating material
and having the size of those in an ingot formed in an un-
msulated cast-iron mold.

14. A steel mgot comprising an outer peripberal skin
structure of equiaxed and randomly oriented crystals hav-
ing an internal surtace of planar shape and a transverse
depth significantly less than the transverse depth of the
skin structure of an ingot cast in an uninsulated cast-iron
mold, and dendritic columnar crystals extending inwardly
from said internal surface and having a size comparing
favorably to those of an ingot cast in an uninsulated cast-
iron mold.

15. A steel ingot having a dendritic columnar structure
comprised of a skin structure and dendritic columnar

i4

crystals growing inwardly from the inner surface of said
skin structure, said skin structure having a uniform f{rans-
verse depth with its said inner surface substantially smooth
and free of wave-like irregularities, and said dendritic
5 columnar crystals having the relative unifrom and paraliel
arrangement obtained by casting in a mold fabricated
of a material having a high insulating value, said dendritic
columnar crystals further having a size comparable to
those obtained by casting in an uninsulated cast-iron mold.
10 16. A steel ingot comprising a skin structure of equi-
axed and randomly oriented crystals and an inner struc-
ture of dendritic columnar crystals extending imwardly
from said skin structure, said skin structure having an
internal surface of planar shape similar to that obtained
15 in a casting formed in a mold of said and having a trans-
verse depth significantly less than the transverse depth of
the skin structure of an ingot cast in an uninsulated cast-
iron mold, said dendritic columnar crystals extending in-
wardly from said internal surface and having the uni-
on form and parallel arrangement of those in a casting
formed in a mold of sand but having a size substantially
the same as those in an ingot cast in an uninsulated cast-

iron mold.
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