wO 2025/147478 A1 |0 00000 KA 0000 0 00

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
10 July 2025 (10.07.2025)

(10) International Publication Number

WO 2025/147478 Al

WIPO I PCT

(51) International Patent Classification:
B22D 11/049 (2006.01) B22D 11722 (2006.01)
B22D 11/055 (2006.01)

(21) International Application Number:
PCT/US2025/010034

(22) International Filing Date:
02 January 2025 (02.01.2025)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
63/617,890 05 January 2024 (05.01.2024) UsS

(71) Applicant: NOVELIS INC. [CA/US]; One Phipps Plaza,
3550 Peachtree Rd, Suite 1100, Atlanta, Georgia 30326
(US).

(72) Inventor: BISCHOFF, Todd F.; c/o Novelis Inc., 1950
Vaughn Road, Kennesaw, Georgia 30144 (US).

(74) Agent: GUEBERT, Anthony L. et al; Kilpatrick
Townsend & Stockton LLP, 1100 Peachtree Street NE, At-
lanta, Georgia 30309-4528 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

84

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, IM, JO, JP, KE, KG,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC. SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM. TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM,KE, LR,LS, MW, MZ, NA, RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU,LV,MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

(54) Title: SYSTEMS AND METHODS FOR REDUCING RATE OF CURL IN DC CASTING

(57) Abstract: A direct chill casting system includes a mold for forming an

-/- 121
100

108 L
N \ 1
[
\

10

C,

122 ——
1

ingot. The mold defines an open-ended casting cavity having a casting axis
and includes a plurality of discharge channels for discharging coolant the
ingot. The plurality of discharge channels include first discharge channels
which receive the coolant at a first flow rate and second discharge channels
which receive the coolant at a second flow rate which is different from the
first flow rate. Controllers may be at least partially within the first discharge
channels or the second discharge channels for controlling the flow rates.
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SYSTEMS AND METHODS FOR REDUCING RATE OF CURL IN BC CARTING

REFERENCE TO RELATED APPLICATION
{0061} This application claims the benefit of and prionty to U.S. Provisional Patent Application
No. 63/617.890, filed on January 35, 2024, and entitled SYSTEMS AND METHODS FOR
REDUCING RATE OF CURL IN DC CASTING, the content of which 1s hereby incorporated by

reference in it entirety.

FIELD OF THE INVENTION

[0002] Thus application relates to the casting of metals such as but not hmuted to aluminum and
alummnum alloys, and more particularly to systems and methods for reducing a rate of curl during

the casting of an ingot.

BACKGROUND

{0003} In dwrect chill casting, molten metal 15 passed into a mold cavity with a false, or moving,
bottom. As the molten metal enters the mold cavity, generally from the top, the false bottom lowers
at a rate related to the rate of flow of the molten metal The molien metal that has solidified near
the sides can be used to retam the ligud and partially guid metal in the metal surop. The metal
can be 99.9% solid (e g., fully solid}, 100% hguid, and anywhere 1o between. The metal article
resulting from the direct chill casting process can be referred to as an ingot. An ingot ray have a
generally rectangular cross section, although other cross sections may be used, such as circular or
even non-symmetric. A “butt” of the ingot refers to the portion of the ingot formed during the start
of casting, and the “head” of the ingot refers to the portion of the ingot formed at the end of casting.
The term ingot, as used herein, can be nclusive of any direct chill cast metal article, including

billets, as appropriate.

{0064] Butt curl is a known and undesired phenomena mcurred during the casting of some metals
and/or shapes, and 1s generally caused by the shrinking of some portions of the ingot relative to
other portions. Excessive butt curl may result in bleed-out situations i which molten metal escapes
during the casting process and requires that casting be aborted. A {(rapid?) rate of buit corl causes

the formation of a notch mn the butt of the ingot. Traditional approaches of yniformly discharging
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coolant on the ingot result in a rapid rate of butt curl, and therefore notches formed 1n the ingot are

relatively severe or abrupt.

{00085] After casting, ingots may be processed by roliing mills to reduce the thickness of the ingot
and produce metal products into a more usable form for further processing, such as a coil of 3
rolled aluminum sheet. As the ingots are reduced in the rolling mull, cracks may form in the edges
and grow in size with subsequent passes through the rolling null. Such cracks commonly form in
the butt of the ingot, and in particular are caused by the notch in the ingot The cracks are
undesirable and must be removed via shear cutting, edge trimming, and other similar processes,
thereby producing material waste and affecting processing efficiency of such ingots. Edge cracks
that are too deep may remain within the sheet and may not be observed until after the sheet s

cotled, thereby requiring unwrapping of the coil to access and address the edge cracks.

SUMMARY

{8606] Embodiments covered by this patent are defined by the claims below, not this summary.
This summary is a high-level overview of various embodiments and mtroduces some of the
concepts that are further described in the Detailed Description section below. This summary is not
mtended to identify key or essential features of the claimed subject matter, nor 1s it intended to be
used in 1solation to determine the scope of the claimed subject matter. The subject matter should
be understood by reference to appropriate portions of the entire specification of this patent, any or

all drawings, and each claim.

{0087} According to certain embodiments, a direct chill casting system includes a mold for
forming an tngot. The mold defines an open-ended casting cavity with a casting axis and further
mcludes a plurality of discharge channels to discharge coolant onto the ingot. Each discharge
channel includes an input aperture for receiving the coolant and a discharge aperture for
discharging the coolant. In various embodiments, a first discharge channel of the plurality of
discharge channels receives the coolant at a first flow rate and a second discharge channel of the
plurality of discharge channels receives the coolant at a second flow rate different from the first

flow rate.

{0008} According to various embodiments, a direct chill casting system includes a mold for

forming an ingot. The mold defines an open-ended casting cavity having a casting axis and

]

SUBSTITUTE SHEET (RULE 26)



WO 2025/147478 PCT/US2025/010034

mcludes a plurality of discharge channels to discharge coolant onto the ingot. A controlier may be
positioned at least partially within a first discharge channel of the plurality of discharge channels
such that a flow rate of coolant discharged by the first discharge channel is different from a flow

rate of coolant from a second discharge channel of the plurality of discharge channels.

{008%] According to some embodiments, a direct chill casting system includes a mold for forming
an mgot. The mold defines an open-ended casting cavity having a casting axis and includes a
plurality of discharge channels to discharge coclant onio a rolling face of the ingot. The plurality
of discharge channels include first discharge channels which receive the coolant at a first flow rate
and second discharge channels which receive the coolant at a second flow rate different from the

first flow rate,

{0018} According to certain embodiments, a direct chill casting system includes a mold for
forming an ingot having opposing rolling faces. The mold defines an open-ended casting cavity
having a casting axis and includes a plurality of discharge channels to discharge coolant onto a
first rolling face of the opposing rolling faces of the ingot. In certain emboduments, the plurality
of discharge channels includes first discharge channels and second discharge channels, and a flow
rate of coolant through the first discharge channels 15 adjustable and such that the flow rate of
coolant from the first discharge channels 1s different from the flow rate of coolant from the second

discharge channels.

{0011} According to various embodiments, a method of casting an ingot includes receiving
molten metal in the casting cavity defined by a mold and causing a bottom block 1o move away
from a lower end of the mold. The method includes discharging coolant from the pluraliy of
discharge channels of the mold at varyving flow rates onto a rolling face of the ingot emerging from
the mold as the bottom block moves away from the lower end of the mold by varying the flow rate

of coolant received by the pluraliy of discharge channels.

[8012] According to various embodiments, a direct chill casting system includes a mold for
forming an got. The mold defines an open-ended casting cavity with a casting axis and further
mcludes at least one discharge channel configured to discharge coolant onto the mgot. Tn various
embodiments, the discharge channel mcludes a plurality of nput apertures for receiving the
coolant and a plurality of discharge apertures for discharging the coolant, and the plurality of input

apertures are fludly connected to the plurality of discharge apertures. In some embodiments, a

SUBSTITUTE SHEET (RULE 26)



WO 2025/147478 PCT/US2025/010034

first input aperture of the plurality of input apertures may recetve the coolant at a first flow rate,
and a second mput aperture of the plurality of input apertures may receive the coolant at a second

flow rate different from the first flow rate.

{8613} According to some embodiments, a direct chill casting system includes a mold for forming
an ingot, where the mold defings an open-ended casting cavity having a casting axis and mcludes
at least one discharge channel configured to discharge coolant onto the ingot In various
embodiments, the at least one discharge channel includes a plurality of mput apertures and of
discharge apertures fluidly connected to the plurality of input apertures. In some embodiments, a
controller may be at least partially within at least one nput aperture of the plurality of mput
apertures of the at least one of discharge channel such that a flow rate of coolant discharged by the
at least one input aperture 1s different from a flow rate of coolant from another mput aperture of

the at least one discharge channel.

{0014} According to certain embodiments, a direct chill casting system includes a mold for
forming an ingot. The mold defines an open-ended casting cavity having a casting axis and the
mold comprises at least one discharge channel configured to discharge coolant onto a rolling face
of the ingot. In some embodiments, the at least one discharge channel includes first input apertures
configured to receive the coolant at a fust flow rate and second input apertures configured to

receive the coolant at a second flow rate which 15 different from the first flow tate.

{0015} Various mmplementations described herein can include additional systems, methods,
features, and advantages, which canvot necessarily be expressly disclosed herein but will be
apparent to one of ordinary skill in the art upon exanunation of the following detatled description
and accompanying drawings. It 15 intended that all such systems, methods, features, and

advantages be included within the present disclosure and protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

{8016] The specification makes reference to the following appended figures, in which use of hike

reference numerals in different figures 15 intended to illustrate like or analogous components.
{8617} FIG 1 dlustrates a metal casting system according to embodiments.

{0018} FIG 2 1s a sectional view of a portion of the metal casting system of FIG. 1 taken from

box 2 1 FIG. 1.
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{8018} FIG 3 15 a schematic top view of a portion of the metal casting system of FIG. 1.
{8020] FIG 415 asectional view of a portion of a metal casting system according to embodiments.
{8021} FIG. 51 a schematic top view of a portion of the metal casting system of FIG. 4.

{8022} FIG. 6 15 a schematic top view of a portion of a metal casting system according to

embodiments.

{8023] FIGS. 7A-B iHustrate notches in mgots.

DETAILED DESCRIPTION

[00624] Described herein are systems and methods for reducing and/or controlhing rate of butt curl
formation m ngots during casting. In certain embodiments, reducing and/or controlling the rate of
butt cur] formation may reduce a severity of a notch formed in the ingot, thereby reducing edge
cracking traditionally caused by the notch i the ingot. In various embodiments, reducing the
severtty of the notch using the systems and methods described heretn may reduce initiation points
of a crack and/or may reduce iquation n the area of the notch. In some embodiments reducing the
rate of curl may reduce bleed-outs from the curl, thereby increasing safety (e g., bleed-outs can
cause explosions} and improving processing performance (e.g., bleed-outs lead to lost casting

time}.

{8025] In certain embodiments, the systems and methods described herein reduce the rate of butt
curl by providing variable flow of coolant across a surface of an mgot, such as but not hmuted to a
rolling face of the ingot. Modifying the flow of coolant across the surface of the ingot may smooth
out and/or reduce the severity of the notch formed in the ingot. While the following description
makes reference to providing variable flow of coolant across a rolling face of the ingot as the
surface of the mngot, in other embodiments, the systems and methods described herein may be
utilized on any section of a mold and/or any surface of an into. Modifving the flow of coolant may

further make the casting process more robust and consistent while reducing edge cracking.

{80626] In some embodiments, the systems and methods described herein may discharge coolant
from dispensing channels in a mold of the casting system. The dispensing channels generally

39 o

imclude an input aperture {also known as a “baffle hole™} for receiving a flow of coclant and a

discharge aperture {also known as a “jet hole™} for discharging the coolant onto the mgot. The
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systems and methods described herein may provide variable flow of coolant onto the ingot by
controlling the flow rate of coolant at and/or through the input aperture. In some embodiments,
controlling the flow rate at the mput aperture may include permanently changing a size {e.g.,
transverse dimenston) of the input aperture and/or utilizing one or more controllers at least partiaily
within the input aperture. Non-limiting examples of controllers may inchide wires, inserts, holiow
sleeves, and/or other devices suitable for controlling the flow rate through the mput aperture. In
certain embodiments, controlling the flow rate at the input aperture may provide an improved
and/or icreased impact on the flow of coolant as the input apertures are typically smaller than the

discharge apertures.

{80627] The cooling provided by the systems and methods described herein may provide various
cooling and/or heat transfer profiles across a rolling face of the ingot. In some embodiments, the
systems and methods described herein may provide non-uniform cooling and/or heat transfer
profiles across the rolling face of the ingot. In one non-limiting example, the systems and methods
described herein provide a heat transfer profile with less heat transfer at a center portion of the
rolling face compared to edge portions (e g, resulting in a higher temperature at the center portion
of the rolling face), which may reduce a rate of butt curl. Other profiles may be realized using the

systems and methods described herem.

[0028] Varwous other benefits and advantages may be realized with the systems and methods
described herein, and the aforementioned benefus and advantages should not be considered

futing.

[8028] FIGS. 1-3 ilustrate an example of a direct chdl (D) casting systern 100 for casting an
ingot 110 according to various embodiments. The mgot 110 cast by the DC casting system 100
may be various metals as desired, including but not himited to alununum, aluminum alloys, steel,
or other metals as deswred. In some examples, the mngot 110 may be alumioum or an aluminum

alloy 1n the Txxx series, 2xxx series, Ixxx series, dxxx series, Sxxx series, 6xxx series, 7xxx series,

Bxxx sertes and/or any other aluminum or alumunum alloy.

[8038] The DC casting system 100 generally ncludes an open-ended mold 104 Molten
metal 102 may be introduced into a mold cavity 105 of the mold 104 through a mold 1nlet 106 and

emerge as the ingot 110 from a mold outlet 108, The ingot 110 emerging from the mold outlet 108
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generally includes opposing rolling faces 111, 113 {1 e, faces defining a width of the ingot 110},

and a distance 131 between the faces 111, 113 15 generally a thickness of the mgot 110

{0031} The mgot 110 being cast can include metal i various stages of sohdification mcluding
solidified metal 112, transitional metal 115, and molten metal 117, In particular, the upper part of
the igot 110 may have the molten metal 117 that forms an inwardly tapering sump within the
region of solidified metal 112 of the ingot 110. As the distance from the mold outlet 108 increases
{via a movable bottom block 119}, the core of the ingot cools, and the region of solidified metal
112 of the ingot continues to thicken until a completely solid cast ingot 110 1s formed at a certain

distance below the mold outlet 108,

{8632] The mold 104 may be various types of molds as desired. In certain embodiments, and as
discussed in greater detail below with reference to FIGS. 2 and 3, the mold 104, which may be
mternally cooled with a coolant such that the mold 104 has cooled casting surfaces, provides tnitial
primary cooling of the molten metal and peripherally confines and cools the molten metal to start
formation of the region of solidified metal 112 of the ingot 110. The cooling metal moves out and
away from the mold 104 through the mold outlet 108 along a casting axis 121, As illustrated in
FIG. 1, coolant 122 15 directed from the mold 104 onto the outer surface of the ingot 110 as 1t
emerges from the mold 104 in order to provide secondary cooling that thickens the region of
sohidified metal 112 and enhances the cooling process. The coolant may be a hquid, meluding but

not tumntted to water.

[0033] Referning to FIGS. 2 and 3, the mold 104 generally ncludes a body 114, Optionally, and
depending on the type of mold 104, the mold 104 may include a casting surface member 123
supported on the body 114, The casting surface member 123 forms a casting surface 125 of the
mold 104 and may be various materials as desired, such as but not imited to graphite or other
casting surface materal. The casting surface member 123 may be supported on the body 114 using
various technigues as desired, such as but not houted to adbesives, mechanical means, and/or as
otherwise desired. In other embodiments, the casting surface member 123 15 onutted, and other

mold technologies may be utihized as the mold 104,

{0034] The body 114 of the mold 104 defines one or more coolant chambers 116 for coolant. In
the embodiment iHostrated, the body 114 includes two coolant chambers 116A-B, although the

number of coolant chambers 116 should not be considered limiting, and i other embodiments,

~J
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fewer or additional coolant chambers 116 may be otilized. Along a perimeter of the mold 104, the
chambers 116 may be continuous and/or may be subdivided into sections as desired. Optionally, a
top cover 118 and/or a bottom cover 120 may be removable from and/or attachable to the body
114 and to provide selective access to the coolant chambers 116, When the covers 118, 120 are

mcluded, one or more sealing members 127 may be utilized to seal the coolant chambers 116

{8635] In addition to the one or more coolant chambers 116, the body 114 of the mold 104
mcludes one or more discharge channels 124 for receiving coolant from the one or more coolant
chambers 116 and discharging the coolant 122 onto the ingot 110, Each discharge channel 124
mncludes one or more baffle or input apertures 126 and one or more jet or discharge aperture 128,
As a non-limiting example, in some embodiments, a discharge channel 124 may include a single
mput aperture 126 and a single discharge aperture 128, As additional non-limiting examples, in
certatn embodiments, a discharge channel 124 may include a plurality of input apertures 126
fluidly connected to a single discharge aperture 128, a plurality of mput apertures 126 fluidly
connected to a plurality of discharge apertures 128 and/or a single input aperture 126 fldly
connected to a plurality of discharge apertures 128, As such, the particular arrangement of the one

or more discharge channels 124 dlustrated should not be considered imiting.

[0036] In some embodiments, the input aperture 126 may have a transverse dimension {e.g.,
diameter} less than that of the discharge aperture 128, although 1t need not in other embodiments.
The wnput aperture 126 recerves a flow of coolant from the corresponding coolant chamber 116,
and coolant flows through the discharge channel 124 from the input aperture 126 1o the discharge
aperture 128, The coolant 1s thereby discharged from the discharge aperture 128 of the discharge
channel 124 toward the ingot 110, In some embodiments, and as illustrated 0 FIG. 3, a chamber
or groove portion 129 may connect a plurality of mput apertures 126 and a plurality of discharge
apertures 128, In the example illustrated, the nput apertures 126 may be offset relative to the
discharge apertures 128, In such embodiments with the groove portion 129 connecting a plurality
of mput apertures 126 and/or a plorality of discharge apertures 128, controlling the flow rates of
coolant recetved by any mput aperture 126 (discussed mn detail below} may affect the flow of

coolant from one or more discharge apertures.

{8037] Various configurations of discharge channels 124 and/or molds may be utilized, and the

particular configuration of discharge channels 124 iHlustrated should not be considered hmiting,
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As such, the particular arrangement of the mold 104, the body 114, the coolant chambers 116, and
discharge channels 124 should not be considered himiting. As a non-limiting example, compared
to the mold 104, another suitable mold may mnciude a single coolant chamber, such as but not
fimited to a configuration of a water hole mold. In this example, a baffie plate may be provided
within a chamber defined by the body of the mold, thereby sub-dividing the chamber into a main
chamber and a baffle chamber {defined between the mold body and baffle plate}. Input apertures
may be defined in the baffle plate, and the baffle chamber may fluidly connect the input apertures
with a plurality of discharge apertures. In this example, the baffle chamber connects a plurality of
mput apertures and/or a plurality of discharge apertures, and similar to the mold 104, controlling
the flow rates of coolant received by any input aperture may affect the flow of coolant from one
or more discharge apertures. In another non-hmiting example, a mold may have two chambers
simtlar to the mold 104, and each mnput aperture 126 1s inline with and connected to a particular
discharge channel 128, and a connecting groove portion 129 may be omitted. In this example,
compared to the mold 104, conirolling the flow rate of coolant received by an mput aperture will
only affect the flow of coolant from one discharge apertures 128 (e.g., the corresponding discharge

aperture}. See, eg., FIG 5.

[0038] In certain embodiments, the discharge channels 124 are controlled such that, across a
rolling face of the ingot 110 (e.g., rolling face 111 and/or rolling face 113}, the mold 104 discharges
a varving and/or non-uruform flow of coolant. Varying the flow of coolant across the rolling face
thereby varies the heat transfer occurring at different portions of the rolling face In ove non-
hmiting example, the discharge channels 124 are controlled to decrease cooling i a center portion
of a rolling face relative to side portions of the rolling face (1.¢., the center of the rolling face may
have a higher temperature relative to side portions of the rolling face). However, in other
embodiments, vartous cooling and/or heat transfer profiles may be realized by varying the flow of

coolant.

[0038] In vanous embodiments, the discharge channels 124 are controlled to provide varying
and/or non-uniform flow of coolant by controlling a flow rate of coolant received by the discharge
channels 124 in the mput apertures 126, Accordingly, m certain embodiments, across one of the
roiling faces of the ingot 110, one or more discharge channels 124 may receive the coolant at 3

first flow rate and one or more discharge channels 124 may receive coolant at a second flow rate
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different from the first flow rate. Moreover, while two received flow rates of coolant are discussed,
m other embodiments, any number of different flow rates may be provided to the discharge
channels 124, Non-limiting examples of systems and methods for varying the flow rates received
by the discharge channels 124 are described in detail below, but the below examples should not be
considered limiting. The systems and methods for varying the flow rates of coolant received by
the discharge channels 124 may be permanently provided with the mold 104 {e.g., fixed and/or
unchanging), and/or may be adjustable as desired. In one non-limiting example and as discussed
m detail below, the flow rate of coolant received by one or more discharge channels 124 may be
automatically adjustable {e g., using actuators and/or other techniques or mechanisms as desired).
In some embodiments, varying the flow rate of coolant recetved by the discharge channels 124
may nclude at least partially obstructing one or more input apertures 126 that are of uniform size
{see, e.g, FIGS. 2-5), modifving the size of the input apertures 126 (see, e.g, FIG 6}, and/or
combimations thereof. While the below examples are discussed in the context of two different flow
rates {or zoues of flow on the mold 104), the mold 104 may mclude a plurality of zones of ditferent
flow, such as two zones, three zones, four zones, five zones, 31X zones, seven zones, eight zones,
nine zones, ten zones, and/or more than ten zones of dufferent flow as deswed. The plurality of
zones of flow may be achieved by varying the presence of a controller 130 (discussed below), a
characteristic of the controller 130, sizes of the mput apertures 126, geometries of the wnput

apertures 126, and/or as otherwise desired.

[6046] In some embodiments, the flow rate of coolant received by one or more discharge channels
124 1s controlled by one or more controllers 130 positioned at least partially within an mnput
aperture 126, The controllers 130 may be various devices or mechanisms as desired suitable for
occluding the 1nput aperture 126, such as but not limited to mserts, slegves, plugs, wires, pins,
combinations thereof, and/or other suitable devices as desired. In embodiments with a plurality of
controllers 130, the controllers 130 may be a same type of controlier {e.g., all 1nserts) and/or the
controllers 130 may be various combinations of controllers. Moreover, for a given type of
controller 130, a characteristic of the controller 130 may be varied to provide a plurality of zones
of flow on the mold 104, As non-limiting examples, wiring may be provided as the controllers
130, but the wires may be provided n three different gauges or sizes to provide at least three

different flow rates.

10
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{0041} In the embodiment of FIGK. 2 and 3, the controllers 130 are wires 136 positioned at least
partially within one or more input apertures 126. Referring to FIG. 3, by positioning the wires 136
as controllers 130 within some of the input apertures 126, the mold 104 may include one or more
first input apertures 126A which receive coolant at a first flow rate and one or more second input
apertures 1268 which receive coolant at a second flow rate different from the first flow rate. The
number, pattern, and/or arrangement of controllers 130 thereby defining the first mnput apertures

126 A and input apertures 1268 1s for tllustrative purposes and should not be considered himiting.

{8042] In some embodiments, the wires 136 as controllers 130 may have a same diameter and/or
different diameters as desired. As a non-limiting example, some wires 136 may have a first
diameter for providing a first amount of obstruction of the input aperture 126 while other wires
136 may have a second diameter providing a second {or different} amount of obstruction of the
mput aperture 126 The mold 104 with wires 136 having different diameters may provide further

varying and/or non-uniform flow of coolant as desired.

{6043} Insome embodiments, the wires 136 as controllers 130 may be permanently positioned at
least partially within the corresponding input apertures 126, In other embodiments, the wires 136
may be removably supported using various techniques as desired such that the wires 136 may be
positioned within and removed from a particular input aperture 126 as desired. Removable wires
136 may allow for the mold 104 to be modified as desired to provide a desired flow of coolant,
thereby providing improved performance and modulanty to the system 100 to perform various
casting processes without requiring the expense of a new mold 104, Tn embodiments where the
wires 136 are removable, the wires 136 optionally may be automatically removable and/or
positionable relative to the 1oput apertures 126, As a non-himiting example, an actuator may be
coupled to one or more wires 136 to automatically position the wire 136 within the input aperture
126, remove the wire 136 from the mput aperture 126, and/or to change the wire 136 {e. g, change
from a wire with a smaller diameter to a wire with a large diameter}.

[0044] FIGS. 4 and 5 dlustrate a DC casting system 400 that 15 substantially simiar to the DC
casting system 100 except that the mold 104 mcludes hollow sleeves 432 as the controllers 130 to
vary the flow rates that the discharge channels 124 receive the coolant 10 the mput apertures 126,
In addition, compared to the DC casting system 100, a discharge channel 124 nclodes an mput

aperture 126 with a corresponding discharge aperture 128, and an optional connecting portion 429

11
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connects the corresponding input apertures 126 and discharge aperture 128. In other embodiments,
the connecting portion 429 may be omitted. In this example, the sleeves 432 may be at least
partially positioned within one or more of the input apertures 126, and the coolant flows through
mner passages 434 of the sleeves 432, thereby controlhing the flow rate of coolant into the
discharge channels 124 Similar to the wires 136 as conirollers 130, the number, pattern, and
arrangement of sleeves 432 should not be considered hmiting. Moreover, while in some
embodiments the sleeves 432 may be the same, in other embodiments, they need not. As a non-
inmiting example, the inner passage 434 of one sleeve 432 may have a diameter less than that of
another sleeve 432 Simular to the wires 136, the sleeves 432 may be fixed relative to the mold 104
and/or may be removable from the mold 104 as desired. Optionally, the sleeves 432 may be

automatically positionable relative to the input apertures 126 using one or more actuators.

{8045] In another embodiment, the sleeves 432 need not be hollow, and instead the sleeves 432
may be plugs positioned within one or more input apertures 126. In this embodiment, the sleeves
432 as plugs may fully plug or restrict flow through the mput apertures 126 1 which they are
positioned. The plugging of the input apertures 126 may be arranged on the mold 104 to provide

variable flow in the discharge apertures 128

[0046] FIG 6 ilustrates another example of DC casting system 600 that 1s similar to the DC
casting system 100, Compared to the DC casting system 100 mn which unuformly-sized input
apertures 126 were controlled with one or more controllers 130, 1 the DC casting system 600, the
input apertures 126 have a nov~uniform size across the rolling face of the mngot 110 In this
example, the mold 104 includes one or more first wput apertures 126A with a first transverse
dimension o receive coolant at a first flow rate and one or more second nput apertures 1268
having a second travsverse dimension (that s different from the first transverse dimension} to
receive coolant at a second flow rate different from the furst flow rate. Additional discharge
channels 124 having mnput apertures 126 with different transverse dimensions may be utilized as
desired, and the number, pattern, and/or size of the input apertures 126 tlustrated in FIG. 6 should

not be considered hmiting.

{8047} In certain embodiments, one or more controllers 130 may be utihized with the mold 104
having non-aniform imput apertures 126, As a non-limiting example, the wires 136 and/or the

sleeves 432 as controllers 130 may be posttioned at least partially within one or more of the non-

12
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uniform input apertures 126 to further vary the flow rate of coolant received by the discharge

channels 124,

{0048] FIG 7A ilustrates an mgot 710A formed using the systems and methods described herein
with variable flow of coolant across the mgot, and FIG. 7B ilfustrates an ingot 7108 formed using
traditional approaches with uniform apphication of coolant. As illustrated in FIG. 7A, a notch 751A
formed n the ingot 710A 1s relatively reduced or gradual, while a notch 751B formed in the ingot
7108 is relatively severe and abrupt. During rolling, the severe notch 7518 is more susceptible to

edge cracking.

{004%] A collection of exemplary embodiments is provided below, including at least some
exphicitly enumerated as an “lllustration” providing addstional description of a variety of example
embodiments in accordance with the concepts described herein. These illustrations are not meant
to be mutually exclusive, exhaustive, or restrictive; and the disclosure not imited to these example
illustrations but rather encompasses all possible modifications and variations within the scope of

the issued claims and their equivalents.

{0050} Ilustration 1. A direct chill casting system comprising a mold for forming an ingot,
wherein the mold defines an open-ended casting cavity with a casting axis and further comprises
a plurality of discharge channels configured to discharge coolant onto the mmgot, wherein: each
discharge channel comprises an input aperture for receiving the coolant and a discharge aperture
for discharging the coolant; a first discharge channel of the plurality of discharge channels is
configured to receive the coolant at a first flow rate; and a second discharge chanuvel of the pluraliy
of discharge channels is configured to receive the coolant at a second flow rate different from the

first flow rate.

{0051} THustration 2. The divect chull casting systern of any preceding or subsequent 1llustration
or combination of illustrations, further comprising a controller at least partially within the mput
aperture of the first discharge channel and such that the coolant 1s received n the first discharge

channel at the first flow rate.

[0032] Tilustration 3. The divect chull casting systern of any preceding or subsequent 1Hlustration
or combination of dlustrations, wherein the controller comprises at least one of a sleeve, a wire, or

an mnsert.
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10053} Hlustration 4. The direct chill casting system of any preceding or subsequent illustration
or combination of illustrations, wherein the controller 1s a first controller, and wherein the direct
chill casting system further comprises a second controller at least partially within the input aperture
of the second discharge channel and such that the coclant is received i the second discharge

channel at the second flow rate.

{6054] llustration 5. The direct chill casting system of any preceding or subsequent iHustration
or combination of illustrations, wherein the plurality of discharge channels comprises a plurality
of first discharge channels and a plurality of second discharge channels, wherein the plurality of
first discharge channels are configured to discharge coolant on a first portion of a rolling face of
the ingot, and wherein the plurality of second discharge channels are configured to discharge

coolant on a second portion of the rolling face of the ingot.

{0055] Dustration 6. The direct chill casting system of any preceding or subsequent illustration
or combination of illustrations, wherein the first discharge channels and the second discharge
channels are arranged in the mold such that the flow rate of coolant discharged across a rolling

face of the mngot s non-uniform.

{0056] Dlustration 7. A direct chill casting system comprising: a mold for forming an mgot,
wherein the mold defines an open-ended casting cavity having a casting axis and comprises a
plurality of discharge channels configured to discharge coolant onto the ingot; and a controller at
least partially within a first discharge channel of the plurality of discharge channels such that a
flow rate of coolant discharged by the first discharge channel 15 different from a flow rate of

coolant from a second discharge channel of the plurality of discharge channels.

[0057] Dlustration 8. The direct chill casting system of any preceding or subsequent dlustration
or combination of illustrations, wherem the controller comprises at least one of a sleeve, a wite, or

an insert.

[0038] Tilustration 9. The divect chull casting systern of any preceding or subsequent 1llustration
or combination of ilustrations, wherein the controller 1s removable from the first discharge

channel.

[0059] Dustration 10, The direct chill casting systern of any preceding or subsequent dlustration

or combination of illustrations, wheremn the controller s at least partially within the first discharge

14
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channel such that the flow rate of coolant received by the first discharge channel 15 less than the

flow rate of coolant received by the second discharge channel.

{0060} IHustration 11. The direct chill casting system of claim 7, wherein the controller s a first
controller of a plurality of controllers, wherein each controller of the plurality of controllers s
positioned at least partially within a corresponding discharge channel of the plurality of discharge

channels.

{0061} Illustration 12. A direct chill casting system comprising: a mold for forming an ingot,
wherein the mold defines an open-ended casting cavity having a casting axis and comprises a
plurality of discharge channels configured to discharge coolant onto a rolling face of the mngot,
wherein the plurality of discharge channels comprises: first discharge channels configured to
recetve the coolant at a first flow rate; and second discharge channels configured to receive the

coolant at a second flow rate, wherein the second flow rate is different from the first flow rate.

{0062} IHustration 13. The direct chill casting system of any preceding or subsequent illustration
or combination of illustrations, further comprising controllers within each of the first discharge
channels such that that the coolant 1s received at the first flow rate, wherein the controllers

comprise one or more of sleeves, wires, or inserts.

{0063} IHustration 14. The direct chill casting system of any preceding or subsequent illustration
or combination of illustrations, further comprising controllers within each of the first discharge
channels such that that the coolant 15 received at the first flow rate, wherein the controllers are first
controllers, and wherein the direct chill casting system further comprises second controllers at least
parttally within each of the second discharge channels and such that the coolant is received at the

second flow rate.

{0064} [Hustration 15. The direct chill casting system of any preceding or subsequent illustration
or combination of ilustrations, wherein the first controliers and the second controllers each

comprise one or ore of sleeves, wires, or inserts.

[0065] DHustration 16, The direct chill casting systern of any preceding or subsequent dlustration
or combination of illustrations, wherein the fust controliers and the second controllers are a samse

type of controiler.

[
L]
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{0066] IHustration 17. The direct chill casting system of any preceding or subsequent illustration
or combination of ilustrations, further comprising controllers within each of the first discharge
channels such that that the coolant is received at the first flow raie, wherein at least one of the

controllers 1s removable from the corresponding first discharge channel.

{0067} Illustration 18 A direct chill casting system comprising 8 mold for forming an ingot
having opposing rolling faces, wherein the mold defines an open-ended casting cavity having a
casting axis and comprises a plurality of discharge channels configured to discharge coolant onto
a first rolling face of the opposing rolling faces of the ingot, wherein the plurality of discharge
channels comprises first discharge channels and second discharge channels, and wherein a flow
rate of coolant through the first discharge channels 15 adjustable and such that the flow rate of
coolant from the first discharge channels 1s different from the flow rate of coolant from the second

discharge channels.

{0068] [Hustration 19. The direct chill casting system of any preceding or subsequent illustration
or combination of dlustrations, further comprising controllers at least partially within the first
discharge channels and such that the flow rate of coolant from the first discharge channels is

ditferent from the flow rate of coolant from the second discharge channels.

{0069} [Hustration 20. The direct chill casting system of any preceding or subsequent illustration
or combination of illustrations, wherein the controllers comprise one or more of sleeves, wires, or

nserts.

{6070] Hlustration 21. The direct chill casting system of any preceding or subsequent tlustration
or combination of illustrations, wherein the flow rate of coolant through the first discharge

channels s automatically adjustable.

{0071} IHustration 22 A method of casting an ingot, the method comprising. receiving molten
metal n the casting cavity defined by the mold of any preceding or subsequent llustration or
combination of illustrations and causing a bottom block to move away from a lower end of the
mold, wherein the bottom block nutially closes the lower end of the mold cavity; and discharging
coolant from a plurality of discharge channels of the mold at varying flow rates onto a rolling face
of the ingot emerging from the mold as the bottomn block moves away from the lower end of the

mold by varying the flow rate of coolant received by the plurality of discharge channels.

i6
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{0072} Illustration 23. A direct chill casting system comprising a mold for forming an ingot,
wherein the mold defines an open-ended casting cavity with a casting axis and further comprises
at least one discharge channel configured to discharge coolant onto the ingot, wherein: the
discharge channel comprises a plurality of input apertures for receiving the coolant and a plurahity
of discharge apertures for discharging the coclant, wherein the plurality of input apertures are
fluidly connected to the plurality of discharge apertures; a first input aperture of the plurality of
mput apertures 1s configured to recetve the coolant at a first flow rate; and a second input aperture
of the plurality of input apertures is configured to receive the coolant at a second flow rate different

from the first flow rate.

{0073] Dlustration 24, A direct chall casting system comprising: a mold for forming an ingot,
wheretn the mold defines an open-ended casting cavity having a casting axis and wherein the mold
comprises at least one discharge channel configured to discharge coolant onto the ingot, wherein
the at least one discharge channel comprises a plurality of input apertures and of discharge
apertures fluidly connected to the plurality of input apertures; and a controller at least partially
within at least one input aperture of the plurality of input apertures of the at least one of discharge
channel such that a flow rate of coolant discharged by the at least ove nput aperture 18 different

from a flow rate of coolant from another mput aperture of the at least one discharge channel,

[00674] Dlustration 25, A dwrect chill casting system comprising: a mold for forming an mgot,
wherein the mold defines an open-ended casting cavity having a casting axis and wherem the mold
comprises at least one discharge channel configured to discharge coolant onto a rolling face of the
ingot, wherein the at least one discharge channel comprises: first nput apertures configured to
receive the coolant at a first flow rate; and second input apertures configured to recewve the coolant

at a second flow rate, wherein the second flow rate 1s different from the first flow rate.

[0675] The subject matter of embodiments of the present disclosure 18 described here with
specificity to meet statutory requirements, but this description 1s not necessarily ntended to luvut
the scope of the claims. The claimed subject matier may be embodied 1n other ways, may oclude
different elements or steps, and may be used 1o conjunction with other existing or future
technologies. This description should not be mterpreted as wmplving any particular order or
arrangement among or between various steps or elements except when the order of individual steps

or arrangement of elements is explicitly described. Directional references such as “up,” “down,”
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2

“top,” “bottom,” “left,” “right” “vertical,” “horizontal,” “lateral,” “longitudinal,” “front,” and
“back,” among others, are intended to refer to the orientation as iHusirated and described in the
figure {(or figures) to which the components and directions are referencing.

LRI 5% 64,

{8676] The terms “comprising,” “having,” “including,” and “containing” are to be construed as
open-ended terms (1e., meaning “including, but not limited t0,”) unless otherwise noted.
Recitation of ranges of values herein are merely intended to serve as a shorthand method of
referring individually to each separate value falling within the range, or gradients thereof, unless
otherwise indicated herein, and each separate value 15 mcorporated nto the specification as if it
were individually recited herein. All methods described herein can be performed in any suitable
order unless otherwise indicated herein or otherwise clearly contradicted by context. The use of
any and all examples, or exemplary language (e.g., “such as”) provided herein, 15 intended merely
to better tlluminate embodiments of the invention, and does not pose a himitation on the scope of

the invention unless otherwise claimed. No language in the specification should be construed as

mdicating any non-claimed element as essential to the practice of the invention.

{8077} The above-described aspects are merely possible examples of implementations, merely
set forth for a clear understanding of the principles of the present disclosure. Many variations and
maodifications can be made to the above-described embodiment(s} without departing substantially
from the spinit and principles of the present disclosure. All such modifications and vanations are
mtended to be mncluded heremn within the scope of the present disclosure, and all possible claims
to mdividual aspects or combinations of elements or steps are intended to be supported by the
present disclosure. Moreover, although specific terms are eroployed herein, as well as i the claims
that follow, they are used only in a genenc and descriptive sense, and not for the purposes of

Iimiting the described embodiments, nor the clairos that follow.
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CLAIMS
That which is claimed:

1. A direct chill casting system comprising a mold for forming an ingot, wherein the mold defines
an open-ended casting cavity with a casting axis and further comprises a plurality of
discharge channels configured to discharge coolant onto the ingot, wherein:

each discharge channel of the plurality of discharge channels comprises an input aperture for
receiving the coolant and a discharge aperture for discharging the coolant;

a first discharge channel of the plurality of discharge channels is configured to receive the
coolant at a first flow rate; and

a second discharge channel of the plurality of discharge channels is configured to receive the

coolant at a second flow rate different from the first flow rate.

2. The direct chill casting system of claim 1, further comprising a controller at least partially within
the input aperture of the first discharge channel and such that the coolant is received in the

first discharge channel at the first flow rate.

3. The direct chill casting system of claim 2, wherein the controller comprises at least one of a

sleeve, a wire, or an insert.

4. The direct chill casting system of claim 2, wherein the controller is a first controller, and wherein
the direct chill casting system further comprises a second controller at least partially within
the input aperture of the second discharge channel and such that the coolant is received in

the second discharge channel at the second flow rate.

5. The direct chill casting system of claim 1, wherein the plurality of discharge channels comprises
a plurality of first discharge channels and a plurality of second discharge channels, wherein
the plurality of first discharge channels are configured to discharge coolant on a first
portion of a rolling face of the ingot, and wherein the plurality of second discharge channels

are configured to discharge coolant on a second portion of the rolling face of the ingot.
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6. The direct chill casting system of claim 1, wherein the plurality of first discharge channels and
the plurality of second discharge channels are arranged in the mold such that on overall

flow rate of coolant discharged across a rolling face of the ingot is non-uniform.

7. A direct chill casting system comprising:

a mold for forming an ingot, wherein the mold defines an open-ended casting cavity having a
casting axis and wherein the mold comprises a plurality of discharge channels
configured to discharge coolant onto the ingot; and

a controller at least partially within a first discharge channel of the plurality of discharge
channels such that a flow rate of coolant discharged by the first discharge channel is
different from a flow rate of coolant from a second discharge channel of the plurality of

discharge channels.

8. The direct chill casting system of claim 7, wherein the controller comprises at least one of a

sleeve, a wire, or an insert.

9. The direct chill casting system of claim 7, wherein the controller is removable from the first

discharge channel.

10. The direct chill casting system of claim 7, wherein the controller is at least partially within the
first discharge channel such that the flow rate of coolant received by the first discharge

channel is less than the flow rate of coolant received by the second discharge channel.

11. The direct chill casting system of claim 7, wherein the controller is a first controller of a
plurality of controllers, wherein each controller of the plurality of controllers is positioned
at least partially within a corresponding discharge channel of the plurality of discharge

channels.
12. A direct chill casting system comprising:

a mold for forming an ingot, wherein the mold defines an open-ended casting cavity having a

casting axis and wherein the mold comprises a plurality of discharge channels
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configured to discharge coolant onto a rolling face of the ingot, wherein the plurality
of discharge channels comprises:

first discharge channels configured to receive the coolant at a first flow rate; and
second discharge channels configured to receive the coolant at a second flow rate,

wherein the second flow rate is different from the first flow rate.

13. The direct chill casting system of claim 12, further comprising one or more controllers within
each of the first discharge channels such that that the coolant is received at the first flow

rate, wherein the controllers comprise one or more of sleeves, wires, or inserts.

14. The direct chill casting system of claim 12, further comprising one or more controllers within
each of the first discharge channels such that that the coolant is received at the first flow
rate, wherein the one or more controllers are first controllers, and wherein the direct chill
casting system further comprises one or more second controllers at least partially within
each of the second discharge channels and such that the coolant is received at the second

flow rate.

15. The direct chill casting system of claim 14, wherein the first controllers and the second

controllers each comprise one or more of sleeves, wires, or inserts.

16. The direct chill casting system of claim 15, wherein the first controllers and the second

controllers are a same type of controller.

17. The direct chill casting system of claim 12, further comprising one or more controllers within
each of the first discharge channels such that that the coolant is received at the first flow
rate, wherein at least one of the one or more controllers is removable from a corresponding

first discharge channel.

18. A direct chill casting system comprising a mold for forming an ingot having opposing rolling

faces,
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wherein the mold defines an open-ended casting cavity having a casting axis and wherein the
mold comprises a plurality of discharge channels configured to discharge coolant onto
a first rolling face of the opposing rolling faces of the ingot,

wherein the plurality of discharge channels comprises first discharge channels and second
discharge channels, and

wherein a flow rate of coolant through the first discharge channels is adjustable and such that
the flow rate of coolant from the first discharge channels is different from the flow

rate of coolant from the second discharge channels.

19. The direct chill casting system of claim 18, further comprising one or more controllers at least
partially within the first discharge channels and such that the flow rate of coolant from the
first discharge channels is different from the flow rate of coolant from the second discharge

channels.

20. The direct chill casting system of claim 19, wherein the one or more controllers comprise one

or more of sleeves, wires, or inserts.

21. The direct chill casting system of claim 18, wherein the flow rate of coolant through the first

discharge channels is automatically adjustable.

22. A method of casting an ingot, the method comprising:
receiving molten metal in a casting cavity defined by a mold and causing a bottom block to
move away from a lower end of the mold, wherein the bottom block initially closes the
lower end of the mold cavity; and
discharging coolant from a plurality of discharge channels of the mold at varying flow rates
onto a rolling face of the ingot emerging from the mold as the bottom block moves
away from the lower end of the mold by varying the flow rate of coolant received by

the plurality of discharge channels.
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23. A direct chill casting system comprising a mold for forming an ingot, wherein the mold defines
an open-ended casting cavity with a casting axis and further comprises at least one
discharge channel configured to discharge coolant onto the ingot, wherein:

the discharge channel comprises a plurality of input apertures for receiving the coolant and a
plurality of discharge apertures for discharging the coolant, wherein the plurality of
input apertures are fluidly connected to the plurality of discharge apertures;

a first input aperture of the plurality of input apertures is configured to receive the coolant at a
first flow rate; and

a second input aperture of the plurality of input apertures is configured to receive the coolant

at a second flow rate different from the first flow rate.

24. A direct chill casting system comprising:

a mold for forming an ingot, wherein the mold defines an open-ended casting cavity having a
casting axis and wherein the mold comprises at least one discharge channel configured
to discharge coolant onto the ingot, wherein the at least one discharge channel
comprises a plurality of input apertures and of discharge apertures fluidly connected to
the plurality of input apertures; and

a controller at least partially within at least one input aperture of the plurality of input apertures
of the at least one of discharge channel such that a flow rate of coolant discharged by
the at least one input aperture is different from a flow rate of coolant from another input

aperture of the at least one discharge channel.

25. A direct chill casting system comprising;

a mold for forming an ingot, wherein the mold defines an open-ended casting cavity having a
casting axis and wherein the mold comprises at least one discharge channel configured
to discharge coolant onto a rolling face of the ingot, wherein the at least one discharge
channel comprises:

first input apertures configured to receive the coolant at a first flow rate; and

second input apertures configured to receive the coolant at a second flow rate, wherein the

second flow rate 1s different from the first flow rate.
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