A THIN CAST STRIP PRODUCT WITH MICROALLOY ADDITIONS, AND
METHOD FOR MAKING THE SAME RELATED APPLICATIONS
[0001]This PCT application claims priority to United States Patent
Application Serial No0.11/744,881, filed May 6, 2007, which is a
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BACKGROUND AND SUMMARY [0002]This invention relates to making
of high strength thin cast strip, and the method for making such cast strip
by a twin roll caster. [0003]In a twin roll caster, molten metal is introduced

between a pair of count@EL IatEtes Apte @iy poRIed casting rolls so that
metal shells solidify on the moving roll surfaces, and are brought together
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the rolls above the nip and extending along the length of the nip. This
casting pool is usually confined between refractory side plates or dams

held in sliding engaggme%ﬁ@%&gg&%@ﬁgw%&pe rolls so as to dam

the two ends of the casting poo 4]In the past,
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and higher, in strip thicknesses less than 3.0 mm, have been made by
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enerally suitable only for simple forming operations, e.g., roll forming
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and recovery annealed manufacturing route. [0005]In the past, high
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casting surfaces of the rolls above the nip and extending along the length of the nip. This
casting pool is usually confined between refractory side plates or dams held in sliding
engagement with the end surfaces of the rolls so as to dam the two ends of the casting pool

against outflow.

[0004] In the past, high-strength low-carbon thin strip with yield strengths of 413
MPa (60 ksi) and higher, in strip thicknesses less than 3.0 mm, have been made by recovery
annealing of cold rolled strip. Cold rolling was required to produce the desired thickness. The
cold roll strip was then recovery annealed to improve the ductility without significantly
reducing the strength. However, the final ductility of the resulting strip still was relatively
low and the strip would not achieve total elongation levels over 6%, which is required for
structural steels by some building codes for structural components. Such recovery annealed

cold rolled, low-carbon steel was generally suitable only for simple forming operations, e.g.,
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such as niobium, vanadium, titanium or molybdenum, and hot rolling to
achieve the desired thickness and strength level. Such microalloying
required expensive and high levels of niobium, vanadium, titanium or
molybdenum and resulted in formation of a bainite-ferrite microstructure
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needed, requiring expensive to build and operate annealing lines capable

[0006bf achievitoyveverhighkarmethigh teirapeitatsieelatepdessahdnlB mm in thickness with

N L ling of o | _
i o0 e oL e S RSB R oy o
wide sfripetieméntsedigodadngitsirdirandthahialvayp conliatoably feasinlerdiallpe past,

d i i ina - r iV . ...
arge B e e T e St i acition,
causedoniiectiaas dolal eolitinrapopREiRsgl tBersteedliigtosiranadaiigroalloyed hot rolled

ot rafyr i stael IS di iSi :
strips e s R e 0 ST R b ive, and
often rremeeerCONUBasHINSOIvitEe, atss allayiogoglesanisninum, and niobium
between about 0.01% and about 0.20% and having a majority of the
[0007icrostradidopsHyprieald 696&1@1iw3énﬂeﬁéféUbérf¢§#HEéda£@ Héwag tigkaesses of

strip: HGRe(RY MOBIYR sl SHUHe A tRinaiedn theAiRLEN ek BB IBSS difficult
than 0.1%. The steel product may further comprise at least one element

because pfcieimdhe ol rgblasdisasronsiest nssdvge timinieirse ptibestipoFigse high
alloyiRG JeBRUAISO ks BRANUE REMWRE R ENRtl IR X0k arseakfy téhiR¥auaPheeded,

_a mixture thereof. [0010]The steel product may have a é&el strength of at
requiriagseXRRNIME aloa R it agnHa0Resae naeeat s JiRest eanailst 2 @ahisyinhthe high

anneafiiRPlIPRBEIARH M AYeREY $oR iR FbeHRRNR oAl dRAsiIfRPoMRE & R lieastip.

strength of at least of at least 520 MPa. The steel product has a total
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size less than 50 nanometers
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[0012]The thin cast steel strip may have a thickness of less than 2.5 mm.
Alternately, the thin cast steel strip may have a thickness of less than 2.0
mm. In yet another alternative, the thin cast steel strip may have a

thickness in the range from about 0.5 mm to about 2 mm. [0013]The hot
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and a thigkimeshapédéss than 2.5 mm. Alternately, the hot rolled steel product
may have a thickness of less than 2.0 mm. In yet another alternative, the
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~ hiobium and/or var _ solution after coiling and co fing.
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microSPIEARE! PO GY MY HAKENE AHES fiaislenaf g and iron

distributed through the Steel microstructure having an average particle
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yield strength of at least 340 MPa, and may have a tensile strength of at _
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a tensile strength of at least of at least 520 MPa. [0019]Alternately, the

[0013F0iled stggkpratuellBasseanipkbese affiesssthiain2d MiMimeters thickness is also
disclosed comprised, by weight, of less than 0.25% carbon, between 0.20 and 2.0%
manganese, between 0.05% and 0.50% silicon, less than 0.01% aluminum, and niobium
between about 0.01% and about 0.20%, and have a majority of the microstructure comprised
of bainite and acicular ferrite and capable of providing a yield strength of at least 410 MPa
with a reduction of between 20% and 40%. The steel product may have a yield strength of at
least 485 MPa and a tensile strength of at least of at least 520 MPa. Alternately, the niobium
may be less than 0.1%.

[0014] Optionally, the hot rolled steel product may have fine oxide particles of silicon
and iron distributed through the steel microstructure having an average particle size less than

50 nanometers.



Alternately, the coiled steel product may have a thickness of less than 2.0
mm. In yet another alternative, the coiled steel product may have a
thickness in the range from about 0.5 mm to about 2 mm. The coiled steel
product has a total elongation of at least 6%. Alternately, the total
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manganese, between 0.05 and 0.50% silicon, less than 0.01% aluminum,
tensilesitengib afed radiehaé fast&ddRrom the group consisting of niobium
between about 0.01% and about 0.20% and vanadium between about

[0019h.019% arfit&bwiely. 209, caterheiof PECREbRES of tRCARSD S JessrEhan 2.5 mm.
AlterrZRENPHREL SIS SOHLREIGIIARAGE HRIABKhES P ISIEhHAS DYAIR. In yet another

particles of silicon and iron distributed through the steel microstructure
amm%%n&‘&ﬁ%ﬂé*é&f@'ﬂ&ﬂﬂﬂété@ IB%\éetﬁéh'@@‘?féd&rﬂ&é@ﬁ%ﬁ@'ﬁaﬁﬁﬁmtﬂé mm to
aboutrﬂQHFHWW&@d%ﬁ&i%&é@a@ﬁ“ﬂ@ﬁﬁ'&’oﬁﬁﬁtﬁﬁ?@fFHPF@H% §98YAlternately, the
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total ghppaRHe MR 586 %rength of at least 340 MPa, and may have a
tensile strength of at least 410 MPa. The steel product may have a yield
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carbonitrides, and combinations thereof. Alternately, the niobium may be

less than 0.1%. [0026]The age hardened steel product may have
substantially no niobium



carbonitride particles greater than 50 nanometers. The age hardened
steel product may have a yield strength of at least 340 MPa, and may
have a tensile strength of at least 410 MPa. The age hardened steel
product has a total elongation of at least 6%. Alternately, the total
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preparing coiled thin cast steel strip comprising the steps of: assembllng
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less tHa¥MINehAcMRtBRtween them, and forming a casting pool of molten steel
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10%. the steel strip, and c0|I|ng the hot rolled steel strip at a temperature
between about 450 and 700 C. Alternately, the coiling of the hot rolled
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Optiof¥i§ 4AE el product may comprise molybdenum between about 0.05% and 0.50%.

[0024] The steel product may have a yield strength of at least 340 MPa, and may have
a tensile strength of at least 410 MPa. The steel product may have a yield strength of at least
485 MPa and a tensile strength of at least of at least 520 MPa. The steel product has a total
elongation of at least 6%. Alternately, the total elongation may be at least 10%.

[0025] An age hardened steel product comprising, by weight, less than 0.25% carbon,
between 0.20 and 2.0% manganese, between 0.05 and 0.50% silicon, less than 0.01%
aluminum, and niobium between about 0.01% and about 0.20%, and having a majority of the
microstructure comprised of bainite and acicular ferrite and having niobium carbonitride

particles with an average particle size of less than 10 nanometers. Carbonitride particles, in



counter rotating the casting rolls to solidify metal shells on the casting rolls
as the casting rolls move through the casting pool, and forming steel strip
from the metal shells cast downwardly through the nip between the
casting rolls, and cooling the steel strip at a rate of at least 10 C per
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comprised of bainite and acicular ferrite and having more than 70% niobium

and/or vanadium in solid solution.

[0028] The method may provide in the steel strip as coiled fine oxide particles of
silicon and iron distributed through the steel microstructure having an average particle size
less than 50 nanometers. Further, the method may comprise the steps of hot rolling the steel
strip, and coiling the hot rolled steel strip at a temperature between about 450 and 700 °C.

Alternately, the coiling of the hot rolled steel strip may be at a temperature less than 650 °C.

[0029] The method may further comprise the step of age hardening the steel strip to

increase the tensile strength at a temperature of at least 550 °C. Alternately, the age hardening



age hardening the steel strip at a temperature between 625 C and 800 C
and having an increase in elongation and an increase in yield strength
after age hardening. [0035]The method may provide in the steel strip as
coiled fine oxide particles of silicon and iron distributed through the steel

may JBECHOSKIAIGEARBRAVIROMRRNREATBIS PATHALE SDe°EsHtian b MMPQAMEIRIS; the age
Further, the method may provide the age hardened steel strip having
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casting rolls, and
cooling the steel strip at a rate of at least 10 °C per second to provide a composition
comprising by weight, less than 0.25% carbon, less than 0.01% aluminum, and
at least one element from the group consisting of niobium between about
0.01% and about 0.20%, vanadium between about 0.01% and about 0.20%,
and a mixture thereof, and having a majority of the microstructure comprised
of bainite and acicular ferrite and having more than 70% niobium and/or
vanadium in solid solution,

age hardening the steel strip at a temperature between 625 °C and 800 °C.

[0031] The method may further comprise the step of age hardening the steel strip to
increase the tensile strength. Alternately, the age hardening may occur at a temperature
between 650 °C and 750 °C.

[0032] The method may provide the age hardened steel strip having niobium
carbonitride particles with an average particle size of less than 10 nanometers. Alternately,
the age hardened steel strip has substantially no niobium carbonitride particles greater than 50

nanometers.

[0033] The method may provide in the steel strip as coiled fine oxide particles of
silicon and iron distributed through the steel microstructure having an average particle size
less than 50 nanometers. Further, the method may comprise the steps of hot rolling the steel
strip, and coiling the hot rolled steel strip at a temperature less than 700 °C. Alternately, the

coiling of the hot rolled steel strip may be at a temperature less than 650 °C.



[0042]FIG. 4b is an optical micrograph of a standard UCS SS Grade 380
steel strip; [0043]FIG. 5 is graph showing the effect of post coil age
hardening on yield strength of the present steel strip; [0044]FIG. 6 is a
graph showing the effect of post coiling simulated age hardening cycle on

[0034yield andriRnBikehsH SR @Ha sl i FRAEEIRRY P, 1RY4FalinliAsd teaBRR.

showing the effect of hot rolling reduction on the yield strength; and .
[o@&@]ﬁ@%'@%[’&%ﬁﬁ&% J e GBREE WS ARy PR ARy &aSRY rolls

[0047]F IferRitsgaa0raphoehioweingtibe eliestfof Miagiunmcamagicyr bevistdn steel
strength at low levels of niobium; I([12048]F|G' 1Qa shows micrographs

hs of
the micrEYBRRIGH25r heiFasUagHIs G108 \Febs, ibBidrhstiaedAdianeat the ends of

rolling; (@93t SR sl misfegraphs of the microstructure of a
second sample of 0.065% niobium steel_ﬁfter hot rolling; [0050]FIG. 11 |

AR ORI o GRrHER PO ER. A 6. e S s kgt Tols o the

casting rolls move through the casting pool; and

forming from the metal shells downwardly through the nip between the casting rolls a
steel strip; and

cooling the steel strip at a rate of at least 10 °C per second to provide a composition
comprising by weight, less than 0.25% carbon, between 0.20 and 2.0%
manganese, between 0.05 and 0.50% silicon, less than 0.01% aluminum, and
at least one element from the group consisting of niobium between about
0.01% and about 0.20%, vanadium between about 0.01% and about 0.20%,
and a mixture thereof, and having a majority of the microstructure comprised
of bainite and acicular ferrite,

age hardening the steel strip at a temperature between 625° C and 800 °C and having
an increase in elongation and an increase in yield strength after age hardening.

[0035] The method may provide in the steel strip as coiled fine oxide particles of
silicon and iron distributed through the steel microstructure having an average particle size
less than 50 nanometers. Further, the method may provide the age hardened steel strip having
niobium carbonitride particles with an average particle size of less than 10 nanometers.
Alternately, the age hardened steel strip has substantially no niobium carbonitride particles

greater than 50 nanometers.

[0036] The method may comprise the steps of hot rolling the steel strip, and coiling
the hot rolled steel strip at a temperature less than 750 °C. Alternately, the coiling of the hot

rolled steel strip may be at a temperature less than 700 °C.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] In order that the invention may be described in more detail, some illustrative

examples will be given with reference to the accompanying drawings in which:



[0051]FIG. 12 is a graph showing the effect of coiling temperature on the
yield strength; [0052]FIG. 13 is a graph showing the effect of coiling
temperature on the yield strength at low niobium levels; [0053]FIG. 14 is a
graph showing the effect of heat treating conditions on the yield strength;
[0038]0054]FIIGLY inlastaehsiayRaiRg risetabadrcaniBRRing Hemt Meakptrolling
temperature on the yield strength of 0.026% niobium steel; [0055]FIG. 16
mill apd &8k showing the effect of peak aging temperature on the yield

(00393 oy E?FS kgi e A Qﬁggf@aﬁﬁlzﬁﬁ rﬁﬁﬂ P
% | h showi ff
r0040] 2 e Fl e A R R et e S bR e ST RATE S witn

and wstiemlf niobium or vanadium additions;

[0041] FIG. 4a is an optical micrograph of a niobium steel strip;
[0042] FIG. 4b is an optical micrograph of a standard UCS SS Grade 380 steel strip;
[0043] FIG. 5 is graph showing the effect of post coil age hardening on yield strength

of the present steel strip;

[0044] FIG. 6 is a graph showing the effect of post coiling simulated age hardening

cycle on yield and tensile strength of the present steel strip,

[0045] FIG. 7 is a graph showing the effect of hot rolling reduction on the yield
strength; and

[0046] FIG. 8 is a graph showing the effect of yield strength on elongation;

[0047] FIG. 9 is a graph showing the effect of niobium amount on the yield strength

at low levels of niobium;

[0048] FIG. 10a shows micrographs of the microstructure of a first sample of 0.065%
niobium steel after hot rolling;

[0049] FIG. 10b shows micrographs of the microstructure of a second sample of

0.065% niobium steel after hot rolling;

[0050] FIG. 11 is a graph showing the effect of niobium amount on the yield strength;
[0051] FIG. 12 is a graph showing the effect of coiling temperature on the yield
strength;

[0052] FIG. 13 is a graph showing the effect of coiling temperature on the yield

strength at low niobium levels;

[0053] FIG. 14 is a graph showing the effect of heat treating conditions on the yield
strength;
[0054] FIG. 15 is a graph showing the effect of age hardening heat treating

temperature on the yield strength of 0.026% niobium steel;

9



[0058]FIG. 19 is a graph showing the effect of yield strength on elongation
before and after age hardening; [0059]FIG. 20 is a graph showing heat
treating results continuous annealing; [0060]FIG. 21 is a graph showing
age hardened condition; [0061]FIG. 22 is a graph showing the effect of

[0055{emperatyts, aBdidingrashhMEDREStHO QERLT 163 p23Kgi SR mpdianirdoi the yield
effect of heat treating on the yield strength for the present vanadium steel;
strengifh 8T B 068N g kaph showing the effect of hot rolling reduction on

he yield strength for the present vanadjum steel. DETAILED .
10056 D2 CRIB RN B A BRI b AT DA BReHB GRfold time
on thetlyée RIebronlihasfts. B Bvseobamiesteef: high strength thin cast strip with

microalloy additions made by continuous casting steel strip using a twin

[005710ll castdilGOQB5¢F Graphlksivatestbe efessivEpraktagihgtiempastieiréand hold time

on thecqr%LH]%?éJns%%%?%%%%ngﬁ)m@[ge - 1 and 2 illustrate a twin roll caster
1’1 that continuously produces a cast’steel strip 12, which passes in a

ransit path.1 S uj e ' I ing. .
00 oM a3 it M ke a3 Bdion befor
and afiersageshiandeaihgit rolling mill 16 having a pair of reduction rolls 16A and

backing rolls 16B where the cast strip is hot rolled to reduce a desired
[0059hicknesE!GneOHB Bl ShOY Eskel AR ROigaUS CRbIBUDPSAheRaling:;

strip may be cooled by convection and contact with water supplied via
[0060}yater jets! ¥ b0 #RRUTRGMNESIRIREN NS GRMIBIRH. The rolled and

cooled strip is then passes through a pinch roll stand 20 comprising a pair

[0061}f pinch Fdits 201& aseRETRYVENE I8 £ TTECTHTH LPBBIRtY & ARG B Pa bRy dness;

akes place after coilin
[0062] P FIG. 23 Is a gra%h showing the effect of heat treating on the yield strength for

the present vanadium steel; and

[0063] FIG. 24 is a graph showing the effect of hot rolling reduction on the yield

strength for the present vanadium steel.
DETAILED DESCRIPTION OF THE DRAWINGS

[0064] The following description of the embodiments is in the context of high
strength thin cast strip with microalloy additions made by continuous casting steel strip

using a twin roll caster.

[0065] FIG. 1 illustrates successive parts of strip caster for continuously casting steel
strip. FIGS. 1 and 2 illustrate a twin roll caster 11 that continuously produces a cast steel strip
12, which passes in a transit path 10 across a guide table 13 to a pinch roll stand 14 having
pinch rolls 14A. Immediately after exiting the pinch roll stand 14, the strip passes into a hot
rolling mill 16 having a pair of reduction rolls 16A and backing rolls 16B where the cast strip
is hot rolled to reduce a desired thickness. The hot rolled strip passes onto a run-out table 17
where the strip may be cooled by convection and contact with water supplied via water jets

18 (or other suitable means) and by radiation. The rolled and cooled strip is then passes

10



[0066]As shown in FIG. 2, twin roll caster 11 comprises a main machine
frame 21, which supports a pair of laterally positioned casting rolls 22
having casting surfaces 22A. Molten metal is supplied during a casting
operation from a ladle (not shown) to a tundish 23, through a refractory

throughECpih e 8l I elisdriRoies rap e a s twIdisit R 20RO G SRe A aReAN® a coiler 19.

distributar 25 through a metal delivery ngzzle 26 between the casting rolls

Final 620ling o G35 SAPHEHRIRESAIRISP UK ered between the casting rolls

2 forms a casting. | 3Q abave the nip. The casting pool 30 is |, .

1006 fraineab M EHUE Gt e BASIAD FORE by SO DP S BB PR e 21
whichptaign 8 aviiichofrkterdhedaitionst thasengsofsti?2e ¢casimg caltingysarfiss 22A.
of thrusters (nat shown) including hydraulic cylinder, unjts (not shown .
Moleg LS U S A SRR ERAD UrELEQ Tt B idesich 23
throudoenssfrtytoejeshecli 24 the "tisriraos olewelyerlaltynitisis 2boxedtiigen from the
... lower of the delivery nozzle so that the lower end of the delivery .
st B P AR oD ARAF I HoOF S CATR (G S Hoove the ni
27. Thetetohdy wiatelr deldledshéhatsheits sotididyrolstie fooving taltngywdates above

.as they pass thro the casting poo|, and are prought together at the ni .
the iy BB A B AL Ao 0o Ot Er TR Gl Y @ DA of sice
closurdalamsardbyatesrdghehigh hedvpesiethegaastinigeretids [FG6¢ [ddstriwinlislby a pair of

caster may be of the kind that is.illusfrated and descriped in some detail in .
s GRS AT e TS, SO RS ET CEeled Budpe sce
plate RefierenTeenppdresontude tf tassagopdeh30f¢yanepalip nefer@anstragctien meniscus™

details of a twin roll caster appropriate for use in an embodiment of the
eve) e B B RGO R T TR AL e o e
delivepyathredel issmonersedwiritinoll thastestihgipouk B0 Geastitie relisrk@oemenigtentally water

onventignal light gauge steel products and produces, a high strength, light_ ..
coole 0 S R o D B A B s R g Besting
pool, mmm(m@hmmammt(w rqii;aﬂmbeMé)ammﬂmlgdapmuiune tivbogasirsérip 12, which
s cenfRR Do scept AReAMicealioving elsments,in steel are commonly

aken 10 refer tothe elements titanium niobiunt, and vanadium. These

o067 SIS N Y AR e BESLIVEYEIRREIOY AP 38Bea i

ases levels as hi s 0. hese elements are capable of exerting
some sietanl iefidcts Bateht Heel Mid4 668 cnde Al pép erticbSid aterimimabigas, 988.

ii rai inj r ' an.t :
e R LR AR BSOS i ron
casterapproaliayerigraleerormnstntodnestaling presertativeniiateak carbonitride

former, but may be effective in the present circumstances and may form

[0068EomplexAsdHebnHFRRY hakitecas sHdPwHRHIBbRaM Bt dPRsiiaesuksing the twin roll
castergﬁé?%w}@@rﬁ@é”lﬁg%b?tmﬁgsd 4t Benbetieis /YR \géhl'bg‘gﬁ%l_ products and

ements as explained below. [0070]The high strength thin Cast stri

produgee dtBbsH®IEEs HebbeauagriBaet stipumRmieS J Regh wrdiegtHtikasdhegiements
includiAgt RIOBIRPAUEhRY MItIAaAPY 8 W HIgSE ?l‘?},"e&tsﬂ%‘i IBIBEIREEsRS, or a
_mﬁgy be less th&(ﬁ g mm, less thQr%Z.S mm, or less than 2.09re1m, and may
combipatiarathgregé of 0.5 mm to 2.0 mm. The cast strip is produced by hot
rolling without the need for cold rolling to further reduce the strip to the

[0069esired MIKARIAQY B ReRMERidh SaIrRIth Ay SRS I8 JEE o\ Higpelements

titanilRRthigheulig haepvarabRiro etk bickirsssanaesang hacrld 1Rl past in levels
thickness ranges desired. The strip ma&ié)e cooled at a rate of 10 C

[ [ er )
Delowed A PP SPFE oA RIS aR ISR Hodthu SR GlBRIES i GRRGRAR AT exerting
strondpeally cprestoBeRRyrbakite AN drCiRE U iR e IDBFHIRhRiBANS RS denability,

achieved through the preparation of such a high strength thin cast strip

grain s¢HAIRG and HiTEBASRING BhEGIFodnhBPET A GRIDSUBIRFRIGRRLRY, Molybdenum
has ndifREEEN B pligaaEdsie &l sriftpb ARSYilh ieletadivedinbéathator\eRrstSs a relatively
inefficiencies in microalloying, difficulties in hot and cold rolling, and
difficulties in recrystallization annealing since conventional continuous
galvanizing and annealing lines ard-hot capable of providing the high
annealing temperatures needed. Moreover, the relatively poor ductility
exhibited with strip made by the cold rolled and recovery annealed

manufacturing route is overcome. [0072]In previous conventionally
nrodiiced microallovved cteele alemente <rich ac ninhitim and vanaditim



[0073]In contrast to the previous conventionally produced steels, the
present high strength thin cast steel strip product was produced
comprising, by weight, less than 0.25% carbon, between 0.20 and 2.00%
manganese, between 0.05 and 0.50% silicon, less than 0.06% aluminum,

weak 2BfaiieRst wm@emem@el%mm IhQW%&ﬂ%i@Uﬂ%@ﬁH&@@H@may form
between about 0.01% and about 0.20%, niobium between about 0.01%

complex £aBgNttHde0RR tHAISS BRSNS B SHABEITMUL V NBEEA L fcPERRILE e Gogmation is
inhibigad yarashe FelRelsteiprnabome S Qidmans o 4ndd%elond having a

microstructure comprising a majority bainite. The steel product may further
[0070Fomprisimpefinigroyicaduarticresasf sitlig@nroaindtivombiatizetedadiatipitében achieve
steel m ructure having an ave article e less than 50 .
o i G O LR P RN NP S AIRSATE HET s B lemens. Sirp
thickndisgtomtigrhef esiatealle yarthiesgththe2rbionostondbseettbare pravimmia may be in a
produced with_c nven nal slab cast pro ct. [ 074 nat the
range B P ot BB 855 B B LU0 ey L U need for
cold rﬁlﬂﬁg’otca‘mﬂmr betﬂwmthé) st@el tﬁd)&’esmamganmessbe’tvueem@ ighasgength thin

0.50% les I b
cast S DR BP0 DA A ARTHS TR WP HoRT AOen g cold roled
thickneesnfarigssodbsireide Bime sadTuhay feasrﬁecmfcdahavm@ b1 treupetGSicentlibhe above,

0075]In another alternate, a ¢ tee duct rse, .
and s {4t LI G Bt G DL SR EAY S E M eginie and
aciculbeferegdn 0.05 and 0.50% silicon, less than 0.01% aluminum, and at least
one element selected from the group consisting of niobium between about
[0071D.01% amtedenefits20Meand thanzghivhe petparatioabafsuolod degirsdraigtbtthin cast
/ a o] on there VI I
strip ﬁ blugrtn é}r(madaivrgn@cﬁt?%? a% geﬁéc er ?e?‘ 008|IEJ g\%(rﬁc? zsgor}iﬁq%@ﬁ%%lﬁ (5) roduced
mwrohi@iyexirehegmthahrea$lttstealstnplprbtghbaldnaycnstvemecliﬁ@lﬂmre??(m/dmcroaloning
n a ti t
d|ff|c§19§sb ﬁg)nh%?] %b@%gueﬁ%%m%@&aﬁﬁ Eﬁﬁreeéjaqée?#é %‘ﬁ?‘ng Lﬁ? B%WQeng since
conventioradtoootimeoutagdieani ming ardofisialiteg aloeacitt laotfeapanl Ao rpemelging the

t |
nigh 4 REETHE 2 REREs RIGRANS, HEYEMTRY SAUPRBRT Bifbicca it
strip magbibyrtkmentst kelleddinareeavaryiagnies solichanl tribuyi Bg toHleihavergamRy
have more than 90% remaining in solid solution. [0076]Alternatively or in
[0072hddition, hersidelpreayentienphaeduses) angigadeyedreigrls. tetaimeossosuch as
mobﬁﬁ%ﬁr\fé}%’a|3191/%0leen%tte?érﬁéﬁpHFE&\@VSB‘I%YI%@MI‘?J trs%nﬂﬁtf‘i&{ti%l%&trollmg

340 MPa (about 49 ksi) or a tensile strength of at least 410 MPa, or both,
coiling:aAmh Ry iBaiShectdePidtane vanns ke abifiaiag melmw&saﬁgtwe formmg

carboﬁﬂ‘?d’é)ﬁirﬁ@@&%ﬂ%r’i‘%ﬁ?%@&ésr @W@W%llsﬁw&fﬂrﬁ\@p%wss Carbonitride

fter hot rolling the hot rolled steel strip may be coiled at a

partic p@rmer@reﬁeﬁé ERABKEI GRiONa BBt JTBNSd Clarme. thislegses staglidesp nitrides,

carboﬁ'ﬂ‘?%€§SQ%MB‘%RB%%%%PWQ%M&%%W@r%WfH 6F'&F8dﬁc%{ﬁ@$f‘r‘trogen
the tensile strength at a temperature of at least 550°C. The age hardening

particlefaybder Bt 3R pRIE AL IRSNEBECSRINT BhPEYIOES diopEeRBerBysrroduced

mmroﬁf‘é&@é@t@élé’ﬁhﬁ%@%ﬂ&@é ﬁ%@@l‘élﬁ@z@o@é‘u@f@ﬁﬁ‘@ﬂ?‘mﬁrﬁ'élc'§§b°fdecrea3|ng the

continuous galvanizing or annealing lines are thus capable of provi

hardengai lifyeoh shasHly kB heet Rtiee SRRk ﬁifﬁ@treéﬁevﬁl@lﬁﬁdﬁo@ﬁag@cﬁll@gﬁad to be
overcSHIP R aflEadf /Bl ahRAMPlen Rt ISR G g‘@mwﬁﬁﬁﬁﬂj’“’tﬁg Bt slabs to

making a steel composition of a 0.026% niobium, 0.04% by weight
higheCEamBRY 8 E2504 M) MRS HORBMGAROSEET. 25% by weight silicon that has
been cast by a thin cast strip process. The strip was cast at 1.7 mm thick

[0073knd inlink HONWEIR f 20tBEr BFRYAOYE SAPVETIERABLY REpdutes! pigely dhe prRsent high
streng$itBracvinsted| castepradity steateeoliutde Soh@ning, Hhesightwrsscailedo.25%

at coiling temperatures of 590- 620 C (1094-1148 F). [0079]As shown in

FIG. 3, the yield and tensile strength levels achieved in the present cast

strip are compared to the yield andtensile strength levels achievable in

the base, non-microalloyed, cast strip steel composition over a range of

coiling temperatures. It can be seen that the niobium steel strip achieved

yield strengths in the range of 420-440 MPa (about 61-64 ksi) and tensile

<trenathe of ahoitit 10 MPAa (aboiit 74 kel The nrecent cact <trin nrodi et



[0080]The hardenability of the present steels is shown in FIG. 9. As shown
in FIG. 9, a niobium level of as little as 0.007% was effective in increasing
the strength of the final strip, and yield strength levels of over 380 MPa
were achieved with niobium levels greater than about 0.01%. Note that

carbomiaitiiede V& zolesR thann s aving4}es80 heavden OUriteded 56%idsificon)Usss than
even very small additions of microallogin elements can be effective in

0.06%; ahuTiRER: APd-giieashgnsorl8TEH SHRAT AR HREHRYR GRRRIsHNgy f titanium
betwebilizhpgttiveoniebinm itroalmonanisis ianuavrercaseuthe. treyslenakibvuefn. 209,

the steel through th%sgtﬁﬁression of the formation of proeutectic ferrite.
r

moly BeRAUR, GG AZR eABTARREOmIER SRih AR e R R¥gERiRPOuUt 0.01%

and agtRiN ROV adirs falpisiameipristfettiin) kbiherkage staeljdHy ihaasaIoThe steel
present in the niobium steel shown in FIG. 4a, The hardenabgqy effects of

produfl S LR C e S R HEIR oL SIHGR Retinn FlSHBAL iAo the

steel MR BEQDOBFONAIITGARA aoicair fRfideiROTusiciee todegioteess The steel
while usiél&& onventional cooling rates during.cogling and T?IE‘F@ coilin

produgl - {BRY AR T RETIRLPfnidrdBHGCtAYE b1 IHEht Hio Bl eaKts thtough the

microS@aeRIreeRam pl cusigphitasanvatipasmie arshacicw aadeprsdudine base
steel shown in FIG. 4b was cooled to a relatively low coiling temperature,

[0074less tharAbiefhéiely ctielihiglcsnditigth kinovwwadosseqd steips feodtetforayationprise, by

. the austenj in boungdaries. [ The effect of hot reduction ield
weigh e T B LY BRI PN & CIBLR IR o ot 0108 3 05096
silicomrizdsitiantb@iisatymoaliy, cane ciebaen ratneeg thboith0Lotpé asia glimit 0.20%, and
havi reductlon.tln otﬂtrast as shqwn in FIG. 7. t e.ef&ectcahot rcizdu]ption N 4 havi

avIng g At el T S RIRERR M G BRHSHHE SR ALt &F IS LT el having
more thgperi¥esuluble ombngrtemperature was kept constant, and covering the
range of hot rolling reductions up to at least 40% represented the strip
[0075fhicknes¥ranegbeasfali@nate te doHathsteghiikedtiot meyeniopoiskoPgdveigid, less than
rength lev. fihe ninhi ' I the prese
025 8 G T B S B SO SR oo han
0.01% e wieigree, ehidoatrdtrstl podrltioefbsetsdirstidrasrutheogiolgasodding of niobium
r t [ th lexels wer | Ing.C NHONR3,
betwetl R O S HEHEL O P RIS HREE RTINS ano abou
0.20%0G88| To tovelstigiitn tHkeestéctandtHayitge meseeititengidltosisaukes niobium and

. ) b | _
v SR e R e i v
produibsgdiasisconers dhay it dolebly stahramorndvermnadivoncageskietiod, paiticularly
D PR don ) h _
ster el D e le el rcening. The
microgif st ceeforaye ddauSte Miistareer ¢fothaimiie. Tnds citbaun fardie. Adtaaely, the
- that t i ' t ,
iro T S ARG R e IR N o
bainitma:méee@écqi_@r éergi@ww&@mmqoﬁs@nof&% aﬂe@im@@@wan@qh@mﬁ@meé@ng in solid
solutiGiR SN ARARAt Hﬁﬁy?{a\)’g*?HSrE%%%U}&?éfﬂé‘iﬁ%g NS RUSIRRILR grain

size was suppréssed, such high hot rolling reductions are known to raise

[oo7efhe ferritﬁﬁ&ﬂﬁﬁ&%@?ﬁft%ﬁFﬁHﬂPﬁF@t%@el"b%%ioﬂwaﬁ}igﬁwtar‘?&ﬂlg elongation

reduction can induce local high strain regions within the ‘austenite grains,
greateyidhyaip Yo e @8aiSrdbah 8V pdhesStophieroeart mayvakavirayialkiusiength of at least

340 NIPEIRaHOR IBSEPF trrritadidnleatiengln bie AresantAieeldptCr both, exhibiting

hardenability effect of the niobium was sufficient to suppress the formation

satisfastqeyridoiiithin the teaandurapriupe Y PAhETenairREsiatdlriRngabRgt the hot

roIIed'EV&iﬁdﬁ@tsW&Kﬁl lrgedy msensitive to the degree of hot rolling. [0084]The
thin cast strip niobium steel product had consistent yield and tensile

strength levels over the range of hot rolling applied, and capable of
providing a yield strength of at least 410 MPa with a reduction of between
20% and 40%. The prior austenite grain size was determined for each
strip thickness. The austenite grain-size measurements indicated that only
very limited recrystallization had occurred at high hot rolling reductions,
whereas in the comparable base steel strip, the microstructure almost fully

recrystallized at hot rolling reductions over about 25%. The addition of
niohitim to the cact cteel etrin c1innrecced the recrvetallization of the



[0087]In addition, transmission electron microscopy (LEM) examination
did not reveal any substantial niobium precipitation in the as hot rolled
cast strip. This indicates that the niobium had been retained in solid
solution and that the strengthening produced was mainly attributed to the

[0077BnhancedfirRenaniiy eamtqbilea siedismy ey iRac EwaiorfeaiiRnaira in the

major aggand likely predominantly bainitic microstructure. The hardenability

range SFQLaRut R0 S HiedHRIRATE 888! L onRay ALRP AP (HisthetciosRSRd by age
hardem@rﬁee%e@ép@ﬂiﬁ)Qbalnd@é@swﬁ@dtwl@@f@rﬁgmlaﬂaofeﬁm@a@k@tﬂpaﬂ fe@st 550 °C.

transformation to bainite, rather than ferrite, is believed to be a m

The age RBFIRUIHAIRL Rt PrEEIBREATS QP{WQ%é?@alB;?%é%n%f%BBﬁWﬁ?” 3

°C aniB treothio castisifveehirg Ty capling) of she il benveiittoaallingiesepayptEdatinuous
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from a casting pool between casting rolls, the extremely rapid initial
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[0094]With an age hardening heat treatment, higher tensile strength was
found to be achievable. For example, with a 0.026% niobium addition, an
increase of at least a 35 MPa 18 (about 5 ksi) increase in yield strength
from 410 to 450 MPa (about 60-65 ksi) was observed. With a 0.05%
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hickness, nun Y Stren MPa Tensile Stren
thickness in the 0.026 Nb steel. Where the base steel tended to be fully recrystallized above

about 25% hot reduction, the 0.026 Nb steel showed only limited recrystallization even at
40% reduction. This indicates that the niobium in solid solution reduced the effect of hot
reduction on the strength properties by suppressing static recrystallization of the deformed
austenite after hot rolling. This is shown in FIG. 10, where it can be seen that the austenite
grains have been elongated by the hot rolling reduction without recrystallising into finer
grains. Finer grains increase the austenite grain boundary area, thereby reducing the steel
hardenability. However, while recrystallization to a finer austenite grain size was suppressed,
such high hot rolling reductions are known to raise the ferrite transformation start
temperature. In addition, high hot rolling reduction can induce local high strain regions

within the austenite grains, usually referred to as shear bands, which can act as intragranular
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MPa Total Elongation, % YS/TS 'n' Value 'r' Value 1.1 477 563 18 0.85
0.12 0.90 [0097]Recently, in addition to producing the 0.026 wt% niobium
steel, steels with

nucleation sites for ferrite nucleation. In the present steels, the hardenability effect of the
niobium was sufficient to suppress the formation of ferrite within the deformed austenite
grains, which resulted in strength levels that were largely insensitive to the degree of hot

rolling.

[0084] The thin cast strip niobium steel product had consistent yield and tensile
strength levels over the range of hot rolling applied, and capable of providing a yield strength
of at least 410 MPa with a reduction of between 20% and 40%. The prior austenite grain size
was determined for each strip thickness. The austenite grain size measurements indicated that
only very limited recrystallization had occurred at high hot rolling reductions, whereas in the
comparable base steel strip, the microstructure almost fully recrystallized at hot rolling
reductions over about 25%. The addition of niobium to the cast steel strip suppressed the
recrystallization of the coarse as-cast austenite grain size during the hot rolling process, and
resulted in the hardenability of the steel being retained after hot rolling and retention of

niobium in solution.

[0085] The higher strength of the present steel strip after hot rolling was mostly due
to the microstructure formed. As shown in FIG. 4a, the microstructure of the cast niobium
steel was comprised of a majority if not mostly bainite for all strip thicknesses. In contrast, as
shown in FIG. 4b, the comparable non-microalloyed steel achieved similar strength by
coiling at a low coiling temperature and had a microstructure comprising mostly acicular
ferrite with some grain boundary ferrite. The addition of niobium to the steel strip provided
an increase in the hardenability of the steel and suppressed the formation of the grain
boundary ferrite and promoted the bainitic microstructure, even at considerably higher coiling

temperatures.

[0086] The yield and tensile strength results from the trial steels, shown in Table 2
below, in the as-hot rolled condition are summarized in FIG. 11. The strength level increases
with increasing niobium content, with yield strength of at least 340 MPa, with levels up to
about 500 MPa in the as-hot rolled condition. The tensile strength may be at least 410 MPa.
The initial rapid increase in strength is attributed to the suppression of proeutectic ferrite
formation and the promotion of bainite and acicular ferrite, while the subsequent
strengthening can be attributed to continued microstructural refinement and possibly solid

solution hardening from niobium retained in solid solution.
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niobium additions of 0.014 wt% and 0.065 wt% have been successfully
produced via the present process. Heat compositions are shown below in
Table 2. TABLE 2 Steel C (wt% ) Mn (wt% ) Si (wt% ) Nb (wt% ) V (wt% )
N (wt% )
[0087] In addition, transmission electron microscopy (TEM) examination did not

reveal any substantial niobium precipitation in the as hot rolled cast strip. This indicates that
the niobium had been retained in solid solution and that the strengthening produced was
mainly attributed to the enhanced hardenability effect of the niobium resulting in the
formation of a majority and likely predominantly bainitic microstructure. The hardenability
of the cast steel strip is also believed to be enhanced by the retention of coarse austenite grain
produced during formation of the cast strip. The transformation to bainite, rather than ferrite,
is believed to be a major factor in suppressing the precipitation of the microalloy addition of

niobium in the thin cast strip during cooling of the coil from the coiling temperature.

[0088] The transmission electron microscopy (TEM) examination may be used to
determine the size, identity and volume fraction of niobium carbonitride particles present in
the steel. The absence of any niobium carbonitride particles upon TEM examination
supported the view that the observed strength was largely attributable to the microstructure
being largely bainite rather than ferrite. The subsequent observed strengthening increment
arising from an age hardening heat treatment therefore leads to the conclusion that niobium
had been substantially in solution in the hot rolled strip. After determining the volume
fraction of carbonitride particles in the microstructure using TEM analysis, the amount of

microalloy element in solid solution can be concluded.

[0089] Thin foils or carbon replicates may be evaluated by TEM in determining the
amount of the present carbonitride particles. In our analysis, a JEOL 2010 transmission
electron microscope was used. However, from our experience with this instrument, Nb

particles below 4 nanometers may not be resolvable in heavily dislocated ferrite.

[0090] For thin foil analysis, a foil is prepared. The foil is cut and ground to a
thickness of 0.1 mm. The sample is then thinned to electron transparency by electro-polishing
using a 5% perchloric acid, 95% acetic acid electrolyte in a Tenupole-2 electro-polishing

unit. The sample can then be directly transferred to the TEM.

[0091] For carbon replication, a desired sample may be prepared by etching a
polished sample in Nital (a solution of alcohol and nitric acid) after etching, coating the
samples with carbon, and then scoring the carbon coating into appropriate dimensions (for
example 2 mm square) for TEM analysis. After scoring, carbon replicas may be liberated
from the sample by dissolving the ferrite matrix in 3% Nital. The carbon replica samples are
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A 0.0320.72 0.18 0.014 <0.003 0.0078 B 0.029 0.73 0.18 0.024 <0.003
0.0063

collected on 3mm diameter support grids, then repeatedly washed in ethanol/water solutions.
The carbon extraction replica with the supporting grid can then be transferred to the TEM.

[0092] An additional factor believed to account for the absence of niobium
carbonitride particles in the hot rolled cast strip relates to the nature of the dispersion of
niobium with the rapid solidification of the strip during its formation by the method of
continuously making cast strip described. In previously made microalloyed high strength
strip, relatively long time intervals were involved in the solidification with slab cooling, slab
reheating and thermo-mechanical processing that permitted opportunities for pre-clustering
and/or solid state precipitation of carbonitride particles such as (Nb,V,Ti,M0)(CN), that
enabled the kinetics for subsequent precipitation through the stages of the manufacturing
process. In the present process described, where the cast strip is continuously formed from a
casting pool between casting rolls, the extremely rapid initial solidification in forming the
cast strip (in about 160 microseconds) is believed to inhibit pre-clustering and/or solid state
precipitation of carbonitride particles, and in turn, slow and reduce the Kkinetics for
precipitation of the microalloys in subsequent processing including rolling and coiling
operations. This means that the microalloys of Nb, V, Ti, and Mo are relatively more evenly
distributed in the austenite and ferrite phases, than in thin steel strip previously made by

conventional slab casting and processing.

[0093] Atom probe analysis of niobium cast strip made by forming from a casting
pool between casting rolls as above described has verified the more even distribution of
microalloys (indicating reduced pre-clustering and/or solid state precipitation) in both the as
cast and the hot rolled strip when coiled at about 650 °C or lower. This more even
distribution of elements is believed to be inhibiting the formation of carbonitrides in the
coiling operation under conditions where fine coherent precipitation of such elements
occurred in previous conventionally made and processed microalloyed slab cast steel. The
reduction or absence of pre-clustering and/or solid state formation of carbonitrides in the
microalloyed cast strip made by twin roll casting also slows the kinetics of formation of
carbonitrides during subsequent thermo-mechanical processing such as annealing. This then
permits the opportunity for age hardening at temperatures higher than those where the
particles in previously conventionally processed strip lost their strengthening capacity
through coarsening (Ostwald ripening) mechanisms.

[0094] With an age hardening heat treatment, higher tensile strength was found to be
achievable. For example, with a 0.026% niobium addition, an increase of at least a 35 MPa
18



C 0.038 0.87 0.24 0.026 <0.003 0.0076 D 0.032 0.85 0.21 0.041 <0.003
0.0065 E

(about 5 ksi) increase in yield strength from 410 to 450 MPa (about 60-65 ksi) was observed.
With a 0.05% niobium addition, it is contemplated that with a age hardening, an increase of
at least 10 ksi is expected, and a with 0.1% niobium addition, it is contemplated that with a
age hardening, an increase of at least 20 ksi is expected. The microstructure of the present age
hardened steel product may have niobium carbonitride particles with an average particle size
of 10 nanometers and less. The microstructure of the age hardened steel product may have

substantially no niobium carbonitride particles greater than 50 nanometers.

[0095] Laboratory ageing heat treatments were conducted on samples of 0.026 %
niobium steels at various temperatures and times to induce action of the niobium, that was
believed retained in solid solution in the hot rolled strip. As shown in FIG. 5, ageing heat
treatments produced a significant increase in strength, with yield strengths of about 480MPa
(about 70 ksi). This confirmed that the niobium was retained in a solid solution and was
available to provide age hardening on subsequent ageing, for example, through the use of an
annealing furnace on continuous galvanizing lines or by using a continuous annealing line.
Accordingly, short time age hardening is carried out to simulate the ageing potential from
processing the niobium microalloyed cast steel product through an annealing furnace attached
to continuous galvanizing line or conventional continuous annealing line. In the latter case
the age hardened high strength strip product maybe subsequently galvanized, painted or

utilized uncoated.

[0096] The results, as shown in FIG. 6, clearly show that for a peak processing
temperature of 700 °C (1292 °F), significant strengthening was realized, with strength levels
approaching that achieved for the longer times at lower temperatures. The tensile properties
of the niobium thin cast steel product after the short time ageing treatment using a peak
temperature of 700 °C (1292 °F) are given in Table 1. Besides the high strength of the cast
strip product, the ductility and formability is satisfactory for structural quality products. The
cast strip product produced is a thin, high strength strip product for structural applications
through the use of niobium microalloying. It is contemplated that higher microalloying levels
would realize even higher yield strengths, potentially well in excess of 550 MPa (about 80
ksi).
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0.031 0.74 0.16 0.059 <0.003 0.0085 F 0.030 0.86 0.26 0.065 <0.003
0.0072 G 0.028

TABLE 1
Strip Yield Strength, | Tensile Strength, Total YS/TS | ‘n’Value | ‘r’ Value
Thickness, mm MPa MPa Elongation, %
11 477 563 18 0.85 0.12 0.90
[0097] Recently, in addition to producing the 0.026 wt% niobium steel, steels with

niobium additions of 0.014 wt% and 0.065 wt% have been successfully produced via the

present process. Heat compositions are shown below in Table 2.

TABLE 2
Steel C (Wt%) | Mn (wt%) | Si(wt%) | Nb (wt%) | V_ (wt%) N (wt%)
A 0.032 0.72 0.18 0.014 <0.003 0.0078
B 0.029 0.73 0.18 0.024 <0.003 0.0063
C 0.038 0.87 0.24 0.026 <0.003 0.0076
D 0.032 0.85 0.21 0.041 <0.003 0.0065
E 0.031 0.74 0.16 0.059 <0.003 0.0085
F 0.030 0.86 0.26 0.065 <0.003 0.0072
G 0.028 0.82 0.19 0.084 <0.003 0.0085
H 0.026 0.90 0.21 <0.003 0.042 0.0070
Base Steel 0.035 0.85 0.27 <0.003 <0.003 0.0060
[0098] The yield strengths achieved for steel C and steel F are shown in FIG. 12, and

the yield strength results for the 0.014% Nb heat, steel A, produced with a lower Mn content,
are presented in FIG. 13. The niobium additions increased the yield strength at all coiling
temperatures relative to the base steel composition. The yield strength increased by about 70
to 100 MPa (10 to 15 ksi) for the 0.014% Nb and 0.026 Nb additions, and by about 140 to
175 MPa (20-25 ksi) for the 0.065 Nb addition. From FIG. 12 it can be seen that the 0.026%
Nb steel achieved higher yield strengths than the 0.8 Mn base steel for similar coiling
temperatures, and comparable yield strengths to when the 0.8 Mn base steel was coiled a low
temperatures. Alternatively, the strengths achieved in the 0.8 Mn base steel at low coiling
temperatures (about 500°C) can be achieved at higher coiling temperatures (about 600°C)
with this Nb addition.

[0099] Additionally, in contrast to previous conventionally produced microalloyed
steel, we have found that the microalloy addition suppresses the formation of carbonitride
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0.82 0.19 0.084 <0.003 0.0085 H 0.026 0.90 0.21 <0.003 0.042 0.0070
Base Steel 0.035 0.85

particles in the hot rolled and subsequently coiled and cooled steel. Instead, the
microstructure of the hot rolled and subsequently coiled and cooled steel comprises bainite
and acicular ferrite with more than 70% niobium and/or vanadium remaining in solid
solution. Alternately, the microstructure of the hot rolled and subsequently coiled and cooled
steel may comprise bainite and acicular ferrite with more than 80% niobium and/or vanadium
remaining in solid solution, and alternately may have more than 90 % remaining in solid

solution.

[00100] Thus, it has been shown that the niobium cast strip results in light gauge, high
strength, steel product. The niobium addition firstly is capable of suppressing the austenite
recrystallization during hot rolling, which enhances the hardenability of the steel by retaining
the relatively coarse as cast austenite size. The niobium being retained in solid solution in
austenite after hot rolling, directly increases the steel’s hardenability, which assists in
transforming the austenite to a final microstructure comprised mostly of bainite, even at
relatively high coiling temperatures. The formation of a bainitic microstructure promoted the

retention of the niobium addition in solid solution in the hot rolled strip.

[00101] Further improvement in properties may be obtained by age hardening the
present steels. In previous microalloyed and non-microalloyed steels, an increase in strength
could be obtained by age hardening, but in such prior steels, a decrease in elongation occurs
with an increase in strength. We have found that both an increase in elongation and an

increase in strength may be obtained by age hardening the present steels.

[00102] It was determined that the retention of the microalloying elements such as
niobium and vanadium in solid solution by the prior processing conditions provided
considerable hardenability for subsequent age hardening cycle. Such an age hardening cycle
can be produced using a suitable continuous galvanizing line or continuous annealing facility.
Hence a microalloyed steel strip made using a thin strip casting process, combined with an
age hardening heat treatment provided by a suitable galvanizing line or annealing line, is a
unique manufacturing path providing a unique strengthening approach for this type of steel

product.

[00103] Isothermal ageing treatments of the hot rolled 0.026% Nb cast strip material
were carried out for 20 minutes at 600 °C and 650 °C (1110 °F and 1200 °F), inducing
formation of niobium carbonitrides, or Nb(C,N), as confirmed by TEM examination. This

resulted in an increase in yield strength of the material, as shown in FIG. 14. Also, as shown
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0.27 <0.003 <0.003 0.0060 [0098]The yield strengths achieved for steel C

and steel F are shown in FIG. 12, and the yield strength results for the

0.014% Nb heat, steel A, produced with a lower Mn content, are
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harderiRgnepsaseig sfieaidth /W RavdGdishdfandhe SR Yirdkesisel itsteel B) and up to
about 9N AABL (1 8NERHINHE BTV NBIERI e PRy RIAINGH B BREHIRIEHED.065%

the present steels. _ N
Nb steel may achieve yield strengths over 600 MPa in the age hardened condition.

TABLE 3
Steel E Thickness | Yield Strength| Tensile Strength| Elongation
mm MPa MPa %
Hot band 0.996 512 599 11.47
Galvanized| 0.991 581 645 14.16
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[00102]It was determined that the retention of the microalloying elements

such as niobium and vanadium in solid solution by the prior processing

conditions provided considerable hardenability for subsequent age

hardening cycle. Such an age hardening cycle can be produced using a
[0010%Yitable camiinsonts eV aNvRE dteHar darRNsIPUsSi ARG AIRaline Faediying conditions

Hence a microallpyed steel strip made usinr%é thin strg) casting process

found A ARRIARG Ny &P SRIUAING RaR e drtierAgsBadereliel firdestrength of

almosfdyaniridatidetRE RNG1RRHIRG liRerdasadmiaive I aTghaesuingdaydthThe relationship
providing a unique strengthening approach for this type of steel product.

id |
betweRRY 154 SHERGH M AN S SRR RDEAHRM O bR TRSE PN Bsh DIRbY Wciieels in the

as hoStoRdSTRtivCER SN 8@ aye frardenetinieyalh 8RR <d abadfRsh Glohgitddmal test
and 1200 F ,_inducir&formation of niobium carbonitrides, or Nb(C,N), as
SRy i

directiQiids amination. This resulted in an increase in yield
th of the materi h in FIG. 14, Al h in FIGS. 6
100108 e TR &) Gt AR oA L oL 3 7 Ty be used
betwegalsbouziegsline alseie0aedeesinificantygiemitviverctsetcammpaansinghge is a
that achi ith the,isoth ' tl t .[00104]Th
e B o P T R e
range g stippvestadioofhih ecter Hitdd rams{ahmadropeseymiéi candgly Jowensrdwed slightly, as
it ition t ture jnto the bainite/acicular ferrit .
o e S e R ARSI s - o
800 °thedppdadirg topoeteon tihe \@d&railawaty tedatinge mioyad oynaal ditcorhsatbadid-ates, the
so{ution b@{ gé)g?ﬁxin conventional run out table cooling rates and
e colll

holdin) p')rrnc?pﬁg n% et?ﬁperatures. [00105]The microalloying elements,

[OOlOEﬁCh as IH'CI ieu.@as%noq Ybasﬂg%ﬂﬁmedﬁgf) pr%aiﬂlgﬁ PIWeF‘Y&H@QJSt&?éﬁ%ethe range of

rdening during a su treatment to inCrease stren
500 °Cab 6636y gy hravdethiRgpstuidies eiltednlibhedethtitas abwtairitiedtment of 20 minutes

at 60&”@2&8@%{&&8%‘?. @%ﬁj\é?&s‘eé{?ﬂd@r&éﬁ&“ﬁeb}’ c%%%ﬁ%@@téﬁﬂééﬁ}?g‘g{:ycle at

cycl as availa continuous annealing lines and galvanizi
700 °[heslGha2rebalis fresultalafrdabeyatimnulzaed treatthentu sairine adivtgfoy28sand 120

i S s I e S et e o 120
minutgslasGale {ahtitrthfs WRsdts@ing dReosiegitteshedr tedatinep® °C reduced the
hardn %ng}ti%ss?ggﬁyqygﬂgg fﬁ%‘@ {Fb%t'ﬁ]%@tqaﬁﬂ{é/sséﬂ%aﬁ& gg%%mmﬁlﬁﬁcgﬂ %r[\sqealing

1, respectively. stantial strength increases were achieved with ste
procegBesnstiFh ¥ dlafchranigal ikg/d1dhe erueasstoredB00¢ PRORIErcebacd watother post

o SAEAeaLT er s Mot st e AN oo,

by contrehlecbeaeling toaugratiederperoiiies o208 RB 1616 (teel B) and up to
about 100 MPa (15 ksi) for the 0.065% Nb steel (steel F). Itis
[00118hntemplatagnitizsi 9REB L0 IENSEERY MMy 3y Tiae eulediysrRIBIRs Of steels

C andGOQMRR Had R OG deRarRAROIKIRf BOBRURSRYSD °C. Fine particles in the

size range of 4 to 15 nanometers were found. These fine particles were found to include
niobium carbonitrides, indicating that the strengthening may be attributed to age hardening

by fine niobium carbonitride particles.

[00111] The microstructure of the age hardened microalloyed steel product may have
niobium carbonitride particles, with an average particle size of 10 nanometers and less. The
microstructure of the age hardened steel product may have substantially no niobium

carbonitride particles greater than 50 nanometers. Samples of the present niobium steel were
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Thickness mm Yield Strength MPa Tensile Strength MPa Elongation %
Hot band 0.996 512 599 11.47 Galvanized 0.991

inspected using TEM evaluation, and portions of the microstructure had no measurable

amount of niobium carbonitride particles.

[00112] We believe that the enhanced strength/elongation relationship in the present
age hardened steel may be due to portions of the microstructure being substantially free of
particles greater than 5 nanometers in size, or "precipitate free zones," and nano-clusters. The
development of precipitate free zones in the vicinity of grain boundaries may influence the
strength and tensile elongation relationship by providing reduced hardness regions adjacent to
grain boundaries. The relaxation of stress concentrations in precipitate free zones has been
reported to enhance strength and elongation. The beneficial effects of precipitate free zones
on elongation and strength may appear in circumstances where the precipitate free zones are

narrow and the size of grain boundary precipitates is small.

[00113] In the present steel, the element additions may provide for increased
elongation with increased strength after age hardening by producing smaller precipitate free
zone width and smaller change in hardness than in conventionally produced niobium steels.
Because of the more even dispersion of elements in rapidly solidified steels, the kinetics of
age hardening can be retarded so as to effectively expand the time-temperature window over
which the formation of nano-clusters can be stably controlled. The element nano-clusters may
provide strengthening in the early stages of age hardening. Cluster strengthening may be due
to the extra energy required for dislocations to cut the diffuse boundary of the cluster of
solute species. The clusters may provide substantial strengthening without reducing ductility
because their elastically soft boundaries do not severely inhibit dislocation movement or

cause pile-ups in the way that normal second phase particles do.

[00114] In the present steels, a more even distribution of elements remains in solid
solution during the rapid solidification of steel. In contrast to previous conventionally
produced niobium and vanadium steels, the microstructure of the hot rolled and subsequently
coiled and cooled steel comprises bainite and acicular ferrite with more than 70% niobium
and/or vanadium addition remaining in solid solution and substantially no niobium
carbonitride particles greater than 50 nanometers. Alternately, the microstructure of the hot
rolled and subsequently coiled and cooled steel may comprise bainite and acicular ferrite with
more than 80% niobium and/or vanadium addition remaining in solid solution, and

alternately may have more than 90% remaining in solid solution.
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581 645 14.16 [00107]Samples of steel F were age hardened on using
the age hardening conditions found on a galvanizing line. As shown in
TABLE 3, the age hardened steel had a strength of almost 70 MPa, and
the elongation increased from 11.47% to 14.16%. The relationship

[OOllQPtWGenBH@@I@H‘\@ﬁ@the@ﬁﬁiﬁ%b@@ﬂﬁté@mfﬂfnthﬁ piesesthofisrcles®hnd do not
niobium steels in the as hot rolled condition and in the e hardened and

precipitaig4hiheE NG SIRREEHY i 78] QERAML GRSh)Gs KHEIRHER (s efTeggively retarded
becauleQROBIAsT sbpenatifvrs GF dBnweshanadaniiktahadiharrasy bridneyaiglly occur

may be used between about 675 C to 725 C to prevent overaging

in conyEiHan, SHE ATt A SRS ST ARLEPOUER G AGPARRLEG i the present

proceéﬁcwméhﬁe@@ﬂﬁrﬁﬁ%@ ia 3@61?%@'1!3&|@@@E§dﬁhﬁéq’fﬁp%ﬂw%dﬂmﬁay thus be
htly, while for the zero hold time, the tem E FFgure range was increased

erge R B R 504 ) 0 AR AL re range may

bet t 625 C di th
1001140 et Uy FaEABAHIG R e RO TE QU gt rectment.
Addltr@heBy[QﬁitB@ﬂlagmaardsmm@ | pngirduipdtitést trmtanelataj meerparticles are stable
res in tlie .range of 500 C to

g) 0C mafyIlPJe usneéi. From FIG, 6,it. bi

over a@a W’EH& D5 Qé‘?H%BREaBFE A B%6t8 '5?8138@&‘%%%3&0 ium

and/onstramaginhr‘reueks)las dusiecomdsr ito agohdirnienirg) anne phegpitattef ek Z006S that form
22 shows results of laboratory heat treatments carried out for 20 and

near 91%'6‘ ROHOREL e KRR ?e%‘ﬂﬂ‘i%ag%%v'm%'é’ﬂ‘b%'?%%eﬂg?a%rﬁ RGPS aéﬂ?zv ’E'Jpa'” more

evenl)fatlsphfsau tneadrctusteat hAO ﬁnaumaanﬂfﬁ&@dmdmhﬁ)mﬂewmnﬂﬂg ﬂgﬁdgoﬂd steels.

Thus :ﬁ m tures ﬁver abou 650 C re the hardn s }Qe ﬁteel Longe

Sat ft G ANTER coupc(?bD eﬁs% Wlt [5%F R0 almn amg pFoce%g'n ierior are
relati\&lmhmaleHmpmhngsteetme ¥en peliatier éhednmzer ofvBO P recipi &5 f@aeozones and

small%QreJnBOSt ﬁom ng coollng ractl % f]orr the hot roI d cail, design

preC|p|tSate e9etdined n y controlea 5%0|ng§r?8%g%8nﬁentratlons in the

precipieatgpieatnoeanragie G0 @¢m6&@@1dﬁﬁirﬂ1@jf§lfarmMsieﬁmrahaﬁUonn the precipitate

MIicroscop ILM carried out on samples of steels,C and F,
fee 4 SR S A ol SRR A0 R el i seena
increaﬂaae\slﬂmmr@&ietbmmﬁ&mamcduﬁlhty wm@fdwimtaTbesalfmeppda@slemt occur at

cluste er%kfl?h ngn]iB r{};\(flgﬁle i tt%)ll”rj? JH#S Sfﬂged'%%heg r§1n%tt uster strengthening

strengthening may be'a ardening by fine nio
mecharasbsnisr ot pzadidte e 0d pAddi hﬁanmcfreesimnear@fcbhermemgethmejenﬁtjls results in

impro%g ra%@%{ﬁgnsb%‘é#%@ %Pac?ﬂ%ﬁ t?ﬁ%’l% ?ﬁcﬂ q E’?ﬂﬁgﬁdpr%& %SEStY‘éWe to the

an average particle size o anome ers an € MmICros ructure 0
grain ﬂbmJa@HWMemtatstémepzodememay Hawghsubttarnsaidyahasteiksbinay co-exist with

distinct particles within the grain interior regions over a certain annealing temperature/time

combinations.

[00117] An annealing furnace may be used to perform the age hardening, which is not
a current strengthening approach for processing such products. The annealing condition may
be a continuous annealing cycle with a peak temperature of at least 650 °C and less than 800
°C and better 675 °C to 750 °C. Alternately, strengthening may be achieved in a production
environment using a very short age hardening cycle available with conventional annealing
furnaces incorporated in continuous galvanizing lines. The final strength levels recorded in
the full scale plant trials were similar to that produced with the laboratory heat treatments of

the respective steels.
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carbonitride particles greater than 50 nanometers. Samples of the present
niobium steel were inspected using IEM evaluation, and portions of the
microstructure had no measurable amount of niobium carbonitride
particles. [00112]We believe that the enhanced strength/elongation

[001183lationshiminaties pie seat aaerhgrden adtrieRbinAY Heeida HBRAM1%:%nd about
the micrgstructure being substantially free of particles greater than 5

0.20% a¥ oYt 5D et BN i G RAEE T raBHO R 8174 R afRP L e THglybdenum
betwedgVAIORMB059 RrRCiNERIE (reguB0RAE MatiRiviei NtatReaTaipdRUNOadiLand about
o nay influence the strength and tensile elongation relationship by providing
0.20%educed hardness regions adjacent to grain boundaries. The relaxation of
ress cqQncentrations in gﬁecipitate free zones has been.re ort(ﬁ%
it i

. t .
(00113 hance' SE&QGRSHPR) IS TR TR TR NS .‘f‘!a?}ea?r%tse' Hin
Table Z0ré® giekIcngatjvnofstketigngthonayiappear s Thewnsidinoesteehevasthduced

. ipjtate f d the si f grain b .
with R bl TG TAi chE aS oo Sk HhC D e Lol ¢ 650 °C
and 70@®y Qrovidedimeireieradd) ehyngatiadiumithnnsstidses witendrhaftesidgeshow that

. _..hardenjng by producing smaller precipitate free zone width and smaller
Signif e e LT e e PG A A AR ERRclons.  The
strengBeoipiofetnennas sivgitigdisprsidorafelestents prodymiedyvadhidifictigher coiling
¢ steels, tv?ﬁ.lii]netics I%fa e h%r)d nin artl be retarded so as to effecgivelé/. itai
empeé?f&&%d L TBRE RE P WK SHER A R RO o RIS F 0T Precipitation
hardemiagoacidisteirs astridterstabdyteantyolied: Stiengtbemémy nacerobmteealiney with the

rovide strengthening in the. early stages of age hardening. Cluste .
mater B R 15y B0 ST 1 T HaP bl hetgehieved
with theOtbeedtNbesteelindary of the cluster of solute species. The clusters may

provide substantial strengthening without reducing ductility because their
[00128]asticallfsofidid atrdagibot sterdtts dvdnelgsihioibio diésl aodtimtvanizesheent sions are

ile-upg i W, t normal sec icle b .
prese'ﬁ%ﬁ&%‘ﬁhg §1|o'rrel):stte?’jr;?t' S ee%@,aa?rﬁofﬁg 8%%%&%?@#@% er%é%n?tsa (fglr%\z/ﬁ(rjlshlgher
strengith devielssthatidhed plamgy chepaphdssosidiflcation tfostglelitiwadptaaktcasl using higher
o Previ vent ly o lobj n |

el TR IR P e H wes
570 °Goangribe bdsaipiicel oot ingitampefatvite wasHassotfein 00 702 niobium and/or

vanadium addition remaining in solid solution and substantially no niobium
[0012&,};rbonitﬁd&owénwrwg'?b%t@ﬂtwaﬁrsogﬂamﬁe@ﬁ@rwamﬁéahéﬁély) the vanadium steel
from SRISIRSAEHBEAPLI Bt saledimachsvReetFaboRRHERRTIGRRISAPIRR but the

may comprise Dainite and acicular ferrite with more than 80% niobium ]
Strengﬂh@ﬁé@@éﬁ&tﬁ&ﬂﬁsédﬂﬂibwaérﬁélfﬁ% Tfpgbﬁﬂ S&MM@E@P&H@E&@?@@I%&]@\@ yield
strengR\6F MRS ARANOATORRMaIAING InroldiSRSiAg- IRRLAAET AERIEMIN 1P in the

remain trapped in solution in the hot rolled coil and do not precipitate if the

galvarisath§aeeHitTawiRicts Belbihasdessontevedritticheidasgec iorry lareiery heat
treatnRAFCHSSIRS P ARG 255061 QReRERIIMB(SHRBATINSIBE THY BE RASHS&Skitive to

_ that normally occur in conventional slab casting and reheating for hot strip
coilingdgimgespéupt dhathteei nirRidnbaeRint process. The observed increase in
strength that occurs in the hot rolled coils may thus be largely attributable .
[00126] hardehAsifnLeRILSHIA SOMMRSPIRIINAG BRI HIaB B dMpRIBSBeINg:
carbonitride particles can be activated during heat treatment. Add'tionall}/,, )
[001Zaﬁring ade har&nﬁi@bp@fﬁ?g piti%h JAErs SHYAHIE Dattiteyreutilizing 2
microstialelareveiadmaxteanee ranghrohiufie apmdsmaeraiedgechasrthineuring the
significant amount of niobium and/or vanagtii)l(Jm_in soud solu [

tjon prior ta
galvaniging Braesshig! At pratisSeEtP L S daantong B%Fﬂ?ahﬂ rigndyce age

harde@i®@dfanaalqyeeiiiationanemomefanearennayosues erd neiaen meielled.
evenly dispersed nano-clusters and finer precipitates than for

conventionally produced steels. Thus the hardness changes in the
precipitate free zones relative to the grain interior are relatively small for
the present steels. We believe thatRarrower precipitate free zones and
small hardness changes across precipitate free zones reduce stress
concentrations in the precipitate free zones reducing microcracking from

preferential deformation in the precipitate free zones. We believe that the
chiieter ctrenathenina mav be characterized hv a <trenath increace withot it



0.20%, as well as with titanium between about 0.01% and about 0.20%,

molybdenum between about 0.05% and about 0.50%, and vanadium

between about 0.01% and about 0.20%. [00119]The composition of the

present steel utilizing vanadium is shown as steel H in Table 2. The yield
[00128{rengthf steehH fggphoyirrmdth Gligh: THeuyanaghepasteekwias Bpdugfiding a

with two different coilin eratures, and was subsequently aged for 20
microgifiuchae Hiasdp Bajery g@é'@i foaRI 368 HArdRLISH GNGaPIQSRT MY QB R CONtinuOUS

anneaﬁﬁbmﬁ@ TRENigRUHM SO Al rBletRI e and §Um1thﬁmn@bmﬂm@gl§1m@dnng can be

from these heat treatment conditions. The strengthening increment wa

used tQERGAASHURTR (et AUSAY BrBRA N EEr G R RHE FUBHEG In sold Solution by

the bai@fgistusgutiiehfmeaytiesluadothrefeciasetepposing processes of
precipitation hardening and microstructural softening. The strengthening

[0012B]cremeat realizedniyktistieagiattiyhl peedecediatoliieilonsersaddingoduct where the
Oy S R I
m|crogallmmﬂqxdcmhmdstla)rrslameqhyEB@ntedengﬂhGpradu&IG& 23%0dl\2ﬂar(d_rma')). The
o B R R AL RS e s
levelstémpesititeas. linethiegraenpfesoshotimgn redGetidh. tﬁee:dilhag iemgﬂrdﬂu@wf/vill be
. steel H was 570 C,.and the b teel coili t th
consiq eI SAOREC AR eee RS S ar e Ao et AL AL
[0012 eV&”"’WHﬂ% Stge! fﬁ%ﬁt%haﬁgsh%%ﬁ”Iﬂﬂsﬂ%ﬁ.’aﬁf“ﬁd&'&”&fﬂ%f%”ﬁ‘%?ﬂ in the
a continuous galvanlsm line, but the stren INnCrease was less
foregaurags dealviegh feoih desemmmlemm&abnamsctmtmmoﬁaeiwedidﬁrdhgtmwehmd not

restnc?ﬂ)@%e 'H%Fa&erzd‘t e &;ﬁ%‘é’%m W%Ié?%ﬁ%?ileve d} %:’grmf lﬂeﬁlﬂg thereof have

alvanise condl lon, which1Is'In e orde with n er ter
been Sh@ara&nri/d@eauh@hﬂnént@wbmmﬂ@]@moﬂiﬁmmmmom Wlthln the spirit

[ Q .
of e B B e A SR e ISR agiiona
featurmcmubetyp@gtmoluwlim@em@a@ma&ehtgtb thasagiti| Ieghnghege, grovastinsideration
of theiE g%ﬁgt &iﬂ‘l B%tﬂ'@%? H’a%te m%%m%%%@efm%ec ﬁtt'téﬁdqgcope of
rdening urlng e galvanizing proce e anneah section
the Invﬁﬁhergalvanlzmg line can be used to induce age hardening of the niobium
and/or vanadium of the thin cast strip that has been hot rolled. [00124]2.A
high strength, light gauge, uncoated strip by utilizing a microstructure that
IS majority bainite and age hardened during processing on a continuous
annealing line. The high temperature furnace of the conventional
continuous annealing can be used to induce activation of the niobium and
vanadium elements retained in solid solution by the bainite microstructure
after hot rolling of the thin cast strip. [00125]3.A high strength, light gauge,
hot rolled cast strip product where the strength levels are insensitive to the
degree of hot rolling reduction applied. The bainitic microstructure
produces a relatively high strength product (YS > 380 MPa (-55ksi)). The
suppression of austenite recrystallization during or after hot rolling can
provide final strength levels insensitive to the degree of hot rolling
reduction. The final strength levels will be consistent across a range of
thicknesses that can be produced by a thin cast strip process.
[00126]While the invention has been illustrated and described in detail in
the
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What

foregoing drawings and description, the same is to be considered as
illustrative and not restrictive in character, it being understood that only
illustrative embodiments thereof have been shown and described, and
that all changes and modifications that come within the spirit of the
invention described by the following claims are desired to be protected.
Additional features of the invention will become apparent to those skilled
15 B8 dBon consideration of the description. Modifications may be
made without departing from the spirit and scope of the invention. What is
claimed is: 1. A coiled steel product comprising, by weight, less than

0A:5iled iRl BIASHEL AUPHSIAG DyieiglhdsseliandbenkeRasa. disiveen 0.20

0 2P0 9ilis orarigasctieandviddd alosnindno,. 509 silieast lese BleNTe0t% aluminum,
selected from thegroup consisting of niobium between about 0.01% and

BBt eh 'S OVRRSHIER FRWEL N AV SO1PCoRA LB R T WM, Rehyeen about

mpxyarg Hieredbansl JuyinganagiertnBane3a aisdut mene/and anadivdpivs, and a
solid solution after coilinéqltand coolir#% 2. The cailed steel(ﬁ)roduct a

cIBREIHRELERT 1 30PN T AL ORI WD, 80P VEBREW Lelty SOlid
petludrasrelasdRihdaathesolirgpmprising in addition having fine oxide

particles of silicon and iron distributed through the steel microstructure

having an average patrticle size less than 50 nanometers. 4. The coiled

steré podiddctas glatmechicRimmdlimdiging thetsireiheroidbiirnas lasgietan 0.1%.
strength of at least 340 MPa. 5. The coiled steel product as claimed in
claim 1 where the steel product has a tensile strength of at least 410 MPa.

6 Thbecoilie et eh oy cisasigiakded ivlgiaim tonpersrihdrstalifopdbating fine
has g thickness qf less than 3.0 mm, 7. The coiled steel product as .
BT e STHare s CRILR BHE T ECoh i PGB gy having
min.a8erbge gtk stieellgrothaot 5ereladmetdifn claim 1 where the steel

product has a thickness of less than 2.0 mm. 9. The coiled steel product

as claimed in claim 1 where the steel product has a thickness in the range
franhre adedlgti Osteeh prédiatb @t Aainmed D cliive doild@isteld greelustoaisict has a yield

claimed, in clai Xpe éhe steel product has a total elongation of at

Ie%gf }J_Off?%étg, e@ feel product as claimed in claim 1 where the

steel product has a total elongation of at least 10%.
The coiled steel product as claimed in claim 1 where the steel product has a tensile
strength of at least 410 MPa.

The coiled steel product as claimed in claim 1 where the steel product has a thickness

of less than 3.0 mm.

The coiled steel product as claimed in claim 1 where the steel product has a thickness
of less than 2.5 mm.

The coiled steel product as claimed in claim 1 where the steel product has a thickness

of less than 2.0 mm.

The coiled steel product as claimed in claim 1 where the steel product has a thickness

in the range from about 0.5 mm to about 2 mm.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

12. A steel product comprising, by weight, less than 0.25% carbon,
between 0.20 and 2.0% manganese, between 0.05 and 0.50% silicon,
less than 0.01% aluminum, and at least one element selected from the
group consisting of niobium between about 0.01% and about 0.20% and
vanadium between about 0.01% and about 0.20%, and having a majority
of the microstructure comprised of bainite and acicular ferrite and

caipRoA rirtech AR AEIE L RERi by 'R oheiriBERiaahRsodiFtHas a total

staehpAGHRSFUEIERTEYYINg an average particle size less than 50
nanometers. 13. The steel product as claimed in claim 12 where the

niobium is less than 0.1%. 14. The steel product as claimed in claim 12

witRsechiRGteRbPinduGEhas aaiinkd SHengih af Ahleastd49dviRfodbeThe a total

steel product as claimed in claim 12 where the steel product has a tensile
SEEGRIBR Af Bdep% 181 0tPa. 16. The steel product as claimed in claim 12

where the steel product has a total elongation of at least 6%. 17. The steel
product as claimed in claim 12 where the steelé)roduct has a t

otal
efongSHoRBFUTH EQEIPT t59RT1 BY AVEIEB pleSa BRI 1air mfé%B{H‘i?'istzo and

tr%jo?grgaf@aﬁ%mrmlem\eﬁemo@ag ax?b%mﬁmmn%wﬁm @ewalmmi%m, and at
and 0.50% silicon, less than 0.01% aluminum, and at least one element
RSt e IR SR LIS LRt SR SR A UL LI AL D6 659 Syt 0.0196

ahptt0alR 2096 xhd eanadibetwesreabat @ 0310/aa0dbe%0 02096, and having a
. o o . @
vanadium bgtween about 0.01% and abouc} ?¢§0/° and hayln '%@;?Jofré%te and

of RO 8E PRI CER HHFIUEE GPRMHRE R dRalilisr At
ceompissngyfifieodriparticierofdilisitiocmndritonroistdistiibdigarabgudhethe steel
steel microstr%&ture having an averagle Qarticle s%e %er‘qss than 50
nIHSHARALAUTE A0 &R AV A RS R IR AP TaRnT 18 RRE She
niobium is less than 0.1%. 20. The steel product as claimed in claim 18
where the steel product has.a yjeld strength of at least 340 MPa. 21. The
L B LD Ch R AT o VAR SR B h A28 e
strength of at least 410 MPa. 22. The steel product as claimed in claim 18
where the steel product.has a total el tion of at least 6%. 23. The steel
oL PR B P15 Mokt 1 MR g i Stengih
elongdtiasn ®d@Meast 10%. 24. A method of preparing coiled thin cast steel
strip comprising the steps of:
The steel product as claimed in claim 12 where the steel product has a tensile strength
of at least 410 MPa.

The steel product as claimed in claim 12 where the steel product has a total elongation

of at least 6%.

The steel product as claimed in claim 12 where the steel product has a total elongation
of at least 10%.

A steel product comprising, by weight, less than 0.25% carbon, between 0.20 and
2.0% manganese, between 0.05 and 0.50% silicon, less than 0.01% aluminum, and at
least one element selected from the group consisting of niobium between about 0.01%
and about 0.20%, molybdenum between about 0.05% and 0.50%, and vanadium

between about 0.01% and about 0.20%, and having a majority of the microstructure
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19.

20.

21.

22,

23.

24,

assembling internally a cooled roll caster having laterally positioned
casting rolls forming a nip between them, and forming a casting pool of
molten steel supported on the casting rolls above the nip and confined
adjacent the ends of the casting rolls by side dams, counter rotating the

capigisetisofoantieifnmnata ahetisr i v CaibIsialFine RRIEFIMIAFOBS silicon

move through the casting pool, and forming from the metal shells . .
B ARSI ieh THOIP Bsniteeh THE eSILYF Y PollaANGia8| RIS Rrticle size

coginadhesieabste@t a rate of at least 10 C per second to provide a
composition comprising by weight, less than 0.25% carbon, between 0.20
and 2.0% manganese, between 0.05 and 0.50% silicon, less than 0.01%

alpRaistea), rocuet dsasdinng panent slesiedifomdbiaRuess engiving of
niobium between about 0.01% and about 0.20%, vanadium between

about 0.01% and about 0.20%, and a mixture thereof, and having a

NTRjerfiedlf sheinricso Slaiaiedd CormipiseddicRathis RBOpGHudeR e ijgedntrength
haying more than 70% niobium and/or vanadium in solid solution. 25. The
n19e¥tﬁb Bt gi¥RAg coiled thin cast steel strip as claimed in claim 24

where the steel strip as coiled may have fine oxide particles of silicon and

iron distributed through the stee| microstructure having an average particle
IR s Rt ST Bt e L Brh T e Strength
castasleadtsinip mpeglaimed in claim 24 further comprising the steps of: hot

rolling the steel strip; and coiling the hot rolled steel strip at a temperature
between about 450 and 700 C. 27. The method of preparing coiled thin

cadiestezel propas elalmiackiiclaim24siwtieesr tenseebirodhe stepstofibdngation
rolling the steel strip; and coiling the hot rolled steel strip at a temperature

Ie%{s 5336566’(:. 28. The method of preparing coiled thin cast steel strip as
claimed in claim 24 further comprising the step of: age hardening the steel

SRS Br 750t TAtmea T el £ SVATERRd AP o heEASE 3 20taT elongation

of at least 10%.

A method of preparing coiled thin cast steel strip comprising the steps of:

assembling internally a cooled roll caster having laterally positioned casting rolls
forming a nip between them, and forming a casting pool of molten steel
supported on the casting rolls above the nip and confined adjacent the ends of
the casting rolls by side dams,

counter rotating the casting rolls to solidify metal shells on the casting rolls as the
casting rolls move through the casting pool, and

forming from the metal shells downwardly through the nip between the casting rolls a
steel strip, and

cooling the steel strip at a rate of at least 10 °C per second to provide a composition
comprising by weight, less than 0.25% carbon, between 0.20 and 2.0%
manganese, between 0.05 and 0.50% silicon, less than 0.01% aluminum, and
at least one element selected from the group consisting of niobium between
about 0.01% and about 0.20%, vanadium between about 0.01% and about

0.20%, and a mixture thereof, and having a majority of the microstructure
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25.

26.

27,

28.

comprised of bainite and acicular ferrite and having more than 70% niobium

and/or vanadium in solid solution.

The method of preparing coiled thin cast steel strip as claimed in claim 24 where the
steel strip as coiled may have fine oxide particles of silicon and iron distributed
through the steel microstructure having an average particle size less than 50

nanometers.

The method of preparing coiled thin cast steel strip as claimed in claim 24 further
comprising the steps of:
hot rolling the steel strip; and

coiling the hot rolled steel strip at a temperature between about 450 and 700 °C.

The method of preparing coiled thin cast steel strip as claimed in claim 24 further
comprising the steps of:
hot rolling the steel strip; and

coiling the hot rolled steel strip at a temperature less than 600 °C.

The method of preparing coiled thin cast steel strip as claimed in claim 24 further

comprising the step of:

age hardening the steel strip to increase the tensile strength at a temperature of at least
550 °C.
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