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SUVWMARY [ 0002] This invention relates to nmaking of high
strength thin cast strip, and the nethod for naking
such cast strip by a twin roll caster. [0003]In a twn

roll caster, nol te@(};ﬁ%AﬁP N W@H?ed between a pair

of counter-- rotate |ntern 'y cool'ed casting rolls
t hat
[0028]r f aceSFHESt IQ%T %{bﬁl::!biﬁ)gégﬁhg}%%&gf%fﬁeq&i%d esrllr’%tlefltoA hcatlon Serial
Notlh&r 891, friadMee 6a2X3| wdichiied cgttmugthnrlm@au@ of aptéllcatwarmal No.
11/?W rflijedyOgt(r)lg)erprhE% | H‘hbet el?l%)ltl a?s? c?%tﬁs %gorlté tO SUmted States
giein t e

Proivegjna)eraEHnt Woplehtidrh$eriabNb.i 6@@46 OB1,gilalr Jane l3)§9@§7t

together. The nolten netal is poured froma |adle

through a netal delivery system conprised of a tundish

and a core nozzle | ocated above the nip to forma

casting pool of BACKEROBNRIANBSPMMABY on the casting

surfaces of the rolls above the nip and extending
[00&2]ong t Rléhid ngmttonofelattdsetominp,king'r lof highagteinpd) thootast strip, and the

confi.ned etvveen r ef ractory side plates or
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60 ksi ) trip thick essesl
surks®t. 0 S0 B dRE o o PieChisp BRReS hRE Bfiged s
progﬁﬂt I d%ﬂvéiféc{] dd@vkrm@ﬁilyal frblﬁhhd ﬂillg gm@frlr @6 dhstieg rdlie. THeQekuE nijh hie used
esired thickness, The co roll strip was then
herpig I8 \EReY 1 Hifeaneid! 9o whieh theecating FQHF ty° ﬁfoﬁ?fb (iggether. The
mo%tbidhefal G3Vutd F @AY GAdMI thrAih St h&ROdNverlIOWRMEEomprR& of a tundish
final ductility of the resulting strip still was
and3Oog oA {pcpiehrbamithe Rig 1 farm g csine gogl @? mglei ragfal uppeyred on the
casBhONLALL QT theENAL SbR¥Ghe ﬁ?an\ﬂmxg‘elﬂdfng a‘i(ﬁ&l'{hé &GhofhO8f the nip. This
structural steels by some buil ding codes for
casgpg Pl FsabsueBrsoniénstsbetBise hreiret@y eidp Riffrear damedild in sliding
en%agénlle%g with ¥ &ﬁrskaﬂfgceg‘ L fﬂe RS 0IRNE rd%ltﬂe «%n%p Iof‘E thd Qlaéﬁé;g pool
sinple formng operations, e.g., ro orm ng
agapshalitileyy. To produce this steel strip with higher
ductility was not technically feasible in these fina
[0084) i p t Hh shmpss dughusiengthtlhe-cadiod thiol sty wath dyiglé cteneathys of 413
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owan L um tiH ni. um or nol ybdenum and resyl te
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strdcytipalGadelsybyWohid blldih® c3Q¥ofbadtiictueal c&@pordntS. sli%atredaivemnnealed
6,488, 790. Alternately, the n1crostructure coul d be
cold gollef¢ lawigaghen pisebas %?Q%fF‘]IlX tuablpoply fay fimgpy fppeing ppergfions, e.g..
resulted in the partial precipitation of these
alloying elements. As a result, relatively high
alloying levels of the Nb, V, Ti or M elenents were
required to provi de enough age hardeni ng of the
predom nately ferritic transfornmed m crostructure to
achieve the required strength I evels. These high
n1croa||oy|ng Ievels S|gn|f|cantly ralsed the hot
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additions of Nb, V, Ti or M to the base stee
chem stry was very difficult, particularly for w de
waeosp3™@ae to the high rolling | oads, and not BCTHEHYR08/062783
coommercially feasible. In the past, |arge additions of
these el ements were needed for strengthening the
steel, and in addition, caused reductions in
roll%ﬁmggﬁﬁ@&n@lﬁgmﬁrb&&e%s §ib& seipaith hibhed BudllitPRE fbt technically
m croal | oyed rolled strips in the past were
feagiple i tb@ﬁey finple ptripcihigknesses prig/iten ﬁ@ldsfqﬂéﬁg%nﬁ recovery annealed

mah@h@ldneGbyte €XPENSi ve, and often required conpensating
additi1 ons of other alloying el enents.

[00[)@]007] Aqg 'tﬂe'ﬁaﬂallnzlgﬁl stréﬁg IndsiE@hhd Bign Wase gfﬂl?crr@elllloylng with elements
required for |ower thicknesses of strip;, however, the
such jag iohtune rvgrddivef, tlttﬂmemh ot mplybfleagmg ppd lppt reltiag taprshieyolhy desired
thlc{kﬂ‘\l:sj ' d S(Hefl th CIQ\Leti @Lﬁ'ﬁalld ?oaﬂf) i %%ecﬂﬁ ngw? Oa.lnbI high levels of
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ne I'ng expensrve ft
the amm@stkucnge bcl)lﬂldabe ﬁeaml‘absl'lél k208 beael\vte nlgottrhkhngl |t1g:h§tr1p resulted in the
neal i.ng t enperatur.e eded
parpltrupfion STRRE AskiRe BRRRGS <) metlh syasively ahollpinggovets of
the[ B,08] Md o8 a6 te,lenﬁdnes apiel deqaitddom plf)wﬁé emomghshg,e Kad@ming of the

cro ng ct| es wth Nb V,
pregyigptg aJaufgémr‘f fP &Pﬂoﬁtﬁﬁc?fms % P%“‘“HB Lﬂ?% “’r‘iJBFe‘Lé“engt levels.
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al | oy |n%§costs rel ative |neff|C|enc%Pof el enent

restélaﬁfl theghigknesgyiange of the has Lollgd ptyip Hlilaé FOY S pg ?Cﬁﬁomlgélalsaqdrpractlcally
profi@led! Qhdni Mghyad thigho Ltgan?;t(ﬁl {dipGoudnst &I @Rd for galvanizing after

recrystallization annealing tenperatures required.
picklgrggoy the dricker endrod dhgdroqust r@ngsrendss dhag cripiniis fhiknessy

MEIght | ess than 0.25% carbon, between 0.20 and 2.0%
[00A¢ln ganediovenes Weking of igh srraed. Sedewipliss dian 3eadn thigkaess with
add@tufﬁl % U RS VBNG R WA Qﬁéﬁﬁ\@ﬁ? w%? %&& Bei@d¥oaRularly for

about 0.20% and having a ngjority o
widei sgiroduer toche high colhpg losdsl apd nbfafilWﬁISeCOaﬁ@Ef%l@lﬂ}Ctﬂa%ble In the past,
lar%e dditfoﬁs %e@&krﬂ&t%ﬁ rLQ@te %EO{&JH ﬁ@hlﬂ tﬁ@stéﬁl én% in addition,

ution. ternate e nio |un1nay | ess’

cauedl@pluctines lste@aagat@mmtﬂeﬂaf/ the gretlh Hugh(ﬂdmpgth s&craalldyshmt rolled

strlﬁo% tgl S| nunmt > e\l}\eglé/%ly é efﬁ%@%tlg%%qrgcﬁlg %‘t eglgt?‘! %tl %3/ expensive, and
oﬁmaﬁ@dmdnmhpﬁMﬁmgaahoumcﬁo@@ﬂﬂbgdgahmmhmo.2096 and a

m xture thereof. [0010] The steel product may have a
[0097]e| d Stﬁrckl[tginh]llyofcohl rdllges tva8 46nehAPly, reqmlcbdnﬁ)y Ibvaarethaknesses of

strlg,r ocmeVFr ‘;f%e{/ Eﬁgvsére%gtg ai Jae E?t rol%(? ﬁg}‘/lg)f mg(%e fugg SCtO?A g%lu}%:%lfflcult
becallihﬁ odi the @ixghi do&l 1911 ﬂ(&lﬂgigh reqfiirét tolr@msd thethicknedsed die sﬁrﬁﬂ These high
The steel uct $ﬂ% a tot?l el on aklon of
allqyg‘és]FV%%/als%F?‘E IS?lse ey HfiEtign dﬁ‘?ﬁa e FFE&Peﬁ‘é‘“%\Peeded
reqbigia 8 texpéiiove [ ¢ aﬁl{e@ lind¥Byapbisle ftathidvia@she high
qhigiag ﬁ&ﬂ( [tO0LH Tha sdepmd IGhbC phis 42 a g
steel strip. Optignally, the thin cast steel strip may
anrREI TR B R B BB o el ol st

stribyted through the steel m crostructure having
[00 %,]er age [pahart diedpalicaiion fqeevionsly kWA RHEREIWMe pract1ces with Nb,

\' {rp&m aﬁeﬁeﬁtb td;prs@%& hizh@8éngt thinuTRYoulBYR bd cbiiinekNas ?roduced

of | ess than ternately, the thin cast stee
ecogpmicpllyrhsrapsgyd the high allerag cests, redaiye tingaficioncy apglepieny additions,

another alternative, the thin cast steel strip may

have a thickness in the range fromabout 0.5 mmto

about 2 mm 2



[0013] The hot rolled steel product of |less than 3

mllimeters thickness is also disclosed conprised, by
wowrioghs790of | ess than 0. 25% car bon, between 0.POI/E82H08/062783

2. 0% manganese, between 0.05% and 0.50% silicon, |ess

than 0.01% al um num and ni obi um bet ween about 0.01%

and about 0.20% and have a nmpjority of the
diffidultleQS fvitH Chidh erogﬁigpﬁdaaﬁdmohotb%mhg €an@NeoldCidtitle@rand the high

ferrite and capabl'e of providing a yield strength of
recgyptalligaion apn@linpEIRFTaAITE TP@WEEL | on of bet ween 20% and

40% The steel product have a yield strength of at
[000ast 48’5“?#&”%2@ i C{l%ﬁ’ﬁ‘y éorgmrrse%givﬁh wfehptless ghpgy 0.9% garbon,
betlvge’fhsb 262aM8% MhiBHAR! Bltkeed 095MiHADH. 96% ”ﬁb{coﬁe 1és§~°t§an 0.01%

than 0.1% [0014] Optionally, the hot rolled steel
aluprnygyend mylumdv:évefen bous Ri0d & pdrabp| 0¥ Yo ndshianing grmaerdty of the
mujhgs%cth Plgéde(qt btanﬁtg ldg(ll'l Félaﬁar%ﬁ?é aI{Il] Iﬁﬁ&%tng%g ttﬁ‘clllfleiO% niobium

n verage particle size Iess

Hlw&danbmemsAkaNmﬂﬁoﬁemx®ﬁ®©@R@TﬁU@@O@@YOazvgﬁeﬁ@ehﬁpmhenwy

e T T e
betbvefza)S:tboilO@/&)S % hwad hbdut rOCﬂOI‘%e dastdamh bgmeetu aﬂiounﬁ@ 1 %aand aout 0.20%,

amfa eg% f less than 2.5 mm Alternately, the hot
ng product nay have a thickness of Iess t han

0 | t
[OO%Q]eelnm Rt APl RS EREinten oS Rl 2N CHpe s ave
a teﬁlb&usttreﬁ)gtﬁ ofrmn leBt ahiDMPa 2rhenteg OfddijcAnap hakiescyield @derigth &f at least

| ed steel rod rised, ight, of |ess
485 Rizn 361 3iote Pisaa b ol Banrt 5515t oy VBaghhe st aredag has a ot
eloRYE 6Mat @aa&%%l Ndtethabdf/atfl thiaCdbhgali@Si8ayt headd 163st0DH%.
al um num and at | east one el enent selected fromthe

[00gTIoUpP Ccamsisebl frgdef may 6€h Wit ke Weenuah Oiptioshl Y Lie aifl cast steel
about O 20% vanadi um bet ween about 0.01% and about

strip Bpwghayhding Hide BRECIeh St etdliconail FaD HriRed ﬂ?lﬁ‘é%]il Hisopteel

middbRREMRD RANEE Qh a W3 Pamidleisive 3R thdn SO hatohRRrAf t er
coiling and cooling. Alternately, the niobiummy be

[oohzss t hame Ghid Yast §840 L@yl P&k teknt RS f &4 Ihedl2 Sthafl Alternately,
product may have fine OX|deéPart|cIes of silicon and

thejthip it LR hpraotighneshet stsgbin # eppdppgetngiher alternative,

the RN bABsB s %%%gﬁv@ﬁfhﬁdkﬁésg i5thé Bank&&8mBAR 030nm to about 2 mm.
nanomnet ers. 18] The coil ed steel product may have a

[ooy3e! d stengk hroﬁ’écd atell Sodlct 3t 0ed¥P@an aNchilRYeRaAMEKRess is also
tensile strength of at |east 410 MPa. The coil ed stee

disglpssd ueampiiaed. byt Micttkhhedfslest thaasQ.2p FamarBony hefivepRel-3Q eafl 2.0%
mafi’%;I ggsgcket b@g‘% ?ndyd) Ed)‘g s?ﬁd'oﬁng:w thQLfl 0861% %ﬁl?l{lnlﬂlg 5aIMP fRobium

2 tensi e strengt least of at least 520
betvEe, abp@tdl@l]‘VAlamefrh@at @PYP, etnldélav:eofi maigrigt efeghe mrom@ugctungmarised

of Ba{‘h&‘%{ﬂﬁ%& ucli %e?ﬁscg fﬁ agle %lfl Elq(vir?é%ggz{ g@f eJtr%ngt{i g ﬁtclg%l%g?r?nMPa

ess
wuharybmuan@ﬂhswmaQﬂ%nmaﬁD%eThdh@ﬂpmﬁh@dmsﬂeeiapkbhwwnghofm

leasqq%apﬂ%l ang nesﬁ% % IIeeISI”I%th og t ee pr ogeas[ g%);ﬂs/@zgo@%tngiltéy,% rtligbium

magbokgahaoh1®f at | east 6% Alternately, the tota
el ongation may be at | east 10%
[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.



[ 0020] An age hardened steel product is also disclosed
conprising, by weight, |less than 0.25% carbon, between
wW@2@8/130900 2. 0% manganese, between 0. 05 and 0. 5PO%/US2008/062783

silicon, less than 0.01% al um num at |east one
el ement fromthe group consisting of niobium between
about 0.01% and about 0.20% vanadi um bet ween about

[0095101% ange 38O 1P sted Yrodabichad aMbest dbiLatifteseR foasdvel Alternately
having a majority of the mcrostructure conprised o

the b%wlrﬁlqnéatawdmafchecﬁy legst 1@% The kotapitedisteel RigdughmpnBve aghickngss of
lesseﬂh%‘%trhlﬂnAﬁé}Haté? i %ﬁ%ﬁ&i ét&el }6%0%[19[ rﬁatyr 1{%@95 '?hléirie%rof?%&% than
hardening. Alternately, the niobi um nay | ess
2.0gnmo4n ym@mwtqmm@ompmmgwam@@t {r@mhi\]eTméllﬁgés in the
mn%gﬁ%ﬁgggnég &IQEQQPQ LRy conprlse in addition, fine
e

partl es o Icon and iron distributed
rough C t
O 209" ALPOSUFEL PRRCHBLINEL AL SR AIRLARS o oo
02@%®aﬁnnlnaymhﬁﬁ@f@d?@@hdmgmmengmhwmﬁoébahéaéﬂ%3d@0mﬂwsﬂmn

0. Og‘%oaéfwngl%géncg %tol'szgg ?Pe glﬁlalgéh:?le?e%%}rl fr;}) 0 h'gpq'?upséo&%%;ﬁgegfsﬁlobmm

betaten dast 0.600 aMPabownr0.280t%, IVaﬁ?eEﬁunﬁ b&wktaabaas 0.0¢%i and chbodt{e20%,

teel product have e strength of. at
and w8 5 PR GG el bPodh PR YRt m ST olution
aftelcoilli@g@sid @bBndVBaternatelyathe Inedaim m@Pbdviess thar 0.8%. | east 650
MPa, or at |least 700 MPa, as desired. The age hardened
[003T]eel pr(ﬁﬁibﬁdllyh&ﬁ: @iledbed esdicoma) @se filvaokide ﬁarﬁﬂbs of silicon
t er.nat el ardened steel product has
an rchitatged g gl Rl i G e R Ega G 81 e Ralsgize less tan
50 haogered steel product may have a thickness of |ess
than 2.0 mm In yet another alternative, the age

[00hgr denedhs teeidd mem@wahcmﬁay hav e y’:lelﬂ h{r@dgﬂﬁ&satiléhst b MPa, and
range from about abaout age hardened

may P%\@ a tﬁP%]GlEEFn%%gf 3 lff’éi %ﬂlo ¥P6n@}1§t‘i°8‘?fi %?el QdeP%tal% a glggkness of

lesNhh @ BRI Yhe 61 Hroldk nfl MAgak iyl BRhgleoradt 1680885 UPYoand a
[ 0023] A steel product congr|5|ng by wei ght, |ess than

tengjlezgopethelng fpastib ailershS ¥ MB2.and 2. 0% nanganese, bet ween

0.05 and 0.50% silicon, less than 0.01% al um num and
[0049] | east Algiaately et rroiled padl adyct b3 £ Hickjieaupl less than 2.5 mm.

Alt@l‘ﬂﬁl@](}/stthb R stR] RBILIMRE hRENhRRRUS 00 Qa6 @D @4 let another
% and vanadi um bet ween about 0. 01% and about

alte@nazl@%thfamleﬁ sigtlmgoduchapohdvey thicknayeinhe rageq frowtagpw 0.5 mm to

aboﬁpmmsﬁféz c%ﬁle(p &kg >Ptr%lu saactb%wﬂ@ﬁ aftlgﬁ ()f L€ AR g‘V Alternately the
conprising fine oxide particles o I'i con and i ron

totad elongdtion eyl be hrleasg 0% he st eel n1crostructure havi ng an
average particle size | ess than 50 nanoneters.

[0020) er natfel §ge handened etbélupmedvalyiskpdsol dispdosedapmprising by weight, less

I
et G S B B TRy OB h CS PXRH tes
mamﬁwlﬁaMemamylet@aSKmenghhnbﬁmanmigaspc@@&umPafnmhmnn@yw
1 ensi en MPa. .Th el
abou?§3) 2 o and g \()éb{g )\/Igne dlm Pe f%Jqu %%ds bozllggi N and a
muallild tﬂel’eﬁh&mﬂ éhagihg ezngiajoan oﬁtthd ﬁﬂ&bstﬂ)]fctu&t cd)rﬁﬁlﬂed 5ﬂ03a1n1te and
The steel product has a total ation

a"“f“éaésff‘mé%/andpﬁaﬁé’ng it B 1yAse (o lopgRtign e B‘ﬁ ?38%1%91dt§&eléﬁlh after
agel RARhing Oferb 480y ShMloiga thadesnehasDaed. product

conprising, by weight, less than 0.25% carbon, between

0.20 and 2. 0% nanganese, between 0.05 and 0. 50%

silicon, less than 0.01% al um num and ni obi um bet ween

about 0.01% and about 0.20% and having a majority of

the mcrostructure conprised of bainite and acicul ar

ferrite and having ni obiumtcarbonitride particles with

an average particle size of less than 10 nanoneters.

Carbonitride particles, in the present specification

and appended cl ai s, includes carbides, nitrides,

carbonitrides, and conbinations thereof. Alternately,

the ni obium may be | ess than 0.1%



[ 0026] The age hardened steel product may have
substantially no niobiumcarbonitride particles
w@e@atsmod han 50 nanoneters. The age hardened BCEEE2008/062783
product may have a yield strength of at |east 340 Mra,
and may have a tensile strength of at |east 410 Mra.
The age hardened steel product has a total elongation
[0091] at | e@stigORhrdedbd SEOIQIuY mb@nipsik@lin SdapnmatihOskidBparticles
be at | east 10@6 [0027] A nmethod is disclosed for
of plicopand Hen disiribrigd thapughdhesttect MicspstgetuieayinapR PEirigg pafisle size

bgghgpﬁ)ﬁﬁomgﬁéenbllng internally a cooled roll caster
having laterally positioned casting rolls formng a

[0o92p bet "1’%@ ReebNERHu @Ry fALAT ngal@st %Eh' &% RS 30 VPR Jred'ﬂ least
steel Pported on the castln s above the nip a
€

38 MR aiatleatdf4e M, e leasidSO MPas h@até@stt JORgPa for 8t lpnpt 550 MPa,
or zgt'olgz}% G PaC&uﬂtlﬁaré §§2)t 1@1‘1’5 cfea?edc "%ﬁé Et@& [{r&iulctsmg)ﬁ have a tensile

y et al on the casting rolls as
strepgitof ngleasoﬂl(lsMﬁmm at laaso aﬁhMﬂ’h,e)r@abast AQ0 Mdal qr agledst 550 MPa, or

at I%al(gé 6@92?5\% PN attl £?6§3§1¥l?!ﬁ go% : tglI %s? 7(2912‘?}9@{ gl reEl hfh%%%ghérgeened steel

prod@o Ihhmthtcﬂmass peless tham 3. nant. Adterratedy, dfe a@t thElaEtl ste@l oyt has a

i GRS bR BY55oh Buf Ok Pt WhE<D IR S Ypd L A ave o

thld’mm an E:S@thalbet)\/lﬁﬁnln@/.eﬂﬁlo&fed alteriddi%e, ghd dgeiardeh@bseel paduct may

V al um at | east one ele nt se ected
VFr?et 57“8‘“(?6 R sfla’%%e ‘%%m 3PO%i b Mt b ENE Hme %ﬁ a8y, lﬁ{‘gﬁneysmel
pro@ind haddOtbkal Clodtbon 6B RAE LT DRIWR By 2R thtal Q1dAEUcANBhy be at least
about 0.20% and a m xture thereof, and having a
1O%hajority of the mcrostructure conprised of bainite
nd acicular ferrite and having nore than 70% ni gbi um

[00Z8)d/ or  VaMEdiPIRAUFLOEBIIFES-SY) it B nlesy BB AT 2ipet-Hhseveen 0.20

and B %P akRe | Broh e BILRld G509 RilRSn,CRds! @sh DR MXhiE8m, and at
particles of silicon and iron distributed through the

leag{ ope [elepet iected dtont Bre rauPrigneipfingyl mighaurp ketiegn aboyt §E1% and

abdu€8. §O% had valdRANYUIRLR Bout ’lT)LUlt%hﬁ{d abbit®). 1079 had hiVRYe a maj ority of
conprise the steps of hot rolling the steel strip, and

the cyicrdsiactya ecomprisedo of ddinge aafl asicplap feyritey apds gpAPHTIRY éme oxide

part??{es\’\ﬁ@ﬁgc%g%h 1{%‘?’1891&96{1%(9 eroc& hplllé ﬁéég Ehtugﬂoytruchﬂg hQ\Qh% hlp gverage
of the hot rolled stee anlmy tenperat ure
partids sizehlayy B0 5C. naﬁl@t@@@]s Thdgematelyo dlerrmpbrﬁlur tuae rbeclenpthns ). 1%.

Op&l%edHSttﬁép st efl p uct c rrﬁl S f%lOI]ebC%}lu Ibet%/teé I aH)oPto(f dé% %11%?@80%

enS| rendg era ure O
0, 0 98, DT Y SEEH B v
a tembileest@Bgtl of atgee;sagﬁ) Mga dﬁnlstegl prg@uconmu hecl)\&gao)aeld Sstéength of at least
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[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



assenbling internally a cooled roll caster having
|aterally positioned casting rolls formng a nip
wheirsaesr0d hem and formng a casting pool of neECT/EH2008/062783
steel supported on the casting rolls above the nip and
confined adjacent the ends of the casting rolls by
si de danms, counter rotating the casting rolls to
the PdskiflishacifiRtia atN@pbile@R1ale ifcritd BFbIHQ! hrids, dabnitrides, and
casting rolls nove thr ou%h t he casting pool, and
combipatiopytheteals Mltginpiely, the sipbiurempebalessdhad) (-5%cast
downwardly through the nip between the casting rolls,
[0026)d coolTihfgagheagdensdd siel jgodict ampyathavef sulptant@fs t ng gnibium
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yield| strangily af atdeagt 30 MBasind org haventensilef stiongth kbatgeastihl0 MPa. The
c [ Skl 1.0h] t - a
AN e SN R e
elopgadommay k¢ urleast H¥.eof , and having a mpjority of the
m crostructure conprised of bainite and acicul ar
[002%r r i t e Aamdthhds digrlavod or phepari ROGIRd G1vi cast sted Saip comprising the
vapadi umin solid solution, age hardening the steel
trip at a tenperature between 625 C and 800 C
[ 00B4nTthieg meteimaldly meopofed rivh ensterohgyirigsbterdlly Eisjonaf cageg rolls
hardeniﬁ t.he st.e%l strit to i.ncrease th? t en ilfe lten steel
st rengt HOUAPE & THRPSIRPEn (HALa IRAPHER S4TARYORCRuproksn stee
a t enperappsorted bethaeasing 30l1sGbandihd 2 46d chRRA Jadjfaeent the ends of
nmet hod nma rovide th e hardened steel strip having
ni obi umﬂﬁ%‘i‘agt&ﬂ%ir? ﬁ'ﬂ’e“% Stles with an average

pardoufiterctitmg thf cds@ss rdlkan sdiiiRananeinens on Met @kt ®I1Y as the
the age hardened steel strip has substantially no

ni obi umCRNE SMISRGVE éhrﬁ‘é%httbﬁaé%ngg&o@bta%ﬁl than 50

Nan@ARhLE em hOR3A] HRas 8RRt FeolhaNd & bbivebhBe Sh@8b rolls a
strip as coiled fine oxide particles of silicon and

i ron di stefisiméed t hrough the steel nicrostructure
hanoBHng,a!Ee @ﬁé@lrs%g@ atRPfale cffl af leabt4® OW séclaﬁ(ﬁ] _toS[g}ovide a composition
nanonmeters. Further, the method may conprise the steps

of hot rcempiisigg tbhieweRkie|less tthinp 0.23fd carbpn.i briweane0.Rotand 2.0%
roll ed (A td I -

A ter nar s gneth o R 08s bEFBRDA!chn, EXATE01L Mrkinymm. and
may be at leasttarpdmant seeckadsfsorh hzenge& c@sistify0of niobium between
2008/ 137218919 Pﬂl./?y %%9 Ql?éuqqg(%z% {aggcﬁé"lln-rb%?we%%ta%&gt &{)h% and about
preparing a thi'n cast steel ’'strip may conprise e

st eps 0f0.208s sedtl mgure nhee¢atahidy havingoo hexgbritplof tleasicersstructure
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nip bot KRRRTA PR P ETHS T i ey B g B g7k wapiom
st eel sup@or taaadiom ih b@idealsitiomg rol | s above the nip and
confined adjacent the ends of the casting rolls by
[00381de danme mahgidt @ay patvalel iAghd keelcast angoiled! fire dx@de particles of
on the castin

s gRetiph BT b 08k Gt POkl

ste

ol.ls as the =~ .
%Bavbtkgoziln avgrage 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



formng fromthe netal shells downwardly through the
nip between the casting rolls a steel strip; and
W@ om0t he steel strip at a rate of at | eastPADUR0pE062783
second to provide a conposition conprising by weight,
| ess than 0.25% carbon, between 0.20 and 2. 0%
manganese, between 0.05 and 0.50% silicon, |ess than

ma o0d¥oah Ui Rire 3EVeRh ch8aBtan@r®oelCemenét dnb@B? hiRenate, the age
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G MY, ZOYh at § serrsrate bevaretrlabound 780 8i% and about
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i ncasesahding rintetnalyy atdogled anld casteri hayvingakaterdlly gassioged casting rolls

strengt I?oﬁfiﬁ%irél i %ef%@ereg &R ,gand[ Q)QIEHZ%T&? sasﬁﬁ%g)igglegm}ﬁolten steel

provide Int eel strip as col I ne
parti cl esppofted gi thecastiingmellsi above @ie siprandgorfihet adjocgh thelvads of

st eel mﬂger%gttil{ %ﬁsrurﬁeyesi&%i g an average particle size
anomet

| ess than ers. Further, the nethod nay
pr copuger tdweingghke basticke rmdld ts tsel@lifysmethlpshaAy bm thendasdigunwlls as the

carbonitride rticles wih an average particle size
of 1 ess TR 45 evseEvdiche iRl AlT, Tt he age
har fdaniag ssélealp fsdni tHe s sBalls Shad dbwak dryly nisrotighodhé i between the
carbonitride ﬁgrticles greater than 50 nanoneters.
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[ 0036] THESURR NG ay conprise the steps of hot rolling

t hecosti@eihe Stebll forip @H0rafQdflak Rgstt ek sécohd &dpisYi@€h composition
strip at a tenperature |less than 750 C. Alternately,

the coi IPRETIERE Phweigh lepsghaey23p saiPondes hap )1 ferlyhingm, and
t enper atypQsd EfSelbhan AP e BR EbnERER Rl FetwWddE about

DRAW NGS [0037] I n order that the invention may be
descri béd i anfprhoup8LaT vanggivg betierst sbepi 0-81 % dadmbey 0.20%,

wi |l _ be agéi\é%ﬂxt}{ﬂret tﬂeﬂé@[{ SLENG ol OmbiBEH AR GATRRMDGure comprised
drawi ngs | n which: WD 2008/ 137900PCT/ US2008/ 062783

[ 0038] Flo6.bamite |ang sycicatae dertitesand pavirss Mpregtham SO higbiugnand/or

i ncor por.at i [:h= L hot rolling mll and coiler;
[ 0039] FI il felifsditel. 100 TPL M9 et o)

st rdgp hadsiieg the [@E40]pHIt Gter@perdting betmateS25t°hand BO@ YL of
coiling tenperature on strip yield strength with and
[00341t hout Tie eixthad rory fpstherdiomprisadidie tsiep v$ 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.



[0041]FIG 4a is an optical mcrograph of a niobium

steel strip; [0042]FIG 4b is an optical m crograph of
w@2@sasmer d UCS SS Grade 380 steel strip; [004BJFUS00%5062783

is graph showing the effect of post coil age hardening

on yield strength of the present steel strip;

[0044]FIG 6 is a graph showi ng the effect of post

[0089 | i NY THE Mekidk @gﬁldgartgﬁr&hgﬂgteaxé@rlpemmoﬂp%lsatha@@ps of:
tensile strength of the present steel strip,

[ ocusPHliag imefnglly agroslsh el owFtpighaving lareradlyt Pasitiopgst casting rolls

rolling i e
[ 0046] Flf%al%g%‘gutdsﬁg b%”ew e Iﬂgﬁ%ﬁfg@g g %OOlyOf rgiten steel

St r engt hurneried omicisme 1pIbORT]EhGnipansoafingd agfacent the ends of

showi ng , I um anmount on the yield
strengt hﬂéz}%s{?{c?wgﬁstb ﬁflderHa?ghi obi um [0048]FIG 10a

sthsntm ortsge dphsasohg tdile toriselidafyt meral megs Of tiw datingt rolls as the
mpl e oatgigﬁg% nk brbﬁ“ﬂ‘tﬁé &&li afoto ra{l rol ling;

[0049]F| rograp e mcrostructure
of farsiag tiooh thamptabsheﬂs ﬂbvﬁﬁ@%lm tlm@nghrrhcsmp bbtwatd e chisoihg rolls a
rolling; E‘ﬂogfhﬁg]FG 11 is a graph showi ng the effect
of ni obi’lf on the yield strength,;
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 show ng the effect of coiling

tenperature on the yield strength; [0052]FIG 13 is a
w@e@ph3®howi ng the effect of coiling tenperat uPEr/Os200816652783

yield strength at | ow niobiumlevels; [0053]FIG 14 is

a graph showi ng the effect of heat treating conditions

on the yield strength; [0054]FIG 15 is a graph

[00381oW ng Frael Bluf®eds 20kriPA8HANHLNNHDE iH6Rbratih €& inOfhe hot rolling
tenperature on the yield strength of 0.026% ni obi um

mil§ grglgoilenpy 2008/ 137900PCT/ US2008/ 062783 [0055] FI G, 16
i s a graph showi ng the effect of peak aging
[008¥nper atfiif e Bistiars dofaids of tBe Pam Elkstés cateD65% ni obi um
steel; [O0056]FIG 17 is a gra,h showi ng the effect of
[00A@lak agifitg- ¥ BlvpEries the effechal eriling emagrayfe ehwriy yigldgtrength with

andBHIRRNGHiBLiGh & vABaDI@RIoHM steel ; [0057]FIG 18 is a
graph show ng the effect of peak aging tenperature and

roolpl d ti megon, it heoptcsl icRefBR 8f MnibiunQeddB4fp:ni obi um
steel; [O058]FIG 19 is a graph showi ng the effect of

[oo¥21e! d stpi€ngib aPBpRhONYAIkPA oPLE@ERird 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;



and after age hardening; [0059]FIG 20 is a graph
showi ng heat treating results continuous anneali ng;
WO @8AIPIG. 21 is a graph show ng age har denedPCT/US2008/062783
condition; [0061]FIG 22 is a graph showi ng the effect
of tenperature and tinme on hardness; [0062]FIG 23 is
a graph showing the effect of heat treating on the
[0055 el d strenmd R of QhipH Jhewmg%@@ﬁfecv @f‘ﬁéiklé ing (@ Rberat@@dn the yield
OO63£FIG. 24 is a graph show ng t fect of hot
strength|of RYOP BAiRdUBHEDN the yield strength for the
resent vanadi um steel. DETAI LED DESCRI PTI ON OF THE
[005faw N@I@OUG&ng?@hﬁ%QWléwmgffl@% PPN tgypparatiare and hold time

on BERRM ARALE of 6.069% Bﬁ%luﬁpﬁée@(t of high strength thin
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0082t I NUQYS. GRS hioNGhSh&Ehe BelekBebs bk W fper @bk and hold
[ cggter [OOGS]F@%? 1 |Il%stf%tgs gucé%gglve partgnof) time

on the yjeld rgagth forfldB4Gomebivnesigsh y casting steel strip.
FIGS. 1 and 2 illustrate a twn roll caster 11 that
[008%nt i nudilis! 1P isriograpleshowyingatie etfeeiaf yialg pteength onygprggtion before

PRSSES Hall ransit path 10 across a guide table 13 to
T p?%%hargﬁﬁéstand 14 having pinch rolls 14A

[OOgﬁmEd' atP@d})’Q(ﬁg E?fapﬁﬁll théapﬁeaﬁh%%ul[s@ohtnﬁfoﬁ@gméﬂm the

strip passes in I I ng having a pair

redu 16B where the
B[ <GSR Rk SRR B BEE R Al 1o

[ookl cknesgg obe, ?&‘ph GIRwifHne Efféo? opég?&%tuﬁ!ﬂn% tidne! dhaRiAkss;

table 17 where the strip may be co by convection

[0082d CONtRGT 2 Efgré’fﬁ%tsﬁéwﬁ% AR éfﬁ%@’t i@ MR G, dnethé LR Ju‘éﬁgth for
ot her suitable means by radi ation. f% V

me@ﬁ@ﬁédmyﬂwmpﬂﬁ%fmﬁen passes through a plnch r ol
stand 20 conprising a pair of pinch rolls 20A and then
[0063] a coiffler 249, a Biaphishewae ithrgetéict phiotciBinggeduchon akéhe yield

stre:ﬁgtiﬂchr il %I%genf:%nlaﬂlﬂ& ste[ePO66] As shown in FIG 2, twn

caster 11 conprises a main nmachine frane 21,

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



whi ch supports a pair of laterally positioned casting

rolls 22 having casting surfaces 22A. Mlten netal is
waeepli3®oo duri ng a casting operation froma | aPdBU$2008/062783

shown) to a tundish 23, through a refractory shroud 24

to a distributor or noveable tundish 25, and then from

the distributor 25 through a netal delivery nozzle 26

thr¥Bh WeSHeht 08 638 bb r&embﬁélhg»a%&r %b?iﬁ%h t4R M0iAPard fthen €1 coiler 19.
nmol ten netal delivered between the casting rolls 22
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carbon, between 0.20 and 2. 00% nmanganese, between 0. 05
and 0.50% silicon, less than 0.06% al um num and at

wo e@sti3one el enent sel ected fromthe group conBCBHUB2008/062783
of titanium between about 0.01% and about 0.20%
ni obi um bet ween about 0.01% and about 0.20%
nmol ybdenum bet ween about 0. 05% and about 0.50% and
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having a mcrostructure coggr|3|n a mpjority bainite.
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and 750 C. Conventional furnaces of continuous
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[ 0080] The hardenability of the present steels is shown
in FIG 9. As shown in FIG 9, a niobiumlevel of as
wo paoshz79es 0. 007% was effective in increasing PEEUS2008/062783
strength of the final strip, and yield strength | evels
of over 380 MPa were achieved with niobiumlevels
greater than about 0.01% Note that niobiumlevels
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sol ution reduced the effect of hot reduction on the

rolled prodeatis HPBpEr¥iCe8: by suppressing static
recrystallization of the deforned austenite after hot
rolling. This is showmn in FIG 10, where it can be
seen that the austenite grains have been el ongated by
the hot rolling reduction without recrystallising into
finer grains. Finer grainsl3increase the austenite
grain boundary area, thereby reducing the stee
hardenability. However, while recrystallization to a
finer austenite grain size was suppressed, such high
hot rolling reductions are known to raise the ferrite
transfornatlon start tenperature In addltlon hi gh
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below, in the as-hot rolled condition are sunmari zed
in FIG 11. The strength level increases with

WO p@Ba3®INg ni obi um content, with yield strengediI/u8§2088/062783
| east 340 MPa, with |evels 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
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carbonitride particles in the hot rolled cast strip

relates to the nature of the dispersion of niobium
wowaok/1819e0 rapi d solidification of the strip durCnysSions062783

formati on by the nethod of continuously maki ng cast

strip described. In previously made m croal | oyed high

strength strip, relatively long tinme intervals were
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partlcles MAth an average particle size of 10
nanoneters and | ess. The ni5crostructure of the age

har dened steel product may have substantially no

ni obi um carbonitride particles greater than 50

nanonet ers. [0095] Laboratory agei ng heat treatnents
wer e conducted on sanples of 0.026 % ni obi um steel s at
varlous tenperatures and tlnes to |nduce actlon of the

.



Tensile Strength, MPa Total Elongation, % YS/ TS 'n'
Value 'r' Value 1.1 477 563 18 0.85 0.12 0.90

w(Q @913 Recent |y, in addition to produci ng the PCDRS200%/062783
ni obi um steel, steels wth

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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ni obi um addi tions of 0.014 w % and 0. 065 w % have been
successfully produced via the present process. Heat

W@ 0upa3iond ons are shown bel ow in Tabl e 2. TABLECRUSI0e&062783
C(WM¥% M (WMt Si (W% No (W% V (WM¥% N (W

[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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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,Mo)(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 kinetics 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
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(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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TABLE 1
Strip Yield Strength, Tensile Strength, Total YS/TS ‘n’ Value ‘r” Value
Thickness, mm MPa MPa Elongation, %
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

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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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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[00110] Transmission electron microscopy (TEM) was carried out on samples of steels
C and F, which had been given a heat treatment of 60 minutes at 650 °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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(004 1vani 28 beliswaithar he gnharrge stienefuelonsagen glatopshin iy the present
agesﬁ]a‘fmﬁled Bedt In@ty Be9due 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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size of grain boundary precipitates is small
[00113]In the present steel, the el enent additions nay
provi de for increased elongation with increased
strength after age hardeni ng by producing snmaller
preC|p|tate free zone mndth and snaller change |n

o " e



[00114]In the present steels, a nore even distribution

of elenments remains in solid solution during the rapid
wa@odosdsfopcati on of steel. In contrast to previPCBEUS2008/062783

conventional Iy produced ni obi um and vanadi um steel s,

the mcrostructure of the hot rolled and subsequently

coil ed and cool ed steel conprises bainite and acicul ar

[Ooﬁﬁgf i t e Sivhifidt rbRItEart ReMte i P XA W B ANEYREVBBAM.132 and about
ition remaining in solid solution and substanti al

0.2i%. i ot5luih SHRBIER krevsar 1108) 916y art apou 9% gmolybdenum
bet@@éhoﬁ%h? bz)s%%ﬁde LAt 8%, a'ﬂ& th&ﬁlﬁﬁtﬁe%?é%h' ra%oﬁf &8 A8tabout
| ed and subsequentiy coiled and cool ed ste may
02@%npr|se bainite and acicular ferrite with nore than
80% ni obi um and/ or vanadi um addition remaining in
[00¢H]i d sdhacpwpositpncpt dictpsesaaitsedel/utifiginghvaradiym pseshptaas 9o in

T B0 0 B, 5 g v

with enadififetenagple tempaaiues ad was stiiyequendy agefl ifeardOovinhteaad50 °C
Q th t e

w300 BTFRLARIS S DL SLPIRTLRLE LARSEY v

sigiifieanpr stengthasne i wisi Guksiewid dtoﬂmsthéssudlbntaﬂeatmenth eofiditions. The

articles tha cur ventlo al . sl ab...
st PR Sk BaveRG TR eahCte il BRI G BE e itng
terr@éﬁuﬁdf]t ®hich miyhee plue s@Nnthe pefee8Sssf oﬁﬂnﬁm@b@etes@é of precipitation
ncrease i.n stren th_ that gQccurs in the hot rolled
hare?ﬂlrrgsa );nlfrﬂﬂglcgl |sgft618p%/ 'gl%et thf%lé@%ﬂfl% 1{1(6ement reahzed with the

maRALIdEBakEd b te asikrolling t&petitineivRardeniang aliéreFtBat achieved
00116] Formati on of carbonitride particles can be
with thei QR0ENFsIng heat treat ment. Additionally, durlng
hardenlngigpre precipitation clusters and fin

[0%2% i ol ddeyield treaghet dodH wihedsrhan sdlgd pahgdvasized F%htlons are

pref¥htbdt i@NMET ak UrksPegasa e 40fndiche BAaRE fvheRARm a@BURhieddd higher
ni obi um and/ or vanadiumin solid solution prior to age

srepgihderflnigan fiseplfin ceibpn Pateesiqeh.cwery Broush ties meskiiehuape higher

coi @ A MpAARA AN 118SsaBD1e sIAWTRIFIA! BC IRIchfihk %ﬁ%ﬁ%ﬂ@ﬁﬁ&&ﬁm was
are narrower and contain nore evenly di Spersed

5Than entihg Srsesigelpnodingitenenerahure ciap jesathan S40hdn f or
conventional Iy produced steels. Thus the hardness

[008BEinges Alsp thienpir BEG- 1t atteengihdecroasnags realizediiy ghervgnadiyen steel

froﬁira‘ﬂ' e hﬁh&ﬁ%gotfsn%r tffe 5 egﬁﬂ Vfﬁ1111¥ce§ %ﬁlalcoﬁtﬂ{uoﬁéq%l&?{?sﬁlgq}ne but the
st eel’s arrower precipita

strengthascreayel varddsh tﬁaarw:ﬁﬁ e@élzcmﬁmtgem eguivalsit Imhemn pputanteThe yield

strengt%eofz 91? sélmpfdh!lcﬁlé t£4€ 3 tgeoggle%mg% 130 As ab HP 450 MPa in the

ree zones re rocrackln
galmne;ké rcelmhuuai wehixthoiss nmttlneomdemacﬁlteeeqamhltm icmger ti:meéaboratory heat

t he uster.stre
ne RO sl BOEE o Bt S SRl L SEAT B o Bhsitve v
coﬂﬂ@tempﬁmatdthin thenidbiati didetsy si nce di sl ocation pile-up
does not occur at clusters. The conbi nati on of narrow
[00p22HcCi pi tThisahihrcee szprasblandodiktigt &me g isteengbddieniypes including:
mechanisns is believed to lead to precipitate free
nmzmnes oﬂ,theApﬂggenmﬁﬁgmeﬂ@htIﬁhg:rgﬂuhﬁsdimﬁpnbwomﬂdhg a
el on %ﬁ g» use cracks are nore dif |culﬁ éo. o th
migiogEaice T 4y S8BT GhdEY AHUCTOTERE YHlafss Butiing gurine e
galﬁ{nﬁ@ﬂgqlbrbéﬁsﬁ The aﬁneaﬂlﬁgesebt@cgi @’the gfil{?zltnl’m{g lifeh@n be used to induce age
ano- cl usters CO- ex di stinct particl
harglgning ¢f theaotyra X’P%‘P&?‘PWP of @5 ﬂBﬁ QaSWBP tht %érbﬁ%ﬂ ot olled.
anneal i ng tenperature/time conbi nations. [00117] An
anneal i ng furnace may be used to performthe age
har deni ng, which is not a current strengthening
approach for processing suwh products. The annealing
condition may be a continuous annealing cycle with a
peak tenperature of at |east 650 C and | ess than 800 C
and better 675 Cto 750 C. Alternately, strengthening
may be achieved in a production environnment using a
very short age hardenlng cycle avallable mnth

S .



[00120] The yield strength of steel Hin the as-hot

roll ed and gal vani zed conditions are presented in FIG
WQ2008f37@8 23 and 24 indicate that the vanadi uUPCBHUS®N8/062783

achi eved hi gher strength | evels than the plain carbon

base steel, even though it was produced using higher

coiling tenperatures. In the sanples shown in FIG 24,
[ooihy coilii ng henpet adieh&nOflight e lugkl Wasoamd0 strip atgd Itfi@ing a

_base steel coiling tenperature was | ess than 500 C.
MiEYESRICARY IS SHIRMY PHnIE @d 38 haglesd @rpe prectineadied geyginuous
anﬂe@lﬂlg' lﬁlg.dl"ﬂerhiémgmi‘&%fy &L e Joﬁ@éﬂti@ﬂal @&ﬁinna[sdaﬁﬂéaﬂgg can be

using the annealing furnaces on a continuous .
used 4 indmiesicigption néthe pipbivnh endstanadign igleingos egtsisedvassoliésaution by

- ] - ' . ni obi um cont ent .
e e T e R b 24 on the
vani zi Ng i L1 4t '

0B S, g D MBS dhe ERRe MR R, i KRR here e
strengthglevelt erenmieatibveatoothy degme of heatalierg edettionmppled-TG®: bainitic

.23, Th en f the U t :
i B EREh s B SRk B PhT Ve Sa BHLsso). The
supptesedrsof JuOdiRApdriitallitanion dedigt orsifter ipt vl @s ppevidbufirtal srength

f .new.steel product pes. i ncludi ng;, [00123] 1. A high.
tevh ABRBH i aROGHE b RGeS EO e Mg SEne T i e
condis@hitdsu g tangeof thizknddas thaatdni He@rdahicdd s aBinQ@fst strip process.

constituent and age hardeni ng during the gal vani zi ng
[00p26]C ess .WHilkee tlen eahtionghs e bdeinonlusifatddhendy alkscaibedz iim gletailnia the

can be used to induce e hardeni ng of . the ni.gbi um
forggpeciray s M dF BFPEfl B S B FTSIdERd @ HI R and not
restiofivd @l dhefeter, [i08ladlintieAtdot ghnt Shlyengdtativd b@bddigeidgeereof have

uncoated strip by utilizing a mcrostructure that is .
beeﬁﬁ}l%"i“f i”}?l Isagribed-<ing et élb ehanggsfad é‘H’dHl?F'i“?’Pé ﬂ?ﬁ‘ 58S §’iﬂﬁ‘§‘ thgpspirit
of fhe GAhiiBHH 84S IRANEAdhE T8I dWiRE clailitearBidghiretl QR A8 tbUt&1. Additional

furnace of the conventional continuous annealing can
feayees 8 dhe invrniiaR Uelk besoieviapIre to thophekidgpithmirhrpn consideration
of th& B@Qﬁ&@n?M%Hﬁ@&tﬁmE ﬁﬁ? bPRAdE RitB&Q 'cl%a?tﬂ{glﬁdn? the Q}ﬁrﬁ Qlﬁi scope of

bainite mcrostructure after hot rolling of the thin
thegaysntiagy ri p. [ 00125] 3. A high strength, |ight gauge, hot

rolled cast strip product where the strength |evels

are insensitive to the degree of hot rolling reduction

applied. The bainitic mcrostructure 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

level s will be consistent across a range of

t hi cknesses that can be produced by a thin cast strip

process. [00126] Wil e the invention has been

illustrated and described in detail in the foregoing
draw ngs and description, the sane is to be consi dered
as illustrative and not restrictive in character, it
bei ng understood that only illustrative enbodi nents

t hereof have been shown and described, and that al
changes and nodifications that come within the spirit
of the invention described by the followng clains are
desired to be protected. Additional features of the
invention will becone apparent to those skilled in the
art upon consi deration of the description.

Modi fications may be nade w t hout departing fromthe
spirit and scope of the invention. Wat is clained
iS: 27



1. An age hardened steel product conprising, by
wei ght, | ess than 0.25% carbon, between 0.20 and 2. 0%
worargasmse, between 0.05 and 0.50% silicon, | eBCT/URENS/062783
0.01% al um num at |east one elenent fromthe group
consi sting of niobium between about 0.01% and about
0. 20% vanadi um bet ween about 0.01% and about 0.20%
and a m xture thereof, and having a nmajority of the
m crostructure conprlsed of bainite and acicul ar
Whpgis clajreeddpid havi ng an i ncrease in el ongation and an
increase in yield strength after age hardening. 2. The
age hardened steel product as clained in claim1l where
L t heAmia@bihardeh@ bteglsprofiech composing, byThgighyeletsathdedetf % carbon,
St 8ty R OB WA B G ML QR SO, e than 0.01%
t1on having fine de particles of silicon
| r ofuiding g ptedse dnet ﬁtm@g tﬁronh@e gtoalelcomlsctlmgsf n@bmm @etween about

havj 6‘197 d%gut"i‘gﬁ) , a%acﬁuxﬁ E&ﬁ (}6‘1@7” boug 0.20%, and a
nanonet ene eel ?
cl amnmnle ihareof, analrhﬂyuvgremejohbeofSlheemicrqsrrmdmetcompssea oy bahitk and

strengt h_of at east 4 e harde

St oGP 6B SRl e Bnan D% AR R PE e ot gl st
pr ofdiee hgeltagdeainyi el d strength of at |east 380 MPa. 6.

The age hardened steel product as clained in claim1l
where the steel product has a yield strength of at

2. | eapte %&%ﬂ&@@d sfeel pldGuARYE claRi<daR  MirS U 8ferdth@ Aibblun@f less than
cl ai in claiml where the steel product has a yield

str& @th of at | east 450 MPa. 8. The age hardened
steel product as clained in claim1l where the stee

product has a yield strength of at |east 500 MPa.
3. 200@7@1@7@@{9‘@ WS pOdre e FRaNGl m?il?elnalg@mvalls@ém@ad@@@emawng

pr Oﬁir%c(gm@es £liAkdBAsili bnClrdl iRBnldiBhEq ttﬂ}gug?’lt ﬁ@ lste@f RSk ructure
has a yleld strength of at |east 550 MPa. . The age

harlbemgdngvaeade partisthureze less thain 30 meebniaters | ai m 1 where the
steel product has a yield strength of at |east 600
MPa. 11. The age hardened steel product as clained in

4. cl dl'm dgeblariered tteel prodedt apretauet inhdamal yihere dhes steed pgadact has a

of ﬁgldlst?éarlsg oefsapleast%ZlO MPa.

5. The age hardened steel product as claimed in claim 1 where the steel product has a

yield strength of at least 380 MPa.

6. The age hardened steel product as claimed in claim 1 where the steel product has a

yield strength of at least 410 MPa.

7. The age hardened steel product as claimed in claim 1 where the steel product has a

yield strength of at least 450 MPa.

8. The age hardened steel product as claimed in claim 1 where the steel product has a

yield strength of at least 500 MPa.



12. The age hardened steel product as clained in claim
1 where the steel product has a tensile strength of at
wo e@sti3®i® MPa. 13. The age hardened steel pr ORPUDUSZE8/062783
claimed in claiml1l where the steel product has a
tensile strength of at |east 450 MPa. 14. The age
har dened steel product as clained in claim1l where the

9. st eple Rk NRhed A& BrddBfiShsIcRiSd BNGLif Plhat deasd p'é&ﬂct has a
MPa. 1 The age hardened steel product as clainmed in

cl aifl?}flitfwg@r@afﬁés@ﬁ%hqpapr oduct has a tensile strength
of at least 550 MPa. 16. The age hardened stee
product as clainmed in claim1l where the steel product

10. has The tagmlsﬁrde@e@ sted pgeduciofs caimpe as¢laig0 0 WP, thel fteel Piesluct has a
gwgg %& giﬁ%h686BﬂHCt as clained in claim1 where
he stee

has a tensile strength of at |east
650 MPa. 18 The age har dened steel product as clained

I n crhg fl%e %afrmg teél ? G.Sylgeaesl 1m8($510£1 haf' w%elteetﬂe sategl é) doduct has a

streng e age har
st e;eéldpﬁrﬂ@tlodfa&&a&tbé@ MPd. in claim1l where the steel
product has a thickness of |less than 3.0 mm

12. The age hardened steel product as claimed in claim 1 where the steel product has a

tensile strength of at least 410 MPa.

13. The age hardened steel product as claimed in claim 1 where the steel product has a

tensile strength of at least 450 MPa.

14. The age hardened steel product as claimed in claim 1 where the steel product has a

tensile strength of at least 500 MPa.

15. The age hardened steel product as claimed in claim 1 where the steel product has a

tensile strength of at least 550 MPa.

16. The age hardened steel product as claimed in claim 1 where the steel product has a

tensile strength of at least 600 MPa.

17. The age hardened steel product as claimed in claim 1 where the steel product has a

tensile strength of at least 650 MPa.

18. The age hardened steel product as claimed in claim 1 where the steel product has a

tensile strength of at least 700 MPa.

19. The age hardened steel product as claimed in claim 1 where the steel product has a

thickness of less than 3.0 mm.



WO 2008/ 137900PCT/ US2008/ 062783 20. The age har dened
steel product as clainmed in claim1l where the stee
w@e@dastohas a thickness of | ess than 2.5 nm 2RCT/URM08/062783
age hardened steel product as clained in claim1l where
the steel product has a thickness of |less than 2.0 mMm
22. The age hardened steel product as clainmed in claim
1 where the steel product has a thickness in the range
fromabout 0.5 nmto about 2 nm 23. The age hardened
20.st eBre 3s¢ dgisienedadect prodpet s ichiehinmglaimph @here ttheesteg] @aqduct has a
prqﬂ%ﬁ&mbéﬁegtﬁéﬁj% mBl ongation of at |east 6% 24. The
age hardened steel product as clained in claim1l where
t he steel product has a total elongation of at |east

10% C | Si

21 et st ARG ORBRINE TR0 R GHHEL ARRRDR STl hos o
nam@@hmsepfbgﬁMEéh)mnOS and 0.5096S|I|con, | ess than
0.01% al um num at |east one elenent fromthe group

consi sting of niobium between about 0.01% and about
22.0. 2% age diasldnadnatded pweedt aatcd}amlec()m(l‘l%mah evherdo abe st€:] 20%uct has a

i cPBtLin b shecrap reeoe Bk MRl MR aci Curar

ferrite and having no decrease in elongation with an

i ncrease ield strength after e hardenj
23-The Iﬁ’gae%eﬁlﬁlfdaé fHleticed prodrctsy 6&&.‘[8@6@33%%? Hagfe;t g?%upﬁ?dz‘%t has a
whepel £168aRbobl ddBakess.ess than 0.1% 27. The age
har dened steel product as clainmed in claim25 where
t he age hardened steel product has a total el ongation
24.0f Ble %@q‘ﬁfdeﬁeé ste')& rolif@ BARiN& fediath BLAEk B Q8 Ghoddst has a
claimed in cIa|n12 where the age hardened stee
pr o@iatelopgagonot apiegst 18fngati on of at |east 10% WO
2008/ 137900PCT/ US2008/ 062783 29. An age hardened stee

product conprising, by weight, |ess than 0.25% car bon,
25.bet e age agBneshdted. PYlurhrganEsag. etinesbh 1BssOBamil25% carbon,

0. 509 I 0 0 [

per b sia e g B DefifBe ekt iR o ledt R i .1

rra ] Duintnymoft ledveomd derogtt fipot the gravp rpnsigiog 06ﬁlobalnnlp6tt‘€een about

d(% Calr'llh %E t%id‘?t eva‘;j}ancfj unq %V W a\aou@()%?‘?c % lg]outt 0. 2%% and a
i cf SO WrTh an av ver ag I'cle si
narmmaire thereaf)dnd B:S&;ng aBﬁiajoﬂ{f}ﬁ)falgieml?tm’sd&nﬁd csﬂhpﬁded of bainite and
produc

st ea&lcukif gea]at&anij1 Ezgvuggdboscﬁegﬁﬁeép F&?n 1Oﬂ |W(5tg rease n ylerf(? dtrength

carffenhderHaétRnip@rti cl es greater than 50 nanoneters.

26. The age hardened steel product as claimed in claim 25 where the niobium is less than
0.1%.
27. The age hardened steel product as claimed in claim 25 where the age hardened steel

product has a total elongation of at least 6%.

28. The age hardened steel product as claimed in claim 25 where the age hardened steel

product has a total elongation of at least 10%.



31. The age hardened steel product as clainmed in claim

29 where the niobiumis less than 0.1% 32. The age
whardasmao st eel product as clained in clai m29P@iTEsm™08/062783

t he age hardened steel product has a yield strength of

at |least 340 MPa. 33. The age hardened steel product

as clained in claim?29 where the age hardened stee

29.Pr oAl Gloe NARIeRed €& pBdkt rBRGLfn dgfbyatwe dBaSkssddln M28% carbon,
u

34. The age hardened steel product as clainmed in claim
29 ehesed G Randgd haraes. Rytwean %950@9& SHasiligon; ippsphan 0.01%

el Ozﬂlgrﬁfnhfﬁn aﬁgl Iﬁ(gbullrﬁ %Ew&@ aboRt O-E)h% e aBG'Ht C@ﬂﬁg she ﬁLwlng a

product as clainmed in claim29 where the age hardened
st el@wmptiyoﬂub@ nhergstaictuest edmpeisehghbdivite ofd mcullaéésmtel@% having
36. ri
co nr_gﬁ)ﬂsﬁlﬁng t gfdegﬁl‘;ﬁ@ﬁg wg gfz gxté n%g{e pﬁfﬁ%%e ns?zt(ea?)ﬁg ﬁ&nogﬁters and less.
cooled roll caster having Iaterally p05|t|oned casti ng
rol}.s r et

30. ‘cas he a 8 hn}d]elgedasteei E}iog ctwggpa Iﬁeglulg 6})?\?%3 a reret tﬁg g hz%rdened steel
rolmemabdus tubstantigdlyamd eohfunnedrtedit@te phrticke gﬁﬂmfamm 50
t he castlng rolls by side dans, counter rotating the
castAYP'Si1s to solidify metal shells on the casting
rolls as the casting rolls ane t hrough the casting

formn el strip fraomthe t shel

e as%he&éﬁ/ﬂMF‘lﬂglﬁtegWS has Hamsd g ‘g%‘ﬂ/\%e\‘ige?ﬁ ﬂwa]a%be%  less than
rold.s%. and cooling the steel strip at a rate of at
| east 10 C per second to provide a conposition
conprising by weight, |ess than 0.25% carbon, |ess

32.t hathe(hgB hipahddndedal Paod@em ds @hairh @B 19N L0 BHRREME agé RBuLnRE steel
group consi sting ni obi um bet ween about 0. 01% and
aboRjpdwgt @@%w%ﬁﬁagﬁhrﬂf peleatedtP MBaut 0. 01% and about
0.20% and a m xture thereof, and having a majority of

the mcrostructure conprised of bainite and acicul ar
33.f er'Fliet age dnardle prahvsitasd prodvat as hlaimer09ochiino PP urhezmnidi¢ ege hardened steel

deni t he steel
ST B fe e bR EE " na"a00 ¢ 57

The net hod of preparlng a thin cast steel strip as

Cl ai" msag Ihrglrdene% ig as C alh eedalﬁeclarfnall r2 ere { E%gé hargleneg steel
has n|§B um car aé pal? Wth an

parmb@kemsMZaanﬂm@@mnaﬁmnEhﬁ6§nand | ess. 38. The
nmet hod of preparing a thin cast steel strip as clained
in claim36 where the age hardened steel strip has

35.S UbBHeaddt ihatde e dBeen pbhdd Ak CRAINRRIND tclalid @9 pitfetd ®E @ge hardened steel
greater than 50 nanoneter% 38. The net hod of
pr eP8TYchAsE P} sioneadtn AeblerstdPPi p as claimed in claim
36 where the steel strip as coiled may have fine oxide

particles of silicon and iron distributed through the
36. st e Mefiod Ph BiepHE FrtRincays Sief SHIP wiwrisige hsaiers eff e si ze

| esgsdnfifine IRkeARMP AELBIR - roff LastdNBavidRt n%lgf%6ft1%9@er EREnd rolls

thin cast steel strip as clainmed in claim further
conpri sifp@Enipghe [P dgvesh ;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 steel strip from the metal shells cast downwardly through the nip between the

casting rolls, and



hot rolling the steel strip; and coiling the hot
rolled steel strip at a tenperature less than 700 C

wdad 2008/TBmooret hod of preparing a thin cast steel PEI/UBWOSB62783

37.

38.

30.

40.

41.

42.

claimed in claim36 further conprising the steps of:

hot rolling the steel strip; and coiling the hot

rolled steel strip at a tenperature | ess than 650 C.

42. co-gﬁ% e tRetk@f o AR %G oM pef d3&lond tLBbViAL hicBmASsition
clainmed in claim36 where the step of age hardening

t he st eePMgritingby weighfcleaaben Q- Al cahen [1ess Srp 8 ferplummpgn, and
2008/ 137, A Q&E’tc&{e%%%ﬁl e Z&S gr%ﬁp cgﬂs@sti:ﬂg t(ﬂ Orgolﬁlflm between about

preparing hin cast steel Stri ainmed 1n clam

36 wher &- Qlﬁre alsﬁ gpub - 28@e Vwatﬂtﬂl@hbﬁgem@h@wso 8t %ezand about 0.20%,
tenper .ataHa 4 nggttu}%etﬁ&egfs anﬁuf%ﬂ% Qogt o‘H’he f%ic%%ﬂ&gre%om rised
preparing a thin cast ste H 3hpr|3|ng t g

of : assefiiaintg andtaeicniat fgrie Umlohaefdlgr wbte thast/efe h@blumg and/or
| at eral | sit casting rolls formng a nip
betmeen‘%ﬁﬁﬁ Inﬁpggﬂﬁ?%g a casting pool of nolten

st emk hsudppog the dteelnstrifhe acasterange betwlesn 635 Cent 880 ¥G.p and
confined adjacent the ends of the casting rolls by

si de danms, counter rotating the casting rolls to

sol Tidi thytheedfapregifi@l lhshidradt Reelcsy hngaifel liss clasn BHi@here the age
cast i ol I's ve throu the castin ool ; and

f orlfﬁr%g‘ ‘{ HeThe TR a?r@f’g‘r’ms‘l%g% P‘é“‘ldeﬂﬁéﬁng PRy PaghPtrde size of
ni proehvaesdrsthh@lecasting rolls a steel strip; and

cooling the steel strip at a rate of at |east 10 C per
second to provide a conposition conprising by weight,

| eshet H@RoPo2Ypasiak QQI'ﬁn cQﬁtsE@@ﬁsrﬂrl aPlaited i@ 36 where the age
manganese, between 0.05 and 0.50% silicon, |ess than

0. OFugeapdifieah 5P hanenbstantiady 9o nsRBIbeashaRFIIT pwslesaseater than 50
ar olRoSeRsI sting of niobi um between about 0.01% and
about 0.20% vanadi um between about 0.01% and about
0.20% and a m xture thereof, and having a majority of
th erﬂ@ &étf?&f 5%%}559% & QIHP E%]stc‘ stgel%tr p a%lcﬂuﬁlgd fm‘i’alﬁ%%e?er the steel
ferrite, age e st eel
t enyoiy astaorled ey kwerﬁlnﬁ 251d€pandle.‘8<ﬁl’(}ﬂ@oa amtl lhmvdlstgblacﬂ through the
I nCSrtee SeCI‘IO nruce:tluroe 911:1’1 On \%?a(lj eagrtll ECS{ e?esst I 3?1’10 eters.
streng?% ?ter age 5 45 Mne° né 8 or"
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hot rolling the steel strip; and

coiling the hot rolled steel strip at a temperature less than 700 °C.

The method of preparing a thin cast steel strip as claimed in claim 36 further
comprising the steps of:
hot rolling the steel strip; and

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

The method of preparing a thin cast steel strip as claimed in claim 36 where the step

of age hardening the steel strip to increase the tensile strength.
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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 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.

45. The method of preparing a thin cast steel strip as claimed in claim 44 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.

46. The method of preparing a thin cast steel strip as claimed in claim 44 where the age
hardened steel strip has niobium carbonitride particles with an average particle size of

10 nanometers and less.

47. The method of preparing a thin cast steel strip as claimed in claim 44 where the age
hardened steel strip has substantially no niobium carbonitride particles greater than 50

nanometers.
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48.

49.

The method of preparing a thin cast steel strip as claimed in claim 44 further
comprising the steps of:
hot rolling the steel strip; and

coiling the hot rolled steel strip at a temperature less than 750 °C.

The method of preparing a thin cast steel strip as claimed in claim 44 further
comprising the steps of:
hot rolling the steel strip; and

coiling the hot rolled steel strip at a temperature less than 700 °C.



