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*166166* This invention relates to ultra-high strength, wel dable; |ow alloy
steel pl ans300/@7%4 t h excel | ent cryogeni c  tenperature toughRETAISHIBBER h t he
base plate and in the heat affected zonel(Fi AZ) when wel ded. Furt hernore,
this invention relates to a nethod for producing such steel plates.
BACKGROUND OF THE | NVENTI ON 15 Various terns are defined in the foll ow ng
speci fication. For convenience, a GI ossary of terms S prow ded herein,

i medi ately [k ]84 k8 WETH FX(F

transport pressurized, (2 ¢ I 'M BRAC UG gQtures, i.e., at
t enper atures | ower than about -4 - . For exanple, there is a need for
containers for storing and transporting pressurized 20 |iquefied natural
gas (PLNG at a pressure in the broad range of about 1035 I a)
to about 7590 kPa (1100 psia) and at a tenperature in the mmum’mm@’ﬂw&
-123C (-190F) to about -62C (-80F). ' There is also a need for.con

for safely and econom cally storing and transporting other vol é’?"n e flui ds
wi th high vapor pressure, such as nethane, ethane, and propane,

cryogeni ¢ tenperatures. For such containers 25 to be codﬂmm’umﬁ

wel ded stee@ﬁm z ﬁﬁdequate strength to WMWFH uid
pressure an prevent initiation of a fygglure, i.e

a failure event eI I and |n
the HAZ. The mctﬁ*eﬁ?gm%?ﬁcﬁtésqq;}lanm ?f‘ gn%@???hpgmlog‘?}?%hﬁ%l ﬁeat es

t he twold r astith eccek}@trme;g)gemcsempmmnmioughmssl is bothtthe easp plai¢ endas theheaty t he
DBTT, failure.in.the e e 0_occur | ow ener cl ea

Coritel oy f peptifeotedird) Shen uRER Firbenh Bl wvubasadh G arEs . e
st eel tends fé0p1086dihg BychhtgenprRegr gy ductile fracture. V\él ded steels used in
t he construction of storage and transportation containers for the

BACKGRO OFT VENTIO
15 Various terms are defined in the following specification. For convenience, a
Glossary of terms is provided herein, immediately preceding the claims.

Frequently, there is a need to store and transport pressurized, volatile fluids at
cryogenic temperatures, 1.e., at temperatures lower than about -40°C (-40°F). For
example, there is a need for containers for storing and transporting pressurized

20  liquefied natural gas (PLNG) at a pressure in the broad range of about 1035 kPa (150
psia) to about 7590 kPa (1100 psia) and at a temperature in the range of about -123°C
(-190°F) to about -62°C (-80°F). "There is also a need for containers for safely and
economically storing and transporting other volatile fluids with high vapor pressure,
such as methane, ethane, and propane, at cryogenic temperatures. For such containers

25  to be constructed of a welded steel, the steel must have adequate strength to withstand
the fluid pressure and adequate toughness to prevent initiation of a fracture, i.¢., a
failure event, at the operating conditions, in both the base steel and in the HAZ.

The Ductile to Brittle Transition Temperature (DBTT) delineates the two
fracture regimes in structural steels. At temperatures below the DBTT, failure in the

30  steel tends to occur by low energy cleavage (brittle) fracture, while at temperatures
above the DBTT, failure in the steel tends to occur by high energy ductile fracture.

Welded steels used in the construction of storage and transportation containers for the
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tenperature applications and for other |oad-bearing, cryogenic tenperature
service must have DBTTs wel | bel ow the service tenperature in bok® Jthéllbase
steel and the HAZ to avoid failure by | ow energy cl eavage fracture.

Ni ckel - cowioadoraoryd st eel s conventionally used for cryogeni c geenp®bagoss € 5
structural applications, e.g., steels wiZh nickel contents of greater than
about 3 wt% have | ow DBTTs, but also have relatively lowtensile
strengths. Typically, commercially available 3.5 wt% N, 5.5 W% N, and 9
wt% Ni steel s have DBTTs of about -100C (-1SOF), -155C (-250F), and -175C
(-280F), respeshéntidnyd ciybgedi€ftsigetattrie0pBEdRond indiforictherhoad-bébdagMPa (70
ksi), 620 MPa (90 ksi), and 830 MPa 10 élZO ksiL, respectively. In order to
achi eve t heswoggndiamnerawe sefvicsmesigave BRI Tsougfhbrdew the spsvise éamensrature

eneral | nder. ost | [ QCessi €. 0., | neal i.n reatment. In
The_case’ of Py guraR rsiied SR 2dn sfo B REY P DA bl AR s
these commer ci al Nmk@k@émmfg%idaimnséxﬁ@hmwemﬁc@i){;&ﬁi_eitémg&@ndra oughness
at | ow tenperatures, but nust design around their relativel )épl ow tensile
dl

strengt Hs. Ststyrsl applirajiens.genhetten!s yithadgket eordauts sE ggates thes) abpwt Trilesses for

| oad- bearin Qﬂ?ﬂ e Le,: I i ' !rﬂvs f these

ni ckel -cont%vr?ﬁé% S ee{,gﬁf{n@ %%t&f}gggrg@ﬁé&,‘g?ér’{fgggﬁn én%rﬁg‘}l Fe

appl i cat i onsoohiBtiallyavhdabdx .6 ety Ni, Buswit¥ Nijend b gh%cNsiteels haheDBTEebS
conbined with the steel thicknesses require e ot her hand, several

d. On th
conmmer ci al | §0oaY 30036 I(d S0 atléS Y (28T and 114w G rd8OTF)nisapertivelyr #%h hi gh

strength, | .al St I Alrs) #2 teel s,
have the po{gglsr%?el J{E# XF%'EE)' e?o %’ﬁg{e&.%&ﬂ%éﬁéuﬁ% 6?tor eng{ S %é%éd ?ﬁg&ggt er than
about 830 MI20kidOreksuchiyelanth drder Qhievd tiess tbrhbinafioisofistleagthwady hi gh

DBTTs in general and esgem ally in the weld heat .affected zone (HAZ).
General |y, \Rirghpeshdhsse stegls|2enarplly underge, Costly PERRSFSIRG C-Ruef HF PIReRliBgd | ow

t enper at ur n @%?m‘ ﬁtnﬁlgsd' Beatibh€ MR oy e 8AGESses I t 1S
for this rg%%agﬁg}tikhg?%%i‘%?%ﬁﬁrg orr%reér ?1:31 'y gga?l a%l e, stnlgt e- o?ﬁ}fheefart
HSLA st eel stheseecanuhergiahaichtliopntaimisg diecls dhetanse of thoigegood towghyesst love
applications. The high DBTT, of the .in.these steel.s is nerally due to
The. 1 or et | GIPPGTACHTRYLOr Pt deSen arpot e THAVeR o8 5 SRrRE VB o’ ¢ her el
cycles i tfRigRaesRally rigilieél exafeekiV1éted Ghickhazadd for loabarbaflg Hivsgenlc. €., HAZS
heated to a 30 tenperature of from about the Ac, transfornatlion tenperature

to about t hiempeBture aprlications: | Briss enepé thase nickel-grdaimmgsienls/inflead-Bearipgi t i ons

of Acs and Ac3 tr for Lon. t er I es. T.ner Ogfd cantly
wi th incr ea%&%%enécftg?nﬁ rag% 3}9 @%ﬁ%bﬁgélﬁog)@l%liﬁ%d%g /tiﬁ%@%gfg I 5}-ﬂési ze and
enbri ttli ngstesl combinedciithitat steelthickhessed equisetth as martensite-austenite (M)
islands, in the HAZ. For exanple, the DBTT for. . the HAZ in a state-gf
the-art HSLA st P tho@tber handessiveral sgrmercually ayayjale: faFoftaE pnIowi @ hi gher
than abgut méﬁiﬁn{eMMFxI E&?Jr%tk?}rl@w%%leftﬁﬁﬁﬁgheb@%%k el AUSt BS2@Qer gy
storage and transportatlfon séctors tor the devel opnent of new steel s that
conbi ne t hed3xvstesdsypevethe petehtalgh s sypedpetensidsstehgthsde.gh @venterdhan oned

i1t but os. tout oo SERATATkRN nt i Postbd solfe SR B Rl e AR TRt 1 1y
and the desjlgén%ﬂaltaﬁéi E4petiaRy iPthe GARI@REd: Iattéetell 26ne amg).@ﬂnbfdelby, wathpheyi de

substantialTy the desired mcrostructure and properties (e.g., strength and
t oughness), stpels theraisartendeney o wedabkisy snd dow temperatvresioughress & decrrase about

25 mm (L inch). .In _non-cryogenic.appli.cations, nost .commercially available,
tat e off t hE Prile YRR PIRRT ol o Tt BTSSRl
relatively hoilabRUGRBRTIhAkt FISHA stké18 R AT geRdrBlIP télIerelE fr@pREent a
fraction of their strengths or, alternatively, processed to | ower strengths

for attaini tenperaterstapplications ghredsigh DB Eafjthe gy these stgplsiie geriesaly dughese
h dto i. d. ti, t hi ck d_t f hi gh

ohponent wid GFTIA of ERRTaTs THEGREPrs caapR g™ Peoretiremal BRER .

potential ofn thBRokiSt frafie@ahd iR, fehédiyd HINAsl z& AHATR He@ive t6 ki ti cal

applications, such as high performance gears, steels containing greater
t han abdut Smpueysthie qfstomhataait AleShc4sxxfonBAEoRBXOneratures. tp ahpet thedds t o

mai ntain sufficient.tqoughness. This, 20 appr h.l eads, t o_substantial cost
peral ti es t%ﬁ&%@%ﬁ%ﬂgﬁﬁ@m- egﬁl@ﬁwﬁ‘gbgealfmgo disﬁ(&‘@tagal’lgcﬁ An addi ti onal
probl em eNC R o thp S & ﬁ%@m £LIUBAFcaln PR i5LER% sy fiinhydr ogen
cracking int eﬁtﬁ%,owpar?#cural)[y en |%W he‘z'it1 I nput vvelldi ng Ii%s used.
There are significant econom c incentives and a definite engi neering need
for 25 | ow cost enhancenent of toughness at high and ultra-high strengths
inlowalloy steels. Particularly, there is a need for a reasonably priced

o, N o ey o o, e
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obj ects of the present invention are to inprove the state-of tﬁeﬁﬂm, LA
steel technology for applicability at cryogenic tenperatures i @ ey
areas: (i) lowering of the DBTT to | ess than about -62C (-80F) in the base
steel inwoaeosarensverse direction and ig the wel d HAZ, (ii}CHRURIMNS005Q
tensile strength greater than about 830-MPa (120 ksi), and (iii) providing
superior weldability. O her objects of the present invention are to achieve
t he aforenmenti oned HSLA steels with thick section capability, preferably,
for thicknesses equal to or greater than about 25 nm (1 inch) and to do so
usi ng curr eie and embritiisg hycrasaidtail eorstinessssuct) o ecdriehsjteemstenite (fdA) use of

ceonor s 19 ST BB W SRR IET i b
b ovi ded wheary 8 efibe fHiPARSER e BB R 1 i RERBTS0 T 009 18 1 °
repeat ed t @hare apppuficadtincdntivpemahe esergy bierageaindiinkeatation sentors fireled pl at e

and rapidly cqoled, at the end of hot rolling, by quenching with a suitable
fluid, $uc rﬁie&%!"%%ﬂéf’? ¢y ngeﬁd}qﬁtfs REIBR AN SO OPBIFS BPTORETSS OF o

produce a @ | : IS i : ] Pel=1 I | ower
D ni ve, f EHAVE ELHA CATRECH Atiel b RESARBIERI L dlo ey Arslifhd 07

m xt ur es t heweodt atmbhités of)thaplSIA steelst wiide sisd Ppraveding erckllantsradatility aliie 20
FGB of the present . invention is.an.a eqgat.e conpr.i,si bainitic ferrite as
h ) or - Cotie SR aE MR T G B i-cadhs S by S aioues prterasball hedeithe of
mar t ensi t e nRstrednat ARG prYpehRRI(E.8., 3B ehBiAAhd fRBRAES) QRfRulH9SS than about 50

vol %9 .. As used in describing the present invention, and in"the clains,

" pr edor? narhirknesses pquadi tnemaxsater hag abawtj 2rmmg(l|ingldan at | east about 50

vol unme percent, "m es h . vol.% ~Re di ng the
processi ng stepgEl g&'fﬁog&{l%\?gﬁfﬁgﬁﬂ#’fr?loslésgﬁlﬁmgfﬁ%%iéi %H%@e’ SgAtes{Sf'ﬁl aegﬁqé QST is
anbi ent t enpernd thedium darledrhHSLANdexds, B t6 thelr relativelpllew (dakhnassat highper at ur e
hi gher than anbj ent tenperature, and_quenching is followed by suitable slow
cool i ng t o SEFAks, ereclheredestance at a Fagtiancof thein sengihseer afersiival herei nafter.

In other 3 r@d@?s@?itégi?%ﬁstraﬁ%ﬁgﬁ??ﬂtﬁn@éc?%ﬁatﬁ@t s 2RDL M e at ur e.

I n one enbodi nen I'sS Inventlion, W ng the quenchinhg to“a suitable
ST, the stpplicapbe thessamiroavhenizad do ncraased wotibn Hyckmesaahl tberefdrgnper at ur e.

L anot her ,crBodl 1enL s L1gnRLeS AL, higndthds mabirheYidh 293,10 001 40764

potential of the HSLA steels could be fully utilized. In some critical applications,

such as high performance gears, steels containing greater than about 3 wt% Ni (such
as AISI 48XX, SAE 93XX, etc.) are used to maintain sufficient toughness. This
20 approach leads to substantial cost penalties to access the superior strength of the
HSLA steels. An additional problem encountered with use of standard commercial
HSLA steels is hydrogen cracking in the HAZ, particularly when low heat input
welding is used.
There are significant economic incentives and a definite engineering need for
25  low cost enhancement of toughness at high and ultra-high strengths in low alloy
steels. Particularly, there is a need for a reasonably priced steel that has ultra-high
strength, e.g., tensile strength greater than about 830 MPa (120 ksi), and excellent
cryogenic temperature toughness, e.g. DBTT lower than about —62°C (-80°F), both in
the base plate when tested in the transverse direction (see Glossary for definition of
30  transverse direction) and in the HAZ, for use in commercial cryogenic temperature

applications.



lo 5 PCT/US99130055 substantially isothermally at the QST for up to about
five (5 mnutes, followed by air cooling to anbient tenperature. In yet
anot her embodi ment, the steel plate is slowcooled at a rate | dugoUll Ah
about 1.0C per second (1.8F/sec) for up to about five (5 ) mnutes,

fol | oned Wy mran76300l i ng to anbi ent tenperature. As used inpdgaGHe/Bigeg t he
present invention, quenching refers to accel erated cooling by any neans
whereby a fluid selected for its tendency to increase the cooling rate of
the steel is utilized, as opposed to air cooling the steel to anbient
tenperature. A steel slab processed according to this invention is

manuf act ured in ETdndedTRTyY tHedsvim B oBjBELs off theGitescAROEHHRRFe to GRPIIVESRS | 0N
and the following allo el ements, preferably in the weight ranges

i ndi cat ed i statenet- th’ralbzﬁSﬁg\ maﬁltechmolom@reapphmhlbmaﬁgryegmﬁqmpmw@mimon (O

manganese ( nicke 20_coppern | ybdenu ), JALQDI Nb) 25
tltal 11111 T %erk?y%reﬁ?ﬁmwfﬁﬁﬁﬁfpoégﬁz%ﬁsé 6@ "?]véi}/?((@ }%Ef‘“ltlh %5 nore
preferably &e&?mh@ueﬂsmsemre%u&a antPhehewelfcemall ﬁl)Qcﬁevm%te‘ﬁsﬂ en nore
preferably 1.0 - nmore preferably 1 toa out 1.0,

nore préefer E@B&ﬁr@@ a@“@ 839%?43(\18% keipread §iid Peevading sepegior Weldsblhb' t(@ﬁhalbout
0.8, nore p f I .01 -
0.1, nore p!r;l? it a 8re%§r1t ‘9%6%885155% (}géaﬂe%%o%g a%ﬁtg)x&lgﬂtgolr%e er ag‘l Steegg 0.02
up to about tkﬁ)clO&;ctmﬁ rcapmh@epmlﬁéryblp, fopthickn@sd2S eq@l tb evgrtaternlif aﬂbbaf 25 abl y

0.005 - 0.03 0. 001 00 nore preferably Q. 002 - .0.003 30 Chrom um (Cr)
s sonet i neSuhEBEh) emi Fﬂag% SRETINE HHEPR BRIy /2 HpRIG Prosesng I AT NS ror e

pref er ably aDaut w8 & kb 4818 miflerfialEr¥fogenic temperature processes is

10  economically feasible.

SUMMARY OF THE INVENTION
Consistent with the above-stated objects of the present invention, a processing
methodology is provided wherein a low alioy steel slab of the desired chemistry is
15  reheated to an appropriate temperature, then hot rolled to form steel plate and rapidly
cooled, at the end of hot rolling, by quenching with a suitable fluid, such as water, to a
suitable Quench Stop Temperature (QST), to produce a microstructure comprising (i)
predominantly fine-grained lower bainite, fine-grained lath martensite, fine granular
bainite (FGR), or mixtures thereof, and (ii) up to about 10 vol% retained austenite. The
. 20 FGB of the present invention is an aggregate comprising bainitic ferrite as a major
constituent (at least about 50 vol%) and particles of mixtures of martensite and
retained austenite as minor constituents (less than about 50 vol%). As used in

2 10

describing the present invention, and in the claims, “predominantly”, "predominant” and
"major" all mean at least about 50 volume percent, and "minor" means less than about 50
25 vol%.
Regarding the processing steps of this invention: In some embodiments, a
suitable QST is ambient temperature. In other embodiments, a suitable QST is a
temperature higher than ambient temperature, and quenching is followed by suitable
slow cooling to ambient temperature, as described in greater detail hereinafter, In other
30  embodiments, a suitable QST can be below ambient temperature. In one embodiment of
this invention, followmng the quenching to a suitable QST, the steel plate is slow cooled

by air cooling to ambient temperature. In another embodiment, the steel plate is held



~ a .~u~ zaa3 WD 00l 40764 PCTI US99130055 6 Silicon (Si) is sonetines added
to the steel, preferably up to about 0.5 v~~t% nore preferabl ymag@wjupm
w%to about 0.5 wt% and even nore preferably about 0.05 W% to out 0.1
wt% The steel preferably contains at |east about 1 wt % nickel. Ni ckel
cont ent WO &/40h6é4 st eel can be increased above about 3 w %PCfr/usesioosd to
enhance performance after wel ding. Each 3 wt % addition of nickel is
expected to | ower the DBTT of the steel by about 10C (18F). N ckel content
is preferably less than 9 wt% nore preferably | ess than about 6 wt %

Ni ckel content is preferably mnimzed in order to mnimze cost of the
steel . |f nubkebtiabhnisethtrmally atibe Q8T efdr aptmvaboattiiva(S)3Ininties, follvgdhgae cont ent
can 10 be decr.eased bel ow about %}5 wt % down to 0.0 wt % Boron (B) is
soneti nes &9QHRS {QaPRIENSERREratus: Jp yetanoiher embostimaent fhe Bebpiets %t % and nore
preferably L < 9 f?ﬁs ' i dual s
are pref era ylggﬁ g'?i g%?‘lt‘é\h@f; %aﬁ?%&ﬁztelgo?p tﬁé@oﬁi gé ./s%wgfggh%%looﬁ%ﬁfm
content is preafsehehlines, foRowédtanainddolihg b Mbiwtt YempSrahirelr A{ Wed¢®Bésetibings 15
preferably | ess than about 0.004 wt% Oxygen (O .content is preferably |ess
t han abdut the prEseRitipyentipp @Wrefemtea@m?w ePolngmipt ayeeans hengby

i nvention ig,: : : ] kb | ow al | oy
steel slab f?ﬂgg Q‘?@%@é&%@%@é‘@ﬁg’#ﬁ?i@‘?%‘?ﬂ&’%@g@g?%‘%élggthég%e‘g’%t are

fol |l owed i ppoesaktwesinpotibgths steel to afnbieneteapptatre. Wi t hout hereby 20 limting

this invention, sone _specific ficrostructures that are obtained axe as
follows. In one gr%‘iﬁ!l? ﬂ?f?“%seg]ra%% %{lﬂli/mﬁ‘?"élf’ﬁlsllﬁ?ﬂ%‘ge % ostructure

conpri si ng dykfdes Y Fhdhesh 4l th SR BRIk &, donfiRindd Vin G therOREWRR IR, OF

m xtures thereof,” and up to about 10 vol ’O/qret ai ned austenite film | ayers,
pref er abl y eddroemts,ipreferghly in tb oveighs rangessndecated i the deidavang Tebleill m | ayers, is
produced . The other constituents in this enbodi nent 25 conprise fine
granul ar bainite (F@&B), polygonal ferrite (PF), defornmed ferrite (DF),
aciclar ferrite (AF), upper bainite (gRblelegenerate upper bainite (DUB)
and the like, all as are famliar to those skilled in the art. This

enbodi nent generally provides tensile strengths exceedi ng about 930 MPa
(135 ksi). Iny odi nent L.e,{ nvention, follow ng quenching
to a suitable &%ﬁgw%e%sequent Rghfg% QW@ sl ow 30 cooling to anbi ent
tenperasure, the steel plate has a mcrostructure conprising predom nantly

FG&. The other constituyents tha 0 | se the mcrastrycture may include
( £ PP L. Berepesir o d P 07

fine-grained |atff" site, ret ai ned

austeni te (RA), mahotheddhNinPOD3uNQ DO/ MBSt eRfably$39 9% 308@%vén Riore DF,  AF,
UB, DUB and the like. Thrs ‘enbodi nent general ly “provides tensile strengths
in the | ower range of this inventefamlyil.®-2.0tensile strengths of about 830

MPa ( 120 ksi) or. norg; As is disc ed in eat er ail herein, the value
of Ne, a factor rd]@g?ln@d) by the E%éﬁésﬁ?fegf&%rﬁ@ygtségfé(as further discussed
herei nsgnd in theofdesS@ YY), 5 @b &PaHoMPRC! hotdiRefiabBIPL h1.8Nghd diegk section
capability, as well as the mcrostructure, of steels according to this

i nvention.. Al so, consistent wi f9r¢pefeapRly®-25t%hE ed obj ects of the present

i nvention, steel [ cc i t { PVRRL | e

especi al | y sui taﬁogyﬁ%g&ﬁnggdyﬁcrg gdeﬂ?)éﬁt@'gﬁglgf trgéxgg pd;jri ggf %@%&F’n that the
steels have the following 1 o charapfieéralsyiods, 0.oref erably, w thout thereby

limting this inventio for steel plate thicknes of about 25 mm{ 1
inch) and great eF“.Ob(‘F??]&)FT Iom@ﬁ)lt‘ﬁ)a]n BHERT® Qrglgt%?)§8@¢35, preferably | ower
than abgut -73C ¢ik@8F)Tiymor e pogher 33y moedEefetdbdNg.8Pobh2 - 100C (- 1SOF) and
even rmbérge prefer albl y Igvx}gr t han about -123C¥\§{elc90g§ni n the base steel in
the transverse dizheahim{Adnd i nupheaboelt 0.09AZBore(rirefprabbyrs00le G 05.andehed 5
greater than about 830 MPa (120 ksi%}, r ef mlgl é&%r eater than about 860 MPa
(125 ksi), more preferably great®¥e PEETa A0 99> wPa (130 ksi) and even
Tore preferabl y gealcainghan abouor 100%\Bax Akt d.00d10.005 super for

wel dability, and (1 i'mproved toughness over® standard, comrercially

avai |l abl e, HSLA steels. 20 DESCRI PTI ON OF THE DRAW NGS The advant ages of

the present invention . will be better derstood by referring to the

fol | owiHy det ai | ¢ ORELR K‘IE;&)F%%‘P_%‘HWF ﬁg&%ﬁt'Pé}&%%?fhcﬁ%{%a{%@s}fpitﬂ%%‘i‘tclh& FIG 1A
I's a schemajg, SR8 L BHEra0 lab&8 0tF F% HOGEBH: b@W1§CCT)  di agram showi ng how
t he ausagi ng process of the present i1nvention produces mnicro-larninate 25
mcrostructure in a steel according to the present invention; FIG 1B is a
schemati c continuous cooling transformation (CCT) di agram show ng how t he

ausagi ng process of the present invention produces FGB mcrostructure in a
steel according to the present invention;



FIG 2A (Prior Art) is a schematic illustration showi ng a cleavage crack 30
propagating through |l ath boundaries in a m xed m crostructure, of h r
bainite and martensite in a conventional steel; 1 ~J 1l Nb@@lg \C}W

00l 40769 PCT/ US9913005~ 8 FIG 2B is a schematic illustration showi ng a
tort uous WOOKIPEt h due to the presence of the retai ned austEmusespisase in
the nucro-laninate microstructure in a sfeel accordi ng to the present

invention; FIG 2Cis a schematic illustration show ng a tortuous crack
path in the FGB mcrostructure in a steel according to the present
invention; FIG 3Ais a schematic illustration of austenite grain size in a
steel slab after Sigea(Si)yigsancamiatisdded @ thbetepl; eaferublynyetat dbont 0.5B%, 3B is a

schematic illustration of prior austenite grain size (see Jossary) in a

steel slab BfrepreeablyAbPRt{H0] Wi'e e 2barSer Witar 314 ¢Y8H 8197 PRREERASEENI t e

recrystal i 3es wiklo JibupbiiQhed © hot rolling in the tenperature range in
whi ch austenite does not recrystallize, according to the present invention;

FIG 3C is a schéaimiteel prefersiy edntains atfledsh ebait dngdh edtkeb aNivkkkcomtentiof ure in .
austenite, with yvery fine effective graipn size in the through-thickness

di recti oh, 8?3%e%f@ﬁbemcwdegeﬁem%ﬁé‘ft%ﬁdsmddm raePepvep? -@g‘ﬁﬂi ng to
the present ojpygnt £k 1 B aliof of ficRellis BRI Wwé! (RE DWPT BF fleQpe

reveal i ng thg%ﬁggro- am ne({tae m'oc?ostcruét Sir}%ml n a steel plat emlegnt [ fp?}gd as
A3 in Tabl eabdutl6f€@ (8 FanNickelGontent & preferabhslesstian @ vet¥eohoreprafecabbglesph

revealing the FGB mcrostrycture in a steel plate jdentified as. A5 in Table
Il herein. Mmasov%%ﬁei‘{éﬂﬁe} Fore ds Hﬁ?whly TRRIRYBEE PEET SO MmBYRIFESPSton wi t h

its pref errsﬁﬁq%%t&nbﬁ%@ﬂémcni is MbrehseR boARIoRt 90 RainbR&eicBN@RE dRN 1S

not Irmted thereto. On the contrary, the invention I's I ntended to cover
all al t By nabé desreaspd belomcabohichs wtndbverei @ivet s whi ch may be incl uded

Within the spirit and scope of,LNG.LIURL LA pASS80 AR Bul fGoRPRERCeC
and more preferably about 0.0006 wt% to about 0.0015 wt%.

Additionally, residuals are preferably substantially minimized in the steel.
Phosphorous (P) content is preferably less than about 0.01 wt%. Sulfur (S) content is

15  preferably less than about 0.004 wt%. Oxygen (O) content is preferably less than
about 0.002 wt%.

The specific microstructure obtained in this invention is dependent upon both the
chemical composition of the low alloy steel slab that is processed and the actual
processing steps that are followed in processing the steel. For example, without hereby

20  limiting this invention, some specific microstructures that are obtained are as follows. In
one embodiment, a predominantly micro-laminate microstructure comprising
fine-grained lath martensite, fine-grained lower bainite, or mixtures thereof, and up to
about 10 vol% retained austenite film layers, preferably about 1 vol% to about 5 vol%
retained austenite film layers, is produced . The other constituents in this embodiment

25  comprise fine granular bainite (FGB), polygenal ferrite (PF), deformed ferrite (DF),
acicular ferrite (AF), upper bainite (UB), degenerate upper bainite (DUB) and the like,
all as are familiar to those skilled in the art. This embodiment generally provides tensile
strengths exceeding about 930 MPa (135 ksi). In yet another embodiment of this
invention, following quenching to a suitable QST and the subsequent suitable slow

30  cooling to ambient temperature, the steel plate has a microstructure comprising
predominantly FGB. The other constituents that comprise the microstructure may

include fine-grained lath martensite, fine-grained lower bainite, retained austenite (RA),



25 DETAI LED DESCRI PTI ON OF THE | NVENTI ON The present invention relates to

t he devel opnent of new HSLA steels neeting the above-described chall enges.
The invention is based on a novel conbination of steel chem st rWdHNZGUg
processing for providing both intrinsic and m crostructural toughening to

| oner DBWOAY44764| as to enhance toughngss at high tensi| ePGHPENGHNS. 30
Intrinsic toughening is achieved by the’judicious bal ance of critical
alloying elenents in the steel, as described in detail in this
specification. Mcrostructural toughening 1 gJ UI~ 2003 W 00/40764
PCT/ US99/ 30055 9 results_fromachieving a very fine effective grain size as

wel | as profthd\imlUE: Blbzndthe bkevi Brvambedimanteenepie peqvidasténsde grai n si ze

is acconplished,i V\?ﬁﬁ i 2 present ntion, Fi.rst
t her no- mech r?’flgtgf ﬂlc%%\@?v 5 e%é &o%?%\;g%np?%&'gése%% S?rﬁ?ﬁféﬁ'offlgoé]g S%I%Mglai bed in 5
detail in theoks bombragAsissdiscasdd iwgreaboddtiibleréinBe PalhedfBIcSs fdrkure in
austenite at the end of rolling in the TMCP processing. This is an

i mport ant fdefimed by &5 chamisy of tersdegl (asdnthea dissussed hereiy ansitin thet@lessad, t he

present . nventi r I [ & Kk is

ht eved | e oo BERBt ol hiok hedih LARIARY 8 well iR SELIGORRRALEP | °

m cro- | am nadets stondigue tis ibkddtiomr m xtures thereof. As used in describing 1
othis invention, "effective graip size" refers to mean austenite pancake

t hi ckness upon cOlfpi SRFFEIINLE @mag%e-?tﬁe@ ﬁ@eﬁwﬂ%@sﬁwﬁ@ve@mm@ﬂ
i nvention i : ki i | etion of
t ransf or mata‘flL g‘r:]ésgefagt%ﬁ%}d%ggé(g{r?ip?eesq%gﬁgéar&ggaa?%gsrgglg%g? E&g?m%?%rrg%}@gm nat e

struct ure owryégeBic temppetotd appliyations in thaf thetsteels luive thesfodldwined ow, D'’ on FI G

1 TMCP ot GRBR e B HERG T Bh N JEREPB A BIZRBYS PORATAAT de of the
austeni t e ARR&AKRSs ofRBEKEE h @t Mndh§ aftPfreblel:UHIDBT B dowar thbs a8AERgs. This
i nt egrat ed approach provides for a Verééfl ne effective gral n size,

especi al | y (¥ Fherefpmablydewerihakahoys - B¢ dck008R), sforaprferablydbwerthae cor di ng t o
this invent} _Reberni ' I Vi g m nant |y
m cro-| am nzizg)t%t[ah Zgﬁméérlg@?:r)gg E‘?“% Igér? F%??\aaiﬁga%eﬁghggiaﬁ\ggtnt%n,é (@%g%

pr edoni nantihythdbase etetldntheatans virsy disdctioe hnd & the wehiHAZ &) rhsidd stengat i ng

| aths 28, of either fine-w ned |ower bainite or fjne-grained |ath

mar t ensbt ¢ Bpated e st TiMEs (12N, P ar e bR e SOAMER RS 0.

Pr ef er abl y,i.)h i b : i 1 ers 30
is |less thakﬁg)églga%ﬁ%%%é% Q?ﬁgln%\%z? g‘g“ébP ﬁlNci: n@ggq’(g]f) %Fﬁteee%%lﬁgé féljgf.@ﬂ{lg@%n mor e
pr ef er abl y, grg&et then shout HH® MBa (ldddsy), 61i) superioeweidnakidity st €iv) trepiovedn | ayer s
30 is less than about 10. nm and th avera@% 1t_IBi;S\kneis of the laths 28 is
about 0.2 riPEEHFES OV FANdsrdy CRBIP TR A iellss ahd ¥i ne- grai ned | ower

bai nite occur in packets within the austenite pancakes consi sting of
several simlarly oriented |aths Typically, there is nore than one packet
wi thin 2 paldES(RENHIQN QL i &>Pade up of about 5 to 8 laths. 30

AE [ RAWINS
Adj acent packets.are separated by high angl e, houndaries. Th acket width
'S the ef fact i veTHh vt B s retrett Aot Tnd BHE pitorsod bE PR PeCant
ef fect on tiaenefaRvanedetdiles HelcEphios hid B GRadied diARinEB I whitht h finer packet
wi dt hs providing |ower DBTT. = ~ g JUN 2003 WO 00/407G4 10 PCT/ US99/ 30055
In the present iF&Adiiphschematiqroaiaiqus goolsgirapaiorastion (El)idiagrass t han

about 5 m CJh%\r;v%ig how the ausaging process of the present invention produces micro-laminate

HARION QFAHE DR

25  microstructure in a steel according to the present invention;

FIG. 1B is a schematic continuous cooling transformation (CCT) diagram
showing how the ausaging process of the present invention produces FGB
microstructure in a steel according to the present invention;

FIG. 2A (Prior Art) is a schematic illustration showing a cleavage crack

30  propagating through lath boundaries in a mixed microstructure of lower bainite and

martensite in a conventional steel;



and nore preferably, |l ess than about 3 microns and even nore preferably

| ess than about 2 microns. (See G ossary for definition of "hilfhJéhgile
boundary”.) Referring nowto FIG 2C, the FG mcrostructure, which can be
either a predom nant or a mnor constituent in the steels of the present

i nvent i oWO p40764chemat i cal | y depi ct ed. the FGB of the pr eSERMUSIHPEEIt i on i s
an aggregate conprising bainitic ferrite 21 as a major constituent and
particles of mxtures of martensite and retai ned austenite 23 as m nor
constituents. The FGB of the present invention has a very fine grain size

m m cki ng the nean packet width of the fine-grained lath 10 martensite and
fine-grained | oweG..28 1 a ¥chainetio Shustrttonshowing erdrbwys afaok path dedo BEB can form

duri th hi to th T /or. ' he i.soth | _hol dj t T
andl oF | oviTERHET pohF FEmRCR & st a Bl on B HBEB Rl on,
especi al | y Rtordfify toahé preséit idvdnfiofk, >_ 25 mm pl ate when the total

alloying in the steel 1s low and/or if the steel does not have sufficient
"ef fective" bor diG.t2aks 4 sshemaiioilustmtion sBowisg adartuepserackpatthingls @B and/ or

nitride, In_t i , . i .cooling rate for the
guenchi ﬁg éﬂlﬁp‘{%ﬁgdggez#?ﬁgéIag‘?sgggﬁgiﬁs%ﬂ’rr%?m%ﬁ% formeither as a m nor
or as a predom rEl@. 3001 dcher@bfic iThiSirdtied of &Rt elaky€rd inQlkteel Id dfteef er r ed

mean grain size of the FGB is | ess than about 3 microns, nore preferably
| ess than dplasing aggardingdo thapRseRbEWERIoBf er abl y | ess than about 1 micron.

Adj acent grains t L st Bioh ok & . L.ah: ies 27
in which the graﬁ?'g(@ﬁﬁégsfgéﬁslgﬁp%{rlat eslo{xﬁgﬁré%jjag%t%?%%%?ﬁ?%%é&é&%%ﬁ

cryst al | ogrsagehslab efierdnttablling $n ticfttraperttypd rangdel iy whychranstenitdwacrysthitizes, thb,

wher eby these boundajies are quite effective for crack deflection and in
enhanciiflg GFSEIR 1 TPLES P e elBErayrG E0SF 7 VB e1SPHE CPETRObTemElRe ang! o

boundary". )acé&dﬁ]?qolﬁ%,ﬁgeﬂtmeaﬁgﬁent invention the martensite is
preferably of a [low 25 carbon (_< 0.4 wt%, dislocated type with little or
no tw nni ng and énB4 ine sshepatrcsdlistration pfitd clongated parcakd prusture in
martensite/retained.,austenite.is benefjcial t.0 t hness .and DBLT.. The vol %
of these. mABPRLS SOPTY e Pt TSRt S b Lol BURARS oBRReBR e e
dependi ng @Jlatk iforsé@BbletONBORIENSTHh BVIAPREQEEAE kdble Biékerit Snvehtingr abl y | ess

t han about 40 val % nore prefer a%ly | ess than about 20 vol % and even nore
preferdbly 30 | 16, i A THBSTSSIPDRIGSHOR RRCreEpph reNealing heaRisTer Bmimsiea) ned
austenite pattd i { o0 itional crack

defl ecti on@ﬁ%sﬁﬁﬁ%{gb&\ﬂ ?gcfe}xﬁgéq;égg @i%fé\ellﬂrﬂétr%gtﬂg? expl ai ned above
for the m cro-| dfiChatie andansmistioncdactren andyoghapterevealing the FGRMIQOGRCVN® in

00/ 40764 PCT/ US99/ 3005+.11 The.strength of FGB of the present invention,
esti mat ed t%tﬁgpé%%ﬁn%gﬁ&?ﬁ%&ﬁﬁgﬁw-t o 110 ksi), is significantly
l'over than that whifkitheptisahtiadedtiinivilBiel REGHe8 iPEorneBeorOw# Nepreleaver

bai nite, which can be, depending on the carbon content of the steel,

gr eat er20t hambadonents b Wide(urEsTstedd) that the inysntinras netolimied deretn. On#igent i on
that, for 5 carhon c at s. i.n. the. st eel bout 0. 20 t bout 0. 065
wt % the arﬁgaﬁ?‘gbﬂ’ %&rﬁ@%@}%{gtggﬁ%%cq Flreﬁ{ %‘% alrﬂilg%sé Ofagﬁ%é{ﬂ Sl’n?ﬂcl:(fostruct ure
i's pref er aldqyivaldtitd eHlidhombg $6 indladebivhib (spidl Al istope ofakie hoentiohgasst r engt h
of the plate exceed about 930 MPa (135 ksi). - . Ausaging is used in the
present i nvisHnEd gy the rpranded sla8meor mati on of the 1o m cro-1ami nate

m crostructure by pronoting retention of the desired retained austenite
filmlayers at anmbient tenperatures. As is famliar to those skilled in the
art, aysagi DETANED DESCRIFTION GRTHEINVENTEON e i s enhanced by
suitable thermal treatments prior to its transformation to lower bainite
and/ or nart ensi t €he presemfdnpeniinaynclatesie the davelopmentciinely HhbAsteelsimeging e to a

sui tabl e ol | owed, b l.ow 15 oling.in anbi,ent air, onr.vi.a the other
Sl ow vool e abSve e EnA cButdlers TR MRty BARH Bt vy cobialifu b o
pronot e ausqed]tBemistry snd<Frevbksiny fob 9r0'iridjn% béh iRHaa6 kA mRéEOsRIcRSalt her mal
stabilization of austenite which in turn Teads to the retenti on of

aust eni t e vieugherting i1 loareril3BET 18 eeplilasttd pnhenos warghnesmat ligl tepsiterrirengibs. | ow
tenperatures. .The unigque steel. chem stry.and .processin opbi. nat.i on of this
20 | nvelit| oY INEbeRige it Siever L e Al DA ES Bhcxithel St YpRthg

bai ni te trapshekizrf 29efidRE i deRNNh s bitcTH RS M&oﬁﬂcﬁmft&fgheﬂﬁguat e
agi'ng of the austenite for retention of the austenite filmlayers Tn the
mcro-lamnate mcrostructure. For exanple, referring nowto FIG |A, one
enbodi nent of a steel processed according to this invention undergoes
controlled rolling 2 within the tenperature ranges indicated (as descri bed

25 in greater detail hereinafter); then the steel undergoes quenching 4
fromthe start




quench point 6 until the stop quench point (i.e., QST) 8. After quench ng
is stopped at the stop quench point (QST) 8, (i) in one enbodi meﬂlﬁ JUNA0
steel plate is held substantially isothermally at the QST for a period of
tinme, preferabl¥ up to about 5 mnutes, and then air cooled to anbient

t enper at uM® 0048764 | ystrated by the dasheg line 30 12, (ii)PFHUaH& Prer

enbodi nent, the steel plate is slow cooléd fromthe QST at a rate | ower

t han about 1.0C per second (1.8F/sec) for up to about 5 mnutes, prior to
al l owi ng the steel plate to air cool to anmbient tenperature, as illustrated
by the dash ‘1 JUN_20D3 WO 00/dO i64 12 PCT/ US99/ 30055 dot-dot line 11,
(iii) in stiesplinfernaiuieipsa e dine effieet v man spieas &vehdy PRE0EPEowed to air
cool to ambj |IIustrated by the dotted line 10. In any
of the di ff}é]?%ht pr oce;ﬁé%gme Sdi ments, austenite filmlayers are retained
after formation ®ind effestivb@rdin kige isatlst&npltshédlm duwmysbmiheipteeemteg@e@ﬁoﬂ and
martensite laths in the nmartensite 5 regio | per bainite region 18
and ferrit efpeatierme- m@@aawah@ngpléedpw&r@rpmew@&bgl\éﬁg )eas|dgsaribad H zed or
avoi ded.s Re %{gg&d f rocessed
accordi ng t%&%h?gﬂ}%gg%&céﬁﬁse&?&%ﬁg%g gltrreeﬁtau% e?ﬁedgﬁd; t han
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o any Bt - Dispph o BEECRierY e ieferd p hn et S s haker pon

anot her 18 wmﬂétxaﬁarmlhhgusﬂaeqmp}b atordifg & BW iGeakief afd OMddAaliel at a
rate | ower than about 1.0C per second ( 1.8F/sec) for up to about S

m nut es, prWishhop mAap ERRIAGIEIPOR crEplepPmeliransfoamatiensef the #isiente acakes

t enper at ur I t t e till
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avoi ded. | nanphreacshtm@lvglestfortaq‘eerpﬁeseﬁﬁ@ctwnm blom espacirdlisetieausagi ng occurs
due to the pove or 10on h nd sing described in
25 this spe@]f?‘f%‘aﬁ on. Sr‘%“c tlglgnl %Et%glr?&gtﬁ%?ct ensg%oaﬁ%séﬁ\éet%?gﬁent s and the

retai ned austeni Ref@tiag@oaftotFle. 78,dh @stealhdviigca pledsabiantlichicie lafigatdesi gned
to exploit the superior strength attributes of fine-grained |ower bainite
and fi n¥ gr BRETESTRGERTS q?ﬁ?&derr%tiott@s lrazﬁawqaéhesxuﬁ&mlaﬁnt& TaiiPagEIRAtact ur e
resistance gf gﬁ,@e d ﬁEEdto? Ttar LeriB.ShR8d T ure 30 is
optim zed t% sIJlEJ) st t[ri:xt%l EI% maxi mazexﬂgtxﬂgféghgﬂs;‘&:égﬁt ?ﬁr E pole‘i\fe t her eby
enhanci ng t bainite ac lﬁnp{gmmathaﬂomammltsbramcmﬁemt}mrm\ﬂaxhé rgaiged Aisteaitt film

m crostruct to 1ls J d 20 VO 00/ 4076 |, US99] 30055 13
The mnor  coMeE bR e (5% B B FRETER G G R JApss S0 3

mar t ensi t e/ [¢3% anembodt BRIV ik Adfaak ﬁhaémsa&ftmm AhEveriRre/réfepdblyiescri bed
above in reference to the micro-laninate structure to provi de enhanced

crack pszagmawmgeébxcsneawé theiatamgd |austcm1;e film lepers BB, le&Shlamhaémm 10 om
ferrite/baini c ferrit nt er rtenS| r et ai austenite
particle /bﬁ’?‘% acvei"aegtgrt ?SHPE&JFS*’&@QF &r%‘g’f”és b ﬁéﬁﬁ"i‘eéi \%/m ch are
very effect insetehsit@nlipigd- QﬂmferdWeﬂHilﬁdéc&bﬁrMn ket \RHIBR eGh ALK Opagat i on
resistance. In accordance with the foregoing, a nethod is provided for
prepari ng apamaﬂcpacmsgﬂﬁmgtorfeﬁm&l Snmﬂ&b'l orphtxzdéathavTﬂQC%lynﬂlcm%mmﬁ:thm e
conpri si ng redo nan lo fi ed | rtensite rai ned

| ower bai ni L SR 2 PED e“?&ﬁ-éSWé’ hBRIOLDRAT tgli{:l@thghe st eps
of: (a) 3d1ea§«&d"'&eﬂt ?5&%{5 &k %a}ﬁedﬁ‘bf ﬁ@ﬁ%#l@goﬁrﬁﬁﬁ@:{ aFper Jﬁd&'ﬂﬁﬁdtﬁhﬂﬂ&' y high
to (i) substantl al1y honogeni ze the Ste ssol ve substantially
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passes in a first tenperature range in




whi ch austenite recrystallizes; (c) further reducing the steel plate in one
or nore hot rolling passes in a second tenperature range bel ow Oﬁh Zmﬁe
T~. tenperature and above about the Ar3 transformation tenperat el (
guenching the steel plate at a cooling rate of at |east about 10C per
second (MB/®@eY64t o a Quench Stop 20 Tegg)er ature (QST) bel ;aTalm9st60550C
(1022F), and preferably above about |00& (212F), and even nore preferably
bel ow about the Ms transfornmation tenperature plus 100C (180 F) and above
about the MS transformation tenperature, and (e) stopping said quenching.
The QST can al so be below the M5 transformation tenperature. In this case,
t he ausagi nin thh praenanemondihs prdftreqd mdan\packet veitith s 15 tigmpdboaad kheicioas,t he

austenite that is re er its partlal transforngti on rtensite
at the QST. ar}%ﬂlﬁ{%&?@@é@%ﬁfl@ RIS %Vemnqr%ﬁ%g?rabml @hel ow i n
whi ch case 2 @USRGLN §§ah1 ot r %d}@eﬁ&%g}u g to this QST.
I n one enbodi nent, the thog 1}0 ?s |lri10\/n((3ér1ﬂtr|}£%l rther conprises the step
of allow ng the Btfesinghawdo FIG dﬂ; the#GIB micrastiictme, whithenabearesghéraom t he
QST. In_anot hgr enbodi nent, 30 .th t hod .o is invention further
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fine-grai neﬁi’PP’iﬂ@értWBé’FilﬁcF’@ Lranswhese svselographic psieptations é’ff@tﬁm‘ﬂb’ bYoF, AF,

UB, DUB, a b | ess
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mcrostr ucta:rdem enhciy orathk prueditye f@dfel GloksaRgfor@BShitlod T Bighltilens UB
twinned martensite and MA in the steels of the present invention,

enbodi ment RAundans.) i inbaECEhof the prasratinyentinn b orastenyicls arefagbly af %&w pl ate

havi ng m r|s n 2 vol %1t o ahout 10
vol % ofgaus en|4g[¢| I mé)g?/lgf;ogaéég'ﬁgglotﬁtlﬁ@% ?%mgt% o’é@lq?o lé? fgahs of
pr edoni nant feyaid@l fusfepite! ahikefartesiteAtgines aﬁﬁéhﬁé B %eﬁléi?dlﬂ% té@ﬁeséoﬁfdm te,
sai d method conprising the steps of {a) heating a steel slab to a

reheat i . ~g P&erErena¥softhessiminer opnsiitegmtst in the FGB af TQe PrademADPENON0RN 40764
PCT/ US99130055 ubsta i al ho enize said sl.ab i)..dissolve
Substant i al TV SERerEie P e sl HABHT AP HEECTE ) Bt BRI VR A |
sai d steel sh@f 403805 bt pre®tBB) l'e§sf1h'in' dhdut 20 {b1A, aaa%b&mh{&egfeqéﬂaﬁ in said
steel slab; (b) reducing said steel slab to formsteel plate in oné or nore

hot rol30i nglepaﬁm;sbwt 10% iof e FGEhpBreanartessiteregnédaustinite pansdend €GB
recrystallizes; furth uci i.d_steel Iate Lh ol e hot
rol ling pas%r(—’j’seffegi ‘2’;1 ‘1‘3@%8 Q&F”éﬁtdﬁﬂﬁfél "t"ﬁlé‘“'f‘{l ggbper ature
and above ag?x&ﬂaﬂt@@xaﬁ&%l&h@:ﬂ@&o% Rahd xﬂf&ré ﬁét%tdﬁ"c?osg(xgﬂugk&%&ﬁi g.Said

steel plate at a cooling rate of about er second to about per
second (18F/sec - 72F/sec) to a Quench St op Terrperature bel ow about the Ms
transformation tenperature plus 100C (I180C) and




10 above about the MS transformation tenperature; and (e) stopping said
quenching, said steps being perforn~.ed so as to facilitate transformation
of said steel plate to a micro-lamnate mcrostructure of aboutg2UNqifioto
about 10 vol % of austenite filmlayers and about 90 vol %to about 98 vol %

| at hs of W&t @tlii¢hant |y fine-grained mart en5| te and fine- grPATAEIYPWART
bainite. 15 Processing of the Steel 36 1 Lowering of DBTT 20 Achieving
a low DBTT, e.g., |ower than about -620( 80F), in the transverse direction
of the base plate and in the HAZ, is a key challenge in the devel opnent of
new HSLA steels for cr enj c te erature applications. The technical
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both the i fiheighsined aﬁveuahxhne,s:vlmmcm&ier &qieuﬁmg ofi aind Edrbot teienttod tHersaed,ur e
resi stance in a way |E))roduce a low alloy steel w.th excellent cryogenic

t enper at urgmﬁl?féﬁé%’% ?@é‘t WMﬁé(Eéé‘él)plnah?é bserifoupd imuginyentioyhat e naf t er
described. cdBoh BhiehBUR i 1 o BHGROPEIAGIN I QPRI DY hoafisBrar ! ed T Of
| oweri ng t fie Base 0 steel I'sS mcrostructural tdughening con5| sts
of refini nEG@r da&eraguébemtheth@kmsn) mitkemicrosinkciiraiiy proferaplplimiteintplest og
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a fine grapyghar bainite (FGB) mcrostructure within the f ne grains, all

ai med at enhancing the interfacial area of the hi.gh angl e boundaries per
un|t voI ume in Ausagingés uspd i the prisernit snvieativh foafacilitate fmg@tlskwlfﬂed inthe art,
“graint as_used herei i ndi vi.dual Ln.a crystalline
o or | 1 - mion el BulRaBR R L Aom R retie e e 8RBl one 1 &
metal  corr asdai filth l9eds Ataribiah Sérhp@htutdsO M8 QndilidiSlothb QAT if i drgnt at i on
to anot her, thus separati ng one grain fromanother. As used herein, a "high
angl e grai ARSBBIRRAA RYPTOGeSs WhGIPIR REINE O Aukeyiterih athaseshbnpwtebigbermrl acent

grai ns who t about 8.

Al so, as uggc}ﬁ{]eé?geﬁjl $r99§t§8ms r&ﬁh&p{ola%{”%gﬁﬂgﬁﬂlﬁjog}%‘ﬁ%}{rs acg‘?{E I's a boundary
or int erfapmstﬂtanvmﬁfoepqueneiuyg hebteule;ﬂata&oashntayte QR7Fl blipmaidibylstamdary, i.e.,
tends to deflect. a pr.o atin ck or fracture i nduces

Lot wob ¢ y oI ipBie &t parOHE e AEies SR 950 DTSR SRPREP e e t o al
interfaci aﬁmﬁfeﬁ@t&ﬁpéxﬂﬁrehisﬁﬁe@@‘ibkcﬁn&@‘dﬁ%’iﬂgeqtﬁ%o%‘ﬁl tNOh it anMgink S
defined by the fol l'owi ng equation: 15 Sv= ~ Cl+R+ RJ +0.63(r-30) vvhere d

i s the aveprgeotesitheanalstabgization efianstenite whicbtmmmdsmémlreqsnmxeofpru or to
rolling in_the er at ust e nlte doe 20 not

recrystall ?I%Séen(l%r‘?g?n %ugtteenl u%geq’ mrlP' s?§ C}g 15% rz:laluctl on ratio
(original tngeratateaab Tthh|uﬁjqnestsélfchémistr§taﬁ&Iprdtbaing domisihatisaf)thisand 25 r s

t he percent reduction |n t hi ckness of the steel ;{,Je to . hot rolling in the
t enper &% ur BVFRRRPRPTAYIqESifRNR SRRV Aelay HBesin b starbet (ebainiteAgnsiomationye) |
known in t

decr eases, g@ue I{etr)lhl(i}?lg 1%%%{:3 géﬁqoynfdgﬁﬁé(ﬁﬁe at t @gﬁﬁm?%ﬁrl%uﬂggﬂ%@ﬁ the
fracture patehauatentth éilmﬂghrsang}heeniawtaﬁanatesmcﬂommrf@raka:iipl@?eﬁanang ice,

t he value of R xed for teth| 3rness and, the upper limt
for the vaPo¥ tﬁ;ﬁg é PRASER F{?f’g éﬁoﬁsi‘ggd‘c?fgﬁﬂ&oﬁh’ﬁ “P?'cé’ﬁg Sv can

only be suaﬁaégée@ddnymnawoﬁﬁ@@dwmn%&fe Fdde fbn%e@ﬁld%taﬁ@& dEJcPi'Bbd he above

equation. To decrease d in steels accor d| ng to t resent
25  in greater detail hereinafter); then the steel undergoes quenchmg 4 from the start

quench point 6 until the stop quench point (i.e., QST) 8. After quenching is stopped at
the stop quench point (QST) 8, (i) in one embodiment, the steel plate is held
substantially 1sothermally at the QST for a period of time, preferably up to about 5
minutes, and then air cooled to ambient temperature, as illustrated by the dashed line
30 12, (i1) in another embodiment, the steel plate is slow cooled from the QST at a rate
lower than about 1.0°C per second (1.8°F/sec) for up to about 5 minutes, prior to

allowing the steel plate to air cool to ambient temperature, as illustrated by the dash-
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is used in conbination with optimzed TMCP pxactice. For the sane_tota
anount of reduction during hot rolling/defonmation, a steel w't hl ArUN 2003
initially finer average austenite grain size will result in a finer

fini shed Wwew#jé4 austenite grain size. Therefore, in this iMCI&MRPI he
anount of Ti-Nb 5 additions are optim zed"for | ow repeating practice while
produci ng the desired , austenite grain growth inhibition during TMCP.
Referring to FIG 3A, a relatively |ow repeating tenperature, preferably
bet ween about 955C and about 1100C ( 1750F - 2012F), is used to obtain
initially aot-dothngél fiis)iarstillangther embodienddt, thé steed piate may balsowed @Gimi cr ons
in repeated s ef ore. or,mat | 0 according

to this i n\98ﬂ]t o li%ﬁbt&?p?ﬁg r@xf’:segg’lst d‘i&%%“‘t‘%&l’g‘ QCS‘}S?S}%R{]‘% iE“?tat results
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1100C (2012F), in conventional TMCP.  To pronote dynam c recrystallization
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the T~.,r tenperature but above dbout the Ar3 rans?érmatlon t'enper at ur e.
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t han about 25. In sonewhat "greater detail, a steel according to.th

i nventi on imsingmigsd osdveided. ogmherﬁg:eéﬁ of tbeptﬁsenth@vedégm ﬁ@hamdrpwgﬂgon as
descri bed herein, he tinc%l 856 (o] ra ure of. fromgetojﬁtﬁt 955C
o about - 11550 ans 65 e At SeBlriBan 8 B (hne BT B oo iies SRHEREH' | oeac

(1750F s 19_513!@3,%15@@5@ l'ing the slab to form steel plate in one or nore
passes providi ng about 3gm§)ercent to about 70 percent reduction in a first
t enper at ur e r angEhg bainjte m@éﬁtq(@nﬁ@@ﬁwﬁmmez@@nﬁﬂ apsteniteiphaee Bb%tt t he

T~ t enper at ur and ur I he s pl ate nor e
passes. pr oVt el BlcrSimtfie ot odsilel 15 rimSH s Bp iy sPeBE eI,
second t e”ﬂﬁ*ﬁi@é&ﬂeﬁﬂ@@eﬁ@bﬂﬁé 880 Hhe-hSnel lathl REMPERS, UhE m{,amve about
the Ar3 transformation tenperature. The hot rolled st eel plate is then

quenched atcleavago ffianpire masistayice f rétained aammte e mpjero- lgenmtdm(iq_rsmwg to a

bl T bel b 102.2F
o o iBed 1 pRBTRts O R bea AT s, (R e G ot il bAE, BREPL RIS o 20

than about h@CrRRIprefAanen dBftiRRad pamd@ttgﬁtﬁmt%nefo@tr@mah YoukB&digg, t han
about 20C per secon 6F/ sec). Wthout hereby limting this i'nvention, the

cooling rate in one enbodinent of this invention is about 10C per second to
about 40C per second (18F/sec - 72F/sec). In one enbodinent of this
invention, after quenching is termnated the steel plate is allowed to air
cool to ambient tenperature fromthe QST, 25 as illustrated by the dotted
l'i nes 10 of FIG | A and in FIG 1B I n another enbodl rrent of thls |nvent|on
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30 dot lines 11 of FIG |A and FIG 1B, the steel plate is slowcool ed from
the QST at a 1 ~ 3UN 20n3 WO 00/ 40764 PCTI US99/ 3005~ 19 rate %}Q@N Zﬁnﬁuan
that of air cooling, i.e., at a rate |lower than about 1 C per sec
(1.8F/sec), preferably for up to about 5 mnutes. The steel plate nay be

hel d subsvamviedsky i sothermally at the ?ST by any suitabl ePoras®30&s ar e
known to those skilled in the art, such lds by placing a thermal 5 bl anket
over the steel plate. The steel plate nmay be slowcooled at a rate | ower
than about 1 C/sec (1.8 F/sec) after quenching is term nated by any

sui tabl e nmeans, as are known to those skilled in the art, such as by

pl aci ng an i nsul #he ngndsﬂmninﬁnemm tHelRGB bl prebatt enveiion,svizinder st ood by

those skilled in the a as used herein percent reduction jn %o t.hi ckness
refers to &?%%ﬁtte/f@a%i.aaﬁemﬁﬁ pHECkes, aek%@sthemwax@éémebféi@ BYe 18| at e
prior to t 1 é]h% -only,
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first te ature r.ange,. to a thickne about 127 _nm inches) then
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a piece of steel having any dinensions. The steel slab’is preferably heated
by a suit alprepagatins résistancgi si ng the tenperature of substantially the entire

| ab, ferably th t sl.ab t he desi.r.ed t
o .1 by’ placi ndmHEoERY il I orsbing R gt Er oy RGO MHRARRRE spect i c
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wi thin the range of e present_invention may be readily determ ned by a
per son 18ki |fn@dgr|amedﬂéthamrteném,rfme Epines fpaver heinite, &Gﬁjyr gaxtengh theregh suidi ng
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di | 25 A
;'? Zn'dzﬁd |er§ g7 ml&éi F%Bﬁfsgmf carenifgides gf nipbjum angyappdigmir Hsstest b, whi ch
applies to a%atzﬁ;gaaaiabﬁkﬁ ¥ind hﬁnﬁm{eﬁuémﬁs lﬁue%@emm (bPFBELAE HE SiSel

referenced in scribing the processi g method of thi's invention are
t enper asur etabntedform steehplateria ong of anage bét roliag passed in dfixst eopkrabee taeg@mr ature

f | d b | f , 30
by any. ot hoT AR eI L Rs: Ch £l ﬁbccl?%@p PRI RE i anper R of ©
teel. Th )

subst ant 1 ai P o B Th el latEl Bl e REE LR Bobi1BE T, MerbpBnfEMaCl - D0
Tenper at ur eabﬁ@lgodtsthé s, @irﬁm%;anoﬁ I’temperatgre'] HNqu\éQhQ HeAPlRtat=0O

PCT/ US99/ 30055 substantially the highest, tenperaturé reachéd at the
surface of dobBnplkatef ableasd rboue{Chipeg sicond t(D3Spésels) thac@umneh Sfopheat

R S I @%ﬁaﬁe?%‘g a8t A RSB Bidisetorniy, sove : anaitﬁlé(?fﬁ this
| . ]
e enter Gret AR Bore S Ble R pilent Q?%?heﬁée?@%@?%@?%%m iture’ &

rreasurerrent while the surface tenperature is neasured by use of an opti cal
pyromet er . Pug Sl GROSH) mrd ohasie abent the Msdrepefpamation (B, aed (PDenper at ure
i s devel oped for use during subsequent processing of the. 'sane, or

subst ant i al dtyprithe sadrpenchiree | TIw@FTah kvo be beiow thdld trzmsfoemattoarrper ature may
be determ ned via direct neasurenent of surface 1 o tenperature. Al so, the

required tetﬁm@caitme Tatids f:asey\thaausagixﬂg pheeomeremak idageriblediaboveos sidc onpl i sh t he

desi red accel ooI i n be de ernm ned b ne skiJled in the
art by Pef i éﬁ&é’l é&?* e&&f PHHa! “1{‘5? OraloR e |
conposi t i onmutbhdiee at ﬂ% Q@T‘gf—‘n Sthet Eﬁ%e@rt}?es@m chlyeebient teﬁxB@raﬁﬁMeW e that

defines the boundary befween the recrystallization range and
non-r ecr ystial whizh cassrsomerayeaging ead still octcarr{bmngtthc e\,lemhplgrtdﬂquST hdnohem stry

of the steel tlc arI t he carbon .co ntration ndth i abi
concentratlmbg‘gﬂ‘ é]gfil ﬁg“?é‘?ﬁ?@?’%‘i e’b“é’mpéesr‘gf’ a@qmn%  he
amount of ra@a&;me@o Qir\é%‘l th BnftHéin @b M PSS % ﬁrpp%tﬁéf'einbsdim'eﬁk the art
may determine this tenperature for a particular Steel according to this

i nvent i @n ethemeethdd obtipemventin frthbycomutzks thakep bAiholding the sie¢lpidte/, t he Ar3
and 20 Ms transformation tenperatures referenced herein nmay be determ ned
by persons sldliled in the art for any steel according to this invention

ei ther by experinment or by nodel calculation. The TMCP practice thus

described leads to a high value of Sv . Additionally, referring again to
FIG 2B, the mcro-lamnate mcrostructure produced during




25 ausaging further increases the interfacial area by providing numerous
hi gh angl e interfaces 29 between the laths 28 of |ower bainite OrT;fﬂUNZMB
martensite and the retained austenite filmlayers 30. Alternatively,
referring nowto FIG 2C, in another enbodinment of this invention the FGB
m crost r wwowoaoeroduced during ausagi ng further increases poguUsstmossaci a
area by providing nunerous high angle id#erfaces 27, 30 in which the grain
boundary, i.e., interface, separates two ad3acent grains whose
crystal l ographic orientations typically differ by nore than about 15,

bet ween t he 1 ~ JUN 2003 WQ 00/40764 21 PCT/ US99/ 30055 grains of bainitic

ferrite 21 qpdtapidlly wbaemeillymikeQsTifer e abeitdi Miated peioe i 41fvadg Be bet ween
adj acent grains of bainitic ferrite 21. These micro-lam nate and FGB

co~gur at i orsieel piatesionaegldapmpient femperaiiredin yet mathermbadimentahggethod

respectivel na nvent | ! Lntelr t ite lath
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i1 ustrat edQ§m afh fite Zfwer Hhdh 40V EI0PC PErecsld (I SPBEEL) FENERE dbeat 5 Yninutes
illustrated in FIG 2A is characterized by |ow angle boundaries 20 (i.e.,

boundar iSes priatto alfidweing the bipeltpdata ve ain sod] taambighideyperatirg o This processifg ee
d ossary)),. e..0., . between. | at 2.0f predoxninantly.l ower.baj,nite and

mar tons 1 o i S ORRRion D Be 6 Blareh EERAGHRRLNS HrabimBhy oo,

propagat e tfiyfeop@ihed Mthlnddrienkies) ficle draifedOwid bainite, EGH drtrhix@med aiea i See
direction. In contrast, the mcro-lamnate mcrostructure in the steels of
t he curr entGlosyeynfaraefinitions bf Wgitemperdtuby ad & ABBnd Matmsfommtigni f i cant
tortuosity in the crack path. Tlus is because a crack 26 that is initiated
in a |ath 28mperagrgs.pf | ower bainite or martensite, for instance, will tend
to change planes, i.e.,,change directions, at i ngl e.interface 29
with re‘gai ned aukt Qﬁuf%hjﬂgls%%ggigregﬁr @%a?ﬁtgﬂinﬁﬂé(g??%@gém “PPI%Eht at i on
of cl eavage Angdystehit BpBRfure bighfesh atddistBcamhg B i BFehEor plREdrhEIyent s and
the retained austenite phase. Additionally, the retained austenite filin

| ayers 30 prayeiapredominantly maerodamimiieamicrasguetnescionpsisingsfipe-gratpeddowerr t her
ener gy absqrpt.i on_be r t.al ne
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behavi or and shear processes remain the only c¢rack.extension nmechani sm
Secondlly, viheHt Potimsaren i ﬁb‘é&§%Eﬂgmap"dé?”ctgif‘ﬁﬂﬁ“&‘?é?wﬁ’ét?%teat the crack

tip, the S i Lo i nduced

L Bt or MRt B o e A o Plast o ty
(TRI P) . TRIrRicrestru¢tereccomprisesptiléasicabott Wrnohuge pevcsot fnd-gmingd dowenbamitehe cr ack
tip stress 25 intensity. Finally,. the |at rtensife at forms fromTRIP
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maki ng the crack path nore tortuous. As illustrated FI G 2B, the net
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of the mi crohd mffiadercofithe misdstneture @micompefeciengaintdloeCbaidie, as
illustrated_by crack 25 of FI 2C. are afforded by the FGB micrqgstructure
of the. presERtwwed it gmtensite, RAJPR IR AF, U, BbBagrbthe Se s niskarbioss The
| ower bal ni {sfaihHyiathiia! @ichSuah abdt o UBEA, Sk bRITEHR! BGnak s RSt ©
interfaces 1n mcro-Tamnate mcrostructures 'of steels according to the
present2s nvesité ofthandcrostendnaieh itei forniation iof embr liny domistitubnts sheir 4§ UB, grai n or
bainitic ferrite grain/martensite and retained gustenite particle

i nterfaces WHRREHINAReRsHSapd M ipthe steels of thegmeseldB¥YHIOAg to the present

i nvention have e R - =1 als hang r%ﬁ]%g hS af crack
defl ection rat hezrsﬁig ﬁ%ﬁ%‘ﬁ?@%ﬁ%‘?%@h‘éﬁ%ﬁ%}‘%_a e&ﬁoggi-jeé)%g?ﬂgé%eg?%m

mart ensi t e Badng i igergrlamirate inparestriztuireitdngpristri dboats? pelékat sbomt 10 vblsglf angl e
boundari es between_the packets. Several packets axe formed within a

d
pancake. ThAWStemEldaYers ARt 2t S apie o pukid 1Ritedaths of prodeEdBaRtiyl eading to

enhanceg, t Okl Ji %Fz@ﬁ? 1.Qn. tar W t hin
t he pan%)ake.Ehlalj'%lﬁisu]i %le%g‘gm%gésu gltﬂz tia g%%%%gé{é}’ %1{9%\? a?ﬁz%gg%%g%}eﬁt ly,

| oweri ng of stepddf: (&) héuingh stdebsiab oy DRheatag teraperatimer sudtidiesyokighnns Bgd above
are useful for lowering DBTT in the base steel plate, they are not fully
effective for maintaining sufficiently low DBTT in the coarse grained
regions of the weld HAZ. Thus, the 15 present invenrion provides a nethod
for maintaining sufficiently low DBTT in the coarse grained regions of the
weld HAZ by utilizing intrinsic effects of alloying elenments, as descri bed

Y M o, o o, o
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20 potential for providing high strengths at |low cost, it suffers fxoma
steep transition fromductile to brittle fracture behavior as the JuN 200]
tenperature is lowered. This can be fundanentally attributed to the strong
sensitivi t% of the critical resolved shear stress (CRSS) (defined herein)
to tenmpeM®iPé7h BCC systens, wherein {GRSS rises steeply TYPSO8/3058 r ease
in tenperature thereby maki ng the shear “processes and consequently 25
ductile fracture nore difficult. On the other hand, the critical stress for
brittle fi~acture processes such as cleavage is |l ess sensitive to
tenperature. Therefore, as the tenperature is |owered, cleavage becones the
favored fi sabstaptiallyd@siogeaizesag sied siave(iddissolve subssantiaHe ﬂgyathlgq&amé

fiacture. T j A Pt LSl G: fi.b.h Qe [ itive
o the eascayTiaR G RLEUNRNEIRE SRS Sefuusby Bt e ERT | 0
30 is, a stamelenitigrahrisdh saiders] sdb; (b)irsduengiseid stdel klablts orhpstecl pldtowm 6SS and
hence a | ow DBTT, Sone face-centered cubic (FCC) stabilizers such as Ni are
known to prdmre hetiedEnasnasses 1 m Brsh Eammraturs Fange P Meh 2isIHeng el enent's such

as Si; &, r%/?rgstm%z ,gc)\{’lmr']thér rfducih Naﬁ%‘t&}]&gcqg/oﬂg %%o%éh&%{ﬂﬂ%s%?gf

di scourage ss sl the prese _ ntion, content o abi |'i zi ng
al 1 oyi ng el eBidStemptiafre Sandk baIBH dbbut the rteﬁ]?&%{%y afPhbdVeZ®But t_th@‘ﬂr%%_r[rnt 0

account cost considerations and the beneffcial effect for |owering

with N al lipkRemMondefipRrAlRt Y dPiuchBRa) sad et] é)]:at@ anh Y @iiig MRS & 4Bbef er ably
at |least about 1.5 W% and thé 5 content of BCC stabilizing alloying

el ement s i NOfGpessesend tasatoubdd°Eter sdchpd (H8AF ez FAmctoracQuénich@top he
intrinsic and mcrostructural toughening that results fromthe unique

conbi nat i orlesfpergiengibsiaw abavd thedcansformation teaperatere pbisor e d 1 8¢ Dang
invention, the steels have excellent cryogenic tenperature toughness in

bot h t he babevpitauetherMf trensforantvetespedinrecindde) stopbihg eaitifremdtigs, savdl di ng.
DBTTs in both the base plate and the |0 HAZ after wel ding of these steels
are | ower tsteps beibgperfoBRed {028 Orfecifitate tcamsfobratiopvedisaidistea] plbigde a- 107C (- 160F) .

f2~~ Tensze Streneth G.eater thap ,abput 0 a 120, ksi |  and -Thi ck

Sect i o capBbiT Rghe R Elensh F odTL kerth b A Fr @ Pt @PE A8 0 i1y
det er m ned 1yers A1 DO vEIONMoeBbUtdMR vios 14tRS 6f prBddRiNehil R fiae¢rdiaver bainite.
In the low all oy steels of the present invention, ausaging is earned out to
produce r etBaTHastegh fang-geingd fawarbainiet he steel plate of preferably up to
about 10 volune percent, nore preferably about 1 volume 20 percent to about
10 vol une percent, and even nore preferably about 1 volunme percent to about
5 vol une pdhweessingNdf the8teehSlabidi ti ons of about 1.0 wt% to about 3.0 w % and
of up to about 2.5 wt % (preferably about 0.5 wt%to about 2.5 w%,
respectively, are especially preferred for providing the desired vol une
fraction of(1pushenhtera@mlt he delay in bainite start for ausaging. Copper
additions of preferably about 0.1 wt%to 25 about 1.0 wt% al so contribute
to the stabilization of austenite during ausaging. In the present

- ti,on, the dgsi.red i bt ai,ned, at | &t Lavel y.. | b
comtengiw ¢ h' naRabEERe RIOVRRTT b3, BN g Bl B i C 3N 1 s "
toughness idireeQéiof the bRstSAats be®in BOHAZ it ytdhdieryelTh M @Vepnadpbf 0. 03

Ww%Cis preferred in the overall alloy for "attaining tensilée strength

gL eater t hmvhﬁlﬁhﬁ sgbs foparypgenic ‘ﬁmp)‘ir.aﬂg@aI!Micwéorél Iwgﬁ@maé ﬁlbaﬂﬂgge tscher
| nconsequor? P ERRESA B0y Betulh e Rt ARR-Bl AR B'efing 0 cer

these el emEDBYTaésped&lpy mathe BAD THeGreseft ihiitioR Gtiliz&da ¢dmhikatd@iCef on
capability and, 1 ~ JUN 2003 WD 00J40764 74 PCT/US99/ 30055 strength for
pl at e £2hi cledloyingagdproqessipg toglienbash theriniminsip gsiwel sis mictostrpetsrd and for a
range of cagql| I ' - processing flexibid ity «This is

i nport ant acg)k‘%rﬂ% nﬁ@% ﬁgﬁf&g‘%’(?,??%%&%?é{nga ‘5%}’ ﬁ’l?éo‘glrlcf 3%8%7&1%0 N ec?% ;{g&’t hick plate
i's |ower thsgelldhdtrydienid eensperdt@e@ropthitesin e Gasaplatelind inthd HAaZsus f ace and
center can thus be quite different unless the 5 steel is designed to

el i ni nat e iheseiBeliesidesaibed to the difference in cooling rate between the

addi 0 one, and. oipay Ao ioRsRhnel Subiiie APt forienthe vy "

parti cubar | et TELY.I Yiis nhibrobiA®nRE 6 8FHenind C6ANIHODS reffin@fepradtiukicas graie
optim zed for ha.rdenability, weldability, |ow DBTT and cost

consi der at | 98% mosifyimgthe grayr worbology thraughthermypaerhdnien corfrolfadgnilinge t o
point of view of lowering DBTT, it is essential that the total BCC all oying
additions be kept to a mninum The preferred chem stry targets and ranges
are set to neet these and the other requirenents of this invention. In
order to achieve the strength and thick section capability of the steels of

a0 - oa 2 o oA | o ”~S - T



greater than about 3.5. Cenerally steels with N~ in the high end (gf t he
preferred range, that is, greater than about 3.0 for steels wi t h! e 08dilve
B additions and 3.5 for steels without added B, of this invention when
processed according to the objects of this invention result in a

pr edom nawmolog/4emieer o- | ami nate microstructure conprising 25 faoraysypaoossd

| ower bainite, fine-grained lath martensit e, or nixtures thereof, and up to
about 10 vol % retained austenite filmlayers. On the other hand, steels
with N~ in the |ower end of the preferred range shown above tend to forma
predom nantly FGB mi crostructure. 30

N~=12. 0* C+MrdéksSthg TM W), oM pfadhedgdi hicte-1 0412 . and AP # End tidnulavbeingte C, M,
Cr, N, Cu, Si, V, Nb, Mo represent their respective w% in the steel. 1
g JUV 2ooﬁw)wwmmmwp&?\@gmmw,@la@e%é?manm theppterfegialcor  Low
Heat | nput ! The. : LS i I .0 .Lssuperi or
wei dabi [ ity etﬂrgﬁ})“s‘%}’ ﬁ%ﬁé@r@%ﬁ%‘gﬁwﬁ‘%ég‘%’ﬁs&cgﬁﬁ P%\C/lvs Eag%%lﬁlluﬁput

wel di ng, i sheselditiltadaakhaart,Ovgrdnhyshiseddirras ackhng individel exyatabia gr ai ned HAZ.
It has been found that for steels of the present inyvention, cold cracking
suscept iSbi [ROEXFrysialdine maderial.yands ‘egin bg hes Ussd BERFICBRIERTDAEAY 2996 R ype  of

HAZ m crost rﬂié%il%cgr%sg%%iﬁé‘ td fHe tHRERRGSorR Ble E@EQHB%%BME%EE&%M {é’i‘e i ch have

been consi(fere e critical paranmeters”in the art. In order to avoid
col d cr ackiangthehdhus sepasting lone graio fiven medthierd Amned hewime "higvapgletzean (| ower

t han about _| 00C (21 2F)).wel di.ng. conditions, the preferred upper limt for
carbon addi®PPBHEYs! F‘V\%?“i‘ /f?la%&ef’ﬁ’éaéﬁ rﬁ’@raglaﬁ%t\ﬁr?lﬁﬁw %% miting this

i nvention i REC brienthi®sNB ftr by Ridte Wah dbaH 8° MAGRS arled inBieiist N arc
ener gi es. ofap}tljsg"ﬂ%6 hout. 2. Sﬁ)éélfsl olﬁ%)rul?)gs peer m I‘lﬂigrret er (kJ r?rr} (#ﬂéi

kJli nchip. L[highranighs toundagyrordutesfat€nip erteintaly lor iaerfarshiteffettvedysbehagesur es

of fer superior .15 resistapce o cold crackipg. Qher alloyin | enents in
Che' st ol < 208 Nl &S0 8B POAL S Eadeidn tpyolbit apiaaesos metod T 1t t he
har denabi | ighy @08 iB&dcRp erfuidsRAH b GaBRESpathO ensure the formation of these
desirable mcrostructures in the coarse grained HAZ. Role of Alloying

El enents in t he BregontrdpgionSoormrAMEB| te thf totdh anterigcial ascanfiths gl aeglenrent s and
the preferp i.m i ne i . nt invention are
gi veﬁ bel oﬁ%@%ﬁggk%ﬁgﬁébg@eﬂ%?@t’%@%%? b&?ﬁ%%ﬂo\%gé?%ﬁé ‘heni ng el ement s

in steel. It also conbi neﬁgwith tthe strong carbide fornmers in the steel

such as!5Ti, Nb, and VSY6¥ bViRdt-J*-Sl-@,ﬁéﬁrn-?dﬁovwh i nhibition and

preci pitation strengtheni'hg. Carbodn al so enhances hardenability, i.e., the
ability to formharder and stronger microstructures in the steel during
cooling. If the carbogygantent is less than about 0.03 wt% it is generally
not sufficient to induce the desired strengthening, viz., greater than
about 830 MPa (120 ksi) tedssthe aeragegubtenitaigitainesizet ined hotdrélladrateet akabon
content is greater than abptiér t0.rdRingtifthSempersturakingetilh e/hivhembtenie does
susceptdobl e to col d crackinét rderystadizegbdornaistende bhugn tigeghness is reduced in
the st'eel plate and its HAZ on wel ding. Carbon content in the range of
about 0.03 wt%to about O.Ip%sWMbiSciRiaBb (65eiha sREPHHE GiliRRsesd sRel H AZ
1 ~ JUV 2D03 WO 00/ 407bA NR FIH&B 26 m<cCrostructures, viz.,
auto-tenpered lath martensite an ower bainite. Even nore preferably, the
upper Iimt for carbon content is about, 0.07. W% Mnganese, =VIinl, is a
matrix Strengthener in st eélliﬁgﬁ’&mﬁflgﬁd%?ﬂnrW%F%%ﬁ%fﬁg‘ﬁ ?Ey'?l fus torhet
hardenability. M is a key¥ol YR SRS TANRE Y BICh 2uHenils 4esRBt e 5

m cro-lam nate microstruct tACEYsEHEZ8- 0 prevent excessive FGB in thick section
pl ates which can lead to reduction in strength. Mi addition is useful for

usagi ng. A mi i T SBARER R U5 S GPoFER St B ERREbIRTdV g t he

desi r edyghi glecidab@Nabdtd Fadd Adffectibh GKA BRSatRNAARURG AP Hithe 2cHR path af NCh) |
and a mnimum of at |east about 1.0 wt% M1 is 10 even nore preferred. M

addi ti ons othe high sl baunderiesl . I aondmencial {3 CPrpraetien, Sfeevalemoft Bris Hixgh fqrl at e
t th d | Lng flexibilit d tic.effect

har denabi | 14 §VEY PRGN HIPETAS Bp pterdEmhder e 3ie 6 5% ORISR ¢ oo

mich M canghg ‘mﬁ&f it A ond 99%’&%1?§m1rf6’e %i%st‘dﬁﬂﬁgrrihi:ﬁhéed%fy I Yeing D, at % M

is preferred in the present inventio Thi's upp imt s also preferred
t 0 ‘subst ant ¢vadént frammitre abevd Bquatione Mo deereasy deiyadtéebnadehaiing @rhsptesexccur i n
hi gh Wh and continuously cast steels and




the attendant poor microstructure and toughness properties at the center of
the plate. Mre preferably, the upper Iimt for M content is abpgrtH 2[?"?3
w% I|f nickel content is increased above about 3 W% the desired hig
strength can be achieved at | ow additions of manganese. Therefore, in a
broad sen¥€,004f76to about 2.5 wt%mangane7se 20 is pref er r edPCHUSI9E85| Si ~ i s
added to steel for deoxidation purposes and a m ni nrum of about 0.01 W% is
preferred for this purpose. However, Si is a strong BCC stabilizer and thus
rai ses DBTT and al so has an adverse effect an the toughness. For these
reasons, when Si is added, an upper limt of about 0.5 wt%Si is preferred.
More pr ef eriab¢ntjon2%i Nhemgmpléwymg wiused o cogibigasivnemith pptnaimdtTM)CR w %

Silicon is not. al nece ry fo X1 dat j or titani um
can perfor " ?ﬂecesi‘aﬁéﬁ‘fe&ﬁrﬁ %03% E}INUB{)‘?%R&W “§n§?ﬁ*8ga°ef¥%%/ g‘% E’ gt ai n
refinement @dclthth dnohitRfly Fhe' Delahs ShtrBiePrath R eStiBGEsulNR Liner FRIA¥ES bot h
the strength and toughness. N obium carbide precipitation during hot

rolling serarvemgﬁ@urtemmgiametzpyé‘ha‘pfqrz,anitromxa/nutwrotherﬂmqmnt of§bi-Ybai n growt h,

t hereb r oV, ustenite in refi n ese reasons,
at Iea)s/ ﬁ ?rh%é}“?edlogﬁr ﬁ)év rﬁﬁ rpg%?% o "}\CIEP& tgege%{ ong BCC
stabili zer ABfnith il Ao inkBtion dleReMMOPNR f@inb ¢o FRG MAlla feRtiVele

wel dability and ~ ~"JUPJ 2003 WO 00140764 PCT/ U399/ 30055 ?7 HAZ

t oughness, lew rahenting hampesdturghpreferadlyl betnden sbqut 8653C enld abamt él(pﬁ°é3f erably, the

upper |im b ent out, 0.05 wt% Titani um, Ti en..added in
2Porm | anddesten 2 GRCE e RERGH R cpee aRE R e DS
particles Mwﬁw&ﬁm&&% @r@deatea's%e §h£b mfb@f&@ﬁor@fbﬁ%ﬁhr 'l‘%c‘é£s?ng5 and
the H A7 of the steel. Thus, the toughness of the steel 1s inproved. Ti is

added 1A suchordmgtodhininvenan aviois s gmssnmamteoiteErdxmgrtsvtprﬂwemam y about
3.4. Ti |s stro stapilizer and thus rai ses, DBT. ive Ti tends
to deteri or %%S%toﬁggﬁl?ﬁre? CaYnE I CIRIBESE: 1Ry ST W@@B‘%WE@S%N or

titani um C%Qiﬁf J'CEFAV Al ﬂv@ R gfon?o%"a%lt!%&yém%on%ﬁ%dm %

general ly can no provr e su ne"grain size or tie up 10 the N
i n the st edraiasefinihg)tiealeperpass rbdlEnoai)gmnteﬂt}ﬁB abb b A acccansslopkett daringr at i on

i n toughne eferably, the.steel contains at l.eas bout 0.01 W %
T andono. ot e PRE T BECTROGHGS iR o SRR e Ak oAts REATBHE POV ne

steel s 1of HBIFIG BBERbEREInE B¢cotdifs BURRASEenEbn PERAN AN ARragbpribf AftendBOut
0.00l %A1 is preferred for this purpose, and at | east 15 about 0.005 W %

Al is even FRincigerlat @ep ¢l of peps thaeebew mictapsnprefaraly\ess than abeut 3927,
However, | S c§01%r ﬁxrtgfeoé}gfcpa gsatmrl Z@H’ggg V\#%ﬂﬁ%bér?ﬁuopgﬂ- -Efetrmlzi fdig AI

cont ent ove a thérei1s a ency
form al um nthan @b@M&O&rﬂdrBﬁﬁ)n ﬁtyq:le]abBQT uﬁtrdmsromhg Cdeforemadiohpinthe har nf uI to

t he toughness of the steel and its re prefera e upper
limt for AFVPEHERFDEE ma'HB‘G a‘éFt%G\XEWS‘Q‘ Z‘F\?@ F’nfhg ngl“}/g ’r‘k‘{;‘eases t he
hardenali | 1Ly, E&fauﬁé?a%' e‘ﬁ{‘wﬂf %‘éﬁ&qfcrgﬁﬁﬁ&baAdﬁ:tidﬁaﬁ?ﬁ’Bhf@hb@” Wi th

bor on ‘and ni obi um 01S sr ra pronot i ng ausagi ng. For these
reasons, atan ﬁmvagmuts@mdum%ﬂmbnshmugﬁ triclewss dimectmp, heaxy redaotiorts, 0. 2 W %

B e R R T S ey
of “about 0. 4560 g & Tty SALARRE byt B AR PR bR SerdSai T Sven

nore prefer rérl}%g r S
preferred. I(E: %r%%f 3()adr:r’or:leﬁtc g a?ﬁ‘%? é’ggéﬁ%lﬁ %ﬁg{r?%lg?\eggg QP gﬁné%%/xge]k on
di rect Bo omeﬂchga‘ngi phntasmfdcnmdm duktefifte in@ fihigh @sllddasted] phitd B:Z'ai‘rvitblvex@lf
austenite. Cr also inproves corrosion resistance and hydrogen induced

cr acki ng (rﬂuas eifecsive gipireeize B i \hg throyehviinckaesedissoligncs- S+ %ﬁ‘%@"?cﬁr%%use col d

cracking ing 1] o
00/ 40764 2% ci? [%‘83%’0%?,@ Y %qﬁ)n 5y o? ?‘L%Eé’hg‘éltaggm m’°r°’h+Aj?,’gso when Cr
i s added a mmxs prefaraifly klsothtn abdiat YadicrOhs, aad yeeinerd @dferdily desp timhabaltl 3y, when

Cr is added the Cr content is about 0.2 W% to abqut 6 W %
microns, thus enhancing the interfacial area of high angle boundanes, e.g. 33, per

30  unit volume in stee] plate 32", as will be understood by those skilled in the art. (See
Glossary for definition of "through-thickness direction".)



Nickel Nil is an inportant alloying addition to the steels of tq%‘s%ﬁ@ﬁlﬂ
invention to obtain the desired DBTT, especially in the HAZ f
the . strongest FCC stabilizers in steel. N addition to the steel enhances
the cross slip and thereby | owers DBTT. Although not to the sane degree as
Vh and MoWadWr4¥@ns, N addition to the ?éeel al so proni ot eBCTESESHRDSI | ity
and t herefore through-thickness uniform in mcrostructure and
properties, such as strength and toughness, in thick |0 sections. N
addition is also useful for obtaining the desired bainite transformation
delay tine needed for ausag-ing. For achieving the desired DBTT in the weld
uA?, the nini wmm|mmmm@1s@romwem areahanycad peaperties i gangal and to quhatiasr abl y

bout 1.5 W% bl % .S
P oyi g el BunteErERIq DB £1Re e dineticn, BSplbad BfuBiRRE han abour
3.0 wt % mﬁﬁtd?ﬁt%ﬁﬁh@@ddasb@&&aﬁ@&ﬂaﬂ@ {RORI¢hn 2tid OFpYhcaRY RA IO PatiiaR er abl y

| ess than about 2.0 wt% and even nore preferably | ess than about 1.8 W%
to substant’ﬁhmlqnyssmImthﬁ: E@semgnvwlomﬁbroggb&e coptrobpf-the TM(P parameigesgisr abl e

al l oyi nq adgi ti. t |I|z ite t h ate
m cr ost %uct%?@ngﬁlr °é’%a§ﬂ S%?C I eas c’ra eo%afmgkﬁ% %{? ?%retfergblwesis gk?agb ?/‘rl]tat | east
about 0.2 w@0, ndre @:efmb@dmesitﬁaarabbﬁuﬁ PYETPR6®R. préferably 18dstBadibdnfsd, and
stabilizer 20 in steel and can contrjibute to |lowering of DBTT in smal |

amounts. CWYet$ven Bwrapreierrblvdessban bt 8i on and Hi C resi stance. At higher
amounts, CQu 'nd”ﬁue&n?éwﬁa?%é/ GerPdcih 9‘5&%@ b%rﬂ@é R)y g e‘ﬁ'inx TS Oﬁr%géia‘

precipitates. Thi's precip 1 on, prop Bwer the
t oughness afogmirgd s€lab bﬁtHBBIE’ﬁrbtbt;hrnpﬁmﬁditﬁasbd?esmlﬁﬂddieeemgrhéatﬁﬁg&he lsialg{wr Cu can
al so cause enbattl enent duri ngﬁsl ab castigégodand hot rolling, 25 requiring

t

co- addi 10 O%WFYWCPBﬁOHH%‘?% orf- ta-ghout 9((\1/35(}"5&@8?1%"1?)%5@@& TpRpi t  of
bout i
Tore pref er P 1 BrdeSt 1661058 (RARER b byla A0RH rmple, TV

preferred. piafedh ond of fire pﬁmaﬁlptdvlldiﬁg emrgo@atdemtbrabmamqjemm feaﬁdmabl lity
of steel very inexpensively and pronote the formation of steel

m cr ost r uctinraeSrsofeniperaure3engaimwhishanstehitd fecnyatailezns it abowerabsutrthe Tyy es
even in thick (>_ 25 nrn) section plates, by suppressing the formation of
ferrite, uppmpetsiimans fumberies robngthe sieclrréatbatsenmran@re@asses brovidieg se

PP S bf%‘@ra%'&'a%%&%&@ieava%&é?%&%ﬁ% hiEh I AR SRS I added
|to(r)efSterGre|e?i OJanE’ipan d‘[Sper FmE o Eﬁ cg;%‘dat%xét%g%gﬁu )Wl S evenh%o{r)dg&grzg éé\'? (r%)elds
e oo It enghahﬁcﬁ%s%gﬁswﬂ% e el L
DESCRI PTI OeAdiidl EXFWA Tt sihiTdbit QSAMeW bbdNGSTO A HIOS2 TRVt NIHi€MNime the
quenching is terminated. The cooling rate for the quenching step is preferably faster
20  than about 10°C per second (18°F/sec) and even more preferably faster than about
20°C per second (36°F/sec). Without hereby limiting this invention, the cooling rate
in one embodiment of this invention is about 10°C per second to about 40°C per
second (18°F/sec - 72°F/sec). In one embodiment of this invention, after quenching is
terminated the steel plate is allowed to air cool to ambient temperature from the QST,
25  as illustrated by the dotted lines 10 of FIG. 1A and in FIG 1B. In another
embodiment of this invention, after quenching is terminated the steel plate is held
substantially isothermally at the QST for a period of time, preferably up to about 5
minutes, and then air cooled to ambient temperature, as illustrated by the dashed lines
12 of F1G. 1A and FIG. 1B. In yet another embodiment as illustrated by the dash-dot-
30  dotlines 11 of FIG. 1A and FIG. 1B, the steel plate is slow-cooled from the QST at a



A 300 | b. heat of each_ chem cal alloy shown in Table Il was vacuum| O

I nduction nelted (VIM, cast into either round ingots or slabs afgwm
130 mm t hi ckness and subsequently forged or nachined to 130 mm by
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20 20 -~ -~ h8et Der the steel plate. The steel plate may be slow-cooled at a rate lower than

about 1°C/sec (1.8 °F/sec) after quenching is terminated by any suitable means, as are

known to those skilled in the art, such as by placing an insulating blanket over the

steel plate. - _

As is understood by those skilled in the art, as used herein percent reduction in

10 thickness refers to percent reduction in the thickness of the steel slab or plate prior to the
reduction referenced. For purposes of explanation only, without thereby limiting this
invention, a steel slab of about 254 mm (10 inches) thickness may be reduced about 50%
(a 50 percent reduction), in a first temperature range, to a thickness of about 127 mm (5
inches) then reduced about 80% (an 80 percent reduction), in 2 second temperature

15 range, to a thickness of about 25 mm (1 inch). As used herein, “slab” means a piece of
steel having any dimensions.

The steel slab is preferably heated by a suitable means for raising the temperature
of substantially the entire slab, preferably the entire slab, to the desired reheating
temperature, €.g., by placing the slab in a furnace for a pertod of time. The specific

20  reheating temperature that should be used for any steel composition within the range of
the present invention may be readily determined by a person skilled in the art, either by
experiment or by calculation using suitable models. Additionally, the furnace
temperature and reheating time necessary to raise the temperature of substantially the
entire slab, preferably the entire slab, to the desired reheating temperature may be readily

25  determined by a person skilled in the art by reference to standard industry publications.

Except for the reheating temperature, which applies to substantially the entire
slab, subsequent temperatures referenced in describing the processing method of this
invention are temperatures measured at the surface of the steel. The surface
temperature of steel can be measured by use of an optical pyrometer, for example, or

30 by any other device suitable for measuring the surface temperature of steel. The

cooling rates referred to herein are those at the center, or substantially at the center, of

the plate thickness; and the Quench Stop Temperature (QST) is the highest, or
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FIG 4 represents the predom nantly mcro-lamnate mcrostructure of the Al
t hrough A4 partiellsrlytheichmbop carmentration ustihie oiobiuabednaetition, oTatlhbeduemﬁng hr ough

VPa (1145 KsIVRAE R PRIRGs Un BL T SR LRFHOY oD R P R JGNSE PARFBct | on,

as shown i nPdrabhsasidli¥d in the art may determine this temperature for a particular stee] according

to this invention either by experiment or by model calculation. Similarly, the Ar; and
20 M transformation temperatures referenced herein may be determined by persons skilled

in the art for any steel according to this invention either by experiment or by model
calculation.
The TMCP practice thus described leads to a high value of Sv. Additionally,
referring again to FIG. 2B, the micro-laminate microstructure produced during
25  ausaging further increases the interfacial area by providing numerous high angle
interfaces 29 between the laths 28 of lower bainite or lath martensite and the retained
austenite film layers 30. Alternatively, referring now to FIG. 2C, in another
embodiment of this invention the FGB microstructure produced during ausaging
further increases the interfacial area by providing numerous high angle interfaces 27,
30  in which the grain boundary, i.e., interface, separates two adjacent grains whose

crystallographic orientations typically differ by more than about 15°, between the
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enhanced in the micro-laminate microstructure. Referring again to FIG. 2C, similar

30  effects for crack deflection and tortuosity as discussed in the context of the
micro-laminate microstructure in reference to FIG. 2B, as illustrated by crack 25 of

F1G. 2C, are afforded by the FGB microstructure of the present invention.
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between the packets. Several packets are formed within a pancake. This provides a
further degree of structural refinement leading to enhan(;éd tortuosity for crack

10  propagation through these packets within the pancake. This leads to substantial
increase in Sv and consequently, lowering of DBTT.

Although the microstructural approaches described above are useful for
lowering DBTT in the base steel plate, they are not fully effective for maintaining
sufficiently low DBTT in the coarse grained regions of the weld HAZ. Thus, the

15 present invention provides a method for maintaining sufficiently low DBTT in the
coarse grained regions of the weld HAZ by utilizing intrinsic effects of alloying
elements, as described in the following.

Leading ferritic cryogenic temperature steels are generally based on
body-centered cubic (BCC) crystal lattice. While this crystal system offers the

20  potential for providing high strengths at low cost, it suffers from a steep transition
from ductile to brittle fracture behavior as the temperature is lowered. This can be
fundamentally attributed to the strong sensitivity of the critical resolved shear stress
(CRSS) (defined herein) to temperature in BCC systems, wherein CRSS rises steeply
with a decrease in temperature thereby making the shear processes and consequently

25  ductile fracture more difficult. On the other hand, the critical stress for brittle fracture
processes such as cleavage is less sensitive to temperature. Therefore, as the
temperature is lowered, cleavage becomes the favored fracture mode, leading to the
onset of low energy brittle fracture. The CRSS is an intrinsic property of the steel and
is sensitive to the ease with which dislocations can cross slip upon deformation; that

30 s, a steel in which cross slip is easier will also have a low CRSS and hence a low
DBTT. Some face-centered cubic (FCC) stabilizers such as Ni are known to promote

cross slip, whereas BCC stabilizing alloying elements such as Si, Al, Mo, Nb and V
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transverse direction and the HAZ after welding. DBTTs in both the base plate and the
1

10 HAZ after welding of these steels are lower than about -62°C (-80°F) and can be
lower than about -107°C (-160°F).

(2) Tensile Strength Greater than about 830 MPa (120 ksi) and Thick Section
Capability
15

The strength of micro-laminate structure is primarily determined by the carbon
content of the lath martensite and lower bainite. In the low alloy steels of the present
invention, ausaging is carried out to produce retained austenite content in the steel
plate of preferably up to about 10 volume percent, more preferably about 1 volume

20  percent to about 10 volume percent, and even more preferably about 1 volume percent
| to about 5 volume percent. Ni and Mn additions of about 1.0 wt% to about 3.0 wt%
and of up to about 2.5 wt% (preferably about 0.5 wt% to about 2.5 wt%), respectively,
are especially preferred for providing the desired volume fraction of austenite and the
delay in baimte start for ausaging. Copper additions of preferably about 0.1 wt% to
25  about 1.0 wt% also contribute to the stabilization of austenite during ausaging.

In the present invention, the desired strength is obtained at a relatively low
carbon content with the attendant advantages in weldability and excellent toughness
in both the base steel and in the HAZ., A minimum of about 0.03 wt% C is preferred
in the overall alloy for attaining tensile strength greater than about 830 MPa (120 ksi).

30 While alloying elements, other than C, in steels according to this invention are
substantially inconsequential as regards the maximum attainable strength in the steel,

these elements are desirable to provide the required thick section capability and
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kJ/inch); I'te-austenite;
the surface and the center of the plate. In this regard, Mn and Mo alloying additions,

and especially the combined additions of Mn, Mo and B, are particularly effective. In
the present invention, these additions are optimized for hardenability, weldability, low
DBTT and cost considerations. As stated previously in this specification, from the
" 10 point of view of lowering DBTT, it is essential that the total BCC alloying additions
be kept to a minimum. The preferred chemistry targets and ranges are set to meet
these and the other requirements of this invention.
In order to achieve the strength and thick section capability of the steels of this
invention for plate thicknesses equal to or greater than about 25 mm, the Ng, a factor
15 defined by the chemistry of the steel as shown below, is preferably in the range of
about 2.5 to about 4.0 for steels with effective B additions, and is preferably in the
range of about 3.0 to about 4.5 for steels with no added B. More preferably, for B
containing steels according to this invention N¢ is preferably greater than about 2.8,
even more preferably greater than about 3.0. For steels according to this invention
20  without added B, N¢ preferably is greater than about 3.3 and even more preferably
| greater than about 3.5. Generally steels with Ne in the high end of the preferred
range, that is, greater than about 3.0 for steels with effective B additions and 3.5 for
steels without added B, of this invention when processed according to the objects of
this invention result in a predominantly micro-laminate microstructure comprising
25  fine-grained lower bainite, fine-grained lath martensite, or mixtures thereof, and up to
about 10 vol% retained austenite film layers. On the other hand, steels with N¢ in the
lower end of the preferred range shown above tend to fonp a2 predominantly FGB

microstructure.

30 Nc¢=12.0*C+Mn + 0.8*Cr + 0.15*%(Ni + Cu)+ 0.4*Si + 2.0*V + 0.7* Nb + 1.5*Mo,
where C, Mn, Cr, Ni, Cu, Si, V, Nb, Mo represent their respective wt% in the steel.
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plate; R A c::onrtgrgt%ing E’E\l(nje t%gg gte IquEZer;nicrostructure, not by the hardness and carbon
equivalent, which have been considered to be the critical parameters in the art. In
order to avoid cold cracking when the steel is to be welded under no or low preheat
10 (lower than about 100°C (212°F)) welding conditions, the preferred upper limit for
carbon addition is about 0.1 wt%. As used herein, without limiting this invention in
any aspect, “low heat input welding” means welding with arc energies of up to about
2.5 kilojoules per millimeter (kJ/mm) (7.6 kJ/inch).
Lower bainite or auto-tempered lath martensite microstructures offer superior
15  resistance to cold cracking. Other alloying elements in the steels of this invention are

carefully balanced, commensurate with the hardenability and strength requirements,

to ensure the formation of these desirable microstructures in the coarse grained HAZ.

Role of Alloying Elements in the Steel Slab

20

| The role of the various alloying elements and the preferred limits on their
concentrations for the present invention are given below:
Carbon (C) is one of the most effective strengthening elements in steel. It also

combines with the strong carbide formers in the steel such as Ti, Nb, and V to provide

25  grain growth inhibition and precipitation strengthening. Carbon also enhances
hardenability, i.e., the ability to form harder and stronger microstructures in the steel
during cooling. If the carbon content is less than about 0.03 wt%, it is generally not
sufficient to induce the desired strengthening, viz., greater than about 830 MPa (120
ksi) tensile strength, in the steel. Ifthe carbon content is greater than about 0.12 wt%,

30  generally the steel is susceptible to cold cracking during welding and the toughness is
reduced in the steel plate and its HAZ on welding. Carbon content in the range of

about 0.03 wt% to about 0.12 wt% is preferred to produce the desired HAZ



sl ab: a piece of steel having any dinensions; Sv : total interfacial area
of the high angle boundaries per unit volune in steel plate; TEM,

transm ssion el ectron mcrograph; tensile strength: in tensile tésgc 11%20“1 he
ratio of maximumload to original cross-sectional area; thick section
capabi i t yYWOL¢H7¢di ity to provide substﬁét ially the desirelCHUSPBIFSuUct ure
and properties (e.g., strength and toughhess), particularly in thicknesses
equal to or greater than about 25 nm (1 inch); through-thiclrness
direction: a direction that is orthogonal to the plane of rolling; TiC
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tS tal i ze: TMCP:  t her.no- nechani cal .cantr gl 4 e X
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of (a) heat Pefired bainie tragsfgpmatioradelapime ingedaddap aitsasins.e ASTHEMIMEHRIUR hi gh t o
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educingysoLd SLeShpslab gl orm suesl pLate Ln punor Tere ot poll 00

for high plate strength and processing flexibility as Mn has a dramatic effect on

hardenability at low C levels of less than about 0.07 wt%. However, too much Mn

can be harmful to toughness, so an upper limit of about 2.5 wt% Mn is preferred in

the present invention, This upper limit is also preferred to substantially minimize

15 centerline segregation that tends to occur in high Mn and continuously cast steels and

the attendant poor microstructure and toughness properties at the center of the plate.

More preferably, the upper limit for Mn content is about 2.1 wt%. If nickel content is

increased above about 3 wt%, the desired high strength can be achieved at low

additions of manganese. Therefore, in a broad sense, up to about 2.5 wt% manganese

20 is preferred.

Silicon (Si) is added to steel for deoxidation purposes and 2 minimum of about
0.01 wt% is preferred for this purpose. However, Si is a strong BCC stabilizer and
thus raises DBTT and also has an adverse effect on the toughness. For these reasons,
when Siis added, an upper limit of about 0.5 wi% Si is preferred. More preferably,

25  theupper limit for Si content is about 0.1 wt%. Silicon is not always necessary for
deoxidation since aluminum or titamium can perform the same function.

Niobium (Nb) is added to promote grain refinement of the rolled
microstructure of the steel, which improves both the strength and toughness. Niobium
carbide precipitation during hot rolling serves to retard recrystallization and to inhibit

30  grain growth, thereby providing a means of austenite grain refinement, For these
reasons, at least about 0.02 wt% Nb is preferred. However, Nb is a strong BCC
stabilizer and thus raises DBTT. Too much Nb can be harmful to the weldability and



(c) further reducing said steel plate in one or nore hot rolling passes in
a second tenperature range bel ow about the T,u tenperature and qlg?m Apput
the Ar3 transformation tenperature; 20 (d) quenching said steel plate at a
cooling rate of at |east about 10C per second (18F/ sec) to a Quench_ Stop
Tenper at WAYMEYw about 550C (1022F); apd (e) stopping sai '(’:F"Eﬁ%‘fﬁ #5hg, said
steps being perfornmed so as to faC|I|ta"te 25 transformation of said

m crostructure of said steel plate to (i) predom nantly fine-grained | ower
bainite, fine-grained lath martensite, fine granular bainite (FGB), or

m xtures thereof, and (ii) greater than O vol%to about 10 vol % ret ai ned
aust eni t e, HAg toughness, sag mepxgmungofatpus 0 Wigh grorafsmed. Mare prstgalgy, the 4 1 ~
JUN 2003 %) L;; @Pf‘op%c%ﬁteﬁlt?é moqltﬁf@ I‘vﬁb/n step (e) is replaced with the

fol | ow ng: Qp t oppl ng sal d quenching, 'said steps being perfornmed so as to
facilitate trangftanuat(Tnwhenaddel i sl amedniyie efibctdaiid fateg fiptate to a 5

predom nant|y m cro-| nate mcrQstr re co risin I n rained |ath
mart ensi te“tamuﬁémﬁ?d&l % H"‘ S PpEeh ¥ negl?e %ﬁaﬂ k’t"ﬂ%’&’@&i‘% e%éﬁa‘cﬁ‘feeat er
than 0 5\/0' tﬂewafégsféei Whed, aie%q%d §@f”t'hE‘§tefel ls% AX8E.ST; i3-aqd@ifin et hod

of claim1 wherein step (e) IS replacéd wth the followng: 10 (e) stopping
sai d quenchichgp amuﬂt thatgpe wWightgape nf 6i/Nes pmﬁerablytabomaBCAi | Tiiaketreng """ ~

t ransf or . sai d crostr of sai pl at e

bt dor nanBty: ARG R e ot HECd - (s st dPieBbuc e foughursh 1
wher ei n saj ik elagady fBEln %@f@} tme o9iua§ﬁlﬁ9c£1%)del(m@ﬁsawaas abaytofemC and
about 1100C (1750F - 20I0F). 5. The method of claiml wherein said fine

initial auimleknlabeut&(mSHEt‘V@EeB@reby ¢an notprevide guificrendy fise gfaih sige or hawp about

120 - hod..of cl d hi ck
of sai i ot eRe & Bpsart ot et B abodofi SutoReh EEHkRRopflol B C77CS

met hod of tolghniBsd. Moy greferabliy etheGideDeoritaing bt lekenabeut @0 15@i%l Tsareeho pl at e of
25 about 40%to about 80% occurs in step (c). 8. The nethod of claim1l

further compreBamabqukB.035edf- al | owing said steel plate to air cool to
anbi ent tenper aj Wnﬁn&xﬁﬂﬁ!!ﬁ@'aﬁd%‘%@ st f TRTRA/AL M for the purpose of

deoxidation. At least about 0.001 wt% Al is preferred for this purpose, and at least

15 about 0.005 wt% Al is even more preferred. Al ties up nitrogen dissolved in the
HAZ. However, Al is a strong BCC stabilizer and thus raises DBTT. Ifthe Al
content is too high, i.e., above about 0.05 wt%, there is a tendency to form aluminum
oxide (Al,0s) type inclusions, which tend to be harmful to the toughness of the steel
and its HAZ. Even more preferably, the uﬁper limit for Al content is about 0.03 wt%.

20 Molybdenum (Mo) increases the hardenability of steel on direct quenching,
especially in combination with boron and niobium. Mo is also desirable for
promoting ausaging. For these reasons, at least about 0.1 wt% Mo is preferred, and at
least about 0.2 wt% Mo 1s even more preferred. However, Mo is a strong BCC
stabilizer and thus raises DBTT. Excessive Mo helps to cause cold cracking on

25  welding, and also tends to deteriorate the toughness of the steel and HAZ, so a
maximum of about 0.8 wt% Mo is preferred, and a maximum of about 0.4 wt% Mo is
even more preferred. Therefore, in a broad sense, up to about 0.8 wt% Mo is
preferred.

Chromium (Cr) tends to increase the hardenability of steel on direct

30 quenching. In small additions, Cr leads to stabilization of austenite. Cr also improves

corrosion resistance and hydrogen induced cracking (HIC) resistance. Similar to Mo,

excessive Cr tends to cause cold cracking in weldments, and tends to deteriorate the



30 9. The nethod of claim1 further conprising the step of holding said
steel plate substantially isothermally at said Quench Stop Tenp ?a}wrm’jfor
up to about 5 m nuses. WO 00/ 40764 43 .~'~'B~~S 9 9~ 30055 ~PTf~s~~~s

2000 1 ~ 10. The method of claim 1 further conprisj step of
sl ow cool %“é’gu st eel pl ate at said Quegch Stop Tenperat u#‘ggg%ﬁgﬂiﬁte

| ower than about 1.0C per second (1.8F/sec) for up to about 5 mnutes. 5
11. The method of claim 1l wherein said steel slab of step (a) conprises
iron and the follow ng alloying elenents in the weight percents indicated:

about 0.03%t o .about.0.12% C . .at ast _about.1 .%to less th a t 9% N,
fo0up to opsuteitegtbedie Mt e I ETE whE isaedtd Curhitel SERaBORH % bt
Nb, about Ocqqg%éf@né@OMorgg%ﬂy,ywh@x ¢ OisQdIRPMMALT cartéht 1DaRROIL WePRL % to
about 0.005% N. "12. The nethod of claim 11 wherein said steel slab

conprises | ebeuthamwtdbout 6 W% Ni. 20 13. The method of claim 11 wherein

said steel slab ry .l ess tha bout w % N _and addi tionally
conprises up to MIW&%&W@ aﬁ%&ﬁ%@i’%?%&%f’ PIGREY ei n sai d
steel slab {nrdntion 16 0B fRHesited BRFT, @peciald¢inttho HAFeIektoad of em t he group
consisting of (i) up to about 1.0 wt% Cr,. (ii%}l up 25 to about 0.5 Mt% Si,
(iii) about sgongeshF &G sakibaers ingtsel. ONjyrddition tq iy stggl epbangabhihe cposs slip 9pdvn, and

(1), 2, B IRBBODADS gl Fiy T M BBl Mgl ek =t oo
c, nr, rni n~nadditionTo the steel also promotes hardenability and therefore through-thickness
| uniformity in microstructure and properties, such as strength and toughness, in thick
'10  sections. Ni addition is also useful for obtaining the desired bainite transformation
delay time needed for ausaging. For achieving the desired DBTT in the weld HAZ,
the minimum Ni content 1s preferably about 1.0 wt%, more preferably about 1.5 wt%,
even more preferably 2.0 wt%. Since Ni is an expensive alloying element, the Ni
content of the steel is preferably less than about 3.0 wi%, more preferably less than

15 about 2.5 wi%, even more preferably less than about 2.0 wt%, and even more
preferably less than about 1.8 wt%, to substantially minimize cost of the steel.

Copper (Cu) is a desirable alloying addition to stabilize austenite to produce
the micro-laminate microstructure. Preferably at least about 0.1 wt%, more preferably
at least about 0.2 wt%, of Cu is added for this purpose. Cu is also an FCC stabilizer

20  in steel and can contribute to lowering of DBTT in small amounts. Cu is also
beneficial for corrosion and HIC resistance. At higher amounts, Cu induces excessive
precipitation hardening via g-copper precipitates. This precipitation, if not properly
controlled, can lower the toughness and raise the DBTT both in the base plate and
HAZ. Higher Cu can also cause embrittlement during slab casting and hot rolling,

25  requiring co-additions of Ni for mitigation. For the above reasons, an upper limit of
about 1.0 wt% Cu is preferred, and an upper limit of about 0.5 wt% is even more
preferred. Therefore, in a broad sense, up to about 1.0 wt% Cu is preferred.

Boron (B) in small quantities can greatly increase the hardenability of steel
very inexpensively and promote the formation of steel microstructures of lower

30  bainite and lath martensite microstructures even in thick (= 25 mm) section plates, by

suppressing the formation of ferrite, upper bainite and FGB, both in the base plate and
the coarse grained HAZ. Generally, at least about 0.0004 wt% B is needed for this



,J~" TT~-S 9 9i 30 Q05 WO 00/40764 /U 3 f~D~: A~~ b~ 44 ~ g JUN 2Q03 16. The
nethod of claim1 Werein, after step (e), said steel plate has AGDBRTIN

| ower than about -62C (-80F) in both said base plate and its HAZ and has a
tensile stygndlfgreater than about 830 MPa (120 ksi). 5 1%-A;&bRE4ssP! ate
having a m crostructure conprising (i) ptedom nantly fine-grained I|ower
bainite, fine-grained lath martensite, fine granular bainite {FG), or

m xtures thereof, and (ii) greater than 0 vol %to about 10 vol % retai ned
austenite, having a tensile strength greater than about 830 MPa (120 ksi),
and havi ng 1 - 2 b [ ' pl ate
and its HAZ?’uﬁc&%%%f%&é%%%@?%@%?%ﬁlsa(?gﬁf gnvgr?g Ugglg%bgtn’?’gbgﬁe e%’? éd st eel
sl ab conpri gsbsgt §.0020 wiid is prefdreld] ma angapatd loyit ofpbeliedredt Swis i Henwebght
percents ' ~~"1 indicated: about 0.03%to about 0.12%C, at |east about 1 %
to | ess tha®relsgad Peyeyer, herop ;aydich Beareqpir /adémonuﬁofthsr aliRyine m 8% M,
about 0.01 ¢ ' Y 3% Ti, up to about
0. 05% Al , o gD pRAREE aRechaldibuen BB alt B8 %ﬁmﬁ%ﬁgﬂ? 18. The steel
plate of5s5claim 17 wherein said steel slab conprises | ess than about 6 wt %
Ni. 25 19. TheDESERIATION AND EXAMPLESMESIEEISaACCORBING BO THE®r i ses

| ess than about 3 W% NI and addi ti oINNENTIONpPri ses up to about 2.5 wt % n.
20. The steel plate of claim 17 further conprising at |east one additive
selected fromthe ioSdH .14 t o , (i) up
Co about 0.5 30 vio S h%%r?)ég{ngﬁ?ﬁﬁ.ﬂoﬂ%})’w&‘%ng%g}&tn%V?%S%vﬁ@}?v, (iv) up
t o aboutl0 2. Snduetivfodited &FEM) \cpstiinoraithbowundin@@Odr slabs@f @0 RAstI30amB. AVENDED

SHEc? P~'~5 9 9~ ~>~=~ 5 WD,0Q/ 40764 ~F=S9 ./ .~ ~V 45 ~ JU 03 21. The
steel 1pl at e TFREF AR TP RNTHERTER) B PEr b ST BOLEP FEVEY 600BRR: 0. 0020
W% B. 22. Thes ghiee! Om @ttBe &fund MaMInkétsihay isitequenil datiufadt kdmelted

m cro-lam nate mcrostructure conprising |laths of fi ne-_ﬁ{/lal ned | ath

mart ensi t e, (VAfgner2 orpdngohpifs@rgesiigio astabnTihe slaby werexiMEBroerspacbin,  and
up to about ajlgbc\frgll,o% L8 & B&LrBUE R Fabld 1T BIWIMRE Shemical composition of the

15  alloys used for the TMCP processing.

TABLEII
Alloy

20 Al A2 A3 A4 A5
Melting VIM VIM VIM+VAR VIM VIM
C (wt%) 0.063 0.060 0.053 0.040 0.037

' 25 Mn (wth)  1.59 1.49 1.72 1.69 1.65

Ni (wt%) 2,02 2.99 2.07 3.30 2.00
Mo (wit%)  0.21 0.21 0.20 0.21 0.20
Cu (wt%) 0.30 0.30 0.24 0.30 0.31
Nb (wt%) 0.030 0.032 0.029 0.033 0.031

30 Si(wt%h) 0.09 0.09 0.12 0.08 0.09
Ti (wWt%) 0.012 0.013 0.009 0.013 0.010
Al (wit%) 0.011 0.015 0.001 0.015 0.008
B (ppm) 10 10 13 11 9
O(ppm) 15 18 8 15 14

35  S(ppm) 18 16 16 17 18

N(ppm) 16 20 21 22 23



23. The steel plate of claim?22, wherein said mcro-|lamnate nicrog%anLure
is 10 optim zed to substantially maxi m ze crack path tortuosity bﬁ JUN 2003
t herrno- nechani cal controlled rolling processing that provides a plurality
of high angle interfaces between said |aths of fine-grained nmartensite and
fine-graiﬁgHOWﬂW%ﬂ bainite and said retajged austenite fil nPFEYEPY00F5 24,
The steel plate of claim 17 having a mcrostructure of predomnantly fine
granul ar bainite (FGB), wherein said fine granular bainite (FGB) conprises
bainitic ferrite grains and particles of m.xtures of martensite and
retained austenite. 20 25. The steel_plate of claim 24, wherein said
mcrostructure is optinized to suﬂ%ﬁ%ﬁg' gqufingedi ni ze crack path tortuosity
by therno-nmechanical controlled rolling processing that provides a
plurality of high angle interfaces betwddy said bainitic ferrite grains and
between said bainiticAflerrite gr&dl ns and s&3d parti chgs of mi xpgres of
martensige and retained austenite. 25 26. A nethod for enhancing the crack
propagation resi stance of a steel plate, said nmethod conprising processing
sai d steel P to pr8duce a prPEdomi nant|3? micro-1aff nate nicg%structure
conpri si ng f fine-grained_ lath martensite, | of fing+grained

| ower baini?g%ggéfnixtures t hereof, and greaser thaﬂi@§voI@6308%g about 10
vol % retained austenite filmlayers, said mcro-lamnate mcrostructure
being optimzed to substantially maxim ze crack path toriuosiiy by
t her no- mech®ei cal confr®l | ed roﬁﬁmng procés¥i ng t hat3-pt ovi des i9ﬁlurality
of w"npyn es.~c~ |9 9~ 30J 5 WD 00/40764 /L1 3-46 ~ g JUN 2003 hi gh
angle interfaces between said |aths of fine-grained nartensite and
fine-grai ned | owdhe blabsiwees Arsti reheatdd ired tenmeatarestaege frond abowt L@GOSCo0 27. The

met hod of claim Jhereln saipd cr propagation resistance of said steel
plate is fu?b%ﬁgg%ﬁﬁégﬁ’% ElL OE?]é)?ﬁL%ﬁrfgbg@g‘f 9T BEFLP SAE Sag el rplEnEY. of
sai d steel yhem cedei oA eTerS ding at |east about 1.0 to
| ess than a%%ﬁ?ﬁg mﬂ@fﬁ?kanﬁzéﬁuﬁgast aggE?M%§% to about 1.0 wt % Cu, and by

substantially mnimzing addition of BCC stabilizing el enents.

15 TAB 1
Pass Thickness (mm) Temperature, °C
After Pass Al A2 A3 A4 AS
20 0 130 1007 1005 1000 999 1051
1 117 973 973 971 973 973
2 100 963 962 961 961 961
Delay, turn piece on the side
3 85 870 868 B68 868 867
25 4 72 860 855 856 858 857
5 61 850 848 847 847 833
6 51 840 837 837 836 822
7 43 834 827 827 828 810
8 36 820 815 804 816 791
30 9 30 810 806 788 806 770
10 25 796 794 770 796 752
QST (°C) 217 187 177 189 187

Cooling rate to QST (°C/s) 29 28 25 28 25



|0 28. A nethod for enhancing the crack propagation resistance Oﬁjﬁ‘ﬁgﬁﬁ
pl ate, said nethod conprising processing said steel plate to pro é

m crostructure of predom nantly fine granular bainite (FGB), wherein said
fine granyogoaynite (FGB) conprises bainitic ferrite graiggaasqasticles
of m xtures of martensite and retained &istenite, and wherein said

m crostructure is optimzed to 15 substantially nmaxi m ze crack path
tortuosity by therno-nechanical controlled rolling processing that provides
a plurality of high angle interfaces between said bainitic fernte grains
and between said bainitic ferrite gr EaiQosdhgkgrarticles of mxtures of
martensite and retai ned austenite. 20 2 The net hod of claim 28 wherein
said crack propagation resistance of sai d steel plate is further enhanced,
and crack propagati.on fesi nc f t he HAZ of , pl at e when

wel ded is enhancé éi%g éﬁgt about 1P E?P ﬁ@gixﬁﬁﬁﬁ“ébout 9 w %
N and at least phauke Bicknb®, #hgdhs 1. 0 Wt %4u. M byssubsgantiplly

m ni m zi ng addi tion of BCC sftabilizing el ements. t~Mfnntn cN~T  i~TIU S 9
~ ~0 0% ~ WO O(vepeTrea at-4 of $04¢ tiekness)o~ 47 ~ ~ JUN 2003 30. A nethod for
controlling the nmean ratio of austenite grain length to austenite grain

t hi ckness during processing of a an ultra-high strength, ausaged steel
plate in order tp,RRAARGR frefnSy ANIEPLHREBENRS Shavndlid TANSHERe DBTT of said
steel plate, said nethod conprising the steps of 5 (a) heatlng a steel slab
to a reheat mnrgost@nwefr of plate sgmiplas i ehroughid 4 ks predgrinagilip Snexgrained| 1gth

car boni 11 duetrh Rl Ay Rl LT e 2R G808 1 °

establ i s fienendduubieite Ryeiseininfattegéitd 1ot Hotnaaiad. Jheakthes nahor cbAstithgnts educi ng
said steel slab to formsteel plate in one or nore hot rolling passes in a

first tenpetbbemicrpemyare areparahlcamensihess saapisis td| hiopgh A4 byt inglpdader
reduci ng sajg Qsti&??db éﬁ@héws ).J?m%{g‘galﬁélﬂ ;H%Ie biite 204 Ifx'oﬁga@%?zo% aua fpd> second

t enper at ure range om1a out enperature an ve about the Ar3
transf or mat vaf FERperature, so as to produce a nmean ratio of austenite

gralnlengthto ustenite grain thickn | ess t han ut__100_jn said
steel plate; %trﬂﬁgﬁéﬁgﬁﬁl%ﬂfe’ﬂ‘g@t %Bﬁﬁtoérﬂ&? pl&teé%?igﬁﬁ éf‘gﬂaf’mat
| east apput u}l%%a i® TaRBdv( HERASRSI streh Ah HRNOB TH: BmIRRARES Al THbE: Bel ow

about 550C (1022F); and
were measured in the transverse direction, i.e., a direction that is in the plane of

rolling but perpendicular to the plate rolling direction, wherein the long dimensions of
the tensile test specimen and the Charpy V-Notch test bar were substantially parallel
to this direction with the crack propagation substantially perpendicular to this

20 direction. A significant advantage of this invention is the ability to obtain the DBTT
values summarized in Table IV in the transverse direction in the manner described in
the preceding sentence. Referring now to FIG. 4, a transmission electron micrograph
revealing the micro-laminate microstructure in a steel plate identified as A3 in Table I
herein is provided. The microstructure illustrated in FIG. 4 comprises predominantly

25  lath martensite 41 with thin retained austenite films 42 at most of the martensite lath
boundaries. FIG. 4 represents the predominantly micro-laminate microstructure of the
Al through A4 steels of the present invention tabulated in Tables II through IV. This
microstructure provides high strengths (transverse) of about 1000 MPa (145 ksi) and

higher with excellent DBTT in the transverse direction, as shown in Table IV,



(e) stopping said quenching, so as to produce a mcrostructure in said

steel 25 plate conprising (i) predom nantly fine-grained |ower bQi(ﬂi @@2003

fine-grained lath martensite, fine granular bainite (FGB), or mxt fJ

t her eof ando( % gr eater than 0 vol % to about 10 vol % retai ned austenite n

n eel in~WO (407 5 PCT/US99/30055
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0.1 wt% is preferred for V for'these reasons. The lower limit is preferably about 0.02
wt%. More preferably, about 0.03 wt% to about 0.05 wt-% V is added to the steel.

10 This step-out combination of properties in the steels of the present invention
provides a low cost enabling technology for certain cryogenic temperature operations,
for example, storage and transport of natural gas at Jow temperatures. These new
steels can provide significant material cost savings for cryogenic temperature
applications over the current state-of-the-art commercial steels, which generally

15  require far higher nickel contents (up to about 9 wt%) and are of much lower
strengths (less than about 830 MPa (120 ksi)). Chemistry and microstructure design
are used to lower DBTT and provide thick section capability for section thicknesses
exceeding about 25 mm (1 inch). These new steels preferably have nickel contents
lower than about 3.5 wt%, tensile strength greater than about 830 MPa (120 ksi),

20  preferably greater than about 860 MPa (125 ksi), and more preferably greater than

| about 900 MPa (130 ksi), and even more preferably greater than about 1000 MPa
(145 ksi); ductile to brittle transition temperatures (DBTTs) for base metal in the
transverse direction below about -62°C (-80°F), preferably below about -73°C
(-80°F), more preferably below about -100°C (-150°F), even more preferably below

25  about-123°C (-190°F); and offer excellent toughness at DBTT. These new steels can
have a tensile strength of greater than about 930 MPa (135 ksi), or greater than about
965 MPa (140 ksi), or greater than about 1000 MPa (145 ksi). Nickel content of
these steel can be increased above about 3 wt% if desired to enhance performance
after welding. Each 1 wt% addition of nickel is expected to lower the DBTT of the

30  steel by about 10°C (18°F). Nickel content is preferably less than 9 wt%, more
preferably less than about 6 wt%. Nickel content is preferably minimized in order to

minimize cost of the steel.
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urmg heating;
5  Acjtransformation temperature: the temperature at which transformation of ferrite

to austenite is completed during heating;

AF: acicular ferrite;

1
ALO;: aluminum oxide;
Ar; transformation temperature: the temperature at which austenite begins to

10 transform to ferrite during cooling;

BCC: body-centered cubic;
cementite: tron-rich carbide;
cooling rate: cooling rate at the center, or substantially at the

center, of the plate thickness;

15  CRSS (critical resolved shear stress): an intrinsic property of a steel, sensitive to the
ease with which dislocations can cross slip upon
deformation, that is, a steel in which cross slip is
easier will also have a low CRSS and hence a

low DBTT;

20  cryogenic temperature: any temperature Jower than about -40°C (-40°F);
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fracture;

DF: deformed ferrite;
10

DUB: degenerate upper bainite;

effective grain size: as used in describing this invention, refers to

mean austenite pancake thickness upon

15 completion of rolling in the TMCP according to
this invention and to mean packet width or mean
grain size upon completion of transformation of
the austenite pancakes to packets of
micro-laminate structure or FGB, respectively;

20

FCC: face-centered cubic;

FGB (fine granular bainite): as used in describing this invention, an
aggregate comprising bainitic ferrite as a major
25 constituent and particles of mixtures of
martensite and retained austenite as minor

constituents;

grain; an individual crystal in a polycrystalline

30 material;
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: grain boundary: a narrow zone in a metal corresponding to the

transition from one crystallographic orientation

to another, thus separating one grain from

another;
S
HAZ; heat affected zone;
HIC: hydrogen induced cracking;

10 high angle boundary or interface: ~ boundary or interface that effectively behaves as
a high angle grain boundary, i.e., tends to deflect
a propagating crack or fracture and, thus,

mduces tortuosity in a fracture path;

15 high angle grain boundary: a grain boundary that separates two adjacent
grains whose crystallographic orientations differ

by more than about 8°;

HSLA: high strength, low alloy;
20
intercritically reheated: heated (or reheated) to a temperature of from
about the Ac, transformation temperature to
about the Acs transformation temperature;
25  low alloy steel: a steel containing iron and less than about 10

wt% total alloy additives;

low angle grain boundary: a grain boundary that separates two adjacent
grains whose crystallographic orientations differ

30 by less than about 8°;
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major: as used in describing the present invention, means

at least about 50 volume percent;

minor: as used in describing the present invention, means

|
10 less than about 50 volume percent;
M transformation temperature: the temperature at which transformation of

austenite to martensite starts during cooling;

15 Nec: a factor defined by the chemistry of the steel as
{N¢=12.0*C +Mn + 0.8*Cr + 0.15*(Ni +
Cu)+ 0.4*Si + 2.0%V + 0.7*Nb + 1.5*Mo},
where C, Mn, Cr, N, Cu, Si, V, Nb, Mo

represent their respective wt % in the steel;

120
PF polygonal ferrite;
predominantly/predominant: as used in describing the present invention, means
at least about 50 volume percent;
25

prior austenite grain size: average austenite grain size in a hot-roiled steel
plate prior to rolling in the temperature range in

which austenite does not recrystallize;

30
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selected for'its tendency to increase the cooling

rate of the steel is utilized, as opposed to air

5 cooling;

Quench Stop Temperature (QST):  the highest, or substantially the highest,
temperature reached at the surface of the plate,

after quenching is Sfopped, becanse of heat

' 10 transmitted from the mid-thickness of the plate;
RA: retained austenite;
slab: a piece of steel having any dimensions;
15
Sv: total interfacial area of the high angle

boundaries per unit volume in steel plate;

TEM: transmission electron micrograph;

20
tensile strength: in tensile testing, the ratio of maximum load to

original cross-sectional area;

thick section capability: the ability to provide substantially the desired
25 microstructure and properties (e.g., strength and
toughness), particularly in thicknesses equal to

or greater than about 25 mm (1 inch);

through-thickness direction: a direction that is orthogonal to the plane of

30 rolling;

TiC: titanium carbide;
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Tpr temperature: the temperature below which austenite does not
5 recrystallize;
TMCP: _ thermo-mechanical controlled rolling
) processing;
)
10 transverse direction: a direction that is in the plane of rolling but

perpendicular to the plate rolling direction;

UB: upper bainite;

15 VAR: vacuum arc remelted; and

VIM: vacuum induction melted.
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10 vol% retained austenite, said method comprising the steps of:

- &109

(@) heating a steel slab to a reheating temperature sufficiently high to (i)
substantially homogenize said steel slab, (ii) dissolve substantially all
10 carbides and carbonitrides of niobium and vanadrariiin said steel slab,

and (iii) establish fine initial austenite grains in said steel slab;

(b)  reducing said steel slab to form steel plate in one or more hot rolling
passes in a first temperature range in which austenite recrystallizes;
15

(c) further reducing said steel plate in one or more hot rolling passesin a
second temperature range below about the Ty, temperature and above

about the Ar; transformation temperature;

20 (d) quenching said steel plate at a cooling rate of at least about 10°C per
-t second (18°F/sec) to a Quench Stop Temperature below about 550°C
(1022°F); and

(e) stopping said quenching, said steps being performed so as to facilitate
25 transformation of said microstructure of said steel plate to (1)
predominantly fine-grained lower bainite, fine-grained lath martensite,
fine granular bainite (FGB), or mixtures thereof, and (ii) greater than

0 vol% to about 10 vol% retained austenite.
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between about 955°C and about 1100°C (1750°F - 2010°F).

S. The method of claim 1 wherein said fine initial austenite grains of step (a)
have a grain size of less than about 120 microns.

20

6. The method of claim 1 wherein a reduction in thickness of said steel slab of
; about 30% to about 70% occurs in step (b).
7. The method of claim 1 wherein a reduction in thickness of said steel plate of
25 about 40% to about 80% occurs in step (c).
8. The method of claim 1 further comprising the step of allowing said steel plate

to air cool to ambient temperature from said Quench Stop Temperature.
30 9. The method of claim 1 further comprising the step of holding said steel plate

substantially isothermally at said Quench Stop Temperature for up to about 5

minutes.
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12. The method of claim 11 wherein said steel slab comprises less than about 6
wit% Ni.

20 13.  The method of claim 11 wherein said steel slab comprises less than about 3

wt% Ni and additionally comprises up to about 2.5 wt% Mn.

14, The method of claim 11 wherein said steel slab further comprises at least one
additive selected from the group consisting of (1) up to about 1.0 wt% Cr, (ii) up
25 to about 0.5 wt% Si, (i1i) about 0.02 wt% to about 0.10 wt% V, (iv) up to
about 2.5 wt% Mn, and (v) up to about 0.0020 wt% B.

15.  The method of claim 11 wherein said steel slab further comprises about
0.0004 wt% to about 0.0020 wt% B.
30
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wt% Ni.

25 19.  The steel plate of claim 17 wherein said steel slab comprises less than about 3

wt% Ni and additionally comprises up to about 2.5 wt% Mn.

20.  The steel plate of claim 17 further comprising at least one additive selected
from the group consisting of (i) up to about 1.0 wt% Cr, (ii) up to about 0.5
30 wt% Si, (ii1) about 0.02 wt% to about 0.10 wt% V, (iv) up to about 2.5 wt%
Mn, and (v) from about 0.0004 to 0.0020 wt % B.
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10 optimized to substantially maximize crack path tortuosity by
thermo-mechanical controlled rolling processing that provides a plurality of
f\) high angle interfaces between said laths of fine-grained martensite and

toaet

fine-grained lower bainite and said retained austenite film layers.

15 24.  The steel plate of claim 17 having a microstructure of predominantly fine
granular bainite (FGB), wherein said fine granular bainite (FGB) comprises
bainitic ferrite grains and particles of mixtures of martensite and retained

austenite.

20 25.  The steel plate of claim 24, wherein said microstructure is optimized to

substantially maximize crack path tortuosity by thermo-mechanical controlled

)

- rolling processing that provides a plurality of high angle interfaces between
said bainitic ferrite grains and between said bainitic ferrite grains and said

particles of mixtures of martensite and retained austenite.

25
26. A method for enhancing the crack propagation resistance of a steel plate, said
method comprising processing said steel plate to produce a predominantly
micro-laminate microstructure comprising laths of fine-grained lath martensite,
laths of fine-grained Jower bainite, or mixtures thereof, and greater than 0 vol%
30 to about 10 vol% retained austenite film layers, said micro-laminate

microstructure being optimized to substantially maximize crack path tortuosity

by thermo-mechanical controlled rolling processing that provides a plurality of
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steel plate when welded 1s énhanced, by addmg at least about 1.0 to’less than
about 9 wt% Ni and at least about 0.1 to about 1.0 wt% Cu, and by

substantially minimizing addition of BCC stabilizing elements.

10 28. A method for enhancing the crack propagation resistance of a steel plate, said
method comprising processing said steel plate to produce a microstructure of

predominantly fine granular bainite (FGB), wherein said fine granular bainite

@

(FGB) comprises bainitic ferrite grains and particles of mixtures of martensite
and retained austenite, and wherein said microstructure is optimized to

15 substantially maximize crack path tortuosity by thermo-mechanical controlled
rolling processing that provides a plurality of high angle interfaces between
said bainitic ferrite grains and between said bainitic ferrite grains and said

particles of mixtures of martensite and retained austenite.

20 29.  The method of claim 28 wherein said crack propagation resistance of said steel

plate is further enhanced, and crack propagation resistance of the HAZ of said

)

-/ steel plate when welded is enhanced, by adding at least about 1.0 to less than
about 9 wt% Ni and at least about 0.1 to about 1.0 wt% Cu, and by

substantially minimizing addition of BCC stabilizing elements.
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A method for controlling the mean ratio of austenite grain length to austenite

grain thickness during processing of a an ultra-high strength, ausaged steel

plate in order to enhance transverse toughness and transverse DBTT of said

steel plate, said method comprising the steps of:

(a)

(b)

(c)

(d)

(e)

heating a steel slab to a reheating temperature sufficiently high to (i)
substantially homogenize said steel slab, (i1) dissolve substantially all
carbides and carbonitrides of niobium and vanadium in said steel slab,

and (iii) establish fine initial austenite grains in said steel slab;

reducing said steel slab to form steel plate in one or more hot rolling

passes in a first temperature range in which austenite recrystallizes;

further reducing said steel plate in one or more hot rolling passes in a
second temperature range below about the Ty, temperature and above

about the Ar; transformation temperature, so as to produce a mean
ratio of austenite grain length to austenite grain thickness of less than

about 100 in said steel plate;

quenching said steel plate at a cooling rate of at least about 10°C per
second (18°F/sec) to a Quench Stop Temperature below about 550°C
(1022°F); and

stopping said quenching, so as to produce a microstructure in said steel
plate comprising (i) predominantly fine-grained lower bainite,
fine-grained lath martensite, fine granular bainite (FGB), or mixtures

thereof, and (i1) greater than 0 vol% to about 10 vol% retained austenite
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