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STRENGTH TRI PLE PHASE STEELS VUMM“‘WMHW CRYOGENI C TENPERATUiaﬁ [IYENESS
FI ELD OF THE I NVENTION This in es to ultra-high str th
wel dabl e, low alloy, triple phase towgeeel plates w sh excellent cr ogem C
t enper at N@W’élﬁjhness in both the base plate and in the heZCTARPEWBE zone
(HAZ) when wel ded. Furthernore, this invention relates to a nethod for
produci ng such steel plates. BACKGROUND OF THE I NVENTION IS Various terns
are defined in the follow ng specification. For convenience, a dossary of

terms is provided pereRi Ity ¢ IRENGRIFIIIPI: PIRASIOSTREI eauent |y,
here i A S E T AT RSN T eV T TGS  sor)

Cryogenl C t enpcratures; teENpEfatur-eS—T"0ov trar—apott

For exanple, there is a need for cont ai ners for storing and transporting
pressurized 20 |iquefied natural gas (PLNG at a pressure in the broad
range of about 1035 kPa (150 psi about 7590 kPa (1100 psia) and at a
tenperasure in the range of abo m B ”ﬂ‘ OF) to about -62C (-gOF). There
is also a need for containers f econom cally storing and
transporting other volatile fluids wutiﬁhﬁ*hl gh vapor pressure, such as

nmet hane, ethane, and propane, at cryogenic tenperatures. For such

. containers 25 to be constructed of a welded steel, the steel must have
adequat e sStFEHIGDIOFTHEIMNVENTTION fl uid pressure and adequat e toughness to
prevent initiation of a fracture, i a failure event, at the operating
conditions, in %ﬂhlmh%tl%a@@@tt@élﬂmamh|Sﬁefwﬂé> wilgablehlewnleyi trigletrdbass i t t | e

Tr an5|t on

ctruct dPal SELBRLA R kBB ahE bR il AEbE RS GRL R & .,
tends t o odntite Heat hmmyﬂmzeanmewam. tRurtherrhorc this myemivnlrelats to a
tenperatures aboye the DBTT, failure in the steel tends to occur by high
ener gy duct’?’?g ‘ﬁl é’f‘iﬂuémg\,%‘f’}aétﬂdéﬁ%?s used in the construction of storage
and transportation containers for the

BACKGRO OF THE I 1
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, i.e., at temperatores 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  tobe 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.e., 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 nust have DBTTs well below the service tenperature in both t he base
st eel ang,cﬁ 8 to avoid failure by | ow energy cleavage ;(F

Ni ckel al i ng steel s conventionally aused ‘for cryogeni c tenper a?ure 5
structural applications, e.g., steels with 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 st eel.s hav T T Q =1 -250F). and -175C
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strengths. The 15_desi gns eneral | requi re excessive steel thicknesses for
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Generally, with thzée steels there is a tendengy for | dabi | |t and | ow
t enper at ur "@H0EHN B &G FSEL Feggem%?%rac%rﬁepplécaée%h%flﬁtw ﬁ‘b‘?‘% ases |t s
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HSLA steels are not generally considered for cryogenic teéenperature
appl i cat i onemp@iagurbs, bt DBFTdesgrt dreundAleir rﬁlath@’@elosxtteeﬁb sirsngglenellad |y due to
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to about the Ac3 transformation tenperature. (See G ossary for definitions
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with incre 689 3 PCTNS99/ 29804 si ze and
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conbi ne the Tow terperature toughness properties o bove- nenti oned
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t oughness), particularly in”10 thicknésses equal to or greater than about
25 nm (28 | rash}tnsxlersmogthonsmg@m &t ia fypithis stasomthat mtly@mmldly y avai |l abl e,

state-of the- |.ow rbon HSLA st
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fraction oftefrfpRidturgtap gﬂ@iﬂlﬁls OThe alghOBEE b¥ fleYHA RGP ERES QLI 1@ geA¥RIly 8hé engt hs
for attaining acceptabl e toughness. Tn engineering 15 applications, these

appr oaches toghel farmatias oé agéeﬁn@bbtm@wstrmtencﬁ exsing fomt the vesldthermai cytles
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than about 3 W% Ni (such as Al SI $8XX, etc are used to
mai nt ai n. sufrinsédremtiondeyheratse. Gﬂﬂeﬁlmalalrfpr Muhtldn@adsAxCh endsfiist anti al cost

| t t th teels. An additional
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cracking in the HAZ, particularly when | ow heat input welding is used.
There are significant econom c incentives and a definite engi neering need
fox 25 | ow cost enhancenent of toughness at high and ultra-high strengths
in Iow aI I oy steel S. Particul arly, there is a need for a reasonabl y pr| ced
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obj ects of the present invention are to inprove the state-of thed&ri/NHEIA
steel technology for applicability at cryogenic tenperatures in three key
areas: (o hi?Wegd ng of the DBTT to |less than about -62C (-g88R)sdbRodoie base
steel in t%e transverse direction and i@ the weld HAZ, (ii) 'ac%i eving -
tensile strength 5 greater than about 830 MPa (120 ksi), and (iii)

provi di ng superior weldability. Qther objects of the present invention are
to achieve the aforenentioned HSLA steels with thick section capability,

pr ef er abl y g;,f Qhd M RERS ARG AHG S Qor%'iit&h%?flﬁg al BARcARRULsRRtdTMAY | nch)
and to do so using current comercially avall abl e processing techni ques so
t hat use ofisliddssm thieddAZ. For oampie, ¢healD BTTfogteiHAZ enpsektalitbe-prt dEdsSes i s
1o economnically feasible. SUMMARY OF THE | NVENTI ON Consistent wth the
above- st at é@ebﬁil@@t%nwpft §7e o}l PR 837 ranREIools NghehihaR 88y tngl ek #ode1 ogy i s
provi ded i . I f i, | ] | 5
r eheat ed }tlwoﬁglﬁel %%%l p?lf%{t ke&tléréén%g?{atthg regprlgﬁeStr?rr#gtaqgga'ag’gn%{gg%er%%&%’{derz}ﬁépI ate
and raps dl viecsiopraent af ndvhsteeinthapéontitthie thellbwnegmpdisturpuengtiesgprapdrtiesofSui t abl e
fluid, such as water, .to.a suitahle ench, Stop Tenperature

produce a theRMOYEANFRGENEd Copmercipducke %ﬂté’@Wist%itléfhe%%}bﬁ(gSgs )L?@F]t'? riple

phase m cr j j e i : out 40
B e e I A T R S P e

st ronger s ¢nodadirpt dbiekotctpmendpabi itz d. .y tHei ability taproede Isalstantaily éresi t e,
fine-grained.lower bainite, fine granular bajnite (FGB), or.njxtures

t hereof , af@sHRS IPH“%%‘E&““?@“@B{O%’%‘FS éFﬁ-of}&ﬁlﬁ@s@dé?ﬂ‘ﬁEﬁEﬂfSP@mmﬁ* YoRase of
retai nggl austeidst& edﬁlm%%gg&(ﬁ,mbupﬁ i fl ingpjention, the soft ferrite

phase conprises predom nantly deformed ferrite (as defined herein and in
the d ossary). 28 namseryogspasiappliestiongimést chmmgivoally-ayadetde, soddg-etthe-asf, t he

present inyention t eel rogessed accardin t.h resent invenption are
Bepect al | y &8 BredpleatbeR A0S SR Mlab vV Tp B IR hss aLHER'  hae °t he
st eel s haventfi@hd,aht ehetdiesipasids adfctbn 65theRsbmptiadryalteththient her eby
limting this 1 nvention, for steel plate thicknesses of about 25 mm ( 1

i nch) and @ressssd:to(lpyepenenethsdratiamang 2aseniable gpehness  Imemgineeipaf er abl y

| . R . -100C
(150r 5 R ond Mche Aip ke Bio G 58 oloh BBknels Y BB 1 1OF,
base st eel highet hempoamstwesigles ahid @Wtmiatehy higher dosts teanvi€thd iy streppth) tensil e

strength ~ ~ (=~ ~ ~ 00/.3i,689.S . . PCT/US99/2980 reater than
about 830 w%en@%lzfefa ﬂwg#?fwvﬁerc%ﬁbeiwgamz héhsoalbeomﬁ% PhEHIPE05 ksi ),
more pref ergll ¥s 19683 forh Rl RRQWep0dnMigingk %?é%tclf fah 2BPG PYR) NTRERD
preferably greater than about” 1000 MPa (1457 Ksi), (iii) superior

wel dabi | i t ys AARH4ASKY), SAKHP DB dete.p aghmed i meiptaissdhdartdougioesseridisal | y

avai |l ahl.e, HSLA steels. [.PTI.ON OF THE DRAW NGS The_ advan es of the
o1 65en el nERTERGR A0 O SPSIF S\ THBENER SACHS P BrIT Y SOER ALY of | ow ng
detai | ed desSIARtdely) Ahddditienabicdidneendbuawrdiosith seWTistidardl comndertial a
schematic illustration of a tortuous crack path in the triple phase 1 o
nm cr oconpoditleA steelcisdiydragen sxaglapg inpthe £ 3, papticakrlyoriiendpw heptanpyt 5
schematic | S at, L of austenite grain size in a steel slab after
reheati ng a%:éé%l’?’gil%k‘?d; the present invention; FIG 2B is a schematic
illustration of Thdromrasigtifioait ecapoaiidineemevel agta Gfiseanygneeringneztidet sl ab

after hot rolling in the tenperature range_ in which austenjte
recrystal | ilg\gscpstbqﬁhancemcnt 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.



15 prior to hot rolling in the tenperature range in which austenite does
not recrystallize, according to the present invention; FIG 2C gg ﬁ!N 7003
schematic illustration of the el ongated, pancake grain structure™

austenit very fine effective grain size in the thr %%g ﬁess
directi oﬁowpt@g’steel pl ate upon conpl ejion of TMCP accor 3’(28” ’@ 0
present invention; 20 FIG 3 is a transm ssion el ectron m crograph exanpl e
showing the triple phase microstructure in a steel according to the present

invention; and FIG 4 is a transm ssion electron m crograph exanple of the
FGB mcrostructure in a s eel accob]dl{%%to thergresent i nvention. ile the
cf

present inventi SRMSGAUFREG }Efé’éw?%é? { RHIESTH IPNRPERR fiedo ppreYetBg 25
enbodi ment gateldf-thelatt 1S NRAET 2419R% g?f}aﬁ appIRabiMER drPbenfe teﬁfpelratmeg a
thereto. On the contrary, the invention is Intended to cover al

al ternati vésee kuyohréms:éﬂ)ﬂmmgarﬁme@iBTwab dast thanteboht 168§C l()éOFF\):inﬁiehaw thin

the spirit and scope of the invention, ef i ned t.he appended cl ai ns.
30 DETAI LEBCHESHS Wsmsﬁgreﬁﬂen m?dr%e“% %%ﬁ'ﬂe‘ilﬁlﬂ/beﬁgﬁ Srengthit es to
t he dev. I c enges
by pro dﬁm ngEfBP Hah RO §§1% ﬁf‘ﬂprbbﬁ:@b&%@ngﬁé%hﬁﬁﬂ% Ofidreng

|ne-gra|ne , r|p ase 2aa~ 00/ 37689
PCT/ US99/ 29&645 of ﬁreqnesqnbﬁawmiostarmtachmve BucdfotamantionghHS B Ansteelomathposi t e

structure rises u abo t. 40 vo oof a ferrite phase, abput .50 vol %
o about - oBNULeshR CHRbU R A s korh S oy b ﬁ'a%il t23eh

Mar t ensi t empf | ) R dols8\sing Qﬁhéﬂttc%nuﬁérﬂﬁllg QLA px%@éﬁix{gfe( es Of

m xtures thereof, and up to about 10 vol % of a third phase of retained
austenite sﬂhasuse'ﬁféhﬂ& steals i dersmeiciahchmgenis tefp&Atuae prdtesses iee- gr ai ned | at h
rrartegg;te/fl ne- %@%ed | ower bai nite boundaries and RA occurring within
the F (agcd’(gﬂ] é gsrﬂé n). In sonme enbodi nents of this invention, the
ferrite phase conprises predomnantly defornmed ferrite and the bal ance

pol ygonal ferrlte I n sone enbodlnents of this invention, the second
phase conmpSUMMAR AN BN | n sone enbodi nents of thls

i nventi on, the ecan\d g afﬁ ngrltsa B oom Eant one- gral ned | at
martensite, fin OBFJ& ey SaTRATEE PIe ¢ Preadt {INEPERR aﬁﬁ?éeﬁ%r
consti t ueniyfetidasio g)gqapfdv&ﬁdmﬂresﬁ 5 Wi un@y 5B S UEE dasied Chamidtpr ki te (AF),
upper bainite (LJ degenerate upper bainite (DUB), and the |ike, as are

fam|i&F teehepiod&o R pPRTERFiatytemperatire thenshot melledipdarm steel platsanddapidly novel
nbi d
o er boPedle 3 8 o RISRRRR I er Y nBBESR 9 LS ALTHIR AL R A1 1ot €

t oughness amtdbiag@uaicm&qi ”minpemm'e |(QST); 16 proghesns Iﬁge-lgsalﬁ@d) irgplephaye t he
judicious balance of critical a{j el ements in the steel as described
in detail PHOOFPEPEPEAIMFRLE | g P PHCEAFPEIPOPHURIFCHITR S PEEFRPY fr om

achi eving go¥8hised dMeu’e a%ﬁt%tuov% o%%bﬁe feﬁ%egfhaﬁ%oﬁgomom%'aﬁguta very

fine di spersion of strengthening and toughenin ses while sinmultaneously
reduci 2g t Be vel’h e talsuen@r a¢oand phase Of predonghantl ydinst grained Jlath martensgef t er

h def d f. h h dj i
P opt | mi 2 GBS IVER DA g e G20 O L GED L TS TR siheD - O
tS Pg; Ieby enhBaRi1 08 ol P0Gl 18 Edhn s RRRGRH ORirt Hhhsd SNeRired dubenie.Cp&RPoSsi t e

embodiment of this invention, the soft ferrite phase comprises predominantly deformed
ferrite (as defined herein and in the Glossary).

25 Also, consistent with the above-stated objects of the present invention, steels
processed according to the present invention are especially suitable for many
cryogenic temperature applications in that the steels have the following
characteristics, preferably, without hereby limiting this invention, for steel plate
thicknesses of about 25 mm (1 inch) and greater: (i) DBTT lower than about -62°C

30 (-80°F), preferably lower than about -73°C (-100°F), more preferably lower than
about -100°C (-150°F), and even more preferably lower than about -123°C (-190°F)

in the base steel in the transverse direction and in the weld HAZ, (11) tensile strength



25 Fine effective grain size in the present invention is acconplished in
two ways. First, the TMCP as described hereinafter is used to establiﬁﬁ
fine austenite pancake structure or thickness. Second, further +@1J0NdWEnt
of austeni cakes is achieved through the formation o I Nes j ned

| at h na?@%h@%ﬁg&and/or fine-grained | ower bainite occurri%§§hﬁﬁ%%%§£ts
and/ or through formati on of FGB as described below. This 30 integrated
approach provides for a very fine effective grain size, especially in the
t hr ough-t hi ckness direction. As used in describing this invention,

"effective _graih size" S ean_austenit ancake ' upon
corpl et | orfeerer Bk g 802 BT Y- B B B RS S A PSS

PCT/ US99/ 2880 thofdbfefarss19 Ioekareg tham d08Ls900VEPALY Ik Ntind everBadreaeikebliy dt h or
mean grain size upon cog&ﬁetl on of transformation of the austenite pancakes

t o packet sredter thae abeudil Qe MEa(h4 s dhbisuperzoray ddatiilitye and €V haprovsder
bainite or Lval ] i foregoing, a nmethod is
provi ded ftSr%eé{)g‘?ﬁg%hg%ﬂs%&’P?Qé-ﬁﬂﬁéﬁ@ﬁ‘gr%%g S{elrglﬁpl e phase steel plate
havi ngsa m croconposite structure conprising up to about 40 vol % of a first

phase of ferrite! Eref erabr}i/'I redom nantly defornmed ferrite, about 50 vol %
to about 1 tFnE.WT N dom nantly fine-grained |ath
martensite, fing-grained | r bainite, .FGB..por, mxtures thereof,.and a
'hi rd phase of Tt aa8Em S waRel sy bE e EeER Rt B et hod
conpri ses 1$qhd fHloStiBPetdied @bcriitidhiand tike fiLRd SlaPndsdnavKieheat i ng
tenperature sufficiently high to {i) substantially honbgeni ze the steel

slab, (ii) di ssbiGrd isyprhemati¢ Bluptjation pf e forbiode eraglhgathan Bwrtripleiphiass of ni obi um
and vanadi i st.ee Jidll),.establish fine initial austenite
gr ai n?ai n 1#{%&;5P@gﬁtesﬁg#:e?%i%%ﬂg%g}]%g\r té°%$t eel slab to formsteel plate
in one or nore @ 2Aak hiscignpds ARstraitondhusteditet ganeizatin b eteebddaeafien Whi ch

austenite 15 r,ecrystglliz s; (c).further reducing the steel plate in one or

more hot riGPFAIRG 2fROEERE 10 the Bresdt BYAMhper at ure range bel ow about the T-.
tenperature an : ANy i . O : further
reduci ng said glf%%?}égf g?g&fnﬁhé;glgég@lohno?gﬁﬁ%@g}t?%}%ﬁ%gggsgé @%S?ﬁﬁ rd

t enper at urastecispb afiel lmvralngin thétempeBinire eangé or which anstesinpecystaliieesabat above

about the Are transformation tenperature (i.e., the intercritjgcal 20

t enper'at urlﬂ‘qré%b‘g‘)r?ﬁ‘f‘&“@i‘ﬁgw e Lafieg I pbigh Ayftepite doespoLEERZRat e of at
| east aboufccdfdingiBineSeRndintdmbssec) to a Quench Stop Tenperature (QST)
preferably bel ow about 600C (1110F); and {f]j stopping said quenching. In
anot her enbodi nEl§i- 26%is e kehemahy Blstrasion of e digipated, panstke glbinsteturpinabout t he

M5 transfof | . : . 100C (.180F d, is . prefe |y
bel ow abou%quég(g}’f‘%% ﬁﬁ‘% érﬁe)%té?é érémashz&x (Qa}%c 1%%5%?%51%%%?8 %%log’ (ﬁrﬁl\f'{eeg i on,
the QST i splpteaipen afthpletidteof IMICE AtcorGAP S @k pi@entifvemenegnbodi ment of this

invention, the steel plate.is allowed to air cool_ to anbient, tenperature
after Qrep (f). s 3dse HanISRESEISHPR FueIeeraph 63URPICSAOWHE e tripdi i ng
refers to ag¢ 1 S: b fluid selected for its
t endency t%@ﬁégﬁgﬁéﬂ?&%@%&g |d%§t§2¥eeﬂrg%gflﬁ‘eogg{ogé c?s utilized, as opposed
to air cooling Fle 43 e&hndnossamisletion daclograpt eaimple.of TeF GB otiemstuogref t hi s

i nvention faci lei(l)t ate trggsfor mat i on, of the mcrostructure of the steel
plate to a™AYs E?fﬁﬁfﬁ%g'l" "SQTFWB{WV%‘“{?BWW! sing up to about ~ ~ ~uc~ zaa3
w0 00/ 37689 PCTM@%%@}%%%’( fR e AT bAddstfidd RNRs8eonl Witk itk Byeféiffé@m 50

vol % to about 90 vol % of a second phase of predom nantly fine-grained |ath
mar t endi t egmbodimentsait wald be onderstoed that e iF@Bfion s mittiniteskthetetr. cOf theand a

third phase of up to 10.val % retained austenite. The .ot her

const i tuen??%ﬁ%glécsmf’ﬂg{mdfﬂ%ﬁ%g‘zh ?‘Peveﬁf‘uli Fﬁgrf’?%%etsu?"@d}éﬁ?gp% Pde aci cui ar
ferrite (AkuivdleRewhRainkdl ik inbidEd wHBHERE sRHEaMPRYpe REIKY OertfddBls and the
like. In sone enbodiments of this invention, the steel plate is air cooled
t o anbi ent definegdydheappendedetlaimsenchi ng i s stopped. (See d ossary for
definitions of Tl.,~ tenperature, and of Ar3 and Are transformation
tenperatures.) To ensure anbi ent and cryogeni c tenperature toughness, the

m cr osiqy UCDE’PAHIEWDEBEW@FWEWSSTENH@N this invention conprises
predom nantTy fine-gral ne ower bainite, fine-grained lath martensite,

FGB, or m xtureShe prsaninvehtion slpesetbeladdwveldpmentbs hewmtHSILA yteslsmerting t he
formation of enbrittling constituents such as upper bainite, tw nned

rnart ensi t Beavaverfiescabed ¢hallgnges dyipreducivgy fine-grRacd.dupl§Phiase. As used in
descri bing the present invention, and in the clains, "predomnantly" neans
at 15 | east about 50 vol une percent. The remai nder of second phase

m crostructure can




corrpri se AF, UB, DUB, and the like. In one enbodi nent of this invention,
the mcrostructure of the second phase conprises at | east about\@gugqgwme
percent to about 80 volune percent, even nore preferably at |east about 90
vol ume pe fine-grained | ower bainite, fne-grained | ite, or
m Xt ur e&'?ﬁ@?igg? Thi s enbodi nent is 2ogparticularly sui t%&t}f@%@r@%ngt hs
greater than about 930 MPa (135 ksi). In another enbodi nent, the

m crostructure of the second phase conprises predomnantly FGB. In this
case, the renui nder of the second phase may conprise fine-grained | ower
bainite, fine- r AFE. UB, DUB, and the like. This
enbodi mentmimg 3:5’]?(?5& Isﬁch}r 2'% }égl fhﬂs%%‘ifO%OET}PgﬁgﬁP“§g’é%‘f°§“P’F“ up 0 ess

t han about 5130 40R81% 32 fksite phate, 250N 5gREIY% t@BuEsPYS19880s Meand ﬂl?a(ae ksi).

One enbodi nent of this invention includes a nmethod for preparing a dual
phase steedf mté@remaﬂb’rﬁgleﬂﬁméd &tk mactensits, ﬁm@amdﬁgwemamﬂelﬁnwm %to about

and about Bonel bhpBeTRGRP wBtRal oearbud BRie Bkt a0 SPRE PR Biiclier )1 C

fine- grsai ngfretzaidll AmEdnROIRIAY. Thblli@; tchides dins thyeBWER A ai M fige-gbdindd Dsihur es
t hereof, said method conprising the steps of él%‘suheatl ng a steel slab io a

repeati ng mﬁp@rﬂ@{fmeeg@uﬁfiﬂ%w&f gigitgpoymdares(an pRAUAHES Hlﬂ“}a thohg8eni ze 1

9 J 1] slab, (ii)
di ssol ve sﬁabstg}r{l%aig%e sgra{l:eb ggggrg;caig 33%?5? e@@lé |Lcum and
vanadi um i gorBprigts qbtraﬁimlshxaly defnﬂmﬁd fertite@ad dielbakincd polegoml farﬁie @BxtBnite

grains in said steel slab; reduci ng said_steel slab to formsteel plate

in one or FABRGEMBEARNLS qu}hlﬁagg%%mpntha sqond Phass RBPHSEH ICYIMPATh whi ch
austenjte 5 te in one or
nor e hioot Fﬁﬁr )r/i[gtsggls?lses |dh&gat§fggg&ngﬁ{vgér§%?g{e&rg%&?ﬁ a§é€&+ wlssgbout the T~

t enper at urpredmﬂurmndyeﬁrmkgramed hedh ApBtensitn ﬁhomadduwbehmmmabnmtm(ed) further

d t t third
{ emper atur Bereaiy d o elieb ettt e compasahe e By ahade rpiet e Br and
about the ém h;S %faﬁﬁtmmeg@{mae aﬁwr%amﬁ@m@ly)eaﬁ@m&glkéads@réﬁaﬁlﬂtarpl ate at

a cooling rate of about per second to about 40C per second (18F/ sec -

72F/ sec) t@fhoigﬁﬁﬂlﬂdlﬂsﬂhﬂgﬁﬂrenperature bel ow about the M transfornmation

tenpergture pl us. 200C R f enehin sai d steps
. gsé € mveng §x§ ? Qazs g (n eIS rrﬁ:gnar\';g? gﬁgg%%ggxllsgyrﬁ%gr

bei ng rfor rred o as ACITT Late trans ostructure

of said Stpﬁice@iri:gtﬁ)rbib\&:ﬂmgboﬂkﬁnﬁﬁis% 4l raRRedstrudray edukhedingtd lohet DBTase of
ferrite and about bO vol % to, about 90 vol % of a second phase of

pr edoni nan®s el an ke ephppeipupbness ghiigh sypnghs. prﬁ@sgrtamgi@amlgdwhlqyaﬂ ®te, or
m xt ures tRher: i ans at
| east thregallee aggﬁﬁﬁﬁgduaﬁt%ﬁganéglﬁggg? @ggfee%am%ééﬁﬁgé%ggga 111 er the
term"tri pth—zs fiead@atinor Midnmairugbaﬁejhghsmngmsultsfnoﬂqianhitevinglaszer)nﬁmﬁt| on. A
steel slab processed accordlg to.,this invention is na facéured in a 20

cust ontty PHEHIVGETEAEIZ 47 Ve AHBOM AR A Y oY CBiRgHPSEion ¢ agiheipaand, || owiing

al I oyi ng e{cﬁ;gﬁahﬁ HE&EWb@l‘E'sﬁnhl@aﬂebﬁ E}A@écﬁhﬁlgﬁﬁéﬁ&?&megf&%%( ‘ftah BBp
followi ng Table 17 Tab e | %yl ng ment "Range (
c

distance™) in the softer phase formed ferrite. The strengthenmg and toughening

phase dispersion is optimized to substantially maximize tortuosity in the crack path,
thereby enhancing the crack propagation resistance in the microcomposite steel.

25 Fine effective grain size in the present invention is accomplished in two ways.
First, the TMCP as described hereinafter is used to establish fine austenite pancake
structure or thickness. Second, further refinement of austenite pancakes is achieved
through the formation of fine-grained lath martensite and/or fine-grained lower bainite
occurring in packets and/or through formation of FGB as described below. This

30  integrated approach provides for a very fine effective grain size, especially in the
through-thickness direction. As used in describing this invention, “effective grain

size" refers to mean austenite pancake thickness upon completion of rolling in the



30 carbon (C)0.03 - 0.12, nore preferably 0.03 - 0.07manganese (M) up to
about 2.5, nore preferably 1.0 - 2.0nickel (Ni)1.0 - 3.0, nore pr&fleiafy
1.5 - 3.0niobium (Nb)0.02 - 0.1, nore preferably 0.02 - 0.05titanium

(Ti)O0. 00QgooBs70sy nore preferably 0.01 - 0.02al um num (Al ) 1A8kbe0d84 05,
more preferably 0.005 - 0.03nitrogen (I1+0.002 - 0.005, nore preferably

0.002 - 0.003 1 g JUN 2Q03 WO 00/37689 10 _ PCT/ US99/ 29804 Chrom um (Cr)
is sonetines added to the steel, preferably up to about 1.0 Wt % and nore
preferably about 0.2 wt % to about 0.6 wt% Ml ybdenum (M) is sonetines

added to thg1ebaeslordPpes B ARNVENtGh 4 RIRh paelfet Witdn’Br Al B §izPUBEEr abl y
about 0.1 wt%to about 0.3 wMt% Silicon (Si') is sonetinmes added to the

st eel , pr etemnalstipn of trawsfepeation® Shewestenite panqakes ©rpdsksts abbug-g@ined latho t o
about 0.5 w % and en. nore. ferably ab 0.05 wt%to about 0.1 w %
Copper (QJﬂar%ngee?’%r ehgr?lﬂgé f%’?f‘dg’a te%%ﬁ@’@??ewﬁ%ﬁf‘o about 1.0 wt%
more 10 prefera%Mcdo@dinb@vﬁﬁﬂﬁ@f&%g&h%tﬂm&hé’dM;%bbme@m:;irﬂﬁriﬂg%% I'S
sonetimes added to the steel. Boron ) is sonmetinmes added to tile steel,

pr ef er abl y ulixa-high sength,oripsathascs steel adaic hovieg p rae@caBpysigFEUetuE 0006 Wt % t 0

about 0.0015 wt.% The steel, prafera tains. at | east about. 1 wt %

i ckel . N EREP e bRip BT r0ReRe SR AR R e BER Bl s o
i f desireddtfonnedarae, Bt 60 WaM% 8o abs1d0We! % iofd sededphisedfYraddeiihaly of

ni ckel is expected to | ower the DBTT of the steel}j@% about 10C (18F).

Ni ckel confiBerigraisedlagi mpgensite) fnesgrafned 10w en bajnitep (08 frextaitss yhereadsanchan

about 6 W %..:Ni ent | ' t inL ze
cost of 1t né ST EREE o ARt Eaut T0RbRL FEARLY pAE §RG DRI Guibre”
manganese dentestof (arhedfind e srdelslanredrehedting tahperatide buffici¥nitohmgh toGP. 0 wt %
Additionally, resjduals are preferably.substantially mnimzed in the
steel . PhoSHisAwELY flpljnogfaﬂ%ee sfes! gﬁ%f(é} digrayq sbstaphialy albeubides a9 e o

Sul fur (9S) c) P r : {0

cont ent isc%?g @?%sloénf}g)%ﬁtaﬁgkx%dg‘%%hggﬁéaﬁgg’ %gqgég\é\%g%ﬁh%%o iQlta e Steel
Sl ab (| ~Lowestemite grhinDBilthe 3G¢chslhb;eb) ragiueing tve dtedBSIRp te fgm steadpiate inhane about

-62C (-80F) in the transverse di.rection of the basg. ﬁl ate .and in the HAZ
s a key cREToAR TPHPERESE Tt SETP R Ire range in Whick atsicnie

15 recrystallizes; (c) further reducing the steel plate in one or more hot rolling passes in a
second temperature range below about the T, temperature and above about the Ar;

transformation temperature; (d) further reducing said steel plate in one or more hot
rolling passes in a third temperature range below about the Ar; transformation
temperature and above about the Ar) transformation temperature (i.e., the intercritical
20 temperature range); (€) quenching said steel plate at a cooling rate of at least about
10°C per second (18°F/sec) to a Quench Stop Temperature (QST) preferably below
about 600°C (1110°F); and (f) stopping said quenching. In another embodiment of

this invention, the QST is preferably below about the My transformation temperature

plus 100°C (180°F), and is more preferably below about 350°C (662°F). In yet

25  another embodiment of this invention, the QST is preferably the ambient temperature.
In one embodiment of this invention, the steel plate is allowed to air cool to ambient
temperature after step (f). As used in describing the present invention, quenching refers
to accelerated cooling by any means whereby a fluid selected for its tendency to increase
the cooling rate of the steel 1s utilized, as opposed to air cooling the steel to ambient

30  temperature. The processing of this invention facilitates transformation of the

microstructure of the steel plate to a microcomposite structure comprising up to about



new YSLA steels for cryogenic tenperature applications. The tecl:rrqi WMM
chal l enge is p 9 JU 2003 W00/ 3i 689 11 . PCT/ US99/ 29804 to )

mai ntai n/increase the strength in the present HSLA technol ogy while

| oweri ng , especially in the HAZ. The present invepti okdd Z€S a
conbi nat i*oﬁ%gg%ag}gl oying and processing t® alter both the |E{:ﬂa§%%ﬁc as wel |
as mcrostructural contributions to fracture resistance in a way to produce
a lowalloy steel with 5 excellent cryogenic tenperature properties in the
base plate and in the ua?, as hereinafter described. In this invention,

i cr oSt r uct 4 glok, 8490 8 Se RXAL Ab G Rl GUBLHRE Yo PERERGRhe BT A
key conponent "of this§ m-crostructural toughenrng consists of rerirning prior

austenite gpppredemtrentlydiiet graligd tdilengrianisite Miepfiained Yowdr bainitg/FEGB, or
t her no- mechani cal controlled rolling processing (TMCP), and _lpr oducing a

triple phasBidusssdhereh apf arthisd phase pf wptoghlayody remined apsigniteatTheiiici ng t he |
. c . . = . I
T S OB PO B SOLATEAT A 0

plate. As is ose-’s Fal herein
means ars i napprdemite (UR3 tdelgenanata vzl paniyesIUB), med thalike. | Ialsomaemhbddinents
boundary" as_ysed herein rreafs a_narroi/gézone in 15 a rret%l%corre.s onding to

the transi t POWITIPUTHIORCME SIESt RIPE SATLINICE IR APRISRIHEMBHAME AGHIMEFMINE Hys
separating gne LN om anot ... As ed herein, a."high angle grain
boundar y" i?ogp% gltsﬁebi??ﬁﬁ%’r@rF%I%t’%ﬁzia’tqﬁ@p?’ﬁb“%d‘f’gegﬁg*’é’ﬁ hs whose
crystall ogrﬁohi or.i erp.gati ons differ by nore than about 8. Al so, as used
herein, a " mé‘ﬁg%@oél BORSFAGSbr interface” is a boundary or interface

that effectivelyThehsveanifie@end chiogkhidRehRrahditoudhAbRIME Ynictos@uotule®Tds t o
defl ect a propagating crack or fracture and, thus, induces tortuosity in a

fract ur® pathe scrondd phsse in gaels ohthiy srentiomromprisdseredomznantiyfimergigined ar ea of
the high an | e e i . RS .J f] | 1 owi ng
equati on: S\%’? ef%%%gg’afl%e érg&?g(l %{g%g%%fégg%?é& %I%néegﬁlg}eggglrtg%%&%g% 1gni te
grain size todsubstaatiallyphlisghizé thelforpatibe opembrittling conkfituags buthtdsappanper at ur e
range in whjch, austenite does not recrystallize rior austenite grain
size); 30 ROPSUEAYIMSGURETIGHIE LD @%ﬁ%‘.ﬂhﬁ?ﬂ@ﬁ) 9| BHSCATCRIEES /i nal
steel plateytdyigleded 'th@?fgsenﬁrilveﬁtjoll H)(Nn%]%atﬁ@, ‘%Qé'd%:. 1PHekiR%9 129804
12 r is the percent reduction in thickness of the stee ue"to hot rolling
in the tsenpkastaboet lavdeme pehantc Theareshmdertof setwed phast migostystae tarze. 5 1t is
wel | known in the t S e.Sv of a steel increases,.the DBTT

decr eases, 8?}8%%?@#"&%@@@%8@ B‘Sllfﬁ%[n]g‘ﬁnﬁgméf’%&?ata‘?ﬁ H’rvf”ﬁfl%‘i’ﬁ? in the
fiacture papficRbiridigeBF &l RE&HIHRQURAREER St lchdl ABQITEB HEuRle pEideht BRB& it Ce,

the value of Ris fixed for a given ate thickness and the upper Iimt for
t he val ue oBONolusnepgsteahlavyn FHTe [EEipenlyfat Jeast abant POy otuare IRregat fine-graigedc an

only be sub tiaklyeln € I; . evi om t he
above. equat IR taihig i CERERS T BERERAE PRI uor®]. ARk KT P
Ti - Nb - mccr ophitioylarlg suitedufoe srénpths @rdaten diah abouno st Mhat(il 39 kzst)d Iif Midthgrr acti ce.:
For the sane total ampunt of reductjon during hot rollinpg/deformation, a
steel with SROPHmenGthsMIGTRYTICREES é%%seamdﬂé\%w%?w FERHWIFGesi i n a

finer finis hggic&\é%@%ﬁﬂé&%@me%e&mbﬂasé nfa§ corpREERA Srainkd oWk Baihfie/ent i on
t he anount of Ti-Nb
fine-grained lath martensite, AF, UB, DUB, and the like. This embodiment is
particularly suited for lower strength steels, i.e., less than about 930 MPa (135 ksi) but
25  higher than about 830 MPa (120 ksi).

One embodiment of this invention includes a method for preparing a dual phase

steel plate having a microstructure comprising about 10 vol% to about 40 vol% of a

first phase of substantially 100 vol% ("essentially") ferrite and about 60 vol% to about

90 vol% of a second phase of predominantly fine-grained lath martensite, fine-grained
30  lower bainite, or mixtures thereof, said method comprising the steps of: (a) heating a

steel slab to a reheating temperature sufficiently high to (i) substantially homogenize



~ 5 additions are optimzed for |ow reheating practice while producing the
desired austenite grain growth inhibition during TMCP. Refernng yt® Ji§ @03 2A,
a relatively |ow reheating tenperature, preferably between about 955C and
about 11QQfholsbéePF - 2012F), is used to obtain initially grakesaes
austenite grain size D of |ess than ab8ut 120 nmicrons in reheated steel
slab 20" before hot deformation. Processing 20 according to this invention
avoi ds the excessive austenite grain growh that results fromthe use of

hi gher reheating tenperatures, i.e., greater than about 1100C (2012F), in

convent i onghidTdved?.slabQ(iPrax¥ekve sdb/s@amhny aB chr¥fdes bhd €abbbitided 9£16i0BIuGH and |
refining, heavy per pass reductions greater than about 10% are enpl oyed

duri ng hot vepidinnyin said steel slehp@ﬁe(m)reetablashg@q Initighpustendtg grams ingaid steel

rec~ystalli Referrln £58/ £ di 0 th
nvent! on pFgaeigods SEA! S hlom Seelitue R PR SuPS eBGRHE B8slS

I ess than 3RaUlrsbRmPefdn@dsangplif hdichhytehi®s ectRANI AR} fuaﬂezme@ﬁ&ﬁg salaven
nore preferably | ess than about 20 microns, and even nore preferably |ess

t han abdut stes! piate Brene qranage bel rodlingtpasws naaﬁ@pnmﬁmnemmerrgnged@ﬁw mation) in
t he tenperature range in which austenite recréstalllzes but prl?r to hot
rol I'ing i n2PREt ts Tre HiseRcEtIWEANA 2RQE BORUUIRE &4 Tarsamatian fausraipie; (d
recrystallize, i t.ionall produce an ef%ﬁctlve gr.ai ze reduction

in the thrdWg hertrﬁgwﬂszéadaCFléE%tFamonwan?%% 1138 passcs lbf*g}r@ abl y exceedi ng

about 70% Q&HES Bhirk Pang@tRiveeh lab&ist tRA L thnksRembSSPREPetinGe bAD Hout the ~ ~ U™~
zaa3 WO OO 3 9 13 CT/ US99/ 29804 bel ow about the T~. tenperature but

above aboutAn hmnéf@mﬂhant;frxpemrsdn) qmupbngtsudeteel?idﬁwat awegolmpwatewiFl G 2C,
TMCP accor dj his inventjon leads to th r an el ongat ed,
PancardS o hony @G Rerdeendds e OW‘r‘}Og@P?rrﬁeE‘I’f‘dr@ﬁ Pﬁae s 15 8 Senaey ¢
ver;~ fine tive si,ze |nt gi.rection,
e.g., effe ?Bg'cea}p&faﬁﬂg%fg)w&bou &M%tﬁ”aﬁ 05518 ?n 321“8 Euﬁﬁpedf:erabl y | ess

t han about .Gron er abl an. abo 5 mcron en nore
preferably (?g@ﬁ %go g %{18\"3}? g &P&Pe FRedsoap g"r %B’ﬂ\?atﬂ om
about 2 mM Gfa@8frnatiGPOttaidInidsirAdiSre o‘fEﬁié st@él*}ﬁd@&tor%ohhﬁ) valvAblaeh@alo ar ea of
the high angl e boundaries, e.g 21, per unit volunme in steel plate 20"',

as will be volideoist Histiphage pﬁfw@te:ﬂnﬁ pbasd 60 vol%do abaut 9@0011%» ofrp picang phase

ani sot ,opy | chani ca ert ner n ness
and DB Oftp ﬁg‘ﬁ%“r’%’ﬁ‘%‘? e}riré‘g Fnregé tﬁ%aﬂgng%f gh %éf al?e’% 18}” m ntemogmtlﬁﬁgélpancake
aspect r at itherebf als used Helgin BB h thatlatngf txﬁﬁ@plwse" ﬂnemtalﬂ ldast thes pakses

t hi ckness, even while refining its thickness. In the present invention,
through t héEorprbphase" merns phicest e shaseer Neither dassterm pEwplnehase mort'uakas pect
ratio of t Q@W@%&%ﬁt qjﬁ@ RLehEdnabl y 1 ess 15 than about 100, nore
preferablyqﬁgss t han a 1 gks even nore preferably | ess than about 50, and
yet even nore prAfsec@abllabrpfoesssed heqordibg to th¥Gnvdation shmentfactmgdiimat he
intercritical rature .range al.s uces ancakin t.he def.orned
forr £ a0t hatSICHATY TR e LB LB OB TOMEA I fylopies alfoving
intercriti @ém@%ﬂ@oﬁx‘éf&ablm B8 el HinBed aaf&atea% hﬁ:%f]b\ﬂﬁngqfablctls effective
grain size 20 ("nean slip distance”) in the through-thickness direction. As
used in describing this inventidabledeforned ferrite is ferrite that forns
from austenite deconposition during |ntercr|t|cal exposure and under goes
def ormati on due ng subse ts formati on. The def or ned
ferrite, theref%@gymgﬁgéghgg a high E o? def ormati on substructure,

i ncluding a high dislocation density (e.g., about 108 or nore 25

di sl ocat i ons/ cnlgarbbw(@poost it sO9BFONG hordhrefesiidgDD30f0.07hi s invention are

designed to benefit fromthe refined deformed ferrite for sinultaneous
enhancéfent of sHERBAYeRe (Mn) up to about 2.5, more preferably 1.0 - 2.0

nickel (Ni) 1.0 - 3.0, more preferably 1.5 - 3.0
niobium (Nb) 0.02 - 0.1, more preferably 0.02 - 0.05
titanium (T1) 0.008 - 0.03, more preferably 0.01 - 0.02
aluminum (Al) 0.001 - 0.05, more preferably 0.005 - 0.03

30 nitrogen (N) 0.002 - 0.005, more preferably 0.002 - 0.003



and toughness. In sonmewhat greater detail, a steel according to this
invention is prepared by formng a slab of the desired conpositi@n)idsiii3
descri bed herein; heating the slab to a 30 tenperature of from about 955C
t o about 750F - 2012F), preferably from about 955C 065C
(1750F -‘+&8@%%§% hot rolling the slab tjg form steel 19 Ekﬁﬂgsﬁg@oék)
001 37689 14 _ PCT/ L' S991 29804 plate in one or nore passes providi ng about
30 percent to about 70 percent reduction in a first tenperature range in
whi ch austenite recrystallizes, i.e., above about the TI,I. tenperature,
further hot rolling the steel plate in one or nore passes providi ng about
40 percent to about 80 percent reduction in a second tenperature range

bel ow about 5 th@h}mmmﬁ:equ:rs@bmeanﬁ@dd@muﬂa@a@sl,_tprtaﬁ%b%y gptib apsdtargrat i on
tenperature, and finish rolling the steel plate in one or nore passes to

provi de abowt”elsngmoreprefcrabluakaw 0Z0videtcdiout PEWIGt-i on in the intercritical

t enperat ure rang t - tr L0 r above
about the Are trg'#;? %(?érgﬁ&m)tlge%%%éﬁ%fe& ragagcﬁ'{?gt%gg{ear gﬁ#@%%ﬁ’é %Iogpg'si S
t hen quencheg.aindmoeoprefegablybisondd.1aitoh easdonabduited.0C per to second

(18F/sec) to a suitable Quench Stop Tenperature g_eQST) prefer ablé bel ow
about 600C (1110FlcopdSh kptomstimespedndiethe geely preteratly apte ghout e WelsT | s

preferably IW] ?gg o2 I\0f, t 360F) ,

nore prefer a%*é; ¥ ?Erﬂ gr?é&groﬁt‘%ﬁ%t%e%g? 'tgt‘gtira/e’ ag‘?%gé‘%‘?}%e?%ﬁ?gfoagﬁ’d{. S even
nor e pref er alobywtbetoaboabbtwt®0C (662F). In yet anot her enbodi nent the QST
is the 15 anbient tenperature. | n one enbodinment of this inventi t he

n,
steel plate is apIOQRE‘c( b PEsferablygn thegranggpe i @ﬂﬂ@?/ambé’uéflt%wtﬁu‘é‘ﬂ’@hi ng
I's termgat ferﬁﬁlx‘iﬁj X4r2Bdut2 ‘n?%sts aﬁgﬁtldﬁ%%nistsggxeﬁ?ﬁes RRedapfe herein
"percent reduction” in thiclrness refers to percent reduction in the
t hi ckness oftetlhe steel slab or plate prior to the reduction referenced. For

pur poses of expl gnati .only, . without therehy li.mting this pnvention, a
Dbl “STab of  abBrobEN i ALy BhrErs Ml But 2hau( el Ebe 300
(a 30 per cepid mgdfiet@mbly abdht &.0006 $4%t8HBEEES.001S wdpge, to a thickness of
about 180 mm (7 mchesL then reduced about 80% (an 80 percent reduction),

p

in a second tenpdhasteckpreigrabdy candains atHeast aprax d wifo niskelt Mskeimaptentof nch) ,

and t hen. reguc . 300 oA ti.Qn)...i.n [ e rature
range, Fso a%cﬁ?%&ﬁ%ggé b@%%g%bgg%%%??%/‘i ﬁ%§§i_red§g eggén&g %8}1%8% g?ér\e, a%gl ab"
means a pi eceldidg SES 1 Wedy additian vi sickelns expested o tovadraled DHTD of theptezf By abl y
heated by a suitable nmeans for raising the tenperature of substantially the

entire si ababqiit dP&E 4b8F)t Niskelonieat is|paeferably lepwthae 8ivwiey npeusqueferply less
tenperature . =Yy I . . f J: of fiinme.
The speci 11 efabou Plud 3640l S Mrdriluf pfilml26 i QbeAoRRI AT Tor
conposi t i onofiihtlsteel.t Haenickahgpataf isIacredved pbeseibout Bwatd, namgangselventeaacknl y

determ ned a person skilled in the art, eifher by i g ~~i~ Zoos WO
00/ 3768% 15_&1_‘i g%ﬂ?@é@@“b&ﬁ 4 9avahie GP “Bgy/"-cal cul ation using suitable
model s. Addi i onaldaiodallp, 480 bRIBR AL Safllilly ERERIAGn thdBegcCCSSAl Y
to raise the tenperature of substantially the entire slab, preferably the
entire sl abPhosphbtmisdByianeuit isgpetatabhglesetpe padwt 0 Inwte bSulferads ) opnthet Br m ned

by a person_sl.ci dinthe a reference to standard indystr

publ i cat i Ongyef@@gﬁgssﬂg?\n "’E’HBt 5-@8‘%%&%%@9&?%}1@‘ lmegﬂﬁa@efﬂiiﬁséga’l 0

subst anti al hyodtloeo@ndiere sl ab, subsequent tenperatures referenced in
describing the processing nethod of this invention are tenperatures
nmeasured at the surface of the steel. The surface tenperature of steel can
be nmeasuredj by use of. an.optd,cal pyroneter, for exanple, or by any other
devi ce sui tgﬂif%esflggoﬁé@%%tfﬁrﬁdaﬁhe surface tenperature of steel. The 10
cooling rates referred to herein are those at the center, or substantially
at the center, of the plate thickness; and the Quench Stop Tenperature
(QST) is thélDhLgwesng ofPBdilbstantially the highest, tenperature reached at
the surface of the plate, after quenching is stopped, because of heat
transmtted fromthe md-thickness of the plate. For exanple, during

processkfg of expeidBRg Mow BRI, 0F., fowdrFin AW AP (H°F) in the transverse

direction of the base plate and in the HAZ, is a key challenge in the development of

new HSLA steels for cryogenic temperature applications. The technical challenge is



15 according to this invention, a thernocouple is placed at the center, or
substantially at the center, of the steel pl ate thickness for cemﬂeﬂNl%B

t enper at ure neasur enent, while the surface tenperature i s neasured by use
of an opw(c&,ls-g%lgr oneter. A correlation between center terrper:aﬁjugﬁzgg@d
surface tenperature is devel oped for usélduring subsequent processing of

the sanme, or substantially the sane, steel conposition, such 20 that center
tenperature nmay be determ ned via direct neasurenent of surface
tenperature. Also, the required tenperature and flow rate of the quenching
fluid to a I %%ew gher m ned
by one sklﬁﬁqgﬂbﬁﬁ?ﬁ%H§“QﬁéEﬁé@?@?ﬁﬁ% ?%ﬁg?gﬁgéF ggy%gﬁF?%gglons
For any stdeBTd“oaspesnaﬂymh\aﬂm nThetpresatthvmnontmﬂlxpesesemmbmmwcﬂmﬁ on, the 25
tenperature that defines ou between th recr stal lization range
and non- r ec@\pying and ﬁ??%ﬂn%?ﬂ%@%Pﬁ‘e&/?ntmm‘?éﬁﬁ@ﬁaatsd?’é SH’BE)‘EW@S on the
chem stry QlontMghe e ﬁa&a@ttﬁawelmamtraﬁ{)mea%aﬂmogastee%tﬁnd the

ni obi um concentration, on the repeating tenperature before rolling, and on
t he anount axbeﬂeﬁuqtorgomc@mmatum properties i thg bpsegdets. anden sloniSAZkad [ ed in the
art my deterntg& %Gus tgnperature for a particular steel according 30 to
this i nventieFnaie experlnent or by nodel calculation. Simlarly, the
Are, Are, and Nslntth@ﬂﬁ'f'éhhﬂﬁtmiéfbsmm% V%h%ﬁm qf ex gﬁaﬁ&‘ljfd?%\% 5%%&@
determ ned by persons 2UU3 768 PCT/ US99/ 2980A
skilled in s¢ad DaBTTfArkearcrympt)emt oatinbmrngmaw@htosrghmegrt:ortsrrsteq)ﬂrhémmEy
experi ment or é% cal. culathg Ehe Ctlﬁ us descri bed | eads
to a high IQFSISFNL gramﬁa%ﬁ MogHx gt e?FFé“P}OF@t crostructure

resul ting fohemmd-ArRclitdl ebntidlied rbMng PrddRBsihgl (TM@P)Smd%@aa@gahgﬁ
interfacial area by providing numerous high angle interfaces an

boundar i es.phRst disrersisnevithin thedine giapsm)l aimed at ﬁglamﬁm theyinderfacish arepiofh angl e
i nterfaces 0, d second
phase | nt orf it PRt LA ToARE) e HELMIAR Aekf HrhBpPBRARE

bainite pacdkéltled)mundanti“gmm"l atdsedrhext:meztrﬁ/dnamamdmt arytsalarwl ret ai ned
austenite interfaces, akﬁg@p 10 ferrlte/baln%$$c ferrite boundaries

wi thi n FGB,PANeryHailine maie ' 8raithBoYRdAnE 78 ey PIICH) MEPSARATON 48 Mar ti cl e
i nterfaces il eoggﬁonaﬁg {dhk *aarlslqbﬁ %ﬁ?aﬁiﬁ 85t eMberk %%HMU&??G ure
resulting fromthe 1ntensffied rolling In e |nterc trca tenperature
range est abdricghersthas sa:rarmmg one grallrafmmaa'xwttm” Mme@hemnt Iaé'htghraog@rgmlhl ckness

direction consisti,n t er.nat sheets of ,softer e deforned 15
fernte and SHRHG" S0 Biri pHECES HAePHaRs Pyl aBPo Erale SBhtras  cal 1 y
iI'Tustrat Edcrzgtaﬂé) grapHlic ofi8AEkSoris Qi FérdY thbfARhn bidu 80S IA1Y0, la8 ubddherein, a

t hr ough-t hi ckness rectr on of the path of crack 12. This is because a

crack 12 th&tgh snglcrbomiae'cbrr mtetfaee"sefafoeunmgenﬂetfmcrtbd difectiyalp bahnves or

i nstanc chan nes changes ons ngl e

i nterfaCe %@f’vvg%l% gt%%"%‘é‘t‘*&%& gled i Seﬁ"r%;sé’“lzf‘ gghag frr?CPg’g%%cnaI% phase
16, due to ;zrm HIAR, ﬁuﬁé@rt@;mosn%hemﬁaemfmpaﬁ cl eavage and slip planes in

t hese two phases The third ase of retained austenite, occurri n]g Wi t hin
the second phaseThgcontgbytion EHBAMER tethg total inferdacigliases afdthe hphiagicexcel | ent
interfaci aI tdi iton rather than
interfaci aI e Ong}ﬁe‘?’ﬁgkgaﬂ]ﬁ%%l, éeq%’%@i’ g%glrogéﬁg%ﬁﬁ%%}ers t he second
phase 16, the crack 12 propagatiqn is further hanpered as described in the
25 fol l owing. For the Smsgfb'ert on®-63pt130)1 ath martensite/ | ower bainite
second phase, the lath maftensitée/l ower bainite in the second phase 16
occur ags packets wi th high angle boundaries between the packets. Several
packets are formed w 'e a pancake. This provides a further degree of
structural refinement T éadi ng to enhanced tortuosity for crack 12
propagation through the secdpthepdverage kstehitegrair ige frnEaigelled Reclpiaket 30
width is the effective grapﬂoxstozrellinlg ih ARSRIPefhQe rhkicd WIS cir Adtdnite @8 a

significant effect on the ﬁbtex% Wﬁ]s{eﬂﬁh ARGHepnd the DBTT, wish
finer packet w dth beneficial res tance to ¢l eavagg fracture and for

| owering DBTT. h~ the pres nve ~ =~ 00l 9 I7
PCTI US99/ 2980d t he preferr?ﬁaéé SKC é‘g {a%‘d’{‘ﬁ“’ia%s‘te%lgsgstt\\ﬁo‘ﬂms*ﬁ
m crons, nore preferably | & e 3 m crons, and even nore
preferably | ess than about 2 nlcrons especially mhen t he packet dianeter
is measured in the through-thickness direction of the plate. The net result
is that the crack 12 propagation resistance is significantly enhanced in 5
the triple phase structure of steels of the present invention froma

conmbi nation of factors including: the lamnate texture, the break up of
crack plane at the |nterphase |nterfaces and crack deflectron mnthrn the

o o o v o .. S o o -



t he second phase for the crack to overconme. Furthernore, the retained
austenite filmlayers provide blunting of an advanci ng crack resqutjUNg'l[mn
further energy absorption before the crack propagates through the retained
austenite film]ayers. The blunting occurs for several re hi.st, the
FCC (as @é}éoﬁéﬁégher ei n) retained austenijpbe does 15 not exﬁf@?@s%g%% -
behavi or and shear processes remain the only crack extension nechani sm

Secondly, when the | oadl strain exceeds a certain higher value at the crack
tip, the netastable austenite can undergo a stress or strain induced
transformation to martensit adi | sticity
(TRIP). TRIP can lead to sfogsgllh%lp%éjﬁegt %ﬁ%%g}gz%z&g%r %gb%hégga@g\%&?he
crack-tip stress intensity o388 B g FPerathes TALFeHn P ebanstente 0AS Y or s fr om
TRTP processes wi || have discFet@HEC orientation of the cleavage and slip

pl ane than that of the pxe-existing |ower bainite or lath martensiie

constl Fge”t S _maky “sqwéﬁgmg&r&%t&aatr{‘th%{s‘?m% K3 to'f%"é?e%al i-mfeals:eﬁhh@)é’ﬁe present

i nventidn can be & Mnor or a predom nant “constituent 0 € second phase

in certain gohasisiand fo ahcll deldeiion and the Auteidahporudisy inGR Pictireathtat pr esent
invention has a very frme grain size m mcking the nean packet w dth of the

f me- gr ai nedh¢ high apgie ewsdardest | Incogmagreialdl MGRaragtige the aalyp of Ssisrlineddere
descri bed ab f o i - nd/ or
it coot i ng e pEEmiEeIRd e Thistiinlirer U ANEYEY B9ghcnl, 39, Sl

i nvention, fecdechsds!fyr & ande, Gerbrbngfheaubdtintislly merédsedby deekedsmgwhess t he

total alloyipng in the steel is |low and/or if the steel .30 dpes not have

suf fi cil@nt ovidenb&omy the aBgyosAuating: Todeggass e ihsirels acqaading (e REESER oxi de
andl or nitrj ohNTE-RESHick NG . Fpg rate for

t he quenchiﬂrllg&gr?é’ 'tr&e ovecka ]lw’p a%gsc g%@?&g&@%@%ﬁ&%&?%%ggpa m nor or a
pr edom nantpractiete. §For tid san2@EA31 WDoDH! & 26BRtG:8 durifadiot wSHas/defdbdattmnst i t uent

of the second phase.. Tn { resent invention, th referred a rain

ol 6 of ¢ notEbBICE tobdally e 3EgaE: SIGF SO el GGk B g Treded: han
about 2 m GheRge a%@t@nﬁé’%‘ﬂid@ﬁ& PhakrRra M thid BSsntioRaRe 8ROk of THING' ON. _

Adj acent grains of the FGB form high angle boundaries in which the grain
boundany seddrtznsare optimiged Sydaw Bhepting prctitrowhileprpdueing Sgdspitd
orientation differ b -t:han. about e . boundar | re quite
o foct ve rrienl et B bR e INERCRER B A c A SRR C
of the pregeatrehitRiptte@Peraturéprafeibb@pdtRedPiioti $IC AEAYBSutAQ0ga % t 0 about
95 vol % bainitic ferrite and up to about 5 vol%to about 40 vol % di spersed
particl es dfi 7593 u2@2°D), i uset tombtazmitially an dveregeadustadita geumsize B! oflesst he FGB
a o of the present .i.nvention the rtensite.is. preferably.of | ow _car bon
(< 0.4 ve oo Bt Je Bt aroheeEiler ey £ bepRif ety Bot@inke

di sper36d rRtaidiegtcihsd i@britRn albids theéicenbictlapbemitad 3w BB reuliss
beneficial to strength, toughness and DBTT. The vol % of the

mar t ensi t e/Fendhevsr efllygearireheativg dempagatines, lien grestertiem dwnt VK0Cdependi ng on

t he steel i\t : ' but i f. bly .l th bout 40
V01 % 15 moROY A el pcBeC T TRk, S Rtmost oy F AR BR OB T of or abl y
| ess than re 91%? h%\&‘;pe} BesshiEBctibieoaBe! GBS LB & 10VAIE 8lp RIS BB

particles of the FGB are’effective in providing additional crack def%eection
and t ort uoshatyollinghn the tempE@BIre Ahngeon g dhirastenity styistatliags.aRefgppraszaohes

descri hed ab ful for l.owering DBIT in the b teel plate, th
r o not uog 5k PBE PSSt ARardiRE LR e P RS AR A e St AR e
coarse grai gath §i89D0Ee.0f ) o esehesh A0 50 i Fons! }8fcPALRS RBS thaf WB&I30N

provi des a nethod for maintaini ng sufficiently 'l ow T in the coarse
grai ned r egnironsyfevemmongeprgiaralyhess dhan| abevtr g misranisparideeven feae pregarakly| oyi ng

el enent s, described i n.the follqw » Leadi fert-ptic.cryogenic

Cenper at ur 08t fanabarel dRicke o i wedyteBan: e ol LehimighiRoe sl
lattice. Wiehfhetdtin® rahySindhhis shaamifreaystaling, BatRdr téhotroNingi@Wedi Ng hi gh
strengths at l'ow cost, it suffers fioma steep transition fromductile to
britt| e30f r atsmneratbsirangom vasich hustertegiseninetrecrygallisave Additiomaliys topedure

f undanent al | ttributed.to the strang, sensi.t.ivity..of .the criti.cal resolved
shear st res"éﬁlf%?fé e%ra’é‘fs’llzﬁéﬁé%&p i]ﬂ%etqgmflg 1 ?lg{efﬁl%\rqcﬁo%%ea%getdg. PBSwher ei n
CRSS rises plcegibly edcbdiiy SRt 905 cunuldRe! AEBATRE Yheintthele )érdmjé'r:ﬁ%ﬁt he
shear processes and consequently ductile fracture nore difficult. t he

ot her hand, the critical stress for brittle fracture processes such as
cleavage is less sensitive to tenperature. Therefore, as the tenperature is
| ower ed, 1 ~J UN 2003 WO 00/37G89 19 . PCT/ US99/ 29804 cl eavage becones
the favored fracture node, | eading to the onset of |ow energy brittle
fracture. The CRSS is an intrinsic property of the steel and is sensitive

b S o, . o o I Y 1



15 the HAZ after welding. DBTTs in both the base plate in the transverse
direction and the HAZ after welding of these steels are |ower tham g
-®&C (-80F) and can be | ower than about -107C {-160F). DBTT can even be

| ower t hgygy @Pidée - 123C (190F). 20 ~2~ Tensile Strength G gat©psdoages 830
M'a 1120 ksi~ and Thi ck Section CapabillBty The strength of triple phase

m croconposite structures is determned by the volune fraction and strength
of the constituent phases. The fath nartensite/l ower bainite second phase
strength is primarily dependent on its carbon content. The 25 strength of

t he FGB | t Al 1.oN: | [ dt
e o SRk BRI ety B WS R SATHL A BNREL PSRl o0 10
del i ber at t t ' M0 ' il

del | et ot © selhai ey P2 ERNel DB SSER BULEIGR PUSEIBERISK
strengt h i smohbmdanad] pahcakersauatureialaystenive iaarfidsh otlad B¢l piité ROt héthatetendant
advantages in weldability, and excellent toughness n both_ 30 the base steel

and in t he feEtierlvesTain sizednsin the Srpyahghicknes dyeeianes 2o RHRCMSERIN830 MPa (
120 ksi) a hgher., r i , i erably in
t he ran%e g?z iﬁggagsggﬁ\j%%ﬁgnggxfgiagfﬁé%ér%{}g/géﬁ%gf;sﬁoghgc ?rgl\ilségg cﬁ%/ sel e)éti ng

the 1 g JobfelB0B1sADHORI 40689 nerons, BCH HWGRH2RABY kppthapibat 8 ricrinsh

roiling tenperature for thgvi r}t rcriti C%ﬂ crolli n%. A m, ni rum of about 0.03
W% C is pridfigict BN MOThRreSably fomyahogy 2 misTons 1oADRPNYMICPRS H¥Sst rengt h of
at | east abhowu J I; ' el nC in
steel s acc%%’%%%ﬁ (t)ﬂ\gt:lﬂitésri}al%%\}éﬁrﬁai)oghh\égirléﬁg%ééugﬂngg?(%é?g;alﬁ’ﬁ’c%%gggggﬁal as
regar ds t henmsteel plame 20',ais wablbe usderstogd by thost bldlled methe att.hese el enents are
desirable to praxide the requjred thick.section.capability for plate

thi cknés equal ?)IIBPJDQJVEQP@P{I?W&BI%%BEQ’CQS’TW{% “Fﬁ‘_érf?)'z_‘]éﬁﬁcgl%ﬂ"cﬁaﬁeange of
cool i ng ratgggidRst ARIDEIT R M6 @asdvese iirgetioR 1tiid MelpfAlioSminmizBWRY pARikeAS t he
actual cooling rate at the md section of a thick plate is lower than that
at the sur fagpect ratha thatde.dbe meen atie odpan@ke kagthue fpageaka tiickness, evercwhile hus be
quite differegnt uples he ;steel is. designed to imnate:ht sitivity
fo the di  reramedt fREob 15 e’ B PRBN oo Entp BB B R ERT e ' of Ve
plate. |n thirsmétegadsdiesdlibearistrédh, tht hpyitigti@dtiint pam@kesio tleptgpefetadly iesd he
conbi ned additions of Mh, M and B, are particularly effective. In the

pr esent!di nBaR Abapt 10Reergprg ety ies than agwr?ﬁz@@nmre Resferablydessithap

wel dability 1 ) 5cAs stated previously in
thi s speci faibggglg%%g&regreng?ﬁéoﬁﬁe&g IG?SZ‘\E/‘VQ’%?@%%H ng DBTT, it is
essential that thaishoodingaGGhaintayiting] @dobetatun sarige alsepnduces 4pancakinginm  The
preferred chem st targets.and rapges, are set to neet.these and the other
requi r ement'8 tggf g‘fiﬁ?[fge‘?ﬁ%ﬁﬁ ﬁh_ﬁ?ﬁnﬁgg?’cﬁ? a‘fsbe“btéélie"g‘ﬁn‘f%l%m(?ﬁié‘ﬁflgt?}ﬁ of the
steel s of tiifRreftRReBkpdsiYeE Wi inttOmAL.d3 €8 MRink; R it§ bIfERRE Rrandizt hi ck
section capability for plate thicknesses of equal to or greater than about

25 mm 20t Hamepeeshp fitangellsiafthe throughtibickiass dinectiony dtiseshintdgseritiing this t he N~

paraneter, . fi . i i.n this Sk of alloys. .This

oy anet or ' (iretn B tordie i B A B LR s SRR e B e QB R orBen s i n
the steel tiateperitibalexpdivire anbiiderpeds d¢fbidvacine o BétesllingRatisdgnalid itd y and
strengthening. I n order to 25 neet the objects of the present invention

wi th regar dorgaden- ¢ hbe deforared Firdie. Werefqrerpleodinsinigh jegreanf deformatipn ef er abl y

in the ran ahu O f.or..steel it R8 tive B
addi ti ons, g"g]rll)g&llls pl’iel}%l?(g %8%@%@@%%8%’1;%? (ggbé?gﬂé.lg ?1{)&]%%5 for steels
wi t h naesaddiisloBatidvsfom?)y @fteioatitsystrefigth. Bhe setlabNibiginsépharadaigding to this

i nvention i reater tha bout. 2.8, even nore preferably greater than
about 3. 0. Ntr}alﬁﬁgigre@ ] %ﬂ@f?@ﬂ?& fergitg fW§‘WHVé?ﬂqs&ﬁhwcﬁlﬁ6@t°f§§Ha%ﬁhB, N~
preferably W?‘{g{] &k than about 3.3 and even nore preferably greater than
about 3.5. I1'e"Tower NC values indicate the steel is nore prone to

form ng a secondlmpsasevhdt greatetaistaiianttes] cddingdo thieinVentydl is@repafedby, f ~' t ~
~0~3 WO 40/sé7689 2%'1 PCTNS99/ 29804 ,  is increased, the steel is prone to
provi de a SOFBHRE HRERET e ‘S?sé"ﬁ FRTARGSIHR %8 idgecrhed herem; heatime the Hadnigiat e or

provice S | j : |
St ool o B ¢ reppRtiEle i Booita95 ot 0B X0 56 L B6T2-Rl Bl by A2
than about ghdut DeseSicMdut Wos4PC( e - Mo 51908t trd18A8 1RhbloTofREiestt €€l s

wi t hout added B, 5 when processed according’to the objects of this
invention result in a second phase, predom nantly, of fine-grained |ower
bainite/fine-grained lath martensite. These steels and m crostructures are
particularly suitable for strengths exceeding 930 MPa (135 ksi). On the

ot her hand steels with N~ in the range of about 2.5 to about 3.0 for steels
with effective B and in the range of about 3.0 to about 3.5 for steels with

- A~ N o S b - Y M




(31 Superior Weldability For Low Heat Inbut Welding 20 The steels of this
invention are designed for superior weldability. The nmpst i npof@aiiii 2003
concern, especially with | ow heat input welding, is cold cracking or
hydr ogen I in the coarse grained HAZ. It has been f | or
steels oﬂ§@§§5%$gsent i nvention, cold cnacking susceptibiI?€£E§ég%$9{ically
af fected by the carbon 25 content and the type of HAZ m crostructure, not
by the hardness and carbon equival ent, which have been considered to be the
critical paraneters in the art. In order to avoid cold cracking when the

steel isto : I

T ) o R LG cHAE Bl Bl O BECERL O Bt BRI |

| s about D th i1 G rAIeGh WhicH éu@&ﬂhf Hc?@lsrtdll,ri‘&s,tile.,SaHoW‘ﬁ%ﬁtQHe'TJ‘n 30 any
aspect, "low heat 1rput welding” nmeans welding with arc energies o "up to
about 2.5 ki e%x%?ﬁﬁﬁferﬂbtlrbl'liﬁgtﬂ?cr stéelgga{é”mo_n@%r thotd padedrovididg Gbohitd S~
1U03 WO 001 37689 22" . PCINS99/ 29804 Lower bainite or  auto-tenpered |ath
mart ensi t e 40 perostitoabontdd pefckrtreduntioniinn sewmsid s¢rprraturorangt telowaaticung.

Qther alloying elements in the steels of this invention are carefully

bal anced, ci tamneretuyd and aboiee haptida 44 rgnsformation terepryetire, endifingdent s, to
ensure the formation of these desirable mcrostructures in the coarse

gr ai ned HAZIollRg thegtechplatnyin ege £Y Watstassdsfo prvidsiabept K percarido pbpwt 38 t he
various all Qyi . o] I L0 ' oncentrations
for the pr egeﬁ ir%@é%?gﬁthgﬁrgeéﬁggﬁ t‘%;‘ef ch\‘r}\tr(taj gel%h@a‘ﬁ%‘ﬁ%bg}‘e‘ihé ‘A%he of the nost
ef fective stagfighhineionngmpéretiRing aboveitmt thel Ar; hssforemiioniedpavatdiet fThe St r ong
carbide fonners in the steel such as Ti, Nbo, and V to provide grain growh

i nhi bi tion ketgoBed#trglinlate ivhersqueapkadé aicaglingmtdafrat gasbatonh 40 Leper
hardenapility, |.,€.-,the abili t 0 m har der _an ronger

m cr oot Rlot teread [ FisecEpdaimty Rhthecuth Agmorrnh RS BERMPER i s 1 ess
than about £hddde0b 6 (11110PH). BRI RErlebB@imeh® of tid bR bn, e OFduce the
desired strengthening, viz., greater than about 830 MPa (120 ksi) tensile
strengt h, | preffdrsblgbeRiw abdut tHe@Vcraldfoimadoh enliperaugptad 200°Cha60a)phtord. 12

w % generally the steel is susceptible to cold cracking during welding and
the t oug_hne?fefér%l&Myﬁ%fbﬁatibﬁteﬂéﬁ%melp&xsel ovrd (14PFH ARGVl HbRg. Car bon
content in the range of about 0.03 wt%to about 0.12°wt%is preferred to
produce thepReghngbeldd agfit B3ECABEIUS! W & an¥ihér smbsHiRehBeyFis!tat h
martensite and | ower bainite. Even nore preferably, the upper limt for
car bon tont embiensteaiperatu®. Oyons Smbadimertied hds inviehtions the steelplate s albaverdhener

in steels apd.alse.contributes stropgly tq.the hardenability. M is a key,
i nexpensi vepoa"PT %%?ﬁ%a@%bﬁ féglr?e’ia urﬁ?ﬁ%é%t“&l%%%?%“%ﬁé in thick section

pl at es especi al | hsad undegkitdddbynisss siiifled Mabeark|8he8 hebdif Mpetbent pdilukgast iho a
reduction in_strength. A mninmmanpunt of 0.5 wt% Mh is preferred for

achi evi ng t Reclgess TeEEs t9ingrreatredisHemin; the fcknessioh thel stasbslab explaiedinioy tahsut 25
mm {1 i nch) 1.0 9 ] e
preferred. ﬁqa&z}g)(ﬁr £ :f‘%é%{sc%%'.]f’i: %Epuﬁ)tgzsiéss?) ?3%%1%%%% ggﬂ\X/tOYyo aor{?élﬁ%é%@r}oﬁ%{gﬁsg}eﬁ% erred
for higho pl atventiin, esigthslanal apsun @84 ainm(} Ofihehes Jothickhass amyMe redized abswa38% c
effect on hardenability at l.ow_C levels of 30 |ess ihan out 0. 07 %
However, t of? tHRFCHRT ﬁ“%lﬁélﬁu‘ﬁ‘Eﬂmﬁebat‘t‘rﬁtﬁ@ﬁ"re@§,‘h‘§]6“féﬁ°ﬁ%ﬁ@?IW?ﬁﬂE of
about 2.5 wd i 1B o ' i ' limt is
al so pref eﬁnﬁkﬁ?éﬂe@gé@gﬁﬁ%ﬁ%}%&éﬁniﬁ) nge?nggrc]lF bet?b;ﬁ?a’ﬁﬁehgée%)rn ggéal??%%gﬁlat t ends
to 19 , i Urang2,@0 aWGckiys87Eout33 mmACH/ini$9andIdddedred about 3% gl 30h and
continuously cast steels.and. the attendant poor. m crostructure and

t oughness p\égﬁé‘? trf:chguaxt\),%tggéWr re{%e,ﬁg&ﬂgpmf%pg? ’&ma,m‘ﬁ}l‘?e upper
im tfor MaGRN! Bikin] S Wtk phectlclstcb naViufll dRABIGRIL, 1 5 | neT eased above
about 3 wt% the desired high strength can be athieved at | ow additions of
manganese. Ther eflbe eteebslilnis arefaraldylheatatidey, a smitable nedansufor 2aiSngtibtompgahese i s
preferred. ilL'con I .,js,added to steel. for deoxi.datjo urposes. and a

i mum of - BEBE ARy G SRS R SF Ry s en e, AR, s (s a
strong BCC sdnafirdthieCt.o 289 plabius tealabes a BRAdceaBHa flrRA JTdnamiRdyetige ef fect
on the toughness. For "these reasons, when Si 1s added, an uppéer limt of
about 0.5 wréhesing temperstwe thetkhoildibe upadefbrargbitse] cdmpdsiteoruwipken the range 66r S

content _js about 0,1 wt% Silicon.is not. a s necessayy .for_ deoxidation
e apbin TGRS s Y JPRTERE EakBePanRaT gl O b TR0) | o
added to pronote grain refinement of the rolled mcrostructure of the
steel, which inproves both the strength and toughness. N obi um carbi de

precipitation during hot rolling serves to retard recrystallization and to
i nhi bit



15 grain grow h, thereby providing a neans of austenite grain refinenent.
For these reasons, at l|least about 0.02 wt% Nb is preferred. I—|0\£\jeyrg q[ﬁ\lb i's
a strong BCC stabilizer and thus raises DBTT. Too nuch Nb can B& M 2 ul to
the wel dabhlypsyesgnd T-~ A 7 toughness, so a maxi mum of aboylrQisdo sl i S
preferred. Mre preferably, the upper Iifit for Nb content i§ about 0.05
w% 20 Titanium (Ti), when added in a small anmount, is effective in
forming fine titaniumnitride (TiN) particles which refine the grain size
in both the rolled structure and the HAZ of the steel. Thus, the toughness

of the ste i b b Sci L h : t he wei ght
eéle'eﬁjﬂchJrQ)‘fr‘%glcufEho% %n?gdsgﬁ%)lh %10%:‘%% aA%g%tW thd Ritfack

ratio of Ti/Ni1s preférably abou N BCC stabilizer and

t hus rai sescbptpiurEdsksbeanag Timetnecagsary & wetedhe ompetmtrb of suhsghnadlysh@5 of t he
steel by form ng coarsey, Ti N or titanium carbide .(TiC rticles. i
content belGFaREbOTHEHY T 9G5S TbeeG FriRer e rr s eI | ne
grain size QiethlifedW 4 8so skillel BAnS b8l ré!%re?ibé‘{o%ﬂnhﬁrdqﬁ&?suwﬁBli&E@Hsti. 0.03

Wt % can cause deteri‘oration in toughnesSs. Mre preferably, "the stee

contai n$ at | easExeepbior thg. rélicatn@iciiperatude, vohiclpappliehtorsubbtentially. thentireo Ti . 30
Alum num (ALl is added to the steels af. this.invention f.or the purpose of
deox! dat | orfiEons P EANEY SRR DR AR SRS B PErrORE MRt BRee, and
at | east ahibnifdnlke Wnifefrhures mRYSRed R e RIredc8or e stédl. tTheSulMiteni trogen

di ssolved in the HAZ ~ g ~i IR~ 2UU ~ WD 00/ 37689 24 _ POT/ US99/ 29804
However, AteinperatereodsigelB@Ths mepsured ey usmef atpsicakpgemeBBTr exdmplpeorAl
content is,too high, .i.e... above about 0.05 %, there is tendency to
Form al um Mool 08 dexiesuir s KE raditing oR uttes. empriahac 26 At AT 11 o

t he toughnessiliaf riteeresdrfalto ki 4r6 tHdde at EBNIeR) 08 sistirRiaflaY theldBftet RIEN
limt for Al content is about 0.03 wt% Ml ybdenum | Ml increases the

har denabi | ithg péate ridapssyandiihednenehudiar HiemperatuisdSID i thedigkesbionat i on with

boron and BT IURNRLs, Wil RO SRESIAL e MR 1) ses

DBTT. Excess cracking on we and al so tends
t o det eri orquiegching it oppedclsceande of heat staashitasddrdiAthe mal-tiicmebbof the pticked, a

maxi nrum of about 0,8 W% is preferred.. More preferably, when Mo to is
added, t he KRBl CRTBEPREEFIBE Of XSHRCTR ettt o RBESHEPREORHAE { han about

0.3 W %M. 5cEhF g fgﬁh@lﬁﬁve&lﬁeﬂﬁa thémlR66R83Epabe Randenadyl bt dnbs@hualesl on

di rect quenchi ng. al so i nproves corrosion resistance and hydrogen
i nduced cr db&icemfer, ldf Qe stashplatedthicknessiaridenter tempdvaturemesyirsmenty whidhiths t o

cause cold (I:Jr%ckiten ei 15 vveladma ts ! (% tegdg to deteri oratglgt he toughness
of the stedl ™ &Ma “EHZ’S?S RRERPYCHCi0d 28 FREE PYTHBR TSI elEst 1.0 w %
Cr is pref afetwden Mt t@hpdr@iaaddnd suhi@nefapetafurd dl@deldpea 6 ue@tiapt i s about
0.2 t%to about 0.6 Wt% Nickel (Nl is an ir{gortant alloying addition to

the steel s YPseqEnRIALESHNE oA thesemePrisBbSMtially the sange $tack EOPBTSTUOL SPEC al |y
in the JHAZ j : i d i eel. Ni

addi tion tc}h{li%énz%rgégﬁpegéltﬁgr}g@g%t (ﬁééérg?%é;g‘%g Fﬁ%c%hgﬁltu héélﬁ%%% ff‘%\{%%s DBTT.

Al t hough natmiperdtire. ddwoethtegqeardasnpdratandaribflaedate ioftis, quidnchiddifluid t o t he
steel al so pronot.es hardenability and.therefore through-thickness .

uni f or ni ty 4ROTRP Sl b el raéc%lFF&?/eSF(%g@?& Takg may be deermmedhyons skilled in

thi cker thag &2 j ) i6&Yd Ng the desired DBTT in the
wel d HAZ, thg%%rﬁungﬂgl?%é%{aﬁ%ﬁgﬁsﬁgﬁuﬁ gglgslbl y about 1.0 wt% nore

pr ef er abl y about Fdr. dnywteth compesitiomwehiprieé emgbbfthalpeasentdnGenitontt®e Since Ni i s

es | i ABBRETSAS Uik Sy e bpirERe BT o BE oo A HBO ISy o5 ror

DLt 7500 Rl At RS SB  haY of BB
particularly the carbon concentration and the niobium concentration, on the reheating
temperature before rolling, and on the amount of reduction given in the rolling passes.
Persons skilled in the art may determine this temperature for a particular steel according

30 to this invention either by experiment or by model calculation. Similarly, the Ar), Ars,

and M transformation temperatures referenced herein may be determined by persons



30 Corner (Cul is an FCC stabilizer in steel and can contribute to Iowering
of DBTT in small amounts. Cu is also beneficial for corrosion and1 | S 2003
resi stance. At higher amounts, Cu induces excessive precipitation har en| ng
via s- coRp 176509 JUG ~OD3 WD 00/ 37689 PCT/ US99/ 29804 25{@3@

This pr emg 021%3n, if not properly contreol | ed, can | ower 8 ness and
rai se the DBTT both in the base plate and HAZ. H gher Cu can al so cause
enbrittlement during slab casting and hot rolling, requiring co-additions
of Ni fox mtigation. For the above reasons, when copper is added to the
steels of t i

preferred, Jylﬁdﬁﬂtﬁ%%gtrﬂr%w@&#%}gﬁ’étbg“mv%%/%%%%er%g ﬁ&#ﬂo%opreferred
Boron B i n maadllcalgubiioht i es can greatly increase the hardenability of steel
very inexpensively and Eﬁormte the formation of steel mcrostructures of

| oner bainite an@& IMCRpractipe thus deseaiped #a@ﬁr%«hlehvalzs ofrmv( 1A4denaysect i on

pl ates, |, L t he base
plate and t emc%é%ggeg%grﬁ%%ﬁ%;&&gﬁ@rgﬁy, ’gﬁcréézg%l%ouﬁ%g%gﬁ w%Bis.
needed fsor ihbreasqsuhamexfadim@neabgrmvnchn@ﬁidﬁdoﬁ@mgh erdls iiérfides and nventi on,

from about 0.0006 W% to about 0.0020 W% is preferred, and an upper limt
of about O.WOPIaRED, T oA Wﬂtéobtr@r@bwamngéméwm%m #gle not be a

~required a Y, uat e

nar denabi |1 Py a8 £ B TRknE haViond hiube fertrindt Bfe BARYPRETE A PLES o
STEELS ACCGRﬂdafakslé‘s dréd, Within tHe\dedddPhade, 300 nhdrtentiedibwef baiaithipackem cal al | oy
shown in Tabl e s, vacuum i nduction nmelted (VI I\/Gmécas into either round

ingots or s %é‘ala?s thmaztepsiiedlg WighPaigite and ketpiaed puersh Or YDy ged or
machi neg tOfeﬁ%gfb%ﬁtxé’lferﬂ?eoodﬁﬁhﬁ}%sa@i@mﬁ‘ﬁdﬁ)%ﬂ?%hﬁﬁﬁ feAi€afd the round VIM

i ngots was subsequently vacuumarc reneltéd (VAR) into a round i ngot and
f orged i nt omartetsilo/retRiredsinsiositaearticlENDRrfpeas o6 8se BGBpasfurthibodistussed ni | | as

d i bed bel h h t of .th | 1 d
descr 0o, el TRl oty SR BRI R A ST SR 2>
(W % 0. 0600icRfffht e 3en bhigKdv: ankidch o Gdmihik-shddruRSh thON

(v~~t 9% 2. 022.992.073.301.98 ~ ~ ~u~ Zcoo WD OO 37G39 26
PC | r/ US99/ thogeh-tivnmess dircsBen Fonsisiingl of elierpatpadrgpstaster phase deformed

(w9 0. Ba2oBsa 0s60rpsdor oM TniSpia bl Mhaslathy rred in
(Wt 9% 0. 0130FX3.30162a@9 to SighifidtntAOBUSkitly\ih Welhfbhgh-tKitiafesOfit€dtion o0 tH3QpAth of
gﬁ?gjp?ﬁ;)]é ?%%éég%ﬁ %}1141 g%iggj;g(g%g]@ 17[&3 %36 i]fu?ti]'ate% mn the softer phase deformed

(W09 - - - - 304248383, 0 add2: BOANTRE, Bl e bighShgfecheat ed i

a tenperature range from about 0C f oabout ~1050C (1832F to about
1922F) f or ainterfacg lﬁobctwgpm &xe defornted ferrie phdseldlahd tigacomddihage 16 dubity TMCP

schedul es s in Tab I TABLE 1] 1.PassThi cknes .at ur e,
g ol [ L R Tk R S
973972210091614%%39&41119@3836&%' adurfitg Viti6E s@Bnd Heass 16638284 waA#867
871870 g@ t~ LCU3 WD 00/ 37b89 ~ PCTI US99/ 29804 TABLE |11 conti nued

4 7285685985486l shosintar§es 34 b 84 eniosteseabigrdss 7B aad this forces crack

e R Sl A LSS SR T

Tenper at ur ethe-secorid)Hasa g6 1Bt erath 1 Dpforaphtd’e 2022 GaaPase ak descibakinats
m cr onsB 083..022. 673. 263. 28( neasured at'/4 of plate thickness)
following. For the case of predominantly lath martensite/lower bainite second phase,

the lath martensite/lower bainite in the second phase 16 occur as packets with high
angle boundaries between the packets. Several packets are formed within a pancake.
This provides a further degree of structural refinement leading to enhanced tortuosity
for crack 12 propagation through the second phase 16 within the pancake. The packet
30  width is the effective grain size in these microstructures and it has a significant effect
on the cleavage fracture resistance and the DBTT, with finer packet width beneficial

for resistance to cleavage fracture and for lowering DBTT. In the present invention



s to 15 The transverse tensile strength and DBTT of the plates of Tables I
and Ill are sunmmarized in Table IV. The tensile strengths and DERT?\”‘ 2003
summari zed in Table IV were nmeasured in the transverse direction,* g a

di recti omotobstesvs in the plane of rolling but perpendicul eeThgss/tsopl at e
rolling direction, wherein the |long di fénsions of the tensile test specinen
and the Charpy V-Notch test bar were substantially parallel to this
direction with the crack propagati on substantially perpendicular to this
direction. A significant advantage of this invention is the ability to

obt ai n t hethBBFdferad uran puckarvidds ie3s thakbbout ¥ thidrdnd gmbrepnsféabBelesh recti on
in the manner described in the precedi ng sentence. Follow ng the TMCP shown
in Tabl e Ithpn abeid 3niigrens, pOé evieremgre pefarablydlgspihen gput d mperoseespecialibout 10

Corpr i oi ng" B HARRHAT rE SR ELERY 4 G bl B v RRS BEVRRRE . o
(ii1) abouthédn& reailtdsieitahaedcials pepadatiohaysistsncatis siphifieasiyt @hhiel in

boundaries. The other mnor constituents of the mcrostructure are FGB.
Thus, the the érplstphass Siretye oppigels of thepresemanygntiondromee eombingtierhef sfi es one

t the enbodi e L Lon. . . ? oh
Ot ot b RElTE R Rl i Bl RB0, ind Bl LEBE LIS bHRFRARL AR |
ot her handintepfts andpdckleRedtiorBRithiB4hegedodDhidbe. 2Bhis (eads to substantéalt 00~~ WO

001 37689 28 PCT/ US99/ 29804 have varjiable mcrostructures that all neet the
obj ects ofcraRp&in HYand cAeauantly leads iq lowenng phleBldnge from about 10 vol % to

about 20 vol % ( fy AeleRlNANGLYa0E 85 HRE LN Bl RRcARdoRGASE Of

predom nantly up to out vol % e anount of retained austenite in
t hese pl atlmisiaerpite martensitesiaterfacessdisoegffdo atditiosd hi glaam ghddaunhd2rids widlifio i n al |

t he sanples. The other _mnor constituents. in all these.four plat i ncl ude
fine- g?gi n‘Z‘H spepnd Hﬁ’&?? g’ﬁéﬁ? %r.acﬁfﬂj%‘ferctoﬁ& }“&F‘E‘E’&reé ?feé?‘ﬁed;%?qqg? %z‘ﬂbodi ment

wher ei n t hgysRGRHAIP BRGNS ©rBh 8RR r&EBing! il fhiies ef@ES abddSptid €ngth i's
sonmewhat | ower, in the range of 870 a to 945 MPa (126 ksi to 137 ksi) but

once agai nbafhee the crdck podiagates trenglethe retainghausteniteBdmdayerny Phedvlontengpl es B1,

B2, B4 and BS i tially tied i th the hi in.th | at
e odRs RSkttt Pealc A RelB oD BENRS R BpOSRE e
B3. Thus, adtlexhlieSPBIITcbavibrbifid F{ddr pracdsbe rememant balpterRR eartdsiphase

m crostructure have partially effective B and/or N+ below 3.0, both of

whi ch pr onBeehamens Sesandhevisn theadgagiiain exesedy peartudn Wgherrvalug & theyvent i on.
Ref erri ng : & I d i i crostructure of
15 steels %%Elgfﬁggﬁt%éa%ggn%@d\}mﬁtcﬁn% éégfgg%%sﬁlggg %ﬁ?ﬁg%cpv\hen processed
accordi ng trandfbenaionedo nsarhsitdlesding weTiR asfornmtioe p ledeat Bhstigitya TRIB) s ssi on

el ectron n raph. The transnussion el.ectron m ¢grograph of FIG shows a
m crostruc g‘trﬂg%@bf?ﬁ? it%Fl_ﬁBﬂ{féPbm q%é?q"il?‘éa‘ﬁl?wﬂ ﬁ\g-cgq‘g%i’eﬁfels%’lnff"ﬁ%"t ensite
32, ansl r efgiai9dhatith Sitred sidSthat foinss FbAIMISIPIP6ddEa wilihat¥ @itfeidit hi gh

strengths (transverse) of about 1000 MPa and hi gher 20 with excellent DBTT
in the traodentetien of thecldavage Fnulslip plave tHanChatof Preepreisting laveabpinge of a

m crostructure of steels.wth rtially effectiv and/or low | ~c

accor di ng iaghWSW é)Ht“‘til%l_ﬁmrs_ﬁ’g ! lﬁ%c’éd%%t_@m?rﬁﬁod@é’u%f predoni nantly FGB
m crostructure. ThREGE aNheipy&detfinebitioh CANbE &AM RRPrafontthint cénshifeens a

m crostructure conprising bainitic ferrite 41 and particles of

mari ensi t epf Bieserrad Rhase Breereimembordinentsf Wi prassutineantipe ThaFHBo the
S renshls BiSgRd RS R s ST 7>
880 94S | Gidb-PAfeBlath AdfénditbAe-grumeg Ib3@} bhiqite dlicrostructure described

above. The FGB can form during the quenching to the QST and/or air cooling from

the QST to the ambient in the steels of the present invention, especially at the center

of a thick, 2 25 mm, plate when the total alloying in the steel is low and/or if the steel

30  does not have sufficient “effective” boron, that is boron that is not tied up in oxide
and/or nitride. In these instances, and depending on the cooling rate for the quenching

and the overall plate chemistry, FGB may form as a minor or a predominant



1 ~ JUu 03 WO 00137689 29 _ PCi/~7599/ 29804 TABLE IV conti nued_?}l %;3
rFl -158 -129 -144 -7 28 -140 ~- 2soLr~200~~ ~~- 225 r~200~~ ~. 22039 44N 10
Preferred Steel Conposition Wien ost Weld Heat Treatment (PWHTI Is Required

to PWHT i I |y carried out at high tenperatures, e.g. g0 han
about 540 0?)?88%}%). The thermal exposuré8from PWHT can Ieagc?)éﬁgél oss of

strength in the base plate as well as in the weld HAZ due to softening of
the mcrostructure associated with the recovery of substructure (i.e., |oss
of processing benefits) and coarsening of cenmentite particles. To overcone
this, the b . 1 SK S p o] ' nmodi fi ed
by adding aC SR CRE Rt phads e TRRA G RS s e PLF R blatn

preci pi t ati sine sf the FGH grlesghiy afoat Binfigrohs, Meore preferiably learhirdsbopVe) particl es
in the base steel and HAZ upon PWHT. This strengthening is designed to
of f set subsHRFHENS RN CYHADQERIRETHIY Eg%tharpébpup\lxms:r%mgﬁept sseppofithe Ve

st rengt heni i : he 1 4 : . i se
BETT 20 bot hePrPhe forRiehdfleAs hoviala0BAERIAG (BHANTRS A D
upper | ism t grinsatiagt cBstallokfaphit qrieafadion didfet by moré drantabesel °edtsnets.  The
lower Iimt is preferably about 0.02 wt% Mre, preferably,. about 0.03 w %

to about 0. Bssepopndaties agFgute eiieqtive fgcaack defigstionanddn SIRANEBBFTHAL | on of
e & ; . t
properties j utoFkglg;fkfegﬂ;@%gftt}g%ﬁe%?ﬁﬁgﬁndnqggﬁ%%@g%ﬁé Qélxhgxgs?ggaw}%’é%os

enabl i ng techno cryogeni c ure o rons, 25 for
exanpl e, st osl&g® abodt 95 eviSpbaihiteffenmad andalp tgaboattS Vai¥ toabpetr 40 volés. These

new steels ¢an provide significan terial cost savjngs for_cry ic
t enper at ur _eglébﬁg?dcﬁfﬁl fso Bﬁ_‘u’i‘eﬁ@} ’eﬁ‘?*}l@mmé? & -efﬁln‘?dlf?é‘gt§mte'cg‘rﬁ]i‘5%g§gl
st eel Sqdd"’g'r P PREER! ihVerkiBH Yhd Rakt sit@%aﬂﬂ@f’erd% €l Eﬁp&}rﬁ‘%& “-ﬁ%‘@babo“t 9

w % an e of nuc ower strengths (l'ess than about 8 VP ksi)).
Chemi stry adddlovkted ogterwich little alesitgimnig amdecuthed dispetsedwestainBI Tuserdtepr ovi de

thick sectigp. capability . for section thicknesses equal to or edi ng
wbout 26 R TaRe ohiala R Fohseh S dp SRt akIBeR BOdB LS 1oL s
lover than aoybf Be niarfeliitd RMHhd danglehitd b GERR 1S e HHE cAPOMY B3éhdWna (120
ksi), preferably greater than about 860 R~IPa (125 ksi), nore preferably

great er t haen thelsteelicinpositaen wdQBOEGFEBY bBUs prefablydesithashbeunsduel’%8.00 MPa (

130 ksi ), and even e, preferabl reagter. than about. 1 VP 14 si),
duct el o B PRETRILAGH BB Pl Al Bl RE Pt ded Tt arotr AT
transverse dolop6f tho TG Dhe maAbisiteSetiinéd Siktehite parichisTihe BEBaE affedtive- 73C
(-100F), nore preferably bel ow about -100C (-i50F), and_even nore

pref er abl y Bep@Widigadditionaberagk defiseiion gidonpesty wikia theFeBt oughness at
DBTT. These new : i %E’% n about
930 MPa (135 ksi ??tﬁgllgg%gfrﬁgg?‘?’?o\é?ﬁgcﬁ}ag%ﬂéa%@%& a 4(?]1%%"%%%?}89%} tf$gg}‘raeat er than
about 1000 MPeeringZLBKEir) theNiasksibel pintt, ety ané nothfate effectble foamabeainingr eased

above about 3 Wt %.if desired to enhance perfor ce af ding. Each 1
056 ad ol | R TBPEHE ke DR CbE o B e TTe! Mg Afe 15EbaTE by 10
about 10C ( %ﬁ:@nt iNefli&h pFRMSR AmbtBoPTo? heidBhhgl S8GcitlIBNoW MBYT iHPhE

preferably Tess than about 6 w% N ckel content is preferably mnimzed in
order to m poarbegraimed remdnst dféhe weld HA Ny lutilizing ihtonsigefiags ohekertingn has been

nder st ood FIAETB: HateshBertn B 1-8p8 ey bo mmde 15 w thout departing from
w) eog (i §$§9°f t he Lestig frAle cMidkéic tenpeeiturk Qtdely drébise8 oh Bblpebmered cibits -

25  (BCC) crystal lattice. While this crystal system offers the 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

30  temperature thereby making the shear processes and consequently 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,



1 ~ JU ~~! luu PCTr'US99/ 29804 31 d ossary of terns: Acs transformation
tenperature:the tenperature at which austenite begins to forrrdulfr]é r]gN 2003
heati ng; 5Ac3 transformati on tenperature:the tenperature at whic

transf or p f fernteto austenite is conpleted during hgatieg,
: ?W} 0?3}96 : : ) 729804
AF: aci cul ar eréral te; t0A1Z03: al um num oxi%e; Are transformation

tenperature:the tenperature at which transformation ofaustenite to ferrite
or to ferrite plus cenentite islbconpleted during cooling; Ar3
transformation tenperature:the tenperature at which austenite begins

. brittle

totransf or md 0, dAdcbhfes #e fatde§ AL tuPOm SRS EaaRRAY HE B! SF1oGH S
skt t the et

cenentite:iron-Ti1ch carbide;cooling rate’cooli'ng rate at e cermter, or
subst ant i alftagtua¢é. TheZRSSNt e intofisit poppdtab £the Bicekaess sERRAG o torth¢ easal
resol ved shear stress): an intrinsic property of a steel ensjtjive to

theease wi ttWICH dilerabions ?%Wﬁéhpep%gﬂf@mﬁ%%@arstﬁaf ingKhic t‘fé&srii s, a
steel 1n wiygh gars%aﬁxaiﬁ:?%%&'ag\%ti%c%?ggﬁrggawglh%%&ﬁ;ﬂuhﬁﬁefﬁ.éo‘?x‘% feeceAtitahence

al ow DBTT,; cryogeni c tenperature: DBTT
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19 J:1td 1dkgsteels have excellent cryogenic temperature toughness in both the base plate and
15  the HAZ after welding. DBTTs in both the base plate in the transverse direction and
the HAZ after welding of these steels are lower than about -62°C (-80°F) and can be
lower than about -107°C (-160°F). DBTT can even be lower than about -123°C (-

190°F).
20 2) Tensile Strength Greater than 830 MPa (120 ksi) and Thick Section Capabili

The strength of triple phase microcomposite structures is determined by the
volume fraction and strength of the constituent phases. The lath martensite/lower
bainite second phase strength is primarily dependent on its carbon content. The

25  strength of the FGB second phase constituent of the present invention is estimated to
be about 690 to 760 MPa (100 to 110 ksi). In the present invention, a deliberate effort
is made to obtain the desired strength by primarily controlling the volume fraction and
make up of the second phase so that the strength is obtained at a relatively low carbon
content with the attendant advantages in weldability and excellent toughness in both

30  the base steel and in the HAZ. To obtain tensile strengths of greater than about 830
MPa (120 ksi) and higher, volume fraction of the second phase is preferably in the

range of about 50 vol% to about 90 voi%. This is achieved by selecting the
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eliminate its sensitivity to the difference in cooling rate between 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

15  cost considerations. As stated previously in this specification, from the 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 design the chemistry of the steels of the present invention to

20  achieve the strength and thick section capability for plate thicknesses of equal to or
greater than about 25 mm, it has been found useful in the present invention to utilize
the N¢ parameter, as defined below, as a guide in this design of alloys. This
parameter takes into account the relative potencies of alloying elements in the steel to
predict their combined influence on steel-hardenability and strengthening. In order to

25  meet the objects of the present invention with regard to strength and thick section
capability, the N¢ 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 4.5 for steels with
no added B. More preferably, for B containing steels according to this invention N¢
1s greater than about 2.8, even more preferably greater than about 3.0. For steels

30  according to this invention without added B, N preferably is greater than about 3.3
and even more preferably greater than about 3.5. While lower N¢ values indicate the

steel 1s more prone to forming a second phase of predominantly FGB, as the N¢ value
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area; 30 geeis with effective B and in the range of about 3.0 to about 3.5 for steels with no
10  added B, when processed according to the objects of this invention result in FGB as
the predominant second phase microstructure. These steels and microstructures are
particularly suitable for strengths in the range of about 830 MPa (120 ksi) to about
930 MPa (135 ksi).

15 Ne¢ = 12.0*C+Mn+0.8*Cr+0.15*(Ni+Cu)+0.4*Si+2.0*V+0.7*Nb+1.5*Mo
where the C, Mn, Cr, Ni, Cu, Si, V, Nb, Mo are their respective wt% in the

steel.

(3) Superior Weldability For Low Heat Input Welding

20
The steels of this invention are designed for superior weldability. The most

important concern, especially with low heat input welding, is cold cracking or
hydrogen cracking in the coarse grained HAZ. It has been found that for steels of the
present invention, cold cracking susceptibility is critically affected by the carbon

25  content and the type of HAZ microstructure, 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
(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

30  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).
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to ensure the formation of these desirable microstructures in the coarse grained HAZ.

5
Role of Alloying Elements in the Steel Slab
The role of the various alloying elements and the preferred limits on their
concentrations for the present invention are given below:
10 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
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 wi%, it is generally not
15  sufficient to induce the desired strengthening, viz., greater than about 830 MPa (120

ksi) tensile strength, in the steel. If the carbon content is greater than about 0.12 wt%,
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

20 microstructures, viz., auto-tempered lath martensite and lower bainite. Even more
preferably, the upper limit for carbon content is about 0.07 wt%.

Manganese (Mn) is a matrix strengthener in steels and also contributes
strongly to the hardenability. Mn is a key, inexpensive alloying addition to prevent
excessive FGB in thick section plates especially at midthickness of these plates which

25  can lead to a reduction in strength. A minimum amount of 0.5 wt% Mn is preferred
for achieving the desired high strength in plate thickness exceeding about 25 mm (1
inch), and a minimum of at least about 1.0 wt% Mn is even more preferred. Mn
additions of at least about 1.5 wt% are yet more preferred for high plate strength and
processing flexibility as Mn has a dramatic effect on hardenability at low C levels of

30 less than about 0.07 wt%. However, too much Mn can be harmful to toughness, so an
upper limit of about 2.5 wi% Mn is preferred in the present invention. This vpper

limit is also preferred to substantially minimize centerline segregation that tends to
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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
HAZ toughness, so a maximum of about 0.1 wt% is preferred. More preferably, the
upper limit for Nb content is about 0.05 wt%.
20 Titanium (T1), when added in a small amount, is effective in forming fine
| titanium nitride (TiN) particles which refine the grain size in both the rolled structure
and the HAZ of the steel. Thus, the toughness of the steel is improved. Ti is added in
such an amount that the weight ratio of Ti/N is preferably about 3.4. Ti is a strong
BCC stabilizer and thus raises DBTT. Excessive Ti tends to deteriorate the toughness
25  of the steel by forming coarser TiN or titanium carbide (TiC) particles. A Ti content
below about 0.008 wt% generally can not provide sufficiently fine grain size or tie up
the N in the steel as TiN while more than about 0.03 wt% can cause deterioration in

toughness. More preferably, the steel contains at least about 0.01 wt% Ti and no
more than about 0.02 wt% Ti.

30 Aluminum (A1) is added to the steels of this invention for the purpose of
deoxidation. At least about 0.002 wt% Al is preferred for this purpose, and at least
about 0.01 wi% Al is even more preferred. Al ties up nitrogen dissolved in the HAZ.
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steel slab of 30" about 30%to about 7%@ I n st
d~~r - ~~ner ~Cms added, a maximum of about 1.0 wt% Cr is preferred More preferably, when Cr

is added, the Cr content is about 0.2 wt% to about 0.6 wt%.
Nickel (Ni) is an important alloying addition to the steels of the present

invention to obtain the desired DBTT, especially in the HAZ. It is one of the

20  strongest FCC stabilizers in steel. Ni addition to the steel enhances the cross slip and
thereby lowers DBTT. Although not to the same degree as Mn and Mo additions, Ni
addition to the steel also promotes hardenability and therefore through-thickness
uniformity in microstructure and properties in thick sections (i.e., thicker than about
25 mm (1 inch)). For achieving the desired DBTT in the weld HAZ, the minimum Ni

25  content is preferably about 1.0 wt%, more preferably about 1.5 wt%, even more
preferably about 2.0 wit%. Since Ni is an expensive alloying element, the Ni content
of the steel is preferably less than about 3.0 wt%, more preferably less than about 2.5
wi%, 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.

30 Copper (Cu) is an FCC stabilizer 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 e-copper
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DESCRIPTION AND EXAMPLES OF STEELS ACCORDING TO THIS INVENTION
A 300 1b. heat of each chemical alloy shown in Table I was vacuum
induction melted (VIM), cast into either round ingots or slabs of at least 130 mm
20  thickness and subsequently forged or machined to 130 mm by 130 mm by 200 mm
long slabs. One of the round VIM ingots was subsequently vacuum arc remelted
(VAR) into a round ingot and forged into a slab. The slabs were TMCP processed in

a laboratory mill as described below. Table II shows the chemical composition of the

alloys used for the TMCP.
25 TABLE J1
Alloy
Bl B2 B3 B4 BS
30  Melting VIM VIM VIM+VAR VIM VIM
C (wt%) 0.060 0.060 0.053 0.040 0.034
Mn (wt%) 1.40 1.49 1.72 1.69 1.59

Ni (wt%) 2.02 2.99 2.07 3.30 1.98
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25 TABLE Il
Pass Thickness (mm) Temperature, °C
After Pass B1 B2 B3 B4 BS
30 0 130 1044 1001 988 1004 1000
1 117 972 974 971 973 972
2 100 91 963 961 963 961

Delay, turn piece on the side
3 85 868 871 867 871 870
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h& ()-!P! 10%’5!&9& if e¥d P dimdples is 336 Siable, but less than about 2.5 vol% in all the
5  samples. The other minor constituents in all these four plates include fine-grained
lath martensite, Thus, these plates satisfy another embodiment wherein the second
phase is predominantly FGB. In this case the strength is somewhat lower, in the
range of 870 MPa to 945 MPa (126 ksi to 137 ksi) but once again the steels offer
excellent toughness. Boron in plate samples B1, B2, B4 and BS5 is partially tied up
10  with the high oxygen in these plates (TABLE II) and hence, not fully effective as is
the case in plate sample B3. Thus, all these plates with FGB as the predominant
second phase microstructure have partially effective B and/or N¢ below 3.0, both of
which promote the formation of FGB with the processing of this invention.
Referring now to FIG. 3, an example of the triple phase microstructure of
15 steels with effective B and with N¢ exceeding about 3.0 when processed according to
the objects of this invention is represented by a transmission electron micrograph. The
transmission electron micrograph of FIG. 3 shows a microstructure comprising
deformed ferrite 31, fine-grained lath martensite 32, and retained austenite 33. This
microstructure can provide high strengths (transverse) of about 1000 MPa and higher
20  with excellent DBTT in the transverse direction, Table IV. FIG. 4 presents an
example of a microstructure of steels with partially effective B and/or low N¢
according to this invention that have a second phase of predominantly FGB
microstructure. The transmission electron micrograph of FIG. 4 shows a microstructure
comprising bainitic ferrite 41 and particles of martensite/retained austenite 42. This
25  microstructure can provide strengths exceeding 830 MPa (120 ksi) with excellent

DBTT in the transverse direction.

TABLE IV
30 Alloy Bl B2 B3 B4 BS
Tensile Strength. MPa (ksi) 880 945 1035 940 870

(128) (137) (150) (136) (126)
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(4) Preferred Steel Composition When Post Weld Heat Treatment (PWHT) Is
Required

10 PWHT is normally carried out at high temperatures, e.g., greater than about
540°C (1000°F). The thermal exposure from PWHT can lead to a loss of strength in
the base plate as well as in the weld HAZ due to softening of the microstructure
associated with the recovery of substructure (i.e., loss of processing benefits) and
coarsening of cementite particles. To overcome this, the base steel chemistry as

15 described above is preferably modified by adding a small amount of vanadium.
Vanadium is added to give precipitation strengthening by forming fine vanadium
carbide (VC) particles in the base steel and HAZ upon PWHT. This strengthening is
designed to offset substantially the strength loss upon PWHT. However, excessive
VC strengthening is to be avoided as it can degrade the toughness and raise DBTT

20  both in the base plate and its HAZ. In the present invention an upper limit of about
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.

This step-out combination of properties in the steels of the present invention
provides a low cost enabling technology for certain cryogenic temperature operations,

25  for example, storage and transport of natural gas at low 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
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

30  are used to lower DBTT and provide thick section capability for section thicknesses
equal to or exceeding about 25 mm (1 inch). These new steels preferably have nickel
contents lower than about 3 wt%, tensile strength greater than about 830 MPa (120
ksi), preferably greater than about 860 MPa (125 ksi), more preferably greater than
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about 9500 MPa (130 ksi1) and even more preferably greater than about 1000 MPa (145

ksti), ductile to brittle transition temperatures (DBTTs) for base metal in the transverse
direction below about -62°C (-80°F), preferably below about -73°C (-100°F), more
preferably below about -100°C (-150°F), and even more preferably below about
5 -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 steel by

10  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.

While the foregoing invention has been described in terms of one or more

preferred embodiments, it should be understood that other modifications may be made

15 without departing from the scope of the invention, which is set forth in the following

claims.
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Ac transformation temperature: the temperature at which austenite begins to form

during heating;
5

Acs transformation temperature: the temperature at which transformation of ferrite
to austenite is completed during heating;

AF: acicular ferrite;

10

Al;Os: aluminum oxide;

Ar transformation temperature: the temperature at which transformation of
austenite to ferrite or to ferrite plus cementite is

15 completed during cooling;
Arj; transformation temperature: the temperature at which austenite begins to
transform to ferrite during cooling;
20 BCC: body-centered cubic;
cementite: iron-rich carbide;
cooling rate: cooling rate at the center, or substantially at the
25 center, of the plate thickness;

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

30 easier will also have a Jow CRSS and hence a

low DBTT;
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dual phase: as used in describing this invention, at least two
phases;
20 DUB: degenerate upper bainite;
effective grain size: as used in describing this invention, refers to

mean austenite pancake thickness upon
completion of rolling in the TMCP according to

25 this invention and to mean packet width or mean
grain size upon completion of transformation of
the austenite pancakes to packets of fine-grained
Jath martensite and/or fine-grained lower bainite
or FGB, respectively;

30

essentially: substantially 100 vol%e;
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15 another;

HAZ: heat affected zone;

HIC: hydrogen induced cracking;
20

high angle boundary or interface: ~ boundary or interface that effectively behaves as
a high angle grain boundary, i.c., tends to deflect
a propagating crack or fracture and, thus,
induces tortuosity in a fracture path;
25
high angle grain boundary: a grain boundary that separates two adjacent
grains whose crystallographic orientations differ

by more than about 8°;

30 HSLA: high strength, low alloy;
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mean slip distance: effective grain size;

20
minor: as used in describing the present invention, means

less than about 50 volume percent;

M transformation temperature: the temperature at which transformation of
25 austenite to martensite starts during cooling;
Nec: a factor defined by the chemistry of the steel as

{N¢ = 12.0*C + Mn + 0.8*Cr + 0.15*(Ni +
Cu)t 0.4*Si+ 2.0*V + 0.7*Nb + 1.5*Mo},
30 where C, Mn, Cr, Ni, Cu, Si, V, Nb, Mo

represent their respective wt % in the steel;
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predominantly/predominant: as used in describing the present invention, means
5 at least about 50 volume percent;
prior austenite grain size: average austenite grain size in a hot-rolled steel

plate prior to rolling in the temperature range in
which austenite does not recrystallize;
" 10
quenching: as used in describing the present invention,
accelerated cooling by any means whereby a fluid
selected for its tendency to increase the cooling
rate of the steel is utilized, as opposed to air

15 cooling;

Quench Stop Temperature (QST):  the highest, or substantially the highest,
temperature reached at the surface of the plate,
after quenching is stopped, because of heat

20 transmitted from the mid-thickness of the plate;

RA: retained austenite;

slab: a piece of steel having any dimensions;
25

Sv: total interfacial area of the high angle

boundaries per unit volume in steel plate;

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

30 original cross-sectional area;
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thick section capability: the ability to provide substantially the desired
microstructure and properties (e.g., strength and
toughness), particularly in thicknesses equal to

or greater than about 25 mm (1 inch);

5
through-thickness direction: a direction that is orthogonal to the plane of
rolling;
TiC: titanium carbide;
10
TiN: titamum nitride;
Thr temperature: the temperature below which austenite does not
recrystallize;
15
TMCP: thermo-mechanical controlled rolling
processing;
transverse direction: a direction that is in the plane of rolling but
20 perpendicular to the plate rolling direction; \
triple phase: as used in describing this invention, at least
three phases;
25 UB: upper bainite;
VAR: vacuum arc remelted; and
VIM: vacuum induction melted.

30
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We Claim: o I

1. A method for preparing 8 triple phase steel plate having a microstructure '
comprising not moxre than about 40 vol% of a first phase of ferrite, about 50 |
5 vol% to about 90 vol% of a second phase of predominantly fine-grained lath ;

martensite, fine-grained lower bainite, fine graqular bainite (FGB), or mixtures ,
tbereof, apd not more than about 10 vol% ofa third phase of vetained
\ austenite, s2id method comprising the steps of: (

10 _ (8)  heating a steel slab to a reheating terperaiure sufficiently highto i) - [
substantially homogemze said stecl slab, (ii) dissolve substantielly all I
carbides and carbomitrides of niobium and vanadium in said steel slab,
and (jif) establish fine initial anstenite grains in said steel slab;

%
Ly

15 ®) mdudngsaidsteelslabtofonnstcdplateinoneormomhotmlﬁng
passesin a ﬁrsttagnpmunemngcinwhich austenite recrystallizes;

(c)  further reducing szid steel plate in one or more hot rolling passes nn
second temperature range below about the Ty, temperature and shove
20 about the Ars transformation temperatnre;

(d)  forther edusing said steel plate in one or more hot rolling passes in a
third temperature range between about the A trmsformation
temperature and about the Ar transformation temperature;

(€) quenching said steel plate at a cooling rate of at Jeast ghout 10°C per

second (18°F/sec) to 2 Quench Stop Temperature below about 600°C
(1110°F); and

AMENDED siery
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) 69)] stopping said quenching, said steps being performed so as to facilitate

transfiormation of said microstruchire of said steel plate to not more than

about 40 vol% of a first phase of ferrite, about 50 vol% to about 90
i 25 vol% of a second phase of predominantly fine gramlar bainite (FGB),

and not more thax about 10 vol% of a third phase of retained sustemite.

! 30 () stopping seid quenching, said steps being performed so as to facilitate
transformation of said microstructure of said stee! plate to not more than

4, The method of claim 1 whersin stop (f) is replaced with the following: j
|
about 40 vol% of a first phase of ferrite, about 50 vol% to about 90 ’l

l

l

i

" AMENDED SHEET



1098 ()- @3 1099 ()- Y10% % ()-3 @ S10%. 9% ()- @ALOY%#& () - @0%%&' ()-
L IV & p" | [ NAAL010 @y#10%.9%& ()- @10%.9%& ()- @10%.9%& ()-y

10%.% ()- @@ 10%#& (Y- @ 109 9% ()-""; ##=$3$$3| [NA410102 21oz AN
v/ "1092" Z& ()- @"10% L% & ()- @/"10% #& ()- Of)F'10% # & (

83109 1% LR @ 310%9& @t 1099& @S
%%V& ()- %‘%ﬁoﬁfﬁ H@W@@@éﬁ ﬁ@ é@% %?L(&?[:‘NA4101Q (12)%@@4&5()-2. (8)/21 {
@100 ()- ?ﬁwﬁ[ A10T0 @D 0109 (). @ 105 ()= GAIORE |

R ()-8&8' ''"'" 0 0 + 0

@OF(10%@ ()- SHS 1096%58 ()- @ED 10934 - X((((((((vm@r@’&lgo@%&bm |
@OYBYE ()-109%40%40% @B810W& ()- 6 109DUD& ()- c110%t$#

N%. )| [:vU410 @ @0% & ()-@@ @ 109BY%&' ()- 109B%& ()- @ 10%3%()- @ |
1098%' ()- @ 1098%& ()-.)D G)U)f)k))|£_:-vU41_0 @ @" 109BY& () - |
@ 1098%&' ()- 0109BY& ()vo!% 1@@@@# m@mﬁy@e armnedlathmartwm !
@ 109BY& () -) A y****+| 9B Y Eodmhore @ad 0%0& () - |
@{ 109%%& () - @ 10%#& 0%3%& - +++++++++| obW410

l@10%0) G& () - 41089%4.08% *eﬁtcm’@@mw& ()- 1
@F10%t& ()-+\,c, E—--/|[ bU410 @10%& () f @ !10%6G& ()- "F 110%) & ()-

| 0 o 0
S e i e o

ovones () - 00131111111| obU410 @ 10% % & ()- 10G$GLOGSGLOGSG

@ ?MLOYSHGE () - 4 0109%7).78& 10%

* 109688 () - GLl 22- g@s f%%%%@%ﬁ%bﬁ““@?‘dm%?%- fs' 10%]

% & ()-" ffs' 109V ( {ojcrastrichire 656 8@@S pJate td PAUDES 8BS | [ 9bU410 '

! P O%& ()- nPdOwR ( £ hase SPERIRE fokate DpB8sd%8iok 1o !

FBWAO% " & () - 5Q67788888 NATTO" ‘b“%“(“)" © |

W about 90 voi% of a second phase of predominantly fine grammlar ,
bainite (FGB), and not mare than abaut 10 vol% of a third phase of C

retained anstenite. l

6.  Themethod of claim 1 wherein step (f) is teplaced with the following: |
15 ,
i ® stopping said quenching, said steps being performed so as to facititate ’
transformation of said microstmoture of said steel plate to not more than |
| about 40 vol% of a first phase of deformed ferrite, about 50 vol% to ,
about 90 vol% of a second phase of predominantly fine-grained lath

L, 20 martensite, fime-grained lower bainite, or mixtures thereof, and not ’

(J ) _ more than about 10 vol% of a third phase of retained anstenite.
7. The method of claim 1 wherein said reheating temperature of step (2) is

betwoen about 955°C and about 1100°C (1750°F - 2012°F),

| 2 .
8. Themethodofclai;nlwheminsaidﬁnci!ﬁﬁalauswnitcgrainsofstep(a)
have a grain size of less than about 120 microns.
9, The method of claim 1 wherein a reduction in thickness of said steed slab of
30 about 30% to about 70% octurs in step (b).
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| 11.  The method of claim 1 whercin a rednction in thickmess of said steel plate of
| 5 about 15% to abowut 50% occuys in step (d).

12. The method of claim 1 farther compnsmg the step of allowing said steel plate
" , to aix cool to ambient terperature after stopping said quenching m step (£).

o 10 13.  The method of claim 1 whersin said stecl slab of step (a) comprises iron and
the following alloying elements in the weigltt percents indicated: .
abaut 0.03% to about 0.12% C,
at least about 1% Ni to less than about 9% Nji,
about 0.02% to ahout 0.1% Nb,
15 about 0.008% to gbout 0.03% Tj,
about 0.001% to abowt 0.05% AL and
about 0.002% to zbout 0.005% N. -

14.  The method of claim 13 wherein said steel alab comprises less than about 6
20 wt% Ni.

15,  The method of claim 13 wherein said stel slab comprises less than about 3
wt2% Ni and additionally comprises about 0.5 wt% to about 2.5 wi% Mn.

25 16,  The method of claim 13 wherein said steel slab farther coroprises at least ane
l addiﬁwselecmdﬁ'o_mthegmupconsisﬁngof(ﬂuptoabmﬂLOwt%Cr,(ii)up
to about 0.8 wi’% Mo, (iii) up to about 0.5% Si, (iv) ahout 0.02 wt% to about
0.10 wt% V, (¥) about 0.1 wt% to about 1.0 wi% Cu, (vi) up to about 2.5 wt%
‘ Mn, and (vii) from about 0.0004 wt% to shout 0.0020 wt% B.
30 ,
17.  Themethod of claim 13 wherein szid stecl alab firtber comprises about
0.0004 wi% to about 0.0020 wt% B.
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[ about 40 vol¥% of a first phase of ferrite, about 50 vol% to about 50 vol% of a
) second phase of predominantly fine-grained lath martensite, fine-grained ’
_ lower bainite, fine granular bainite (FGB), or mixfures thereof, and not more |
. 10 than about 10 vol% of a third phase of retained anstenite, baving a tepsile
strength greater than about 830 MPa (120 ksi), and having a DBTT of lower
! than about -62°C (-80°F) i both said steel plate and fts HAZ, and wherein said
stee] plate is produced from a rcheated steel slab comprising fron and the
. following alloying elements in the weight percents indicated:
| 15 about 0.03% to about 0.12% C, ,
at least abowt 1% Ni to less than about 9% Ni, l
about 0.02% to about 0.1% Nb, . . |
|

™
)

‘ about 0.008% to about 0.03% Ti,
about 0.001% to about 0.05% Al, and _
-, 20 about 0,002% to about 0.005% N. I

20.  The steel plate of claim 19 wherein aid sheel slab comprises less than about 6 |
wit% Ni.

25 21.  The steel plate of claim 19 wherein said steel slab comprises less than about 3 |
wt% Ni and additionally comprises about 0.5 wt% to about 2.5 wt% Mn. ’

22.  The steel plate of claim 19 farther comprising at least one additive selected

from the gronp consisting of (i) up to about 1.0 wt% Cr, (ii) up to sbout 0.8
30 W% Mo, (iif) up to about 0.5% Si, (iv) about 0.02 wi% to about 0.10 wi2% V,

, (v) about 0.1 wt% to about 1.0 wt% Cu, (vi) up to about 2.5 wi% M, and (vii)
I about 0.004 wi% to about 0.0020 wit% B.
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25. A method for enhancing the crack propagation resistance of a triple phase steel l
plate, said method comprising processig said steel plate to produce a l
? microstructure coruprising not more than abont 40 vol% of a first phase of
' 15 ferrite, abomt 50 val% to about 90 vol% of a second phase of predominantly l
| fine-grained lath martensite, fine-grained lower l?ain:ite, fine gramular bainrte l
I‘ (FGB), or mixtures thereof, and not more than about 10 vol% of a third phase '
of retained austenite, said microstructure being optimized to substantially
j maximize crack path tortuosity by thermo-mechanical controlled rolling
“ | 20 processing that provides a plurality of high angle interfaces between said ﬁmt_
— phase of fexrite and said second phase of predomtinantly fine-grained lath
' ) martensite, fine-grained lower bainite, fise gramlar baimite (FGB), or mixtures
thereof.

25 26.  Themethod of claim 25 wherein said crack propagation resistance of said steel
_ plate is farther enhanced, and erack propagation resistance of the HAZ of said
| steel plate when welded i enhanced, by adding at least about 1.0 wt% Ni to
less than about 9% Ni and by substantially minimizing addition cf BCC
l stabilizing elements.
! 30
27.  Amethod for controlling the mem ratio of austenite grain length to austenite
grain thickness during processing of an ultra-high strenpth, triple phase steel
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plate in order to enhance transverse toughmess and transverse DBTT of szid
triple phase steel plate, said method comprising the steps off -

(2)

()

(©)

CY

(e)

®

heating a steel slab to a rehegting temperatire sufficiently high to (i)
substantially homogenize said steel slab, (if) 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 temiperature range in which anstenite recrystallizes;

ﬂnthcrredncing gaid stecl plate in one or more hot rolling passes in a
second temperature range below about the Ty, texperature and above
about the AI‘3 transformation temperature;

fimther reducing said steel plate in one or more hot rolling passes in a
third temperature range between about the Ary transformation
ternperature and abowt the Ary transformation temperature, so as to
produce a mean ratio of austenite grain length to austenite grain
thickness of less than ahont 100 in said steel plate;

quenching said steel platz at 2 cooling rate of at least about 10°C per
second (18°F/sec) to a Quench Stop Temperature below about §00°C
(1110°F); and

stoppmgsaxdqumcmng, 50 as to produce a microstuctie in said steel
plate of not mare than about 40 vol% of a first phase of ferite, about 50
v0l% to about 90 voi% of a second phase of predominamtly
fine-grained lath martensite, fine-graimed lower bainite, fine granular
baimite (FGB), or mixtures thereof, and not more than about 10 vol%
of a third ;:Basc of retained austenite.
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