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PCT/ US98/ 12705 ULTRA- H GH STRENGTH AUSAGED STEELS W TH EXCELLENT
CRYOGENI C TEMZig) TOUGHNESS 5 FI ELD OF THE | NVENTI ON peris9s/12705
This invention relates to ultra-high strength, wel dable, |low alloy stee

pl at es wi th excellent cryogenic tenperature toughness in both the base
plate and in the heat af fected zone (HAZ) when wel ded. Furthernore,

this invention relates to a nethod for producin such steeI pIates 10
BACKGROUND OF JLE K &dEN he
foll ow ng specificationCRY Y L& WA TUREQ OB
provi ded herein, imediately precedlng the cl ai ns. Frequently,
there is a need to store and transport pressurized, volatile fluids at 15
cryogenic tenperatures, i.e., at tenperatures |ower than about -40[err]C
(-40[err]F). Eq Ng=Teqa N Is a need for containers for storing

and transport Fyept e zet L% uef i ed natural gas (PLNG at a
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kPa (1100 psia) and at a tenperature in the range of about 23[ err]

(-190F) to abwith exgellent ciyog¢nigBmperdty toughacss mQOﬁi tbebasem%@d an@m thsrhpaﬁ ners

for safely and ecor aII St,or nd trapsportin r_vol
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at cryogeni c g ﬁ&ﬂg@ﬁﬂldaa}ﬂmugh cont ai ners to be constructed of a
wel ded st eel the must have adequate strength to w thstand t he
fluid preé@ure and adequate toughness to prevent initiation of a fracture,
i.e., a c ur conditions, in both the base
steel and in e to Brittle Transition

Tenperature (DBTT) mtau@e%ea-etd%éd\&eme fono&mg@faéetﬁ’caﬁagl Facohventdncel Gt ur al
steels. At temperatures below the DBTT, failure in the steel tends to

occur by | ow &dlessgsy afftesmsasgroyided hqrﬁe)mﬁnedsat@lyeremﬁng theglamsnper at ur es

above the DBTT, fa ur st eel u h4 ile
fracture. “%P é%’ltéeru & %Ineeﬁ t? %‘é’g%%"r%‘o?aﬂ%ﬁ?ﬁ 8 g‘?or agfé%“gﬂ%
transportagl o f&rfd@@ﬁi@'téiﬁf»&aﬁu% i d16at Bnperhtar R NBREd tﬁﬁlﬁﬁbdﬁt VADSEH4O°FR P& at ur e
appl i cations and for other |oad- beari ng,
example, there is a need for containers for storing and transporting pressurized
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

20  economically storing and transporting other volatile fluids with high vapor pressure,

such as methane, ethane, and propane, at cryogenic temperatures. For such containers
to be constructed of a welded steel, the steel must have adequate strength to withstand
the fluid pressure and adequate toughness to prevent initiation of a fracture, i.e., a
failure event, at the operatjng conditions, in both the base steel and in the HAZ.

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

30  aforementioned cryogenic temperature applications and for other load-bearing,
cryogenic temperature service must have DBTTs well below the service temperature

in both the base steel and the HAZ to avoid failure by low energy cleavage fracture.
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as tensile strength increases. It is for this reason that currently
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about 830 MPa (120 ksi)) and low cost, but suffer from relatively high DBTTs in

20  general and especially in the weld heat affected zone (HAZ). Generally, with these
steels there is a tendency for weldability and low temperature toughness to decrease
as tensile strength increases. It is for this reason that currently commercially
available, state-of-the-art HSLA steels are not generally considered for cryogenic
temperature applications. The high DBTT of the HAZ in these steels is generally due

25  to the formation of undesirable microstructures arising from the weld thermal cycles
in the coarse grained and intercritically reheated HAZs, i.e., HAZs heated to a
temperature of from about the Ac; transformation temperature to about the Acs
transformation temperature. (See Glossary for definitions of Acy and Acs
transformation temperatures.). DBTT increases significantly with increasing grain

30  size and embrittling microstructural constituents, such as martensite-austenite (MA)
islands, in the HAZ. For exarnple, the DBTT for the HAZ in a state-of-the-art HSLA
steel, X100 linepipe for oil and gas transmission, is higher than about -50°C (-60°F).



tenperature of from about the Ac[err] transformation tenperature to about
the Acl[err] wogogmbgmansformation tenperature. (See G ossary fopcggisogrizoons
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significantly with increasing grain 30 size and enbrittling
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wel ding is used There are si gni ficant econom c incentives and
a definite enuipuesshileagds tesubstaptial cost penpliigs tooascessihasmpshanstreseth ofdbhness at

high and ult rﬁSﬂAgstee?sf AR gﬁ:ﬁﬁoﬂﬂ plfo%‘férﬁ‘ ﬁé)o\(mtcred with use of standard commercial
HSLA steels is hydrogen cracking in the HAZ, particularly when low heat input
20  welding is used.

* There are significant economic incentives and a definite engineering need for
low cost enhancement of toughness at high and ultra-high strengths in low alloy
steels. Particularly, there is a need for a reasonably priced steel that has ultra-high
strength, e.g., tensile strength greater than 830 MPa (120 kst), and excellent cryogenic

25  temperature toughness, e.g. DBTT lower than about -73°C (-100°F), both in the base
plate and in the HAZ, for use in commercial cryogenic temperature applications.

Consequently, the primary objects of the present invention are to improve the

state-of-the-art HSLA steel technology for applicability at cryogenic temperatures in
three key areas: (i) lowering of the DBTT fo less than about -73°C {(-100°F) in the

30  base steel and in the weld HAZ, (ii) achieving tensile strength greater than 830 MPa
(120 ksi), and (iii) providing superior weldability. Other objects of the present
invention are to achieve the aforementioned HSLA steels with substantially uniform



steels. Particularly, there is a need for a reasonably priced steel that
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obj ects of t nvention, a processing met hodol ogy i's_ provi ded
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yet another ebadhaiPisombany aEhk QRTbEup © bbRive (5) minutes, followed by air

cooling to ambient temperature. In yet another embodiment, the steel plate is slow-

cooled at a rate lower than about 1.0°C per second (1.8°F/sec) for up to about five (5)
minutes, followed by air cooling to ambient temperature. As used in describing the

20  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 is utilized, as opposed to
air cooling the steel to ambient temperature.

Also, consistent with the above-stated objects of the present invention, steels

processed according to the present invention are especially suitable for many

25  cryogenic temperature applications in that the steels have the following
characteristics, preferably for steel plate thicknesses of about 2.5 cm (1 inch) and
greater: (1) DBTT lower than about -73°C (-100°F) in the base steel and in the weld
HAZ, (ii) tensile strength greater than 830 MPa (120 ksi), preferably greater than
about 860 MPa (125 ksi), and more preferably greater than about 900 MPa (130 ksi1),

30  (iii) superior weldability, (iv) substantially uniform through-thickness microstructure
and properties, and (v) improved toughness over standard, commercially available,
HSLA steels. These steels can have a tensile strength of greater than about 930 MPa



cooled at a rate | ower than about 1.0[err]C per second (1.8[err]F/ sec) for
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drawi ngs in IS a schematic continuous cooling
transfornmati mar(emiﬁmdlcagvmomwmg how t he ausagi ng process of the

present invention ces Cr.o rostruc i.n,a steel
according to the r}ﬁésgﬁ olh“srgfg ehowmgapréf’ R%P&‘berto,gﬁ) is a
schematic il pudsbhcd dfde éﬁ&ﬁdté\ﬂlaae Bl thewade-1ahia sk microstruchir® foatédl agcordihgugh
| ath boundaries in a mxed mcro structure of | ower bainite and

mart ensi t16 i fo theqsesgatinyention; st eel ;
FIG. 3A is a schematic illustration of austenite grain size in a steel slab after

reheating according to the present invention;
FIG. 3B is a schematic illustration of prior austenite grain size (see Glossary) in a
steel slab after hot rolling in the temperature range in which austenite recrystallizes, but

20  prior to hot rolling in the temperature range in which austenite does not recrystallize,
according to the present invention; and |

FIG. 3C is a schematic illustration of the elongated, pancake grain structure in
austenite, with very fine effective grain size in the through-thickness direction, of a steel
plate upon completion of TMCP according to the present invention.

25 While the present invention will be described in connection with its preferred
embodiments, it will be understood that the invention is not limited thereto. On the
contrary, the invention is intended to cover all alternatives, modifications, and
equivalents which may be included within the spirit and scope of the invention, as
defined by the appended claims.

30
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preferably conpri Sflgsagmg is used in the present invention to facilitate formation of the
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micro-laminate microstructure by promoting retention of the desired austenite film
layers at ambient temperatures. As is familiar to those skilled in the art, ausaging is a
process wherein aging of austenite in a heated steel takes place prior to the steel

20  cooling to the temperature range where austenite typically transforms to bainite and/or
martensite. It is known in the art that ausaging promotes thermal stabilization of
austenite. The unique steel chemistry and processing combination of this invention
provides for a sufficient delay time in the start of the bainite transformation after
quenching is stopped to allow for adequate aging of the austenite for formation of the

25  austenite film layers in the micro-laminate microstructure. For example, referring
now to FIG. 1, a steel processed according to this invention undergoes controlled
rolling 2 within the temperature ranges indicated (as described in greater detail
hereinafter); then the steel undergoes quenching 4 from the start quench point 6 until
the stop quench point (i.e., QST) 8. After quenching is stopped at the stop quench

30 point (QST) 8, (i) in one embodiment, the steel plate is held substantially isothermally
at the QST for a period of time, preferably up to about 5 minutes, and then air cooled
to ambient temperature, as illustrated by the dashed line 12, (ii) in another



alternating |laths 28, of predom nantly either fine-grained |ower bainite or
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t he tenperature range where austenite tyﬁé%al ly transforns to bainite

and/ or it gaother embodle%%qtqehp & ¢ dlipyredda sirgonbtopmtigntes

t her mal stabi |

pr ocessi ngsacotl:]rf% PQQ agfl Sttrﬁfeg rnven tlie;ﬁnhn-m% Liﬂaﬂgﬁggfg FH 8&?@&?% %F@?#tj
delay tine i rﬁMhy&&ardremﬁnMebﬁonuauen bfhmfbmm‘tb ilaths iafthelower bainfteienchi ng

I's stopped to aJlow fqr adequate aging of the austenite for fqQrmation of
the 25  aust@giond 4rand martepaitelathy i fhe Trateensits regioRokte TheclPask bareifafegionror

exanpl e, ref efq L Orrrite et rrggloﬁllg‘aré'a "i‘de%lt Qg'thao{tﬁeﬁféftﬁgpfe%np G dMGohO this

I nventi on undéergoes contro roI erature ranges
i ndi cat ed (aSexﬂme:eldldumgmgocg:uﬁadwto tlmtm:vlel combmitmneufm&l chenisthand t he st eel

undergoes quenchln fr .star yench point 6 until the stop
quench po 1%t Rrecessing &%“%8 Efg‘ %m ng i s stopped at the stop quench
30 point (QST) 8’E éb&m‘t@mﬁ! !ﬁaﬁ&ﬁﬁéjb&ﬁﬂﬁuenfs%d%éaﬁisteﬂg@gﬁasb%f agl d
substantially isothermally at the QST for a perio tinme, preferably

up to about anmdmmgateamrqsmaum are designed to eWIOﬂ&mmnsupegtp@ttabmee as

Iplcl-l-y atsrg g} ig 78 e siEk eE' ?cgjwelrlbra}fmt%zahd g‘jlne-gr f{' 81 martens1te, and the supern\;i\"D 99/ 32670

embodi ment , t&l@a&%%@ﬁ‘actﬁf&%ﬁsﬂaﬁceséfcﬁds@@i@é ephd rh&%léiﬁxn@@ﬁn@ios&uétﬁfaﬁs' ower

t han about [err] C per second (1.8[err]F/ sec) up to about 5

m nutes, Pri opptineized logbsigntially maxdmize tortuositylim the qr@pkaiath, élmsebx enbanging nt

SCITT anot her BB stk BRaBaffh el B30 igbRate filrchipotdst nehenine. | o
ambient 5 terrpeInmwdndanc&wwit}b theﬁfblfegbmﬂ ébh‘leﬂzbﬂ isipiovRidd lforyeregdinglah any Of

t he enbodi nents, st eni m | ay, ers are retained after faormation
of |ower bai nifta- h’ W?HEW steel Hl'ﬁ?\@?"%&? ﬁmﬁ@‘ laminate microstructure comprising

about 2 vol% to about 10 vol% austenite film layers and about 90 vol% to about 98
20 vol% laths of predominantly fine-grained martensite and fine-grained lower bainite,

said method comprising the steps of: (a) heating a steel slab to a reheating

temperature sufficiently high to (i) substantially homogenize the steel slab, (ii)

dissolve substantially all carbides and carbonitrides of niobium and vanadium in the

steel slab, and (iii) establish fine initial austenite grains in the steel slab; (b) reducing
25 the steel slab to form steel plate in one or more hot rolling passes in a first

temperature range in which austenite recrystallizes; (c) further reducing the steel plate
in one or more hot rolling passes in a second temperature range below about the Ty,

temperature and above about the Ar; transformation temperature; (d) quenching the

steel plate at a cooling rate of about 10°C per second to about 40°C per second

30 (18°F/sec - 72°F/sec) to a Quench Stop Temperature (QST) below about the M;

transformation temperature plus 100°C (180°F) and above about the M,



region 14 and martensite laths in the martensite region 16. The upper
bainite region ~ 18 and ferrite/pearlite region 19 are avoided. In the
steel s of theVBPY¥3A i nvention, _ enhanced ausagi ng occuPETHSES/ 25 he
novel combination of steel chemistry and®10 processing described in this
speci ficati on. The bainite and martensite constituents and
the austenite phase of the m cro-lam nate mcrostructure are designed
to exploit the superior strength attributes of fine-grained | ower

bai ni t e and tfansfermatidmieshpertire;amdt @hstioppang said ghdnehing pr érerembodimertt] eavage

fracture resjstance of .austenite. The mcro-lam nate mcrostructure is 15
optim zed tf}i‘%ﬁlﬁ o0 ithis myention firther comprisesdhe step p %Iﬁ’@“%%g’@@eﬁgl?lﬁt,et?hereby

enhancing  air cool {”b%ﬁﬁiéﬁt‘iexﬁf;é}%%&ﬁ%é QQTSh?&foﬁxe}ganm}ﬂeﬁEﬂ%x%%{)& gANt

m crostructural tougheni ng. 1n accordance wth the foregoing,
a met hod i s thisinvetition fiathep t@pprises theatep of holding the stebl pddte substantibly st eel

pl ate having a mcro-lamnate m craqostructure conpri Si out 2 vol %

to about 510 §QthemnallyabtheiQST for wp to,gkaut > FHBLtSHRRRT t@'eﬁévgi%&ﬁeost%gﬁﬁe 93 20
vol % | at hs Q)SEH}] Laes | | b HE s i ned | ower
bai n(i)te, %&iggl @%%B%ﬁ%%%%ﬁ%%ﬁ@%%&@%ﬁﬁ?%ﬁa st eel

sl ngt t ot a lrfatmmtno ndurther eoxtnﬁa'sqsfheasftcptief shav-coalingrthe stediipipite frlom(th9 Qthat at .
substanti a onogeni ze the steel s : i i ssol ye substantia

al | carbi deé'g"&a‘aw : A abaut L §e& pex seqp Itﬁ{#:}éﬁé f%@iagﬁ‘l‘tisr@f’w priorio gt gg| y
sl ab, and (i ' [ QL] %ﬁ]@' r g0 S d ; i sl ab;
(b) reduci ggﬂlééﬁﬁgg{sef% }Z@F{es@ gglc?doltt? gllrnﬁqﬁgt ee h‘tﬁﬁ'éig'eﬁ?‘ﬁf’f)dﬁgs s?) r%%%l g@éﬁot
rolling Jlroi':l_s meo?njﬁidfni dfslihe nﬁcrosguﬁtamoé_ thatsttelq)latlamﬁf)ohm vbil/Eto abost Ehvdlt
recrystallizes; (c) further reducing t st ee e in,one or nore
hot )r/ol | i ng Qfaustenits {imlayers gp al?%ﬁ‘rﬁ&ﬁ’ﬁ@ﬁ@h"&h%@"‘g&é‘! lgths 9 pRedomMEntY o |
Lermer at ur @ Slahed finiil dll Snblakhéd IohEAOR, TBL Glhel RS lHBs ()

a cooling rate of abo rr] C per

guenchi ng the steel plate a
second to ahgut aahRfire KRGS MMM, ansférkiHieh kdnjepfbres.) 72[ err] F/ sec) to a
Quench Stop Ter?rperature (@) bgl ow about the I\/[e]éllr%] ) transformation

tenperature plus Tdeisard dnibicrk 384 eFyolénic PRtheridRE Couphaek, th ity if thid
::ﬁg—? ng/SS 5231/%1 (2) Zpisro-laminate microstructure preferably comprise predominantly lower bainitegor
martensite. It is preferable to substantially minimize the formation of embrittling
constituents such as upper bainite, twinned martensite and MA. Asused in describing
the present invention, and in the claims, “predominantly” means at least about 50
volume percent. The remainder of the microstructure can comprise additional
20  fine-grained lower bainite, additional fine-grained lath martensite, or ferrite. More
preferably, the microstructure comprises at least about 60 volume percent to about 80
volume percent lower bainite or lath martensite. Even more preferably, the )
microstructure comprises at Jeast about 90 volume percent lower bainite or lath
martensite.
25 A steel slab procéssed according to this invention is manufactured ina
customary fashion and, in one embodiment, comprises iron and the following alloying

elements, preferably in the weight ranges indicated in the following Table I:



transformati on tenperature; and (e) stopping said quenching. I n one

enbodi nent , e nethod of this invention further conprigs ep
of allow ng Wﬁ’e”@?gél plate to aif cool to anbient te éf'gﬁ?%z@%om
the QST. In another enbodi nent, the method of this invention further

conprises the step of holding the steel plate substantially 5
I sothermally at the QST for up to about 5 mnutes prior to allow ng the

steel plate to air cool to anbient tenperature. In yet another

embodi nent, the nmethod of this Tabledt i on further conprises the step

of 'slowcooling the steel plate fromthe QST at a rate | ower than
about 1.0[err]C per second (1.8[err]F/sec) for up to about 5 m nutes prior
to al | owi ANoyikg Efdridit P! at e t Rage (W294) t 0 anbient tenperature. This
processing facilitates 10 transformation of the mcrostructure of the

steel plate to about 2 vol%to about 10 vol % of austenite filmlayers

and abo 90 vol %to out 98 vVpohX hs of l han
fine-gradined nar?aéﬁu%t}@ and fi néé)b%/? g.?%,er&qe(?v\rgiieﬁgg{ﬂﬁ? 'e{.}'b?See G ossary for

definitions man@inedd @) t eOPeRH, tHope prRfsably 1A-[1§r] and Merr]
transformation te.nggr atures.) To _ensure_anbi ent and cryogenic
t enper at ur e- t oughiokel{Nik he | at hk0r3.0; merapreferghly £ §--12%hi nate microstructure

preferably conprise om nant)y | LR b _ martensite. It is
preferable to su%‘g’tpgﬁ{(ﬁgl ly m n‘%’% Zl.eb,?{%éjﬁlloe?érn%lﬁyg% 00f5 enbrittling

constituents sucioBbdeiie (MERI Nd.1 € 0.8, Morerpetferely 62si0t4 and MA. As used in
descri bi ng the present invention, and in the c¢laing, "predomnantly"

nmeans alf [ east apiebiunsNb) vod-0e0demorspreferdbdy 0 82aP8er of the
mcrostructure cgpn,Go i# S€ addb.bbSDD@.bBngorefﬂfréf@fagfg@.%-do.b?wer bainite,
or ferite. re

additional fine-grarned fath martensite, o preferably,
t he microstruct uslamb@amp(ABes at0.0ehs0.04maote pheferablyn®050€0.82nt to about 80

vol une percent |ower bainite or_lath tensite, Even r eferably, the
mcrostructure cBPEFREYD at | ea@*pg%bg'gg ’WWﬁ%WéEﬁa@g[r)ﬁoe'?@;\er bai nite or
| at h martensite. 25 A steel slab processed according to this

I nvention is manufactured in a customary fashion and, in one
embodi ment, conpChemsinin (@) s sometimes aldedva thg stekl, preifargbly up to abawdil s,

\F;\;)efgg; gggowimq%f Qned Xi’géegp%fe;a%ﬂga %»uti (5]9 iwg(%t%dabinrl]t Oté] x?vt‘%.o 'lowing Table I:

PCT/ US98/ 12705  gilicon (Si) is sometimes added to the steel, preferably up to about 05 wi%,
more preferably about 0.01 wt% to about 0.5 wit%, and even more preferably about
0.05 wt% to about 0.1 wt%.

20 The steel preferably contains at least about 1 wt% nickel. Nickel content of
the steel'i:an 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
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
25  ofthe steel. If nickel content is increased above about 3 wt%, manganese content can
be decreased below about 0.5 wt% down to 0.0 wi%.
Boron (B) is sometimes added to the steel, preferably up to about 0.0020 wt%,
and more preferably about 0.0006 wt% to about 0.0010 wt%.
Additionally, residuals are preferably substantially minimized in the steel.
30  Phosphorous (P) content is preferably less than about 0.01 wi%. Sulfur (S) content is
preferably less than about 0.004 wt%. Oxygen (O) content is preferably less than
about 0.002 wit%.



Tabl e | Al l oyi ng El enent Range (wt % 5

carbon (C 0.04 - 0.12, nore preferably 0.04 - 0.07 '
manganese (MWO993%576 - 2.5, nore preferably 1.0 - 1.8 NPCRAISIF IS .
1.0 - 3.0, nore preferably 1.5 - 2.5 10 copper (Cu) 0.1 -
1.0, nore preferably 0.2 - 0.5 mol ybdenum (Mb) 0.1 - 0.8, nore
preferably 0.2 - 0.4 10 ni obi um ( Nb) 0.02 - 0.1, nore
preferably 0.02 - 0.05 otitanium (Ti) 0.008 - 0.03, nore
preferably 0.01 - 0.02 al um num (Al) 0.001 - 0.05, nore
preferably 0.005 - 0.03 - ' nitrogen (N) 0.002 - 0.005, nore
preferably (ReoessingnfiheSteel Slab Chromium (Cr) is sonetinmes added to
the steel, preferably up to about 1.0 W % and nore preferably about
0.2 % to about 0.6 W% Silicon (Si) is sonetines added to

t he steel, mzﬁ%ﬁ#&%ﬂ about 0.5 W% nore preferably about 0.01
w%to about 0.5 W% and even nore preferably about 0.05 wt % to about
0.1 wmt% 320 The steel preferably contains at |least about 1 w%

i ckel . Nickel t.ent. of | bout 3 wt%
't Ctesi rod to entAHBEVBER I RBTs Sgniaer B agf 3R RTROM WANEADCE B 8
of nickel i scHanRGelifthd ®veRyREnt JTReWBISL A ktebl Fordrslenietemperatuggpout 10[err] C

(18[err]F). N ckel content is preferably less than 9 w% nore preferably
| ess t happlicdtioms. Thetevhninsgl challengoisto maintginfinesease the sjrengthiimilited i n or der

to mninze cost of the steel. 1f.nick ntent i s jn seq_above
about 3 wt %Wﬁ?@ﬂbﬁg&é&&wﬁ%ﬂﬁe&#wm% %Sﬂéaélglg §5ps°§ %er %‘\?v a o'u?ﬂf). 5 wt %
down to £y O MWedént invention utilizes Bosrbinstion df:l6 PR khdProcasingdo altertboth thieeel |,
preferably up to about 0.0020 w % and nore preferably about 0.0006

W% t o aboutingimgi:ias welbes microstructural contrbiitions imeaqtyre resistangs i 3 way &0

f bl t, al 1.4 m A P. Al
Content i 5 PSRRI by Bt Tk Efeelibrsrfogeh Smpcitore FORFHAR MR haib
preferably |pslae shlanthaAY, 4 Heftinafledesthipgen (O content is preferably |ess

t han about 0. 002 wt % . . .
In this invenotion, microstructural toughening is exploited for lowering the base

15 steel DBTT. This microstructural toughening consists of refining prior austenite grain
size, modifying the grain morphology through thermo-mechanical controlled rolling
processing (TMCP), and producing a micro-laminate microstructure within the fine
grains, all aimed at enhancing the interfacial area of the high angle boundaries per
unit volume in the steel plate. As is familiar to those skilled in the art, "grain" as used

20  herein means an individual crystal in a polycrystalline material, and "grain boundary"
as used ﬁercin means a narrow zone in a metal corresponding to the transition from
one crystallographic orientation to another, thus separating one grain from another.
As used herein, a "high angle grain boundary” is a grain boundary that separates two
adjacent grains whose crystallographic orientations differ by more than about 8°.

25  Also, as used herein, a "high angle boundary or interface” is a boundary or interface
that effectively behaves as a high angle grain boundary, i.e., tends to deflect a
propagating crack or fracture and, thus, induces tortuosity in a fracture path.

The contribution from TMCP to the total interfacial area of the high angle

boundaries per unit volume, Sv, is defined by the following equation:

30 Sv=%(1+R +—;€)+0.63{r—30)



WD 99/ 32670 .
PCT/ US98/ 127, : :
Processing o t9|~9|’82(§f'ee| Sl ab , (1),,Lowering of DBTT 5 Pc]r%s98/12705
Achieving a | ow DBTT, e.g., |ower than out -73[err]C (-100[err]F), is a
key chal l enge in the devel opnment of new HSLA steels for cryogenic

t enperat ure applications. The technical challenge is to . '

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

| owering the DBTT, espB&¥Pally in the HAZ. The 10 present invention
utilizes a conbination of 8"4&%&0&@% aole .ﬁgeﬁ%}?o#&@ﬁedl%%eif fafe
intrinsic as well as mcroSttUCtUnar, '|g§${”ons tQ eb(flt %tg ee§6e§t ance
in awy to produce aprf%:if)ﬁ‘?ﬂ"ﬁ/né. ot X eéﬂ?&ﬁ?%ﬁﬂ FY et ¢
tenperature properties in 19{&cgytallize (prioppustenits ¢RI §z8hhe HAZ, as

her ei naft er descri bed. In this invention, mcrostructural

t ougheni ng is expl oited foRi$thaseduetjon rasiot{axginalsteet slat thickmress/firg) steel

m crostructural tougheni ngplasrhicktess)pénd ef i ni ng prior austenite grain
size, nodifying the grain norphol ogy through therno-nmechanical controlled

a=

rolling processi ng ( TMgRthe parbéht BEduGtion thizkidss bPthle@tBeN@ieto hot
mcrostygicture within the lﬂfgintheteﬂxg@i‘aﬁﬁ@rﬁhéh%HﬁHaﬁéterﬁm§h&9 the
interfacial area of the hi bolundar i es per unit volune in the
steel plate. As is famliar to those skilled in the art, "grain" as used 20

herei n neans an individual crystal in a polycrystalline material, and

“grain boundary"Itis well REowhs Bithb artehal asBenSy 8f Haecldntreasss; theDBTTet al
corresponding to the transition from one crystallographic orientation

t o anot her , decreasess dpeitoaaragkyleflactiony and the attsmdant derfiosity in the f1ag Rerein, a
"hi gh angl e qrai.n LY. i§. a |k .
adj gcen?ggrg’%k@%ﬂ%gee °g’39§s{'%°§1 o‘gj?'ap')‘%lllcgal W%#%%g{ed\?‘?‘%gdr@%?%%f?han

about 8[errj givBﬁglaN thitkness add ek Timit fer thbivale af g lisetypionlind?5. yGiven
interface” iis a boundary or interface that effectively behaves as a

hi gh angl e fixed Yelupsdor&r gnd 1, & canronlyjhe substaptiallydipcrgased by dserspsiRgidi-8§ crack
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invention, Ti-Nb microalloying is used in combination with optimized TMCP

20  practice. For the same total amount of reduction during hot rolling/deformation, a
steel with an initially finer average austenite grain size will result in a finer finished
average austenite grain size. Therefore, in this invention the amount of Ti-Nb
additions are optimized for low reheating practice while producing the desired
austenite*grain growth inhibition during TMCP. Referring to FIG. 3A, a relatjvely

25  low reheating temperature, preferably between about 955°C and about 1065°C
(1750°F - 1950°F), is used to obtain initially an average austenite grain size D' of less  ’
than about 120 microns in reheated steel slab 32’ before hot deformation. Processing
according to this invention avoids the excessive austenite grain growth that results
from the use of higher reheating temperatures, i.e., greater than about 1095°C

30  (2000°F), in conventional TMCP. To promote dynamic recrystallization induced
grain refining, heavy per pass reductions greater than about 10% are employed during
hot rolling in the temperature range in which austenite recrystallizes. Referring now
to FIG. 3B, processing according to this invention provides an average prior austenite
grain size D" (i.e., d ) of less than about 30 microns, preferably less than about 20

35  microns, and even more preferably less than about 10 microns, in steel slab 32" after



boundaries per unit vol une, S[err] I's defined by the foll ow ng equation:
30 [err] WD 99/ 32670
PCT/ US98/ 12788 99/32670 wher e: PCT/US98/12705
d is the average austenite grain size itm2a hot-rolled steel plate
prior to rolling in the tenperature range in which austenite does
not recrystallize (rior austenite grain size); 5
Ris the reduction ratio (original steel slab thickness/final steel
plate thi ckegsditi x}ga(!a tion) in the temperature ran, emwhmhaxfstehﬁei sRElAg Nt
reduction |nth|c ss?ng 9 ensteelpdueto% oy
rolling in bh’epmcmtpho’amﬂmg in drgemperatune xahgamsw}ndn sustanite doesaot
recrystallize. i s, wel | in the art.that. as the Sv of
a steel incresstalize. h%dwy’t°m°%%ﬁhg§”°§fﬁ%n%e ﬁﬁtk‘mdg}ﬂi‘eéction and
the attenda oﬁ%f ﬂe@h&hﬁeﬁ?%&ﬂ&ﬁn@%}éfeﬁﬁly&ceeﬁﬁg aBbetyosnal e

omrer Cl a ctice

boundari es. TMCP pr e valle of R7is fixed for

a given pl awmmh% U2 BarABdl okt tHeRBBperhfufé fanfObel b abotattheeT,Qltertipdratutey pi cal |y
75. G ven fixed values for Rand r, Sv can only be substantially

i ncreased b‘buﬂﬂfdi'e&Bb\ﬁghéiAnmnsfomatloﬁ\texﬂpe‘ﬁmfd ®efértiag abwe FEGBAT,i on. To
decrease d in steels according to.the present I nvention, Tj-Nb

m croal | oyi ARMEE apensding fo thivimrerdiondeadasa the Symatien efanrelensates, p &tice. For
the same fokghe W%ﬁgﬂq lﬁqmgh%né&l&eag #oir 9 tﬁb&%’fﬂx@f cfefRfd il 2

steel with I'ner average au size W | result in a
finer finisigdD™inthe &t&i%@lo&ﬂ&kdﬁb&t&ngé al, affeatwe grah‘hazeDb‘rlssthanablous

i nvention the anpbunt of Ti-Nb di.tions S\reotlm {g‘r tg

reheat i g prlawmfe@b&km@%@% IIH%@P?»@B even °"31P§? PYdestBah growt h

Irgmag!tltlngnt gﬁ%‘éw pre%’%%@g li)e ween out %@g?ﬂgrlé/?&c gﬁlgesé%)gn%’j

1065[ err] C per unmit volume in steel plate 32", as will be understood by those skilled in the art.
In somewhat- greater detail, a steel according to this invention is prepared by
forming a slab of the desired composition as described herem, heating the slabto a
15 teroperature of from about 955°C to about 1065°C (1 750°F 1950°F); hot rolling the

slab to form steel plate in one or more passes providing about 30 percent to about 70
percent reduction in a first temperature range in which austenite recrystallizes, i.e.,
above about the Ty, temperature, and further hot rolling the steel plate in one or more
passes providing about 40 percent to about 80 percent reduction in a second

20 temperégire range below about the Ty, temperature and above about the Ar; ~

transformation temperature. The hot rolled steel plate is then quenched at a cooling
rate of about 10°C per second to about 40°C per second (18°F/sec - 72°F/sec) to a

suitable QST below about the M transformation temperature plus 100°C (180°F) and

above about the M, transformation temperature, at which time the quenching is

25 terminated. In one embodiment of this invention, after quenching is terminated the
steel plate is allowed to air cool to ambient temperature from the QST, as illustrated
by the dotted line 10 of FIG. 1. In another embodiment of this invention, after
quenching is terminated the steel plate is held substantially isothermally at the QST
for a period of time, preferably up to about 5 minutes, and then air cooled to ambient

30 temperature, as illustrated by the dashed line 12 of FIG. 1. In yet another embodiment



(1750[err]F - 1950[err]F), is used to obtain initially an average austenite

grain size D of |ess t han about 120 mcrons in reheated_steel slab
32" before h&tO¥HF2%67tmati on. Processing accordi ng to thi sPFHYEWER
avoi ds the excessive austenite grain gré@vth that results fromthe use

of higher reheating tenperatures, i.e., greater than about 1095[err]C 30
(2000[err]F), in conventional TMCP. To pronote dynam c recrystallization

i nduced grain refining, heavy per pass reductions greater than about
10% ar e enphojikdtrated bydhe dash-dhbdotrline!1il rod FIG. 1, ithe stephplatesis glosv-eeplebfrpm whi ch
austenite recréstallizes. Referringgnow
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PCT/ US9g/ 12 ¥Ewodiment of this mven@on, the M@'a‘f&'o%%ﬁt?’&ﬁ@ﬂperature is abo 5,

hot rolling (deformation) i e tegperature range_in | enite
recryst afl i e62°F) anrgﬂkﬁﬁ?f)%?’ B&ﬂssa%gmﬂﬁ?ﬁl teﬂ'ﬁ’efaﬂgﬁ Rh‘stlgﬁ%%bast%ﬂﬁeﬁr ange in
whi ch austenite does not recrystallize. Additionally, to produce an
ef fective grehow4502¢ (34d8ktion in the t hr ough-t hi ckness directi on,

heavy reducti ons, rs?ée?éﬁ@ ﬁﬂaﬁ%@ﬁéﬁj b\ﬁ%ta?xﬁglw is6@%mall§ at tHR\OBT By e, are

carried out in the temnmperature range bel owabout thé T[err] tenperature
but above akgitiblé hfeaf, 3s kredmstatortitososkillehindheaart;such @dfyplading 2 taepmeb F| G

3C, TMCP according to this_inventjon |leadg to t r | an

el ongat ed, piankgkever the St%‘{f plats 3?1{9 ﬁt"r?TB SR €%§?Y{'°8°£§ﬁﬁgﬁ1&&%#ﬁg%?st eel
plate 52  WddinitBh by b uifbicthddnd st etiaibwn o thésk &RIEY in th8 atthduch a5 by

t hr ough-thi ckness |¥ec ron, e.g., effective grain size D'' |ess than about
10 10 m cr gisingaeinsulatihyblaskes ovérdhe stbedplat® ni crons, and even nore

ferably | th t 5,01 crops, .thus: ' j: f aci al
P e o or b o’ amal A5 Bontestpedty tescadlled it ¥ art aYRe AN L rfacti 1 (2! @
plate 32"", foeidd i’ef%? Ec Stea0diol n UG Ekreld dfitiRsktdelslbtner piate prior to the
e

| n somewhat greater , a steel according to this inventign i.s prepared

Egat - L grr:t:h;ego?;afbmhcedf zomxrp@ser $Zfeaxpta?z:msmm withews tarsehyr ipiding HEs ei n;
1065[ e?r‘]sc (ig 1 &q?g%?laﬁg%oﬁ#{w?#%gcﬁeg} ﬁlﬂ%ésf ﬁ%?[l)g%duge& SodPsud;

(a 50 percent reduction), in a first temperature range, to a thickness of about 12.7 cm (5

inches) then reduced about 80% (an 80 percent reduction), in 2 second temperature
range, to a thickness of about 2.5 cm (1 inch). As used herein, “slab” means a piece of
steel having any dimensions.

20 The steel slab is preferably heated by a suitable means for raising the temperature
of substantially the entire slab, preferably the entire slab, to the desired reheating
temperature, e.g., by placing the slab in a furnace for a period of time. The specific
reheating temperature that should be used for any stee] composition within the range of
the present invention may be readily determined by a person skilled in the art, either by

25  experiment or by calculation using suitable models. Additionally, the furnace
temperature and rebeating time necessary to raise the temperature of substantially the
entire slab, preferably the entire slab, to the desired reheating temperature may be readily
determined by a person skilled in the art by reference to standard industry publications.

Except for the reheating temperature, which applies to substantially the entire

30 slab, subsequent temperatures referenced in describing the processing method of this

invention are temperatures measured at the surface of the steel. The surface



slab to formsteel plate in one or nore passes providi ng about 30 percent

to about 70 percent reduction in a first tenperature range in which
austeni te redQ%¥Rp10 zes, i.e., above about the T[ err|PGTEB§NEAZI0T e,
and further hot rolling the steel platel4n one or nore passes

provi di ng about 40 percent to about 80 percent reduction in a second 20
t enperature range bel ow about the T[err] tenperature and above about the
Ar3 transformation tenperature. The hot rolled steel plate is then

quenched at tegnePdhre™d steel can be Melsiéd B asE of Wi [opticd] pyfaietdrfop Bfarhysle adrout
40[ err] C per second (18[err]F/sec - %[err] F/ogec) gto a sui tabl e QST

bel ow about by ry ather daviaersuiteifle formeasuringshp syrface tempsraure pfsfeel: (fhe

180 F) and bout .t h ot ion t ture,
St b ch ¢ FLmEeEER TR BeB S tholg ol g Cher SRS Hy S BHREA 1B,
i nvention, fetptite GERRE; R8d the Gueheh S anipeuture (QST)Si @ higheat, @ri s al | owed

to air cool to anbient tenperature fromthe QST, as illustrated by
the dott®d kibstantisllythemighest) temparature repshedsatitrurae ofdhe phtes aftetent i on,

after uenchi.ng is termn nat the steal <l Spos fally
i sot her nal | 9‘9%1’[‘:&3\5&8 %gﬂ‘ped’ gecansfeoolf?xgatﬁgpﬁ%fegfﬁ' 0%1 %tg?m%rﬁgpgreg ?%EE’?#% about
S mnutes, Faﬂeiaﬂgik,%hg?%ﬁfﬂf@éiiﬂg%f%ﬁ&rﬁiﬁntﬁ(heiteﬁﬁﬂte&lmompoa'ﬁomI | ustrated by

t he dashed line 12 of 1. In yet another enbodi nent .
99/ 32670 . according to this invention, a thetmocouple is placed at the center, or substantially at

PCT/ US98/ 12405 . _ :
as illust rag}éeaceggﬁr’t%éheosates%}’ g&t}uoc(l)c%a eﬁsif%receffrgqnﬁgra&xm Ee t He g?té‘g ll%lalgt eis
sl ow coqp ed shffa@temperafubesis @hsitd By s of anloptied] pyfomretarha canfelation cool i ng,

i.e., at a rate |lower than about 1[er rlegl per seco&d 1(.11. err] F/ sec),
preferabl y betwesn cenertemperatureand susiace fempsratyre ssdevelgped for use i ment of

this i nventigo.  the Moelile drRV\hR! BRLbARAARRES ki Relitompasiion 36h

that center temperature may be determined via direct measurement of surface

temperature. Also, the required temperature and flow rate of the quenching fluid to
15  accomplish the desired accelerated cooling rate may be determined by one skilled in
the art by reference to standard industry publications.
For any steel composition within the range of the present invention, the
temperature that defines the boundary between the recrystallization range and

non-recrystallization range, the Ty, temperature, depends on the chemistry of the steel,

20  particulagly the carbon concentration and the niobium concentration, on the rehegting
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 )
to this invention either by experiment or by model calculation. Similarly, the Ar; and

M, transfonnation temperatures referenced herein may be determined by persons skilled

25  inthe art for any steel according to this invention either by experiment or by model
calculation.

The TMCP practice thus described leads to a high value of Sv. Additionally,
referring again to FIG. 2B, the micro-laminate microstructure produced duting
ausaging further increases the interfacial area by providing numerous high angle

30 interfaces 29 between the laths 28 of predominantly lower bainite or martensite and
the austenite film layers 30. This micro-laminate configuration, as schematically



5 (662[err].F) and, therefore, the Merr] transformation tenperature plus
100[ err] C(18 about 450[err]C (842[err]F). The
steel plate %Lay {),:U:%ld d substantially i ?t hermal |y at the QSTPSV"%V””

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

pl aci ng a therrral bl anket over the steel plate. The steel plate may be
sl ow-cool ed after quenching is 10 termnated by any suitable neans, as are

known to those skilled in the art, such as by aci ng an |nsul ating
bl anket oveHlustigted iEIG. 2Bamay b ecomparedtothecopgenpgna}%m lathose

skilled in r&e ness
refers to pLetPlgcg% g‘%ﬁ gﬁj ?ﬁﬁﬁ%ﬁeﬁ% r%% g%‘ﬂ%&ﬁkg{i hi‘ol%’kpl ate
prior to theonvennoﬂaﬂedmmemcﬁeeimﬂmﬁmsuﬁm mrItIGpmAessclafraoeeﬁz!edmﬂmn only,
wi t hout thereby limting this 15 .Jinventjion, a_steel slab of about 25.4 cm

(10 i nches) 2Bgip bRinslagesl (ise bpundssissithateffactivelybehave as low srgle grait nt

(5B i 538 LGN o BG0Fme 22 FokAoRAGR] il abd O

second te P Eiadtetkie; and thus roﬁB@Eclehﬂga ctaok QK neindtiatdd, tleampropagatethrgighi nch) . As

Cpad

used herein, "slab" npeans a pie steel having_ any dinmepsions. 20
The steel sthgdathdoyndaries 20 Wgﬂéﬂ? e@ns; indizestionpinconiraststbe picroammate ¢ he
tenperaturen,, microstru e SRS o?lﬂ’;é’c\ﬁn%@t ﬁ%ﬂt{oﬁu&' iftRstrabddHyPERD ?ﬁ jdags ntire
sl ab, to the desired reheati ng enperature, e.g., by p aérng the sl ab

in a furnacelgﬁﬁrcaﬂttpﬂﬁdshgizﬁ)fhetdrmkpatfheﬂﬁpfsdieéduseacrackzﬁelm&aetmngtddemaerature
that shoul d be used for any .steel 0Siti.on wthj e r.ange of t he
present 19 vtk 23e- lswer'éwrw HFIFE frdnsigncs, ‘B@f@%‘at"sﬁa}‘ galapq;, the art,

either by 2p, . %@g%&r&%%e&xl lﬁgi &grl@rhre&cm Wth bRl

Addi tional ly, urnace ture and reheating ti necessary to
rai se the tduptrtat differadt oﬂaﬂmanmﬁwdvygdmﬁshp planesint the bainitabyd pr ef er ably
the entire slab, to the desi rehe e ratyre nmay be r

det er ni ned H}fmﬁnﬁé@r@ﬁwt%?&t”f ?’éffg? ﬁ%"é‘?ﬁ)‘ré@ ?%t@tgrﬁg‘gﬂ %%dust ry
publ i cationg BieaR! Lo eétﬁ | f0 hér"eﬂ'@r"g‘fr%kﬂ Hhi ch
applies to su tva%%blu?t%g%fhag ent | rrgf‘g ktm Subsequent éct)ures

ref er ent¢ed beforkethe crdok 26 prdlmgﬁcbthecssghrﬂge amtdm‘tdﬁhﬁ la}rerss‘SO The blun’mgnt ion are
tenperaturos meagured 81 odns, L HERCE (N BrmbeRLein] ISl A% no
PCT/ US98/ 12&0ffibit DBTT behavior and shear processes remain the only crack extension 14
mechanism. Secondly, when the load/strain exceeds a certain higher value at the
crack tip, the metastable austenite can undergo a stress or sfrain induced
20  transformation to martensite leading to TRansformation Induced Plasticity (TRIP).
TRIP caf lead to significant energy absorption and lower the crack tip stress intensity.
Finally, the lath martensite that forms from TRIP processes will have a different
orientation of the cleavage and slip plane than that of the pre-existing bainite or lath
martensite constituents making the crack path more tortuous. As illustrated by FIG.
25 2B, the net result is that the crack propagation resistance is significantly enhanced in
the micro-laminate microstructure.

The bainite/austenite or martensite/austenite interfaces of steels according to
the present invention have excellent interfacial bond strengths and this forces crack
deflection rather than interfacial debonding. The fine-grained lath martensite and

30  fine-grained lower bainite 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 propagation through



tenperature of steel can be nmeasured by use of an optical pyroneter, for

exanpl e, or by any other device suitable for measuring the surface
t enper at ure WO E33610. The cooling rates referred to her AGI/E§98/13Mdse
at the center, or substantially at the ¥enter, of the plate thickness;

and the QJench Stop Tenperature (QST) is the hi ghest, or 5 substantial ly
the highest, tenperature reached at the surface of the plate, after
guenching is stopped, because of heat transmtted fromthe md-thickness of

the plate. thesepacRéts aithirpthe pashake.nThip ieadewssubgamial mcreasd imeu and heats of a
steel conposition according to this invention, a thernocouple is

pl aced at t$maseqsagy,, lowering ofPRHAT al | y at the center, of the steel
plate thi ckness hgtoGaheribEanRrAA b JHBRS MERTB0] sbotiateuski k0 Sur f ace

tenperature is y use o ptlcal pyrometer. A correlation
bet ween cenjowfering DBTRirthe basedteelpthecthey argret itllyreffecSvedior slampaitingor use

during subsequent _processing of the sane, t t he sane,
st eel cohpositficient] Yl@%ﬁg TTin WSEMIF%%?&ﬁWSWbﬁB%%‘?m ned via

?:a;rggﬁ atmtifs %ﬁﬁvggv{l?lg é)fvghgg?ﬁlgthé)&ﬂl nﬁﬁxﬁ % Lgﬁho 15 accorrpl % t he

desi red accedas@eﬂe@mymm@f thetvecldBA Dby dbhmngnnnmmotgifegts@fsuﬁmﬁd in
the art by reference, to_standard. industry publications. For
any steel @M&t@(ﬂ?%@%&%&h@ﬂ Be of the present invention, the

terper ature t hat  def PRt 54 By AR R URE LB @Y Bissh bh 2| On 1 ange

and non-rec rang the T[err] tenperature, depends on
the chemp stbgd)oéeﬂtéredsmme(BCCXsttalﬂm\m:e cWh@lsltI;ls cltyetabmmﬁ'@ﬁ&@ntrathn and

th bi tration, Qn th
(ol 11 g, anBoiSPLA RS BRbAE 08: HEAEE ARl P RR bFPH pitec.
Per sons ski gljoﬁxdddcﬂlettﬁ%rﬁt!iéﬁ%&e%ﬁ&rﬁdﬁaﬁﬁxéﬁmﬁeﬁmu&&%@ This céa par ti cul ar

steel accor his 1t nvention either by experinent or by nodel
cal cul ati onﬁnﬂamehmﬂy witribted tartBe stramg sensitivify afithg mﬁ%@?%&heﬁﬁmss

heart o CRSSEBRRheran o Rgmpobaty BT, Bibith, MHRRLORES ol oy "

by nodels thh%&ie%fk!a@é inQ gperature thereby makitigehel ekt medskescaﬁdhhanﬁlmlqu bed
|l eads to a high val ue of ditionally, rrlnggagalnto FI G 2B,

t he nicro- | dwtiefrectreonorstdifficultr Ontheoetherdipnd, the P@t‘cal stresg, her

i ncreases the interfacia ke 30
i nterfaces DOBErWee] afﬁiga?aé%ﬁssf%%%{’gb oI an¥ i ;ﬁi‘ ower ® bai n| te or
martensite @hgberature is loweréd sleevugeeeéommthafaemdmctuﬁmsdenlmdmg tarthrat e

configuration, as schematicall
J onset of low energy brittle ﬁ%cture The CRSS is an intrinsic property of the steel and

20  is sensitive to the ease with which dislocations can cross slip upon deformation; that
is, a steé'f in which cross slip is easier will also have a low CRSS and hence a Iow
DBTT. Some face-centered cubic (FCC) stabilizers such as Ni are known to promote
cross siip, whereas BCC stabilizing alloying elements such as Si, Al, Mo, Nb and V
discourage cross slip. In the present invention, content of FCC stabilizing alloying

" 25 . elements, such as Ni and Cu, is preferably optimized, taking into account cost
considerations and the beneficial effect for lowering DBTT, with Ni alloying of
preferably at least about 1.0 wt% and more preferably at least about 1.5 wt%; and the
content of BCC stabilizing alloying elements in the steel is substantially minimized.

As aresult of the intrinsic and microstructural toughening that results from the

30  unique combination of chemistry and processing for steels according to this invention,
the steels have excellent cryogenic temperature toughness in both the base plate and
the HAZ afier welding. DBTTs in both the base plate and the HAZ after welding of
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illustrated i 0&?"&“‘28 may be conpar ed1 o the conventi onal PCT/US98/12705
bainite/martensite lath structure"wi thout the interlath austenite
filmlayers, as illustrated in FIG 2A. The- conventional structure
schematically ill ustrated in FIG 2A is characterized by | ow angl e
boundaries 20. (i.e., boundaries that effectively behave as_ | ow angl e grain
5  boundar these sterleareilomenthan sbout-73°C (0% and pant bislower then gbeia 9 Hknt | y

| ower bai nr{? gg martensite; and thus, once a cleavage crack 24 is
initiated, 6 pr opagat e t hrough the | at h boundaries 20 with
little change in direction. In contrast, the mcro-|lanm nate

m crostructure in the steel s of the current |nvent|on as illustrated by
FIG 2B, |efTehsile Strengticgreatef tham8t0 Miat(120ks\anidThrdugh fcknessit h. This is
because a ' Iath 28 e.g., of |ower

bai nite dr REEAER Al Snce-awet tend to change pl anes

i.e., change d| rectrons at each h| gh angle interface 29 with austenite
filmlayers 30 due to the different orientation of cleavage and slip
planes in the balI‘hemengﬁdofnncro-lmunztematm'ecmpmnmludntegnmdbyhbe carbereni t e

h Addi t |1 th t te fil de bl unt f
En advanci 'ngér%?r%@r arb%%i‘q%srrgaqe”' oner bl dhdny oy isblec sprisatlt or'a ©
the crack 20nhQ0 ke DEANGN ok 1S pRUEILE Bttt LbiRehi i Ot plald 67 bl unt i ng

occurs for sever I rst CC (as defined herein) austenite
does noto preferebdjylabomt DRlTmbpérasitdo abowd lgwehnnemematmep@ﬁmbiyrahe only
crack extension mechani sm.__.Se dl ceeds a
certain hi gff@? @b&}‘%"%@mﬂ?&me‘“ Ni %ﬁ%a&m #@g?}g Y’%%% ({}Ef”gfr(“ te can
undergo a S{AGSHIVF BHHD. %%19&%2@ wt% @&%E&rw herbs &idIBf prefesred €orl eadi ng

to TRansformation nduce Plasticity ( %canlea to

si gni fi cant pmvahggr@bbamiv@mnafrdctimﬁrausmmdhe @¢1§Y inthainite start B¥sity.

Finally, the |lath rte eth [ have a

di fferent 28 agm&r@rw logf Ofl][’f&;e ?bgi o&i@&@fﬁ%%gfgﬁgﬁﬁgl#that of the
pre-exigi nsoﬁtﬁbaﬂett@ﬂerstdbﬂtéatmnofausfmrtéaﬁﬁng&ssgﬂgtltuents rrakl ng the crack
path nore tortuous. As illustrated by FIG 25 2B, the net ij is that

the crack propagn fhepresentigventien, the desitgdistrengtinisioptainad-at aael a?‘YFY t he

mcro-lamn m.cr.o ettt r

martensite/ §%‘§?‘éﬁ?‘t‘8§m¢‘?§§%"sﬂaﬁaﬂ§?‘é‘e¥? %ggglﬁgﬁ%%%&c ﬁw"{?%?%sent

i nventi on haviotk tigscbdse sieell ant ¢ fheELAL. mﬂﬂmatxmmfgbmm%mspmfm crack

defl ection rather than interfacial debonding. Th i_n at

mar t ensi t e Ehtegyeralliaflay foraftammyt W%ers%heea@egw 85&"&%?0&3253‘ \5\» th high

angl e bggndari es RBCH R\ Hi 8k qRd

within gypancakemhl S 8"%& ees hﬁﬁ d’%ﬁr’%%@éco oﬁ sts?%?tnurg

ref i nenent Istdmhnuglly incomsequentid] ascregardasﬂmyndxunumraamhahde sipength imothie steelhugh
these elements are desirable to provide the required through-thickness uniformity of

microstructure and strength for plate thickness greater than about 2.5 cm (1 inch) and

for a range of cooling rates desired for processing flexibility. This is important as the
25  actual cooling rate at the mid section of a thick plate is lower than that at the surface. |
The microstructure of the surface and center can thus be quite different unless the
steel is designed to 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 Mo and B, are particularly effective. In the
30 present invention, these additions are optimized for hardenability, weldability, low
DBTT and 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
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t hese packet Q%R t he pancake. This |eads to substantial iRGIVER8A2I0H Sy
and consequently, lowering of DBTTI8 Al t hough the

m crostructural approaches described above are useful for | oweri ng

DBTT in the base steel plate, they are not fully effective for maintaining
5 sufficiently low DBTT in the coarse grained regions of the weld HAZ

Thus, the bekeptt6sihinhiiN eThe préfepred \chelaftrs ARt Bl faffesibd &t & Mesty

sufficiently ow DBTT in the coarse grained regions of the weld HAZ by
utilizing i Hese ard theoftfen raguirements pbthisigvention. e| enents, as described in the
fol | ow ng. Leading ferritic cryogenic tenperature steels are

general ly based on 10 body- centered cubic (BCC) crystal lattice. Wile

this crystakm_gg_q Weldabdité Pér Low HeftdhgwttWeéldigeor provi di ng hi gh strengths
at low cost, It suffers froma steep transition fromductile to
brittle $racture behavior as the tenperature is |owered. This can be

fundanmental |y attsi but.ed Lh r PARRY s Ol ded | resol ved
shear stress tﬂ’f éé%l%)‘)f Ehgselfn?'g%t%&lﬁgépg?s%%g? g&ts%%F g‘{eb&ragﬁllt% E%iﬁlgéts tens,
wher ei N CRSEmpéreit coicea) eypedially withilbw destdnpe aehding) is elberaakiug er t her eby

maki ng the shear processes_and consequently ductile fractehjr&ctgore
difficult. &ydmogen erapicng iathe coarsregrained Had- 1 hpschesn foymd that fen steers ofdher e

processes s 1Sk bded ' I efore, as
Phe” °=°% oM infeoRRl 5 crferifiPSps0aBll) KockRBab ARERANY e ot °, 0 2
mode, | eadi Bontest dndehe type oPHAZ micfostravtuee)astdy the hirthess ichedrbore. The CRSS i s

an intrinsic property. of the steel _and 20 is sensitive to the ease with
whi ch di sl oeativelaat, ¥hichdeseheey copsiderad, tafes the pritiGab paramptgys in the arf.dln 5 ¢ g

BT, Some PRE b eiaid Sl g W 52 Q1 IRY B Sk oo BRARa 71,

CD.

DBTT. Sone face-centere lzers such as N nown to

pronot e (lowiep tifan 2boyt, 1 M E (12 %F)BWel dgdunditions gheprefeyied gppérdiminfor such as
Si, A, Mo, Nb and V . di scour age c‘rx(i)ss slip, In the present, invention,
content of Faxbonaddition i abguid)-] Wﬁng\% heraywiheut hytpg Gus iRyention 1y, | s

preferally Non| ' | od! ﬁggﬁ% : &g,ﬁlé 4 and the
beneficiqgl gﬁgﬁeéﬁglrw%%é\%eirﬁ?#g W Wt Wﬂlaﬁlglvflglyﬁnﬁg 0 EQGfﬁH rc))re gr ably at
| east about 25 Kdlojéwiesyed mitlinseter(el/mmdl(7 ¥ IKdtindhpast about 1.5 wt % and the

content of BCC stabiljzing alloying elegents i.n the steel i%subst.antial |y
m ni mi zed. ower baimite or auto-tempered lath martensite microstructures offer superior

resistance to cold cracking. Other alloying elements in the steels of this invention are
carefully balanced, commmensurate with the hardenability and strength requirements,

20 to ensurg the formation of these desirable microstructures in the coarse grained HAZ.
Role of Alloying Elements in the Steel Slab

The role of the various alloying elements and the preferred limits on their
25  concentrations for the present invention are given below:

Carbon (C) is one of the most effective strengthening elements in steel. It also
combines with the strong carbide formers in the steel such as Ti, Nb, and V to provide
grain growth inhibition and precipitation strengthening. Carbon also enhances
hardenability, i.e., the ability to form harder and stronger microstructures in the steel

30  during cooling. If the carbon content is less than about 0.04 wt%, it is generally not
sufficient to induce the desired strengthening, viz., greater than 830 MPa (120 ksi)
tensile strength, in the steel. If the carbon content is greater than about 0.12 wt%,



As a result of the intrinsic and mcrostructural toughening that results

fromthe 30 uni que conbi nation of chem stry and processing f stee
accordi ng t oVOPE27Ry ent i on, the steel s have excell ent gﬁg@gﬁ(ﬁﬁo?
t enperature toughness in both the base II?I ate and the HAZ after

wel di ng. DBTTs in both the base plate and the HAZ after wel ding of
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these st eelgenemally themteel ishamsceptibletto colg[cracking during gielding d thadoughnessds | over

t han about -107[err]C (-160] F). 1 2 | engt h
greater thdl &‘ﬁé‘%&&sﬁfbﬁh lﬁm}??&fm&h?%?&%%%&&g%h%ﬂ%rdn}?ty of

M crost r uctgegt @0@\1&%‘%@%&1&@?‘12 wt% is preferred to prthcethé @ésirel HXZ ni cro- 1 ani nat e
structure is primarily determ ned by the carbon content of the lath

nart ensi t e mivostmekareshueizyatte-tempered tath martensito und layesr baigite Buepmereent

i nvention, ausaqging is ca(ri.ed out to produce ,te content in the
steel pliat Eprsfe ’%‘?‘éﬂpéfhmlvgﬁﬁﬁﬁ‘?nm?ﬁ OB@{@%%‘J%O about 10 vol unme
percent, nore prghesARiy V) is a mattieffdngfeAtttin Ste¥lelatdalsp essteibiites N and Mh
addi tions of about 1.0 00t 0 about 3.5 wt % and of about, 0,5 wt% to

about 2.5 veteanglydeplchardenailityMn additien isiusgfubfos pbtejrang thdesired bagutsy i i ng
the desired fract] f it Lay. i i 0 tart f
husag: o, - COBIEOR friek St RopRinbr Alshnd A bR siupfofEs gt BTG T o1
al so 15 Coi@%)?éf&%@fo}ﬁcﬁiéﬁ?%mekﬁgﬁﬁgﬂﬁh@fgtm?ﬂaa'tﬁiﬁcrﬂwémgemﬁhjiuﬂg-

In the prese invention, the desired strength is obtained at a relatively
low 10 c26kon(ldoei)eamnd avnitimumeofat leastrbnet 1Qiwa%eMp isevien mare BEesiTsd y and

excel I ent tgQughness in t Ly m ni mum

of about Ogﬁgﬁx%%"i%mb‘rl\é?gﬂbgﬁm tgﬁ%ﬁég’?ge@aﬁpégﬁéfwtgét ai ni ng

tensile strgpgivm srefered e pfstntyineentiéR 0TS npperditnit is also preferrddhid e

all oying elenents, 'other than C, in steels according tpo ﬁigﬁlhi{ﬂl nvention are
e
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t hr ough-t hi
15 . microstructure and properties. More preferably, the upper limit for Mn content is

about 1.8 wi%. If nickel content is increased above about 3 wt%, the desired high'
strength can be achieved without the addition of manganese. Therefore, in a broad
sense, up to about 2.5 wt% manganese is preferred.

Silicon (Si) is added to steel for deoxidation purposes and a minimum of about

20 0.01 wt% is preferred for this purpose. However, Si is a strong BCC stabilizer and
thus rais"és DBTT and also has an adverse effect on the toughness. For these reasons,
when Si is added, an upper limit of about 0.5 wt% Si is preferred. More preferably,
the upper limit for Si content is about 0.1 wt%. Silicon is not always necessary for
deoxidation since aluminum or titanium can perform the same function.

25 . Niobjum (Nb) is added to promote grain refinement of the rolled
microstructure of the steel, which improves both the strength and toughness. Niobium
carbide precipitation during hot rolling serves to retard recrystallization and to inhibit
grain growth, thereby providing a means of austenite grain refinement. For these
reasons, at least about 0.02 wt% Nb is preferred. However, Nb is a strong BCC

30  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%.



m crostructure and strength for plate thickness greater than about 2.5 cm
(1 inch) and for a range of cooling rates desired for processing
flexibility. WhB2FY j nportant as the 25 actual cooling ratRCTHYSIBARTOR d
section of a thick plate is |ower than 2that at the surface. The

m crostructure of the surface and center can thus be quite different unless
t he steel is designed to elimnate its sensitivity to the difference
in cooling rate between the surface and the center of the plate. In
this regard, M ThshiMa (T) wiitratided éi 4 saalbamount, is ffective peformling/fiidie conbi ned
additions of Mo and B, are particularly effective. In the 30 pr esent

i nventi on, ttativem nigade (ToN:pastidesyhic the grainasizedn pth the pollegstractsre it v,

| DRTT ; b ; N ;
i 11 cat | S BPFALBE0E AR Sl hO iR 5@ SHoR byl v 1P addbn
Esé?_ /e []Jtslgg} 1t2§71%151 ahénduai fht tBEWetpht fayiond THdTs preferably about 3.4. Ti is a¥EoRH/ 32670

1
be kept %o BC& stahilizer ﬂm&uﬂ@@@%ﬁr-cﬁ@?ﬁ?’eﬁi@%ﬁﬁ@@ﬁeé%tertaﬁ&%’sggﬂ?sé set to

nmeet t hese t | - 3 S | Oy (3)
Superi or V‘é?ﬁ@ﬁ%#&g"ﬁ@%\%ﬁéﬁﬁﬁ élrpu lc%;fb;%e'h?)‘&}‘t‘?&és’. AT corﬁrg steels
of this invegbivaboad GOGRWI% gexkrilly cas mpeprooide weffidiently finy gralihsizerostie up

i mportant concern, especially with | ow heat ﬁi)'ilput wel di n i,.s gol d cracking

or hy dthed¥n the ster) asgliNWhileamers shancabgpif. O Wisen cquse Aeterigralion iy nd t hat
for steels ' hads i ypility is
critically arfrec %.dh%)§e %g&gd;#,g%ﬁ&?%%@gﬁsgﬁ%&g%&g&ﬁ%ﬁé?ﬁg&%

m cr ost nect mhoge thapbbdy Ot02ewt¥aTiiness and car bon equi val ent, whi ch have

been considered to be the critical paraneters.in the_ art. In order to
avoi d col d cracki aé@@éptl?gstqegsegtgtﬁmwg on, frg dhe RIPYE A ow pr eheat

(1 ower thand%&&&ﬁoﬁp%%& 602080 Bhtek ﬁhs%ﬁ@eﬂ%ﬁﬁ%&?o@&%ndhﬁﬁa&r eferred

upper limt carbon addition'is out 0.1 - As used herein,
Wi t hout | i nmaboun@.008ivet% Alisrveromorepréferredinil tissopatitroganalissabved in theut wel di ng"

means wel di h are energjes up .t.o abo . I.L,0] pul es per

millimeter wﬁ?w%"ﬁf e ﬁ%ﬁ&% BECUS?ablhzer i thoy ey Déé‘?fn .kffthéﬁ

aut o- t egper ghth R iodBALE NS, HOVEIaBSRTL 095124 tBSre N { RhdEHeP e foR aluminum
oxide (Al,O;) type inclusions, which tend to be harmful to the toughness of the steel

and its HAZ. Even more preferably, the upper limit for Al content is about 0.03 wt%.
Molybdenum (Mo) increases the hardenability of steel on direct quenching,
especially in combination with boron and niobium. Mo is also desirable for
20  promoting ausaging. For these reasons, at least about 0.1 wt% Mo is preferred, and at
least abdfxt 0.2 wt% Mo is even more preferred. However, Mo is a strong BCC
stabilizer and thus raises DBTT. Excessive Mo helps to cause cold cracking on
welding, and also tends to deteriorate the toughness of the steel and HAZ, so a
maximum of about 0.8 wt% Mo is preferred, and a maximum of about 0.4 wt% Mo is
' 25  evenmore preferred.

Chromium (Cr) tends to increase the hardenability of steel on direct
quenching. In small additions, Cr leads to stabilization of austenite. Cr also improves
corrosion resistance and hydrogen induced cracking (HIC) resistance. Similar to Mo,
excessive Cr tends to canse cold cracking in weldments, and tends to deteriorate the

30 toughness of the steel and its HAZ, so when Cr is added a maximum of about 1.0 wt%
Cris preferred. More preferably, when Cr is added the Cr content is about 0.2 wt% to
about 0.6 wt%.



resi stance to cold cracking. Oher alloying elenents in the steels of this

I nvention arge ~_carefully balanced, commensurate with the hardenability
and strengt hwpéaﬁ?ﬂgnents 20 to ensure the formation of thek RIS ?QBI e
m crostructures in the coarse grained Hz. Rol e of Alloying Elements
in the Steel Slab The role of the various alloying el enments
and the preferred limts on their 25 concentrations for the present

i nvention are given bel ow Car bon(% is one of the nost
effective strengNi:kgl.(M;)glaampoxsantnll@meadden osteels of theppispmts with t he

o oot T satoR P hhin fhe B T o852, g B, 308 ot bEaR oL o°
enhances strorxg@srt@@@&hﬁﬂ&éfsnist&l N'iHﬁﬁ&k{o'thUstEél eﬁ%ﬂ&iﬁé@ﬁn’ssaﬁkﬁaﬁd ronger

m crostructuresS 1n the steel during cooling. If the carbon content is
| ess than ahawbymov@etsﬂ%'f|A1thc81ggelnb106th¢§fdm®degreeaSMmﬂmdMoeaﬁﬂlmstIduce t he

d d h 830 0 I
Gtrengtts 1 aidniap QBSstest o Bsrenbilint A ferbgind PabBHhickngss, 0. 15
‘I’D“C?I{‘; US98/ 1 Zu%fomu% A9érdéeuPure and properties, such as strength and toughness, m thick

general |y tsvetisnsedi additionss else nssfl fpnobiummzdha@er&irn@b@uﬁmgmﬁmnﬁg and t he

t oughness i

contnt i n Seley imegeed or aagf, Foebiigiofic SAh b1 M AREIRANZY 7T 2O

to produce gaeniffmhh ¥ cohént is prefefamwswtuc@ Wi Smond preferadlit sbouepsentes] | at h
martensite and | ower bainite. Even nore Npreferably the upper Iimt for
1

car bon tont Sinte N§ isdnozxpensive7allaying element, the Ni conjen 9 testee] igpreferably leag ri x
strengt heneg | i St 5102 R8GO kW rout 25908 L Yec B

har denabi | i aln ng Sl re bainite

transfOrrmtthaﬁaﬂ&h@/oM%Emﬂ@eﬁﬁmwpremguasgthaﬂammum%munt of 0.5 wt%
Vvh is preferred for achieving the desired high strength in plate

t hi ckness em@anﬂ@'mzemswit@%m {1 inch), and a minimmof at |east
about 1.0 wt % Mh r ”ﬁ;ﬁ& g‘g&g, can be
harnful to tough%é%&\@glgﬁd%‘gg%? ?I dfdmoggu ngé auit&i?te'fyﬁf’bﬂge
15 the micro-laminate microstructure. Preferably at least abont 0.1 wit%, more preferably
at least about 0.2 wi%, of Cu is added for this purpose. Cu is also 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 s-copper precipitates. This precipitation, if not propetly

20  controlled, can lower the toughness and raise the DBTT both in the base plate and
HAZ. H'Ifgher Cu can also cause embrittlement during slab casting and hot rolling,
requiring co-additions of Ni for mitigation. For the above reasons, an upper limit of
about 1.0 wt% Cu is preferred, and an upper limit of about 0.5 wt% is even more
preferred. '

25 Boron (B) in small quantities can greatly increase the hardenability of steel
and promote the formation of steel microstructures of lath martensite, lower bainite,
and ferrite by suppressing the formation of upper bainite, both in the base plate and
the coarse grained HAZ. Generally, at least about 0.0004 wt% B is needed for this
purpose. When boron is added to steels of this invention, from about 0.0006 wt% to

30  about 0.0020 wt% is preferred, and an upper limit of about 0.0010 wt% is even more
preferred. However, boron may not be a required addition if other alloying in the
steel provides adequate hardenability and the desired microstructure.



W% M is preferred in the present invention. This upper Iimt is also
preferred to substantially minimze centerline segregati'on that tends
to occur in Wa9e/BReroand continuously cast steels and thdPCIVESINAZTAS

t hr ough-t hi ckness non-uniformty in 1522m crostructure and properties. Mre
preferably, the upper Iimt for M content is about 1.8 wt% |If nickel
content is increased above about 3 wt% the desired high strength can
be achi eved wi thout the addition of manganese. Therefore, in a broad

sense, up to about 2.5 wt % nmanganese i s preferred. Silicon
(Si) is added to steel for deoxidation purposes and a m ni num of about 20
0. 01 wt % i f4pPrefaraiSied] Slonposition Whendoest Weld-Iieat Treatment (BWa ﬁg; BCC
stabilizer Rosflired thus raises DBTT and al so has an adverse effect on the -
t oughness. For these reasons, when Si is added, an upper limt of
about 0.55 Wt % SipWwriois abfhdIRbarriéd'dut mﬁgﬁfeﬂﬁiem, e.g.\gh€atet ey abloutri t for Si
content is about 0.1 wt% Sr'licon i s not always necessary for .

deoxi dat i or549P@¢EO0PEYi Therthermal exposire fronaAWIEY carlead toe lossraf stremgthion. 25

1 (i A AR .
toughness. MG e ABNIISF ALBRIREL 014, s brostsibehefts) aid serves Lo

retard recr i'on an 0o1n aln growt h, thereby
provi di ng acoaBeningef cataiteepirticlgs. aTmovertomethis, the base steeh ebemistry as r easons, at

| east about 0.02 W% Np is ef err.ed, . Hopever IS tro CC 30
st abi | i Wer %ﬁﬁﬁﬂh%ﬁ?°§’%§s§é‘§fe&v@°é‘§6‘i% 2 %‘H#PHBWgPi%‘F‘B 0t he

wel dabilit oo adH@%T S ftaticrOstRn Pl e ¥nadivko i S
preferred. reupn?lesf era oiﬁ the P uppegml ii?ny?yfor content i s, about

0.05 Wt % carbide (VC) particleinoth¢ 26 5eel and HAZ upon PWHT. This strengthening is

PCT/ US98/ 12705 .

Ti t ani um (ngs}gqgg%o%ag@s?aﬁhglystﬁaﬁr%{?ﬁﬁ x’xpo[nSP WHE Hozeh r?x?%gﬁqe ng fine
titani um niyg LYo B3b bl GvQ8ed iy i€ barf d¥ktads thetBughhaisnndirziee DBTOL h t he
rolled stru‘g?uér&%nﬁém%nd the HAZ of1 the&fsg{eel. Th%gl, the,tp%ghness of the
steel i85 i npotbuethe bhse plateaud @8 HAZ. In the presnt Myeriinn ARUPPRLEMILOE ab@itght ratio

of Ti/Nis ef.er abl y. abput 4. Ti_i RN nd t hus
Chi ses Dp10 BB Brefatef o yripE tefd st The Ry Rmie Bhleraby b WoRnH, L
steel by fowmHnMicieatedanbly] doat 0.03 wavh tu abewrotlsdet4 ViiChddedrto thel steel. A Ti

cont ent

This step-out combination of properties in the steels of the present invention

provides a low cost enabling technology for certain cryogenic temperature operations,

20  for example, storage and transport of natural gas at low temperatures. These new
steels cax} 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

25  are used to lower DBTT and provide uniform mechanical properties in the
through-thickness for section thickdesses exceeding about 2.5 cm. 1 inch). These
new steels preferably have nickel contents lower than about 3 wt%, tensile strength
greater than 830 MPa (120 ksi), preferably greater than about 860 MPa (125 ksi), and
more preferably greater than about 900 MPa (130 ksi), ductile to brittle transition

30  temperatures (DBTTs) below about -73°C (-100°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 wi% if



bel ow about 0.008 wt % generally can not provide sufficiently fine grain
size or tie Yyoomaeyg Ne N in the steel as TiN while nore thanpeppyés/ 37633

wt % can cause deterioration in t oughness. More preferably, the steel
contains at |east about 0.01 wt% Ti and no 10 nore than about 0.02 W% Ti .
Alum num (Al) is added to the steels of this invention for the purpose of
deoxi dation. At |east about 0.001 W% Al is preferred for this purpose, and

I b 0. 005 wt % Al j d. Lt
i t1ogen didssiBRUBEhRicemErtoTmaTcR ABT FRBso R W MR ShGkERE <t B 1 1 zer
and thus r a%%@?&em'lﬂ;w&{h t yﬁ%’%ﬂ*?gtreﬁqp@fmht 1@@@9@)} gﬁcc}(e[ céatentdPOve about

0.05 wt% t 2% © BV Fehdenc um num oxide (Alferr](err])
type i ncl usirepsablyMekéthah 974, tdsepleferabily lest thah aboutGumi¥heNickel cantent i eel

and its . Even nore preferably, the upper limt for Al content is about
0.03 wt % preferably minimizad) ip rien trmppizeicastiof fhgstealne har denability of steel
on direct quenchy | I Qfe@i ! i and ni obi um
M is al’so desi %ﬂ%@eof?feﬁggg‘%%“?i‘r‘%g%%‘saglﬁﬁg‘.i or t({#eagg&ﬁﬁe‘lgrsons, at

| east aboutpBfedredVbMbdiimicsits it SHotldtedmdestdodthat other haifidatiotsonay e Badst % Mo i s
even nore preferred. However, M is g strong B st api Li,zer and thus
rai ses DBTTwithut departing WM%@qﬁmg@ﬁe%%@%%é%ifw&ﬁe %"ho“_’W@I di ng, and
al so tends t,0 deteriorate the toughness of the steel and HAZ, so a

maxi mum of ‘:‘;?}Bf?t 0.8 % M is preferred, and a maxi nrum of about 0.4 wt % Mo

is 25 even nore preferred. Chromium (Cr) tends to increase
the hardenability of steel on direct quenching. In small additions, Cr
| eads to stabilization of austenite. Cr al so inproves corrosion

resi stance and hydrogen induced cracking (H C) resistance. Simlar to M,
excessive Cr tends to cause cold cracking in weldments, and tends to
deteriorate the 30 toughness of the steel and its HAZ, so when Cr is added

a maxi mum of about 1.0 wt% Cr is preferred. Mre preferably, when Cr
is added the C content is about 0.2 wt%to about 0.6 W %

WD 99/ 32670
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Nickel (Ni) is an inmportant alloying addition to the steels of the present



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

t he strongest. FCC stabilizers in steel. Ni additi-on to the steel
enhances theweg?!é?é"‘él ip and t hereby- | onwers DBTT. Al t houBRI/HSI/12H5t he
sane degree as Mh and Mo additions, Ni245 addition to the steel also
pronotes hardenability and therefore through-thickness uniformty in

m crostructure and properties, such as strength and toughness, in thick
sections. Ni addition is also useful for obtaining the desired bainite
transformation del ay tinme n&bgbsarviafite
desired DBTT in the weld HAZ the mninum N content is preferably |

about 1.0 wt% nore preferably about 1.5 wt% 10 Since Ni is an expensive

about -0 MfFHEmhaEp NrbahET) Ot (gl oGl SeERR N B, "7

| ess than about 2.0 W % and ealoging leetimgpr ef erably | ess than about 1.8
w% to substantially mnimze cost of the steel. Copper
(Cu) is a desirable alloying addition to stabilize austenite to produce 15
the m oy 0- Agytiansfomatiotampdratitetir €. the ehrpenhiry atoawhittetraisfoabation f fémitet % nor e

preferably at |least about 0.2 wt% of Cu isg added for.this purpose. Cu
is also an FCC stabilizer i n dpausteniigds @&?Pi‘?:‘?fﬂgqqnﬁi‘f'@?ﬁo | ower i ng of
DBTT in small anpunts. Cu is al so beneficial for corrosion and H C

resi stance. At higher anounts, Cu induces excessive precipitation
har deni ng &k8s] err] - copper preci pi t3RBRUDPKICE 5 eci pitation, if not
properly 20 controlled, can |lower the toughness and raise the DBTT both in

t he base plate and HAZ. Hi gher Cu can al so Q%se enbtr)ittlenent during
sl ab cast i At teansformaation dempeggure: the temperatige alovhiehRusteatie PRSP £ or

mtigation. For the above reasons, fbﬁg%fe?iitgid{?ﬁgcooﬁng; about 1.0 wt % Cu
is preferred, and an upper Iimt of about 0.5 w% 1S even nore

preferred. 25 Boron (B) in small quantities can greatly increase
t he hardengpid.ity of steel andy Rl QRefedtdiBicf or mati on of steel
m cros?drjuc%?rds of lath martensite, qggwer Eegi nlﬁlt e, and ferrite by

suppressing the formati on of upper bainite, both in the base plate and

the coar secgyigfagd A2 Conerally. goshe st uafiotind, A% Hhilfa enceded

for this urpose. Wien boron is a to steels of this invention,
from about 0.0006 wt%to 30 about &n®02d the plateshipkness;rred, and an upper
limt of about 0.0010 wt% is even nore . preferred. However, boron may
not be a required addition if other alloying in the steel provides
adequat e h@RSS{editidal tegolyad shenrstobss)i ancidtrimsicrpospertyeif asteel, sensitive to the VO
99/ 32670

PCT/ US98/ 12705 ease with which dislocations can cross slip upon
15 deformation, that is, a steel in which cross slip is
¢ easier will also have a low CRSS and hence a
low DBTT;
cryogenic température: any temperature lower than about ~-40°C (-40°F);
DBTT (Ductile to Brittle
20  Transition Temperature): delineates the two fracture regimes in structural

steels; at temperatures below the DBTT, failure
tends to occur by low energy cleavage (brittle)
fracture, while at temperatures above the DBTT,
failure tends to oceur by high energy ductile

25 fracture;



22 -(4) Preferred Steel Conposition When Post Wel d Heat Treat nent
(PWHT)- I's wo gty ed 5 PWHT-is normal |y carri edp@tfusssirizfasgh
tenperatures, e.g., greater than about 25 540[err] C (1000[err]F). The

t hermal exposure from PWHT can lead to a | oss of strength in t he base
plate as well as in the weld HAZ due to softening of the mcrostructure
associated with the recovery of substructure (i.e., loss of processing
benefits) and coarsening of cenentite particles. To overconme this, the
base steel chem stry as 10 described above is preferably nodified by

addi ng a srmtd: anount of vanadi um face-ceMespetidubiv;i S added to give
precipitation strengthening by formng fine vanadi um car bi de (VO
particles in the base steel and HAZ upon PWHT. This strengthening is

desi gned to_offset substantially the . h .. However,
excessive S\ C strengthening is taﬁ%@%gﬁkgﬁhggw&%@g& ade the
toughnegs and raise DBTT 15 Dboth i nndtbgalpase plate and its HAZ. In the
present invention an upper limt of about 0.1 ww%is preferred for V.
for. these reasons. The lower limt is preferably about 0.02 wt % More
preferably, abqut 0.03 wt%to about 9 I ; el .

This step- RSB i on of properta%ag&%%ﬁ%gqéfnggﬂﬁg&g?sbtgﬁéﬁgﬁ%gm

i nventi on provi des a | ow cost armbition robesieveystalogtaphicomridntdtion
cryogeni c tenperature operations, 20 for exanple, storage.and transport of
natural gas at |ow tenperatures. Thégﬂﬂﬁ»musswg§n€§¥@%%8m de
signifigcant material cost savings f%f’ Jogeni ¢ tenperature

appl i cat’ions over the current state-of-tHe-art commercial steels, which
general ly require far. higher nickel contents (up to about 9 wt% and
are of much_| ower strengths (less than about 830 MPa (120 ksi)).

Cheni stry aB8Zii crostructure desi gn teEgtaffetedzaney (o | ower DBTT and provi de
uni form mechani cal properties in the t hrough-t hi ckness for section

t hi cknesses exceedi ng about 2.5 cm (1 inch). These new steels
preferably HEG:e ni ckel contents | owdrydrdgen iminoerd cr8ckingy, tensile strength
greater than 830 MPa (120 ksi), preferably greater than about 860 MPa (125

ksi), ald nore preferably greater than about 900 MPa (130 ksi),
ductile to 45 é;?d%?} 'fﬁ@ﬂ%&: t SSBARARY OF RiterfiB ks LirBaively ihavds as
-73[err]C (m%g%%l‘rérb , aélII of fer excellent toughness at Y DBTT. These

new steel s can have a tensile strenghighangle gmirboundany, kb otgndoRoiefipet
(135 ksi), or greater than about 965 MPa (140 ksi or _great t han about
1000 MPa (145 ksi). Nickel contae‘?pr%éa%P%g?gké’f%%qmgﬁ‘ﬁ&btgﬁ?"ncr eased

above about 3 Wt % f . induces tortuosity in a fracture path;
20
high anglt grain boundary: a grain boundary that separates two adjacent
grains whose crystallographic orientations differ
by more than about 8°; '
25 HSLA: high strength, low alloy;
intercritically reheated: heated (or reheated) to a temperature of from

about the Ac; transformation temperature to
about the Ac; transformation temperature;
30
low alloy steel: a steel containing iron and less than about 10
wit% total alloy additives;
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PCT/ US98/ 12705 23 ~desired to
enhance perf W¥RE0af t er wel ding. Each 1 wt % addition of ni PK3YUSE12705
expected to lower the DBTT of the steeRbby about 10[err]C (18[err]F).

Ni ckel content is preferably less than 9 W% nore preferably | ess than
about 6 wt% N ckel content is preferably mnimzed in order to mnimze
cost of the steel. Wil e the foregoing invention has been descri bed
in terms of one or nore preferred enbodi nents, it should be understood that
ot her nodifications may be nade w thout departing fromthe scope of the

i nvent i on, loWisagleigaindouadsry:n i n t he SFUR bevidayy thatsepasates two adjacent WO

99/ 32670 : S : :
PCT/ US98/ 12705 grains whose crystallographic onentanonf L{hffer
‘d ossary of terns: Ac[err] t mgnsskdianmbb@ref enper at ure: t he
tenperature at which austenite begins to form _
during KBeati ng; 5 Ac[err] transformation tenperature: t he
tenperature a ich transformation Jerrd .
to austeni tqgwith'gyn W@E‘ﬁ?& during heg@:ﬁ(}}l&g bith b energies of up to about 2.5
i - kJ/mm (7.6 kJ/inch),
MA: martensite-austenite;
10
M; transformation temperature: the temperature at which transformation of
austenite to martensite starts during cooling;
predominantly: as used in describing the present invention, means
15 at Jeast 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;
20 iy ]
quenching: as used in describing the present invention,
accelerated cooling by any means whereby a fluid s

selected for its tendency to increase the cooling
_ rate of the steel is utilized, as opposed to air
25 -cooling; ‘



Al[err]Clerr]: al um num oxi de: Arferr]

transformation tenperature: the tenperature at which austep] ips to
transform towpeoPP%Q during cooli ng; éo BCC. %@T'}[?sg?ﬁ?;'o? '
body- centered cubi c; cool i ng r agé: cool i ng
rate at the center, or substantially at the

center, of the plate thickness; CRSS (critical resol ved shear
stress): an intrinsic property of a steel, sensitive to the

ease with which dislocations can cross slip upon 15

deformation, that i a steel iR which.cross slip |. .

easier wl &%&b%ﬂé@%ﬂ%@éﬁ?@ﬁan&hﬂﬁ@ﬁﬁ?ﬁg Substantially the highest,

| ow DBTT; cryogeni c tenper at lﬂ%eraturereached afY sirGitR Of teaplgte] over

t han about -40[err] C (-40F); T (Ductile to Brittle 2
Transition Tenperature): delaferquenshing is stapped.rhgeause f heai nes in
structural

t enper aPur es bel ow the DBTT, fai | ur drausmitted from the mid-thiZhfiSd 3f th8 plate;

tends to occur by | ow energy cl eavage (brittle)
fracture, while at tenperatures above the DBTT, ) )
failure temd#:to occur by high ener gypiehemfisteel ying any dimensions;

fracture; WD 99/ 32670
PCT/ US98/ 12705 .
Sv: total interfacial area of the high angle
10 boundaries per unit volume in steel plate;
tensile strength: in tensile testing, the ratio of maximum load to
original cross-sectional area,
15 TiC: . titanium carbide;
TiN: titanium nitride;
Tyr temperature: the temperature below which austenite does not
20 ; recrystallize; and
TMCP: thermo-mechanical controlied rolling ,

processing.



25 FCC. face-centered cubic;

grain: : an individual crystal in a -

pol ycryst al | VR&E9/32670 : mat ePERUSI8/12705
grain boundary: a BBrrow zone in a metal corresponding
to the ' transi ttonr—++romone
crystal l ographic orientation to
anot her, thus separating one grain from 10 JJ"MI "‘””ﬂl .

anot her;  We ClaiifZ: heaty an mm

H C hydr ogen i nduced cracking; 15 § * high
angl e boundary or interface: boundary or interface that effectively

behaves as , e. A msthod for preparinga steel plate having a micro-lanfindth #icr3 88 cBurdr ai N

boundary, i%

propagating craeniprisingabbut2evel¥ido abdit20 vol% of austenite film layers and about
I nduces tortuosity’'in a fracture Egﬁh; 20 . hi gh angle grain boamdary:
a grai nsboundar P0rvedYe to @bent 28 ¥s1% lashsefjpredominantly fine-graimed martensite an
grai ns whose crygstall i ' ' ' .
by more than ab'o%le'%',m%g& @Lr%g@{t%ﬁ%%&ﬁ@@cﬁﬁﬁﬁsﬁ{g the steps of: hi gh
strength, |ow all oy; intercritically reheated: heat ed (or.
reheated) to a tenperature of from . . . .
' (a)  heating a steel slab to a reheating temperature sufficiently high to (1)
substantially homogenize said steel slab, (if) dissolve substantially all
10 carbides and carbonitrides of niobium and vanadium in said steel slab,

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

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

second temperature range below about the Ty, temperature and above

about the Ar; transformation temperature;

20 (@  quenching said steel plate at a cooling rate of about 10°C per second to
about 40°C per second (18°F/sec - 72°F/sec) to a Quench Stop

Temperature below about the M; transformation temperature plus

100°C (180°C) and above about the M transformation temperature;

nd
25
(e)  stopping said quenching, so as to facilitate transformation of said steel
plate to a micro-laminate microstructure of about 2 vol% to about 10
vol% of austenite film layers and about 90 vol% to about 98 vol% laths
of predominantly fine-grained martensite and fine-grained lower

30 bainite.



about the Ac[err] transformation tenperature to

about the Ac3 transformation tenperature; 30 | ow al | oy steel:

a steel cont YXPMPF7¢on and | ess than about 10 PCT/US98/12705
W %total alloy additives; 29\WD 99/ 32670

PCT/ US98/ 12705 . M

| ow angl e grain boundary: a grain boundary t'lmmmuﬂmﬁﬂggmﬂo

adj acent *gr ai ns n

crystall ographic orientations differ

by | th bout 8; 5 . l.ow heat jnput we|ding: el di i th
a?/c :rs]zr gi 22‘ gf O&pem@jplagpgo&lf\ﬁergg saildn ﬁ’emﬁg te(rjﬂpréxgamre of step (a) T ding wit

kJ/mm (7.6 kJ/in ; ; o 0°F -

mart ensi t e- aust eﬁlg%vee;mfbout%% ?i?[dearbro]n ][OrGegncs:H)'?rsrr;IEi })gns'ofqé)r'rper ature: t he
tenperature at which transformation of

austenite to martensite starts during cooling, predomi nantly:

, Q.. .
as used $n descr e methadofslaimdwhereipsaid; f5ye nitialapstenite grams of step (a)
at | east about 5Q vo| : ' ustenite grain size:
%‘gﬁﬁgﬁ% S8 a’tlhaﬁloa%bout HU(; Forf3! g

average austenit %ﬁ 'ze i n -T0 st eel

4. The method of claim 1 wherein a reduction in thickness of said steel slab of
about 30% to about 70% occurs in step (b).
10
5. The method of claim 1 wherein a reduction in thickness of said steel plate of

about 40% to about 80% occurs in step (c).

6. The method of claim 1 further comprising the step of allowing said steel plate

15 to air cool to ambient temperature from said Quench Stop Temperature.

7. The method of claim 1 further comprising the step of holding said steel plate
substantially isothermally at said Quench Stop Temperature for up to about 5
minutes.

20 ,

8. 'Ifhe method of claim 1 further comprising the step of slow-cooling said steel

plate at said Quench Stop Temperature at a rate lower than about 1.0°C per

second (1.8°F/sec) for up to about 5 minutes.



plate prior to rolling in the tenperature range in

whi ch austenite does not recrystallize; 20 quenchi ng: )

as used in dBXI%¥3BEMWg t he present invention, PCT/US98/12705
accel erated caooling by any neans where@0 a—fluid

selected for its tendency to increase the c

ol e’ stet 15T e Soposed <A
PCT/ US98/ 12705 27

Quench Stop Tehperature ('?T): t he hi ghest, _or substantially the highest,
t enper at ur €9+ eachisemmsthod & claim 1 athsrein saidh step)slabof step (a) comprises’iron and

after quenching } : Lkted fromthe
m d- t hi ckness -ofﬂ’t%ﬁ@%ﬁ‘g?g}wgﬁ%MQEﬁqg#%ﬁ percerhf AR © a
pi ece of steel havi ngalwuy0.04%0abans;12% C, Sv:

total interfacial area of the hi g\&angl e 10

boundari®s per unit v@ﬂleﬁséahqut 13 pl at e; tensile strength:
ori g hal | or ose. sect i ot §1ploSbofXeR | 0ad 1o
titani um car bi de; . about 0.1% to about 0.8% Mo,
about 0.02% to Iabout 0.1% Nb,
about 0.008% to about 0.03% Ti,
10 o about 0.001% to about 0.05% Al, and

about 0.002% to about 0.005% N.

10.  The method of claim 9 Wherein said steel slab comprises less than about 6
wit% Ni.
15
11.  The method of claim 9 wherein said steel slab comprises less than about 3
wt% Ni and additionally comprises‘about 0.5 wt% to about 2.5 wt% Mn.

12.  The method of claim 9 wherein said steel slab further comprises at least one
20 additive selected from the group consisting of (i) up to about 1.0 wt% Cr, (ii) up
tif about 0.5 wt% Si, (iii) about 0.02 wt% to about 0.10 wt% V, and (iv) up to
about 2.5 wt% Mn. ,
13.  The method of claim 9 wherein said steel slab further comprises about 0.0004
25 Wt% to about 0.0020 Wt% B. |

14.  The method of claim 1 wherein, after step (e), said steel plate has a DBTT
lower than about -73°C(-100°F) in both said base plate and its HAZ and has a

tensile strength greater than 830 MPa (120 ksi).
30



Ti N: : titaniumnitride; Tlerr]

tenperature: the tenperature bel ow which austenite does not
20 WO 99/32670 recrystallize; and  PCT/US§(}2{205

t her mo- mechani cal controlled rolling

pr ocessi ng. WD 99/ 32670 :

PCT/ US98/ 12705 28 e
Claim 1. A nmethod for preparing a steel plate having a

m cro-| ani nase niAstes gﬂdtehw'@ammro-lammate mmmm&mwmumg&bmﬂ%dl% about
10 vol % of austenite | m| ayers and ol % to about 98

vol % | aths of pr é@ébﬁ‘ﬁéﬂ@%Pfﬁ@tﬁitaﬁiééamql@ﬁbwtéodf‘?é% to about 98 vol%,
(2 Cheating a Soft e et R ORI T Brbl e BB p penslle |

(a) heating a $ 0 a reheatin I Cle

(i) - strength gr essebmmmo NPk 1 20desgand mm DBTTeflovedralan (i)
di ssol ve substantiallg des and carbonjtrides of
ni obi um &nd vanadbeih 3|°Q;@tl@p°§} inchotla paigh steel plate and 1ts HAZ, and whergiggaid;  j )

()" reduci ng aiesl Beied Pofltsh o Befusd Pyt Fuffiong idiapa e . 1,
roll'ing following alloying elements in the weight percents indicated:
about 0.04% to about 0.12% C
at least about 1% Ni,
10 about 0.1% to about 1.0% Cu,
about 0.1% to about 0.8% Mo,
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
15 about 0.002% to about 0.005% N.

-‘

16.  The steel plate of claim 15 wherein'said steel slab comprises less than about 6
wt% Ni.

20 17.  The steel plate of claim 15 wherein said steel slab comprises less than about 3
\;;i:% Ni and additionally comprises about 0.5 wt% to about 2.5 wt% Mu.

18.  The steel plate of claim 15 further comprising at least one additive selected

from the group consisting of (i) up to about 1.0 wt% Cr, (ii) up to ai:out 0.5

25 wt% Si, (iif) about 0.02 wt% to about 0.10 wt% V, and-(iv) up to about 2.5
wi% Mn.

19.  The steel plate of claim 15 further comprising about 0.0004 wt% to about

0.0020 wt% B. -

) A



passes in a first tenperature range in which austenite recrystallizes; 15
(c) further reducing said steel plate in one or .nore hot rolling passes

in a WO 99/3267¢ second tenperature range bel ow aboucritiesibRE" |
tenperature and above 32 about the Ar3 transformation

t enper at ur e; 20 (d) guenchi ng sai-d steel plate at a cooling rate
of about 10[err] C per second to ’ about 40C per second

(18[err]F/sec - 72[err]F/sec) to a Quench Stop

Tenper at ur eygoel Mgl ] -%]ﬁmﬁ g @I- s
100[err]C (180[2???%%1?;\%92%0ve gjﬁgﬁﬁﬁ?ﬁiﬂ%%ﬁ rans glli%%f%‘.él on“l"j

t enper at ur e; optimized to substantially neaxiini2® crack path tortuosity by st oppi ng said

qguenching, so as to facilitate transfqrnati on of said sfeel .
plate to a m c_romm’mwai?g@ﬁﬁif‘ﬁi‘gB‘P"%&MPW&%PGIWPHO
vol % of aust ent tpggh ah gl bl B4eBPOIH 1888 of ket fnitilen il gl % | at s

of predomi nantly Tine-grained martensite an -gral ne ower 30

bainite.s fine-graing® 1&9¢r3@8i1e and said austenite film layers.

PCT/ US98/ 12705 29 .

2. The nethod of claim1 wherein said reheating tenperature of step (a)

11350[ | F)z1. - ARESNGEIbr BRRMEMY AR @hdM fropdptiaP Rifstah OO Ltdel Platel ¢mAl err1 F -
err : .

method comprising processing said steel plate to produce a micro-laminate
microstructure comprising about 2 vol% to about 10 vol% of austenite film

10 layers and about 90 vol% to about 98 vol% laths of predominantly
fine-grained martensite and fine-grained lower bainite, said micro-laminate
microstructure being optimized to substantially maximize crack path tortuosity
by thermo-mechanical controlied rolling processing that provides a plurality of

. high angle interfaces between said laths of fine-grained martensite and fine-

15 grained lower bainite and said adstenite film layers.

22.  The method of claim 21 wherein said crack propagation resistance of said steel
plate is further enhanced, and crack propagation resistance of the HAZ of said
steel plate when welded is enhanced, by adding at least about 1.0 wt% Ni and

20 at least about 0.1 wt% Cu, and by substantially minimizing addition of BCC

-
stabilizing elements.

WA R

25 °



5 3. The nmethod of claim1l wherein said fine initial austenite grains

of step (a) ) have a grain size of |ess than about 120 m crons.
4. The nmeWBP32470c| ai m 1 wherein a reduction in thickness PST/USB/H2785 eel
sl ab of about 30%to about 70% occurs in step (b). 10 5.

The nmethod of claim1l wherein a reductiggci n thickness of said steel plate
of about 40%to about 809 urs in step (c). 6.

The nethod of claim1 further conprising the step of allow ng said steel

pl ate 15 to air. cool to anmbient tenperature fromsaid Quench Stop
Tenper at ur e. 7. The method of claim 1 further conprising the
step of holding said steel plate substantially isothermally at
said Quench Stop Tenperature for up to about 5 m nutes. 20

8. The method of claim 1l further conprising the step of slow cooling

sai d steel pl ate at said Quench Stop Tenperature at a rate

| ower than about 1.0[err]C per second (1.8[err]F/sec) for up
to about 5 m nutes. WD 99/ 32670

PCT/ US98/ 12705 30 9.
The net hod1200 g-= ore-h—sald steelslab of step (a) conprises iron
and
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the followng alloying elenents in the weight percents indicated:

about 0.04%to about 0.12% C, 5 at | east about 1% N,

about 0. 1% t ovelbesdsrd. 0% Cu, about 0.1%to about O.B&rbes/12705
about 0.02% to about 0.1% Nb, about 0.008% to about
0.03% Ti, 10 about 0.%55& to about 0.05% Al, and

about 0.002%to about 0.005% N. &; The method of claim9 wherein

said steel slab conprises |ess than about 6 wt% Ni . 15 11
The nethod of claim9 wherein said steel slab conprises |ess than about 3
wt% Ni and additionally conprises about 0.5 wt%to about 2.5 wt % MWnh.

12. The nethod of claim9 wherein said steel slab further conprises at

| east one 20 additive selected fromthe group consisting of (i) up-.
to about 1.0 wt% Cr, (ii) up to about 0.5 W% Si, (iii) about
0.02 wt%to about 0.10 wt% V, and (iv) up to about 2.5 wt % MWnh.
13. The method of claim9 wherein said steel slab further conprises about
0. 0004 25 Wt % to about OGR0020 wt % B. 14. The net hod of

pl ate has a DBTT
Sai d base plate and its HAZ
W0 830 MPa (120 ksi). 30

claiml wherein, after step (e), $ai d
| ower than about -73[err] C(-100[ gar
and has a t ensi | e &N

FIG. 2B

e

FIG. 2A
(PRIOR ART)




WD 99/ 32670
PCT/ US98/ 12705
15.
2 vol %
vol % to about 98 vol % I
fine-grained | ower bainite,
than 830 MPa (120 ksi),
-73[err]C (-100[err]F)
sai d st eel
conprising iron and the
wei ght. percents indicat ed:
: at

in both said steel

| east sabo
o

tb about 1.0% Cu,
about 0.02%to about 0.1% Nb,

20 17. The st eel
consisting of (i) up to about 1.0 Wt RGN
U

Y
0.03%Ti, about g Q0
about 0.002% to about 0.005% N. ()
| ess than about 3
w%to about 2.5 wt % M.

w% Si, (iii) about 0.02 Wt % to abou
wt % Mh. 19. The st eel

wherein said steel slab conprises ;Q‘
g

conpri sing at

0..0004 wt % to about

0. 002

A, 10

PCTRISHS/12705

A st eeVOPE2E%having a micro-lam nate microstructure conprising about
to about 10 vol % of austenite filmlayers and about 90
of -fine-grained martensite and

a
havi ng a mile

and having a DBTT of

strength greater

lower than 5 about

plate and its HAZ, and wherein
plate is produced froma reheated steel
followng alloying elenents in the

sl ab

about 0.04%to about 0.12%
about 0.1%
0.1% to about 0.8% M,
about 0.008% to about

to aboutD. 05% Al, and 15
The XMel plate of claimi15
about 6 a wt % Ni .
ei n sai teel slab conprises
iNadditio |y conprises about 0.5
stjeel pl ate~of claim 15 further

fromthe group

flii) up to about 0.5 25
.10 W% V, and (iv) up to about 2.5
pl ate of jcI aim 15 further conprising about

I\
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- substantially maxi m ze crack path tort

WD 997 32670
PCT/ US98/ 12705

o

20. The steel plate of claim 15, wherein said nicro-l

nmcrostructure is

path tortuosity by
processing that provides a plurality of

optim zed to substanti aI (dgtk
thernn-qsy!?nical controlled rolling
hi gh angle interfaces

between said laths of fine-grained martensite and 5 fi ne-grained
| ower bainite and said austenite filmlayers. 21. A et hod for
enhan0|ng t he crack propagation resistance of a steel plate, said

-method conprising processing said steel ﬁhate to produce a mcro-lamnate

m crostructure conprising about 2 vol%)u
© 10 _ layers and about 90 vof% t ¢fJ
- predom nantly [

bout 10 vol % of austenite film
.u\ 98 vol % | at hs of
nsite and fine-grained | ower

by

)
fine-gr eu t
-bainite, said mcro-|lam nate dr ostructure being optimzed to

"t herno-nechani cal controlled rolling «3
of hi gh angl e interfaces
martensite and fine- 15 gra|nvn g

filmlayers.

propagation resistance of said steel
. enhanced, and crack propagation resist
st €& plate when wel ded i s enhanced, bv

ang«20 at
addi ti on of BCC

ng that @ovides a plurality
said |l atks of fine-grained
r balnltﬁsand said austenite
21 mherﬁ;n sai d crack
pl a is further
pf] the HAZ of said
“ at | east about 1.0 W% Ni
| east about 0.1 mﬂ@b- . and by substantially mnimzing
stabilizing i{?nents 25* c X5*

l

22. The net hod zo i

"Q |
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An ultra-high
strength, weldable, low
alloy steel with excellent
cryogenic temperature
toughness in the base plate
and in the heat affected
zone (HAZ) when welded,
having a tensile strength
greater than 830 MPa (120
ksi) and a micro-laminate
microstructure  comprising
austenite  film  layers
and fine~grained
martensite/lower  bainite
laths, is prepared by heating
a steel slab comprising
iron and specified weight
percentages of  some
or all of the additives
carbon, manganese,
nickel, nitrogen, copper,
chromium,  molybdenum,
silicon, niobium, vanadium, -
titanium, aluminum, and
boron; reducing the slab to
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form plate in one or more ' TIME —»

passes in a temperature
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\
range in which austenite

recrystallizes; finish rolling the plate in one or more passes in a temperature range below the austenite recrystallization temperature and
above the Ars transformation temperature; quenching the finish rolled plate to a suitable Quench Stop Temperature (QST); stopping the
quenching; and either, for a period of time, holding the plate substantially isothermally at the QST or slow—cooling the plate before air
cooling, or simply air cooling the plate to ambient temperature,
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