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containers for conom ca or i ng and transporting other
vol atile fmaihddfmprbdﬁm@'swhpteelpiatessure such as net hane, ethane, and
propane, at cryogenic tenperatures. For such containers to be
constrlﬁ:t ed of a welded steel, the steel nust have adequate strength to

wi t hst and gaCKE guat e toughness to prevent
initiation of~a fracture, 1 ilure event, at the operating
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15  cryogenic temperatures, i.e., at temperatures lower than about -40°C (-40°F). For
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 adequa;ce strength to withstand
the fluid pressure and adequate toughness to prevent initiation of a fracture, i.e.,, a
failure event, at the operating conditions, in both the base steel and in the HAZ.

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.



above the DBTT, failure in the steel tends to occur by high energy ductile
fracture. wooga¥gded steels used in the construction of st 1
transportation containers for the 30 aforenentioned cryogenic tenperature
applications and for other |oad-bearing, cryogeni ¢ tenperature service
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structural applications, e.g., steels wth nickel" contents of greater than
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cryogenic tenperature applications tends to be expensive due to the high
cost of t h@esigns genesally reqrise prengssie sheel Hucknesses for ivadkheeBg sTyagguicr ed.

On the ot hgr .al cial.ly avail able, state-qf-the-art, |ow
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On the other hand, several commercially available, state-of-the-art, low and
medium carbon high strength, low alloy (HSLA) steels, for example AISI 4320 or
4330 steels, have the potential to offer superior tensile strengths (e.g., greater than
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 grainéd'and intercritically reheated HAZs, i.e., HAZs heated to a
temperature of from about the Ac; transformation temperature to about the Acy
transformation temperature. (See Glossary for definitions of Ac; and Ac;
transformation temperatures.) DBTT increases significantly with increasing grain

30  size and embrittling microstructural constituents, such as martensite-anstenite (MA)
islands, in the HAZ. For example, 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).
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approach leads to substantial cost penalties to access the superior strength of the

HSLA steels. An additional problem encountered with use of standard cornmercial
* 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 ksi), 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 to less than about -73°C (-100°F) in the

30  Dbase 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



hi gher conponent wei ghts and ultimtely higher costs than if the high
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commercial cryogenic tenperature processes isS econom calTy feasible.
15  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. In one embodiment of this invention, the
stee] plate is air cooled to ambient temperature after quenching is stopped.
Also, consistent with the above-stated objects of the present invention, steels

20  processed according to the present invention are especially suitable for many
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: (i) 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

25  about 860 MPa (125 ksi), and more preferably greater than about 900 MPa (130 ksi),
(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
(135 ksi), or greater than about 965 MPa (140 ksi), or greater than about 1000 MPa

30 (145 ksi).
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(140 ksi), plete upopsompletibmof BMOBtaccoddig trthe Bsent invBntioni ) .
gg{rf’ 62 /12701 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.

20

The present invention relates to the development of new HSLA steels meeting
the above-described challenges by producing an ultra-fine-grained, dual phase
structure. Such dual phase microcomposite structure is preferably comprised of a soft

25  ferrite phase and a strong second phase of predominantly fine-grained lath martensite,
fine-grained lower bainite, or mixtures thereof. The invention is based on a novel
combination of steel chemistry and processing for providing both intrinsic and
microstructural toughening to lower DBTT as well as to enhance toughness at high
strengths. Intrinsic toughening is achieved by the judicious balance of critical

30 alloying elements in the steel as described in detail in this specification.
Microstructural toughening results from achieving a very fine effective grain size as

well as producing a very fine dispersion of strengthening phase while simultaneously
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transformation temperature and above about the Ar; transformation temperature (i.e.,

the intercritical temperature range); (e) quenching said steel plate at a cooling rate of
20 about 10°C per second to about 40°C per second (18°F/sec - 72°F/sec) to a Quench

Stop Temperature (QST) preferably below about the M transformation temperature
plus 200°C (360°F); and (f) stopping said quenching. In another embodiment of this
invention, the QST is preferably below about the M transformation temperature plus
100°C (180°F), and is more preferably below about 350°C (662°F). In one

25 embodiment of th1s ifvention, the steel plate is allowed to air cool to ambient
temperéture after step (f). This processing facilitates transformation of the
microstructure of the steel plate to about 10 vol% to about 40 vol% of a first phase of

ferrite and about 60 vol% to about 90 vol% of a second phase of predominantly

fine-grained Iath martensite, fine-grained lower bainite, or mixtures thereof. (See
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A steel slab processed according to this invention is manufactured in a

customary fashion and, in one embodiment, comprises iron and the following alloying

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

Table]

20 Alloying Element Range (wt%)
carbon (C) 0.04 - 0.12, more preferably 0.04 - 0.07
manganese (Mn) 0.5 - 2.5, more preferably 1.0 - 1.8
nickel (Ni) 1.0 - 3.0, more preferably 1.5 - 2.5
niobjum (Nb) 0.02 - 0.1, more preferably 0.02 - 0.05

25 titanium (T3) 0.008 - 0.03, more preferably 0.01 - 0.02
aluminum (Al) 0.001 - 0.05, more preferably 0.005 - 0.03
nitrogen (N) 0.002 - 0.005, more preferably 0.002 - 0.003

Chromium (Cr) is sometimes added to the steel, preferably up to about 1.0
30  wt%, and more preferably about 0.2 wt% to about 0.6 wt%.



100[err] C (180[err] F) and is nore preferably bel ow about 350[err]C
(662[err]F e enbodi nent of this invention, the s eis
al | oned to%%u lf)%(?ggll to anbi ent tenperature after step ﬁﬁégfﬁ#‘@&
processing facilitates transformati ongof the m crostructure of the
steel plate to about 10 vol % to about 40 vol % of a first phase of

ferrite and about 60 vol %to about 90 vol % of a second phase of

pr edoni nant |y fine-grained lath martensite, fine-grained |ower
bainite, or ni xMphddenum (Mg is somesimes added to the stepposfersblyap to aboutO 8
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A ossary for ﬂm%l AT RS aIb[ae fv‘{é"rvtaeap?ﬂt?r dnd of Ar3 and Ar[err]

transformation Silicon (Si) WME eddel to the steel, prefcrably(ﬂtp%I abdug 0npognt and

cryogeni c tenperature toughness, the microstiucture of t he second
phase | n sHOE gre%-ah MPEW@JBM‘%W abenif)-$ 3%, mdewsnmmpneﬁemblmbfgﬁau ned 5
| ower |nbbgwfy4{3ea-bg{l ? Iath martensite, or mxtures thereof. It is
preferaleto S |aIIy mnimze the formation of enbrittling

constituents suﬂoppa-(anp@fef&ablyuﬁﬂxerangeofabwtlmrledtW&fM’él0%%1%% in the
second phas I n descri bing the present I nvention, and in the

cl ai ns, ’E—?G%'ﬁlﬁ ﬁ!e)fﬂng?&fﬁémﬁtoqw%tfo ghowti0.-450%, & aqmng@se@ﬂdto the  The

r emai nder &Eet he second phase microstructure can conprise additional
fine-grained 10 |ower bainite, additional fine-grained lath martensite, or
ferrite. Mre pBefomr(Bbhg/someltlmes addedrto trecstdel, pedferablyaip to Abowr €020 witase

conpri ses at, | east t 60 ercent to about 80 vol une percent
fine- gﬁ%l n@HMnB’x'&RI t%‘Bh@%’F%F%@P“ngﬂlQﬂ%ensi te, or mixtures

thereof. Even nppe st@él%%ﬁ@iyyoonfaﬁﬁ aﬂe%t%&ﬁt‘ﬁ%f% ﬁlcﬁél N Ekel @%ﬁ Jghase

conprises at |east about vol une percent ne- gral ne ower bainite,
fi ne- gr ai nthg Stﬁi ¢anrherinenaased abm@rabcm 3 wt%uﬁdeemedtbanhmfce performance after .A st eel

slab procegafth 256001 W9 Lkl St dideP R ckSibiddto Towes s DETT b the Soel by
about 10°C (18°F). Nickel content is preferably less than 9 wt%, more preferably less

15 than about 6 wt%. Nickel content is preferably minimized in order to minimize cost
of the steel. Ifnickel content is increased above about 3 wt%, manganese content can
be decreased below about 0.5 wt% down to 0.0 wt%.

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

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

about 0.002 wt%.

Processing of the Steel Slab
25 (1) Lowering of DBTT

Achieving a low DBTT, e.g., lower than about -73°C (-100°F), is a key
challenge in the development of new HSLA steels for cryogenic temperature
applications. The technical challenge is to maintain/increase the strength in the

30  present HSLA technology while lowering the DBTT, especially in the HAZ. The
present invention utilizes a combination of alloying and processing to alter both the

intrinsic as well as microstructural contributions to fracture resistance in a way to



customary fashion and, in one enbodi nent, conprises iron and the follow ng
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Al | oyi ng El enent Range (w %9 carbon (C)

0.04 - 0.12, nore preferably 0.04 - 0.07 manganese (IVh) 0.5
- 2.5, nore preferably 1.0 - 1.8 ni ckel (N) 1.0 -3.0,
nore preferahly 1,5 - 2.5 ) ni obi um (Nb . 0,02 - 0.1, nore
pr ef er abl yp@_%gge 3 Jqy gloy,seel with exc?l}epéﬂb’ﬂgﬁ”éer‘i"ﬁflpgmt‘z‘e PISPEIYSS In %‘.e §35€ rore
preferabl y feddi é)%gz : ynum (Al) 0.001 - 0.05, nore
pr ef er abl yp%. O%EHPQ%. ’ asheremaﬁerde?érll-ilﬁt@rl.ogen (N) 0.002 - 0.005, nore

preferably 0.002M thiQin@&8ion, microstructural toughaningismploited fordowenng thenbgseadded t o
=Y 0
the steel | pLebgrabl e up L0 A0t o 0,30 0 M ARG TET e RIEFLARLY 2Dou

PCT/ US98/ 12hEdaustenite grain size, modifying the grain morphology through 8
Mol ybdenum (M) is sonetinmes added to the steel, preferably up to about 0.8

wt % and ntheenpmadobasibalconfvalled rollibgprodessingIMEP)) add prodcing a dual phase
Sidicon (Si,) is.songtines.added tg the steel, . preferably. up ta.about 0.5
W % d#g?rgloarvgﬁgp g%l fipe grainss _agge%t%\ﬁ@cg%&ﬁq mécrgacé[l @é%az?ﬁg’eeve n nore
pr ef er abl y homble bound&tied petuile ¥ohurBb R he Stedl plit&d As is familiar to thosbOpper (Cu),
preferably in the range of about 0.1 wt%to ‘about 1.0 wt % nore

pr ef er abl yskilled incthe artgtgrain” asotsed hereih meapstap individeal orystahig i s soneti nes

added 8 ¢ gglycrystallinsetrgaetleﬁal, and "grain boundary" as used herein 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°. Also, as used herein, a
15 “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 torfuosity 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:

| 1 1
20 Sv=~—(1 R ——) 063(r—3
TR+ )+ (r-30)
where:

d is the average austenite grain size in a hot-rolled steel plate
prior to rolling in the temperature range in which austenite does
25 not recrystallize (prior austenite grain size);

" R is the reduction ratio (original steel slab thickness/final steel
plate thickness); and

30 r is the percent reduction in thickness of the steel due to hot
rolling in the temperature range in which austenite does not
recrystallize.
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additions are optimized for low reheating practice while producing the desired
austenite grain growth inhibition during TMCP. Referring to FIG. 2A, arelatively
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
15 than about 120 microns in reheated steel slab 20" 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
(2000°F), in conventional TMCP. To promote dynamic recrystallization induced
grain refining, heavy per pass reductions greater than about 10% are employed during
20 hot rolling in the temperature range in which austenite recrystallizes. Referring now
to FIG. 2B, 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
microns, and even more preferably less than about 10 microns, in steel slab 20" after
hot rolling (deformation) in the temperature range in which austenite recrystallizes,
25 but prior to hot rolling in the temperature range in which austenite does not
recrystallize. Additioﬁally, to produce an effective grain size reduction in the

through-thickness direction, heavy reductions, preferably exceeding about 70%
cumulative, are carried out in the temperature range below about the Ty, temperature

but above about the Ar; transformation temperature. Referring now to FIG. 2C,
30  TMCP according to this invention leads to the formation of an elongated, pancake

structure in austenite in a finish rolled steel plate 20™ with very fine effective grain



produce a low alloy steel with excellent cryogenic tenperature properties
in the bas@qgogmef! ate and in the HAZ, as hereinafter descrpdggdsesnaron
In this invention, mcrostructural toughening is exploited for |owering the

base steel DBTT. A key conponentl of this microstructural toughening
consists of refining 5 prior austenite grain size, nodifying the grain
nor phol ogy t hrough thernD mechani cal controll ed roIIing processi ng
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used herein ar. I nt ey, face u ry or
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i nduces tortuosity in a fracture path he contri bution from
TMCP t o t hduringithe mwrmmraégxmsmaraw has athi@degghoﬁdgbanauon substouetiure es per
g[“e'; r}/ 0I UMt ing ahlgh st orr.l,gt?on %’ﬁqgfe(efgmalbgmﬂ)@o ort;[ &Jolocanons/cm ), to dis the

average ausdoaits Qreagml ITheisteR]s of tids ifventicH Ar@des\?%ﬁe ko BérRifie from the refined
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not recr ysfemite fqresxmp}tmpusmﬁmeat gﬁmengtblaaé youghness.

S e e o bl AhllEa SR oofdtho ik SHPERG ek B

pl ate thickness perc
reducti on fofming £didP6FIhe Hesiled coinpeditichias degeribell herein; heating the slabto a

rolling in the tenperature range in whi ch austenite does not
15  temperature of from about 955°C to about 1065°C (1750°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, further hot rolling the steel plate in one or more
passes providing about 40 percent to about 80 percent reduction in a second

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

transformation temperature, and finish rolling the steel plate in- one or more passes to
provide about 15 perceht to about 50 percent reduction in the intercritical temperature -
range below about the Ar; transformation temperature and above about the Ar,
transformation temperature. The ﬂot rolled steel plate is then quenched at a cooling

25 rate of about 10°C per second to about 40°C per second (18°F/sec - 72°F/sec) to a

suitable Quench Stop Temperature (QST) preferably below about the M

transformation temperature plus 200°C (360°F), at which time the quenching is
terminated. In another embodiment of this invention, the QST is preferably below

about the My transformation temperature plus 100°C (180°F), and is more preferably
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is well %i(%gvﬁﬁzqn the art that as the S[err] of a steel |Prﬁ:1}/é%s/e%mlthe
DBTT decreases, due to crack deid ection and the attendant tortuosity
in the fracture path at t he hi gh angl e boundaries. In commercial TMCP
practice, the value of Ris fixed for a given plate thickness and the
upper limt for the value of r is typically 75. Gven 5 fixed val ues for
R and r, Sbeloahabont 3505€ (66275).alt onel empboidiment af thik ihyention, tha steelplate isas

evident from.the above.equ on. To decrease d jn.steels according to the
present affo F‘ﬁ%?e"ﬂf ?%?0 aF'faﬂtnRH IR ATY %@ﬁfﬂgﬂchmaé%fanma@gm nation with
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FIG 2A, arelatively | ow reheati ng tenperature, preferably between
about 955[éﬁ@p,ermrqﬂyefmn),ln@ﬁatt;m]ezamrerange,(tqzﬂﬁqlmss]otabom%a[cm(?] F), is

used to obt aust I, t ain s D of less 15

t han about h%gs) %Eunrré(ﬁ{c%ﬁbo:ﬁ%mt@%ﬁeé@ ‘é%"%@m %’8%@33%?‘ A or mat i on.
Processi ngrange, to adkiciafesd 6¥aibbit 3tdv¢rﬁ (L DHRH), ahey Rgked tbsut 39%qa3hve austenite
grain gromh that results fromthe use of higher reheating

t enper af ur @grcent reduction)cinadhird temperaiioerang® 964 thickh@s of about 2.5ea((ldmch).F) , in

I duced
ot ning, e et oBEC R A HERT el REHE AR 100% ar 0. erpl oyed

during 20  hot 'mebﬂeelrsgzblmpﬁmwﬁmma@wrsmmem For'thibiag HRUGhSHhtuR: -
recrystalli 2B, processing according to

Ref
this |nvenf’f%’§? i %ﬁ%%p@&a@ym@nmﬁab@@dmmdre & size D'

i.e., d t Rﬁia gbout 20
gn crons, )ag%n g\%ﬁe,é‘?%@%ﬁ%ﬁgfﬁtﬁg cga&gﬁwéﬁ#ﬁcro%& In steel slab
20" af t#r reheaungrtmnperaﬂutemgshmﬂdbemﬂ if@rahy isteelicofipbsttigaewithin e ringgegef | N Whi ch

t t tall
austenite fnepr € pr s%nta}nvelntmn nay be readily determined by a person skilled in the art, either by

experiment or by calculation using suitable models. Additionally, the fiurnace
_ temperature and reheating time necessary to raise the temperature of substantially the
entire slab, preferably the entire slab, to the desired reheating temperature may be readily
20 determined by a person skilled in the art by reference to standard industry publications.
Except for the reheating temperature, which applies to substantially the entire
slab, subsequent temperatures referenced in describing the processing method of this
invention are temperatures measured at the surface of the steel. The surface
temperature of steel can be measured by use of an optical pyrometer, for example, or
25 by any other device suitable for measuring the surface temperature of steel. The
cooling rates referred to herein are those at the center, or substantially at the center, of
the plate thickness; and the Quench Stop Temperature (QST) is the highest, or
substantially the highest, temperature reached at the surface of the plate, after
quenching is stopped, because of heat transmitted from the mid-thickness of the plate.
30  For example, during processing of experimental heats of a steel composition
according to this invention, a thermocouple is placed at the center, or substantially at

the center, of the steel plate thickness for center temperature measurement, while the



25 but prior to hot rolling in the tenperature range in which austenite
does not wo 958547y St allize. Additionally, to produce an ef fp?ﬁ‘}ds g1 Iai n

size reduction™in the t hrough-t hi ckness direction, heavy reductions,
preferably exceedi ng about 70% ddnul ative, are carried out in the
tenperature range bel ow about the T[err] tenperature but above about

the Ar3 transformation tenperature. Referring nowto FIG 2C, 30 TMCP
according to this invention leads to the formation of an el ongated, pancake
structure iSRUBRAEBIBPRERITE if measired b usepf aopsicekityrgmheter Loorrelafio very fine
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i nterfagi al i %) i ) it
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art. 5 Fiancothplishlthe degired addelerated an"o@ih'gﬁ-iate aia?ﬂbelaet%ﬁﬁixﬁd Bybasddlled 50 i nduces
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n t he ferrite [ TS,
deconposi t iﬂefnar&fayF#&%Wisweﬁéﬁmqgmpu@magm e, which in turn | eads

to | owering of i | [ ' y ' ' cq') in the

t hr ough-t hi ckneyéﬁgg‘?l&%}ﬁﬁosﬁo@@gﬁﬁ@éqggg?ﬁfﬁéﬁ%t%‘%%ggaust enite
deconposi t itemperature thatdefimg the bounddre betwictn tha receyspilitdation Ahgoaddas a hi gh
degree of deformation substructure, 10 including a high dislocation

densi t y0( e ngn-recaysballization eangt, the Tygtempetitaicpdependson tlendhemisty, of the steel,  boost
its strength. The steels of this invention are designed to benefit fromthe
refined  particplarly thecarbon conaentrationand theenivhium eomsentrasion.son the rrhbatingd

t oughness. n SO t greater detail, a steel. according to
this invent™ erzittgrepbre g°6%¥°ilbugb§nraeme mﬁ8‘t“ﬁh°§bed3°t9“§b‘}°81m ﬁ’ﬁé" Pysse-

conposi t i oPeRsnIiksiladiil Gl aens deterR@Rithis Gerifefattre 8 alpartRulbPstedlaBRRdAE Ur € Of
from about 955[err] C to about 1065[err]C (11750[err]JF - 1950[err]F), hot

rol |ing thé& thisinvenijon sithes by sxperisreator by medsl ¢alcudationo Simmilarky, hades Arpr ovi di ng

about 30 per t to, about 70
i5 Pand f/Ps transformation temperatures referenced herein may be determined by persons

skilled in the art for any steel according to this invention either by experiment or by
model calculation.
The TMCP practice thus described leads to a high value of Sv. Additionally,

the dual phase miaos&uchue produced during rapid cooling further increases the

20  interfacial area by providing numerous high angle interfaces and boundaries, i.e.,
ferrite phase/second phase interfaces and martensite/lower bainite packet boundaries,
as further discussed below. The heavy texture resulting from the intensified rolling in
the intercritical temperature range establishes a sandwich or laminate structure in the
through-thickness direction consisfing of alternating sheets of soft phase ferrite and

25  strong second phase. .This configuration, as schematically illustrated in FIG. 1, leads
to significant tortuosity in the through-thickness direction of the path of crack 12.
This is because a crack 12 that is initiated in the soft phase ferrite 14, for instance,
changes planes, i.e., changes directions, at the high angle interface 18, between the
ferrite phase 14 and the second phase 16, due to the different orientation of cleavage

30 and slip planes in these two phases. The interface 18 has excellent interfacial bond
strength and this forces crack 12 deflection rather than interfacial debonding.
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cteol  pl attte peset ivenioR B oo oS e HRBERR ARt o

quenchi ng ﬂl&bfdﬁkﬁiﬁlwbﬁdk plane atthemtemhaseﬁﬁeﬂf&ey%ﬁsbﬁbﬁﬂ@h&ﬁoﬁm skilled in

the art, as used herein "percent reduction” t hi ckness refers to
per cent0 r dieisecons phaset ﬁélﬁlmdékﬁmtagwhecrsasem Ssambcomequleaﬂ}elepds tor to the
lowering of DBTT.

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

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

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

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

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

30  slip is easier will also have a low CRSS and hence a low DBTT. Some face-centered
cubic (FCC) stabilizers such as Ni are known to promote cross élip, whereas BCC
stabilizing alloying elements such as Si, Al, Mo, Nb and V discourage cross slip. In



5 reduction referenced. For purposes of explanation only, w thout thereby
limting tRiy§ogmer1 inNvention, a steel slab of about 25.4 cerriedmehes)

t hi ckness nay be reduced about 30% (a 30 percent reduction), in a
first tenperature range, to a thickne$8 of about 17.8 cm (7 i nches)

t hen reduced about 80% (an 80 percent reduction), in a second tenperature
range, to a thickness of about 3.6 cm (1.4 inch), and then reduced about

30% (a 30 10 percent reduction in a third tenperature range, to a

thi ckness &he pSsRRE Inyentiqn, conten C stabilizing allopingclgmerts,such & ¥h1S rpans a
pi ece of s [{F@&, ﬁﬂ | : : iletfacd S

pr ef er abl ytpﬁggz[agg)’ y alﬁéwd It% egdrr%gﬁusmfggsft c?%ﬁlgﬁr%tbonts ﬁ@%ﬁ?@%‘?ﬁr e of
subst ant i alfoylowesng DBTE vwdttelNi alloyiigarfpodforablyat kastiabeutsl.wt%tandmiere desi r ed

reheati ng enperature, _e.g , pl acin slab.in.a furnace for a
period of tﬂr?fﬁ’?ab{Vr?réij%aﬁE%q"PF E"SI@%PB‘E@QI@H n@%@faﬁﬁﬁ@%@ﬁom d be used
for any cst &%rrm L b4l i1 fal » . af of the present invention
may be rsea?ﬁn;/ et cetﬁén%’tﬁggs ;%*a%hgaeﬁ son s'% lTed in the art, either by
experiment or byAsaetesuit of the intrinsic gndmidrasituetural deighening thiat resultd frgm thére
e o ur i SAR e S B S b PR B0 B i
stab, 10t Hge 4k Rk dxBORA biyBgdCRAIpRIMEE 1STRIndE id BRHobOplarcipizer m ned

by a person s ed int y reference o standard industry
publ i cat i ortbe HAZ after welding. BRTdptn bath theltase plateaanid it HAZafcnwelding ofhi ch

applies to substantially the entire oSl ab, subsequent .te ures

r ef er en®ed Wedﬁgﬂf%ﬂ%ér thea aﬁ?‘&cgg GYP%E) ?’F%o“B?’e ‘PW% than abwﬁ@@?ﬁ ion are

t enper at ur g5 ured at the surface of the steel. The surface

tenperature o teel can be neasured by use of an optical pyroneter, for
exanple, or 25 by any other device suitable for nmeasuring the surface
tenperature _of steel. The cooling rates referred to. herein are those
at t he centékiensye stigngto gratar £3an 50 M2 (gl Kl BN-1ICKNEN S at e t hi ckness;
and the QugRrg ) orthe substantially
t he hi ghest’, NPET al e surface of the plate, after
quenchimg is stopped, because of heat transmitted fromthe md-thickness of

the plate. 30 or_, ex lL.e, .durin rocessi ng of experinental heats of a
steel conpositi cﬁe Sﬁmﬁggégvﬂ PHE;‘T%C{)G}‘?P@PWV@%P‘FW? IQE@FWW?S@G@B% is
placed at tRfineeRhdion 2Bl sB&HpI 8 hk dbhstinRint phases. [THR se@MdPhasedf the steel

pl ate thickness for center tenperature nmeasurenent, while the

WO 99/ 3267 {martensite/lower bainite) strength is primarily dependent on its carbon content. In

PCT/ US98/ 1%1?9 I;Lresent invention, a deliberate effort is made to obtain the desired strength by

20  primarily controlling the volume fraction of second phase so that the strength is
obtained at a relatively low carbon content with the attendant advantages in
weldability and excellent toughness in both the base steel and in the HAZ. To obtain
tensile strengths of greater than 830 MPa (120 ksi) and higher, volume fraction of the
second phase is preferably in the range of about 60 vol% to about 90 vol%. This is

25  achieved by selecting the appropriate finish rolling temperature for the intercritical
rolling. A minimum of about 0.04 wt% C is preferred in the overall alloy for attaining
tensile strength of at least about 1000 MPa (145 ksi).

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

30 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



13 surface tenperature is neasured by use of an optical pyroneter.
A correl at i\9899/32671 bet ween center tenperature and surface bEFPSSsALIE S
devel oped for "use during subsequent processing of the sane, or
substantially the same, steel conposiftgon, such that center
tenperature may be determ ned via direct neasurenent of surface 5
tenperature. Also, the required tenperature and flow rate of the quenching
ffuid to acconplish the desired accelerated cooling rate may be -

det er m ned as{paberolingirate atithe mid sectionofa thiek plate is lowesr 8iapdhat et the sudaged

i ndustry p | '(ajaa For .. C | L] {thin the
range of tﬁ@eprﬁg%éesnt Ff]ev%frgf‘? %uﬁt,'ac% ﬁ%d centér cg‘?é‘ﬁ%&%iﬁﬁ‘ﬁ%ﬁ%&#l es the
boundary bestesbisdesigaed ecalinsinatt its saksitivity tehe iffétehce 39 cooling rate between
non-recrystallization range, the T[err]| tenperature, depends on the

chenmi stry dJhe syéacgaad the center of the plate. dn this regard, Mncandiddn alleying pddiienson and

t he niohkiu | : “aﬁ i . € . f.ore
rol li ng,tg a%ﬁ%@%&gﬁﬁ%gﬁhﬁ%ﬁ re uoél? Pgﬁfog#\gela 1 AP atr%cem, 3{ ﬁe%gs%glgl stiegés
Persons skigresedt invention, these addjtiofle ireroptifzddfoshdrdenability, wekdability,dowar t i cul ar
st eel accordi%? to,this invention either % experi ment_ or by nodel

]

cal cul at i of?BE{ gpd spst gonsidezations.c As ptated previeysly infhjs spegiipalipw from the
‘ . . AR . .
t ransf or matj, otf%ma%ﬁs%lgﬁ%pﬁw ﬁ'ﬂ&&gzdh% B IR BECLEh EilngPer sons

skilled in“the art for an eel’accordi r by
experi ment berkepyto a minimumd dthe pedferddadhiemistry targets and ranges aré8et td figet pr acti ce

t hus descricsged l&gfeia 0 a high valye of Sy. Additionally, t he dual
phase m Al t%‘?‘d’ﬁ‘&‘é%’u ea{mfﬂgswasmz?ncom ing further increases the 20

interfacial area by providing nunmerous high angle interfaces and
boundaries, i.e., ferrite phase/second phase i.nterfaces and

mar t ensi t e/(BpSeperion Weldability & p HeatmpitEWelding as further discussed
bel ow. The heavy texture resulting fromthe intensified rolling in

the intercritical tenperature range establishes a sandwi ch or |am nate
structure in therhe steels dflmug;lenﬁ&ﬂ&gaé‘égnealfgﬁﬁ £t AMHtRY] Mle Host

alternating sheets of soft phase ferrite and 25  strong Second phase. This
conf i gubat iteortaps conteameespastallyywith lowdreatinpet welding,ds cald crasking or to

o O AR R A RGPS R BB 8L
phase f er r ipresedtinvémtion] ¢udd aracldng susceptibility is critically affected by the carbon
content and the type of HAZ microstructure, not by the hardness and carbon
equivalent, which have been considered to be the critical parameters in the art. In
20  order to avoid cold cracking when the steel is to be welded under no or low preheat
(lower than about 100°C (212°F)) welding conditions, the preferred upper limit for
carbon addition is about 0.1 wt%. As used herein, without limiting this invention in
any aspect, “low heat input welding” means welding with arc energies of up to about
2.5 kilojoules per millimeter (kJ/mm) (7.6 kJ/inch).
25 Lower bainite or auto-tempered lath martensite microstructures offer superior
resistance to cold cracking. Other alloying elements in the steels of this invention are
carefully balanced, commensurate with the hardenability and sfrength requirements,

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



changes planes, i.e., changes directions, at the high angle interface 18,
bet ween t hgyqg 993267 rite phase 14 and the second phase 16, ﬁéfmk%/fz'?ﬁ
different orientation of cleavage 30 and slip planes in these two phases.
The interface 18 has excellent interf@%ial bond strength and this
forces crack 12 deflection rather than interfacial debonding.
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Addi ti onal | ‘,(’)le(?ﬁéél"?’%%'reﬁ’fﬂtsﬂﬂéﬁ?@F'SSIPhe second phase 16, the crack 12

pr opagati on I's further hanpered as described in the foll ow ng. The
lath martensite/l ower bainite I n the second phase 16 occur as packets

wi th hi gh angl e Damltofitbs varmmseloyingelements angthe lpedfarredemits o theircket s ar e

formed within au% n{(lzgge This P.rovides a further degree 5 of structural
ref i nement G°25%H §° °§W£¥ES§B PEMHIBETE FVPBReIRYack 12 propagat i on

t hrough st he secaDgboADEs dfe w@@msia&cﬁw&%ghgﬁﬁge@%nﬁ%Edeél. ifpatkyat the

crack 12 .propagation resistance is significantly enhanced in the dual
phase st r ucombinastwith thestong carbide formiars ip thesstee] suchae Mi,iNIy ahd Frtopredddi nat i on

of- factors including:.the |annate fexture, . the bre up of crack
ol ane at ¢ e ey itnbon B piRRirdaba tioBtioning. £rb08 iR SRhatPs 10° [ e
second phasgrdehbitity, ﬁf.é.(,j&xeta@iDlﬁB}I"_Eﬁfoﬁﬁt}iaﬁier P ERASE thitrosiudtfifds GPRRRENt | Y
| eads to | ower i Q{g of T. t hough the m crostructural

appr oaches dysngcoeling. dbthecarhop coptentuis ldss than about 0|0dwets, itjis RBAETallymathe base

steel pl.at e of f.ul.l ffective for | nt aifai .

suffic!olgnt %&f"l '%%@ﬁupen&lfﬁgﬂ{%g s mgﬂg&.,rgé%?%han Oma%m(sﬂAZ. Thus,
the 15  pnesstieistrenps ih i st OMitiecarbor dunbentlislgdaterihant Mot 0102 §4¥f i ciently
| ow DBTT in the coarse grai ned regions of the,weld HAZ by utilizing

intrinsic &epgrally thesteg Isspseegtible to cold ceaglsing during welding ang dhe toughness is .

foll ow ng. reg . ' iﬁ{é I L1 6 (@f‘fmc ' eels are
based on béﬁy‘f"(‘?‘éh‘%%‘#‘éﬁfdc’%?gﬁagh&g‘s &?V%Iéﬁgta na‘fo%?eglg.ﬁ{%%nget%%i s crystal
syst em of f @absutt(h@é4 ptido bbait 0f1QrwiPs i3\prefered foi @bdRe thesdetiesPHAZ at | ow cost,
it suffers froma steep transition fromductile to brittle fracture

behavi dr  adMETRSTPEHTSEr Yo FEC TIPSR maresEe gitower bairitrafeiepanery
at tri but ed pi&refaBfy, the upper limit for carbon content is about 0.07 wt%.

Manganese (Mn) is a matrix strengthener in steels and also contributes
strongly to the hardenability. A minimum amount of 0.5 wt% Mn is preferred for
achieving the desired high strength in plate thickness exceeding about 2.5 cm (1 inch),

20  and a minimum of at Ieast about 1.0 wt% Mn is even more preferred. However, too
much Mn can be harmful to toughness, so an upper limit of about 2.5 wt% Mn is
preferred in the present invention. This upper limit is also preferred to substantially
minimize centerline segregation that tends to occur in high Mn and continuously cast
steels and the attendant through-thickness non-uniformity in microstructure and

25  properties. More preferably, the upper limit for Mn content is about 1.8 wt%. 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

30 0.01 wt% is preferred for this purpose. However, Si is a strong BCC stabilizer and
thus raises DBTT and also has an adverse effect on the toughness. For these reasons,
when Si is added, an upper limit of about 0.5 wt% Si is preferred. More preferably,



strong sensitivity of the critical resolved shear stress (CRSS) (defi ned
herein) to erature in BCC systens, wherein CRSSrlses y wth
a decrease “l’og%zts?{?errperature t her eby nmaking the shear pr é’éﬁgﬂ’a
consequently ductile fracture 25 nojg difficult. On the other hand, the
critical stress for brittle fracture processes such as cleavage is

| ess sensitive to tenperature. Therefore, as the tenperature is |owered,

ct eavage becones the favored fiacture node, |eading to the onset of |ow
energy bri tthe apper limif for §i consent T4 wbo@REE witds. Milicontis hotsilwaysmepessary faf t he
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wi Il also have Mx@ﬁtﬂicb% nfotd demen® BEthE 301Rsqcent er ed

cubic (FCC) stabilizers such as are nown to pronote cross slip, whereas
BCC StIHISTostctyEe %ﬁthﬁ)#migwblbbmpmgcsshmhﬂastr&gth #Aid tonghnesh Niotivnh

di scour
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present i nvggihi g@éhrthPﬂi&f&?br&fidxﬁgﬁ:nﬁJaﬁ@éﬁ dufefife Sain¥filkindth CFBthese SUCh as

Ni, is preferably optimzed, taking into account cost consi derations
and the berfé#ﬁoé%éFleéﬂfab@'ﬂtOOZWt%Ml’ﬁpn@TrﬁgH@EWI,thmaBiroleG@l ng of

preferably and bl east. about
1.5 wt % ans?bt1 Z%?g%dn t&se% D%éé( @%PW@%W%%& “y"‘éa%rljétx I]| n the
steel is s&mzmglmbdsysdﬂmaiﬂrﬁxﬁﬂof about 0.1 wt% is prefére’el NESte pkefBYabl el NTTiNSiC
and m crostructural toughening that results fromthe uni que

combi nat® orPPBFT IERK APt Gontent isphent@8? Wt%F or steel s according to this

i nventi on, e ey e _toughness

in both the bas?@%?ﬂﬁ%ﬁdﬁg%wﬁoﬁp%#ﬁ% n&é‘ﬁ%‘gﬁl ®both t he

base pl ate tx!mﬂumhntriHAZI‘iN)lpmncm wdhiiohgre fifre the grdlﬁlﬂi@nﬂi&l@ﬂﬁz roll&d steokite t-han
nd can be | ower than about -107[err

about -73[err]C err
(-160[ err] Ppd e AD G [‘1% e %@eé?#@naiswf&r@éqeéwmmeésé‘lmd@im ksi)
and Thr oughudi it MRS that the weight ratio of Ti/N is preferably about 3.4. Ti is a strong

15 BCC stabilizer and thus raises DBTT. Excessive Ti tends to deteriorate the toughness

of the steel by forming coarser TiN or titanium carbide (TiC) particles. A Ti content
below about 0.008 wt% generally can not provide sufficiently fine grain size or tie up
the N in the steel as TiN while more than about 0.03 wt% can cause deterioration in
toughness. More preferably, the steel contains at least about 0.01 wt% Ti and no

20  more than about 0.02 wt% Ti.

Aluminum (Al) is added to the steels of this invention for the purpose of
deoxidation. At least about 0.002 wt% Al is preferred for this purpose, and at least
about 0.01 wt% Al is even more preferred. Al ties up nitrogen dissolved in the HAZ.
However, Al is a strong BCC stabilizer and thus raises DBTT. If the Al content is too

25  high, i.e., above abput 0.05 wt%, there is a tendency to form aluminum oxide (Al,03)
type inclusions, which tend to be harmfill 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. However, Mo is a strong BCC
30  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 when

Mo is added, a maximum of about 0.8 wt% is preferred. More preferably, when Mo



Uniformty of Mcrostructure and Properties 15 The strength of

dual phase osite structures is determned by the perodsiighR
fraction ar‘ﬁ(;je’%ér}%{;?h of the constituent phases. The second phase

(martensite/l ower bainite) strength i primarily dependent on its carbon
content. In the present invention, a deliberate effort is nmade to
obtain the desired strength by 20 primarily controlling the vol une

fraction of secqn h esothttes ent i s oQt ai pe a
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wel dabi |'i t y4anghoexcel | ent toughness |n both the base steel and in the HAZ
To obtain tensile strengths of greater than 830 MPa (120 ksi) and

hi gher, vol une fQan;lmL@ﬂtemdetomcrea@dhohatdpk&dnypﬁstml@ndlmbﬂ y in the range

of about 60 vol % to_ ahout 90 vol % .This, hi eved b sel ectl ng the
appr opri at éluP’il‘i“W’Zﬁ\ QWB?‘? WWW@F%?‘B‘??%WWNE”W@( g%\ cKifig | ) | | ng.

A m ni my ?fﬂ@?ﬁ‘s‘fstaﬂc@‘lsﬁﬁl%ﬁ M% Q(c@gsﬁfer&qeﬂd%té Bﬁxs@\é@lﬂ%&'ﬁ;ﬁf iy for

attaini ng tensile strength of | east about 1000 MPa (145 ksi).
Wi | e al | oyweldmetts randtends do dﬁcnmrmnhﬂoughness efithe stadlaod dts sotwhen
I-nvention
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provide t hﬁﬁg&& h8 CricBARRGE abdlit 0/0NR845 10/ HokiPh Bivit¥s, O m crostructure

and streng pl ate thickness greater than about 2.5 cm (1 inch) and

for a range of Wammmntdwma@mégﬁms@@wmw This is

::.g?—? Usglg; 12187 L tlon to obtain the des1red %%ﬁz especlally in the HAZ. It is one of thel 6

act ual COO'strBHgés@F@C%iab‘iﬁh%rsmxféte‘éﬁqw AAitih t8 tHe Vedek entlaiéed thecrosytip andan t hat
at the surface. he m crostructure of the surface and center_can thus

be quite dlthefreb)ewemm@? tAdthough not ta thessamieslegrss iag NMavpnddMe pidifipns, & 1 s
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and especi Qinﬁfénﬁﬂ?uﬁmid%mdnﬁ@lfhdprmu&fm%icl&mh&as (&E‘:.etlﬁékdr itmanl abhorty
effective. In the present inventi on t hese a%*lhtAinE are ggt i.m zed
for harldende? p(j nche: (f‘f&’ﬁ aPppyng fhs desired DBTT in the we © mumim

content is preferably about 1.0 wt%, more preferably about 1.5 wt%. Since Ni is an
expensive alloying element, the Ni content of the steel is preferably less than about
3.0 wt%, more preferably less than about 2.5 wt%, more preferably less than about
2.0 wt%, and even more preferably less than about 1.8 wt%, to substantially minimize

20  cost of the steel. _

Copper (Cu) is an FCC stabilizer in steel and can contribute to lowering of

DBTT in small amounts. Cu is also beneficial for corrosion and HIC resistance. At
higher ambunts, Cu induces excessive precipitation hardening via e-copper
precipitates. This precipitation, if not properly controlled, can lower the toughness

25  and raise the DBTT both in the base plate and HAZ.‘ Higher Cu can also cause
embrittlement during slab casting and hot rolling, requiring co-additions of Ni for
mitigation. For the above reasons, when copper is added to the steels of this
invention, an upper limit of about 1.0 wt% Cu is preferred, and an upper limit of
about 0.4 wt% Cu is even more preferred.

30 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



DBTT and cost considerations. As stated previously in this specification,

fromthe Int of view of |lowering DBTT, it is essent]i he
total BCC gpl’é’??%b addi ti ons be kept to a m ni num Thﬁ}&séé)iea{??lted
chem stry targets and ranges are set 290 neet 10 these and the other

requi renents of this invention. (3) Superior Weldability For Low
Heat | nput Wl ding The steels of this invention are designed
f-or superior weldability. The nost 15 inportant concern, especially with
| ow heat i thpwoarseguined HAZ. Gonhetally,atlcastgbout 0.0004 wiledd mj@qdﬂgémlﬁg in the

coarse grajned £ has en found t for steel present
hventi on PEBPY OFheberg b BED 1 el oryiR veplioh B9 ol 0 b0 w8 o Phe

car bon abd® 010020 wi%ids pfeferfedPahddin UpPér lithit oPS0YC.00IBwWt%as edey thdre har dness
and car bon equi val ent, which have been considered to _be the critical

par anet er spteferrede However, homo maygtod be aresquired addition if othen alloyieg infhe t he st eel

(2120 ort ) P R Rae Rt e AT e pevmt R, 70, 7 il bon

addition is about 0.1 wt% As used herein, without linmting this invention

in any aspect, "low heat input weldi s welding with arc
energi es 0of4 ;":,“.\T bpteek CompositmoncWhen Bost \Weld Healr 1reatmen () o LY AS /n‘n') (7 6
kJ/inch). Reguired Lower bainite or auto-tenpered lath martensite

m crostructures offer superior resi stance to cold cracking. O her

al | oyi g el enenpPWHDisdvemaleedriedbuttabhighitétusupitines, cag. cgreater thamatefuti! | y
bal anced, commensurate with the hardenability and strength.requirenents,

to ensure $ECEPOHHT) ohhethempal supasurs frem P cublend taca lopeaf strengthdn coar se
I%E:'Ia'} 6288%(%33 plate as well a\s/\% r%%’v?’éﬁ?ﬁ%z due to softening of ﬂ}e microstruct:.u'e:17
associated with the recovery of substructure (i.e., loss of processing benefits) and
coarsening of cementite particles. To overcome this, the base steel chemistry as
15 described above is preferably modified by adding a small amount of vanadium.
Vanadium is added to give precipitation strengthening by forming fine vanadium
carbide (VC) particles in the base steel and HAZ upon PWHT. This strengthening is
designed to offset substantially the strength loss upon PWHT. However, excessive
VC strengthening is to be avoided as it can degrade the toughness and raise DBTT
20 both in the base plate and its HAZ. In the present invention an upper limit of about
0.1 wt% is preferred for V for these reasons. The lower limit is preferably about 0.02
wt%. More preferably, about 0.03 wt% to about 0.05 wt% V is added to the steel.
This step-out combination of properties in the steels of the present invention
provides a low cost enabling technology for certain cryogenic temperature operations,
25  for example, storage and transport of natural gas at low temperatures. These new
steels can provide significant material cost savings for cryogenic temperature
applications over thé current state-of-the-art commercial steels, which generally
require far higher nickel contents (up to about 9 wt%) and are of much lower
strengths (less than about 830 MPa (120 ksi)). Chemistry and microstructure design
30  are used to lower DBTT and provide uniform mechanical properties in the
through-thickness for section thicknesses 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



Role of Alloying Elenents in the Steel Slab The role of the
vari ous al lyaybé)speel enents and the preferred Iimts on theirpcrusesiziol
concentrations for the present invention are given below. 5

Carbon (C) is one of the nost effecti ¥k strengthening elements in steel. It
al so conbines with the strong carbide forners in the steel such as
Ti, Nb, and V to provi de grain growmh inhibition and preC| pitation

e i ofbi e sprstctse o B AELL ke, o (0
cooling. | fefy B&aﬁﬁ‘émm%@la% dbdut -95C S'T %Htoﬂgr %cﬂénot/"todg’hnés% ageneral ly

not 10 sufficient to induce the desire ngt ening, viz., greater than
830 MPa (120BETi JThese new stesisédnchave aw:gilélstrenlgt}i dfegrapterehan dbbut 986 MRabon

han ab |1y th
Cuscept i bi o188 i5icn sEali AR oo 64 bk MO g) or bt ML UEPe
reduced s' n Glﬁ?kﬁ?)e?\hcléél é&xﬁaﬁ%@tﬂe&é aﬁﬂigfé%%a?as prg?a‘e&’é'sgg‘)t?m in the

range of 04 vvt%toaout rred to produce the
desi red HAZlegifed torenbarastperfotmanes afteri weldingLEach bwﬂéraddmbabﬁnmkeltlena te and

content 1 o BEIE B 6ot e DBTT ofhe stsel by s e Lo Fn Nigkel sonimt 1§
st rengt hengfefethndy RS thafd W1, %r%@%%e?ﬁ%an about% Q“QILI k%l%oh@ﬂt is

har denabi | i'ty. A“m ni rum anolnt IS pre erre

achi evi ng tprefer%lymaﬂmhegmeltdbemghinumzepbsﬂoét}tem&kness exceedi ng about 2.5
cm (1 inch), m ni.mum of , a east, ab 1.0 W% Mh is even nore
preferr@d Homev\ggﬁe%(g regomgmg}powﬁpa%léq?ng? ?ffﬁlémse fORSRIHAYEs, so an
upper |imt r&%n@@&ﬁﬁod%n@n@@téhﬁﬂd'b@undersm tﬁ&%‘iﬂe?ﬁoﬁiﬁcﬁ%s%aﬁ%@%ade”vem' on.
Thi's upper I|mt is also preferred to substanti a mze
centerline W@@BﬂmﬁﬁmﬂlesmpdsfﬂnmmnMn,wmmugm frthein thedoliewingous| y cast
steels and the attendant through-thickness non-uniformty in mcrostructure
and 25 pré%aéﬁnf'i es. More preferably, the upper limt for M content is
about 1.8 % |If ni ckel 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 W % manganese
is preferred. Silicon (Si) is added to steel for deoxidation
pur poses and a m ni num of about 30 0.01 wt%is preferred for this

pur pose. However, Si is a strong BCC stabilizer and thus rai ses DBTT
and al so has an adverse effect on the toughness. For these reasons,

when Si is added, an upper limt of about 0.5 W% Si is preferred. Mre
pr.ef er abl y,
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t he upper W%hmﬂ)lr Si content is about 0.1 W% Silicon isPCr'lro 3{’\%76‘3/5
necessary for deoxi dati on sincezal um numor titaniumcan performthe
same function. Ni obi um (Nb) is added to pronote grain
refinenment of the rolled m crostructure of the steel, which inproves
both the strength and toughness. Niobium 5 carbide precipitation during
hot rolling serves to retard recr{lossary oftennen and to inhibit grain

growt h, thereby providing a neans of austenite grain refinenent. For these
reasons, at |east about 0.02 W% Nb is preferred. However, Nb is a strong

BCC ﬁ& E‘.aﬁéfﬁg{aﬁaﬁ' %ﬂ&@n&ai S € theltbgerathitQt WHicH amt?erf?@ Befifis oYl L0

the weldability a toughness,” so a maxl num of about 0.1 wt%is
preferred. More preferably, the 10 dugmgheatingyit for Nb content is about
0.05 wt % ~Titanium (Ti), when added in a small anpunt, is
effective in forni ng fine titaniumnitride (TiN) particles which

refine the g fuikafioh briifict 1 BldhEHRERENSE HhRh ranstordin bEHAZ of the

steel . Thus, "the toughness of the stee S 1 nprove I's added I n
such an anount that the weight rati todifstefite isicorapleted therimgheatingiout 3.4. Ti is
a strong 15 BCC stabilizer and thus raises DBTT. Excessive Ti tends to

deteriorate the toughness of the steel by form ng coarser Ti N or
titani um cgbpode (TiC) particles. Aaibimigghbeiak; bel ow about 0.008 w %
generally can not provide sufficiently fine grain size or tie up t he

Nin th8 steel as Ti N while nore than about 0.03 wt % can cause

deterioratign.in . toughness. r referabl y. .the steel. coptains at
enst  abouttto uaetopmation GRS, " seBbeafres) whions st Stiof 6

Al'umi num (Al) is added to the steel gusidnifeld feriite\oe td ferite plis defenfitéripose of
deoxi dation. At |east about 0.002 wt% Al is preferred for this purpose, and
at | east about 0.01 wt% Al is eoapletedduripg egodinged. Al ties up nitrogen
di ssolved in the HAZ However, Al is a strong BCC stabilizer and thus
raises DBTT. If the Al content is too 25 high, i.e., above about 0.05 w %
t here ii1s a Arghalsforyiation fempaatures i nu thedetipkPat(rdl af which @hsterife begins to t ype

i nclusions, which tend to be harrrfultrattlsgothe tqungess o?{ng-t he steel and its

HAZ. rm to fermite’dunng co
BCC: body-centered cubic;
20  cooling rate: cooling rate at the center, or substantially at the

center, of the plate thickness;

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

cryogenic temperature: any temperature lower than about -40°C (-40°F);



Even nore preferably, the upper limt for Al content is about 0.03 w%

Mol ybdenumyNadsihft eases the hardenability of steel on dir geugugied ng,
especially 1n"conbi nati on with boron and ni obium However, M is a strong
BCC 30 stabilizer and thus raises DB3Y. Excessive M helps to cause cold

cracki ng on wel di ng, and also tends to deteriorate the toughness of
the steel and HAZ, so when Mo i s added, a nmaxi mum of about 0.8 W% i s
pr ef erred. referably, when M WD 99/ 32671 ’
PCT/ US98/ 12‘5/5%% (Buctile'ts Brittle 19

tends to inCrease the
hardenability of steel on direct steelsy atiehipemturé beddws thei DR T Ty f8uxsor r osi on
resi stance and hydrogen i nduced cracki 5 H C) resistance. .Siylar to
Mb, excessive Or tends to cause col Je’&&gel?f’ﬂﬁb&ﬁ°wen°r feamte@?t%ﬁﬂd t ends
to deterjorate the toughness of the gi{®egk i I;-e'%n-é Cris
added, aﬂ maxi nrum of about 1.0 Wt%Q’EI S p’r‘g?lgzrdrtg ." More g?mpglb)leT’V\hen Cr
is added, the O content is about O.failueYnds tabut bphghwenetgy ductile
Ni.ckel (N) is an inportant alloying addition to the steels of the present
10 invention to obtain the desired % especially in the HAZ. It is one
of the strongest FCC stabilizers in steel. Ni addition to the steel
enhances the cross slip and t hereby | owers DBTT. Although not to the
same degr eeesaentiglyand Mo addi ti ons, substantiallyd@8ivel%en to the steel al so
pr onot ef hardenabil ity and therefore through-thickness uniformty in
m crost flucture and properties in thick sections (i.e., thicker than about
15 2.5 cm¥@cCinch)). For achieving fabecestd &bid)BTT in the weld HAZ, the
m ni mum Ni content is preferably about 1.0 wt% nore preferably about
1.5w% Since N is an expensi ve alloying elenent, the Ni content of

the steel i referably |l ess than ab . 9 agﬁ]@ erably | ess
t han about %.agl‘wt% nore preferably #‘géglv%%gln%%gﬁ%é%owa%.t Wt % and even
nore preferably | ess than about 1.8 mhf¥gialf o substantially m nim ze

is
added, the . i t | east Y : n about
0.3 M’g/gaﬁwf)i{.no&?%ﬁbﬂaﬁn@. onr Om.a%%ﬂ%%%tﬁe W0 E-MRuR B s WPétRich A u

15
grain boundary: a narrow zone in a metal corresponding to the
transition from one crystallographic orientation
to another, thus separating one grain from
another;
20
HAZ: heat affected zone;
HIC: hydrogen induced cracking;

25 high angle boundary or interface:  boundary or interface that effectively behaves as
a high angle grain boundary, i.e., tends to deflect
a propagating crack or fracture and, thus,
induces tortuosity in a fracture path;

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

by more than about 8°;



20 cost of the steel. Copper (Cu) is an FCC stabilizer in
steel and ribute to | owering of DBTT in snall a70PU 1S
al so benef &g"?%ﬂ%%?%‘r corrosion and H C resistance. At hig ertsgnounts,
Cu induces excessive precipitation ha&4dening via [err]-copper

precipitates. This precipitation, if not properly controlled, can |ower the
toughness 25 and raise the DBTT both in the base plate and HAZ. Higher Cu

can al so cause ~enbrittlenment during slab casting and hot rolling,
requiring co-additions of N for mtigation. For the above reasons,
when copper.d.S, added to the steels pf .this L.nvention, an upper limt
of about 1.@1\?@%01 is preferred, aﬁtﬁhéﬁe%e‘% it of about 0.4 wt %
Cu is even nore preferred. 30 Boron (B) in small quantities can
greatly increase the hardenability of steel and pronote the formation

of steel niinterssiticaltyireheatedof | at h nahbeated(or scheptod)eto agemperatare of from gnd

ferrite_ by suppressing the formatio f, upper i ni i he base
p| ate ar5|d WO 99/ 32671 Qb&t theDRcl tra?&‘oﬁhgt?dn tgr?lbg'afu;le IO

PCT/ US98/ 12701 about the Ac; transformation temger_aﬂ@c; t he
coarse grained HAZ. Cenerally, at |east about 0.0004 wt% B is needed for
this pur pose. Wien boron is added to steels of this invention, from

about 0.00 9 . 0.00 %1 re . Ak er limt
of about Oqgﬁ%t{%v\%l g/grfl%emet?/lgg&%'r e ﬁgm\sgrbeo%ﬂetr%? 2& ! El-EI‘E)‘(’\r/t\./e&'\g‘1eart1 ,gﬂgeor onﬁgrr%y not be
a required addition if other alloyi kgabont tHeehc; fransfor@edtion tanpeaistareaequat e
hardenability and the desired m crostructure, ) Preferred Steel

(4
Conposi Wi on When Post Wl d Heat Tr e&¢3H58: and-ipgyypbout the Af; trapsforpghipn 10

PWHT is nornmally carried out at hi gl &redb ead ranFhER4tRn t han about
540[err] C (1000[err]F). The thermal e posureg ?!r;(girih S can lead to a | oss

of strength in temperature on cooling; _

low alloy steel: a steel containing iron and less than about 10

15 wt% total alloy additives;
low heat input welding: welding with arc energies of up to about 2.5

kJ/mm (7.6 kJ/inch);

20 MA: martensite-austenite;
mean slip distance: effective grain size;
M transformation temperature: - the temperature at which transformation of

25 . austenite to martensite starts during cooling;
predominantly: as used in desctibing the present invention, means

at least about 50 volume percent;
prior austenite grain size: average austenite grain size in a hot-rolled steel
30 plate prior to rolling in the temperature range in

which austenite does not recrystallize;



the base plate as well as in the weld HAZ due to softening of the
M Crost ructyihGomzeyy associated with the recovery of substrugé&piSodizré. -

| oss of proceSsing benefits) and coarsening of cenentite particles. To
overcone this, the base steel chem st2y as 15 described above is
preferably nodified by adding a small anmount of vanadi um Vanadiumis

added to give precipitation strengthening by form ng fine vanadi um
carbide (VC) particles in the base steel and HAZ upon PWHT. This
strengthening is designed to offset substantially the strength | oss

upon PWVHT. ﬁ@dﬁ% excessi ve : L i .avoided as it
can degrade‘ﬂte e toughness and rai Se%lﬁ@%ﬁ@?hﬁ%ﬁ%ﬁ%ﬂﬁﬁ%&ﬁ%l ate and its
HAZ. In the present invention an upecelérated toolihg dip any means whkrebywat fidid s

preferred for V for these reasons. The | rr limt is, preferably about 0.02
W% Mre preferably, about 0.03 MWW%%L‘FF‘@?W\MW%{’% 8to the

st'eel . 4 Thi s step-out Cgﬁ@io? <8 1 9{ti1Re8 roﬁgl@s%dit if he steels
of the present invention provi des a |ow cost enablthg technol ogy for
certain cryogenic tenperature operatdoolrsg; 25 for exanple, storage and
transport of natural gas at |ow tenperatures. These new steel s can

provide significant material cost savings for cryogenic tenperature

applicatio K t e- g i1d g | s, which
general ly @u&%ﬁesamxﬁ#%?ﬁﬁ(g ef ni Igiglfgﬂ%})’;bt&g%tt&s }upﬂl%hé%{gu 9 wt9% and
are of much | ower strengt hs (| demperhtare mached 28the swiface(of 2 Mate) ) .

Chem stry and mcrostructure design 30 are .used to wer DBIT and provide
uni f or M%echani cal properties in th €T que elﬂ #’%?ﬁ@ﬁsgo}-hﬁ’a%secti on

nEHPS TR

thi cknesses exceedi ng about 2.5 cm tfahshtted fromthe Hifid-thickneRE¥E tht PRIS
preferably have nickel contents |ower than about 3 W% tensile strength

greater than 830 MPa (120 ksi), preferably greater than about 860 MPa (125

ksi), and X WD 99/ 32671 . . . L

PCT/ US98/ 1 i a piece of steel having any dlmensmnﬁ,l Tor €
preferably greater than about 900 MPa (130 ksi), ductile to brittle
transition tenperatures (DBTTs) bel ow about -73[err]C (-100[err]F),

and of f¥r eXtel I ent toughness at totapterfacizharezpoftbphighamgele can have a
tensile strength of greater than ab%%n@a?ﬁsygﬁunitvolumeinsteelplate'

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

original cross-sectional area;

20
TiC: titanium carbide;
TiIN: titanium nitride;
25 Ty temperature: the temperature below which austenite does not
recrystallize; and
TMCP: thermo-mechanical controlled rolling
processing.

30



(135 ksi), or greater than about 965 MPa (140 ksi), or greater than about
1000 MPa ksi). N ckel content of these steel can | aped
ok e 05

above about desired to enhance perfornance after di ng.

Each ni ckel is 26expected to_lower the DBTT of the
st eel by a4 (18[err]F). Nickel content is  preferabty |ess
t han

NAE86SYrI 3 bl y | ess than about 6 wt % ”mu | i
oref e v mi™iTrm zed in order to mnimze cost of tHdK m’mmnmn’ﬂ)
Wil e the fWeddaimg i nvention has been described in terifs 6f ®nes or+ hore

preferred enbodi nents, it should be understood that other nodifications may
be made W t hout departing fromthe scope of the invention, which is

set forth ijn th ' . : ) 90 32671
PCT/ US98/ 12701 A hftkoRVibPteparing a%dudl Plise steel plate having/ fike

d ossary of ter memprising aboutA[vel% Jto abeam 40 woivhof ofirst phmseofiesserdially  t he

t enperature at i ch tepite . begins to form

during Reati ng; Vihe%ﬁe anaaua%og&(qul% 'gragﬂ%tfgﬁr‘f?g%iocgﬁ second ghage of e t he
tenperature at %é&%liﬁ&ﬁlgsﬂrﬁ[ﬁﬁhb&ﬁttpﬁaaﬁ&{sftb,tiﬁwgrained lower bainite, or

to austenite is conpleted during heating; A1203:

al um num oxi de; mixtures therspf, eaid methodrrofmprisbugithestepsofier at ur e: t he
tenperature at which transformation of

austenite to ferrite or to ferrite plus cenentite is

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

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

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

15 passes in a first temperature range in which austenite recrystallizes;

(c) 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
(d)  further reducing said steel plate in one or more hot rolling passes in a
third temperature range between about the Ars transformation
temperature and about the Ar; transformation temperature;
25 (e) 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

200°C (360°F); and

This Sheet Has Been Replaced
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conpl eted during cooling; 15 Ar3 transformation tenperature: the

t enper at ur Il ch austenite begins to 8/
transform &3§%y§1( fe duri ng cool i ng; BCC. PCT/USINI01
body- centered cubi c; cooling rZte: n
rate at the cenﬂ' ummnﬁﬂujﬂm al I y at the THIS SHEET HAS BEEN | "
center, of the piH CRSS (critical resoIBEBHAGEQaar
stress): an intrfnsic'pr8pefty” of a steel, sensitive e

ease with whi ch di sl ocati ons can cross slip upon 25

def or mat i |
e:s io(ra ;m\MI |O|n al s gbh i.i\s} S O}Pﬁ‘f&,\,&@;@@ % E% %%@%ﬁmﬁtjafe'&ah&ormauon of said

| ow DBTT; Cry agiefusgudt@epesdd sted plate to about 10 valty to sbquéAval’e of aver

than about -40[err]C (-4Q[err]F); 99/ 32671
PCT/ US98/ 12701[ ! érs t phase ot] fer)nte and about 60 vol'\’z(%o algaout29% vol%pfasecond oot

(Ductilg to Brittle & Oiondih Rty F{EREAREd af) martensite, finedgthinB@at es the

two fracture regines |n S uctur
lower bainite, or mixtures thereof.

2. The method of claim 1 wherein said reheating temperature of step (a) is
between about 955°C and about 1065°C (1750°F - 1950°F).

10
3. The method of claim 1 wherein said fine initial anstenite grains of step (a)
have a grain size of less than about 120 microns. )
4. The method of claim 1 wherein a reduction in thickness of said steel slab of
15 about 30% to about 70% occurs in step (b).
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).
20 6. The method of claim 1 wherein a reduction in thickness of said steel plate of

about 15% to about 50% occurs in step (d).

7. The method of claim 1 further comprising the step of allowing said steel plate
to air cool to ambient temperature after stopping said quenching in step (f).

This Sheet Has Been Replaced
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steels; at tenperatures below the DBTT, failure
tends to occur b%/ﬁl ow energy cl eavage (brittle) 5
fracture, t enper at ures above the DBTT,
failure tm h ener gyzgiuctl | e

o e S bl
an ) g .

grain: in a
polycrystalline material; 15

rai n boundar narrow zone in_a mnetal correspondin
? o the c%a y: The method of claim 1 wherem said steel slab of step (), §oTPGESES 0B .q%ng g

PCT/US98/12701

crystal |l ographi guQ%ii g 18 “to
anot her, thus separati g%ngnéflgrlnﬁntfsmthewexghtpercents indicated:

anot her; 20 HAZ:about 0.04% to about 0.12% C ' heat affected zone;

H C. hydrogen I nduced cracki ng; 25 hi gh
angl e bdundary or inttleast@bout 1% Nimdary or interface that effectively
behaves as about 0.02%6 to about 0.1% Nb, a high angle grain
boundary, i.e., tends to def

a propagating crack @b0¢tr(hQQ8&6’e>mm003%§‘l,

i nduces tortuosity in,a e t hi gh angl e grai n boundary:
a grain -boundary tha@bg‘gég@t)ééﬁb%@%%fén@d

grains whose or st al LaaiTag, @B GO0, I er

by m)remt han about 8[err]

9. The method of claim 8 wherein said steel slab comprises less than about 6
wt¥% Ni. '

10.  The method of claim 8 wherein said steel slab comprises Iess than about 3
15 wt% Ni and additionally comprises about 0.5 wt% to about 2.5 wt% Mn.

11.  The method of claim 8 wherein said steel slab further comprises at least one
additive selected from the group consisting of (i) up to about 1.0 wt% Cr, (ii) up
to about 0.8 wt% Mo, (iii) up to about 0.5% Si, (iv) about 0.02 wt% to about

20 0.10 wt% V, (v) about 0.1 wt% to about 1.0 wt% Cu, and up to about 2.5 wt%
Mn.

12.  The method of claim 8 wherein said steel slab further comprises about 0.0004
wt% to about 0.0020 wt% B.
25 _
13.  The method of claim 1 wherein, after step (f), 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 14,  Themethod of claim 1 wherein said first phase comprises about 10 vol%to
about 40 vol% deformed ferrite.
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2671 PETYUS98/12701
HSLA: %J(%% 67 hi gh strength, |ow gllay:
intercritically reheated: hea2®d (or reheat ed) td THIS SHEET HAS BEEN
from 5 about the |Ac, tngpgtamrratlow
tenperature to : abcuL t~re—Actert
transformation tenperature; intercritical tenpera from
about the A8[erdydual ah@p@teﬁbmla@ﬁlam&amwwmre comprising 3bout 10 M

to about the ACLErllioliopA ffg h JrRERaLA eﬁ'xtQ Qndlgoout 60 vol% to about
A

heating, and from about 1 h trans
tenperature to dowl%bolfe sévond ph:},setaf @reslbnnmmtly tﬁne-grmned lath martensite,

tenperature on cooling; ow al lo a steel
cont ai ni ng i ron ﬁé‘ﬁtﬁ‘?’ﬁ%@%ﬁ”&’éﬁlﬁ mf °§th°1'e°f having a tensile strength greater

v o3 cabr o SERRBONER120 ke, ang WVl SBBT T B fowkFlith B6ut -73°C wel di ng

vvith ar ener gi es
kJ/'mm (7.6 kJ/i pojipbsF) mboth said steel plate and its HAZ, and wherein said steel plate is

produced from a reheated steel slab comprising iron and the following alloying
elements in the weight percents indicated: -
about 0.04% to about 0.12% C,
10 at least about 1% Ni,
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
about 0.002% to about 0.005% N.
15
16.  The steel plate of claim 15 wherein said steel slab comprises less than about 6

wt% Ni.

17.  The steel plate of claim 15 wherein said steel slab comprises less than about 3

20 wi% Ni and additionally comprises about 0.5 wt% to about 2.5 wt% Mn

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 about 0.8
wit% Mo, (iii) up to about 0.5% Si, (iv) about 0.02 wt% to about 0.10 wt% V,
25 (v) about 0.1 wt% to about 1.0 wt% Cu, and (vi) up to about 2.5 wt% Mn

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

00020 wIAE. R )R
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20 VA: mart ensite-austenite,; mean
slip dist e effective grain size;
traﬁsfornaa%ogr?ﬁf%’llrperature: t he tenperﬁu%—e—-%mbi-c.h_t .aﬁgrgdrsrg}%é*%ln of

25 30 | THISAtdEamitse. tay hartensite starts
during cooling; predom nant | y: REPLACE!: as used in
descri bing the present invention, neans -

at | east about 50 vol unme percent; prior austenite grain size:

aver age au2f-eni The gieeliplate pfaaimml % wherein said mdcrostmetursid optimized to

plate prior to rQl]l I.n t.he tenperature ra I n .
whi ch aust eni tes@g@&%&mP GRS Tl t?nuosny%g’r?hermom%gmned

—

PCTI US98/ 12701 rolling processing that provides a plurality of high angle interfaces betveen
guenchi ng: . . as used in describing the present
i nventi on, said first phase of essentially ferrite and said second phasezpfpe¢dominantlycool i ng by

<Y TS, 101 Bl bl sy e o mixtus
rate of the steel is utilized, as opposed to air
cooling: 21. A method for enhancing the crack propagation resistance of a steel plate, said
method comprising processing said steel plate to produce a microstructure
comprising about 10 vol% to about 40 vol% of a first phase of essentially
10 ferrite and about 60 vol% to about 90 vol% of a second phase of
predominantly fine-grained lath martensite, fine-grained lower bainite, or
mixtures thereof, said microstructure being optimized to substantially
maximize crack path tortuosity by thermo-mechanical controlled rolling
processing that provides a plurality of high angle interfaces between said first
15 phase of essentially ferrite and said second phase of predominantly

fine-grained lath martensite, fine-grained lower bainite, or mixtures thereof.

22.  The method of claim 21 wherein said crack propagation resistance of said dual
phase steel plate is further enhanced, and crack propagation resistance of the
20 HAZ of said dual phase steel plate when welded is enhanced, by adding at
least about 1.0 wt% Ni and by substantially minimizing addition of BCC
stabilizing elements.
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Quench Stop Tenperature (QST): the highest, or substantially the highest,
t enper at ur g RAsH[d at the surface of the plate, 10 PCT/US98/12701
after quenching I's stopped, because of heat -

transmtted fromthe md-thi-ckness of the plate; sl ab:

a piece of steel having any di nensi or‘s(z 15 Slerr]:

total interfacial area of the high angle

boundari es per unit volume in steel plate; tensil e strength:
intensile testing, the ratio of maxinumload to

original cross-sectional area; 20 Ti C

titani um car bi de; Ti N: titani um
nitride; 25 T[err] tenperature: t he tenperature bel ow
whi ch austenite does not

recrystallize; and TMCP:

t her no- mechani cal controlled rolling

processi ng. 30
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Cam . A net hod for preparing
a DBTT | owdP %’#&ﬁ" about -73[er
steel plate and its HAZ and a m crostructu

10 vol % to about 40 vol % of a first
ferrite and about 60 vol %t o about

e

predom nantly fine-grained |ath martensite,

m xtures thereof, said nmethod conprising t
heating a steel slab to a reheating tenper
substantially honbgeni ze said st eel

car bi des and carbonitri des of niobi. :d

and (ii) | ow enough to establish fi AN
st eel slabz 15
slab to formsteel plate in of@ or D

passes in a first tenperature yang
(c) further reducing said ste ml il
a 20 second tenpe
t enperature and above

(d)

t enperature
or nore hot rolling passes in a

{| one or
Ange bel oew about the T[err]

a dual phase st aV|ng
r]C (-100[ err]F) q’gﬁ"ggﬁf’gg d
re 5 conpri si ng about

of essentially

| % of a second phase of

fine-grained | ower bainite,
10 (a)

or
he steps of:

ature (i) sufficiently high to
ghab and di ssol ve substantially all

vanadiumin said steel slab,
ial austenite grains in said
(b) reduci ng said steel
t rolling
ch aust§ te recrystallizes;
e hot rolling passes in

about t Ar3 transformation
educingtE?id steel plate in one

FIG. 2B
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thi.rd tenperature range between about the Ar[err] transél &_matl
t

tenperature an e Arferr] transformation tenper
(e) quenchi ng @Q‘E@Q{ﬁér plate at a cooling rate of about 10

second to about 40[err]96per seconmg
72[err] F/sec) to a Quench Stop el"ow
30

101
PEC 1999

ut
the Merr] transformation tenperature plus —200[err]C
(360[err]F); and PCT/ UJS98/ 12701
27 f) stopping said quenching, so ,mgm IUH Iﬂl
transformation erébm: mi crostructu
plate to about 10 vol % to about 40 vol % of a first phase

of ferrite and about 60 vol %to about 90 vol % of a second

phase of predonj, nantA)heiuoa% r@;&dﬁﬂ@a'cﬁhl%ﬂi%&&ﬂﬁlaﬁe%avﬁﬂg%ﬂ'ﬂ&@&tﬁm
| ower bainite, or m xtures thereof hod of claim1

wherein said reheat |abgutt-é’lvﬁ&é@hQQSFbmchoﬁw@ﬁt@plat@nd its HAZand a mpIFpsIsHra bout

955[ err] C and about r 0 The
met hod of clr}al m 1 V\hcérg’ ai)o tgl g% {dog 40a%°§‘?e4nf|%tdélt |en°st:je9 ngz%llgp (a)
have a grain size offeﬂrmssndtdbaﬂtﬁhml%tdﬂlﬁbutrﬂolvol%ofasecondphaseof

predominantly fine-grained lath martensite, fine-grained lower bainite, or

mixtures thereof, said method comprising the steps of:

- 10 (@)  heating a steel slab to a reheating temperature (i) sufficiently high to
substantially homogenize said steel slab and dissolve substantially all
carbides and carbonitrides of niobium and vanadium in said steel slab,
and (if) low enough to establish fine initial austenite grains in said steel
slab;

15
{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;

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

about the Ar; transformation temperature;

(d) further reducing said steel plate in one or more hot rolling passes in a
third temperature range between about the Ar; transformation
25 temperature and about the Ar; transformation temperature;

(e)  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

30 200°C (360°F); and
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4 -The method of claim1 wherein a reduction in thickness of said steel

sl ab of ut 30% to about 70% occurs in ste 15 5.

The net hod of %‘F’éﬁqﬁ@ ¥tein a reduction in thickness oﬁjéﬁ}[ds& Qel/ qlatzo 1
of about 40% to about 80% OCCE{Z,S in step (c). 6. h

nmet hod of claim1l wherein a reduction in i ckness of |

20 about 15%to about 50% occurs in step (d) mellwﬂmlggg

met hod of claim1 further conprising the step of allowi ng said steel plate
to air cool to anbient tenperature after stopping said quenching in step
(f). PCT/(€)S98/stapping said quenching, so as to facilitate transformation of said 28
8

. The nethod of claiml whereip said.s | sl of,0 St e °
addi tional ly mlgg)w&gggpﬁapﬁﬁgeeéﬂ%%ﬁ%gbqugP? 8%/?81% %Pétg%ﬂ" éﬁ’equ ment s
in the weight percents firstphase of ferritdi@dadb@db0 voB% to about 90 vol% of a sthend 0. 04%

to about 0.12% C, . at | east about 1% N, to | ess than about
9% Ni , phassnfpresiopimantly fingrgrained lathymastensite, fine-grained
about 0. 00%%to about O'IQQ%bLEitea&qnjxmesthereoﬁ about 0.001%to about

0.05% Al , and

2. The method of claim 1 wherein said reheating temperature of step (a) is
between about 955°C and about 1065°C (1750°F - 1950°F).

e 1 3. The method of claim 1 wherein said fine initial austenite grains of step (a)

have a grain size of less than about 120 microns.

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).

15
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).
U 6. The method of claim 1 wherein a reduction in thickness of said steel plate of
g
, 20 about 15% to about 50% occurs in step (d).

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

to air cool to ambient temperature after stopping said quenching in step (f).

-
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10. - about 0.002%to about 0.005% N. Bc.. tliSB 8 The et hod
/1270

of claim8 V\/n steel slab conprises less th

wto% Ni . - e}i@*rﬁjs%%ﬁ Wbt hod of claim 8 wherein sai d.steel _slab compris
Iess t han about 3 wt%Nl and a(}ﬂetlonally MSSla?o n@
w%to about 2.5 wt % Mn The thod of claim$8 V\/nereln sald
steel slab furﬂmmﬂmﬂuwu Ieast one additive sel ected
fromthe group ) up to about 1.0 % Cr, (ii) up 20
to about 0.8 wt% M (|||) upto about 0.5% Si, (iv) about 0.02 WMt%to
about h 0 10 %V, (v) about 0.1 wt%to about 1.0 wt%Cu, and up

t bout 2.5 I m8 wherein
sgi S steel slab fur l% md%%dn%f;‘limsrensl aggﬁ]ln sﬁl%(f&%;li%j(’%pqop acﬂ],\t)} ﬁ% about
0. 0020 wt % B. conibBises irohiuad iRt folisiving aﬁdyﬁig@&néﬁfkﬂﬁ&icﬂvet@ﬁﬁ&&etﬁé ep (f),

said steel plate ha.s a tensile strength greater than 830 MPa
(120 ksi). 30 14ndicatedic nethod of claim 1 wherein said first phase

conpri ses about 10 vol %ghGut 0.04% to about 0.7533'¢, 40 vol % deforned ferrite.

PCT/ US98/ 12701
at Jeast about 1% Ni to less than about 9% Ni,
about 0.02% to about 0.1% Nb,
about 0.008% to about 0.03% Ti, and
_ about 0.001% to about 0.05% Al, and
o 10 about 0.002% to about 0.005% N.

i

9. The method of claim 8 wherein said steel slab comprises less than about 6
wi% Ni.

15 10.  The method of claim 8 wherein said steel slab comprises less than about 3
wt% Ni and additionally comprises about 0.5 wt% to about 2.5 wt% Mn.

11.  The method of claim 8 wherein said steel slab further comprises at least one
T, additive selected from the group consisting of (i) up to about 1.0 wt% Cr, (ii) up
20 to about 0.8 wt% Mo, (iii) up to about 0.5% Si, (iv) about 0.02 wt% to about
0.10 wt% V, (v) about 0.1 wt% to about 1.0 wt% Cu, and up to about 2.5 wt%
Mn.

12.  The method of claim 8 wherein said steel slab further comprises about 0.0004
25 wt% to about 0.0020 wi% B.

13.  The method of claim 1 wherein, after step (f), said steel plate has a tensile
strength greater than 830 MPa (120 ksi).

30 14.  The method of claim I wherein said first phase comprises about 10 vol% to

about 40 vol% deformed ferrite.
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20, - 15. A dual phase steel plate having a m crRa¥y r& conprising
about .10 vo[%i,e 8/12141 about 40 vol % of a first Pphaéuggj é#sénngl @Oy’
férrite and _abod V61'% t o_about 90 vol L of a second phase” of

pt edomi nantly fine-grained |ath martensit m I
bai nite, or mHMﬁlM‘ﬂHEEfIIMaw ng a teﬁgi le strength gregngn 1999
: /' H

than 830 MPa ( L ing a DBTT of | ower than about -73[err]C
(-100[err]F) in both said steel plate and its HAZ, and wherein said steel

plate is produced froma reheated steel slab conprising iron
and the fol | owthg aftidgg}phgse steel plate havinge migmstructung compriging gbaut p8 velntos

I ndi cat ed: 0 4% e o

at |east about 1% NPOPH] W% @ﬁa;ﬁr*&%%g%to%g%%&ﬁ%i%nﬂe Al Bt 6 vol% g ghoyt

0.02% t o about 0. 1980Nm1% of a second phase of predofixantly Gné@fiick Qath irfenditeD3% Ti ,
about 0.001%to abofk;[tl 0.0S(Z?AI, and . . about 0.002%to about
0.005% N. 15 1igne-graipsd lawex bamte, or miygpres fhereof.having atensile stepnathgreatsr | ab
conprises lgss tha : %, N Tha.steel plate
of claim 155ewher ei F\th?a)u I\gtﬁaeglzoécf %’bangg?r%ﬁlg%yg -I?Te%fs,lo‘{’ﬁratﬂr%&a%’(?m b7§ (30

W % N and addi ti onal00§F)ciampth saiisteebplte d s WAZ, lafid YBerdin said3tedt latdis

18. The steel plate of claim15 further conprising at |east one additive
sel ect ed produced{rorn a reheatep stee) slab sempsing itan) and the follewsing ellayigg wt %
Cr, (ii) up to abo : : 9 iii) up to about 0.5% Si, '
(iv) about 0.02 wt t%tlet“gmgb“éfﬁ”é‘?‘%p"ﬁ%,ﬁ%"d‘ (v) about 0.1 Wt%to
abeut 1.0 wt % Cu, and (\abputi04%tocdbout0.22% Cpt % Mn. 19. The st eel
pl ate of claim15 further cor‘rgri Si)’ll%_ about_ 0.0004 wt % to about

- 10 at least about 1% Ni to less than about 9% Ni,

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
about 0.002% to about 0.005% N.
15
16.  The steel plate of claim 15 wherein said steel slab comprises less than about 6
wt% Ni.

17.  The steel plate of claim 15 wherein said steel slab comprises less than about 3
20 wt% Ni and «dditionally comprises about 0.5 wt% to about 2.5 wt% Mn.

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 about 0.8
wit% Mo, (iii) up to about 0.5% Si, (iv) about 0.02 wt% to about 0.10 wt% V,
25 (v) about 0.1 wt% to about 1.0 wt% Cu, and (vi) up to about 2.5 wt% Mn.

19.  The steel plate of claim 15 further comprising about 0.0004 wt% to about
0.0020 wt% B.
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6. 0020 wt % B. 20. The steel plate of Pﬂ‘&l[& /1274
wherein sai.d m cros (fj ?8?\%761 optimzed to substa
maxi m ze cfack path et y by t her no- nechani caI contrqll ed

Eo‘ltl ing processing that provides a pl u][ ality ;) g I hf ang| tﬁﬂj dq gg)qd‘jgg(
et ween e of essen y ferri and sai
phase of predom nflr‘“ﬂm\m“mmm“mhl ne-grained lath martensite,

fJ. grai ned | over baini te, mi*t ures thereof. 21. A et hod for
enfanci ng the crack (gropagatlon resi stance of a steel plate

conprising at | east2tboutheisteql phatg oficlaimd§swherein said suicrostrygtuze ig optisaired teet hod

conpfising processing s ;

conprising 10 abggug‘ﬂ%&ﬁg nﬁ}xfr ﬁ%%ﬂ’%“‘%ﬁ%ﬂé‘gﬁé *s}}%p e?é',"lec%"rtr olled
essentially ferrite and rellingtprocessing that provxﬂék a/plhﬁﬂxt}(bfa)mmgMnteﬂ’a%s%t%en
second phase of predomi nantly fine-graine th martensite,

fine-grained | ower bai ni%aid figtphasse %eém{’%éfegéfﬁ amggxqjsecond phase of predominantly

m crostructure being Optﬁx{E- Eﬁe&ﬁﬂ?ﬁk SR, 'ﬁ%'e 1] 1§‘a1 feaS}(mB&ﬁxjésthereof
tortuosi ty errm mechant cal tro 'ng processing
that provides a plurali ty of 15 hi gh angl e i nterfaces bet ween sai d

first phase of ess e, of

tial f t d
predom nantly fine- %[rl an%é" err %ﬁ@gcmpkn@p@gz&pﬂéﬁlﬁmc 6 Pae ﬁpla}t‘i‘)wer

bainite, or mxtures thejpffkising at least abdut 1 wta}@ﬁl i@&@%ﬂ%oﬁt’%?ﬂ WEhethdd
said crack propagation resistance of said steel plate is

further _enhanced, and c rmﬂpmapmisl@’ﬁam phtvcte pmdupmnmzsmwcmammpnsmg

. pI ate Whefb L alb utelrb VO o%jabot?x)(ﬁ‘ 91'%191" rsi q%géo e%gelflrtlal}y %n\il\{[e and about
and P

60 vol% to about 90 vol% of a second phase of predominantly fine-grained
lath martensite, fine-grained lower bainite, or mixtures thereof, said
microstructure being optimized to substantially maximize crack path tortuosity
by thermo-mechanical controlled rolling processing that provides a plurality of
15 high angle interfaces between said first phase of essentially ferrite and said
second phase of predominantly fine-grained lath martensite, fine-grained

lower bainite, or mixtures thereof.

T 22.  The method of claim 21 wherein said crack propagation resistance of said steel
20 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
by substantially minimizing addition of BCC stabilizing elements.
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by substantially mnimzing addition of BCC stabilizing ele
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(57) Abstract

An vltra~high strength, weldable, low alloy, dual 12
phase steel with excellent cryogenic temperature tough- \(
ness 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 microstructure comprising a fer-
rite phase (14) and a second phase of predominantly lath
martensite and lower bainite (16), is prepared by heating
a steel slab comprising iron and specified weight percent-
ages of some or all of the additives, carbon, manganese,
nickel, nitrogen, copper, chromium, molybdenum, sili-
con, niobium, vanadium, titanium, aluminum and boron;
reducing the slab to form plate in one or more passes
in a temperature range in which austenite recrystallizes;
further reducing the plate in one or more passes in a
temperature range below the austenite recrystallization
temperature and above the Ar3 transformation tempera-
ture; finish rolling the plate between the Ar3 transforma-
tion temperature and the Arl transformation temperature;
quenching the finish rolled plate to a suitable Quench
Stop Temperature (QST); and stopping the quenching.
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