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OF THE | NVENTI ON The present invention relates to an

| nproved system for processing, storing, and transporting liquefied
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the foll owi ng specification. For convenience, a 15 G ossary ofterns is

provi ded herein, inmediately preceding the clains. Many
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any comrercial markets for the gas. Sonetinmes a pipeline is available for
transporti adlced. JEedAs® @ commerci al market. When pi peline
GG COMETCl —Tar K is not feasible, produced natural gas
is often 20 processed into LNG for. transport to market. The LNGis
typically transported via specially built tankers, and then stored
and revaporized at The prepent invertion relalestiean impreved systemnfiar Repcessigestequg prrent
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resource 0f( abauineRAfkePERer CoveRGbndl NG byseits. cubi ¢ feet)) and the LNG
custonmers are genperally large utilities. Oten, natural gas
resources discovered in renote areas are snmaller than 280 G (10 TCF).
Even for natural gas re (iﬁ ea)&hat meet the 280 Gi8 (10 TCF)
m ni nrum very BALKGROUND OF THEJINVEIEHION 51 years or nore ftomall
i nvol ved, i.e., the LNG supplier, the LNG 30 shi pper, and the |arge
utility LNG custoner, are required to econom cally process, '

Various terms are defined in the following specification. For convenience, a

15  Glossary of terms is provided herein, immediately preceding the claims.

Many sources of natural gas are located in remote areas, great distances from
any commercial markets for the gas. Sometimes a pipeline is available for
transporting produced natural gas to a commercial market. When pipeline

_ transportation to a commercial market is not feasible, produced natural gas is often

20  processed into LNG for transport to market. The LNG is typically transported via
specially built tankers, and then stored and revaporized at an import terminal near the
market. The equipment used to liquefy, transport, store, and revaporize natural gas is
generally quite expensive; and a typical conventional LNG project can cost from $5
billion to $10 billion, including field development costs. A typical “grass roots” LNG

25  project requires a minimum natural gas resource of about 280 Gm® (10 TCF (trillion
cubic feet)) and the LNG customers are generally large utilities. Often, natural gas
resources discovered in remote areas are smaller than 280 ij (10 TCF). Even for
natural gas resource bases that meet the 280 Gm® (10 TCF) minimum, very long-term
commitments of 20 years or more from all involved, i.e., the LNG supplier, the LNG

30  shipper, and the large utility LNG customer, are required to economically process,
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store, anavosssyegort the natural gas as LNG Where potent |Pﬁm§§y§§1ﬁz§t oners
have an alternative source of gas, such as pipeline gas,
conventional LNG chain of delivery I's often not. econom cally
conpetitive. FIG 1 illustrates schematically a conventi onal
LNG pl ant that produces LNG 5 at tenperat ures of about -1620C (-2600F)

and at atnosph [ j S a
conventi onal %@I%’I %“%@%"%ﬁ%@% ﬂ&r{@s %r om a jout e%g)?gé n@gﬁ@éﬁ%&%&ﬁ?@gé gél a)
to about 7600 kifdrrafidOsbube &)ga@@ﬂcﬂ@%%’hﬂé ?ﬁﬁﬁxefdoﬁﬁén@xbﬁélmm ‘ckaift 60déivelyp
about 380C (1000F). Up to about 350 rigeration horsepower are needed

to reduseﬁemmtteemxmlaallyrwmfeumm natural gas to the very Iow out | et
tenperature of about 1620 2600F) in a c n LNG
pl ant. Water, carborfIlf 69{“‘%?33"333%“("““" I%%PV%HFQW(EQ Bﬁﬁ%ﬁf as

hydr ogen sul f [ g@@ﬁ
hydr ocar bons fja(n?c?r&é ng' gg%%eo%gsl%ﬁqc {'2 Q‘Ef%‘é‘h‘%‘?%’?‘?“@ﬁm“r?@gﬁ ‘°r%1t he
natural gas du [MalGalGRs ¥eetnt enteds alcb!&irqnnemwmghnmmsmemmabmmao kPaon

(ppm | evel s, or these corrPounds wll freeze, causi ngm&l qu]g!, ng
probl ems in t he(780 peakte about7600 kBai(13 AR psia) and tempesatiesstiosnahou M), togas

treating equip e.the carbon dioxi and
aci d gases. Thée® a??%‘iﬁ&ﬁéﬁﬂ’ai&? HeEhe> P %dfégf%" tlﬁgz‘grsepower are ]}feg tr(n cal
and/or physi cal re&sﬂe\{ﬁ&fenrp%ﬁﬁﬂsb%bmupﬂ REERIhENTy 'Icﬁ»ﬂHhtlé??enﬂ)eﬁt%'off'aS&ﬁt
capital investment. t he operating expenses” are high relation to
t hose for ottther-162°C (-260°E)1m gevantntionalttive-tpim BNG fant. %ﬂbrpkeaﬂgmirchdmde;, such
as nol ecul ar S|eves are required to 20 _renove_ the water vapor. The
scrub col um an® @?8@%‘?@4@&"%190%1 ik At hydregansulfidegother acid gasq:seﬁwgtapﬁe

hydr ocar bons  ha Lend. e GRs.3 bttt & fert2l 0 Wi ftPe MBL G ALy 'rEmBbiFrom the

renoved in a conv cerl n cause ures in
equi pnent natuxﬁpghﬁfdﬁﬂﬁé %veﬁn@mmcésﬁn@dﬁwt@ Part@pdrahilléon(Ppin)) O Of
the nitrogen that may resent in natural gas Is renoved after

processi ng si nclevels, tor&qemcmm;bdunds)wﬂ} frerzierealising hlwgging probilérguindhgppresessdur i ng
transport of . conventi on LNG n [ tr en va ors |n LNG
contai ners tTﬂé“%‘?‘ﬁT ﬁ’o”f °Q§’¢¥F‘?at§f’é‘?‘{/ﬁ¥§ pgzﬁm& ?ﬂ“@ €q lpm‘ml 1s required to

Cont ai ners, p| pﬂcﬁﬁve L aftiol Hiox3EHHna TR A galske Gi‘hb 32 &tr &0 %"cgﬁmbﬂﬁ@ typickiPhRet

are typically constructed, at least in‘part, um hum-or
ni ckel - cont ai ni achentieatland/er physical solvent re@enstr tbvie ipedoess) andtreqmmemu sipaificant
necessary fracture toughness at the extrenely cold processi ng

t enper at ures. EXApEACTVEstmEte Alse) thegperating expenses aeigh trbreblﬂﬂvé tasthgge ﬁoswher
equipment in the plant. Dry bed dehydrators, such as molecular sieves, are required to

20  remove the water vapor. The scrub column and fractionation equipment are used to
remove the hydrocarbons that tend to cause plugging problems. Mercury is also
removed in 2 conventional LNG plant since it can cause failures in equipment
constructed of aluminum. In addition, a large portion of the nitrogen that may be
present in natural gas is removed after processing since nitrogen will not remain in the

25  liquid phase during transport of conventional LNG and having nitrogen vapors in
LNG containers at the point of delivery is undesirable.

Containers, piping, and other equipment used in a conventional LNG plant are
typically constructed, at least in part, from aluminum or nickel-containing steel (e.g.,
9 wt% nickel), to provide the necessary fracture toughness at the extremely cold

30  processing temperatures. Expensive materials with good fracture toughness at low
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ni ckel - cont AN eel (e.g., 9 W % ni ckel ), are tyREAIPIYRE6d to
contain the LNG i-n the LNG ships and at the inport. termnals, in
addition to their use in the conventional plant. S

Ni ckel -contai ning steels conventionally usedf or cryogeni c tenperature 5
structural applications, e.g., steels with nickel contents of greater than
about 3 w % temperbtaves, nohding Rienifivem rRra sommertial nivkgheumsaining stede (6. 2108

herein), but also have relati v_eLﬁ/ | ow tensile strengths. Typically,
commer ci al | y avaiwtibniekd), srefypicaliy ussd p ¢anisinghe I in the LNG siypgand athe inapa

have DBTTs of ab(%ut ..-%90' C i-'15§0(F§1‘ -e]i5 0C E&Z%%' F) qnd -175' C
(-280' F), respect'PRIENYS BANHEK G af 4518 i 400V} Bfﬁlql%”about 485 MPa (70
ksi), 620 MPa 10  (9Bkdibhtaintpst@BoMPentoha® st Yor drispeAkltbmBiniturd N

order to achi eve these conbi nati ons of 'strength and toughness,
t hese steel s §enetmttuyal applizationscagst bigelpmithesckiehepntantsgpef, greater than abdoubint,

annealing treatnment. In_the case of cryogenic t erature applications,

i ndustry current I3pvelevsDBlds 2 mgaives ita‘Fg%WFisk%? deeggﬁ‘i E‘?’ ; P}d’“gglé%f‘g"%'@@‘ ey
of their S ; : : | r d
their relatively 1?\83\/91351%9 en'si@@%@&%ﬁ%@%}{eﬁg%@?g%ﬁg@ﬁé&?Wr@d%@rﬁe

excessive steel tdnyfkDESReR hhed DBTTs of abouAG0RE a1 50°F), -¢55°CUERI O°F), @i e13rar e
applications. Thus, use of these ni ckel - cont ai ni g? steels in

| oad- bearing, cr YOk raspegsivelyt anddensilp sirengthsor eiptte pbpt #85 MPa (70 ksih 620 MPa

iy cknesses 10 ° GO%si g 83 Meeigh k8, Sleunely 1 Bl aclich St Rlroipions
ship utilizes | arqreuwsbibhdRughiRsd, Hea&steels baRMNyamdergo costly pYbS®siaphes.es, to
store the LNG during transport. These shipS currently cost nore

t han about $230 rddubieamnending tredtmentilndhe casevberyogemid tempperatice applicpitandyce LNG
in the M,dgle East ?nd transport it to, the Far Eastl rright require 7
to 8 of these shiipdusigycurently uses thegegommergial nigkel-¢gpiaining steclypbecpysspftheingo o
bi |11 on. 25 6§ood toughﬁéss%?ﬁvpﬁmgglraﬁﬁégr ﬁl?tqnésrt ﬁE%i%ﬁ@roﬁxQﬂﬁgirgélmgioW’ the
need exists for nmor e econom caf “systemtor processing, oring,
and transpor tisng tef¥fels@ef@RETETHeI dabigns generally réfuiir @k Sestive stbélQNickg®dsgomnat ur al
gas resources to conpete nore effectively with alternative energy
suppl i es. Furt herlaad-bearmgsgryogenici temperettiesiappbicaionse Thisa hiezaf these smal | er

renote natural gas jesources tthrflt. \ivoLéId ot herwi se be unecono .c%l to
ritckel-containing steels in load-bearing, cryogenic temperature applications tends to

be expensive due to the high cost of the steel combined with the steel thicknesses
required.

20 A typical conventional LNG ship utilizes large spherical containers, known as
Moss spheres, to store the LNG during transport. These ships currently cost more
than about $230 million each. A typical conventional project to produce LNG in the
Middle East and transport it to the Far East might require 7 to 8 of these ships for a
total cost of about $1.6 billion to $2.0 billion.

25 As can be determined from the above discussion, the need exists for a more
ecoriomical system for processing, storing, and transporting LNG to commercial
markets to allow remote natural gas resources to compete more effectively with
alternative energy supplies. Furthermore, a system is needed to commercialize

smaller remote natural gas resources that would otherwise be uneconomical to
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gasi fi cat V¥R %%PA48%el i very systemis needed . so that FFAPIA2BE made
econom cally attractive to smaller consuners. Consequent |y,
the primary objects of the present inventian are to provide a nor e

econom cal system for processing, storing, '‘and transporting LNG fromrenote
5 sources to comercial nmarkets and to substantially reduce the threshold
size of both develop. Ithadditioer vreembnomizahgaskicatioreand deliveny systemds ngedediG
proj ect economcally feasible. to aci:ecgc |ish these objects

. One wa
woul d be to prcﬁ@éb@ltmcmwd%‘?c@ﬂ@m%&%@ﬂ?‘ ¢ to smaller COUMRS per at ur es

than is done in a copventiopal \ i i i

than atmospheric pr e"?%’ﬁ?%“cgﬂ& t@é%&? tao tli}iegtss %%Wé%?ﬁgﬁaﬁ%é%cﬁ -g‘go? ia:)_.
Wi le the 10 poR6R6HkchicHQYSER o rofisSIag Sdriig, arf teinkpetinDNG frams@notei ng
LNG at |ncreaserg pressures and tenperatures has been discussed in

i ndustry puld i calureessy cdnmeaeiapmbtlietsanil emsubstantially redieadhenthregheli sizg 6§ both
constructing transportation containers frog%]ni | - cont ai ni n.% tFel'bl
(e.g., 9 w % ni brassprvsand fhenarkehreqpicd @ mah ﬁ"év%ﬁﬁteetm%%‘n @‘fy casible.
requi rements bu _ ar e,. e expensi I al p
i e Sty S R N G G P
Technol ogy, pUbﬁ%dStgﬁg He/Marcd' thitPis R¥ndin@lonventional LNG flant, filel, &tpr@ﬁuieb(hi‘ghfk979,

second edition 1 Roger Ffooks discusses the conversion _of the
Li berty ship Sighah pineospherizaprespureiaht esmperaBuesibighenthaol 621G 6260°Fyubhiledbgyas)
at 1380 kPa (200 psig) and -1 15'C (-1750F),. .or. CNG (conpressed

natural gas)0 general conospleafpaeresting 9&95“&,?@(1%’?!89% )G ah icregppdPressyEogyr) |

M. Hooks i ndi cat th 20 .1 hough t ' 1y, Lk f th
tWo COne ep!t 2 :c gé SemBEISa; gs has bpgfng%qugs%ga%m s 1[1)1 ﬁ:u%lllf%nq?x%,g}{%g %ﬂ@%@?ﬁ% . 0 ‘ e
storage. Accordpgg o &scﬂ?ﬂ%ﬁmstﬂg&gihﬁ' grsﬁdggi(‘t%n dofifaftlefy ¥ & nitkeMontaining steel

Ff ooks, for CNG’service, 1.e. - 7/50F), the design target was a
| ow al | oy, (e.g., i atidkel) of aiandinen), ttitof vehiple mey nedeeddsigni redquirpomitsdt engt h

(760 MPa (I 10 ksi)) and . good fracture toughness .a ratl
conditions. (Se&revAhERERTmatsrialy, Fonrxamplesat ppy &%b@‘} ‘Pfghlf %?P?{}?Aﬂé(kggal
gas" by R Br ernati onal f.eren . RO el

1968.) Thi sf%apgoﬁﬁ*glf‘% %@5 eé%”"feﬁé? %&Wél ﬁ%%rolg)ﬁﬁ ’gqulbgflhe\ggg Wﬁg}kgﬁg? cost

alloy for MG sefdi&@t editich 19781 sebbiRl dilitédh 199BERode FRKE Hidtwss€ the dorbersion
(-1750F). Al so, M. Ffooks discusses, at p. 164, the Ocean Phoeni x

Transport desi gof thedibertyghit Sigalpha to carry eithertMLEVmediwreeanditiondiquafies gas)iatg
kPa (60 psig), wih ta t.hat coul st d 30 f 9 _percent
ni ckel steel or 13#%#%@@8?’%%‘1 ‘iﬁ%q} @ﬁ?%ﬁﬂ@é%@?@&éf%,m W 8hcept did

WO 98/ 59085 i -60°C (-75° : Ffooks indicates that
PCT1US98112726 processed at 7935 kPa (1150 psig) and -60°C (-75°F). Mr: Ffooks indicates

20  although technically proven, neither of the two concepts found ‘buyers’ - largely due

to the high cost of storage. According to a paper on the subject referenced by Mr.
Ffooks, for CNG service, i.¢., at -60°C (-75°F), the design target was a low alloy,
weldable, quenched and tempered steel with good strength (760 MPa (110 ksi)) and
good fracture toughness at operating conditions. (See “A new process for the

25  transportation of natural gas” by R. J. Broeker, Intemational LNG Conference,
Chicago, 1968.) This paper also indicates that an aluminum alloy was the lowest cost
alloy for MLG service, i.e., at the much lower temperature of -115°C (-175°F). Also,
Mr. Ffooks discusses, at p. 164, the Ocean Phoenix Transport design, working at a
much lower pressure of about 414 kPa (60 psig), with tanks that could be constructed

30  of 9 percent nickel steel or aluminum alloy; and indicates that, again, the concept did



not appear -to offer sufficient technical or financial advantages to becone
commer ci al wopsdisodage al so: (i) U S. Patent 3,298,805, which pdhnssdgsssst he

use of a 9% ni ckel content steel or a high strength al um num all oy
for maki ng containers for the transport of a conpressed natural gas;
and (ii) U S. Patent 4,182,254, which discusses 5 tanks of 9% ni ckel

or simlar steel for the transport of LNG at tenperatures from

-1000C (-1487F) to -14Q' C.(-220'.F) .and. pressure spheres
(i.e., of 407 1ot appéarﬁﬁaff%rs@%ﬁ@?fk}e lc%?%%{a@%&?ﬁ%ée?é‘}l%aﬁg)i) U. S.
Patent 3, 232, 72§om}9ﬁkﬁ€£iz§§§9é§a‘i§oﬁ (i) U.S. Patent!3Z98808! Rich AlscadsethB akeioPd 9Bas
I n a dense phase single-flurd state at a tenperature as | ow as

-620C (-800F), @ickelcontenesteslves highdhength Alinkihumatidy fir muekingsconéainexs fordhest

345 kPa 10 (50 psi) above the boiling point pressure of the gas. at
operating t enpetranspostsof aipompeessed natural gaginand @éll%é)'(,})@m f‘déggéa’f‘?}&&? a‘é?‘égﬁ‘?sal s

h i '
3 Eﬁpefiglt o Sec S GO HPRE PLATORLHL P Ranos SEFNG A RS T 57
; o et T ! : ! atanmh,
psi; and (iv) '\./E(?/d gﬁ-gga@ztﬁqf&@b'(%iog@ %\P'?re% reS 1S (50 dtnBsphRmR ¢1 &f 811407

CVE March 1979, nett, cusses a case study of transport

of LNG 15  atkpa (59 gsi®ub ¢0Df kit (14Vpsia))AGiD) BSi Patemtd, 2824 2Spwhrhiseusses
-1000C (-1400F) using a storage tank constructed froma 9 % Ni
steel or a 3 1/ Zraspirtatjoentheaturahghstie adense@hase single-flyidestate atritemacsatige as 1/ 2

| ncustry. publ i cAPVARSSZE4 8GR, or in some SO S SO TN PIRS TG R T K8
iall _ - . .
cubstant | al 19" nRanEns froyR o i SRBRQFNE ballt gncriling (BHFARNIR using

substantial |y hicgh@inetdWnstrictdidem fmatdidlssuch 1 ® 2 pertén alckelkter! whidhitasf act
t hat an econom cal system for processing, storing, and transporting

the LNG at such been quenchest anddempaered torngcure ap altimaie tepsilresirength appyogeliR®r e been
concei ved. ) Therefare, a particular _object aof the present
invention is to 1&9&99@@: And (1v}ng1pﬁwaﬂg)&aEl%gﬁl~,@ﬂ§@gjﬁrﬁg@§%@ﬁﬁ ?fapgeraturc ’
processi ng, st Orem,M%gﬂ 15?93'%?@@ BBEheNhRh discusses a c%’é?ﬁ%?%?h@ﬁépﬁrt of LNG

i ncreased pressures and téngeratures ovér conventiona syst ens. WO

98/ 59085 15  atapressure of 3.1 MPa (450 psi) and a temperature of -100°C (-140°F) using a
PCT/ US98/ 12726

storage tank constructed from a 9 % Ni steel or a 3 1/2 % Ni quenched and tempered
steel and having 9 1/2 inch thick walls.
| Although these concepts are discussed in industry publications, to our
knowledge, LNG is not currently commercially processed, stored, and transported at
20  pressures substantially i]igher than atmospheric pressure and temperatures
substantially higher than -162°C (-260°F). This is likely due to the fact that an
economical system for processing, storing, and transporting the LNG at such
pressures and temperatures has not heretofore been conceived.
Therefore, a particular object of the present invention is to provide an
25 improved, economical system for processing, storing, and transporting LNG at

substantially increased pressures and temperatures over conventional LNG systems.



SUMVARY OF THE | NVENTI ON Consistent with the above-stated
obj ects of the present invention, a container I s provided for
storing prwessmssesed | i quefied natural gas (PLNG at a presBOT/Esisn2idse 5
broad range of about 1035 kPa (150 psia) to 7590 kPa (1100 psia) and at a
tenperature in the broad range of about -1230C (-1 90'F) to about -620C

(-80TF), said cont ai ner being const Pucted from material s conpri si ng
an ultra-high strength, |ow all oy steel containing |ess than 9 wt %
ni ckel and havi SYMSBOREICF THIEINVA fracture toughness to
cont-ain said pressurized The steel has an 10

ultra-high strength, e.g., tensile strength (as defined herein) greater
than 830 MPa (120 . ksi),  and aDBTT, (.as defined herein) |ower, than
about - 730C (- 1000F) CUPﬂSfSP‘d“é&h th 2€°"°2?a‘e‘_1 ighl?ﬁ“n?’rz‘be B’E?é‘iﬂ,? ‘%VHB&%‘I’ aépntainer
preferably contgi i i izéd Wiilerah hlstal LR Eat e in th
preferably | ess%ﬂgxﬂdgﬁgoﬁ%%ﬂ#&g%gke% e,ﬂfﬁgl tionally, a )?ygtpée%m%rorm ¢
processi ng afd broad range dfabsug 1033 kPyy(1P0 a) t& 7500 4Palid 00 Phie) andsttem of t he
present invention produces PLNG 15 at E)roessur es in the bro gor S’nsge of
about 1035 kPa (eraperguredn thepraasrapgersfghowtpd2’t ((H9°F) to about -G |‘%§ Qo s3td
tenperatures in the. broad . - R -168c0C
(-80TF), and usecgrr&furl]lgr @%ﬁlﬁ éo%%%?cst&{) &Fﬁ%geqa%%%roh@%gﬁ% %%h%g%% 6%

transporting theiloy steel contaltfitgdess than 9 wt% nickel and haViig adeQmedtrengthenti on
provi des a systemfor processing natural gas to produce 20 PLNG for

storing PLNG aftictugs tonghnespiorcontain seid\messyrized jiguefied nasuraligas. dJhe steph hos anhe

resent inveption includes:. (i) .a processi t, f ' {

ﬁat ur al gasqp 0 s figh 86 ﬂN%&)M tflﬁlﬂg SB?’@&{}?SQ%‘%%J‘SBGS{) g%%g%%ﬁ%{a%ﬁgggrgls%oa)
to about 7590 k'ﬁ@i),(a%%ﬁﬂ‘gis defined herein) RAr thah BRRL73°Cr(€100PF)a0 Yider 230C
(-190TF) to about "-620C (-800F), wherein the processi ng pl ant

consi sts essent inaininyize tost, theyteel prefprablycontaiis léss Hes about Trwdenickelgand more 25
oy o O S TR o haRatont § BUIAReL ARG A HPELIE PUES& A or
LT el i O s BTGP sk 10
15  at pressures in the broad range of about 1035 kPa (150 psia) to about 7590 kPa (1100
psia) and at temperatures in the broad range of about -123°C (-190°F) to about -62°C
(-80°F), and uses the containers of this invention for storing and transporting the
PLNG.
The present invention provides a system for processing natural gas to produce
20  PLNG, for storing PLNG, and for transporting PLNG to a user site. The system of the
present invention includes: (i) a processing plant for converting the natural gas to
PLNG with a pressure of about 1035 kPa (150 psia) to about 7590 kPa (1100 psia)
and a temperature of about -123°C (-190°F) to about -62°C (-80°F), wherein the
processing plant consists essentially of - (a) reception facilities for receiving a
25 natural gas stream and removing liquid hydrocarbons from the natural gas; (b)
dehydration facilities for removing sufficient water vapor from the natural gas to
prevent freezing of the natural gas at the PLNG temperatures and pressures; and (c)
liquefaction facilities for converting the natural gas to PLNG; - (ii) storage
containers constructed from materials comprising an ultra-high strength, low alloy

30 steel containing less than 9 wt% nickel and having a tensile strength greater than 830



|l i quefaction facilities for converting the natural gas to PLNG - (ii)

st or age ontai ners constructed frommaterials co LS L

ul tra-high g\{[0r9e%53¥ , low all oy 30 steel containing | eg?@aﬂglé%%
ni ckel and having a tensile strength greater than 830 WO 98/ 59085
PCT/ US98/ 12726 7 -7

MPa (120 ksi) and a DBTT | ower than about -73[err]C (-100[err]F); (iii)

t t ' | . ' ' ' f. torjng, t
PLNG and 1 aci 11 ¢ 1Ee (130 ks and P B 5heh iah 365 PR Uy ) pitebeine! G,
storage contali neriﬁclﬁﬁhgﬁﬁgﬁggoété@i@ﬁ?H@Htéﬁ'r}gotﬂe PERS ndYheilities for trans?&ﬁh%?%l Ly,

(b) consisting essenti Ities for transterring the PLNG I

5 transport at i @LNG dite @@nsporthtion weragoconnerslombbdard asnasgortatiomvesss e ;
(iv) transportation vessel s, incl udi n?t't ransportation stora
1t

o
contai ners, for taptiasglls (b)egnsisimgmpsseatially effacilities for transfrsving tt@rPﬁqN@ingo and,
optionally, inclydin n- board vapori zi ng equi pnent  t.o conver.t .t he
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storage containers to the inport storage cqntainers, and facilities for
vapori zi ng the PLReEFHYG 196 gayang (*?)dmapgém’évﬁ@rmﬂg@rls MPOFE FLPFaEE gentaigers

optionally, (b . S1SL ' ' e Eact L.ty
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floating-vessel - hiffRere-fedtirholRrbuséd)x Roiities fg trdhiderbiag @) PLNG Ghonsltheg _
vapori zi ng 15 equi pment, for receiving the PLNG fromthe transportation

st orage cont ai nertsansprdtation storage contaigensye thei imgort isterggeyontainers, gadfagitities for
delivering th t 0 .pi pelj ' facilities, . ... .
optional I'y (o) comePei el X fordeftyersto pingiies of BETY Sreilites g APYawlly- R
gas converted consi?ﬁﬂgfagén%%ﬁ’ﬁom@gréaaﬁﬁ& (WHRRA e RlpGif e ggﬁhretm-bas_ed,

pi pelines or users' facilities at t la o ore nooring
connecti ons, suclordbatingvesgtlebaset; bpoffihege-Moal-stngture-Based SAlcMding vaporizing
DESCRI PTI ON OF THE DRAW NGS . . The advant ages of the present
i nvention w115 beeaytmmest, forygesiving sie ByNGdram the Agnngrtationstorage eontypers apg fpr
detail ed description t ach r aw I n Lch: .. NPT
FIG 1 (PRICR AR1‘)°%¥‘E‘:r 10 e L t§/° ??fsﬂas“ﬂr‘%ﬁn%és}g%ﬁh%§a\emn%ﬁ%’r"@’“ﬁl op wpery facilities,
processi ng convendr &irhaliiNe) consisting essentially of facilities for transferring the gas converted
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D

from PLNG by on-board vaporizing equipment to pipelines or users’ facilities at the
dock or via offshore mooring connections, such as a single anchor leg mooring

20 (SALM).

DESCRIPTION OF THE DRAWINGS

The advantages of the present invention will be better understood by referring to
25 the following detailed description and the attached drawings in which:
FIG. 1 (PRIOR ART) schematically illustrates an exemplary plant for
processing conventional LNG;
FIG. 2 schematically illustrates an exemplary plant for processing PLNG

according to the present invention;



FIG 2 schematically illustrates an exenplary plant for processi ng PLNG

accordi ng.Lo #3 present invention;

i | lustrat gjé)%? @ﬁd vi ew of an exerrpl ary ship for transportPFﬁ@SWN@G
according to the present invention; FIG 3B illustrates a side
vi ew of an exenpl ary ship for transporti ngxPLNG according to the
present invention; FIG 3Cillustrates a top view of an

exenpl ary ship for tran }Eortl ng PLNG accordi nghto t he present
i nventi on; tliystratas qn endstieve oban exemplaty Shipiprdransporang RENG v

ship for trans [ cordlng to the present invention and
| aa*ag ﬁé*\??&éwtz@w%ﬁ

havi ng an on-boda FIG 4B illustrates a side

view of an exerrpl ar Yiemm jlfultrattd 2889 JT8n RkdiplaryGhip ﬁ?ﬁ@ﬁsﬂbﬁﬁgtP‘LN@e
present invention and having an on-board PLNG vapori Zer; FI G

4C il | ustr at es ascdrding vo the/podsemtnnwextogl ary ship for transportl ng PLNG

according tg the present i.nvention and having an on-bqard PLNG vapori zer;
FIG 5A ill8strat es FAGp3Gillustrates 3 fopvigw of apnexgmplasy Shlsforéra@ﬁmsrﬁm engt h,
as a fun%tloon gt ]%5[03 frtac‘;u .e_toughness and of residual stress; and
15 FIE rgxg ? FGPIPER R etn gn ’geonetry (length and depth) of a flaw

Wi le the inventionpgl AA BRiHSSE S GRVIEW of RNEREIPIAY sMipliBr trdndpdtiff PLNQP'

enbodi nents, it will be understood that the inventionis not limte
thereto. On theccording tasﬁmtplresem mtdnaom mubhﬁwmm an-boardéRONG tapoizerer aI I

alternatives, nodifications, ui val ents which may be i ncI uded
within the spirit akd S%HB‘SHF"CQ wade H\‘F@’rﬁ iaggxerpplaryship fos fransparting RING

appended clyai l. R T N&E}%
22Rened U8 corspg e s REMA R GF SR AT LR o1 1 o
and transportation RGeSt sihRirated£tdprve&e 6t an exemﬁldr?h’lﬁﬁtfd)ﬂfhnﬁ;ﬁ&uﬁi'PLN@r age
containers for storing and transporting the which is pr oduced
at a pressure iacarfliaghe thegresantgnventiom badibaving3m dPeoagd BDNfsvapprizes; about 7590
FIG. 5A illustrates a plot of critical flaw depth, for a given flaw length, as a
function of CTOD fracture toughness and of residual stress; and
15 FIG. 5B illustrates the geometry (length and depth) of a flaw.
While the 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

20  defined by the appended claims.

PLNG Storage Containers
25
The key to achieving the PLNG plant and transportation vessels of the present
invention are the storage containers for storing and transporting the PLNG, which is
produced 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 broad range of about -123°C (-190°F) to
30  about -62°C (-80°F). Storage containers for the PLNG are constructed from materials



kPa (1100 psia) and at a tenperature in the broad range of about -123[err]C

(-190[ err] Ryologrsdfds about -62[err]C (-80[err]F). Storage cga&.ﬁjsgﬁ{ﬁzg or
the PLNG are constructed fromnaterial s conprising an

ultra-high strength, low alloy steel that has both adequate strength and
fracture toughness for the operating conditipns of the PLNG system of the
pr esent I nvention, including pressures and tenperatures. The steel

has a tensile st - d i

greater than aboé&ﬁg%%n%mgfg’éﬁ%%?&’g%& ;ﬁég Sl\épggpéé%rggﬁ @rggﬁﬂ%ﬁétgeglg@r%\dhan
about 900 MPa (1&Qctife thu Hn@ss%@f‘ﬁxeég&hﬁﬁ%édn@ﬂﬁms of e PEING system Bfthe Peesent
tensile strength of greater than about 930 MPa (135 ksi), or greater than

about 965 MPa ( lirvehisan), inciuding prasseres ahditemplemtnres OUE stdehhdsiziGniiksi sprength
ferabl e. The steel _al f ly. h DBTT | h bqut
PSLerr1C (- 10of rieraniaaMbiaaf ks, preferably.heauch iamabont S8vEs (lhsdaopme
Lo L ) . LT oe
ke (280 per a1 GiotepiefHdELL RO D Bhod 3B Biret 86 £SF Yol abficarBC W iielt
-112[ err] C (- 170mvihga &eilé strefBihesfigtdatet tHahQb6uitroBBMPIVSS &ki), G iréhterahdnai ner

(1) is constructed frommaterials conprising an ultra-high strength,
| ow al | oy steel obontQpHhMRp (148 ksi),lengreater than gbeut JHO0 Mbal(14nksi), iy prefesable.

i quer | ed" nat ur althgseel 218 prefefanly hed S3ETT Iy i o Pl oo P PR easS
steel s used for EQE}:I%E&UP?Sigﬁ%(‘féﬁ%@ét?ﬁﬁg%ressuﬁzedaif@aﬁgd FflutaPeds"t 3 prYRLF ONS

preferably contain low quantities o ensive atloys,

ni ckel . Pref 80 abhyout N#21kRk@ISO pein) @ribonatst830 &Ba (H@ps) whidat avempenatues of sduy
| ess than about 7 wt9% and even nore preferably |ess than about 5
w % More pref er abi2yC (-170°F) ta gt s19861(s! 1001k whereinsaidgantainam(id Aptanstrested

ni ckel necessary, o provide the.requiyed.20 fracture toughness.

Pr of er ably such (ot Befie Sobpants i Lieahial bl Bl UeysTiER g lss than
than about 3 Wt %oRj10ksikkel ABA i)Hal h&iqARE ¥trbRS afd RRHAE WtlshBesdhdRdtitaik 8hid and
even nore preferably | ess than about "1 w % ni ckel .

Pref erably, suchpsisarized Hgecfiedindmidl gas. These ul tra-high strength, |ow all oy
steels facilitate the_construction of containers to transport the PLNG at a

subst glnt i al | %5 25 | ovkBr ukpdghErengBulny pliny teres ued &r copgRiciipg Fentygers
Bommer ot al i ckore Rk iR G prpforas® LGRAIRION Alplipf ot BoB R boys .

the steel used f @iichcaRisdidcl Citrefegably B aitkelevntent RAES titn 3 Wi%s, rbeqéfeBlyl 18sshot
tenpered. However, a tenpered steel having the necessary strength an

fracture t chegrabests’ wity, dnd evsrenofepreferabbyt lesscthamapost HvidYe Morsipaeiaxably, of
this invention. such steels contain the minimum amount of nickel necessary to provide the required
20  fracture toughness. Preferably such ultra-high strength, low alloy steels contain less
than about 3 wt% nickel, more preferably less than about 2 wt% nickel, and even
more preferably less than about 1 wt% nickel.
Preferably, such steels are weldable. These ultra-high strength, low alloy
steels facilitate the construction of containers to transport the PLNG at a substantially
25  lower cost per pound for the steel than would be possible with currently available
alternatives of aluminum or commercial nickel-containing steels (e.g., 9 wt% nickel),
Preferably the steel used for constructing storage containers of this invention is not
tempered. However, a tempered steel having the necessary strength and fracture

toughness may be used for constructing storage containers of this invention.



10 As will be famliar to those skilled in the art, the
Charpy V-notch (CVN) test can be used for the purpose of fracture

t oughness we9®8WAENt and fracture control in t he desi BOT/USIBHRT6age
containers for transporting pressurized, cryogenic tenperature fluids,
such as PLNG particularly through use of t‘r&e ductile-to-brittle transition
5 tenperature (DBTT). The DBTT delineatestwo fracture regines in
structural steels. At tenperatures below the DBTT, failure in the
Charpy V-notch test QM@RER bkFamitiatto those skilled idie @ Sthg Chalpgaiagreh (OVIND tdse)
fracture, while at tenperatures above the DBTT, failure tends to occur
by hi gh energy darche bsedffortbe purposeSif Srastyee tanghnesseassgsomenttand fragtyra eontel ip
that are constrycted. fragmwel ded steels for the aforenentioned. cr i C
tenperat ure 10 %%f%ﬁgp&gﬁoﬁ}ggc 6‘“?‘5?"rotf*}?éfr’or%l%ﬂr-eﬁsélgfﬁ§W°5Fg}gbeg}ﬁégaqg'@’

tenperature ser \ﬂlluﬁgbggéﬁ [ ?ﬁig%é Baﬂiculaa?g;rrrr%u c 0Bf8 ﬁﬂltﬂ@-@of—ﬁ%itﬁfehﬁn%@ﬁ py

V-notch test, we oW rvice ature 0 e structure in
order to avosd lkrhidratGrel(BIHTIE. THOMBTT delincates twiefratsiegegimehm smctnral steels.
conditions, and/or the requirenents of the applicable classification

society, the  Attempasatures beloprire DB &ilarqindheGharpy Yegotefutest tendssp @peur eyt o

30[err]C (90[err]F to b4lerr]F) . Rhalow the .1 servi . fai

As will be fani |‘4‘¥1F“‘E’_§Y P%B‘?@l‘ Q}ﬂ‘ﬁ?e)éo cf%e’t"ﬂggaart ?mﬂeﬁaé&rgsp%bf"g??‘Emegﬁgggufafl}”gns
taken | Nt QeI RS hARF B high ehétgl BfctlS Fra@lreOStTh &S AMAraBYrRALiBER Entainers
constructed froma wel ded st eel for transporting pressurized,

cryogeni ¢ fl ui dshatiarecddonstencéedofinam wtehded stehisigrsthe afoeementionedoprpegenioigmperatiger e
and tenperature, as well as addit}a‘%};al stresses, that are Iikell)éuét be 20

i nposed on tAe $Pplqatigngandfar BN PRIPESLYEEBSIGRRSTAluEg SFRHCS ure
hSe . \ ol ) ! !
(KEorr 1y wi oh TETES REQERblined e BhatryV-Boich LAE wollefisPulo oS\ b orik

and (ii) crack tifphep@biuhdinbréR t@ i@ biittle GiQk}., Dependingwhi thddesiim, tie sesiet t 0
measure el astic-plastic fracture toughness, both of which are
fam liar to thosendikibhs, aod/prthe hesuirementsrafth applirabletcipssificationisaeietyhther r act ur e

acceptabl e for JeRHTy b epmmeratns sndGuey B rom o X3 0PRSS TRERPNY,

t he BSI publyiccatj.Qn, .Gl on net hods for assessing the

accept abi | i tl;é ofsle Il%cv\t/s%%gﬁggi on wel ded structures”, often referred to as

"PD 6493 :1991", may Aewilbsdfahiliaes those skéllddhiea thepatt, thenopatdtingabhditiénscakan zes
for the containers based on the fracture toughness of the steel and

vel dment (i ncl udniegonsideratipiin tbmeﬂgmeofismwéen@mewgtﬂwﬁdtﬁ@nédvﬂl‘gﬁdrfé@.l A

person skilled i for &Qr%pg{t{ng%?e%surized, cryogenic fluids, include among other things, the

operating pressure and temperature, as well as additional stresses that are likely to be
20  imposed on the steel and the weldments (see Glossary). Standard fracture mechanics
measurements, such as (i) critical stress intensity factor (K,c), which is a measurement
of plane-strain fracture toughness, and (ii) crack tip opening displacement (CTOD),
which can be used to measure elastic-plastic fracture toughness, both of which are
familiar to those skilled in the art, may be used to determine the fracture toughness of
25  the steel and the weldments. Industry codes generally acceptable for steel structure
design, for example, as presented in the BSI publication “Guidance on methods for
assessing the acceptability of flaws in fusion welded structures”, often referred to as
“PD 6493 : 19917, may be used to determine the maximum allowable flaw sizes for
the containers based on the fracture toughness of the steel and weldment (including

30 HAZ) and the imposed stresses on the container. A person skilled in the art can



devel op a fracture control programto mtigate fracture initiation through

(i) a hat € container design to mnimze inposed éii)
appropri at e%ﬁ%rgb%anuf acturing quality control to mnim ze%ﬁ%@?@n i)
appropriate control of life cycle loads and pressures. applied to the

container, and (iv) an appropriate inspectiof 5 programto reliably
detect flaws and defects in the container. A preferred design

phil osophy for the systemof the present invention is "l|eak befor
Pailuret, as is develdy afmpins copfolnrpgamde mhfigal frackutrnifiafion yeisd @)

consi derati ons araﬁ*a%?ﬂﬁfc%%tﬁin'éﬁée@fgﬁ%gﬁr%ﬁén%izei ifnﬁﬁéﬂn%ss%ﬁ (ng&ngﬂ{té nciples

of fracture necha 0 wngis a I ng

exanpl e of appl i eadnu@eteingidials chmesio nimify dofeoks iy aprofristeéantrel oEEfRaNI CS
in a procedure for calculating critical flaw depth for a given flaw

length for use i eyelefloads and preswurasrappliqdl tasthe eontinsv.cnmd (i) aw apprepriate irisaedtion i n
went o **°Y"® S5ER o kB Rt DOk EB A Mot Bl oo
flaw depth 310. P, | q : €\ & »Cl.i:f 1 cal
flaw si g e plot 36’@ﬁl é%%%??rghﬁy&e\{ﬁﬁqgg eeg&%%wfgﬁ&t%eieggﬁf%% %gﬁ&%e’gsé%

condi tions: familiar to those skilled in théestS €theld @Eiderations are generally.reférred ¢alS ft)
Vessel Wall Thickness: 25.4 mm (1.00 in.) _ Desi gn
Pressure: heregw a5 kupwn PBOCipiss of fragure mechanics.” Al | owabl e Hoop

Stress: 333 MPa (48,3 ). . s For .t he. pur po, of this
exanpl e, a surface fl qféﬁ@%lﬁgbsrariqgohrm“ngﬁxgtrﬁglﬁé)gj\l?pehcghorp ofdhese kngyn ;i 5

flaw | ocat ed 1pn R | peq. d diGa1 ¢
300 shows t he1 vaﬁ’tﬁgl@@o rs\e’glrﬁ:a %tiutegfl&%?gw %eapé?ﬁéegg t aﬁgﬁﬂn%“l}%@ dgﬁ‘u%%%’? alggour rae
toughness 25  angiveafflavelehghidbr st ies &acthrercontsl plaralo pgéveasfadtaredhitiatidn ih 50

and 100 percent of yield stress. Residual stresses can be generated
due to fabricati GWEEWE ViRESeH Swd as Arftprage contapb acrording torfsiaentipe use of a

e e S M gt Bl S B o[ o

t echni ques SHER @RuPASTaluR! 6 e 8fitidal A3k TRR 1 RYH oW i MEN3AI a8dd on

stress relief.
15  the following design conditions:

Vessel Diameter: 4.57 m (15 ft)

Vessel Wall Thickness: 254 mm (1.00 in.)

Design Pressure: 3445 kPa (500 psi)
20 Allowable Hoop Stress: 333 MPa (48.3 ksi).

For the purpose of this example, a surface flaw length of 100 mm (4 inches),
€.g., an axial flaw located in a seam weld, is assumed. Referring now to FIG. 54, plot
300 shows the value for critical flaw depth as a function of CTOD fracture toughness
25  and of residual stress, for residual stress levels of 15, 50 and 100 percent of yield
stress, Residual stresses can be generated due to fabrication and welding; and
PD6493 recommends the use of a residual stress value of 100 percent of yield stress in
welds (including the weld HAZ) unless the welds are stress relieved using techniques

such as post weld heat treatment (PWHT) or mechanical stress relief.



Based on the CTCD fracture toughness of the pressure vessel steel at the
m ni mum servi ce tenperature, the vessel fabrication can be adjusted to
reduce t heWO 98/5%¢8si dual stresses and an i nspection programrCTaSIHrR726

i npl emented (for both initial i nspection and in-service inspection) to
detect and neasure flaws for conparison 5 ggainst critical flaw size. In
this exanple, if the steel has a CTOD t oughnhess of 0.025 nm at the

m ni mum servi ce tenperature (as mnmeasured using |aboratory speci nens)

and the residual str @asaisonathe CTODUEadure Goukbnie bf thetprédburt Ressel €l aythel d
strength, then the value for critical flaw depth is approxi mately 4
nm (see poi nt 3PONGINEEETYics fgmperature, theyesseldpbrisatiomeande adiusted|tarqdyee the
procedures, as are .l kno to those skilled.n the art, .1 critical
Pl aw dept b san BUMALHEEH AN BRPGPT BRSIERT G4 Y Mpemeiied (RbetBaaL § Sus
flaw GCOMlshhiibn ol ilforl Bt fsh 1iBH)TBabR0: and 4Gk iws Rl coflpaRidiOT am
and i nspection program (technhi ques, detectable flaw di nensions,
frequency) cln lhgaine\eticy dldwtsivee ds thieexahmple, if the steéllhans CNOD thapodsedf GARIS
remedi ed prior to reaching the critical flaw depth_or prior to the

appl i cation of {HB atiibemjRimus sRVICRICIrabize AfINecasHed uging 1abpralgry SBeBeEnM i ons
b 15 CVi ) ven .
et ween ':}w ;ﬂe%&&ua?gtg?s-%% %é@zi%g Lfé‘ ?%b%%gﬂ Ner s]teeggl 8@[&%%@:%%&2
)

t oughness genera val'ue "o

exanpl e is not ivakemstagiticsl fidwddptt #iapproximatell BRI Y(§c@boirt 320 ¥n FEY. 5A).
The storage containers are preferably constructed fromdiscrete plates of

t he ul t r aFoligwingtsireilaytchlculabon procednrest asdre wEHnpwi ta thosd skilladdin tlag art,

wel ded joints, of, .t st orage 20 cont aj ners. preferably have about the
e St ) ongil afite Sab foRe Gt i et PR fevarions Fa st b TS NEHBRH IR oy
all oy steel pla : t chd : : h
on t%e or der IOof %gﬁgatt’l@%g}?ggga 01‘31?0 Tgﬁg’ﬁg&% %@chgﬂtrﬂn%! %ar%%rﬁ d Ilr%)sggc;[nlogk:é@%?&

| ower St r ¢eshnbdnica) detdcudlecllaw dinmedsions] Giefichcyy dah believdlomidas efdhre that

properties can be nade by any . Joining techni que capabl e of producing
the required balfHWé@recﬁet@tqd@mgfrmM priswtegaching hercatioal dlawadeginerapsior to the

Exenpl ary joi ning {echni gues are, descti bed in.the, Exanpl.es . section
ner eof - Par i curtPiGEaT of i AedbTIohdE HaseLon pityihe: ERRYEgalatss Rvegns
vel ding (GVAWY aneiginasd EPODidurd dsughdds®) th¥velods B CTOD foﬁgﬁ@s@%aﬁeﬂ@t i ng
conditions (as described in the Exanple section hereof) subnerged arc
wel di ng ( Soitglates keex CVONAbEagf aheltdi7Tnly ThEBMampémid nbairtendérbtariinee thds ng
(LBW may be used. : .
invention in any way.
The storage containers are preferably constructed from discrete plates of the
ultra-high strength, low alloy steel. The joints, including welded joints, of the storage
20  containers preferably have about the same strength and fracture toughness as the
ultra-high strength, low alloy steel plates. In some cases, an undermatching of the
strength on the order of about 5% to about 10% may be justified for locations of lower
stress within the container. Joints with the preferred properties can be made by any
joining technigue capable of producing the required balance of strength and low
25  temperature toughness. Exemplary joining techniques are described in the Examples
section hereof, Particularly preferred joining techniques include gas metal arc
welding (GMAW) and tungsten inert gas (TIG) welding. For certain operating
conditions (as described in the Example section hereof) submerged arc welding

(SAW), electron beam welding (EBW), and laser beam welding (LBW) may be used.



PLNG PLANT . The storage containers described above nake

feasi ble the PLN% Erocessi ng nmet hod of the present invention, which
produces PLXB°EP%%5pressure in the broad 5 range of abouPCTHSSIRES (150
psia) to about 7590 kPa (1100 psia) and at a tenperature in the range
of about -123[err]C (-190[err]F) to about -fS(Zlerr]C (-80[err]F).

Pref erably, PLNG i s produced and transported at a pressure in the
range of about 1725 kPa (250 psia) to about 7590 kPa (1100 psia) and
at a tenperat ur eELNGRentr ange of about -112[err]C (-170[err]F) to
about -62[err]C (-80[err]F). Mre preferably, PLNG is produced and
transported 10 at a pressure in the range of about 2415 kPa (350 psia) to

about 4830 kPa (700 p%i ki g@éﬁ about
-101[err] C (-150[ er r]%l %tgragebS%r%tﬁﬁgg[ﬁgsrc?]b%@@%gﬁ[agé ?e]alh:lﬁctthé!PL vgﬁés?rlgge

preferably, the imetied ofthispredent ineerpiorsehick proddedsd NG at aipressussigabe boad
PLNG are about 2760 kPa (400 psi a)l and about -Q%err(]éc ‘51 140[err]F). Wthin
the preferred® range phahaut 10354 (13Qpsaaita abous 7ok @480 peakaddt Aat i ons are
dependent upon t | | {hernalHed ! bejepdy_ddo ' d
upon econom c co%g?p%gart%c?rg%%%e O(?gb&ﬁpfeir}sggal?gilﬁlt%g@% ﬁg’qaérq g#g{)feﬁegabw’

determ ne the ef PENG idlpreRoBPsid tiRERIrtcAAt 2PRERESInHe range of AT TP (250
standard i ndustry publications and/or perform ng equilibrium bubble point

cal cul ations. Adgéia) torahbwty7590 kPe(1d60 psik) 4rided aitempenasurerin theapngieefmbauind 12060
anal yze the | t of t iff.arent ecaqnon c si derationsg b
referring to st aﬁ'azwg%m ?@ggg’gogéug\a‘?régfq TARY: tp—g&&éiﬁwp‘é‘fd@ r%mfjn c
consi deratiofgi s ; f ;
refrigerati 020 ho?tfsﬂ%rgf/\sg?e lﬁlggeuﬁaﬁgpngla?gﬂtlr%&rgggg gsoﬁos%g%w%gﬁﬁ?gﬁggﬁm)

t enperatures at tinkatiatemperatate mrthsmnpgest dtont RONE &l SOPF) ncateasdIPOE-1d01H)i t y
of t he PLNG and, therebi(a,é reduce the volune that nust be transported.

As the t emBEFTRIQFePTBierabhe the IRicrands ofiie pgssurg ARd femp et sess for
but ¢ he v ef ri ger B Greoe 3u00 276E REA 400 2 S CLBHE 9B (AP iy RLAOLE

i ncreases. ranges, ideal tERfpefabirt QN frassdRSCmMtMdtions Are@epéidieipdRihd Y on the

econoni cal 'y advantageous differences of a systemof the present
i nventi on aslfonpempoebition of thonaterat gasibeingdiguefied and upon kornoprio censgleradionhNGA

AR A TR T T R
| Tustrates schagmiiabhiddiRNaRPhbKafR Bha/bPherRiA i ShibRarHabld A
calculations. Additionally, a person skilled in the art may determine and analyze the
impact of the different economic considerations by referring to standard industry
20  publications. For example, one economic consideration is that as the temperature of
the PLNG gets colder, refrigeration horsepower requirements increase; however,
colder temperatures at the increased pressures for PLNG also increase the density of
the PLNG and, thereby, reduce the volume that must be transported. As the
temperature of the PLNG gets warmer, and the pressure increases, more steel is
25  required in storage and transport containers, but the refrigeration costs decrease and
the plant efficiency increases.
The following description focuses primarily on the economically advantageous
differences of a system of the present invention as compared to a conventional system
for processing LNG. FIG. 2 illustrates schematically an exemplary plant for

30  processing PLNG according to the present invention. For comparison purposes, FIG.



shown in FIG 1, an exenplary plant for processing conventional LNG.

I ncl udes feed gas reception equi pnent 62, gas treatin nt 52,
dehydrati mw&%y renoval equi pnent 56, refrigerat |Pg#/&fﬁgeﬁ§nt 63,
feed scrub equi pment 64, fractionation 5 equi pnent 65, |iquefaction
equi pnent 66, and nitrogen rejection equi pgent 54. Wi | e standard
natural gas |iquefaction equi pnent can be Atisfactoril y utilized in a

processing plant for the present invention, several steps re
conventional  1illusttesichematicatly B ATy lang f for PrRECEIE (FRVERE g’&é{fﬁ@r As”

natural gns t nemongif BTG ol SRty mint §65 PO Rg RN EiaBl NG ibcipesttapess.
conventi onal L'\%sﬂ‘é&ﬁﬁﬁrf @E}ﬂﬁgﬁ 68 QN GehtRi dofi gﬂ%{(ﬂ %'311 ratlon/meﬂah moval

Referring to FI processi ng ste referably include (l) feed

gas reception faﬁuﬂméntes rl-mgfemnon equiptiney 63 fped scrbly dqupmentdds fragtionjtion
dehydration facilities 12, and (iii) liquefaction facil) |t|g§b14 An

expander pl dnt dqhipment 66 diquettion esvinment A6, 1md nitrogen ggiection equipEen $r oduce
make-up refrige use i.n the uefaction facili

Al ternatively emérsmﬁg?rfi naguraégps lﬂﬂ“e% o 8‘?‘1‘?’5‘3}?3%} c Wé‘é@g% 3}' gilized ina
liquefaction 14 1%@&391% lant for tﬁ%ﬁr@&ﬂ?ﬁ%ﬁi&ﬂ/ el s/ r8 1feﬁ%%@ﬁ%nﬁbmr

source. Vel |-kndwh Te |gera processes can be used to achieve the

desired | ow t enpNGHsIuitean be thginRlelGndInelgy needed for @oling te m’a}yallgaeisgteqtlyf or
exanple, a single refrigerant, a nulticonponent refri gergcm,
cascade refri geredtitasin Thys,/in ther PINYGEDrasass: @ﬁgfabgastth%é’@“@‘?ﬁ goqisumel 1or

Compared 10 ex@a R RO RoBRLIANC Praplen e Bapisah B ke >
necessary refrig 19 errm to F 1S HRPIYNG bfbc@ss n?N@pr?é?éraﬁ‘}%Hl&Hé’(@ fed t he

pr esent |nvent|0n resul'fs ar ge reduction in capital costs,
proportionately ghﬂé@dph@ﬁ@'ﬁoﬂiﬂdsgommsmg lignid Hydecedhens) (ii) dehydrefién facém@y

and reliability, thus greatly enhanci n% t he econonj cs_ of oduci n .

| i quefied 25 ha,tmud;ﬂn%@agefacuon facxlmesl Arvexprader p}ag\;lq)qi%ﬁ{ﬁgtlﬁaatpglm@m 18
according to the ese ent| ares NG
process as foI | 8 Béq pro &cetrBa I—ttg re 1g(j§ﬁa\ts|:tﬁaxseén the lx%lgﬁ[@%&pfa'cﬂﬁéé 14
liquefactio %H F@AWE g%ﬁh& paft®r Bl DER réfigerdnis 'ﬁhéaed:ﬁ)r thé Hqlhdfation 1uhanben a

conventi ona 0O (FI'G 1) (that produces conventional LNG at about
30 -162[er r] Cpﬁmﬁﬁ&ﬁand/bﬁuppheﬁ ﬁbmemhethec sqres SWelbkpowh eefjgeratioreat i ng

t 52 (FIG 1) f | of f t
cuch a5 carban mmsé@ca%ea@ﬁ@ sy the JEREPA 0 ‘IBBRTSRIRT (I PEN Carin
required in the s%%@aggxgéh%&el\lgr@(zﬁ‘%}e %0 1@5 Feﬁggéi‘ﬁ{tai ﬁxﬁld@gﬁlgonent requ red

i n the PLNG pl am occurring conmponents will not

nor mﬁl ly freeze r@mgeﬁﬁpa@a@h&mﬁ@r@bﬁbyﬂ%r ¢dmbihationk bifXhpsescyclesqui prrent due
to the

20  Additionally, expansion turbines may be used in the refrigeration process. Compared
to a conventional LNG plant, the very large reduction of necessary refrigeration
horsepower in a PLNG plant according to the present invention results in a large
reduction in capital costs, proportionately lower operating expenses, and increased
efficiency and reliability, thus greatly enhancing the economics of producing liquefied

25  natural gas.

A plant for producing PLNG according to the present invention compares to a
conventional LNG process as follows. Referring to FIG. 1 and FIG. 2, since the
liquefaction temperatures in the PLNG plant 8 (FIG. 2) are higher than in a
conventional LNG plant 50 (FIG. 1) (that produces conventional LNG at about

30  -162°C (-260°F) and atmospheric pressure), the gas treating equipment 52 (FIG. 1) for



5 warnmer operating tenperatures. |If unusually high anpbunts of carbon
di oxi de,  wop 9g/Séhsd Ur - cont ai ni ng conpounds, n-pentane pl us, P@.{,U SBTRE are
n

present in a natural gas bei ng processed by a PLNG pl a , sone gas
treati ng equi pment for renoval thereof may be added as needed.

Addi tionally, nitrogen nust be renmpved in the conventional LNG pl ant
50 (in the nitrogen rejection facility 54) because nitrogen will not remain

10 in the liquid phase.duri transport ,of conventional LNG which is at

atrospher o FerlVAL s SlE e ER shet e SR e i Brpertns pls; et *gas

need not be rendygdehd) wHiG irkd- NGO AR sty i1y ndt€mai n

in the liquid phagr%ei\}m"t hot aé’efciqgﬁef | S&P n@]@m@%%’%}?%ﬁ%ﬂy&rati ng

pressures and t ergyeired inrths PDNG plantBlb¥cayse dees aturally occubitith éongpumlehty willmoeur y

is renoved in a conventional LNG plant 50 .(in mer cur&éwl renmpval equi prent
p

56). Since the Prosmallysreezesangiransetrdugging prablemadn thePL ant ewienent gaets thaan
a convention LNG pl ant 50 and, theref.ore |l um num materials,. . need
not e used 1 + HaThg apeeRas BAsray Tt Sheral B aiehARenra e divgide ne

pl ant 8, I ﬁﬁ@- /A RAHEPL j I ' in
t he PLNG pl ant gm lﬁ'ﬁé% nfa a |‘Uiu#§/d?g§;g gtr%ﬁ\% bltu Fi’gﬁgg%il%%%rérﬁ& ?%Sggtﬁpraggu#%@aaas
treating, nitrogbéng Fi’d@ésish@ﬁy a RDNGHEME, ¥ordé ga§Mﬂ%kquA§tﬁmttf&Qemmqaé&bpn
of the natural gas allows, provides significant technical and
econom ¢ advant agey be added as needed. Additionally, eitergen thusiter remiomed jnrtbs senvestienadl

t enper at ures of resent invention, . .abaut. 3 [err] wt%.nickel steel
can be used in thﬁ%bﬁﬁ (nyihe nifogRy reaveian fasiliy 4d) hﬂ@ﬂ%@ mt]rogenffflﬁﬁpt wma

t he process pjpi fagllitl -k S 3 o ni ckel
25" Steel o P ulti 8 Bituld ¥ace P ralABHCER SohiAB SR ENL ARG G bl
conventi onal pres$ulSs WlodéthteAthoudliof nifoReh Hebe AGdAS hiedd bl bé tenidVied G0 fe
reduction for the PLNG plant 8 conpared to the conventional LNG

pl ant. Pref er abl YLNKi pjhantsk besause mitrdgenwall Femyais incthe Squid phasewvithhthe digyefiade

h f h . th ' it he PLN
ol ant 8, are s oA HECPPRIG PRGN FORSGEREE BETESHRIMBRESS 0. g,
fl anges, " : ERN . d ot her
equi pnent of theASENgn%lﬂyéﬁelrcéﬁf i mgvgdolﬁl eérag?%mg{r?%l\?ﬁﬁgi)& Syﬁgﬁhg%%n mc
advant age oves areesvwabejuigmhelt SENGindetit PLNG plant 8 operatest@ hrich wagmegai n to
FIG 1, LNG produced in a conventional LNG plant 50 is stored in one

or nore storage tannesatures thag 2 canveatipral LING plaploY( andethefefere, alRenam malgrials

now to FIG 2, PLN roduced i.n a PLNG pl ant 8 be.stored,i r re
storage cont ai nepge%d{,%tg‘éﬁ%%)ﬁ&ee‘:&ngf?eéﬁﬂ m“fg’é’-%fqtg%f @R H,P thF%\;v?\gf P%?tg’o
steel accordi ng Lfrcury remdvia] SquiphYé@R Wil® Benefdllyenod 88 FMir8X PAhE PLRIGDIRA!S. TH
anot her enbodi ment of  this invention,

ability to omit the equipment required for gas treating, nitrogen rejection, and mercury

20  removal when the composition of the natural gas allows, provides significant technical
and economic advantage.

At the preferred operating pressures and temperatures of the present invention,
about 3% wit% nickel steel can be used in the coldest operating areas of the PLNG
plant 8 for the process piping and facilities, whereas the more expensive 9 wt% nickel

25  steel or aluminum is generally required for the same equipment in a conventional
LNG plant 50. This provides another significant cost reduction for the PLNG plant 8
compared to the conventional LNG plant. Preferably, high strength, low alloy steels
with adequate strength and fracture toughness at the operating conditions of the PLNG

plant 8, are used to construct the piping and associated components (e.g., flanges,



PLNG produced in a PLNG plant 8 may be transferred to one or nore

transportation storage containers 9, constructed of an ultra-high
strengt h, WO@/#0Boy steel according to 10 this invention,PCIUsSIsRLIYG
transportation vessel, as further described bel ow. A PLNG

pl ant, according to this invention, can be used as a peak shaving

plant to allow storage of natural gas as PRNG For exanple, a conventi onal
LNG import term nal receives LNG by ship, stores the LNG and
vaporizes the LPBdsQind fittin s)),ctﬁédsy@rv)éssteg, #ndiiBer o SipmeRUSHROPONGhlantigdped LNG
generates vapors ("boil of f as it 15 “warns. Usually, the boiloff 1s

wi t hdr awn f r om erder tol®ddefusther acomingic advantagd over a conslerttionak INGtplarithe gas

dermnd, the bot 1 of - REFFERAERH & HE e erHucea ok somenupmabbNCOPapci0 ior y
to the rd : ' ' ' j-guefied
and stored as9Léi\t%reghr?ﬁé‘&%ér@%@r?g%gggmé%@ﬁ?g%é%%t&%éxd#, ﬁ}?éﬁhggn%g%hgal ng
t he present 5 nvesw toRIG. 2NPLNGI preduced i PONG pisit 8 ehdyBeatdredlint shefd: Werand

stored until needed during Beri ods of high demand. In anot her
exanpl e, a conp¥iree pentaipers 9 epastrustes afanadtrashigh sisereth, 19w alloyosted) astandisg to

dur i ng per 1 ode. e VbR Sh6H T AR Groffa i Shoeitod e Br hRARIER  ©

invention, the PONGHWIENin a PLNGYMrAB MY tAinSRErkd &) orfdds nfdE trgﬁ%t)fts ion

to consumers during periods of peak demand 25 by vaporizing PLNG Use of

PLNG i n peak shsiviaggcgitaingrs 9, comstusted: dfan ultNchigh atnertgth, low alloysiedd aecwdiogitaal .

PLNG Tr ansp taﬁlon Vessel s G trans g(ré}q tion vessels
t

. The P
of the pres BYERHGR, QP LING tepspozigtion Vesseﬁf‘i‘f HithsT des PPucted from
ul tra-high strength, slpW@blagy éaoﬁa%{l@toatﬁis%ﬁeﬁﬁw%q?a@eyeﬁ-as aPeal HIGie-NG
transportation vessel's are préferably nmarine vessars. evg. o Pshi ps “®hi ch

are pr opel plent taatiow stodagead yatofal pay BIPIING.NFér dXafiple s povientiGial NG to a
PLNG i nmport . termnal. The PLNG product has _a density that is |ess than
the density of lmportteapipeliecedres LNy shipysteres thy LNGhanpragorizeothad NG forsi t y

is about 75% (o of. S deng| t conventional .LNG .. Jhus, a
fl eet of ships é\%l{vgglz%ta(ﬁagﬁﬂgn&uﬂ%g%%r$t§fér¢gfﬁ% ger_‘ecggtﬁ%l@ﬁo?s %01%51?“%25% or
nore than timt whmes. fselly, e balotts wembiadRdtorR (R 199G stofage contairlef &S por t
conventional LNGis desired for the systemof the present invention to

carry t hed¢liveredde &t gas distribution gifid withahervaperiedd LNGe Muripg patiodssofilew|  as
;[ |h|eu IS ,[] ? ;S 25 gﬁ \e/ g%%& the B%Po?%%%@%{?%gﬁ éﬁdgoqgrlng ot vali)logs regtﬁ\fedgfgf dtﬁlr‘]vgrystg the

grid. In such instances, the boiloff is generally reliquefied and stored as LNG until

needed during periods of high demand. Using the present invention, the boiloff can
20  bereliquefied to PLNG and stored until needed during periods of high demand. In
another example, a company that provides gas to consumers for home or business
heating typically obtains extra natural gas for distribution to consumers during periods
of peak demand by vaporizing LNG. Using the present invention, the company can
obtain extra natural gas for distribution to consumers during periods of peak demand
25 by vaporizing PLNG. Use of PLNG in peak shaving plants, rather than LNG, can be

more economical.



designed to.carry. PLNG This exenplary PLNG ship 30 holds forty-eight
storage 15 5%9 j.hers 32 cylindrical in shape with hem spher]
v‘ﬁse:a s.ﬁésThe Hﬂ?ﬁb’ﬂg@g. The

el I'i psoi dal cont ai ners can al so be spheri cdl

nunber and di nensi ons of the cont ai ners are dependent upon actual
tensile strength of the ultra-high strength, 4 ow all oy steel, the
wal | thickness of the containers, and the design pressure, as is famliar
to those skilled_in_the art. 20 PLNG shi ps are estimated to cost

| ess than conventilHaiIanspOraion Y eas8E have significantly nore carrying
capacity than the largest ships currently carrying conventi onal LNG
In a preferred enbodi nent of the present invention, the containers hold
PLNG at t enper ate @3 NG REspORtonvESsklsif kil dpréschbil itichfthntath atrapd

-79[err]C (-110[err]F), and this requires 25 some form of insulation.
Currently conmrer costaingrsaooasttuekdderdam dinsthighastrangtuyilost altny steels as destribed abaveni t h

d | t t [ | ati . ti b d. ) .Th
AR AN G TE R SNV HENT S
needs and mini m tngo fsd ?go?sﬁ%té&g%fyﬂ{é ¥ro§x§§%ﬁﬁ8%§g§ﬂe%idaﬁ‘t& BL F?ﬁ@%;gint y

of i nport m na can esign or a speci

by adding or del etrinigal3The PENWUproais: hagwetichsity thatRNesd ehamahé gagily bo

| oad/ unl oad PLNG in a short period of tine . (typically 12
hours) or | oad/ uwbnmtlanalwlﬁgeifymaallysﬂmﬁ’hm ptodnet dspsityus ab@yi 79 %t (o lesg)fof thee

custoner desires to.reduce it.s | tCcosts to.a.mni he PLNG ship can
be desi gned % SI{Y Icﬂﬁ‘éenbﬂr-‘%m E@‘ﬁo? ﬁgﬁpfgb{p%m}%%tﬁivoﬁlgnggﬁ}ggg gas
directly to tpe capacit%‘é?h@dfﬁ"rns%%rkﬂolrélﬁxtaﬁﬁ{aggfi)ﬁeéfbfﬁsaébﬂvexﬂﬁnalagﬁgje The
exenplary PLNG ship 40 holds 5 forty-four storage containers 42 and

on-board vapori zdtansporegnventiontl IMG is desired for the sysfEheofPhd\Gesdnt pivefticarte carry
nunmber of advantages over, a conventional LNG.ship. uch advant.ages
i ncl ude substant i ?Werl%ngﬁé?g%m ?fpwga @%&Eﬁlw plant gqupll e%@s ,mcer??éeda voltie
ability to nore ' ' c ' Rt , g ' :
Fhe bby 11y to. Ttetd ol biiny” RIOYA AU ANE SE udcll MiBkeHBIPHIE ZandF St

on-board to a gasiefigfiediolcan@PLNG. 1This bxenelary PN shif 06 helds fsreeciBhiNtorage at a
hi gher pressure (about 2415 .kPe}Wg;BSO psia) to, . about 4830 kPa (700
psia) at the lfr efceptaingrscBroiilindnend Jn shepe witp hemisphericat onalliproidatheads. The

pressure (about 100 kPa (14.7.psia)) f.or, conventional and sharter
construction containgrs ‘(éaf‘r?&g @ﬁgﬁ%%cspgdgap&nﬁgin}%&gr ﬂ’h'c\fhc;‘?g%sbﬂs pi pi ng
can be pre-fabri cah@she e lbden@6ht upon actual tensile strength of the ultra-high strength, low

alloy steel, the wall thickness of the containers, and the design pressure, as is familiar

to those skilled in the art. . '

20 PLNG ships are estimated to cost less than conventional LNG ships and have
significantly more carrying capacity than the largest ships currently carrying
conventional LNG.

In a preferred embodiment of the present invention, the containers hold PLNG
at temperatures from about -101°C (-150°F) to about -79°C (-110°F), and this requires

25  some form of insulation. Currently commercially available industrial insulating
materials with good low temperature insulating properties can be used.

The PLNG ship design offers flexibility in alternatives to meet customers’
needs and minimize costs, as more fully described below in the discussion of import
terminals. The ship can be designed for a specific capacity by adding or deleting

30  PLNG containers. It can be designed to load/unload PLNG in a short period of time



into place, thus mnimzing | abor required on-board the ship. :15 . PLNG
Export and |l nport Term nals The PLNG export_term nal can

i ncl ude a YBARS908% orage tanks, and shi pping punps. T%T@E%@ZT%OH
term nal can include a dock, storage tanks, shipping 20 punps, and
vapori zing equi prent. PLNG storage containggs at the export term nal

and inport termnal are preferably constructed fromultra-high strength,

| ow al | oy steel s that have adequate strength and fracture toughness

for the oper at i (gpicailydi2tiawrs or load/unigrd atslowsruates yp tocntams Predyetion eatesndf the

[ ti o | udi A t .. .

At ornati vel y, SHSTRIECRER K TaucE HTROT R amimp e s RGBS Py i nal
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the export | Gy ubfaBbBbard iphd Ui S A o astiREAIR e T 2

PLNG pl ant t0 customér! &8ROty @GS WA, 4B candeks eTlse exemplaay HLNGRIhNGIO holds
transportation vessel. In a PLNG systemw th no storage tanks at the

i mport t er mifal fortyhfeur stprage candaingrm 42 anbers-beard vaporizatienseminment #Y. of

vapori zation equi pnent or, alterpatively, each transportation v i.n 30

thg PLNG f 1 eet qhag st B BLNG sh qf%%%%ﬁﬁfé)gaﬁ S OYFF BSBPYF“E n%iigéf’l?‘?‘

convert the . ' [ ' e where
advaptapes r}%‘lﬁ% SI"BS‘E‘“&%}B?%‘ZM@L’%%%F‘%@% fRWet Bt

nei t her the PLN&ug&po term nal have

storage cont ai ngifity thhore ¥aiR tlor bi¥Pyiftk Bipacity to thécd0aNONMERT hards, Wessbility tar e
added to the fleet "of PLNG tfansportation vessels over the nunber that

woul d typi cal | ydtéever ByMG imdiguisl formos teovaporizaP I Giondroardhte apaniforidslivetyket 5
usi ng export and inport terninals

T , ' th t .
transport at i®n V¥ @PEping costs ginge PEN ulg As? ’tgk%ﬁéesgwg{%{‘é%gﬁfp&{y 0 piiRdo

transportation y | ' atrfosoh&ic Pei ng
filled with or s?%‘f‘?%%o {‘ﬁ%@ﬁk@ ‘gglééé}ﬁgmc‘%? ondriAR & éSﬁ‘{é{H@% "trﬁéﬁmec
transportation }2@%&&& Babloit TOOKPAQ14Y phil forganéntioasl TiNG) andehonercongnictidi
directly to market. In the case of vaporizers on the transportation
vessel s, such 1@ime smwerthasjoragncdntaindrs anrbassociatedpiping can be pe-dbueatetnnd lfted
noori ng (SALM. .These .alternatives.are eco 1 cal | y advant ageous over
convent i onal LN@%}’;“&&E“%{HH‘“E’&H‘%%MTre‘BWBQPQ%PF‘QﬁH“@&P%duce the cost of

export and jjgport termnals.

PL d ort inals

The PLNG export terminal can include a dock, storage tanks, and shipping
pumps. The PLNG import terminal can include a dock, sterage tanks, shipping
20  pumps, and vaporizing equipment. PLNG storage containers at the export terminal
and import terminal are preferably constructed from ultra-high strength, low alloy
steels that have adequate strength and fracture toughness for the operating conditions
of the PLNG system of the present invention, including pressures and temperatures.
Alternatively, storage tanks can be eliminated at the PLNG export terminal
25  and/or PLNG import terminal. In a PLNG system with no storage tanks at the export
terminal, produced PLNG is transferred directly from the PLNG plant to
transportation storage vessels on-board a PLNG transportation vessel. Ina PLNG
system with no storage tanks at the import terminal, the import terminal consists
essentially of vaporization equipment or, alternatively, each transportation vessel in

30 the PLNG fleet has standard vaporization equipment on-board to directly convert the



EXAMPLES 15. . Exanpl e PLNG St or age Cont ai ners As

di scussed a ntai ners for storing and transporting PLN cor di ng

to the presw&iﬁr‘?@%nti on are preferably constructed from ul tPEzI- Y2726
strength, low alloy 20 steel plates containing less than 9 wt % ni ckel and
having a tensile strength greater than‘c‘830 MPa (120 ksi). Any such
ultra-high strength, Iow alloy steel having adequat e toughness for

cont ai ni ng PLNG at .operating conditions, according to the known .
principles of fr a%mﬁ to praciEfuality gas. ckgy the Frse Whsrs\ettherdhe PlaN(szgost dgrminal

constructing the i i r t} P, }
Covent i on. 5 - EPERERIARS fndieRhal A9 St kioRRRRIS kP OndE BO NG

- 73[ err] C (- 100[ efahddottation vessels are added?6 €8 MlecP BVPINNE Iranspotiali6h vERES Ber the
t echnol ogy have made possible the manuf act ure of 'new, ultra-high

strength, |ow al Inumbst thet would typieily &k reuired to/toansport and deliver thePENGG tormarket
t oughness. For exanple, three U S. patents issued to Koo et al, )
5,531, 842, 5, 845 B3i5g experan impsrizomungle sEhyspwhile the othes PLNLHantaeTiaipe vessels

processing 30 t I r . \Wi jle s ngt hs
of about 830 I\/Paq?%’g‘d%@:i)o?’eg?thg aa&ii%ﬁalﬁ%ﬁggg&m&(o\ffi}ﬁ%issﬁ?,ﬁ’logneg a%?%her.
The steels and preRg&s ermthallRith@deindgaE MASChrishRingithe PLNG, ffMAe BeRNaddiismy ed
and nodified to provide conbined steel chem stries and processing for

manuf act uri ng ul (RLANG irghspettatémgiesseld iomoardday thetimpbe tenntinal dliring PLNG
cryogeni c tenperagure toughness in both the base steel and in the heat
affected zone 5 ad“@ﬂi&ﬁo ‘RHE?F- iﬁﬂlﬁé’é?e [YaR@rizers gnthe trgmspertatigngressels, sigha| | oy

steels al so ve | . . i a

avai abi e ul t5a: MOEEEE be pftsnok SURNRIMUERALARHARIRRLA SThibe, o ¢
are described i n afie@ati Rt &9ndinRallPidMhiibedislovadiofPéntdAM LG s{#ems and can
entitled "ULTRA- H GH STRENGTH STEELS W TH EXCELLENT CRYOGEN C
TEMPERATURE TOUGHNES8Itialiyigdube thesost of expart and iokpow tesfniniads. Decenber 1997 10
and is identified by the United States Patent and Trademark O fice

("USPTO') as Application Nunmber 60/068194; in a co-pending U S.
provi si onal patent application enti 'y - H GH STRENGTH AUSAGED
STEELS W TH EXCELLENT CRYOGENI C TE OQUGHNESS", which has a
priority datdgsof 19 Decenber 1997 and is identified by the USPTO as
Application Nunmber 60/068252; ]

[+ age a

As discussed above, containers for storing and transporting PLNG according
to the present invention are preferably constructed from ultra-high strength, low alloy
20  steel plates containing less than 9 wt% nickel and having a tensile strength greater
than 830 MPa (120 ksi). Any such ultra-high strength, low alloy steel having
adequate toughness for containing PLNG at operating conditions, according to the
known principles of fracture mechanics as explained above, may be used for
constructing the containers for storing and transporting PLNG of this invention.
25  Preferably, such steel has a DBTT lower than about -73°C (-100°F).

Recent advances 1n steel making technology have made possible the
manufacture of new, ultra-high strength, low alloy steels with excellent cryo genic
temperature toughness. For example, three U.S. patents issued to Koo et al.,
5,531,842, 5,545,269, and 5,545,270, describe new steels and methods for processing

30 these steels to produce steel plates with tensile strengths of about 830 MPa (120 ksi),



15 and in a co-pending U S. provisional patent application entitled
"ULTRA- H GH STRENGTH DUAL PHASE STEELS W TH EXCELLENT CRYOGEN C
TEMPERATUREOBESMESBIESS', whi ch has a priority date of 19 Depervosssnidoi7

and is identified by the USPTO as Application Nunber 60/068816.
(collectively, the "Steel Patent Applications"). 20 The new
steels described in the Steel Patent Applications, and further

described in the exanpl es below, are especially suitable for constructing

t he cont abpeMPaf (240 ﬁdi)) andlﬂigaétd The 3RsBahd pdgessinimethodsidescribed @miréian i n
that the steels have e following characteristics, preferably for

steel plate thi hkwé@swnpmvmmmtzdlﬁed:mmqwde combipestdigel ahmmgiir@am (i)
DBTT | th bout -7 1 F ferably 25
Rbout 1071 e £ BRCes R B ARy Acing e Bidis kel SISV ek ey 1 1)
tensile strengt ogeufs IERALEE 1l s o oloheds g{%ﬁxm%silsa&aﬁk&ﬁa Sh&RL er

t han about 860 nor e pre er greater than about
900 MPa (1305 ksiHAZ) when weldper’lrlmarseumaclagm htrdngth (owralloy steels aisddmvamhpmlvb&
uni form t hrough-t hi ckness m craostructure and {;rert I es; (v)

i npr oved toughné%hmﬁépvgtsémé@rﬂ&omwm&w&lwea arhl%tmtecngm i%alegqtpcls

Cena Te st 1 ongt ARG RIS 84T HS defeliBla 7 & PhBInE R, ApvishRatinf ey °
or greater thaneahpudt“1AGRAREGHIFRESGIH STEELSWIEH RXCPLLENT CI&'iDQG‘EI\ﬂI@OO

MPa (145 ksi). First Steel Example 5 As di scussed
above, a copend TWREISATHRBVT@UGWES[S&I which Apya pricrity date ofi 49 Degember 1997

priority da itled Ué] Hi eel s
Wi 1 c opnd iRt R Bt Gt riaps £ 8ot an etk Qe T IRIEODES by
the USPTO as N 81989406, r | 1
steels suitable 8%1&{3%("31 I n l}[cﬁgo@g lﬁb{rnesﬁéhdl e‘%)?l %%%Sﬁmg@%hodgﬁsﬂsgprow ded
for preparing aanM‘MMPHGWGTEEAUSAGED $TEEES WATENEXGELLENT
m crostructure CO%GSNIE@ redom nant | g&ﬁeg fine-grained lath
nartensite, E J%Mﬁ Ugﬁé)ab Wl%baﬁamégrlwww
wherein the 0 t ab to
a reheat i ng tengef%?%er399faﬁ?lsg€ﬁ$ﬁs$€%ﬁn P et Bhpit Sl ey
honogeni ze the i@l a &l-Blhdidd WX, floFRRINYEpaict a pﬂié@@ct@akma& *‘ML@RA.HRGHI des
and carbonitrides of niobiumand vanadi umin the steel
(iii) establishSTRENGTH DAL RUASTSTIEEIGS WIAE EXCEhEENﬂ‘e(éRY@GENIC( b)
d t he st

reducing the S!Qe) PRRATURE TOUGHNESS”, which has a priority date of 19 December 1997

and is identified by the USPTO as Application Number 60/068816. (collectively, the

“Steel Patent Applications™).

20 The new steels described in the Steel Patent Applications, and further
described in the examples below, are especially suitable for constructing the
containers for storing and transporting PLNG of this invention 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), preferably lower than

25  about -107°C (-160°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 ksi); (iii) superior weldability; (iv)
substantially uniform through-thickness microstructure and properties; and (v)
improved toughness over standard, commercially available, uitra-high strength, low

30 alloy steels. Even more preferably, these steels have a tensile strength of greater than



slab to form steel pI ate in one or nore hot rolling passes in a first

t enper at ur ey whi ch austenite recrystallizes;
reduci ng the stee(f pI ate in one or nore hot rolling %?&Jg?&iﬁ?%

second tenperature range bel ow about the T[err] tenperature and 20 above
about the Ar[err] transformation tenper at ur & (d) quenching the steel plate

at a cooling rate of about 10[err]C per second to about 40[err] C per
second (18[err]F/sec - %F/ ec Quench Stop Tenperature
bel ow about the Rp@&PP0 Mém@ﬁ kﬁhtorswa&eéthpeabqwéSMRﬁs(l40ks1 or g@fes thapC

(360[err]F); (e) ching; and (f) tenpering the steel plate
at a terrpelaﬁ%“gq?g@%g’agfﬁfge?rom about 400[err]C (752[err]F) up to
about the Ac[err] transformation 25 tenperature, preferably up to, but
not including, the Ac, transformation tenperature, for a period of
time sufficient FosicSteddxameld pitation of hardening particles, i.e., one or
nor e of s-copg)er, Mo[err]C, or the carbides and carbonitrides of niobium
and vanadi um The period of time sufficient to cause precipitation of

e g e L BB s LR 0 (OO R
tenperature, and pfisfity Qﬁt&ﬁt@rﬁeceeeexbwwr&uﬂwwm HizhiSten@hiStecdsSERhA ossary
for definitions of predom nantly, of har deni ng particles, of T[err]

tenperature, of Exfalen]Cryogenic Tempeaanie Boughaess'ani identified by thetUSRTO as

Cr yogeni o ¢ rmper APRHEASH i UGKS1% pvidess éB%CHP%g‘eﬁr’]fg“ee?s Siliablger i thes cel

examl & Pref 66 20bes 1Yyl CAARBIUSS PG R rafghe anRIGHRTL RO s

tenpered fine-gr ovver bai ni enpere rai ned ensite,
or M xt ur eplatdieivan a midrostcfedopiptiing prédomiRasitgtmpered filk-Btdmeadathhe
formation of enbrittling constituents such as upper bainite, tw nned
martensite and l\/martpssmvstsmper fineigtaingd lower bainites peemxtwaﬂwlr@f whrgeinthe he
cl ai ms, "predon na means, at t, .about ercent. More
ot orabl o the AICORTRES B HERALIERttE ¢ Saeclabdna o Prss G
percent to about Hﬂeﬁ I nite,
tenpered fine- gra@gﬁﬁ#lg. ‘l‘uﬁgw g‘?lgssfabg é%ﬂ{%fggg; egrgg%f(ﬂy\@\isedr?l%nore
preferably, the substantially all carbides and carbomtrldes of niobium and vanadium in the steel slab,

st

and (iii) establish fine initial austenite grains in the steel slab; (b) reducing 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 T,,, temperature and

20  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 (18°F/sec - 72°F/sec)
to a Quench Stop Temperature below about the M, transformation temperature plus

200°C (360°F); (e) stopping the quenching; and (f) tempering the steel plate at a
tempering temperature from about 400°C (752°F) up to about the Ac, transformation
25  temperature, preferably up to, but not including, the Ac, transformation temperature,
for a period of time sufficient to cause precipitation of hardening particles, i.e., one or
more of g-copper, Mo,C, or the carbides and carbonitrides of niobium and vanadium.
The period of time sufficient to cause precipitation of hardening particles depends
primarily on the thickness of the steel plate, the chemistry of the steel plate, and the

30 tempering temperature, and can be determined by one skilled in the art. (See Glossary



m crostructure conprises at |east about 90 vol ume percent tenpered
fine-grained | ower bainite, tenmpered fine-grained lath nartensite, or
m xt ures WRPHINES Most preferably, the m cr ost r uct urRCTUSIBARRE S
substantially 100%tenpered fine-grained lath martensite. 15 A
steel slab processed according to this fi r% steel exanple is manufactured
I n a customary fashion and, in one erfifodi nent, conprises iron and the
fol |l owi ng al l oying el enents, preferably in the weight ranges

%gg: ga'lt ed in thﬁ,rﬁgﬁ,lli% Cn)oglp?é#? malntlx,tof hardening p%t‘icles ?fv&m’ Aempera%ure, of Ar,,
carbon (C 0.04 - 0.12, nore preferably004- 0. 07

manganese (Mh) M @dsc, tangformagion tomperaureniapd of Mo,C) g ni ckel
(Ni) 1.0 - 3.0, nore preferably 1.5 - 2.5 (Cu)
0.1 - 1.5, nore pref o ahsuge a)nlaent apd gryogenic temperaturmugbwmeéwyordmglto-

(r)mrse g‘r) re]? eP;gr ; bé%t sgceé e{%nple pre?erably have a rmcggf?pu&%e( éﬂn);}nsed o%pr&%cgnm 503’

more preferaplyf %ed firfd: qugi ed lower bainite, terfierdll SH&Rr Qrﬁlaa lath maﬁc&ﬁé & 0. 05,
nore preferably O. % nltrogen 02 - 0.005,
nor e preferabl ymixt(fee therddf ON13s prefichable to substéa‘amﬂylnunm(xkethefommn DfT‘ES added
to the steel, preferably up to about 0.10 wt % and nore erabply
about 0.02 wt % ebatbling copstguents gach as upper bainite, twinogd siertensiteand M fg ‘éamq mes

added to the st eedﬂs ikt sIeglrexgmi;lcyBld iR tif c?alilllns, px%dommantl means at least about 50

volume percent. More preferably, the microstructure comprises at least about 60

10 volume percent to about 80 volume percent tempered fine-grained lower bainite,
tempered fine-grained lath martensite, or mixtures thereof. Even more preferably, the
microstructure comprises at least about 90 volume percent tempered fine-grained lower
bainite, tempered fine-grained lath martensite, or mixtures thereof. Most preferably, the
microstructure comprises substantially 100% tempered fine-grained lath martensite.

15 A steel slab processed according to this first steel example 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:



w % and nore preferably about 0.2 wt%to about 0.6 wt%

Silicon (Sr%g sonetines added to the steel, preferably up to about 0.5
W % 8/t er abl y about 0.01 wt%to about 0.5 w % PERYSE/BA260r e

preferably about 0.05 wt%to about 0.1 wm % Boron (B)

is sonetines added to the steel, preferably 4p to about 0.0020 wm %

and nore preferably about O. 0006 w%to abou% 0.00 10 wt %

The steel preferably contains at |east about I w % nickel. Nickel content

of 25 the steel can be increased above alablelI3 w % if desired to enhance

performance after wel di ng. Each 1 wt % addition of nickel is expected
to lower the DBTT of the steel by about 10C (18[err]F). N ckel
content is preferabl xjh&ss fidiaehtd WM % g koyably | ess t han
about 6 wt% Ni ckel conﬁ% Is preferably. ?nn%r(gfzgd in order to mnimze
cost of the steel. If nickel content is increased above about 3 w %
manganese content can be decreased bel ow about 0.5 wt % down

to 0.0 wt% Theref or eC2Pon Clor oad sehd: 0dp moreperél’ahb’dW"“ZOmvvt%rranganese

is preferred. ion y esrdualt.?ﬁ r %erably
substantially mnim Zg}}ngqpeﬁ@d@t eeﬁb% 25r ac?? Eg content is
preferably | ess than ghest 01 W%, §ul3fgjgnog§§rege9m$mt5 |2$5 5 preferably
| ess than about 0.004 wt % ygen (0) content 1s preferably |ess than

about 0.002 wt % copper(Cu) | n son@hhdts, groeapxefcmlﬁyaﬂ 1.4 steel according
to this first steel exanple is r pare mngaslab of the
desired conposition a?%&?‘f‘ﬁé‘iﬂoher%}? ?Wéﬁ’r‘%@ 2-0551ab to a

t enperature ?Q from aggwﬁrgﬁ% err] C @gza@qu{no E{bli)] gog 1g%Qlerr]F -

1950[err]F); hot 10 ro the slab to form-st ate in one or nore
passes providing aboutita%ﬁxr@em:ent t 00.008 - 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
15 Vanadium (V) is sometimes added to the steel, preferably up to about 0.10

wt%, and more preferably about 0.02 wt% to about 0.05 wt%.
Chromium (Cr) is sometimes added to the steel, preferably up to about 1.0
wt%, and more preferably about 0.2 wt% to about 0.6 wt%.
Silicon (Si) is sometimes added to the steel, preferably up to about 0.5 wt%,
20  more preferably about 0.01 wt% to about 0.5 wt%, and even more preferably about
0.05 wt% to about 0.1 wt%.
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%.
The steel preferably contains at least about 1 wi% nickel. Nickel content of
25 the steel can be increased above about 3 wt% if desired to enhance performance after
welding. Bach 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

of the steel. Ifnickel content is increased above about 3 wt%, manganese content can



about 70 percent reduction in a first tenperature range in which austenite

recrystallizes, i.e., above about the Tnr tenperature, and furtg&g% {mt
rolling t REO /39085 plate in one or nore passes provi"(ﬁ"iT & 40
percent to about 80 percent reduction in a second tenperature range

bel ow about the Tnr tenperature and above gQout the 15 Arferr]
transformati on tenperature. The hot rolled™steel plate is then quenched at
a cooling rate of about 10[errLC per second to about 4Q[err] C per
second (18] er r Pbesdasreasatjelow hlwyus 8S)wt% down tor GO wt%uiThersiase,as T breasl 5§85 Bed i n
the d ossary) bel gw abg)utothe I\I/[lerr transformation tenperature plus
200[err] C (360[@r4%]3w)2,' YtV AINSANGSE HePTE geéuenchi ng is ternmnated. In one
enbodi ment of this fAaéigioﬁa&egeﬁfamgullegnefeﬁs{féus&amag?mninﬁz%mnh@ueel.cool ed

to anbi ent 20 t enperat ure. I'S processing Is used'to produce a
M crostructure PR&bR6aGS (P) content iSHRFrALLY Regs thas deunt 0N tvtfo. f Sulfhr ¢8)edontenit isat h

martensite, fine-grained |ower bainite, or m xtures thereof, or, nore
preferably conppic&irahiy tashthanabout 01004 ¥0%, Pxygen (Ppsontant ispreferably less than
martensite. The thus direct quenched martensite in steels

according to t hikout D082 Weeee| 25 exanpl e has high strength but its
t oughness can be inp J J : 1 t gt ure
AR LA fcficoping o L Aol gt

from above about 400[err [ err

transformation perpmeddYYsening &5k bf the dediredicompositishasdesdrited hergig hastingahe
range al so | eads to reduction of the quenchi ng stresses which in
turn | eads to eslhlatocetdmperature oft foomy bt 95530l aboutd 981G (g 56Fh- K90k Bot he

t oughness of the steel, |t nornal eads .

> ¢ 018 a1 fisiiab ETreieet Flaisginnc prmpFFarastes BEsvidin shant PORTTpHEC
usual strength Logs é/b 'i:%t%m reductin‘?iH’z?ﬁfsf‘%édlpgraﬂfrE ?a%?e BYwhidf WGdtaidtePr eci pi tate

di spersi on hardeni ng. spersion ening fromfine copper

precipitates an i r bi nfied mbthd dtdegd to
bt i 26 st r engt PO rS oh hace A AE TEARPRals 368 Ay hot ollingthe edr® 'S
structure. The L gue ) f i i idR! e
2o for | PIAHOHERERIOR bateeproWiipg uBl B Rlrck S abhl B0 pRicE reiROR

about 650[ err] C,( %gggogg %’fﬂ?fat‘i}ﬁg%%é*@ gbout the T tEljﬁP&Fatuge%hdsibG% bR tde | 0SS

of the as-quenchied”stren pllate 1s prefera t enper ed

at a tenperi t.enper at ur ; bel
R T
sufficient to C%H%ﬁa&cdfﬁb&ﬁtlb% p&fsecond to about 40°C per second (18°F/sec - 72°F/sec)

to a suitable QST (as defined in the Glossary) below about the M, transformation

temperature plus 200°C (360°F), at which time the quenching is terminated. In one
embodiment of this first steel exampl'e, the steel plate is then air cooled to ambient
20  temperature. This processing is used to produce a microstructure preferably
comprising predominantly fine-grained lath martensite, fine-grained lower bainite, or
mixtures thereof, or, more preferably comprising substantially 100% fine-grained lath
martensite.
The thus direct quenched martensite in steels according to this first steel
25  example has high strength but its toughness can be improved by tempering at a
suitable temperature from above about 400°C (752°F) up to about the Ac,
transformation temperature. Tempering of steel within this temperature range also
leads to reduction of the quenching stresses which in turn leads to enhanced

toughness. While tempering can enhance the toughness of the steel, it normally leads



10 hardening particles (as defined herein). This processing facilitates

t r ansf or maty@9g/8oss the mcrostructure of the steel plab€rtiQos12726
predom nantly tenpered fine-grained |lath martensite, terrpereé
fine-grained | ower bainite, or mxtures thereof. Again, the period of

tinme sufficient to cause precipitation of hagening particles depends
primarily on the thickness of the steel plate, the chem stry of the steel

DL2t e 20 L he 10 ol SRS U o RS A SRS, 8L R0Sm

or or ity date. of “THERREMTe G BundheNerp iR aspELER BB BiRiod ) 00

Steels W t harl¥6ifig ref fifd dopp@ previpirand ixal chesigey@amr carbositrides are
identified by the USPTO as Appl ication No. 60/068252, &10\“ des a
description of othkgeddo oplimize sirength and tonghness duning the tempeengofdbe martensitic

i nvention. A nethod is ovided for. preparing an ultra-high strength_ steel
25 plate havi n@tr‘é{’t‘i‘ﬁec& € hBighschea C‘Pfggﬁ ﬁg%% ﬁg@iscftgﬁ‘pﬁt‘? g’f?&‘éﬁyﬁ}g’”&fo\rlol %
to about 10 .9 eni [ I o Yt 0 98
vol % | at hs of tényp%g}%mnn@h%&?ﬁfr ".L'{?SPS%(@‘{“EQ mattr%?l gﬁ‘é‘i g %ﬁ*ds @%néigq}gﬁ ned
| ower bainite, SWitﬂoﬁﬁnS}%ikniﬁcant lo§sUFithd &Lqiﬁnéﬂéﬂ sEERIUS. Phé stée?l)gldwi%t iréferaBly
steel slab to a reheating tenperature sufficiently high to (i)
substanti al | y hotengeridza attérepsingdémpdratibre ffam pbaliesabottvAd030 (7528Etothetcw thiel v
all carbides and carbonitri.des of niohium ang ¥anadi in the steel. s| ab,
26 and (i P©) transformation temnseatyrp fr; aperigd of tme skiligient toCapse RIpEPKation of
sl ab; (b) regduci I . : ' re
ot ol 11 ng. g erdbfig Biitles a5 defincl it TR FoBdsGRl tRARYEs bitoshNy i TP
recrystallizes; (He)mictdstri@tiirelof theieBlplith & sre@sthinBhtBl ttmipbred fie @irain@d lathhot
rolling passes in a second tenperature range bel ow about the T[err]

t enper at ure and magensitaptemperzt due-graimeddo@et bamits, or minties thezavfeAgsins the (d)
qguenching the steel plate at_a cool jng.ratg of about . 10[err]C per
second to about n@r%fef]at%ﬂfﬁge%ﬂam{siwpmﬂgm %é@réenmmqjlﬁ/@ee%ds

primarily on the thickness of the steel plate, the chemistry of the steel plate, and the

15  tempering temperature, and can be determined by one skilled in the art.

econd Stee e

20 As discussed above, a copending U.S. provisional patent application, having a
priority date of 19 December 1997, entitled “Ultra-High Strength Ausaged Steels
With Excellent Cryogenic Temperature Toughness”, and identified by the USPTO as
Application No. 60/068252, provides a description of other steels suitable for use in
the present invention. A method is provided for preparing an ultra-high strength steel

25  plate having a micro-laminate microstructure comprising about 2 vol% to about 10
vol% austenite film layers and about 90 vol% to about 98 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

30 substanfially all carbides and carbonitrides of niobium and vanadium in the steel slab,



to a Quench Stop Tenperature (QST) bel ow about the Merr] transformation

t enperat ure plus 100[err]C (180[err]F) and above about the Merr]

t r ansf or newoma/spesaper at ure; and (e) st oppi ng sai d geeqgRbgrdy26l N ONE
enbodi ment, the nethod of this second steel 10 - exanple further conprises
the step of allowng the steel plate to air cool to anbient

temperature fromthe QST. In another enbodigent, the nmethod of this second
st eel exanpl e further conprises the step of holding the steel plate
substantially  g49 m;) §§%ﬁ1§f1 'ﬁ% !iﬁftiﬁtaugtpxﬁt % m% b Be l%la%bfﬂlﬂtrecﬁlcm ML §Se1Pr 1 O
to allow ng the st to anbi ent ture In
yet anot her enbathbrre ﬂ’drm tét plm ih@ae of m'bhd lot 8iling prs€sig a‘-ﬂrﬂ&bmpéi‘aﬂiif& fAnge in
further conprises the step of slowcooling the steel plate from t he
QST at a rate | oviieh austanitarrsnystallizgy; e(fs)rmh?réred@etgdhq steal pdgte it gy as@rgre hiok  up
to about 5 m nutes prior to allowing the steel plate to air cool to
anbi ent t enper atraMiag ppsses/ata sccond tempratier rapgerlewebaut thenk,: tsapestutstand hi s

i nvention further conprises the step of slow cooling the steel plate
from the QSTSat ahoyesabeut Gad; Eansforapben tempefature;(® grenciing egtezbplate at a

1.8 F/ f I t
to air cool to ot BidtarRinCer ﬁ%ﬁvrid%fh?@ﬁa‘ﬁeé‘rssg?wé‘@giﬁwt&?ifs& ) e
t f ti f t bou
vol 95t o about 10 S 5gt SAE SEERFELT QP besdt woif R aflctrBiommiogsRpgb
about 98 vol % | at hs of redom nantly fine-grained martensite and fine-
grai ned | ower by ]t()@"C&@ébFBT@s@aYWaWF thég'ﬁd transfosmatianr temperatuseigad {elir e,
and of Ar[err] and 25 Merr] transformati on tenperatures.)

To ensure anbi erftopRig seidagaciies. tlempeﬁmbgd@enbagrm@b@d of this sp@qﬂd§tqeh the

C

m cro-1 am ngt,e m cro ture prefer e pr.e nant |

bai nite or 1o Xﬁ‘ﬁp{%ef’i éomp'tqsqséh ﬁ? %frailﬁlr;g“ tﬁ §[§51§)?§gh 4r ¢ 3 t he
formation of emighpérhiuROfrom the QSP“'Q{ éﬂoﬂfé%ﬁlbédiﬁﬁma%xel{ﬁ&ﬁéd @ﬁhwsﬁ&ndtsmenned
martensite and MA." As used in this second steel exanple, and

in the clains, "gempefinbercoyprisosdinsstert of hwdding thesteel HGte substantiallyne per cent .

The remai nder of, t crotr fure can comprise additi
fine-grained | oWt E‘H&ﬁgh figtne ftL‘J’T Bih 9 2D fpute s pKipr F‘h?lﬁ’W’rﬁg thesteel platedp

ferrite. Wore o cdf &l Shablfembdiufl i 9lhbEbrEbsiBl Bdlod S about

60 vol une per cert’ %5
15  second steel example further comprises the step of slow-cooling the steel plate from

the QST at a rate lower than about 1.0°C per second (1.8°F/sec) for up to about 5
minutes prior to allowing the steel plate to air cool to ambient temperature. In yet
another embodiment, the method of this invention further comprises the step of slow-
cooling the steel plate from the QST at a rate lower than about 1.0°C per second

20  (1.8°F/sec) for up to about 5 minutes prior to aliowing the steel plate to air cool to
ambient temperature. This processing facilitates transformation of the microstructure
of the steel plate to 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 bainite. (See Glossary for definitions of T, temperature, and of Ar, and

25 M transformation temperatures.)

To ensure ambient and cryogenic temperature toughness, the laths in the
micro-laminate microstructure preferably comprise predominantly lower bainite or
martensite. It is preferable to substantially minimize the formation of embrittling

constituents such as upper bainite, twinned martensite and MA, As used in this



5 volune percent lower bainite or lath martensite. Even nore preferably,

t he m _cr ost r uct ure conprises at |east about 90 vol une percent | ower
bai nite or WQPf/5%0 mart ensite. A steel slab BrhlaiRde
according to this second steel exanple is manufactured in a customary

fashi on and, in one enbodi nent, conprises iron and the follow ng 10
alloying elenents, preferably in the weight ?’anges indicated in the

following Table I1: Tabl e I1
Al | oyi ng El ement second steel exRaplgparidih e cldims, “predominantly” meanb arlefs€about 50
0.04 - 0.12, nore preferably 0.04 - 0.07 manganese. ( Vh) 0.5

- 2.5, nore pref ¥piypepercer. h¢ regnainder of the microstwp@;@eqan@mynse additional o - 3 0,
nor e preferabl y

oreferapl y 0.2 - HpeaadTower ainite, siiionARE Fapigtn ragensi, g oy, Jmoft™" ©

preferably 0. 2 p%fél'ably, the mlcrostructufé'c‘éﬂitp%@s(amlst about 60 le%m‘e é@rc?mt tgEbsut 80
preferably 0.02 - titani um ( 3, nore

preferably 0.91 Vomnﬁ:percent lower bainite oalatlrmmtmsl(eAI Bven morﬂpx(é&iably,(ﬂ:d)S nor e

preferably 0.005 - 0.03 (N) 002 - 0.005, nore
preferably 0.002MicrgsirRgGroepmprises at teast boug VSFH"ERRE(‘E‘EPS 1OW§r%wmrH@§ added
to the steel, pref y up to about 1.0 wt % and nore preferably
about 0.2 wt%to about 0.6 w % Silicon (Si) is sonetines

added to the steel, pradted slab prdépsstdactbfiitg ©.this\$kddnd steel exaplesis piadh e mipddy
about 0.01 wt% to about 0.5 W% and even nore preferably about 30 0. 05

Wt % t o about 0. 1ifwe ggstomary fashion and, in one embodimppat; epmpiBies irgn gadihefakbewingded
tothe steel ,preferably u 0020, wt % rably
bbout 0. 0006 "0 ol iR s¥p s e Bkin e Wednttarkes ingiearc AR RABABLLARER

contains at |east about 1 w % nickel. Nickel content of t he steel can
be i ncreased above about 3 wM% if desired to enhance performance after 5
wel di ng. Each 1 wt % addi tion of ni ckEabliedl expected to |ower the DBTT of the
steel by

Alloying Element Range (wt%)
15
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
copper (Cu) 0.1 - 1,0, more preferably 0.2 - 0.5
20 molybdenum (Mo) 0.1 - 0.8, more preferably 0.2 - 0.4
niobium (Nb) 0.02 - 0.1, more preferably 0.02 - 0.05
titanium (Ti) 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
25

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

Silicon (Si) is sometimes added to the steel, preferably up to about 0.5 wt%,
more preferably about 0.01 wt% to about 0.5 wt%, and even more preferably about

30 0.05 wt% to about 0.1 wt%.



about 10[err]C (181[err]F). N ckel content is preferably less.than 9 wt%

nore pref e‘&ﬁb% | ess than about 6 Wt % Nickel content is preferably
m ni m zed WL to minimze cost of the steel. |fPRIVERE12EENt ent
i s increased above about 3 wt % nmanganese content can be decreased

bel ow about 0.5 wt% down to 0.0 w % Therefﬁ;e, in a broad sense, up 10 to
about 2.5 wt % nanganese is preferred. Addi tionally, residuals
are preferably substantially mnimzed in the steel. Phosphorous (P)
content is preferabl Poras@)issemetinss addedoa thetsteel, Sraférably ug)to et 810020 wt%,

referably | ess than about 0.Q04 9 e 0 ontent is preferably |ess
ltohan Y aboufi® V’(?Efzpr\ﬁ}.e‘/%b?ﬂ Om%ﬁﬁ‘%’%%‘h%&mg}w&eater detail, a
o o e uod oo S5EgBEGRUSLRASAATILE ) o pREAPATBRG Db 10 8

sl ab of the desired conposi‘t erein;

to a tenperatur ¢hedfte EabIRENEse abdvRIabbEE 3 W98 Mekirdd6 Shidnct PerfdriRtesfkdF -

1950[err]F); hot rolling the slab to formsteel plate in one or nore
passes provi 8i ngrekbogit E@b 1pwt¥ additianof nickel isaipestedro lprerdbanDBIdhfdhe seeliby a

I RN L TR AT
I'n one or nore Pr?:ﬁﬁsaﬁﬁut%&%fg%ﬁgc%ﬁ%@t ﬁ%r%[aﬁ%ig?ﬁz%@%é&?&gﬁﬁxﬁrﬁ% cost

reducti on n-a seco u rang oW a _
t enper at ure andopfR\%ReRWicktNBntent is incrédsé®ibole bbc S WAt Ridnpihcb SERRER LA €.
The hot rolled steel plate is then quenched at a cooling rate of

about 10[ err] C pedegeasetticlbw ahbatiltS o dowh® pOrwtde cDiredefoksiner brpad samse,-up

72[err] F/ se 25 . to suj tabl e QST bel ow about the Merr] transformation
t enper at ur e?él u@‘%@%&"ﬁ‘%@%‘l@@ﬁ%ﬂﬂ"ﬁ%ﬂe\g and above about the Merr]

transformation tenper i h Ng: i:S. .

termnated. In one e@idtgg{oﬁ%lrlﬁ&%smaﬁ%é ér’eége(r)%)é}? %@ggﬁﬁggﬁﬁl@mgﬂ tgF' Stqeﬁlénchi ng
i's t er m n@hegphbitis ot)Rdhicht i@bﬁbfér%bl%'lé@‘fﬂﬁ abButd.01 weR! ShburdBPE&Mnt is
tenperature fromthe QST. I n anot her enbodi nent of this second steel
exanpl e, after quederabliyriepsitmantabouti 0:R04ewt%.h@xygen (O) content is prefegdbdelespthane i s
hel d substantial{lé is%tzheg 1y at the QST for a period of tine,

preferably up té& BOAO25v04- nut es, and then air cooled to anbi ent

tenperatureqsln yet p, gomewhat greater detail, a steel according to this second steel example is
prepared by forming a slab of the desired composition as described herein; heating the
slab to a 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

20 recrystallizes, i.e., above about the T,,. 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 temperature range below about %he T, 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)

25  to asuitable 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

terminated. In one embodiment of this second steel example, after quenching is
terminated the steel plate is allowed to air cool to ambient temperature from the QST.

In another embodiment of this second steel example, after quenching is terminated the



anot her enbodi nent, the steel plate is slowcooled at a rate slower than
that of airwooes/issessooling, i.e., at a rate |lower than about péi@ssg@rier
second (1.8[err]F/sec), preferably for up 5 to about 5 mnutes. In yet

anot her enbodi nent, the steel plate is slowcooled from the QST at a
rate slower than that of air cooling, i.e., 28t a rate |lower than about 1
[err]C per second (1. 8[err]F/sec) preferably for up to about 5

i nut I n at Mo Tale l e,
{nhgul\/[GZr r] nt ?ans?or :?at ?gr?e%desr‘rlgset?%t u gé i's ag%atttﬂé qu‘%ggg‘f detﬁén?%gg{)erer] F)

and, therefore, pieerddlguplo ivoans hunures, mehther Bip eo6ibd fcanBiort tépératurd. Gn yet
(180[err]F) 10 is about 450[err]C (842[err] F). The st eel

plate may be hel enoshassmbadimant,ythe steelpdates slcgw-&@olsqh@t B s@w@rrﬂpan that of air

t abl k t h d t
ol'aci ng.a ¢ hor ool 1 gf Awe foiet B gtk Bt Froap € ¥episedt B Ser vy
be sl ow-cool ed afotﬁbuﬂslﬁ{‘lﬂ?ééﬁqnz& ewother erhB3dEnBaR! £ sf¥1 @Qﬂé 1§flb&/%bﬁedrﬁﬁ's’
as are known to those s ed Inthe art, such as by 1

pl'aci ng an
i nsul ati ng bl ankgie @8R4t 4R sﬁdmlthamltﬂdtefau cooling, i.d. hatradaﬁtle@ér thxaafoue1°C

As di scussed above, a copendin rovi si onal patent plication, having
a 20 priority petsecasd (18° Iﬁe@grm@fsrahgywr ugetet abpueyiminutes; a téﬁﬁstsmﬁengt h

Dual Phase Steels Wth Excellent Cryogenic Tenperature Toughness",

and identified bymbémesrofdiasecond steclgspinpleathic M thios oﬁﬂamﬁﬂsmgszrapmwabest a
description of other steels suitable for use in t he present

i nvention. A metboaebC @6PF) whdl ekkréfefe, MedRAnSfraatidH &fn@eﬁtlﬂbgﬁmwg tao@kt)al
olO

phase steel plate having a mcrostructure conpri sing about
about 40 vol §g 25;¢ abeﬁtﬁoﬁcgﬁr ase of substantially 100 vol % (i.e.,
substantially pure or "essentially pure") ferrite and about 60 vol %

to about 90 vol % of aThestediglapimagbehelpsalshtamtialipisbthefrhallyat the QST yyanped
lath martensite, fine-grained | ower baini te or mxtures thereof, wherein
t he met hodswishisrmenas, asigee lgméf@sto (those 5151 lemxthe gt sush asby plaeing 8 shegmal

heat i t h t bst,ant i
nomogent e the s i ovenhe ot FRK et 35 may it phesoRe et et ifs
and car boni tri degrfnafid®) MPsaRbIABAL! 44ré RnditfroShes! skﬁieabn the art, such as by

15  placing an insulating blanket over the steel plate.
ird Stee e

As discussed above, a copending U.S. provisionai patent application, having a
20  priority date of 19 December 1997, entitled “Ultra-High Strength Dual Phase Steels
With Excellent Cryogenic Temperature Toughness”, and identified by the USPTO as
Application No. 60/068816, provides a description of other steels suitable for use in
the present invention. A method 1s provided for preparing an ultra-high strength, dual
phase steel plate having a microstructure comprising about 10 vol% to about 40 vol%
25  of a first phase of substantially 100 vol% (i.e., substantially pure or "essentially pure")
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, wherein the
method comprises the steps of (a) heating a steel slab to a reheating temperature
sufficiently high to (i) substantially homogenize the steel slab, (ii) dissolve

30  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)
reduci ng the steel slab to formsteel plate in one or nore hot
rolling pWoO&s/s%8sa first tenperature range in whi chpeTygs®sni2 s
recrystallizes; (c) further reducing the steel plate in one or nore hot
rolling passes in a second tenperature range bel ow about the Tnr

t enperature and 5 above about the Ar3 twansfornmation tenperature; (d)
further reducing said steel plate in one or nore hot rolling passes
in a third tenpehdlilly estibHsE fnd HiaV a8di6Hite grdifs MthEtEd] slab; (b) rddusigitRd §Bdli on
tenperature and above about the Ar[err] transformation temperatire (i.e.,
the intercriti calabttefipersitalphtainogedrs m()r;)ho(quﬂmg“pasgessaadﬁrsitt@mpergthmtmngama

cooling rate of abput 10 rr per. second tp abqu Oferr

second (180[err]"fk?’%be%13temf‘?fe§¥yrs{ %gy) qelsh%rrﬁﬁ'@ e §tee p%w{)o J&ﬂéﬁ ot
(QST) preferably bel ow about the err ans rmati o erature
plml;stOO[?rr] C (@geﬁg?ﬁsqu}‘tahs&ﬁg‘ (""[1;;)[1 I Qﬁ?éﬂﬂfm mTFngE?{lﬂgr]
enbodi ment o ir eel. exa refera el ow

about the M2err ]al’?Y%PbﬁhFréﬁ ‘64{‘5?0““‘1““‘? P‘é‘?’&ﬁ%e(“ ?fsrei‘fﬁ%[ 1¥’la temn
180[err] F an I F

I(n oLe e]anJdl rreg)tn Eglf%ﬁﬁd?? E%%%éﬁgé@g&n%@%?ﬁg%géB%lgw(a%%[tﬁés%’l I)ovved

to air cool to 1ﬁnsfom1hioanemp@aqumraﬂubeveadbbetth6 Ae prdrisformitiorsteppexaars (iteg,

facilitates transfornmation of th m crostructure of the steel él ate
to about 10 vol 9be wtezgrsisel t&m@m wnge); (o) asenchmgsaidsteel plate at p gpglingga

about 60 vol %t &Rolld)t’(:% e%n{%tgfabghtsﬁc@ @gr ﬁ%@(?ﬂ%e(l ‘fF/Qe.rceg/agi}/Qe%m %’ Quench

fine-grained Ia mart e I'ne-grain ower al nit

thereol . (56 siop TBARIA 1] %?saqﬂg b8/ bl ind ML BAREI A WiBerafile ©f

Ar3 and Ar[err] rans rrpera res ensure

ik iggoﬁgdpﬁgggzﬁk??go@tggwgf tggﬁqgggazg gléqnfeg%h,gr; SR EhrBoGintihe of this
Pr;reggnmsin?gt | )c/)r (Efltfeé} ex‘" Fe 6 t* Eefer 15?“’?’ F%gytgﬁgfok}%%an ially

mnimze the formation of, emit nstitue C o
bainite, tw nned® rﬁa?fi‘-‘é‘ﬁesﬁll‘%mg (W ?g apﬁés rg%r&gﬁ%%zsh@%gow@b%gg@ n@ggl@
third st egh 0635 8MBbEmeAI bt thid tﬁdﬁlﬁsté\él BkdFBple, tRE ﬁ%?ld@@ﬁ%hlﬁweMﬁc&ﬂ to
| east about 50 vol une percent. The remai nder of the second phase
mi crostruct dSe cabiostgmpesauadiot stemél). This procéssing-fepilitate transfummatitraoithe e,
additional fine-grained lath martensite, or fer

f ly,
the m crost ruct URISTaskrugtug of thesteal Rlpa inabioghtf Y@(@stoé‘&‘l“é*é)s‘t"%t?ééitﬁrﬁ@% 5 y

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. (See
Glossary for definitions of T, temperature, and of Ar, and Ar, transformation

20  temperatures.)

To ensure ambient and cryogenic temperature toughness, the microstructure of
the second phase in steels of this third steel example comprises predominantly
fine-grained lower bainite, fine-grained lath martensite, or mixtures thereof, It is
preferable to substantially minimize the formation of embrittling constituents such as

25  upper bainite, twinned martensite and MA in the second phase. As used in this third
steel example, and in the claims, “predominantly” means at least about 50 volume
percent. The remainder of the second phase microstructure can comprise additional
fine-grained lower bainite, additional fine-grained lath martensite, or ferrite. More

preferably, the microstructure of the second phase comprises at least about 60 volume



31 percent .to about 80 volume percent fine-grained | ower bainite,
fine-grain martensite, or mxtures thereof. E

pr ef er abl y%%gzégﬁ?crostructure of the second phase conpris éﬁ%&zsl east
about 90 vol une percent fine-grained |ower bainite, fine-grained lath
martensite, or mxtures thereof. 5 A steel slab processed
according to this third steel exanple is manlf actured in a customary
fashi on and, in one enbodi nent, conprises iron and the fallow ng

al | oying el ement percept ofabputtROyojume neecenkfingrgrainedhlgaier baiaite; fine-arained dath

f18| owi ng Tabl e I |Bll§qnﬁlée ©F miipes thereof. Eveﬂéqpé%pr(eﬁ%ly, the microstructure of E% gonzhl |
q) 0. 04 3hale detnpri¥ed & 1056410 volndYbreenPfifklgrained lower bainite, rranganese
(M) 0.5 - %a eppreferabyl - %rm1 & ni ckel (N|)

1.0 - 3.0, nor e frieegreinad lagh ﬁ:afﬁensxte obmixtures thereof ni obi um (Nb) 0 02 -
0. 1, nore preferably 0.02 - 05 titani um (Ti) gi

0.03, nore pr¥efer abl yAteghsiab pyogegsed according to this gllligrﬁ‘??ﬂ??ia(‘ml‘) 15 manu, cﬁ’éﬁd in

8 88 5, m)rrgre ep:)re];fe %e o %arés?ﬁg?n anS gé)ge %bodlment corﬁbxtxsrcg%ﬁﬂ al(uNhe f?18‘3,19F002 )

sonmeti mes added iQ,ifiCelsth&Ry, [Préféx@f) ﬁﬁmelﬁvéignttrﬁlg%bﬁidﬁcaﬂed(in the followin TabRdll:

nore preferably about” 0.2 w% to about O. Mol ybdenum
(Mb) is sonetines added to the steel, preferably up to about 0.8 wt %
and nore preferably about 0.1 wt%to abo A WM% 25 Silicon
(Si) is sonetines added to the steel, pr y up to about 0.5 Wt %
nore preferaply about 0.01 wt % to about 0.5 wt% and even nore preferably
about .05 wt%to about 0.1 wm % Copper (Cu), preferably
in the range of abouAu@qﬁ%m&ﬁém about 1.Rawgde(wvt¥)r e preferably in
t he range of about Yoto about 0.4 wt% is sonetines added to the 30
steel .
carbon (C) 0.04 - 0.12, more preferably 0.04 - 0.07
manganese (Mn) 0.5 - 2.5, more preferably 1.0 - 1.8
15 nickel (N1) 1.0 - 3.0, more preferably 1.5 - 2.5
niobium (Nb) 0.02 - 0.1, more preferably 0.02 - 0.05
titanium (Ti) 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
20

Chromium (Cr) is sometimes added to the steel, preferably up to about 1.0
wt%, and more preferably about 0.2 wt% to about 0.6 wt%.
Molybdenum (Mo) is sometimes added to the steel, preferably up to about 0.8
wt%, and more preferably about 0.1 wt% to about 0.3 wt%.
25 Silicon (Si) is sometimes added to the steel, preferably up to about 0.5 wt%,
more preferably about 0.01 wt% to about 0.5 wt%, and even more preferably about
0.05 wt% to about 0.1 wt%.
Copper (Cu), preferably in the range of about 0.1 wt% to about 1.0 wt%, more
preferably in the range of about 0.2 wt% to about 0.4 wt%, is sometimes added to the
30  steel.



Boron (B) is sonetinmes added to the steel, preferably up to about 0.0020

wt % and nore preferably about 0.0006 wt % to about 0.0010 wt %

The steel WP&8/8308Hl y contains at | east about 1 wt % ni ckel . PRI/ERIS12BENnt ent
of the steel can be increased above about 3 ww% if desired to enhance
performance after 5 welding. Each 1 wt%aldition of nickel is expected to
| ower the DBTT of the steel by about™™10[err] C (180[err]F). Ni ckel
content is preferably less than 9 w% nore preferably |ess t han
about 6 wt% Nickel Be is ssmetigeeaddet Yo therstesl, peederably mpde abdu 0rfi0R0 wit%e
cost of the steel. It nickel content is increased above about 3 w %

manganese cont eaed ware preferablyaboged PRAHsWITs Ecabont ABARWHo5 wt % down to 0.0

vt Mersfore. 10 arft g Shrsty MRS LSRR ok o OGS 7
substantiall'y mtl'{yhs@ae% 3 ﬁﬁn%}@%fé L6&le-about 3 wt‘}?glﬁﬁw t8éfih4nidd pEPtYnRibe hffer

preferably |ess an about wt % Sul fur content is preferably
| ess than abgut weldifd Backo] ¥ty adtitididyf nickel Brexpecsednto édveerahd PBId s thdsteel by
about 0.002 wmt% 15 In somewhat greater detail ~a steel according
to this third sebeit 18%G6R°E).iNickel contentris pretesablys ess ey /e m9rg prefera 1M§ess

dosi 1 ed S K bed. heteln: . heating the. .
Cemperaturaror THSmPRRLY es L Peterh BarafblydliaitiFe i oo iuiitefoost
1950[ err] F); hotyr thg Osltﬁcl.glglnkékgl%owéﬁt B lifPeds@d AV LESR 8 IwiDl, AR ghriks® BénteNt chPr €

passes providing a percent to about 70 percent reduction in a
first tenperat ube dearaged belowrabolr (Birst%miotva to RO wite cTheefatd, izebroad sense, wpbove
about the Tnr tenperature, further hot rolling the steel plate in

one or nor e 1Pasdeabqnt 3 Wi nmangsese 8 prefttedent to about 80 percent reduction

in a second t ratyre range TaE . and
above about the Ar| e?ﬁ%l tonatly, res}l&é‘ s?gfﬁg%@?%%gra&éﬁ%‘wgﬁ? ﬁlltelr%?e:c
rolling the steg MiRtsusi(P) Qenbls pEftAbRAGEETant Mout 0.01 w0 Bulier @) oviterdtfs
percent to about 50 percent reduction in the intercritical tenperature 25
range bel ow abouytrefeiablyAeS thaneabohtcl). Ok wish. Ospgear(Q) gortertrisiprebtrsshdy dassthant he
Ar[err] transfornmation tenperature. The hot rolled steel plate is
t hen quenched atabaut(,(bQM‘Wgﬁ’- rate of about 10[err]C per second to
about 40[ err).C per s 5 : ; example is

sui tabl e QJellr?ch St opqﬁ‘g%g&%%%%{ez Eg"/??’%;srt%eg é%gdhgé Efetﬁg\?vmé%gtﬁ? tX hlgpl\/[ err]
transformati on tpepaesdetfoemigaslbUTftier ddsited hffjositiohfa} dessribedhharting heating the

uenching is
q J slab to a 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

20  recrystallizes, i.e., above about the T, temperature, further hot rolling the steel plate
in one or more passes providing about 40 percent to about 80 percent reduction in a
second temperature range below about the T, temperature and above about the Ar,

transformation temperature, and finish rolling the steel plate in one or more passes to

provide about 15 percent to about 50 percent reduction in the intercritical temperature
25  range below about the Ar, transformation 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 Quench Stop Temperature (QST) preferably below about the M

transformation temperature plus 200°C (360°F), at which time the quenching is



33 term nat ed. I n another enbodinent of this invention, the QST is

preferably about the Merr] transfornmation te | us
100[err]C zﬁg%{?er rﬁ F), and is nore preferably bel ow E%%gléggy?err] C
(662[err]F). In one enbodinment of this third steel exanple, the steel
plate is allowed to air cool to anbient tenpgrature after quenching is
termnated. 5 In the three exarrpl e steels above since Nl is an
expensi ve all oying el ement he content. of the el is
preferably |ess wﬁawafasoln a@t@r\ﬁmdlm%ofﬁh@ﬂ@feamry ﬂpee@§T is prefer%h%hhela%ut
2.5 W% nore preferably |ess than about and even nor

preferably |ess %W&h‘hﬁ%ﬂa@f@nﬁﬁ%te{l’ée@%%k’lélﬁwaiﬂ 1 30T aﬁdzén@&pre@rahlhe

st eel . O her suitable steels for use in connection with the

present inventi obplew éb‘M 350Ye o2 e dn pre erabrdimpntiof ithis thirgsteel prample dhe $t9ré

ultra-high stren cont ai t han .aho

w56 i ckel . havi Mt ATy o SRR efbions iR afirgfhendiite pRdMRSRY, ()
and having excel | ent o0 HREPSHAPIY stecl CABYE QfRe NE Y arfiPBRi R alRYHIE element,
steel s are described in a European Patent Application published February 5,

1997, and ﬂla\Nl rmgnﬂenlt afithastesd ighrefarably less thamaboutrd Orwt¥F Glord Pefdralily Bess
and International ubl |0cat|on nunber WO 96/ 23909 £008 08. 1996 Gazette
1996/ 36) (such s'thé’éPEO“t 5 W%, 1p9TE PEREFTILI A6 thpnabe7db Wt ctdesven BT®. 1wt %

to 1.2 w%, d o t
W th a priority HerallPROGtR aboy o, o BiRpTR, Bfo el HURAER, | 20
Vel dabl e Steels w t h ﬁﬁﬁ?k\hﬁﬁk stdelsfar be\ih I&iﬂé@tﬁcﬂiﬂftﬁth@czﬁéﬂéﬂﬁﬁﬁéntmn are and

identified by the USPTO as Application No. 60/053915 For any of
t he above-refkr ed\@eubesitxwlth;r palslicaionsitbias dsscaibe ubsp-hlgbsteergm llcbvedllmnstceﬂe

art, as used here n rce thi ckness' refe s to
reductloﬁ in the® I ﬂﬁ?@l@ﬂé@ tgfw h@‘cg?l gﬁ ving tepsils,s fﬂ’% g% he

reduction referepgadiodedi), BRI R sREllent low-tempet AR 9§§|¥' Wiyl h
thereby limting thgs |n\;entlo"ir?%?g(jt3 steeen 0sW aegﬁgo%f abou‘%ﬂ% or aHb‘? uc

i nches) thi cknessteeimyreliesoribdd aeaEadopern Fabért Apphéatipa paklished E‘ehmhnydn)%‘l Iandi
first 25 tenperature range, to a thickness of about 12.7 cm (5 inches)

t hen reduced abomvn@fyf;ematwnal qpahcmnﬁem@eml’ GCHIRRYOYAY,, anddntgmatient
tenper at ur e fsanggubl Beidh flbiSes RF %6%gﬁé’métq821e9§g?{}‘zfuer39§6§%) [REQ et 921 M-

for purposes of

i nvention, a st eﬁﬂefeﬂ ?h@i‘m@b%ﬁpe?@orﬂerﬁﬁfﬁl@vt%ﬂe@h %?)én@‘ih 4 pehamgdUahout

30% (a 30 percent reduction inafirst te ure range, to a

t hi ckness of aboprovisitngl patent Ttpphcatxon with a priority date of 28 July 1997, cntxtled “Ultra-
High Strength, Weldable Steels with Excellent Ultra-Low Temperature Toughness”,

and identified by the USPTO as Application No. 60/053915.

20 For any of the above-referenced steels, as is understood by those skilled in the
art, as used herein “percent reduction in thickness” refers to percent reduction in the
thickness of the steel slab or plate prior to the reduction referenced. For purposes of
explanation only, without thereby limiting this invention, a steel slab of about 25.4 cm
(10 inches) thickness may be reduced about 50% (a 50 percent reduction), in a first

25  temperature range, to a thickness of about 12.7 cm (5 inches) then reduced about 80%
(an 80 percent reduction), in a second temperature range, o a thickness of about 2.5 cm
(1 inch). Again, for purposes of explanation only, without thereby limiting this
invention, a steel slab of about 25.4 cm (10 inches) may be reduced about 30% (a 30
percent reduction), in a first temperature range, to a thickness of about 17.8 cm (7

30  inches) then reduced about 80% (an 80 percent reduction), in a second temperature



30 inches) then reduced about 80% (an 80 percent reduction), .in a second

t enperat ure range, to a thickness of about 3.6 cm (1.4
inch), andWhass%educed about 30% (a 30 percent reductBHYS8A}2G third
tenperature range, to a thickness of about 2.5 cm (1 inch). As used

herein, "slab" nmeans api ece of steel having_any di nensions.

For any of the above-referenced steels, as P4 under st ood by those skilled
inthe 5 art, the steel slab is preferably reheated by a suitable neans
for raising the tangs) e athickeess of about3.6 smi($ amth),zint] yhenlredueed abrout 30%i6a 30

preferably the entire slab, to the desired reheati te ratyre

eg., by placing rqﬁ@néreéacuon),wﬁmrﬁéwqﬁvrcawfseﬁpaaﬁgkﬂ%ﬁ ?ifeabwf@;@’ﬁéﬁ}“ﬁh)c
reheati ng tenperature,that ,shoul e ve-referenced
st eel _ corrp§§P§e|%c;Wse"}m§jﬂ’p eggggﬁéée %esicepﬁ%%%&g &9@&‘6@?%@ skilled in
the art, either by 10por R¥RefHeHBBYe-Ricrbhites slels) Al @ilicksfiod By Shust slial mupe! s.
Addi tionally, the furnace tenperature and reheating tinme necessary to

rai se the tenperat,uhested slabiisgrefomblyirtheateti by a suitableaneans frgaising therteshipsratbtey

the entire slab, to the desired reheatjng, tenperature may, he . readily
determned by a pesubdantially F}}eé&"lier?ﬁph@cgﬁ%% eP@F@F@h&%%&G&%&%ﬁHﬂ& ndustry

publications. 15 - Fan SR kSan; S
under st ood by t h§%® e%rF,le&T bly R ]%clflr‘%%hgglaﬁ fﬁ%ﬂﬂ%}ﬁ?ﬁfg ?éﬁ{pogi%&}cé Tt?lﬁ gﬁecggc? i nes
the boundary bet yesinghgnpepsingHha khduldbd wed forageofdielabove-referenced steel

non-recrystallization range, the T[err] tenperature, depends on the
cheni stry of thecshpmitions may be readidy daterminedroyiaqetsan skilledin thevart, cdb@ ®yi ng

tenperature before rolling, the carbon | cqoncentr.ation,,the niobium
concentrati oh0 anﬁxﬁeﬁ@eﬁ?ﬂfg’ﬂt“‘g?h?%‘ﬁfﬁgi syitabje V‘@ﬁaﬁnﬂﬁ@m’fg‘y’ the Eﬁ“?"ﬁg passes.
Persons skilled in. t det. ' | S f I
conposition eit h(ka'"'} e%?‘gg %%‘% Ilgﬁrr%aﬁlg E th?feb'ﬁ‘?&%n%ag%fo%gfgff?&?%r\?}?égﬁ@reﬂ?E%ﬁﬁggélﬁitﬁg

Acl[err], Ar[err] enthe kb dreferably the enfifsks1d¥, & tht désired sdheatimptteraperterepaayeeur es
referenced herein may be determ ned by persons skilled in the art
for each steel cosadihgileteromned yteperson skillpdin theart by refesgnagde)apndard industry

cal cul ation. 25 C . For any of the above-referenced steels, as is
under st ood by t h84alNS eg in the art, except for the reheating

tenperature, yyhi ch apphi &8 JfISafoot-iticAtdd¥tdeliCais hdedstéddBy those skilled in the
art, the temperature that defines the boundary between the recrystallization range and

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

and more particularly, on the reheating temperature before rolling, the carbon
concentration, the niobium concentration and the amount of reduction given in the
20  rolling passes. Persons skilled in the art may determine this temperature for each steel )

composition either by experiment or by model calculation. Likewise, the Ac,, Ar;, Ar,,
and M transformation temperatures referenced herein may be determined by persons

skilled in the art for each steel composition either by experiment or by model
calculation.

25 For any of the above-referenced steels, as is understood by those skilled in the
art, except for the reheating temperature, which applies to substantially the entire slab,
subsequent temperatures referenced in describing the processing methods of this
invention are temperatures measured at the surface of the steel. The surface
temperature of steel can be measured by use of an optical pyrometer, for example, or

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



subsequent tenperatures referenced in describing the processing nethods of
this woORYEdgs on are tenperatures neasured at the surfgep §58/f29f‘5
steel. The surface tenperature of steel can be maasure(fU y use of an
optical pyroneter, for exanple, or 30 by any other device suitable for
measuring the surface tenperature of steel. (Lhe cool i ng
rates referred to herein are those at the center, or substantially at the

center, of the plate thickpess; and the Quench Stop Tenperature (QST)
i s the highest, eqorhng rates efseadAp ferginy e 8!‘?@3 ﬁi%‘@é‘f&}" Qréﬁyﬂ%?rﬁ’@ﬂy at the senier Okt

t he surface of t { nehi ' of heat
transmtted fromh{%rfgit%hggﬂg%sé Eé\de%lg Q(%‘F n%@oﬁ&g@ﬁgﬂa&?f@ﬁg&a gﬁ g? gf:l_uri ng
processing of expgstanEiallypthe hghes, @inparafir@facked AP Hishifide of the plaRCamiyrdi ng to
t he exanpl es provided herein, a thernocouple is placed at the center, or

subst anti al | y at quénshipgnis ssoppedf bechuse of bedt tphsmitted fromithe sud-flocknessafdhe plate.
t enperat ure measurenent, while the surface tenperature is,peasured by
use of an opt?caFor exm?ﬁ%gﬁ%%?"@?‘?mﬂgGEF’H@PWP h%&%éﬁeegé‘?ﬁ‘@mf%perat ure
and surface tenperaliheid fie LmIASYSYRRLHLA" o H3SnSHILhR% SUARSHIUE enter or

e PR EHRT S y?e samne, eel

processi ng of the sang; or su _ _ _ conmposi’tion,
such that center sitRmRRARS atftRe e8aYer T tikedted] Plabellickhéss dbrf Rfifer temperatiif@asur ement
of surface tenperature. Also, the required tenperature and flow rate of

t he quenchi ng f| oiedsurementcwhipd the burfdse tatepsiraterd inmezsuesddiyouse o e pptigal at e nmay

be determ ned b¥ e skil,l eg in the art by reference to standard
i ndustry publ i caPYOH¥ © T

_er.(i) correlation twlg(etbgqnéqgrqergppe ajre qndierfgwéetgpgaw%lst he
requi site kn e [P s i ks erein
to pr oduce. UFer aopy el sk auftl URSechpl processind Bf lf Hhé, AP B G 0l

sui tabl e ul tra- highe, steeEdiiigositiog, subll hanesmser téipad@trei ia)C @t drtitiddiga Birect
containers for storing and transporting PLNG of the present invention.

Q her suitable measurgmensiof suréage toperatere. Bdsodtheab@pred téropasatiirecand flaw rateieh

t eel ithin th Qf the 2 t i i on, A
serson of skill i eacting 1A prempReL BN aGtRHE CANPEREIIBE use ¢ ho
[ nf or mat i on' pr ovsgled e 61 Bud NAYRSHbY fofdtcto ShABRIRBshAiRbhbhe! ce!

pl at es havi ng no i cknesses,” conpar ed esses of

the steel plases producssison of skillds e £ g thereflisitecRtdps apd ekilldedsdgeei n,
while still producing steel ‘El ates having 25 suitable high strength and
sui t abl e cryogeninfomeatioapzavidas hepig Hriredudegiltrasbigh stiengily low alloy sipeliplatenf t he

i i op, .For . . i i h .
P or mat i on pr oviiate RafERTEEnehafeidh an€ oy By e Efink Mess o
about 2.54 cm contaiﬁErsif&Cﬁ?aﬁ%]Q?rihﬁlﬁ%& P96 oF iHeRedcht MPehtiodl CiidrRuitable

cryogeni ¢ tenperature toughness use in constructing a storage
cont ai ner of t he siselesmaytexishoebe deyplop€t hareafieni Allisheh seaeirs within the scope of the

20  present invention.

A person of skill in the art has the requisite knowledge and skill to use the
information provided herein to produce ultra-high strength, low alloy steel plates
having modified thicknesses, compared to the thicknesses of the steel plates produced
according to the examples provided herein, while still producing steel plates having

25  suitable high strength and suitable cryogenic temperature toughness for use in the
system of the present invention. For example, one skilled in the art may use the
information provided herein to produce a steel plate with a thickness of about 2.54 cm
(1 inch) and suitable high strength and suitable cryogenic temperature toughness for

use in constructing a storage container of the present invention. Other suitable steels



may exi st or be devel oped hereafter. Al such steels are within the scope
of the present invention. Cont ai ners constructed from any
sui t abl e hwolysspessengt h, | ow all oy steel as descri bedraomrs#sn272such as
any of the steels described in this Exanple, are sized 5 according to the
needs of the PLNG project in which the containers will be utilized. A
person skilled in the art nmay use standard 2ngi neering practices and

ref erences available in the industry to determ ne the necessary

di mensi ons, wal by GKBeRSdevalofed hereatter.! A1 shdlSstéei tr@vitinSthe scope of the _
When a dual phase”steel 1s used in the construction of containers according

to 10 this inverdsentinvenhien.dual phase steel is preferably processed in such

a manner that the time period during whjch the stee] is, majintained in
the intercritical tefqoatasersynstgicird from any ?‘Bﬁa{’]lethégbpiﬁ‘ic%tgefo&‘f*ﬁ@?étﬁei% t he

dual phase str u%&#;(%iﬁgé’é% {x},ssfv.ﬁﬁgg %.rg}' $ffie &8&?&&%&6@% this Ex%rgﬂlg,l ArP gized

quenchi ng step. e processing Is suc hat t ual phase

structure issforpRAdidptd M8 neslof i@ FIING pfojéd: @ewhiek thirontaidees Will ey utlized.
transformation 15 ténperature to about the Ar[err] transformation

t enper at ure. An Aapltsan skilkad ip thefact eaicesefséandard enginggring|psactisespndiefeppmces

has a tensi|e serORYHRGPCRE A AHENge MEIEp sy AL sPoigns YA TBFIORSSEE han
about - 73[e6r the Cortzin@@F) upon conpletion of the accelerated cooling or
guenching step, 1.e., wi t hout any additional processing that requires
reheating of the ste&VhaiwduahphadOsteeltiengedrin tig.coMiruetion ef emtdmeys sdeerdingitsi | e

strength of the steel upon conpletion of the guenchi ng or cqol in
step is gredPer thlﬁwe%%tth%b{;]o e gtgelas pueferably prgcepsgdin such 4 ?réPaéﬁ}ch

greater than abqut 900 ' - |.Gard. L O | ng
a tensile st rengltnhe %efméi @gpé%%?%gﬁé %%eéh{hgﬁgﬁ@gﬁk%g@%tcg@)ﬁ?l tglpﬁ%.?tgzlﬁ l}ea?g% han
about 965  fiARe pRRsSH cheati@p tig dual fHasé iautnad octursliiiére Miroaccdiéhatddsi ) ,
upon conpletion of the 25 quenching or cooling step is preferable.

For contai ners tcoealing exgrienchitgesicli. yetsfabihthe ;ppcgceq;s,in&i_s guc,h. thattthe duad phasgdr i cal
by ont 1 eper atuMETIs Griel o ootihe of Bt SRV PTHER P P BRRBI ng ¢ ne
R
steels used in the construction of containers according to this invention is that the steel
has a tensile strength greater than 830 MPa (120 ksi) and a DBTT lower than about
-73°C (-100°F) upon completion of the accelerated cooling or quenching step, i.e.,
without any additional processing that requires reheating of the steel such as
20  tempering. More preferably the tensile strength of the steel upon completion of the
quenching or cooling step is greater than about 860 MPa (125 ksi), and more
preferably greater than about 900 MPa (130 ksi). In some applications, a steel having
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), upon completion of the
25  quenching or cooling step is preferablie.
For containers that require bending of the steel, e.g., into a cylindrical shape,
the steel is preferably bent into the desired shape at ambient temperature in order to
avoid detrimentally affecting the excellent cryogenic temperature toughness of the

steel. If the steel must be heated to achieve the desired shape after bending, the steel



is preferably Heat ed to a tenperature no higher than about 600[err]C

(1112[err] ‘%ﬁ D order to preserve the beneficial effects of the steel
m crost ructUPe¥a¥Yescri bed above. The desir edPGHVSEN2ES for a
PLNG contai ner, e.g., size, geonetry, materi al t hi ckness, etc., are
dependent upon operating conditions such as 7nterna| pressure, 5

operating tenperature, etc., as will be famTiar to those skilled in the
art. For the nost demandi ng | ow tenperature designs, the DBTT of the

steel and the weisgsefprgblydiepted to atemmmrrpamhlghpbﬂxame@m@ 0% €1 12 ramarder to

hi gher operating te ) rtant issue,
bt The PeTT T ooRies R e befgtiral pftedy ?ftﬁ%stﬁéggmwmﬁm%@descrl BHE xamml o
when the operating te‘ﬂﬂ@&é&irt'& @aria%fé%?&}sﬁﬁLNG*&Sn&ﬁﬂf”e AQB%B% ct?ﬁl 10

i ncrease. In order to construct cont al

present inventi othickaessjiétt 2bleelependent upeh bpetatiig ¢dmdhlohgsﬁohezs siiteshl nﬁ‘bﬁlﬁﬁ is
enpl oyed. Any_ joining nmethod that wll grow de p.llg nts wth_adequate
strength and ¥ ra@RQ&?@gttémgﬁﬁ'@é% efco s WHb b faybisrto thpse lilechm the art. For the most

di scussed above, red to b fera wel met hod
suitable 15 for d?ﬂ“g@ ] ﬂgetgﬂg%fﬁtgfee&é &@%ﬁﬁg’f& ?‘% F%d ﬁﬁ%ﬂﬁs«a‘gg
contain sai d preggiiiaa€For designsd WM%%aﬂﬁiﬁgHE@dpeﬁ%% ke?nﬂé?ﬁﬁlreﬁ Qo@élﬂé&srlb'c'f
contai ners of the present invention. Such di ng nmet hod preferably

i ncl udes a suit aﬁilbammmuanhhseleybu’c the DBTTirequidements will likelyderiessidemgading.a
sui t abl e wel di ng_proces a suitable weldin u
exanmpl e, both gagg ?eaP” eme(ﬂ’?@m@ 12048 “%ﬁ@ &‘7 IFW%%’ET il adso

wel di ng, 20 19 Whjgh.ar e both well known in the steel fabrication industry,

can be used to joint steel plates, provi ded that a suitable
consumabl e wi re-gas chmrdetab icomstiust doatathers for use in the presdnmrﬁelfltldnsh sza&:ﬂ‘ml e
wel di ng nmethod, the gas. netal arc_ wel ding rocess i s _used

proguce abvvel d nidethod of igiiag the seshplates Fsr@“IPIPYﬁﬁi aﬁumuamsmethefﬁthat will pW%e
2.0 20 % 25
Carbon about 3 Radb i RIARSARou AR ot ol G AR R PR e

110 ppm phagalkeédibove,ddEorlsRBfeditd BO sidBLe, Pli@feﬁam SwEIiHg mdthed vkilablel S
made on a steel, such as any of the above-described steels, using an

argon- based &hi efqiupmgn@as adwquhte strength a@ﬁacttmmowhoms ta camttsin Sxig pegssurided
RIS AR T Tl N NSNS 5 T W
wel dment  having g efd@f}Sinkod bfe?&%lp 1&'11%33 & Ssuitdb e AR ELIO A M uifabRO KSi) |
consumable gas, a suitable welding process, and a suitable welding procedure. For
example, both gas metal arc welding (GMAW) and tungsten inert gas (TIG) welding,
20  which are both well known in the steel fabrication industry, can be used to join the
steel plates, provided that a suitable consumable wire-gas combination is used.
In a first example welding method, the gas metal arc welding (GMAW)
process is used to produce a weld metal chemistry comprising iron and about 0.07
wt% carbon, about 2.05 wt% manganese, about 0.32 wt% silicon, about 2.20 wt%
25  nickel, about 0.45 wt% chromium, about 0.56 wt% molybdenum, less than about 110
ppm phosphorous, and less than about 50 ppm sulfur. The weld is made on a steel,
such as any of the above-described steels, using an argon-based shielding gas with
less than about 1 wt% oxygen. The welding heat input is in the range of about 0.3
kJ/mm to about 1.5 kJ/mm (7.6 kJ/inch to 38 kJ/inch). Welding by this method
30 provides a weldment having a tensile strength greater than about 300 MPa (130 ksi),



preferably greater than about 930 MPa (135 ksi), nore preferably greater

t han abou 65 MPa (140 ksi), and even nore preferably at | east about
1000 MPa %\ﬂgsqgg 5) ) Further, welding by this nethod (Y H8A2726 e d
netal with a DBTT bel ow about -73[err]C (-100[err]F), preferably bel ow

about -96[err]C (-140[err]F), nore preferagxky bel ow about 5 -106[err]C
(-160[err]F), and even nore preferably below about -115[err]C (-175[err]F).
I n anot her exanpl e wel ding nmethod, the GVAW process is used to produce a

wel d netal cherBreferaplygrrsen thamebout 830 MRa (L5dist), wonaprofesabbngtsalar (hgn abatabl y

about 0. 08. vt 0690 MPa kel angeSte ebre el ianbr A ialibol | SBUPR S 48 o
silicon, about gy ér WelaiRk 63 flis m@ﬂod B&Qﬂé& ae ﬁy Wﬁﬂ%@ﬁm 99‘%%%10 51

wt % nol ybdenum | ess$ than about or ous, and ess t

about 100 ppm S-GB?@I( 100PHg, pnéﬂetiblyg)ehﬁaﬁbdutIMPCI(a40TF)Ixhere preferabBriggow kbahout
0.3 kJ/mmto about 5 kJ/mm (7.6 kJ/inch to 38 kJ/i nchz and a preheat

of about 10(5[er-ﬂP@fQ@l@Q"E) ﬁpdfFVdﬂgnQrQ@CBfeHNa'bﬁk@Mdabogtﬁﬂﬂ@6|1|7ﬁa°FéteeI such

f th d ed st eel based shi el di

Gas W th I eos than CBGUEDE SERPESveidg piiod NETMAGY BYPCER i SraIRBIIFLRI des
I d h

a wel dment havigpgy ?nétﬁ'&ﬁéx’n rﬁ%éx‘é%tﬁ%%n ﬂgaﬁ:rﬁg%% “’t“ﬂ’%&b@?@%ﬁ"g@@y Msg (130

ksi), preferably greater
preferably greahaiatidugo. labQWcaﬂﬁﬁa Mbee rdffhblssfrom abowt oeomata aboutd.g8 wicer abl y

at | east about 1000 MPa (145 k5|). Further, welding by this method provides
a weld meqazhon)i abhutal .G mngwea@@muw%@/t(’/o ald)ocﬁn; mbqw:)l 87pvté4 mckel, y

(~160[ or ] ) AESE B RbH Rt (5T W%t Pichianat thap @e‘r%%ﬁ

I n anot her exa

process is use?qtogp%&?% ﬁgglgg&g%pabﬁgggdéﬁﬁg%lgprgﬂ%gﬁ al }llér%gn?j{r“(r}gncgt-rl;1 about
0.07 Wm % rangdefiubopr 3 &J/ah 1o dbests].§ kREmnalokl/hich o 38 Riymali)amd)a, pretivatit

1. 80 wt % nanganese, 25 about 0.20 w % silicon, about 4.00 w % ni ckel,

about 0.5 wt % cofrabantuk0° GBI Fis aeed. The wald momasieyBdesteshysuelhenany L 0 wt %
copper, about 0.02

0.015 Wt % zi r cothe %\gt{a ey&sggwﬁwgﬁgl H”H'bagegi SBbPTqul%g By ’5)*?@? hatr&bout%q Ry

I ess than aﬁOUtoﬁ%eﬂpWe?dih%W thisTABthYE priivitids Q%ﬁdrﬁéﬁ@ﬁ&wﬁéat&ﬁsi‘lé@raﬁ@&ge of
about 0.3 /mmto about 1.5 kJ/mm (7.6 kJ/inch to 38 kJ/inch) and a

preheat of abougredieOlaBabouf QQOZIVH’rar(]F) ksi)s prefarably Ereatenttiad absutrPMBm(185st eel

h ft b d be
such-as any o ksi em%ré) gr%feraeb%(r: rgrleater than about 965 MPa (140 ksi), and even more preferably

at least about 1000 MPa (145 ksi). Further, welding by this method provides a weld
metal with a DBTT below about -73°C (-100°F), preferably below about -96°C

20  (-140°F), more preferably below about -106°C (-160°F), and even more preferably
below about -115°C (-175°F).

In another example welding method, the tungsten inert gas welding (TIG)
process is used to produce a weld metal chemistry containing iron and about 0.07 wt%
carbon (preferably less than about 0.07 wt% carbon), about 1.80 wit% manganese,

25  about 0.20 wi% silicon, about 4.00 wt% nickel, about 0.5 wt% chromium, about 0.40
wt% molybdenum, about 0.02 wt% copper, about 0.02 wt% aluminum, about 0.010
wt% titanium, about 0.015 wt% zirconium (Zr), less than about 50 ppm phosphorous,
and less than about 30 ppm sulfur. The welding heat input is in the range of about 0.3
kJ/mm to about 1.5 kJ/mm (7.6 kJ/inch to 38 kJ/inch) and a preheat of about 100°C

30 (212°F)isused. The weld is made on a steel, such as any of the above-described



31 steel s, . using an argon-based shielding gas with Iess t han about |

Wt % oxygen, O 98/59085 Wl ding by this nmethod provides a wel dmrepérAiddR%hed
tensile streng? greater than about 900 MPa (130 ksi), prefera
greater than about 930 MPa (135 ksi), nore preferably greater than

about 965 MPa (140 ksi), and even nore prefsgrably at least 5 about 1000
MPa (145 ksi). Further, welding by this nethod provides a weld netal

Moblerr] e (- 240080 ?ft%ﬁtg an g . i Ok AT i o Bih BB AN oI b theRy 2
(-160[err]F), ageiaug By MRS ﬁxe@{oﬁfpﬁfv’i’@s% v@?ﬁxﬂ(\!ﬁtﬁgﬂﬂé a tensile strehg %rélt@r than

(-175[err]F). wel d netal chem stries to those

mentioned in theb@saowlvﬁxa(qammppﬂeﬁerablmtenshmgbeunmrMPmesmwmoret he TIG
wel di ng processes. However, the T ds are anticipated to have

| ower i npuri ty preferably gm@br&mmbeutrﬂééwlifa ﬂéf’ ﬂ(ﬁédmd even moyg REeisRPh AHdeAst t han

I one enbods meAtd %flb{?#@ CREERE dnurhet SRRt i EPEPE Resaned metil og s
2 01 ni g L echni Qe Budghald il 5846 0PI BHYAAN bt L 1gbopapt er
I ng ,| I Ng

6 of 15 the V‘é book, Vol une rocesses, 8th ed

Amer i can V| di nghore prefersil§ betow, abpatge86°TL16U8E), bid&fen. more preferably below about
Subner ged arc wel di ng (SAg\) is a welding technique that is often used for
its advant—b@éCdeﬁT’l@h metal deposition rate. It can be nore

| f t t b |
be. appl i od pSF i ¢ e§tra el TR GEmSRT 0 BoRE PR b i R pbe 2"
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tenperature applicatiofs, 1s 1ns i ent” or variable toughness. The |ow

t oughness can beyvel@ugeantitipateiad dage Bwehimuuritacareryand amere kighlydetmedni gher
t han desired I ncl usion content. The large grain _size is created by

the high heat i mpmosmmtthmthe GMAWongldswand mussmamé’ed l%terr@aﬁwrétw pess.
enabl es hi gh deposition rat ot ent i.al | e

when applied to heat In QH%?IPg%mC’P‘ﬁ gh‘@f”r SRR, S%*l“éeéﬁed ?rg SRS TEAW) B use s
softening. The hi ngj‘ﬂu&q@MUtA d&aled dgscﬁﬁsxéﬂ%ﬁﬁyﬁﬁﬁcdmfe%%lﬁ@ia Rr 6 of

softening in the s conpared to gas netal arc wel ding W or

tungsten ingst gBeWeldifg Handbook)¥dldine@, Welding Processes, 8thrak, mummlwﬂdmg
cont ai ner designs, the SAWtechni que may be suitable. The 30 decision to
use SAWwi | | be Insistd ppeasi@di23¢ (B95% bal ance of economics (wel d

Submerged arc welding (SAW) is a welding technique that is often used for its

advantage of high metal deposition rate. It can be more economical for certain
applications because more welding material can be applied per unit time than for other
20  welding techniques. One potential drawback for SAW, when used to join ferritic
steels for low temperature applications, is insufficient or variable toughness. The low
toughness can be caused by factors such as large grain size and/or higher than desired
inclusion content. The large grain size is created by the high heat input aspect of
SAW which is also the feature that enables high deposition rate. One other potential
25  problem with SAW when applied to heat sensitive, high strength steel, is HAZ
softening. The high heat input feature of SAW causes more extensive softening in the
HAZ as compared to gas metal arc welding (GMAW) or tungsten inert gas (TIG)
welding.
For some PLNG container designs, the SAW technique may be suitable. The

30  decision to use SAW will be based primarily on a balance of economics (weld



deposition rate) versus achieving adequate nechanical properties. It is
possible to tailor a specific SAWwel ding procedure to a particul ar
PLNG cont aWeo8/5#88i gn. For exanple, if it is desired POTAUSSA/I273dAZ
softening and reduce weld netal grain size, a SAW pr ocedure can be
devel oped that utilizes an internediate heaé i nput. Instead of 5 enabling
the very high deposition rates at heat input® above about 4 kJ/nm (100
kJ/in), heat inputs in the range of about 2 kJ/mmto about 4 kJ/nm (50
kJ/in to 100 depdsitiontate) Vehlis abievis g ddeqhbite Wadci@ficd] Prpertiebalt i§ Possible to

i nternmedi ate range, SAWwould |ikely becone | ess desirabl e than GVAW
or TI G wel di ng. tailor a specific SAWopglding prededere ea particular PIiNGreoniaines desigre Easl d

tal. Veld tough i.s .10 . somewh ier. t ' to the. high
Gucti ity of t nenaae it drudf Cane A o hine Caffelofe Bnld bt £
austeni tic wel d SQAnpHsERRLE chbbd Hlﬁze!t%g&?ﬂﬁﬁuﬁﬁ“zkﬂhin%emediatc_ﬂ%hﬁhﬁﬁt. tREhd T

nost ferritic consufmbles. The austenitic material contains significant
amount s of eXperaablingahd vy highldepdsiticmnrdteiat helboinpute ahovietaboeiyd kikdmpod80bl e f or
‘a parti cul ar PLNG contai ner desig to offset the_austenjtijc

consumabl e expekddwheahinpyts i the ranggied 2 &E&d@@méﬁ aboyt & kifmrg f2kHin ta AQD
I s D ant. Rl . . . ’
useq as 5 j of i B Hhief b fed ACYAGs G BAFEIBRARERT, Mgk Daviiiih ety

in Chapt ebecom®less degirdide than GMNHAWIGODIG wildlngre 2, \\él di ng Processes,
8th ed., Anmeri can W\l di ng Soci ety, pages 672-713 (1995). Several
i nherent features of SEBWcamalso b used avith an Austenijic eld mgtat. oWeldtioughnessisvi ce

conditions rgquirin ot h_hi .St r engt n e | enperatureg. .
cond1.0n 569508 R Ul il %8 eith oy AN HETBSRAR i 1
strength steel s ayitefite. GiieRRAPbARRYE Aaustenitic Wé18 kSnshifaBRAS IR SpSRE Vhidhian
about 550 MPa (80 ksi), is the softening of the netal in the

heat - af f ect ed z dwghe( thail Yormesst Feriinigcdnsamablen yThecmstenitic amidriahedrdaingsignificant
processes, such as 25 shi el de mf al_, ar weédin (,SI\/AV\i’, su rged arc
vel di ng (SAVW, GMOHAL obexpepsivealoys like Crand Bi.qHAWEYS LMY e POTRIHE £¥ 2yas
metal arc wel di T ; s :
transformation (r)brg ﬂ%ﬁr}%\gﬂg}g&%wg%q’g?gggﬁgﬁ] uaggtgm%xkg@?#gfxﬂg%%?ggx}selwexteklxdi ng

to a signifilgantthe higher depésifich rakalibwédbp8adent or nore, softening of the
HAZ as conpared to the base netal prior to exposure to the heat of
wel di ng. Wi | e ul t r a-lnangihestembadmengof thissneeition tedectrop deam predting EB W) ih

yield strengths u%gd :?ssg ] ollvn?r?g C 2n9qukc.s iAz d&gile%i cgshc%gdionngb%t BEW can be found in
Chapter 21 of the Welding Handbook, Volume 2, Welding Processes, 8th ed.,
American Welding Society, pages 672-713 (1995). Several inherent features of EBW
20  are particularly suited for use in service conditions requiring both high strength and
low temperature toughness.

A problem relating to the welding of most high strength steels, i.e., steels having
yield strengths greater than about 550 MPa (80 ksi), is the softening of the metal in the
heat-affected zone (HAZ) resulting from many conventional welding processes, such as

25  shielded metal arc welding (SMAW), submerged arc welding (SAW), or any of the gas
shielded processes, such as gas metal arc welding (GMAW). The HAZ may undergo
local phase transformation or annealing during welding-induced thermal cycles, leading
to a significant, i.e., up to about 15 percent or more, softening of the HAZ as compared
to the base metal prior to exposure to the heat of welding. While ultra-high strength

30  steels have been produced with yield strengths of 830 MPa (120 ksi) or higher, many of



these steels fail- to neet the weldability requirenments necessary for
extrene Iowogs,sg(,?serrperature servi ce, such as those requi relg:'lf/ffégsﬂ.b. lgng and
nd ¢

pressure vessels for use in the processes disclosed a al nme
herein. Such materials typically have a relatively high Pcm (a
wel | - known industry termused to express wekdability), generally greater
than 5 about 0.30, and sonetinmes above 0. 35. EBW m tigates
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many cases, EBW proegdsua@issclbded and ctidhelbkbréifl BhchimatrdlStybicalbhBee aqeldlivdly Highe
resistant to brittle fracture in cold tenperature servi ces than

simlar joints pPa(reel-kyover ndusitydérmgused to express weldabilifgiy/gendrally groatpethan t o
arc welding t e%t%nF g@in . resultg irbsfsreduction of r esi dual
stresses, wi ZoHt 0-30 g smetines 2P &t%r t i on of the joint, along with a
potential inprovenmentgd F%E@aﬁﬁ ' ] ' §§¥Val SO
15 facilitates si ng?%%}ggéaifg I ng, ef%r-égﬁglFg%mrtﬁﬂg\ipﬁnz%ﬁgé%tﬁéal% erlne he
base netal of theclaliqek, such as SMAM asl SAW. Do hedl iriput Blsipnificantly esplimardr es
during the joining process. These features of EBWare inportant in

mini m zi ng t he depldingmprensssesf Tlaie reduesionyp hent pubigsdursatheglieration gfanany

al | oys. Further nor BW s > Sin educed pr re.or

hi gh vacuum wel of rﬁaergtas Oflt%eo%%ﬁ Pﬁ%)erslgm\}/x&%ﬁo‘?ﬁng groﬁ?s. 'hf"p‘aéjr&cf‘c’ée%h.glﬁ?g Ir?g‘g o8
reduci ng wel ) poplyclaedijortithadid sbdngel Bfd/or more résftiie td Ht1Ofradtiie i £d1d Gnpefatidae
el ectron beam wel ded joint results in enhanced wel d net al t oughness

produced by redussrvicestthan ssmidarjointsfpraducest byt are waldingl ement s and i ncl usi ons.
EBWis also extrenely xi.bl e in that a great, nunber, of process, cantrpl
vari abl os. may be. | ndoBRNasteR Soree BiarEueBE e RedinG resbii h ERERA 0L
di stance, 25 aﬁﬁiﬁlxﬁ%ﬁﬁsﬁ@}—ﬁ@ WiREE ar%’ﬁx@éﬂaﬁidﬁlrcﬁﬂ&moﬁ BPfﬁgﬁoTixﬁtF;ﬁSHg wifgm spot

si ze, beam defl ection, sum ng properj ol nt up, no filler

metal is requirepbtémial InPiétdment incddSAY toughndsi The high powet|densityjod EBW also
honbgeneous net al | ura‘c‘;y. _However, shinms of filler nmetal can be used to
$pcS1

i ntenti onal | 15 al faeilitai¢sesingle pass welgingothus sleo mpmjzingthe Hmg thehispmetahalthe sedal
sl omi seion of BEhERsER SR MR es AGHE REIGHRG Sy These featwres
oughness. @ o e e o g Aot scnsiive
properties and | aleysesi dual '
Furthermore, EBW systems using reduced pressure or high vacuum welding
20  conditions result in a high purity environment reducing weld pool contamination. The
reduction of impurities in the electron beam welded joint results in enhanced weld metal
toughness produced by reducing the amount of interstitial elements and inclusions.
EBW is also extremely flexible in that a great number of process control
variables may be independently controlled (e.g. vacuum level, working distance,
25  accelerating voltage, beam current, travel speed, beam spot size, beam deflection, etc.).
Assuming proper joint fit-up, no filler metal is required for EBW thus resulting in a
welded joint of homogeneous metallurgy. However, shims of filler metal can be used to
intentionally alter the metallurgy of the EBW joint and enhance mechanical properties.

Strategic combinations of beam parameters and use/omission of shims permits tailoring

30  of the weld metal microstructure to produce the desired combination of strength and



stresses also permts elimnation of post weld heat treatnent .in many
cases, even when the thickness of the plates joined is one to two

i nches or WHS%8/59085 EBW may be conducted at hi gh PSEMSPS2RS

medi um vacuum (MV), or no vacuum (NV). HV- EBW systens produce wel ds
with a mninmumof inpurities. However, high vacuum conditions can
cause loss of critical volatile elenents (e“."g. chrom um and nanganese)
when the netal is in the nolten state. Depending on the conposition of
the steel to betoughuess, the | oss of a portion of certain elenents may 10

i npact the nechani cal_ performance of the | d. Furthernore, these systens
tend to be | ar gg‘hﬁﬁﬂ"r@h%‘&‘ﬁ‘v‘,"ngkﬁmﬁ ot Wﬁh@l%@vrag@ewﬂé%v\rfé@f‘tm
are nechani cal | o a ier

%trmxlpmﬁwmaﬁmgoweﬁ HeQ Pfrhent A alPORIOLI oA iRt

to use. However, processing 1S nore n-its application

in that the beannd thitfest 6f e blatés foindliGabeto two inchesit@ndzecome | ess focused
and | ess effective when exposed to air. This tends to limt 15 the

t hi ckness of Spl at es {ERV mmayybetvendustedod high vacwim (H¥), passdeum Mpcues/(M¥), £ 80
nor e susceptible to |.d . Lnpurities whic result in.welds with
| ower strength &AgRUM &V)'t%ﬁtﬁ%ﬂ SWW&HTW%KFIH%Q%M’EWm?EEP@f 1°8:

MW-EBWis the pr : ' o ' ihgrs of
the ol ai med | nvaRTosR: D BB PR org can RRF st 6F LRRa otk ERRREIEET D e
and wel d qual i t \throA$lum and manganesé) vtitihemeR R iHERAb1tedfstdtd)i Bependidglonahe

| aser beam wel ding (LBW is used as a joining technique. A detailed
di scussi on aboutcotnpusitemofibe toelrtd be weldedphe losg of mportion of certapreclepents mgy

Handbook, Valune 2, | di Processes, 8 ed ri can | di
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t hi ckness. complicated, Andte eG@pachfand igenhdrallyreabioetoasst. HowvetdreNVeRBWSI t e

know edge and skill to use the = information provided herein to weld
ul tra-hi gh st remgedsssingiy rore dignited dits anplicationtip that the begmdendsdo piffuse.scatei ng
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Al'l such joining or welfding nethods are within the scope of the present
i nventi on. susceptible Whiveld itrperifieselgiclh mgy iresult i welds vath lbwersttagtbranded i n

terns of one or nore : .
toughness than higher vacuum EBW. Therefore, MV-EBW is the preferred option for

(@)

construction of the containers of the claimed invention. MV-EBW offers the best
balance of performance and weld quality.

20 In another embodiment of this invention, laser beam welding (LBW) is used as
a joining technique. A detailed discussion about LBW can be found in Chapter 22 of
the Welding Handbook, Volume 2, Welding Processes, 8th ed., American Welding
Society, pages 714-738 (1995). LBW offers many of the same advantages as EBW,
but is more limited in application in that currently available EBW is capable of single

25  pass welds on a wider range of plate thickness.

A person of skill in the art has the requisite knowledge and skill to use the
information provided herein to weld ultra-high strength, low alloy steel plates to
produce joints having suitable high strength and fracture toughness for use in

constructing the containers and other components of the present invention. Other



preferred enbodi nents, it should be understood that other nodifications may
be nade 5 wyhbdspesy departing fromthe scope of the inventiﬁ,{uggg}lg%i s set

forth in the foll ow ng cl ai ns. - Qdossary of terns:
Ac[err] transformation tenperature: the tenperature at which austenite
begins to form D during heating; 5
Ac[err] transformation tenperature: the tenperature at which

transformation of .farci.te . .

austenite is corpieteiriie Phyelting methods may exisk of b developed hereafter, iA(%InS“tCB
temperature: t f]si_xﬁ@gwaaiug ehetfod¥RieGhltHin BRSESBHthpretnt invention.
austenite to ferrite or to ferrite plus cenentite is

conpl et ed during coolWhilg the@oregoing inferion haslscen desatibashinterms of anagranoret he
tenperature at which austepite he

i to I
transformto ferBPEBEGER eI ﬁ%@‘ﬂa be understoqd, thef other modificafiqusmpybe made
any tenperature - - [ F). : i
crack tip op?ni n%x?lﬁﬁl ggéda&ﬁicehﬁeﬁlb@?‘&xe sc.%%L:%f' &%@R{e né&{, Ghichfid set fo]r&. in .tlgfg'—l)owmg
Char py V-notch; c¢laims. DBTT (Ductile-to-Brittle 20 Transition
Tenperature): delineates the two fracture regines in structural
steels; at tenperatures below the DBTT, failure
tends to occur by | ow energy cl eavage (brittle)



fracture, while at tenperatures above the DBTT,
failure tends to occur by high energy ductile 25

fracture; WO93/59085 ppyy _ el e AGTISOBRHAS

wel di ng; essentially pure: substantially 100 vol %
Grerr]: billion cubic neters; GVAW

gas netal arc wel ding; 5 har deni ng par{‘ﬁ\cl es one or nore of
[err]-copper, M[err]C, or the carbides

and car boni t ri dalosseryef éévimsen and vanadi um HAZ:

heat affected zone; intercritical tenperature range: from about the

Ac[err] transformation tenperature
to about the Ac[err] transformation tenperature on 10

heating, and fremabGiimAibh eMdefhire: { I AR ©MPEh0A Lt which austenite begins to form
tenperature to about the Arfe r] transformation

t enperature on cooling; K[err]:  duringheating; critical
stress intensity factor; 15 kJ:
ki | oj oul e; . . : .

5  Ac,transformation temperature: the temperature at which transformation of ferrite

to austenite is completed during heating;

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

completed during cooling;

10
Ar, transformation temperature: the temperature at which austenite begins to
transform to ferrite during cooling;
cryogenic temperature: any temperature lower than about -40°C (-40°F);
15 CTOD: crack tip opening displacement;
CVN: Charpy V-notch;
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 occur by high energy ductile
25 fracture;

EBW: electron beam welding;

essentially pure: substantially 100 vol%;



kPa: t housands of Pascal s; ksi :

t housands @f s per square inch; 20 LBW

| aser beam we §9&§ | ow al | oy steel: : Pcrms91glzs7%cieel
containing iron and | ess than about 10 wt %

total alloy additives; 25 VA .

martensite-austenite; maxi mum al | owabl e fl aw si ze: critical flaw
| engt h and dept h; Mo[err] C a form
of nol ybdenum c&MB}: de: MPa: billion cubic meters; mllions of
Pascal s; Merr] transformation tenperature: the tenperature at
whi ch transformation of 5 austenite
to martensite st@yiaswduring cooling; gas &l arc welding;

a well-known industry termused to express

wel dability; also, Pcmer(wt% C + Wt % Si /30 +

wt% Mh + wt% Cy + fVCr/20+wthN|/60

S, wt % Mo/ 15 50 V\,th%c\q;\imopart)ye &t % B) ) ° 10 ongsrypore of e-copper, Mo,C, or the carbides

pressurized liquefied natural gas; and carbonitrides of niobium and vanadium;

HAZ: heat affected zone;

intercritical temperature range: from about the Ac, transformation temperature

to about the Ac, transformation temperature on

10 heating, and from about the Ar, transformation
temperature to about the Ar, transformation

temperature on cooling;

K critical stress intensity factor;
15 kI kilojoule;
kPa: thousands of Pascals;
kesi: thousands of pounds per square inch;
20
LBW: laser beam welding;
low alloy steel: a steel containing iron and less than about 10 wt%
total alloy additives;
25
MA: martensite-austenite;

maximum allowable flaw size: critical flaw length and depth;



ppm parts-per-mllion;

predom nantly: at | east about 50 vol une percent; 15

psi a: WO 98/59085 pounds per square i nclrcainmsIbaires
guenchi ng: as used in describing the present

i nvention, accel erated cooling by
any neans whereby a fluid Yo

sel ected for its tendency to increase the cooling 20
rate of the steglo,@:s utilized, as oppose@dofmPofthélybdenum carbide;

cool i ng; guenching (cooling) rate: cooling rate at the center,
or substantially at the L center,
of the plate thMPrness; Quillionk oBPaspalfenper at ur e: t he

hi ghest, or substantially the highest, _
tenperature reached at the surface of the plate,
af ter quenchi ngm's st opped, because of

S

eat : ,
transmitted froMstRBSIRTANION [EPREEECof ¢ %tﬁﬁnﬁ?rét,‘“c 3 which traggfprmation of

Quench Stop Tenperat ure; SAW . . . .
subner ged ar% wel di ng; 10 SALM austenite to martensite starts during °°°1§?ng| e
anchor | eg nooring; sl ab: a piece of

steel having anggdi mensi ons; a well-known industry term used to express

weldability; also, Pcm=(wt% C + wt% Si/30 +
(wt% Mn + wt% Cu + wt% Cr)/20 + wt% Ni/60
+ wt% Mo/15 + wit% V/10 + 5(wt% B));

10 PLNG: pressurized liquefied natural gas;
ppm: parts-per-million;
predominantly: at least about 50 volume percent;

15 psia pounds per square inch absolute;
quenching: as used in describing ;the present invention,

accelerated cooling by any means whereby a fluid
selected for its tendency to increase the cooling
20 rate of the steel is utilized, as opposed to air

cooling;

quenching (cooling) rate: cooling rate at the center, or substantially at the

center, of the plate thickness;



TCF: _ | trillion cubic feet; 15 tensile

strengt h: intensile testing, the ratio of maxi numload to
ori gi nal cM™RR%/W88R i onal area; TI G wel di ng: PCT/US98/12726
tungsten inert gas wel ding; 20 T[err] tenperature:

t he tenperature bel ow which austenite does (ﬁt

recrystallize; USPTC. United States
Patent and Trademark O fice; and wel dnent :

a wel ded joi nt, QumchStopdienfperatiree wel d thettdghesy, bi Jubstantially the highest,

the heat-affected zone (HAZ), and (iii) the base

metal in the "near Vvicini ty" of the HAZ. temf@raturereactledattheSurface()ftheplate,
portion of the base netal that is consid
within the "near vicinity" of the HAZ, a
therefore, a part of the weldnment, variegransmitted from the mid-thickness of the plate;
dependi ng on factors known to those skilled in

the art, for Sexanple, without limtation, the

w dth of the weldnent, the size of theitemthgt JI,O )

was wel ded, the QYFber of wel dments requiQueBeh Stop Temperature;

to fabricate the item and the distance between

ﬁggrdqu%nching is stopped, because of heat

wel dnent s.
SAW: submerged arc welding;
10  SALM: single anchor leg mooring;
slab: a piece of steel having any dimensions;
TCF: trillion cubic feet;
15
tensile strength: in tensile testing, the ratio of maximum load to
original cross-sectional area;
TIG welding: tungsten inert gas welding;
20
T, temperature: the temperature below which austenite does not
recrystallize;

USPTO: United States Patent and Trademark Office; and



-49- \What we claimis: 1. A container for storing pressurized .

l'i quefied gas at a pressure of about 1035 kPa (15 j about
7590 kPa (ﬁ%@gﬂéﬁ a) and at a tenperature of about -123 C%c?ﬁﬁ%éﬂ#ﬁ? to
about -62[err] C (-80 F.), wherein said container is constructed by

joining together a plurality of discrete p{‘ﬁtes of materials conprising an
ultra-high strength, low alloy steel contaihing |ess than 9 w % ni ckel and

having a tensile strength greater than 830 _ Mda (120 ksi) and a DBTT | ower
than about - 73weldmen#00 F.), wherein j@iWﬁl@edb@W&é%“‘ﬁﬂg:dgh&@&eg@eﬁh’ﬁis
have adequate strength and toughness at tl?e%g?gff%&sdu{oﬁeg@ﬂzgea%%‘;ﬁmgbeaserh

ed natur gas. : e

conditions to contain said pressurized |

contai ner of claim1, wherein said joi Ninfetdldy thednsdrvadiity” ¢ffthelHAlZe e about
90% of the tensile strength of said ultra-high strength,” low all oy steel.

3. The container of claim1, wherei pogindfjle bassmietal thahisPBisidéredver t han
about -73 C. (- 100 F.) 4. The container of claim1, \rg\g]e iLnh said
joints are formed by gas netal are wel diwifin ths “near viciHly” of %ﬁ&r“ﬁf claim

1, wherein said joints are formed by tungsten inert.ga i . 6. A
marine vessel for transporting a p_ressu?g?%tgrﬁ’flaﬁ%ﬁg‘g%em%g%% at a

pressure of about 1035 kPa (150 psia) t Qe H{g&ﬁ@gog%o%kg%ﬁgg@ne@ﬁd at
a tenperature of about -123 C (-190[err] F.) to about -62[err] C (-80[err]
F.), wherein said marine vessel has at Ithast, fonexamipls, sdthoutdimitdtioay thehat i s

constructed by joining together a plurality of discrete plates of materials
conprising an ultra-high strength, |ow avidiyofsheweldmsnt temzepitasitens fiah o
wt % ni ckel , and having a tensile strength greatep than )
and a DBTT }@wer t han about-73[err] C. (-Viﬁg‘(ez@erd]{hﬁ.wpbﬁﬁéégvéme%%g%suﬁ&

bet ween sai d discrete plates have adequab¢abichie e iferded tiRtdBREDetveepal d
pressure and tenperature conditions to contain said pressurized |iquefied

natural gas. 7. The mari ne vessel ofeldimentsn 6 havi ng on-board equi pnent
for converting said pressurized |iquefied natural gas to a gas and
delivering said gas to pipelines or users' facilities. 8. A met hod of

processi ng natural gas, said nethod conprising the steps of:



(a) converting said natural gas to pr ized liquefied natural gas at a

pressure okyo 98/59085 about 10357k to kPa( 1
100 psia) and a tenperature of Bas ET 23 8-9@%9& ) to

about -62[err] C. (-80 F.); and REP‘-@EDdeFle ri ng-said -
pressurized liquefied natural gas to at |eagqy oOme: e Ccrmﬁie&%sBeenRTlaced

that is constructed by joining together a plurality of di scrij@"
materi al s ising an ultra-high strength, ? mﬁ@m "
st eel cont ai ni nmrgw&g}“gﬁﬁt%% ni ckel an

tensile strength greater than 830 Mua (120 ksi) and a DBTT

| ower than about -73[err] C. (-100 F.), wherein joints between said

di screte plates 1. A container for stotiaypresstieigedliefied snadahgarat a peasglre e sbout
said pressure and tenperature conditions . ) to contain said
pressurized |iquefi ed03a&Br §150gpsia) to about 7590 kPa (110§ psia) andatractemperapire of
transporting_.a pressutized,lJ lL,.ed natural, wsai,d nmet hqd conpri sing
t he Steps of :ali)out 23 quféd ﬁ)(tg)a%glkltd% rgg&g%@ whezag 5?1ﬁf8ﬁaﬁrﬁeﬁ1§ef i ed
natural gas having a d hi I a)
to about 7590 kPa (11%8332#%%2{115% %ﬁt‘d fgr%g@gtsﬁ gng}traa l%%%tr?nf%l%,g%@pﬁga
190[err] F.) to aboutconfadifg Ieks than § wB% rickel kit ldvidgeashsilererendth ze@ter than
container that is _constructed by joining together a
plurality of discrete30MPatl26tkspanda DRI lower than about -73°C (li¥F). si ng an
ultra-high strength, low alloy steel containing less than 9 wt %

ni ckel and having a tensile strength greater than 830 MPa (120 ksi) and a
DBTT : - :  a oY

bet ween sai c} 0di szc'r et eAgngl gémpmamg P fedsdrized ﬁ(}\u;e@gd gac}erc?hg%%&gtp ?eeslfsllg% %?g%o t

t oughness at said prelﬂasﬂ@amﬁsammhw:ﬂmkpa(lloocrs\il\%andat@t@ﬁ@bﬁahﬁ@&ft0
contain said pressurized |iquefied natural gas, an erein said at

| east one storage cordbaidl2iG(-bH Bpterabiosit-62¥ae80Fevaeinsaidcentgimier isand
(b) propelling said at |east, pne maripe vessel across. bod f ter. . 10.
The et hod of cl ai m GONHFIEI PTG BkFrialkcomeris s sa i reaaieh sirensi dow alle ¥ esh
for converting said RpiGesih fe??th!n‘(l) ?'\%ﬁ%‘ ke MR ingdPRndiR sPref@h gPdthr than

delivering said gas to pipefines
15 830 MPa (120 ksi) and a DBTT lower than about -73°C (-100°F).

3. A container for storing pressurized liquefied natural gas at a pressure of about
1725 kPa (250 psia) to about 4830 kPa (700 psia) and at a temperature of
about -112°C (-170°F) to about -79°C (-110°F), wherein said container (i) is
20 constructed from materials comprising an ultra-high strength, low alloy steel
containing less than 9 wt% nickel and (ii) has adequate strength and fracture

toughness to contain said pressurized liquefied natural gas.

4, A container for storing pressurized liquefied natural gas at a pressure of about
25 1725 kPa (250 psia) to about 7590 kPa (1100 psia) and at a temperature of
about -112°C (-170°F) to about -62°C (-80°F), wherein said container is
constructed from materials comprising an ultra-high strength, low alloy steel
containing less than 9 wt% nickel and having a tensile strength of at least

about 1000 MPa (145 ksi) and a DBTT lower than about -73°C (-100°F),

L




users' facilities. 11. The nmethod of claim9 further conprising the

step of: ( I g sardt pressuri zed |iquefied natural gas
to an i npovo 98/s908$ nal , M)lrléiirjsgﬂéé/?%\zﬁﬁﬁ%r term nal has atpdmesis/ione | nport
storage contai ner that EPH ERg by J{ oi ning together a plurality of

di screte plates of materials conprising an ultra-high strength, |ow all oy
steel containing less than 9 wt % ni ckel af® having a tensile strength
greater than 830 Mpa (120 ksi) and a DBTT | ower than about -73 C. (-100
F.), wherein josnts RenR&er 8fintngbf il Rl LR, WavRirdRIUAh-Bigh stefgthh and
toughness at said pressure and tenperature conditions to contain said
pressurized |i quefi etbwnallayrstdel gradains 1¢s. than abbueS5 méYelmickebf cl ai m 11, wherein
said inport term nal has vaporizing equi pnent for converting said
pressurized liquefied natural gas to a gas. 13. A system for processing
nat ural gas, sakd syat q (RAREalofs . : i t
for converting lss'ai d %a@%ag%gggé%@gﬁeg&nﬁ ? élgxéef}eidéxég%?lgaP%tgapr?% &gg? bg‘{& a
pressure of sbout 103K (R3GPsiH)Idb aboutT59hkRd (1160 Psik)Rmd (el 4 Efnpesitare ofnd at
a tenperature of about -123 C §-190 F.) to about -62[err] C. (-80_.F.); and
(b) a plurality of sebyuige2ReftidPTa teakiast -628€ &80 g Whetetn 58 Ref ay

|l i quefied natural gas from said processing.pl ant ereln id. pl ity of
storage containers aF@S@ﬁgiﬁﬂargﬁ%_ S FOPRATHY %‘58‘%’@}&“ sére@ﬁ,rlgrv?atlllég%{;eef
discrete plates of mMe4REihAlgIess PRAR AbSHTEOWRH nitkél2ad hatibg 3 kérRNgbtfengttOpyeattd Oy
steel containing less than™9 wt % ni ckel and having a tensile strength

grater than 830 MPa (HbB®REMPa(120 ksipBiTa DBIA lowtrthamiwut - 737G (0P7F).

C. (-100[errh F.), wherein joints between said discrete plates have adequate
strength an 0toughness at said pressure and tenperature conditions to
contain said prassuriz - fd

To o S P e S AR e iled $Reficd natpral gasat o prssurg of shout
consi sts essential | y 1945 kPa (250 psia) to about 7590 kPa (1100 psia) and at a temperature of

about -112°C (-170°F) to about -62°C (-80°F), wherein said container is
constructed from materials comprising an ultra-high strength, low alloy steel
15 containing less than about 3 wt% nickel and having a tensile strength of at

least about 1000 MPa (145 ksi) and a DBTT lower than about -73°C (-100°F).

8. A container as in any of claims 1, 2, 3, 4, 5 (claim 5 is a multiple dependent
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(i) reception facilities for reggiu said natural gas and renoving liquid
hydr ocarbons from sai d natural 1 i i
facilities WOP¥¥8%¥ovi ng sufficiént VAROBEEN g
prevent freezing of said natural‘::g&s;_‘@_‘@gllsai d processing; and

(iii) liquefaction facilities for convertTh?- =el'natural gas to said
pressurized |iquefied nat ur &l gas, 15. The system of
claim 14, wherein said processing plant further consists of:

(iv) treating eql pneAtnaine vesseidfoptransporting b @eessurizaé liqeefiedmatiralglagetad from
the group consi sting of carbon dioxide, sulfur-coptajning
conpounds, n- pent ane B5Fs§ure ofghout 1035°kPa (150 psia) togbayteia@0 kPa §1100 psig) andsate,

for'transporti ng. preaaublARsk Ll AR APRCRIAER 1988w A B MGG O

(a) at least one storag nt ai ner _ i'ng sal

l'iquefied natural Qgasmarine vessel has at bastio8 strdbeoftdiner Bht BREksruéld FrdePa (150
psia) to about 7590 kPa (1100 psia) and a t enper ature of about
-123 C. (-190[ err] F.mhatenalabauprisiganmlirg-high stehgthslaiwckllay steebeontapmiag less

storage contai ner bei onstrycted by joining together a plyrality of .
di screte plates thén Wt/"d?‘éiﬁiﬂ"@r}}%l% atEhailEsTEnedh grpalst fhﬁﬁgﬁsw 85&13%3%,

| ow al | oy steel contajni 1700 .100emy M % ni ckel and having a
tensile strength gr egdf“erarl?%gﬁ?%%%%gaa%ﬂ%@ kcsf )10(331%2 a DBTT
| ower than about -73[err] C. (-100 F.), wherein joints between said

di screte | at es have_ adequate strength and toughness at said
pressure and tenfferat ﬁpegnanne vessel of claigohig whiersissaidbulgrehigh siresetheloys dloyiateet ed

| i quefied natural gas; and ok b t | east one marine vessel for
transporti nglosai d at {4 gaéxis less dhan abput eWE’ér‘#céﬁealner cont ai ni ng
said pressurized liquefied natural gas. 17 The system of cl ai m 16,
wherei n each said marine vessel has on-board vaporizing equi pnment for
converting said 1& essThe mathel veseb6f caimnblt haviilg apaisoard vapogiamgaquipsmntifosy st em
further conprises an ingor,t term nal, c(g{)si ti ng e?senti ally of gas transfer
facilities for transfeHnVeHEe said gregspsize “Aﬁ%@@i’ﬁ‘@? 875 QAHA8" facilities.

18. A container for storing pressurized liquefied natural gas at a
pressure of about 1725 kPa (250 psia) to about 7590 kPa (1100 psia) and at
a tenperat urgs of 14bouA melHod &Etraspbithgha preéstriadiiduefié®ndtural gfQo m Jmper@i d
cont ai ner being constructed by joining together a plurality of discrete

pl ates of a | ow al | oytermingly wherewrsgidpressunzeddispeiedmateral gasdias i pressuso of abpuit

% ni ckel and havi ng adequat rength a t t oughness to contain

cal @ preseuri ved |1 quiodte b A % ket Urd Bt & o HpRE PP A
di screte plates have 4@9‘@'@‘190?5 fo%%%ﬁ@”@'(—%@‘@,%ﬁﬁﬁeﬁ%d%é’zhﬂﬂﬁﬁ ﬁx%léfe%s%ﬂd
tenperature conditions to contain said pressurized |iquefied natural gas.

20 (a) delivering said pressurized liquefied natural gas to a marine vessel, wherein
said marine vessel has at least one storage container that is constructed from
materials comprising an ultra-high strength, low alloy steel containing less
than 9 wt% nickel and having a tensile strength greater than 830 MPa (120 ksi)
and a DBTT lower than about -73°C (-100°F); and

25
(b) propelling said marine vessel across a body of water to said import

terminal.
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-52- 19. A nmet hod for proces
nmet hod co ri sing the steps

nat ur al 6@’%§ﬁverting it int
havi ng a pressure of about 1725 to gpout 7590 kPa (1100

transportl ng natural gas,. said
~==umz, (@) processing said

IBL[qu i ed naPEFH$IBYIR6

THX SHEE
P

pres

psia) and a tenperature of abo { (-148 F.) to about -62
C (-80 F.); . (b) placing said essurized i ﬁ‘brkslsdﬁaasaamEAIaced

gas into a plurality of storage containers at a
wherei n said pl U§.al i The methed of clgim t4 furthenemsprisingehe step of:
strength and toughness to contain said pressurized |liquefie na ural

sai d pressure and tenperature conditions; and (c) transportl ng

Fuer ed nat ural gal® SebyRRE bk BERGrpRY LR sH R EpfiRaRaNRbE ming!
l'ocation. 20. A ﬁéﬁﬁg?iﬂlés@f orfef 1%81&%109&6%6%11@?—&%‘3@ cbhsh@icRd b bhlt@atigh
conpri si ng: (a) a processing plant for converting said na ural

gas to pressiurized | stepngfh, ko sibdyistezl containing less than@am‘mamkeigndhpvmgamumf
about 1725 kPa (250 psi aé{to about 7590 kPa (1100 8) a .
t enperat ure of about StfeIJ@ greatgr than §301MBp €120 ksp apd g @%W“Q@Pé‘b?‘}t -63°Q - 80

F.); élﬁgfhurallty of storage containers for receiving said
pressurized liquefie ral gas, wherein said plurality of
storage contai ners have adequate strength and toughness to

contain said pressurized |iquefied natural gas at said pressure and

t enperat ure 16.  The methodiof tleims 14,avttkrein said marine vess¢ldjas ah-boadstmapomang
mari ne vessel adapted for hqglding and transporting said plurality of
storage conl@iners cemtipmentier converung said pressusged hignebied éeruwig%ﬁta@ 88s. 21.
Pressurized liquefied natural gas derived froma process for |iquefying
natural gas to

17.  The method of claim 14 further comprising the step of:

(c) delivering said pressurized liquefied natural gas to an import terminal
15 having vaporizing equipment for converting said pressurized liquefied natural

gas to a gas.

18. A system for processing natural gas to produce pressurized liquefied natural
gas at a pressure of about 1035 kPa (150 psia) to about 7590 kPa (1100 psia)
20 and a temperature of about -123°C (-190°F) to about -62°C (-80°F), said

system comprising:

(a) a processing plant for converting said natural gas to said pressurized

liquefied natural gas; and

25
(b) a plurality of storage containers for receiving said pressurized liquefied
natural gas from said processing plant, wherein said plurality of storage
containers are constructed from materials comprising an ultra-high strength,
low alloy steel containing less than 9 wt% nickel and having a tensile strength
30 greater than 830 MPa (120 ksi) and a DBTT lower than about -73°C (-100°F).

ARy



produce said pressurl zed |iquefi g ot , 1S _an outlet product at a
pressure okygéiidbgsl 725 kPa (250 sFﬁ%SdeFerbmgB 90 kPa (130G isekadgnd a
tenperature of about -100 C. (-148_F.)REPLadygyt err] C. (-80 F.) and
contai ning at |east one conponent” serected=fremthe group consisting of (i)
carbon dioxide, (ii) n-pentane plus, and (ig3y) benzene, in an anount that
woul d freeze in liquefied natural gas at a pressure of about atnospheric
pressure and a tenperature of about -162 C. (- 260[err] F.) 22.
Pressurized liquefied natural gas derived froma process for |iquefying
natural gas to RKOducSeSRittn BY 5y 18, 3Abrdih S48 bidREssiil plird lcofiists ase@blIgW! et
product at a pressure of” about 1725 kPa (250 psia) to about 7590 kPa (1100
psia) and a tenperature of about -100 C ( 148 F.) to about 62[err] C. (-80

F.), wherein said process con |sts ssentially, of the st
recei ving said natur4®) fﬁ%f-'sPth'h acditiep fqr seretving W‘i pqégra{]%qsiaflgggﬁg(;pélb?qmd

sufficient ter vap to prevent freezing of said

nat ur al gaswguri ng 331&8;085?8%82%&“3%éﬂ%®h %gﬁs’l guefying said natural gas to
produce said outl et product.

53 - 23. A container for storing pressurized |liquefied natural gas at
a pressure of about :(BB&hkmzatiériﬁ@iliﬁss for rtmoxéhg)mfﬁaiﬁwatélava@mwpaid@atmdd
at a tenperature of about -123herr (-190[err] F.) to about -62%e r] C

(-80 F.), wherein saifds loMeshEreZing Qféﬁ’é‘tf}a%iﬂé’és squemtws ATBSRfates ap

plurality of discret te rising an ultra-high
strength, |ow all oy gwggsgﬁe%iﬁ%gll &?%egglbgbga ﬁ%ﬁgg 9 wt % nickel and having a
tensile strqagth greater than 830 MPa (120 ksi) and a DBTT | ower than about
-73 C. (-100 F.), wherein joints between said discrete plates have adequate
strength and t oughnegs) lijuefuatich facidisiesifor camacbrtingsaizk raturalegas dmetiid pressurized
contain said pressurlzed | i quefjed natural gas, and further wherein said
joints have a strengt Liqughednatyralgas. hout 90% of the tensile st rength of said
ultra-high strength, low alloy steel.

20.  The system of claim 19, wherein said processing plant further consists of:
15
(d) treating equipment for removal of at least one compound selected from the
group consisting of carbon dioxide, sulfur-containing compounds, n-pentane

plus, and benzene.
20 21.  The system of claim 18 further comprising:

(c) at least one marine vessel for transporting said pressurized liquefied natural
gas, wherein said at least one marine vessel has on board at least one of said
plurality of storage containers; and

25
(d) an export terminal consisting essentially of transfer facilities for
transferring sajd pressurized liquefied natural gas from said processing plant to

said at least one of said plurality of storage containers on board said marine

vessel.
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The system of claim 21, wherein each of said at least one marine vessels has

on-board vaporizing equipment for converting said pressurized liquefied

natural gas to a gas.

The system of claim 22, wherein said system further comprises an import
terminal consisting essentially of gas transfer facilities for transferring said gas

to a pipeline.

The system of claim 18, wherein piping and associated components and
pressure vessels in said processing plant are constructed from an ultra-high
strength, low alloy steel containing less than about 2 wt% nickel and having
adequate strength and fracture toughness to contain said pressurized liquefied

natural gas.

A container for storing pressurized liquefied natural gas at a pressure of about
1725 kPa (250 psia) to about 7590 kPa (1100 psia) and at a temperature of
about -112°C (-170°F) to about -62°C (-80°F), said container being
constructed from a low-alloy, high-strength steel containing less than about 2
wt% nickel and having adequate strength and fracture toughness to contain

said pressurized liquefied natural gas.
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