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(57) Abstract

Systems are provided for vehicular, land-based distribution of pressurized liquefied natural gas at a pressure of about 1035 kPa (150
psia) to about 7590 kPa (1100 psia) and at a temperature of about —123 °C (~190 °F) to about ~62 °C (-80 °F) environ. The systems
include at least one container that is constructed from 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).
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and transport the natural gas as LNG \Yhere potential LNG customers 30
have an alternative source of gas, such as pipeline gas, the conventi onal
LNG chai n of delivery is often not economcally conpetitive.
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In a 10 conventi onal LNG pI ant, gas treating equipnment is required to
renove the gg, - Qxhe INtfbf; 9ases. The gas treating equi pment
typically u ¢ ' ] physi cal. sol vent regenerative process

and requires a s |\gmmﬁs temmaredq:ﬂnedlm the fallowing specifieation] Eeor copyrsicdpe@at i ng
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are us ed t ©a 3@3:‘6%erc1§ markets for the gas. Sometimes a pipeline is available for
transporting produced natural gas to 2 commercial market. When pipeline
transportation to a commercial market is not feasible, produced natural gas is often
processed into LNG for transport to market. The LNG is typically transported via
specially built tanker ships, and then stored and revaporized at an import terminal near
20 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 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,
25  natural gas resources discovered in remote areas are smaller than 280 Gm® (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 shipper, and the large utility LNG customer, are required to economically
process, store, and transport the natural gas as LNG. Where potential LNG customers
30  have an alternative source of gas, such as pipeline gas, the conventional LNG chain of

delivery is often not economically competitive.
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physical solvent regenerative process and requires a significant capital investment.

15  Also, the operating expenses are high in relation to those for other equipment in the.
plant. Dry bed dehydrators, such as molecular sieves, are required to 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 ina ..
conventional LNG plant since it can cause failures in equipment constructed of -

20 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 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

25 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
processing temperatures. Expensive materials with good fracture toughness at low
temperatures, including aluminum and commercial nickel-containing steel (e.g., 9
wt% nickel), are typically used to contain the LNG in the LNG ships and at the import

30 terminals, in addition to their use in the conventional plant.

A typical conventional LNG ship utilizes large spherical containers, known as
Moss spheres, to store the LNG during transport. These ships currently cost more o



develop. In addition, a nore econom cal gasification and distribution
systemis 10 needed so that LNG can be nade economcally attractive to

smal | er consuners. Consequently, the primary objects of the
present i nvwwplokBdiestr € 10 provide a more econom cal s 44
processing, storing, and transporting LJNG fromrenote sources to

comercial markets and to substantially reduce the threshold size of both
the reserve and the market, required to nake an LNG project economcally
feasible. 15 One way to acconplish these objects would be to process the
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E,Eﬁ-f 8;3 8;52 r2 fhr??eway to accomplish th\éaa O%Jse%ggv\:r[ogu?d be to process the LNG at higher presgures
and temperatures than is done in a conventional LNG plant, i.e., at pressures higher::
than atmospheric pressure and temperatures bigher than -162°C (-260°F). While the -
general concept of processing, storing, and transporting LNG at increased pressures::
and temperatures has been discussed in industry publications, these publications ..
20  generally discuss constructing transportation containers from nickel-containing steel
(e.g., 9 wt% nickel) or aluminum, both of which may meet design requirements but
are very expensive materials. For example, at pp. 162-164 of his book NATURAL
GAS BY SEA The Development of a New Technology, published by Witherby & Co.
Ltd., first edition 1979, second edition 1993, Roger Ffooks discusses the conversion
25 of'the Liberty ship Sigalpha to carry either MLG (medium condition liquefied gas) at
1380 kPa (200 psig) and -115°C (-175°F), or CNG (compressed natural gas)
 processed at 7935 kPa (1150 psig) and -60°C (-75°F). M. Ffooks indicates that
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.
30  Ffooks, for CNG service, i.e., 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



transportation of natural gas" byR J. Broeker, International LNG
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LNG at a pressure of 3.1 MPa (450 psi) and a temperature of -100°C (-140°F) using a

storage tank constructed from a 9% Ni steelora3 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

25  knowledge, LNG is not currently commercially processed, stored, and transported at
pressures substantially higher 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, smﬁng transporting, and distributing LNG at such
pressures and temperatures, both via sea and via land, has not heretofore been made

30 commercially available,

Nickel-containing steels conventionally used for cryogenic temperature
structural applications, e.g., steels with nickel contents of greater than about 3 wt%,
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psia) to about 7590 kPa (1100 psia) and at -t ratyre.in.the broad
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May 1998 and i s ident d by the applicants as Docket No. 97006P4 and
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Appl i cation NunbgiveRRifBEAST.S. PRivisidnablatédt applications (tHe FHING Paemnt
Applications has a pr| ority date of 20 June 1997 and is. identified by
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t he USPTO as plication Nunber 60/ 053966. The third of sai PLNG |

Pat ent Appl iPedmagne mmgtmn of pressurized liguefied natural gas (PLNG) at a pressurein -
the broad range of about 1035 kPa (150 psia) to about 7590 kPa (1100 psia)and ata

temperature in the broad range of about -123°C (-190°F) to about -62°C (-80°F).' The
20  most recent of said PLNG Patent Applications has a priority date of 14 May 1998 and
is identified by the applicants as Docket No. 97006P4 and by the United States Patent
and Trademark Office (“USPTO”) as Application Number 60/085467. The first of -
said PLNG Patent Applications has a priority date of 20 June 1997 and is identified
by the USPTO as Application Number 60/050280. The second of said PLNG Patent
25  Applications has a priority date of 28 July 1997 and is identified by the USPTO as -
Application Number 60/053966. The third of said PLNG Patent Applications has a
priority date of 19 December 1997 and is identified by the USPTO as Application =~
Number 60/068226. The fourth of said PLNG Patent Applications has a priority date
of 30 March 1998 and is identified by the USPTO as Application Number 60/079904.
30  However, the PLNG Patent Applications do not describe systems for vehicular, land-
based distribution of PLNG. As used herein, "vehicular, land-based distribution of
PLNG" means distribution of PLNG from central processing or storage facilities to
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15 containers for fluids do not have adequate fracture toughness at cryogenic temperaturss, -
i.e., temperatures lower than about -40°C (-40°F). Other materials with better . ..., -
cryogenic temperature fracture toughness than carbon steel, e.g., commercial . - vz -
nickel-containing steels (3 1/2 wt% Ni to 9 wt% Ni) with tensile strengths up to about . ..
830 MPa (120 ksi), aluminum (Al-5083 or Al-5085), or stainless steel are traditionally ...

20 used to construct commercially available containers that are subject to cryogenic
temperature conditions. Also, specialfy materials such as titanium alloys and special . ..
epoxy-impregnated woven fiberglass composites are sometimes used. However,
containers constructed from these materials often lack adequate strength at traditional
wall thicknesses, e.g., about 2.5 cm (1 inch), to contain pressurized, cryogenic

25  temperature fluids, so wall thicknesses of such containers must be increased to add
strength. This adds weight to the containers that must be supported and transported,
‘often at significant added cost to a project. Additionally, these materials tend to be more
expensive than standard carbon steels. The added cost for support and transport of the
thick-walled containers combined with the increased cost of the material for construction

30  can often make projects economically unattractive. These disadvantages make
currently commerciaily available materials economically unattractive for constructing
containers and systems for vehicular, land-based distribution of PLNG. The
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di scovery of cont ;ﬁ: gﬁ@ﬁn ¢ B# di scussed
in the PLNG a?g%?abg‘\g%f’f@a&leoc%ét ﬁlcl;ig thﬁg% ent capabilities
for procussidigtiﬁtwmefomm‘héquMWmﬂdpmhdeasgmftm aqascmtimhe : '
economni cal | Yalf hi M.l PLNG A
si gni ficant pglrrh%lt%g&%?%a Asaamflsg‘gtg%asesglé? P%I ttJ) %%&r\egéﬁ#“{taﬂ%@ is the
capl t al costemmdmdgmgtabplmahomlthatwmmnmlegas &msmggyat&ﬂﬂtatmﬂd:at ion. A
significant cost, reduct] t he..ve e_cont ai ner .co uld ultimtely
translate i ntB° ht diged ??n%g?%’] é’r?éﬁl’mﬁe?ﬁ%m@%lﬁ%ﬁ??% of vehicul ar,
| and- based tmpmubmhmdmstnbunonofnﬂnNEgamﬂw&bimGﬂ’nNﬁi of LNG and ot her
cryogeni s fluids. "LNG is routinely trucked to meet fuel needs at remote sites where the -

infrastructure for natural gas distribution does not exist. Additionally, local

conditions are increasingly making transported LNG a competitive economic

alternative to gas pipelines for several major energy projects. An Alaskan gas - =i
company has proposed a $200 Million project for remote LNG baseload systems in-
20 sevénteen communities in southeastern Alaska. The company also expects to truck
LNG 300 miles from a liquefaction plant on Cook Inlet to Fairbanks starting in
November, 1997. In eastern Arizona, a recent feasibility study has shown that remote
baseload LNG supply facilities may offer an attractive lower-cost energy solution to a
number of isolated communities without current access to gas pipelines. In addition
25  to trucks and barges, railcars may also be used to transport LNG. These represent
new trends in large-volume LNG transportation and usage with potential for
substantial growth. The emerging PLNG technology could make economically
feasible the use of PLNG as fuel in these and other similar land-based applications, if
a more economical means of vehicular, land-based distribution of PLNG, were
30 available. _
Secondly, trucking LNG to meet fuel needs of certain manufacturing plants

has also become a competitive economical alternative. The most recent example is a
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PCTI US98WL2 7¥iaporized. Currently, to our knowledge, there are no commercial tanker trucks¥or - ...
15  transporting PLNG, instead of LNG, to such a vaporizer for providing additional gds

during peak demands.

Finally, there are projections that several of the current and future major LNG
importers in Asia offer the most potential for LNG use as vehicle fuel (as muchas- .
20% of imports). Trucking of LNG to the refueling stations may be the most
20  attractive economic option depending on local conditions. In particular, in the
absence of an existing infrastructure for gas distribution, cost-effective tanker design
may make PLNG, distribution (by truck, railcar, or barge through existing road, rail,
and land-locked water systems) a more attractive and economic alternative.
A need exists for economical systems for vehicular, land-based distribution of
25  PLNG to allow remote natural gas resources to compete more effectively with
alternative energy supplies. Additionally, a needs exists for more economical systems
for vehicular, land-based distribution of LNG and other cryogenic fluids. As used
hereinafter, the term “tanker truck” is meant to include any means for vehicular,
land-based distribution of PLNG, LNG, or other cryogenic fluids, including without
30 limitation, tanker trailers, railcars, and barges.
Therefore, a particular object of the present invention is to Iprovide economical
systems for vehicular, land-based distribution of LNG at substantially increased
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Ther ef or e, BREET DESCRIF N i nvention is to provide
econom cal stens for vehl cul ar I and based distribution of LNG at
substantial ly i n?‘{‘@ vagjtages of epresmtmvenhonmllbebetterlmderstoodbyrefemngto

20 the following detailed description and the attached drawings in which:
FIG. 1 illustrates a tanker truck storage and transportation container according
to the present invention; '
FIG. 2 illustrates a suspension system for a tanker truck storage and
transportation container according to the present invention;
25 FIG. 3A illustrates an infrastructure for vehicular, land-based distribution of
PLNG according to the present invention;
FIG. 3B illustrates an infrastructure for vehicular, land-based distribution of
PLNG according to the present invention;
FIG. 4A illustrates a plot of critical flaw depth, for a given flaw length, as a
30 function of CTOD fracture toughness and of residual stress; and
FIG. 4B illustrates the geométry (length and depth) of a flaw.
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pressures and tenperatures over conventional LNG systens. Another ‘object of

t he pwedessss nvention is to provide such systems hapipgssiniade
cont ai ners and ot her conponents ffat are constructed frommaterials
havi ng adequate strength and fracture . t oughness to contain said

pressurized liquefied natural gas. 5 SUMVARY OF
Consi stent with the above-stated objects of the present

THE | NVENTI ON
i nventi on, systens

are provi démnimemmtmulv&nbeHésﬁﬂbddaﬁe&médztﬁ:h%h;lﬁlp%fe&éd pr%assgrl tzec11035
fied t LNG ressure in e range of abou

L:Dgut(algg prs];?l jbo ?Bn%%oﬁﬁ‘ggﬁbé@gféhat@ (s ig potipmitedithesetocPpdbeat:ure in

the range ofcontity]the iid&htiniis ftcndddiB[cver LIt hltdrRatvB HoditR 2kt & ..

(-80[err]F). The S %ucqls of. thi.s,.i.nvention .have containers and ot Rer

conmponent s 998y

ultra-high &ieﬁﬁé@ﬂhehﬂ)ﬁndédd]%n&t eel . cont ai ni ng |
ni ckel and having adequate strength and fracture

may he jaelpded veithin the siritand scope of the

Aprentiona @s an
ess than 9 wt%
t oughness to contain

said pressurized Ilquefled natural gas The steel has an ultra--15 high

strength,
(120 kSI)

yrein) greater than 830 MPa
| ower than about -73[err]C -

(-100[err]F). The present mvmwwammg&vdﬂclﬂﬂehpd-bmmSMM| on wll
be better u fafed wgﬁ ﬁx}gt]ﬁes Wél?gi description
and the attggﬁg?(graw%ss |]5r%£:n;1 I&s&gu Bﬂ-lée@ f&iﬁ%‘ﬁﬂa{

rates a

t anker t¥ucKPENG) ab@raﬁuretqf abmy é93¢5akﬂadh5QmmD td abont 759@ kPai{1400 psia) andt ;) th fe
B Fanker 11 oo afberanrs of shout-123°CT{£30°0 b bl L TR0 OISR B i g 1ot he.
present inv emstemnha\@3onta1ners and othétl dGmpBrents that ater cdhruced filonf haedidlgict ure for
vehi cul ar, c@ﬂlgngﬁé gguﬂaﬁgh s%‘léxt:g'tﬁ%w alloy steel containing less than 9 wt% nickel
and having a tensile strength greater than 830 MPa (120 ksi) and a DBTT lower than
15 about -73°C (-100°F). Further, systems are provided for distributing 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 (-1 lO°F), .
wherein the systems have containers and other components that (i) are constructed Eh
from materials comprising an ultra-high strength, low alloy steel containing less than
20 9 wt% nickel and (ii) have adequate strength and fracture toughness to contain said
pressurized liquefied natural gas. Additionally, a tanker truck is provided for
transporting PLNG, wherein said tanker truck has at least one storage container that is
constructed from materials comprising an ultra-high strength, low alloy steel
containing less than 9 wi% nickel and having a tensile strength greater than 830 MPa
25 (120ksi) and a DBTT lower than about -73°C (-100°F) or at least one storage
container that (i) is 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.

30  Containers

The key to achieving the systems of the present invention are containers
suitable for use in a tanker truck for transporting PLNG at a pressure of about 1035



PLNG according to the present invention; FIG 3B illustrates
an infrastucture for vehicul ar, | and-based distribution of PLNG
according to the present invention; FIG 4A illustrates a plot

of critical widogie@epth, for a given flaw length, as a 30 pgciveseseseof CTOD

fracture toughness and of residual strqgs; and FIG 4B
illustrates the geonetry (length and depth) of a flaw. WO
98/ 59195 .
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materi al s conprising an ultra-high strength, |ow alloy steel

cont ai ni ng | 2ot 6% (940N Wi cortainer is provided foraringgnd trersperting thet r engt h
(- 007 or 1 7y PRt Ve chilnter B Mindrul BoliiBhiefllSimprin M 07
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(-100°F). _
Preferably the container of this invention is designed to minin_lizje'_hea.t leakage
15 into the stored PLNG, i.e., to minimize vapdrizatiqh of the stored PLNG, So that most
of the stored PLNG remains in the liquid state for delivery. In one embodlmentthat
utilizes the Dewar concept, the container consists of an inner vessel suspended w1thm
an outer vessel and separated from the outer vessel by a sﬁace that is evécﬁatéd or
contains insulation. Referring to FIG. 1, container 10 of this embodiment comprises
20 inner vessel 11, which contains PLNG 12 and is enclosed by outer vessel 13. Space
14 between inner vessel 11 and outer vessel 13 is initially evacuated and is preferaiﬂ.y
maintained at vacuum to minimize heat leakage due to convection. The vacuum is
maintained primarily by ensuring leak tightness, using techniques known to those
skilled in the art. A high-emissivity coating or other surface treatment is provided on
25  the outer surface 15 of inner vessel 11 to minimize radiation heat transfer into inner
vessel 11. For purposes of example only, without thereby limiﬁng this invention,
outer surface 15 may be covered by a single layer wrap of aluminized mylar to
minimize radiation heat transfer into inner vessel 11. Altematively, space 14 may be
filled with a packing of multi-layer insulation (not shown in FIG. 1) to minimize both
30 radiation and convection heat transfer into inner vessel 11. Additionally, conduction

heat leak is minimized, preferably (i) by minimizing the number of penetrations into



wherein the systens have contai ners and ot her conponents that (i) are

constructed fromnmaterials conprising an ultra-high strength, low
all oy steel containing |ess than 20 9 wt % nickel and (ii) have adequat e
strength angydgsmeioyr € t oughness to contain said Pr estyhdss@fizdg quefi ed

natural gas. Additionally, a tanker truygk is provided for

transporting PLNG wherein said tanker truck has at | east one storage .
container that is constructed frommaterials conprising an ultra-high
strength, |low alloy steel containing less than 9 wt% ni ckel and
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kPa (150 psia t 0 a oel?? °‘}%’é'!§s|%3§’“‘{ !LS_E(%l ps F%n lénr? 7a%nd§’e{1te1%39§f%_r e of about
-123C (sonpg$ ef hepHeakage mmler esjebl . ]Iﬁo(deﬂtb[rmnnﬁl? conBuction lhetllt y n ;’Ié NEP:le S
(250 poi ) 1 SHLBE PG lnd 7 oy eBRRAY ot pelllels ARG A Pl L /2 e
range of lQaboihtcknﬁi@[lmnm}JManﬂﬁigﬁls Inziﬁ)nrx]lgalt ra’;masm(e)s? f‘r?idxwayt‘ Z?n(or ﬂgésrer ;] ::)n he
?/g:\geSOf pgggﬁs@ﬁtg Mg%%a Efg o dgﬁmqtgna% °3§53 ayey gé fSa) and at
a tenper at urmeferablyhwverad gazth(afseaimly bolted cover 204.[ Prefetably, sﬂa‘é@ I£bétivean t 0 about
-79[err] C ( _i;njig'[v% s’éi {:1) and outer vessel 1 er ElImr;uazQA yHovBngr, lth%\warll oet‘%ser \%cssel
11 is preferably isolated from the wall of outer vessel 13, e.g., so that the walls do not
15  contact each other. One method for provndmg this isolation is by placing spacers 14a,
preferably insulating spacers, between the wall of inner vessel 11 and the wall of =
outer vessel 13. In one embodiment, the desired length of vent line 19 is achieved:by
providing a stand-off 23 at outer vessel 13to extend space 14 around vent line 19 .
Alternatively, an appropriate bend in vent line 19 may be adequate to increase the
20  length of vent line 19 and still allow for contraction during cooldown. Anti-slosh
baffles (not shown in FIG. 1) are preferably prov1ded to damp motion of PLNG 12
during transit.

Suspension System

25 In addition to the aforementioned storage containers for storing and
transporting PLNG, another desirable component of the tanker trucks of this invention
is a suspension system. Preferably, the suspension system provides support of the
inner vessel and its contents against static loads, when the tanker truck is stationary,
and against dynamic loads, when the tanker truck is in motion. Typical acceleration

30 loads specified in the design of suspension systems for large cryogenic fluid storage
containers on a trailer or tanker truck are: one g for the vertical upward direction, four
g for the vertical downward direction, two g for the transverse direction, and four g



the pressure and tenperature ranges for PLNG are about 2760 kPa (400 psia)
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state for delj I war concept,
t he contai ng?yg%é{é‘.ﬂg the E-gn 5?}1(’2 %%g%\%géo%g%?agsngwd#n Lé%%ﬁé“&oge an outer
vessel and mpenﬂhadofﬁmrstruétmbu@pmrtmmba’s ltwweaersqnmmgﬁe i's”"evacuat ed or
contains insulati Ref F G .1, c ntal odi nent
conprises 285" ?ﬁ‘fﬁ? ma) atea &mﬂ?rﬁﬁ, C‘H“BSﬂ?% 915’% géhglﬁ'ﬁqgsed by
out er vessebonlﬁcmﬁm(meumervessm'mmkylﬂminusldmgnofehembpdrls)&tedusuﬁmdvessel 13
is initially evacuated | f.er abl mai nt ai ned at vacuumto

i ni m ze heﬁ*r %?@S%%E@ ﬂ“l"f‘ﬁé’ef/‘éeéfﬁ}m i s " mai'At'ai ned
primarily by ensnaeﬁﬁ:glmmgm mﬁmuttuaemlmmgmmemnbﬁ,mmpmhose
skilled in the art. A hi h em,smg {3’% coa &%08 ot her s#r_f ce treatnent is
provi ded on%e“sf‘ﬂ'éy fainer 10 fhistrates t SRpayt rads ni'mze

radi ation hfb%hohrqu;arﬁoma@exﬂw materials with6® lthehhal dofiduckivitpbdsghof exanpl e
only, without therehy Iimting this invent.ion, Quter surface 15 may

be cover®d Byength(sughias G-AQ plastigslase gred i %FWEWWF%Z’E@”“PWW ni ni ze

radi ation hﬁﬁfer'&és?éﬁi%ﬁdhx@%ﬁhférﬂﬁ?'loaﬁ@&ﬁﬁénsﬂo%onﬁ] HRI22 arspace 14 may
be filled with a pac mul ti-layer insulation (not shown in FIG

1) to nini npmdyéﬁmatmhsvmrta?@&i ta the autsrwall of menwessel 1) andde the inpero | nner

vessel 11. mwb&@ﬁ&ésyex 180 life lehf®Bdiment, plaftfiAbash&8 ok ShoWin'th mezq
preferably S m ni m zing _the nunber of penetrations into
WD 98/ 59195 esxgned for thermal isolation, are used along with support rings 22 to provide

PCT/ US9§4 12 §{idmal isolation when the thermal conductivity of support rods 21 is too high to 1 2
minimize heat leakage into inner vessel 11, or to at least limit heat leakage into inner
vessel 11 fo no greater than a target value. Methods for determining the target valne
for heat leakage and how to limit heat leakage to no greater than the target value may
be determined by those skilled in the art given this disclosure and standard industry - .

20 publications. For typical transport trailers for large containers, the dynamic loads on
support rods 21 is likely to be varied and substantial. These factors, as well as other
factors familiar to those skilled in the art, are preferably taken into account in design

of a storage container according to the present invention.

25  Safety System
Referring again to FIG. 1, safety devices are preferably provided on storage
container 10 according to the present invention. Typically an inner vessel 11 pressure
relief valve 24 and burst disc assembly 25 are provided in-line on vent line 19. A
burst disc assembly (not shown on FIG. 1) may also be prov1ded for space 14 between

30 inner vessel 11 and outer vesse] 13.



I nner vessel 11 and, therefore, the nunber of conduction heat paths, (ii)

by using hi gh-insulating materials, and (iii) by judicjous qesign of
support suspension system menbers. As indicated in FIG 1, a mninmum
of two penegid od/idopess | Nt o i nner vessel 11 ar e neededpctusdshiregnd drain

line 17, and opening 16 therefor, are ygquired for loading 5 and
unl oading liquid product to and frominner vessel 11. A vent line 19, and

openi ng 18 therefor, are required to rel ease vapor forned as a result
of heat |eak |nto I nner vessel 11. These openings 16 and 18, fill and
drain |ine Léadimgshd \g ®@petftion . sources of heat |eakage .into

i nner vessel 11. In order to mnimze conduction heat | eakage, fil

and drain line 17 and vent line 19 are preferably designed w th wall 10
t hi cknesses nfiisliFiliag dparatodsengt hs naxi m zed. An access manway 20.i.nto inner

vessel 11 is prow ed for t] and, |ntenanc ur poses.. Access
manway 20 is 3@?‘&15?3&3!/@? Z@éﬁ?‘bﬂﬁﬁbﬁp?é'&ss&% 20a.

Preferabky, c&aﬁﬁ&1b4maﬁpmenpmuommamngvﬁﬁa64essmmwwﬁssel 13is
mini mi zed. However, the wall of inner_ vessel 11 |st{)ref erably

i sol at ed f r évpigally atgimpspherigpressire ud smbienttempergture. Jhenitial flkng ofimnes do not
15 contact v£86M Gt pﬁrerab@@onaﬁ&a%céﬁfn Ré Q}Hregéﬂd EJ&;héncb%&hﬁM fp is by

pl aci ng spacers 14 referably insulati n% acers, between the wall
of inner vemtvesiellémi maleqwhbnumatﬂ&ﬂe@r \PLNG storpge temperge.

enbodi nent %ﬁﬁ?@g gég‘ggn LBl rd
pr ovi di ng alﬁs{’k%n -0 at out er Ss%h?%d%s%heﬁt gﬁgﬂ %&ggﬂzoarﬁound vent
line 19.10 set fomthrstsanavedléowwcmewassel Hen@orBLNGns allqué td9 nay be

adequate tog ﬁrc!,g? m@‘ & low for
contraction 3ur| ngﬁ‘%éngS%‘Q‘Q {ﬂgb ﬁ?mgmx&ég&f‘%?es not shown in FIG 1)
are prefer abhqﬁvmm(ﬁlﬁdh)(tonnncwdn@vmhm)w dBasibicadier 22is provxdeddudlsm;se{thanm t.

Suspensi on | N to 1) st or age
cont ai ners ?O‘?Hﬁ%ﬁ?‘?ﬁowmﬁgm ‘{Lrs%ns oru‘t) ng P %@“ﬁa E&Eabl e _
conponent oiPlNibagamskﬁxewhﬂmﬂmnemi/essﬂllsl Thisdlow qfrvaporPLNstaomumpénm on
system Pref sy | 4pRg fvahdd€ . _

i nner vels?selugélﬂg %Pg)ergﬁﬁ? @%eggﬁsgiag%‘gagﬁgtaomgf g‘\él,’e%meﬁé'%tﬁ% t'anke'r truck
i s stati onafMhe pre-establishetd syapieratire sialneisideriveaipimarilyfeom theeodbldowe cutve uck is-in
motion. Typic ac on._30. .l.oads.,specifi i he desi of

Suspensi on 8y st Fotlint et R oT B Bifepal B phi It SRA UL § o &
trailer or tomskacted randhxagl’beﬂetemmglszho&hhllvéntthcatbyjmfﬂentetb recti on, four

g for Uhe Vel o MR halha il P Hinflr Qe 15 bARSMGLAF vl o0t On

20 up by the flow of vapor PLNG. Next, liquid PLNG is allowed to flow into inner -
vessel 11 for the final phase of the cooldown cycle. A liquid transfer line (not shown
in FIG. 1) from the PLNG source is connected to fill and drain line 17. In one

embodiment of the present invention, at least one cryogenic pump (not shown in FIG.

1) at the PLNG source is used to pump liquid PLNG into inner vessel 11 of container
25 10, preferably at a low flow rate, preferably considerably lower than about .76 cubic -
meters per minute (200 gallons per minute). As the liquid PLNG further cools inner
vessel 11, the liquid PLNG vaporizes and contributes to the pressure build-up. Flow
of vapor PLNG reverses throngh vent lihe 19 to the PLNG source after the pressure
reaches a pre-established pressure value based on the pressure differential between the
30 inner vessel 11 and the PLNG source. When the temperature in container 10 reaches
a pre-established operating temperature value, i.e., as the cooldown cycle is
completed, liquid PLNG is pumped info inner vessel 11 of container 10 from the
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for the longitudinal direction (where g is the |ocal acceleration due to
gravity). Owme9s/s99s way to provide the strength needed to Sunamsrgsch | oads
Is to increase the cross- sectiongd area of the structural support
menbers; however, increasing the cross-sectional area typically
results in an undesirable increase in the rate of thermal 5 conduction to
the inner vessel. Thus judicious design of the support systemis critical
for mnim zPhUG;smmﬁmrb&rablmta ﬂosedateg:f at lehsd abdut . 76renbic metsts pér minute -

Referring n t .t her Lim ti t hi s.inventj.on, an

exanpl e %O&pg% °6ﬁﬁ%“\f/m§ ?%?g% Wﬂb‘ﬁ]g?’rﬁffﬁ?é’ép’f-ﬁ% use of
suppor t rodﬁoﬁﬂmmdresselllbackmtcﬂierPLNmsddms Iwﬂiistemhddﬁnen@pamp ofaterials
with lowth . pbut. hi t.ren G 10 plastics)
are used toﬁﬂg'g?r[’@ﬁﬁn%‘ .}f e‘i‘tc?éga‘?%q?%% ?’Flﬁld dcﬁﬁaﬁéﬁm?’essel 11
and are prefves’selhlnhakﬁidﬁdaJp%e-&&ﬁﬁioﬁﬁtd?%hme&l@pﬂidetd&teﬂ@?aaﬁuﬁrl@vel -
provided to attac nner vessel 11 and

u rods 21 to the outer wall
to the innef® h’i?\é?$g‘8?‘{%’é?m%§§%qé‘i‘§“‘q Sw%aﬂ‘rmrmeﬂreasuc
washer s ( nofolkhaiiglopefatiohéare 2pnducted in ﬁigﬁrb%ﬂéblé éxdert 1D piRbingDPligligon, are
used al ong g}i porf [ &2 o I‘OVI de t.her nmal |soI ation vvhen t he
t her mal con% \?'ls{z??‘?iiﬁ(géﬁg’o‘? #dgieain hne 17 is cpgspdrri ze heat
| eakage .i nt g.gi, welrea&meéfalvmve%ottsao@ﬁdﬁeﬂ)blﬂmabda%nﬁmaﬂfﬁh nto inner

L_r-

vessel 11 to no greater than a target val ue.” Methods for deférm ning the
target V8| yand drain line 17 igdisconpegted fzom the Mwsﬁ]meb(lﬁbﬂﬁwpféme to no

gr eat er thaPLNh?th}o'&gﬁ%nt‘IﬁE‘l@xer%Xsed,e g., BPmeelos gbﬁ@@a@/(na gkilled in
the art given_ this scl osure and standard industry pu catlons For
typical traFRE3ob tmrmhl%}%aﬂ@)fV)Wamd@eéarﬁ@rqqewtedtﬁm@9r«rm@an&5qu on
support 1 odging 1A§ with i¢ Auill Stordtle éﬁ@ﬁbﬁ difum tors as
wel | as ot her bﬁ% rsfamollar to?ﬁsesr?ec &ﬁg art re

preferably mecﬁr%pra%@blymvaﬂablmypgmmer 10 durigg, @dstpm ag@ldmmo@r ner
-accordi Ry 1 g, &6 Bkifiartd WoR 4GMfed in et of%ﬂfo@érﬁc ﬁ%ﬁ%&?ﬁge.

Reﬁllmg/Ofﬂoadmg Operations: .
Referring again to FIG. 1, fill and drain line 17 is used to ﬁll container 10 with
PLNG. A liquid transfer line (not shown in FIG. 1) from the PLNG sourceis @ i-:
20  comnected to fill and drain line 17. In one embodiment of the present invention, at -
least one cryogenic pump (not shown in FIG. 1) at the PLNG source is used to pump
liquid PLNG into inner vessel 11 of container 10, preferably at a flow rate of at least
about .76 cubic meters per minute (200 gallons per minuté). Vapor PLNG from inner
vessel 11 is returned to the PLNG source through a vapor transfer line (not shown in
25  FIG. 1) connected to vent line 19. Also in this embodiment, to offload liquid PLNG
from inner vessel 11, at least one cryogenic pump is provided at the offloading facility
(not shown in FIG. 1) to pump liquid PLNG through fill and drain line 17 while vapor
PLNG is returned to inner vessel 11 through vent line 19. Pressure equilibration is
maintained by the direct interconnection of the liquid and vapor phases in inner vessel
30 11 and in the offloading facility. In this embodiment, pumping of liquid PLNG and
displacement of vapor PLNG continues until liquid PLNG in the storage container at
the offloading facility has reached a pre-set amount or volume, e.g., as detected by a



Referring again to FIG 1, safety devices are preferably provided on

st or age cont ai ner 10 according to the present invention. Typically an
i nner vessel 11 pressure relief valve 24 and burst disc assenbly 25
are provi degoiogrssosie on vent line 19. A burst disc q,a-mm.,&not
shown on FIG 1) may al so be provided {gr space 14 between 30 1nner vessel
11 and outer vessel 13. W 98/59195
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Loadi ng and Unl oadi ng Cperatlons Initial Filling Operations:

Ref erring agmichsensorft Ghich tinkd the follotil cpemitibhstee dohdbdied i aH Eéistai:lE i nner
vessel 11 of é:ont ai.ne LNG. Prjor to initial Jr{ ., i nner
mn

vessel 11 of &W&éﬂ?‘%“%ﬂGﬂﬁ?Mﬂ(’})%ﬂwaﬂW \1 re and

anbi ent t erra@a diail léne ﬁhecdaeud; . gl b¥ ttielcldaﬂ.g%h bm@(not shown V£ FRS! b ;.]nﬂi} s
preferably conducted ac Qrﬁ to a prescrib uence to al or
i nner vesseftd a‘ééﬂ}? 17 E@ﬁ?%ﬁt‘# lquiditrasfG st or age

te”peratWehne,(1v)ﬂbﬂ&Q@p&'ﬁ%%ﬁhv&ﬂi%@i@ﬁ%&s@@(igs coo%é%ﬁ udes the

fol |l owi ng stgﬂos In the order 10 set forth. First cycle for
i nner vesselFa¥¢ nq;&‘}ﬂ%‘mplfl(@DS“HWMIP»@(V)Ventﬂlnai\?islduagomnbdﬁvessel 11

from the PLWG wgyfeRsfePfidigh a vapor transfer line (not shown in FIG
1) connected to vent line 19. Gas header 27 is provided to disperse the

vapor PLNG f | owi ABe pfloading srlieme dessribediaboveid usedforapplications whjelninwblvef t he
vapor Bibbaufg AL bl he'Bhite? el NAPI NG 886lee Lo plp e’ P!

PLNG i s conti nued 15 unti| erature 1 n ner Vesse ?’r%aches a
pre-est dBl | Thess apglﬂﬂ@@pmml@dw&r@mple, Mth'ﬁhﬁhqa'eladmmhg ihisinslerttionuse at ur. e

e I T A N I
storage in a manufacturing facility for subsequent use either as fuel or other feedstock.
For applications where storage as a liquid is not available, the PLNG is vaporized, for
example, without thereby limiting this invention, to meet fuel needs directly or to be. .

15 stored as a gas or to feed a pipeline. In such cases, a vaporization system is preferably -
provided at the offloading site. A typical vaporizatibn system ét the receiving or ... -
offloading site will include cryogenic pumps for offloading PLNG from the tanker; . -
truck and pumping the liquid to the required delivefy pressure, if needed, and a
vaporization system for converting the liquid to vapor. These are standard items that . -

20  are known to anyone skilled in the art. |

Steel for Construction of Containers and Other Components
Any ultra-high strength, low alloy steel containing less than 9 wt% nickel and
having adequate toughness for containing cryogenic temperature fluids, such as
25 PLNG, at operating conditions, according to known principles of fracture mechanics
as described herein, may be used for constructing the containers and other
components of this invention. An example steel for use in the present invention,
without thereby limiting the invention, is a weldable, ultra-high strength, low alloy
“steel containing less than 9 wt% nickel and havmg a tensile strength greater than 830
30 MPa (120 ksi) and adequate toughness to prevent initiation of a fracture, i.e., a failure
event, at cryogenic temperature operating conditions. Another example steel for use
in the present invention, without thereby limiting the invention, is a weldable,



constructed, and may be determ ned by those skilled in the art by reference
to standard industry publications. The pressure in inner vessel 11 is
si mul taneously built 20 up by the flow of vapor PLNG Next, l|iquid PLNG
is all owed w9dshsemwsi nt o i nner vessel 11 for the final polvesmnofsst he
cool down cycle. Aliquid transfer |ineignot shown in FIG 1) fromthe
PLNG source is connected to fill and drain line 17. In one enbodi nent
of the present invention, at |east one cryogenic punp (not shown in FIG

1) at the PLNG source is used to punp liquid PLNG into inner vessel 11 of
cont ai ner 2%ltra-high spremgiinedb alfoyedtech comainihk dess thah aboupBs &ft%r:ﬁ&ldeyauamsinger ably

peThe | quitopTREkPRE AL tegtgbatt 100, e Tiad edlaod evaspelfpshimsd  pLnG

vapori zes anstevenbinitiafioh 0fa fractires. Qraqsmw&ulak&ybm&bﬁyﬁmueopeimgpor PLNG
reverses through vent I|ne 19 to the PLNG sqQurce after the pressure

reaches a préonditions Breferablythesesuaraply steels hayveddBT by plilomer thanabowta730G f er ent i al
bet ween t e (311}) Fyiner vessel 11 and the PLNG source. Wen the tenperature
i n contai ner 6) eaches a preestablished operating tenperature val ue,

i .e., as the coolRevent adyayices insteel makingtephinelogy havd madegpoBtiibiethes punped i nto

ner vessel e QP ke tih LB 15 attoy seets with ex/ReRELFSARR

PLNG sour ce , tempehitratohghress. Fol b:mmplaltlare@lﬂ Sapatérﬁaskuedbmﬁbo etd.,cubi c neters
DT L 51284 5h) 078811 B e ST ST L o0
I n this svboHesesteels o producegstert plates with téngile streRbthiéo£abdurB39MPCE20 ki), 0f vapor
|cF; Ir_ gl G s g? nglrrgt}%% lﬂfg k/'l)"]ol&lﬁﬂ’uéng .hgg.lﬁ!élrc';a@géé’?@@?‘éar%ﬁfgﬁg ?‘}ee&l?fiﬂ&?s&’g%drtgac heds ensor
such as a t unrebeisiprentd ard modifitd folyruvidé CorbifeddtaethitgtistrtiesaindWhi chi time the
[ Pqurd 0 Ppeeing br Spfeting piap e vebr Dy ey pene b raalrtte [T and
drain line l&yd» aapdamemughnessgnbotbmetﬂase ﬁédl)ﬁndhﬂ 11 heat affdcie@ zomwt shown
n FIG 15) | l\l/he%rwelg al’[%eslelurl] 5 -!]ﬁ tg'ength, fow alloy steels also have improved
toughness over standard commercially available ultra-high strength, low alloy steels:’
The improved steels are described in a co-pending U.S. provisional patent application
entitled “ULTRA-HIGH STRENGTH STEELS WITH EXCELLENT CRYOGENIC
TEMPERATURE TOUGHNESS”, which has a priority date of 19 December 1997
20 and is identified by the United States Patent and Trademark Office (“USPTO™) as -
Application Number 60/068194; in a co-pending U.S. provisional patent application -
entitled “ULTRA-HIGH STRENGTH AUSAGED STEELS WITH EXCELLENT -
CRYOGENIC TEMPERATURE TOUGHNESS”, which has a priority date of 19
December 1997 and is identified by the USPTO as Application Number 60/068252;
25 and in a co-pending U.S. provisional patent application entitled “ULTRA-HIGH
STRENGTH DUAL PHASE STEELS WITH EXCELLENT CRYOGENIC
TEMPERATURE 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”).
30 The new steels described in the Steel Patent Applications, and further
described in the examples below, are especially suitable for constructihg the
containers for storing and transporting PLNG of this invention in that the steels have



10 and drain line 17 is disconnected fromthe liquid transfer line, (iv)

fl ow of vapor PLNG t hrough vent line 19 is ceased, e.g., by the
closing of a valve (not shown in FIG 1) in vent i ne 19 and (V)
vent |ine I{Qolsgsebsconnected fromthe vapor transfer pCijuRSk2fs W th

cryogenic fluid storage containers genggally, a mnimm of about 10%
vapor space is preferably available in container 10 during, and upon
conpletion of, 15 loading, as is famliar to those skilled in the art of

cryogenic fluid storage. Refilling/ Ofloadi ng Operations: _
Referring ageé llb@i |cﬁara3ten§ti'c§ ,IpreFerablg oy sheel ﬁl%ﬂﬁ&m\e&eéj&eﬂo%‘% i % k contai ner
10 with PLNG. uid transfer line (‘'not shown In romthe

PLNG sour ce ipch) and gre@tgﬁ DEdT lpwerrthan abont 737G~ 100°F)p preferably lowentham rbodi nent

f th o _ . ape .j.c ngt..shown in
2a ) Par Bt TR R0 the basestpdf A5 REweAPRE N il el 3,
vessel 11 (gteammhala?oﬁmmzmkﬁj,pr&thblygteaarmhm%duas@ma€1125 kﬁ Shd:

b .7 bi t m hut e PLNGfrom
Foner |3 © 0rE plRE S B ke DT Bhp 00 B ouretr e, Gisor
transfer |i rsabs(taﬁhl]yhmﬁmﬂiofiﬂx-thl&hgf K%hoﬁﬁi&@@érﬂ%réﬁrﬁ&%d'(ﬁ)re 1?1 Alt so in

h nbodi t nner .vesse a
'I[e:agteong Ic% ﬁﬁsg’ E{B‘?Fﬁsw?ﬁ?%cgwcf%awfa&?aﬂ irargishatrength, Jow -~ (not
shown in Fl Gllog jteéls. Pveklindre gtefetatly, est Bl"eélb'ﬁi\leﬁ'tbﬂsﬂ@ﬁénﬁﬂx@é‘ gr le:f‘%gﬂ-zg"\’h' | e

v

vapor NG I.s.ret to inner vessel 11 throu
Pr gssure eq&b @Pimﬂﬁ?gﬁﬂ or greaferthan shoyt 45 MPa(14p kel or gresterthehnect i on of
the |iquiod ABEWMOPOMHE me)l n i nner vessel 30 11 and in the offl oading

facility. In this enbodi nent, punping of liquid PLNG and di spl acenent
of vapor PLNG continues until liquid PLNG in the storage container at

the of fl| oadipagt $1e8liBxafnplenas reached a pre-set amount or volune; e.g., as
detected by a WO 98159195

PCr/ US98112744  As discussed above, a copending U.S. provisional patent application, havinga
priority date of 19 December 1997, entitled “Ultra-High Strength Steels With
- 15 Excellent Cryogenic Temperature Toughness”, and identified by the USPTO as -« :
~ Application No. 60/068194, provides a description of steels suitable for use in ther -
present invention. A method is provided for preparing an ultra-high strength steei~ - ©

plate having a microstructure comprising predominantly tempered fine-grained lath -
martensite, tempered fine-grained lower bainite, or mixtures thereof, wherein the - =
20 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
substantially all carbides and carbonitrides of niobium and vanadium in the steel slab,
and (iii) establish fine initial austenite grains in the steel slab; (b) reducing the steel -
_slab to form steel plate in one or more hot rolling passes in a first temperature range in
25 which austenite recrystallizes; (c) further reducing the steel plate in one or more hot -

rolling passes in a second temperature range below about the Ty, temperature and

above about the Ar; transformation temperature; (d) quenching the steel plate at a
cooling rate of about 10°C per second to about 40°C per second (18°F/sec - 72°F/sec)

to a Quench Stop Temperature below about the M transformation temperature plus
30 200°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



| evel sensor, at which tinme the follow ng operations are conducted in any

reasonabl e. . order: (i) punping of liquid PLNGis stopped, (ii) flow
of liquid PLNG through fill and drain line 17 is ceased, e.g., by the
cl osi ng of wowalsses(not shown in FIG 1) in fill andpchirososniuse 17,
(iii) fill and drain line 17 is disconpected fromthe liquid transfer 5
line, (iv) flow of vapor PLNG through vent line 19 is ceased, e.g., by the
closing of a valve (not shown in FIG 1) in vent line 19, and (v) vent
line 19 is disconnected from t he vapor transfer |ine.

The of f | oadtentpesatire, prefemblyrupltehuthetincluding) siedA d) transfiupiation tengpafatin, Ch

I nvol ve of f.l oadi ng PLNG from t he tanker .truyck ntoaPLNGstorage
cont ai ner of° r@@ﬁ?ﬁ‘?ﬂg%gs cient-fp canse RISEP %3 i% hHFmW WEp! e,
Wi t hout t hefiyoft 8-6opber) Mok 0 oi thevaetiddsand cﬂ‘B@ntndes of:ﬁﬂbnﬂhaﬁammaﬂl cul ar
fuel, storage at_a renote facility for subsequent use as_fuel, or

storage in WMM*@W%W%WH‘WP@HB%MW Particlesdepends f yel or

ot her fe?“?ﬂﬁﬁnlyonthethf&ﬁes@%’cﬂe%&%lﬂ&é tﬁ@él{eﬁnﬁnyf@%tééF% e{édiltthd i s not
avai |l abl e he PLNG i s vaporized, f exanple, wt t her eby

limting thiennerng ansrature,andean by deiermined by oae ski Wﬂ@rar%dsﬁkﬁll’ss%tored as
pr o or abi y o detnfiof fpredsinanlly WS ERAE ARt 8 T BB YEASY | 2t on
Yoo 2t R B R Bl R BRICS 1L o ude cryogenic
l/;gglr?zgt?l E)Ees;gtigm or conver?cﬁ{)&ﬁy{enpdawg vglssbé1 g'ge gre standard
itens that Bds ﬁrsasteellenmple pmfw»haeamicmauqturetcbmpmed of predominagiiyeel f or

Constructlo ; ny ultra-high
10% ba ’igEfni ess%ﬁ%ﬁﬁwﬁ% ni gﬂsee’ ar'rol\d havi ng

strength, Iow con
adequat e tomgmaasshdrmf &onpmfanhlgtocsnbsﬁgﬁaﬂscmﬁmm:t@fmubhof ds, such as 25

PLNG at operat. condi tions cordi.n k nown n ?kg racture
mechani cs e Q‘Eg% d?“ﬁ%%l '1‘{5?% ,“W%%%%Od“%eg l%:eoa?\l ruc pg%%edt he
cont ai ners anthisfirktasteel exampleoand dmthe thims, “prédominanttyhheansat léast dboatrfil e st eel
for use in th resent .jnven t hout there the
ety o veRmRRRRA, Mo SRt momicp Pl Forhih S bbbl o0 Ryl
cont ai ni ng Iperz:entttdnmwsm&ﬁnmpdmht erb:aﬁnmaxaedlewmﬁamte,ttemlmdﬁ greater
than 830 30 . MPa Ksi nd_ad hness t e initiation of
a fracture, D0 érm‘g%%%é %”é’% m&@&ﬁ‘ﬁmﬁfﬁg 2 erat ur & -operating
condi ti ons. nﬂmmmremmkaasleeahbdwsouaemepercenttempaedﬁn@gehwloment i on,
wi t hout theliebi/ limt ﬂﬁ t he |r]:\i/ rrﬁlon tel()%m? WesltgereoteMostpreE ably, the

20 mim‘ostructure comprises substantially 100% tempered fine-grained lath martensite.

A steel slab processed according to this first steel example is manufactured in

3-

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:
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ultra-high strength, low alloy steel containing | ess than about 3 W %

ni ckel and R{&y9dsg19s a tensile strength of at |east abouicrhtaghda (145

ksi) and adequat e toughness to prgyent initiation of a fracture, i.e.,
a failure event, at cryogenic tenperature operating condi tions.
Preferably t hese exanpl e steel s have DBTTs of |ower than about -73C 5
(-100[err]F). Recent advances in steel naking technol ogy have
made possible the . manuf acture ofpgppay ultra-high strength, lLow alloy
steels with excellent cryogenic t enperat ure toughness. For exanpl e,
three U.S. patents issued to Koo et al. 5,531, 842, 5,545,269; and

5, 545, 270, descghbﬁn?m,ﬁé,gel s and &k Qgﬂo/f,)or processing. 10 -these steels
to produce steel es with tensile strengths of about 830 MPa (120 ksi),

965 MPa (140 ksi), and higher. The steel's and processing’ nethods-descri bed

therein s havgaBgg{cy MPr oved eh 1D didkd firdfetB10.64/1 6167 conbi ned st eel
chem stries and processi ng for nanufactur i n%a'tll tra- high st rengt h; | ow

all oy steels wi tmangyess @n) 05c2§dg@ﬁmfﬂéﬂjbé ¥ e .t oughness i-n bot h
the base steel amlkblmearfg; 12(2 Ptlﬁsﬁ? ,;1;15(_%2) when wel ded. These

ul tra-hi gh strengt ve i nproved - t oughness
over standard coenppec{Gdl y avaiQ-hbl.s, morepzeferallyi OSt-rlehgt h, | ow all oy steels.

The inproved ste rfﬁ]g i i - i d 8. provisional patent
appl i cation %(ﬁ rthe ﬁaﬁlT%ﬁ?&ﬁ%‘%&ﬁ@%@%@f W TH EXCELLENT
CRYOGEN 1© TBWEW\UN]QE TQJ@-QESBI,,mthIﬂﬁ%ﬁHEO-% pPi0drity date of 19
Decerter, 1997, 20 iy 20" dAd! 5 e Mgl Ghel gy Patent, and
co-pendi ng U. S. phmingn@ABbI pat(b@ﬁl-eq;(itﬂ nmmlyrefeu:ablyOO(lsntG 03 ed "ULTRA- H GH

STRENGTH AUSAGED STEELS.W TH E RATURE
TOUGHNESS", whi c HoRsn riorit at e mf’é”pcge%%e |6I%5997 and is

identified by the USPTO as Application Nunber 60/ 068252 -25 and in a
SR o AR08 OB LAl o el
wt%, and more preferably about 0.02 wt% to about 0.05 wt%. ' o
Chromium (Cr) is sometimes added to the steel, preferably up to about 1. 0;
wit%, 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 wt% nickel. Nickel content of*
25  the steel can be increased above about 3 wt% if desired to enhance performance after
welding. Each 1 wt% addition of nickel is expected to lower the DBTT of the steel by
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. If nickel content is increased above about 3 wt%, manganese content can

30  be decreased below about 0.5 wt% down to 0.0 wt%. Therefore, in a broad sense, up
to about 2.5 wt% manganese is preferred.



TEMPERATURE TOUGHNESS', which has a priority date of 19 Decenber 1997

and is identified by the USPTO as Applicati on Nunber 60/068816.
(collectively, the "Steel Patent Applications"). 30 _ The new
steel s desowpbsishiosr t he Steel Patent Applications, and furddiaisesnaras
described in the exanples below, are empecially suitable for constructing

t he containers for storing and transporting PLNG of this i nvent lon in
that the steels have . WD 98/ 59195
PCT/ US98/ 12744 18 .

tBe Iolzl gwi ng chﬁadzﬁmnany,stéxdmlsmgfeﬁﬁbjwbﬁﬁﬁuﬂtyj?_ﬁhuﬁﬁrm?mi&dglég&sse%g
about 2. er -
(-100[ err] °g€‘}}°é?‘5r(§b 1‘% m%@@f@i “B%OV%’@I(%%GWB'G[’%H] F), in

t he base stpeferab etd‘thﬁﬁ%ouﬁoobm Okygen(©N&drtént Siprera@bly less than gr eat er
t han 830 MP &1&8&; , preferably greater than about 860 MPa (125 ksi),
and 5 rmre’il’ﬁ greater than about 900 MPa (130 ksi); (i#i:) superior

vel dabi l§ ty; (i Vih somewhatpydater aethil, 3l dreel bddbiddigtoithis Akt@kted] Bk IS RS .

m crostructure and Fr operties; and npr oved toughness over

standard, cRFAPREREPIRIompIng A-lab aﬂilﬂlﬁd%‘t‘ic&wg‘ﬁ%ﬁ@ﬁgﬁﬁd hergi; heating the| | oy
steel s. Evegygh Qexﬁﬁ%gtﬁt%%?k’ﬂfmab B33 Eo%b%u 6501575651 '125@%5%9th of

greater than 930 MPa or greater than gbout 965 MPa
(140 ksi), mﬂ@bas@tqmms@dplabmemmrmse@pmm a)bout30percenttm rst

Steel Exanmpjg 94"’@?‘%“@ RERAR Y
provi si onal pa%mn?er%eﬁ%fedg%t%lon %:[F;VI 9&‘é§mp?1|ugfri’l ty date of 19 Decenber

1997, end i tiegfystallizts, a,ethme&muﬁt]?,, rafburdy dnld fdtbher héPr61BhE Bidlstee) YOgeni ¢
Tenper at ure Toughness and identified by the USPTO as Application

No. 60/ 0681fldte ipone/dminere pastesmovidingahout40percentso shout 8bpacdnbreducteni n t he
in a second temperature range below about the Ty, temperature and above about the

Ar; transformation temperature, The hot rolled steel plate is then quenched at a o
cooling rate of about 10°C per second to about 40°C per second (1 8°F/sec 72°F/sec)

15  to asuitable QST (as defined in the Glossary) below about the Mg transformatmn .....

temperature plus 200°C (360°F), at which time the quenchmg is terminated. In one ;.
embodiment of this first steel example, the steel plate is then air cooied to ambient "
temperature. This processing is used to produce a microstructure preferably

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

20  mixtures thereof, or, more preferably comprising substantially 100% fine-grained lath
martensite.

The thus direct quenched martensite in steels according to this first steel
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,

25  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
to substantial loss of strength. In the present invention, the usual strength loss from
tempering is offset by inducing precipitate dispersion hardening. Dispersion

30  hardening from fine copper precipitates and mixed carbides and/or carbonitrides are
utilized to optimize strength and toughness during the tempering of the martensitic



present invention. A nethod is provided for preparing an ultra-high
strength st eel pl ate having a mcrostructure conprising predom nantly
tenpered fine-grained lath martensite, tenpered fine-grained”l ower

bai nite, orwg s thereof, wherein the 20 nmet hod co ' t he steps
of (a) heat‘l'viralgg%;gylgtgeel slab to a reheaj,j ng tenperature Wdﬁ%é?’ﬁ"@i ently
high to (i) substantially honmpgenize the steel slab, (ii) dissolve
substantially all carbides.and carbonitrides of niobiumand vanadiumin the

steel slab, - and(|||) establish fine initial austenite grains in the
steel slab; ghfuurk &n?&f@ ate in one or
nore hot rolli ng ‘passes |en a hhegtﬁebl%r%ﬁlrhé&?tggpeé‘% WP%

aust eni t e rteoppgngivithindls browd rafigeraffabout ﬂemﬂ:uoragout 650°C (@50°Fp! 120¢°F) n ‘one or

nor e hot I II| "y ase te at range wabout
the T[err] F“ﬂrlr?)‘grag ] aﬁ’g?osg @‘egﬁgﬁ:lgg{)ﬁ? °§lelfl B'rtéﬁ’& % on

t enper at ureteu(pdaedquemeﬁ&bhpeﬁhﬁeﬁoﬁlamﬁaabutaomc 752°F) €l belGw fiat-e: of about
10[err]C per secoPd to atgl%ut étﬁ%frr C. per .second, (18[err]F/ sec_-

72[err] Fl sefft & Sf e spficientiecoie Rrsspitationofi] er r]

t ransf or mat haﬂeﬂm&ﬁawdaﬁnwhﬁ) Tlﬂg’ﬁ{oeésﬁﬂl deiteiitsRfdnbfoimatiof)of St OPPI Ng

t he quenchlaqe and (f) teppering the steel plate at_a t enpering.

t enper at ur e ﬁwmm%ﬂ?@ewy&tﬂ@?@mﬂﬁ@m%[err]

t r ansf or mat yfaftensite, tempered find/§Pai84 R¥LPBainite, or mixtures thereof. Again, the

PCT/ US98/ 12744 19

t enper at ur eperidataimesuificignt tosaussprecipitatiomef hardening peticlendenends t r ansf or mat i on
t enper atiyir €primarily dnQhe hicRRésk BENE SteblipiRe, %ﬁéhbﬁisﬁ?errg ;bgg?,%&ﬁieo' tation of

har deni ng partlcl es, 1.e., one or nor e Mb2C, or the
car bi des anmmgaaﬂcmwmmwmwmmem The period of tine
sufficient to cause precipitation of hardening particles depends 5
primarily on the thickness of the steel plate, the chem stry of the steel

pl ate, and '

As discussed above, a copending U.S. provisional patent application, havinga

15  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 -
plate having a micro-laminate microstructure comprising about 2 vol% to about 10

20  vol% austenite film layers and about 90 vol% ,td 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
substantially all carbides and carbonitrides of niobium and vanadium in the steel slab,

25  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 Ty, temperature and

above about the Ar; transformation temperature; (d) quenching the steel plate at a -
30 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 (QST) below about the M; transformation temperature



tenpering tenperature, and can be determ ned by one skilled in the art.

(See d ossary . for definitions of predom nantly, of hardening
particles, of T[err] tenperature, of Ar3, Merr], and Alerr]
t ransf or natwons/ssssper at ures, and of M[err]C.) PCT/USIS/ENSLT €

anbi ent and cryogeni c tenperature touglhess, steels according to 10 this
first steel exanple preferably have a m crostructure conprised of

predom nantly tenpered fine-grained | ower bainite, tenpered
fine-grained lath martensite, or m xtures thereof. It is preferable to
subst ant i al s TOOPOY186°FY il S04 & B0 the M, transforBiiivni tirhpdrittres ARF td)t UENt s such
as upper bainite, twinned martensite and MA. As used in this first

st eel exarrpkteppmglshldquanbkmg.lhlmsenibpmmtnmhtana:thqdofnlmmondsthﬂast about 50

15 volunme perc I\/bre r ef bl cro truct uLe conmpt .at | east
about 60" voPTHE furttXofeplsrs & A% Yratlayind JbF HOR oo cob O RmpGE
fi ne- gr ai nettmpersture famnthe OSTt Emestissa embodindent; theguathodarf thissdeondstéednsi t e, or

m xtures t her eof en m)re efera m cture conpr.i ses
at | east S ab&ATRIY ﬂ\%‘ 8@4’@%&‘#’?@“&?‘5%&@@5 bai ni te,

tenpered fi pot@failiyed ﬂieaQS*lr fmrup €atioues nﬁxtut@pﬂoufoezﬁlotht&e&eel

preferably, the 20 _mcrostructyre co r| s subst nt| 00% t enper ed
fine-grai ne 8T caglHio Ambicntgmperature. In yet ano %dE'E@ &ﬁfléﬁé?sed accordi ng
to this firsgécond sedl eﬁmﬁm Ifigtties cotipised b WicP df | slaw-coolmg the @tuatpwwfr&nf ashi on

and, in one enbodi nent, rises iron and t | I oyi ng

el ements, prherQYhat %Faﬁeﬂ"‘f’ b@H‘t19‘3915°é§°q0ﬁ@lﬂc%1F@G°)lfﬁr‘Eﬂ1‘@ aPB‘Ftlsovm ng Table

:DCTI U898 12 %ﬂ@ ;%yr wﬂiﬁﬁvmg the steel plate to air cool to ambient temperature. I2n Oyet

Tabl e | another embogimeny; ithegmethedhefi this invention furthegnegmprisgsdhe 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 S minutes prior to allowing the steel plate to air céol to
ambient temperature. This processing facilitates transformation of the microstructure
15  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 predonﬁnanﬂy fine-grained marteﬁsite and fine-

grained lower bainite. (See Glossary for déﬁnitions of T,y temperature, and of Ar;

and Mj transformation temperatures.)

To ensure ambient and cryogenic temperature toughness, the laths in the
20  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
second steel example, and in the claims, “predominantly” means at least about 50
volume percent. The remainder of the microstructure can comprise additional
25  fine-grained lower bainite, additional fine-grained lath martensite, or ferrite. More
| preferably, the microstructure comprises at least about 60 volume percent to about 80-
volume percent lower bainite or lath martensite. Even more preferably, the
microstructure comprises at least about 90 volume percent lower bainite or lath
martensite.



carbon (C 0.04 - 0.12, nore preferably 0.04 - 0.07

5

manganese (M) 0.5 - 2.5, nore preferably 1.0 - 1.8 i _ni ckel
(Ni) 1.0 - 3.0, nore preferably 1.5 - 2.5 copper (Cu)
0.1 - 1.5 wowsppsferably 0.5 - 1.0 mol ybdenuggiddssn .,94 1 -
0.8, nore preferably 0.2 - 0.5 10 24 ni obi um ( Nb) 0.02 - 0.
nore preferably 0.03 - 0.05 titanium (Ti) 0. 008 - 003
nore preferably 0.01 - 0.02 al um num (Al) 0.001 - 0.05,
nore preferably 0.005 - 0.03 nitrogen (N) 0.002 - 0.005,
nore preferabl y (Aﬁ&lslabﬁro@ékiedaci:&dmgtoﬂﬁssec&(ﬂrwéiddﬁnb)é)xsin’im&%ﬁfeh”es added
to the steel, fera%¥ upt o .about 0..10 wt % and_nore prefeéerably
about 0.02 \HP % ghe cmbodiment, mmp@fﬁsbtﬁi’ﬂ?ﬂ?‘&f‘) NG onret | mes

added to thallsyiag blemame,fpaétaﬁbwmmetv@mghwigeém@icatedmtha\fo%wﬁigekaﬂiaflﬁ
preferably about 0.2 w%to about 0.6 W% Si-iicon{$Si) is

sonetimes added to the steel, preferably up to about 0.5 wt% 20. nore
preferablsy about 0.01 wt%to abpsfleft 5 Wt % and even nore preferably about
0.05 wt%to about 0.1 W% Boron (B) is sonetinmes added to the

steel, preferabl ut 0.002 Oy and nore preferably about
; g"ufﬂétﬁgﬁﬁgﬁ % Qzﬁﬁfge/‘{wto/ )I'he

0. 0006 Wt% to a steel preferably contains
at | east about 1 % kel C‘E@gﬁ? t ent o& é& a%eel can be

i ncreased above &BYAR( wt % i f mpqe By 083: 087 rance after

wel di ng Each 1 widfpamtss QMON ofomgbghoie%rﬁ&aagtm)dng) | ower the DBTT of the
st eel ou err]C (18[err]F). N _ckel tent is preferably |ess
than 9 vvt% nore"ffﬁ‘@lfl&)ably Ieslgé 35, mpwgﬁef%lg}ml 6‘ % Nickel content is
pr ef er ablgy m ni mcalgsir((r:u)order t@lmoltﬁbﬁqﬂﬁ&gﬁlyoz 0.9f the steel. If nickel

oot ensed bl ow RANRATIS (ph dbhn 0 Bombregralfahy P or 6. | n a broad sense,
up to about n?obﬁnﬂ\n%)nangarmsﬁ- 0.8, o1 bREraly 0.02 - 0.05
titanium (Ti) 0.008 - 0.03, more preferably 0.01 - 0.02
aluminum (AI) 0.001 - 0.05, more preferably 0.005 - 0.03
15 . nitrogen (N) 0.002 - 0.005, more preferably 0.002 - 0.003 -~ . us%

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 wi% to about 0.5 wt%, and even more preferably about
0.05 Wi% to about 0.1 wi%. |
Boron (B) is sometlmes 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 wit% nickel. Nickel content of |
25  the steel can be increased above about 3 wt% if desired to enhance performance after
welding. Each 1 wt% addition of nickel is expected to lower the DBTT of the steel by
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. If nickel content is increased above about 3 wt%, manganese content can
30  be decreased below about 0.5 wt% down to 0.0 wi%. Therefore, in a broad sense, up
to about 2.5 wt% manganese is preferred. '
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Additionally, residuals are preferably substantially mnimzed in the

st eel . waYsmepisor ous (P) content is preferably |ess thaoraisssarzf. 01 W %
Sul fur (S) content is preferably25ess than about 0.004 wt% Oxygen (O
content is preferably | ess than about 0.002 w % I n
somewhat greater detai'll, a steel according to this first steel exanple is

prepared by formng a slab of the desired conposition as described herein;
heating the Adslitirinaliy raidmlspmwbicr&lxﬁubﬁtnmiﬂlalndnﬁnﬁﬁﬁﬁﬁrers}ea to about

1065[err] C 0 X ) t,o form
steel plat eli*ﬁ%%’%g’kog“éﬁr%}eé?§ {éegéerélh %%%/%ﬁg ué 838”%%‘%@3 lﬁﬁm - about
70 percent pteﬁnblyllessmanaboﬁuom4wmmx§¢§en(@)afomagexslprefwablghesatlmhemte 10
recrystalli ¢02wt"/ above about the T[err] tenperature, and further hot
rolling thé‘g ee % nplate in one or nore passes providing abolt 40

per cent st 0 aboutinSémeetix greater A¢lail; taisted]l accordingito this sceamiwieel exmpgleisure range
bel ow about the T[err].te r ure.adabove aboyt th . Ar 3
t r ansf or natATERF F"ghnéraggg?ﬁé‘ P«Eﬂs@?’bﬁ&ﬁ‘iﬁh?rgmtm%nched at

a 00| dghdo b Mntpepdire BOHSm hOHR 053°C BRALoRA065FT (1950@P0UDSsER); %ot | C per
second (18[err]F/sec - 72[err]F/sec) 15 to a swtable T (as defined in
t he G ossarrpllingdhesiabtedomm stel plafein/one o MANIFSeH ProYiding about 30neFeptiour e pl us

200[ err] C ( ﬁﬁ&f&tmﬁ&ﬁbﬂ'&@ﬁk&%ﬁeﬁﬁuﬂ%@@ﬂﬁﬁcﬁﬁls&%ftén nated. .In one

enbodi nent &? this first steel exanple, -the Steel plate is then air cool ed
to anbi gnt recrystallieepié.pdbiove abolibthe Tof empemiung and furtherhdt mlhng)ﬂhasteela

m crostructure preferably conprising predom nantly fine-grained |ath
mart ensi t e, plite ireorg orimare passeacproviding abaut 48 perpent to aoxt 80 psrcenkredielion or , nore

f bl b 100% d.l
T o 1 &, 15 Sbeon G peritip e o™ AP B G OHER TR SREYEOV A el o
accor di gt gl ol didh Rlre.The b KA el e ik AleBRGRa LT 1 1S

t oughness can nprove y tenpering at
cooling rate of about 10°C per second to about 40°C per second (18°F/sec - 72°Flsec)

15 to a suitable QST below about the M; transformation temperature plus 100°C (180°F)

and above about the My transformation temperature, at which time the quenchmg 1s o

terminated. In one embodlment of this second steel example, after quenchmg 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 tenmnated the
20  steel plate is held substantially isothermally at the QST for a period of tlme -
preferably up to about 5 minutes, and then air cooled to ambient temperature In yet
another embodiment, the steel plate is slow-cooled at a rate slower than that of air
cooling, i.e., at a rate lower than about 1°C per second (1.8°F/sec), preferably forup -
to about 5 minutes. In yet another embodiment, the steel plate is slow-cooled from
25 the QST at a rate slower than that of air cooling, i.e., at a rate lower than about 1°C

per second (1.8°F/sec), preferably for up to about 5 minutes. In at least one
embodiment of this second stecl example, the M, transformation temperature is about
350°C (662°F) and, therefore, the M transformation temperature plus 100°C (180°F)
is about 450°C (842°F).



suitabl e tenperature from above about 400C (752[err]F) up to about the
Ac[err] 25 transformation tenperature. Tenpering of steel within this

tenperature range al so | eads to reduction of the quenching stresses
whi ch in twdgoegksepds t o enhanced t oughness. Wil e t epERUsoBA2784N
enhance the toughness of the steel, iggnormally |eads to substanti al

| oss of strength. In the present invention, the usual strength | oss from
tenpering is offset by inducing precipitate dispersion hardening. .
Di spersion 30 hardening fromfine copper precipitates and m xed carbides
3nd{ or Cﬁr boni t mhe ggelPplate may be béld bibstadtiilly iSqihérihalteatshs @D bamnd t oughness
h h , Sha _
Pucrr } B%Qs i quigzg? eerl;:llaarlx%, a%faret l?n%wrx];a tL Eh%gg éktil!le% in the art, such as by plva\lcl)nggg 4h5e19n% g -
structure. pliiRettverite sebIPHts! The stdel ﬁiae 1Bayasd sioveodldd dhtef inichthing Bel: .exanpl e
all ows for tenpering . within the broad range of about 40g%err]c to

about 650[ dermyiratedbgrgny le meanspsare known tg fhos,tiglled ip thejafuch a3by: 1| oss of
the as-que Sl ih &G blahR& At stBdiplae,i S pref erably ‘tenpered at a
t enpering ?gxr%%%r ature from above about %400[ err]C (752[err]F) to below the

5 Ac[err] transformation tenperature for a period of time sufficient to

cause precipit 'Q?‘EF%F hardeni ng particles (as defined herein). This
processi ng “Tacl ates transformati on of the mcrostructure of the

steel plate to psstewssedabdvy, 2 eoppediegiUrS. Reavisionplratent gpplication, havipga; ensi t e,
tenpered fipe oy §4t€391d ﬁ%@{nb&aiﬁv,te%ﬁﬂéﬁ “THiteS EHEI StrdnB @I 1562 PRY3E Bikelst D€

period of tine™ s Icl'ent to0 cause precipitation of hardeni n&@ articles

depends1010 WiithiExeellent/CryogenicTerhperstwe Foughness candidentified byt the USKEO@®eni stry of

the steel p}ate, . t ;,ﬁgg | } YESs sudtble GRsdRm det er m ned

by one ski I‘il‘@élclmrlloq}nﬁ% 6??’0?8816, pro gg%%ﬂ?i‘ﬁaggﬁ _H{I%xanﬁ e ° - As

di scussed ahepesers imveptiondiAgetiodis proddedsfoopraparisgien pitradhigh steeagthotval having a
phase steel plate having a microstructure comprising about 10 vol% to about 40 vol%

of a first phase of substantially 100 vol% (i.e., substantially pure or "essentially™)

[end

15 ferrite and about 60 vol% to about 90 vol% of a second phase of predominantly fine- - g
grained lath martensite, fine-grained lower bainite; or mixtures thereof, wherein thé i
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 _ ”
substantially all carbides and carbonitrides of niobium and vanadium in the steel sl'a'_i_):,-

20 and (i) 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 |
roning passes in a second temperature range below about the Ty temperature and |

above about the Ar; transformation temperature; (d) further reducing said steel plate
25  in one or more hot rolling passes in a third temperature range below about the Ar;
transformation temperature and above about the Ar; transformation temperature (i.c.,
the intercritical temperature range); (e) quenching said steel plate at a cooling rate of
about 10°C per second to about 40°C per second (18°F/sec - 72°F/sec) to a Quench

Stop Temperature (QST) preferably below about the Mg transformation temperature
30  plus 200°C (360°F); and (f) stopping said quenching. In another embodiment of this
third steel example, the QST is preferably below about the Mg transformation



15 priority date of 19 Decenber 1997, entitled "Utra-H gh Strength

Ausaged Steels Wth Excellent Cryogenic Tenperature Toughness", and
identified by the USPTO as Application No. 60/068252, provides a
descri pti onWe198¢wtesr steels suitable for use in the PERASsHI2744

i nvention. A nethod is provided for pregaring an ultra-high strength steel
plate having a mcro-lamnate m crostructure conprising about 2 vol%to
about 10 20 vol % austenite filmlayers and about 90 vol %to about 98 vol %
| at hs of predom nantly fine-grained martensite and fine-grained | ower
bai nite, saitemperatureplus 100°C (I80FF), ahd'ig nidie pefepstty Bilow aeaut bm g2f). st eel

slab to a reheatin er.at.u sufficiently hi
substanti al | HBﬁ‘BB%‘ﬁ ﬂb‘ glgrgé}eelsmpie( flqe)stealipggtgps\pglowed to alfs@bbtoant ially

al | car bi desnisieht scighfitint bhdatep(h. M procasaiaritiadumthalibiforthee! s! ab
25 and (iii establlsh fi ne initial austen grains in the steel sl ab;

(b) reducin tragiure f the steel PL“F%FBaPQPthBFVRWSEOe@P“tde{OMPﬁaMPb%enﬁre hot

rolling FSaS&Bﬁltéﬂl@abf)htréﬁvol%'i@%ﬁﬂ%eolmeb&dphaseof brhify enite
recrystallizes; (c) further reducing the steel plate one or” nore hot

rol 1ing pasdBe-gringd lathapartensi &qsrﬁemtameé @Hﬁ@@l@y@m&m@m Seerr]
t t b e A f { t t
quench: ng. ¢ 1S for foarit B ndiboeslis ryor Al AN BonltromBohy 1 C por

second to atigﬂf,r zr]C per second (18[err]F/sec - 72[err]F/ sec) to
a Quench Stop Tenperature (QST) bel ow about the Merr] transformation

t enper at ur e 0 ensure \{nbigy gxgmgemc temperature toughness, the microstructure of

PCT/ U898 0l2%44 23

~plus 100 err sefondﬂagr’rn] E)els of 1sg'(l)r\‘/1 Ot ?'I%ehconwsesyfedtor ans%r mat i on

t enper at ur e; Gi)lowerbmmts,tﬁ:pmrmgedslaihdnqtmutehongmnmsthmofeﬂbsdl ment, the
nmet hod of t furt S tep of
allowing th réﬁegagféqg?%ﬁ%{eaﬁﬁo Yart cooﬁ{mlo %Pgﬁ n&%“eng ¢h a8

upper baxmte twinned martensite and MA in the second phase. As used in  this thlrd
steel example, and in the claims, “predominantly” means at least about 50 volnme '

15  percent. The remainder of the second phase microstructure can compnse addmonal
fine-grained lower bainite, additional fine-grained lath martensite, or ferrite, More
preferably, the microstructure of the second phase compnses at least about 60 volume
percent to about 80 volume percent fine-grained lower bainite, fine-grained lath
martensite, or mixtures thereof Even more preferably, the microstructure of the second

20  phase comprises at least about 90 volume percent fine~grained lower balmte,
fine-grained lath martensite, or mixtures thereof.

A steel slab processéd according to this third steel example is manufactured in
a customary fashion and, in one embodiment, comprises iron and the foﬂowing
alloying elements, prcferab]y in the weight ranges indicated in the following Table

25 I '



tenperature fromthe QST. In another enbodi nent, the nmethod of this second
steel 5 exanpl e further conprises the step of holding the steel plate

substantial ly isothermally at the QST for up to about 5 m nutes prior
to al | ow nowbhgssbeel plate to air cool to anbient tefaidiing | N yet
anot her enbodi nent, the nmethod of thissg second steel exanple further
conprises the step of slowcooling the steel plate from the QST at a

rate | ower than about 1.0[werr]C per second (1.8[err]F/sec) for up to about
5 10 minutes prior to allowing the steel plate to air cool to anbient
tenperature. In yet - anot her enipgpjeqEnt. the nmethod of this invention
further conprises the step of slow cooling the steel plate fromthe
QST at a rate |lower than about 1.0[err]C per second (1.8[err]F/ sec)
for up to aboutAfoythgiRienfenP’ | OF t0 RahpiNwi%) he steel plate to air cool to
anbi ent tenperature. This processing facilitates transformation of the

m crostructure 15 of the steel plate to about 2 vol % to about -10. vol % of
austeniteg filml ayer Ca}nd abouty4.0.12 %fﬁlﬁkmgl FoPU6.0P8 vol % | at hs of
predominantly fine-grained martensite an I ne- gr ai ned | ower '
bainite. (See G pwugangsef(yn)def (Ot ¢2-5meore prefirahly 1.0t-daber at ure, and of Ar3
and Merr] trans hon t enpgrat . To ensure anbi ent

H&éygﬁgr e tougq'o’i yb’q{?ﬂépfeg?ﬁbsly il'5 tzﬁse 2

and cryogeni c tenper hness, n 0 m cro-|lam nate
m crostructure pnisbama@b) conpr0.Ge Gk, eabyerprefenatily 0.02w805bai nite or

martensite. It ig.Rh& ﬁriﬁbl e t%.%Qﬁénh%@rﬂr%fe%wd?ﬁlz-eo.éfe formation of
[ T'T C

enbrittling cons ents su as tippe alnrte, twnned nmartensite and
MA. As used in t hiusinum (A1} econd.00led®05emargpreferablyd.00% 1003 cl ai ns,

"predom nant | y" n | east Ua&ﬁu_ v, rG&elpk. The renmi nder
of the m crostru%gg@?n conprise ta(t)' |t?lgrﬁ£fe%&g®|'dr?ljg- gﬁigl&ned | ower
bainite, additional fine-grained lath martensite, or ferrite. Mre

Po about B0 - oy GO iR apis T e bt i Rkii 1L Elen rore
pref erably, wt¥gand moreqreferablyrabaut 2wt tpabose®6 at%l east about 90 vol une
E,‘éfrf Egg sllf ﬁ\é\?; 4 b awoll;rbede&{m l(ﬂ%f]is somemngsrgds&s t'ottl(lae' steel_, preferably up tmb%ig 6§ 91 95
wt%, and more preferably about 0.1 wt% to about 0.3 wt%. S
Silicon (Si) is sometimes added 1o the steel, preferably up f_o about 0.5 Wt%‘, -
more preferably about 0.01 wi% to about 0.5 wt%, and even more prefefébly abo:ﬁt h
0.05 wi% to about 0.1 wi%. L
20 Copper (Cu), preferably in the-range of about 0.1 wt% to about 1.0 wt%, mdre .
preferably in the range of about 0.2 wt% to about 0.4 wt%, is sometimes added to ﬂ_le

steel.

Boron (B) is sometimes added to the steel, preferably up to about 6.0020 wt%,
and more preferably about 0.0006 wt% to about 0.0010 wt%.
25 The steel preferably contains at least about 1 wt% nickel. Nickel content of
the steel can be increased above about 3 wi% if desired to enhance performance after
. welding. Each 1 wt% addition of nickel is expected to lower the DBTT of the steel by
about 10°C (18°F). Nickel content is preferably less than 9 wt%, more preferably less
than about 6 wt%. Nickel content is preferably minimized in order to minimize cost
30  ofthe steel. Ifnickel content is increased above about 3 wt%, manganese content can
be decreased below about 0.5 wt% down to 0.0 wt%. Therefore, in a broad sense, up
to about 2.5 wt% manganese is preferred.



24 A steel slab processed according to this second st eel

exanpl e is manufactured - In a customary fashion and, in one enbodi nent,
conprises iron and the follow ng al l oying el enents, preferably in the
wei ght rangasedigesiscated in the followi ng Table 11 5 PCT/US98/12744

Table I1 Al'l oyi ng El ement 29 Range (wt %

carbon (C 0.04 - 0.12, nore preferably 0.04 - 0.07

manganese ( IVh) 0.5 - 2..5, nore preferably 1.0 - 1.8 - ni ckel

(Ni) . 1.0 - 3.0, nore preferably 1.5 - 2.5 10 copper (Cu) .

0.1 - 1.0, nore mdiﬁafaﬂbl xyssxaua?s are Preferably substantially nﬂmhi;zbwlﬁrtuémédvb) 0. 1 -
0.8, nore p

ef er abl ni o ( -
more prefer ‘%P)W%“meemblylessﬂ“ntarb? @n‘l"%}f gbl}"’(s)dmﬂ ‘s 0. 03
nor e pref er grleferatly 1kds thaWalidat 0.004 wi%. Oxygend(0) Gbriteitis pieferably less thahl - . 0. 05,

nore preferably 0.005 - 0.03 15 nitrogen (N) 0.002 - 0.005,
nor e prefer%‘&“ijl 03#d%. 0. 003 - Chrom um (Cr) is soneti mes
added tosthe steglsomeivRhiQireidrXietan), éaeemw&mﬂgﬁuusmumsaamlmre

preferably about 0.2 w%to about 0,6 wt Si.licon SI) is
sonet i nes ame@b)’fﬁ@nﬁﬂeﬂ#b°f@%¢§%?m®6%%ﬁﬂb@@f%s@?% € 1or e

preferably g ouﬁ%%%?fmmmgﬁoé f’(ﬂi? ?Y B30I HsBs! Rdrabl y about

0. 05 vvt%toa I'S sonmetimés added to the
st eel , pr ef milidg the sieb taoforhsteel rlate wcnmmore passesmeviding ebqnt 30 peraénit§o about

0. 0006 Wt % ferably contains
at | east ab%%%u??ew;% ?%bg?é%‘ﬁl cfk m%%eﬁ?“gﬁtmcﬁtqggﬁc?‘ llgel can be

i ncr easqgl aRQMAtaRives!l.c3 abévibabbut ,&Qﬂnﬂ&a@%hﬁﬂﬁ& meidiighoseeipider

wel di ng. Each 1 wt%addition of nic Is expected to | ower the -DBTT of the
steel by in oneloo niord pgseesiprdvidih pleout Npemeﬂtmd(ddoutm&mneduqnwﬁmaabl y |l ess
than 9 wt% nore preferably |ess t han about 6 Wt % Nickel content S
preferably pecAndiemperatyie pnge pelow ah?%thﬁ Tre temppsratire 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

15  range below about the Ar; transformation temperature and above about the Ar;' SRR
ténsfonnaﬁon 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)toa _ -

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

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

about the M transformation temperature plus 100°C (180°F), and is more prefera;bly

below about 350°C (662°F). In one embodiment of this third steel example, the steel
plate is allowed to air cool to ambient temperature after quenching is terminated.. N
In the three éxample steels above, since Ni is an expensive alloying element,
25  the Ni content of the steel is preferably less than about 3.0 wt%, more preferably less
than about 2.5 wt%, more preferably less than about 2.0 wt%, and even more
preferably less than about 1.8 wt%, to substantially minimize cost of the steel.
Other suitable steels for use in connection with the present invention are
described in other publications that describe ultra-high strength, low alloy steels
30 containing less than about 1 wt% nickel, having tensile strengths greater than 830



of the steel. If nickel content is increased above about 3 wt % nanganese
content can 30 be decreased bel ow about 0.5 wt % down to 0.0 . W %

Therefore, in a broad sense, up to about 2.5 wt % nanganese i s
preferred. woossongs WO 98/59195 PCT/US98/12744

PCT/ US9812744 30 25
Additionally, residuals are preferably substantially mnimzed in the

st eel . Phosphorous (P) content is preferably I ess than about 0.01 w%
Sul fur (S) content is preferably | ess than about 0.004 wt% Oxygen (O
content is pARf @R, ahERévirgtkBellent lowdeRpérafird¥8dibsd For exam?le, such | N
somewhat greater detajl, a steel according to thrs second exanple is

pr epar ed bysweelﬁmsqxbsiaba%mrm%@sm é@ﬁﬁ@l‘ﬁ%ﬁ%ﬂuésbﬂmh@ﬂ her ei n;

heating thep, ﬁ&%&ﬁﬁhbﬁrep@:fr/ﬁﬁéyﬁb@?%{dﬂ@&h vaj C. t.0..about
1065[err]C(175%)[err F - n esabtoform

0 rol I

st eel pl at e Publicafien mmmﬁéé@g (Qg@%la?ﬁga?&%lﬁ%@@ theteds to - 1 about
70 percent td I 4nB i\ éﬂan% enite
recrystalli ? Il.b‘ﬂgwhgg \};é;eg n%ﬁﬁ %%rtﬁ 2 %ger at‘urg ?Furt her hot
rolling the pmwnal patent applwa@on wtbnpnmtyﬁaﬁeef %&bﬂ:ew% entitled iWdlteabout 40
percent to ?er’d: m% gre range
bel ow about Qﬁg%& gz[rﬂr’})eeér ature an?fn tol\%lja Wﬂ“&? Qs%
t r ansf or mat |an¢h1deanfmﬂa»tth¢HSPm@s Applicatiph Mg. @Q/@@Pli)l ate is then guenched at
a cooling r @Hﬂ L per
second (18[err] F?élg%&fo%agb‘r'%%&sec%& 'ggg a?(;fs‘*\ugxﬁ%ﬂt{x%ha &&éﬁ%ﬁflgﬂw about the
Merr] twansftpasmaed lercin Epepentreductompinilicki@sy’ esfers © pefc@atreductids)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

temperature range, to a thickness of about 12.7 cm (5 inches) then reduced about 80%

15 (an 80 percent reduction), in a second temperature range, to a thickness of about 2.5 cin”*

PO P

¢! mch) 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 -
inches) then reduced about 80% (an 80 percent reduction), in a second temperature

20  range, to a thickness of about 3.6 cm (1.4 inch), and then reduced about 30% (a 30 _
percent reduction), in a third temperature range, to a thickness of about 2.5 cm (1 inch). .
As used herein, "slab” means a piece of steel having any dimensions.

For any of the above-referenced steels, as is understood by those skilled in the

art, the steel slab is preferably reheated by a suitable means for raising the temperature of

25  substantially the entire slab, preferably the entire slab, to the desired reheating '
temperature, e.g., by placing the slab in a fumnace for a period of time. The specific
reheating temperature that should be used for any of the above-referenced steel
compositions may be readily determined by a person skilled in the art, either by
experiment or by calculation using suitable models. Additionally, the furnace

30 temperature and reheating time necessary to faise the temperature of substantially the
entire slab, preferably the entire slab, to the desired reheating temperature may be readily
determined by a person skilled in the art by reference to standard industry publications.



and above about the Merr] transformation tenperature, at which tinme the

quenching is termnated. In one enbodi ment of this second steel
exanpl e, after quenching is termnated the steel plate is allowed to
air cool towewkisses tenperature fromthe QST. . I n anoptmusanimadi nent

of this second steel exanple, after quemching is termnated the 20 steel
plate is held substantially isothermally at the QST for a period of tineg,
preferably up to about 5 mnutes, and then air cooled to anbi ent
tenperature. In yet anot her enbodi nent, the steel plate is

sl owcool ed at a Fonbwy ofithewbove-heferehdedisteels, aaiis understood by tHokdwkilled ir€the . at a

Lo avout 5 e beershadlee B e BaHes e ot el e o yfor up

s ow- cool ed roh QEBrgRllizatign 5k, o T&, teipEatiledikndsthd dheini b 4011 g,
err] C f{P

l.e., at a rate lower than about "1 | per secon ‘etr] F/ sec),

pref erably faﬂdmmﬁeﬁm@lwy;oxﬁhmeneauﬁgmﬂpema&etm&ommecmbon embodi ment  of
this second stee| exa nsformahon terrperature i-s about

350[ err] & ( 689%BHYoR) H’&bI“P’I‘FQP B{“r@; IW”@WPF‘?"&%"P&"W&M t enper at ure

\% us igg [18 [ rbiEng pakdse Pedséns skilled in thé &t ﬁbp&gtexﬂm[tﬁg tehipefaBie fiR bachisleel *
PCr | US98| 12 ©emposition either by experiment or by model calculation. Likewise, the Ac;, Ary o,

h | pl t h T ‘b
su table moddt M RsBEatts rbbaR ARt e Pttt by Y ™
placing a ”’éﬂﬂﬁ@ﬁnﬂxeaﬁfd?@ﬁﬁiéﬁtﬂdaﬁﬁﬁmﬁ&?eﬁéﬁﬁtlex érﬁﬁeﬁtor E cuﬁtlﬂﬁ.e n’ay be

sl ow cool ed after_ quenchin t erm naf ed Suita nmeans
are know® to tho?@rmqf%&ﬁwﬁﬁmedstesbcaslsa@dwtosdzpﬂwakglednmhnsm ating

bl anket overa Bges Sithe fthéifly temperature, which applies to substantially the entire slab,
subsequent temperatures referenced in describing the processing methods of tlns
invention are temperatures measured at the surface of the steel. The surface L

temperature of steel can be measured by use of an optical pyrometer, for exaz_nple,. or

15 by any other device suitable for measuring the surface temperature of steel The .
cooling rates referred to herein are those at the center, or substantially at the center, of
the plate thickness; and the Quench Stop Temperature (QST) is the hlghest, or |
substantially the highest, temperature reached at the surface of the plate, after .- ’ |
quenching is stopped, because of heat transmitted from the mid-thickness of the plate

20  For example, during processing of experimental heats of a steel composition L
according to the examples provided herein, a thermocouple is placed at the center; 6r
substantially at the center, of the steel plate thickness for center temperature
measurement, while the surface temperature is measured by use of an optical
pyrometer. A correlation between center temperature and surface iemperature is

25 developed for use ciuring subsequent processing of the same, or substantially the
same, steel composition, such that center temperature may be determined via direct

- measurement of surface temperature. Also, the required temperature and flow rate of

the quenching fluid to accomplish the desired accelerated cooling rate may be
determined by one skilled in the art by reference to standard industry publications.

30 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 -



Third Steel Exanple As di scussed above, a copending U S

provi si onal patent application, having a priority date of 19 Decenber
1997, entitled "Utra-H gh St rengt h Dual Phase Steels 10 Wth Excell ent
Cryogeni ¢ {giWdeiysur € Toughness”, and identified by the UgRffs

Application No. 60/068816, provi des a gescription of other stee s sw tabl e

for use in the present invention. A nmethod is provided for preparing
an ultra-high strength, dual phase steel plate having a microstructure
conprising about 10 vol % to about 40 vol % of a first phase of

subst ant i alft%%(ggl eottiiaL % 15

ferrite an ut %m(;é%%flflis/?%o aﬁb!gﬁ g‘%ﬁ%&%%ﬁsstg%g%%ﬁgha &

pr edomi nantdthericomponents Oft@ﬁrmmtﬂnvmnn@meéﬁmabb steels may gxist ¢ré>@ i ower

bai nite, or r | t he steps
deveishl fse gl E@tsuch‘g&%fspah SWHRE the sc ¢ %We&ﬁfwenﬁ

of (a) heatlng stee ating suf'ficiently
high to (i) subsAamsoxaoﬂ S}ﬂlhmmh@éhqmsteémowéﬁdst)anqmmds%@el ve

subst ant aI adl umin the
st eel slgab Lo:ﬁ%ﬁ?id?f?q%ﬁ@kﬁﬁﬁ@%ﬁ&@lﬁnuﬁgg aumsg]m tg) grains’in the
st eel sl ab; ha(vli:)gmediﬁedthg:kneaeesscmnﬁaredtoﬂxethichnessesot'ﬂlemeshédbsmb@ed| n one or

austent Lo rEEPEp R et plovight pb SRLMIGDRRSE dclpmpeetll 0,

nore hot mntablermgli strength asd astable ceyogemotethpemhpe tonghness ﬁoamgenﬁsl ow about
the T[err] te

eratu above. abou I sformation

tenper at ut e YHEE; o b prvestt pspfion, Fol RToLE 5 el BoaRiay LT © TRT P
rolling wasiiﬁmnaﬁoﬁpiohidedh&eimepﬂrdtwa steehghtdoalﬂnu\thaikness of dhwut?.pécm]
t emper at ur (el 3R s g AR B A rERBlg afie el KR £E) | "
quenchi ng sddedn SbMsfuctiigith€ catitaifiers @i othsg compenents ofthepxes&h(inﬂenﬁdl{ err] C per
Quonch © “Oicspupblbatasts dinl et bt vBBrHetRG Uil 65 A508 FeCTR or )
t ransf or nat mrgcéparafqiaagrweﬁtmmuon,pl us 200[err]C (360[err]F); and (f)
st oppi ng_sai d qu anof her odi ment .of this rd steel
exanpl eq Sthe QST ggﬂ@k‘ﬁfls?et'él"m‘& mEEtQR g@]‘“’t”f“&ﬁﬁ‘f%‘?‘%%‘ﬁ on - -

this invention, the dual phase steel is preferably processed in such a manner that the*

0

time period during which the steel is maintained in the intercritical temperature range
for the purpose of creating the dual phase structure occurs before the accelerated
cooling or quenching step. Preferably the processmg is such that the dual phase o

20  structure is formed during cooling of the steel between the Ar; transformation
temperature to about the Ar, transformation temperature. An additional preference
for 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,

25 i.e., without any additional processing that requires reheating of the steel such as
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

30 MPa (140 ksi), or greater than about 1000 MPa (145 ksi), upon completion of the
quenching or cooling step is preferable.
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tenperature plus 100[err]C (180F), and is nore preferably bel ow about

350[ err] C (w0 24/5095 F) . I n one enbodi nent of this thirainsswe7aexanpl e,
the steel plate is allowed to air cool 330 anbi ent tenperature after
step (f). This processing facilitates transfornmation of the

m crostructure of the steel plate to about 10 vol %to about 40 vol % of a
first phase of 5 ferrite and about 60 vol %to about 90 vol % of a second
phase of pr dciningiMiethogs for ConstrurtienjoftComtainers ind Othee Compenerts ne: grai ned

| ower bainite, m,xt.ures. t for ef|n|t|ons of
T[err] tenperat ui"e“d‘é’n‘a %93"}&%}%@? ?Oftaééﬁe&s %d[oélge}']cor{:gnﬁgégi ktpﬁ?ﬁ&

t enper at ur e fnvention, a suitable memodrcfjeinmgrthe stedh iplates 1mdmmdydggtjomﬁgerrper ature

t oughness, th ros ruct r.e, of .10 . th econd as i n_steels of thls
third steel “Eg}f%ﬁaé VidedQints, ﬁ“&#ﬂ%ﬁi“r%ﬂgtﬂ 8 ibr‘?é’

bai ][n teblsfl ilﬁreﬁlliégi, aseatséu'sliéla above, ﬁrb%nilﬁerﬁd)fo B%lsuitabﬂe&’rbﬁﬁbf %ﬁwek?ng S
preferable to subs tiia ze the formgation of .enbrittlin

consti t uent yeg@amgﬂe for provj uate strens @H’%?ﬁh@?ﬁlt?@%gﬁ% in the
second phaselm&&m@&iwﬁhdtohu&usbbnmsusedtoc&is&aétt@@mmamd)ﬂiea -the clains,
"predom nantl|y" neans at |east abhout 50 vol percent The renai nder

of t he seconSOHRERISAIharesenidnYrmEoR aSuchAWE &&5%&@#@%@15' inchudesa

fi ne- gr ai nedyik@YEdonfhdblé Rire, additaH1OCchsurhab1e p4l! 2bwi@blewlding'BrotQBunlie, Or
ferrite. Mre preferably, the m crostructure of the second phase

conpri sd8 aPSP’é@éQWa‘thPf%d%-l Hereexample, both gesametalase welding (GYAWD a9 per cent
fi ne-grai negy] MR inePddal (116 gﬁddﬁ%}%ﬁih%dtﬁmll known mriﬁéﬁt@él?iﬂtﬁaudﬁr m xtures

t hereof. Even nore preferabl e mcrostructure of the second 20 phase
conpri ses aﬂndue@btcaab@medmosmthe Aieckpigtese provided thagp amable cpasieablgaini t e,

fine-grai ne%}é‘éﬁcﬂﬁf)ﬁﬁﬂﬁiiﬁ‘ﬁsedor m xtures thereof A steel sl ab
processed according to this third steel exanple is manufactured in

cust omary fashi ol aftst exampleweldingmagthash the gaomptal 2re welding (GMAWOLe - f ol | owi ng
al I oyi ngsel 1 i the .
Col | ow %g T?ﬁ‘i@éﬁguﬁdﬁ% ﬁfoﬁ@ée)’a wild hfat WGy ERRSRMg iR an 8 bdh: Did7L D!

wt% carbon, about 2.05 wt% manganese, about 0.32 wt% silicon, about 2.20 wt% .

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 -~
20  less than about 1 wt% oxygen. The welding heaf 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 . .
provides a weldment (see Glossary) having a tensile strength greater than about 900
MPa (130 ksi), preferably greater than about 930 MPa (135 ksi), more preferably
greater than about 965 MPa (140 ksi), and even more preferably at least about 1000 -
- 25  MPa (145 ksi). Further, welding by this method provides a weld metal with 2a DBTT
below about -73°C (-100°F), preferably below about -96°C (-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 GMAW process is used to produce a
30 weld metal chemistry comprising iron and about 0.10 wt% carbon (preferably less
than about 0.10 wt% carbon, more preferably from about 0.07 to about 0.08 wt%
carbon), about 1.60 wt% manganese, about 0.25 wt% silicon, about 1.87 wt% nickel,
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Table 111 Al oyi ng El enent Range (wt % 5

carbon (C) woposmseres0. 04 - 0.12, nore preferably 0.04 - 0. Ofgcrrusesnizias
manganese (Vh) 0.5 - 2.5, nore prefsgrably 1.0 - 1.8 ni ckel
(Ni) 1.0 - 3.0, nore preferably 1.5 - 2.5 ni obi um ( Nb)
0.02 - 0.1, nore preferably 0.02 - 0.05 . titanium (Ti) 0. 008
- 0.03, nore preferably 0.01 - 0.02 10 al um num (Al) 0. 001 -

0. 05, nore bl R8P cﬁoﬁ@ﬁn;ab@ut%l wt% molybdenunt) 1ds§ ﬂﬂﬁab&dwrs 0 002 -

0. 005, nore preferably 0.002 -
sonet i mes aﬂ!vesammsmvél%%@vab?JFéP‘éPala|sylﬁHp%W§B‘&&h%hepu“sm%% and nore

preferably a@g&&;fago& Ml%ﬁﬂr@%&l%k@/ﬂh%akﬂmchm 38%&1&6%&9&&&%) i's
added

soneti nes to ghe st eel , greferabl up to about O. wt % and nore
pref er abl y ofisbeut 100°Q (2A2%) dsmsgd o The weld e on a steel, suc}lasaBVPf@Sn (Si) is

Somet | mas %G@Qdésenwf‘stéiseﬁémg & &%&{ Bty slﬂéldfnﬁ gag)@idi 1eSs tharfbdut 1 wiop TOY €

pr ef erabl y about %to ab % and even nore preferably about
0. 05 wt%tmm@utwsldmmemthodpmwd@sa@zgi@mt@mygammtrm in the range

a8k By sl el b 2

ksi), more preferably greater 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 .

10  metal with a DBTT below about -73°C (-100°F), preferably below about -96°C .
(-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

15 Wi% carbon (preferably less than about 0.07 wt% carbon), about 1.80 W% - -
manganese, about 0.20 wt% 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 sﬁlfur. The welding heat inputisinthe - - -

20 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 (212°F) is used. 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 wi%
oxygen. Welding by this method provides a weldment having a tensile strength
greater than about 900 MPa (130 ksi), preferably greater than about 930 MPa (135

25  ksi), more preferably greater 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
(-140°F), more preferably below about -106°C (-160°F), and éven more preferably
below about -115°C (-175°F).

30 Similar weld metal chemistries to those mentioned in the examples can be - -
made using either the GMAW or the TIG welding processes. However, the TIG



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

to about 0.0020 wm % and nore preferably about 0.0006 W% to about
0.0010 wt % 25 The steel preferably contains at |east about 1 w%
ni ckel . N okebs/svasst ent of the steel can be increased piTusysredreut 3 wt %
I f desired to enhance perfornmance- aftens wel ding. Each 1 wt % addition

of nickel is expected to |ower the DBTT of the steel by about 10[err]C
(1 8[err]F). Nickel content is preferably less than 9 wt% nore preferably

| ess than about 6 wt% Ni ckel content is preferably mnimzed in order

t o m ni m ze weldstar@nticipafeditinbavetlewér impfirityi colteht and atnzore highly nefimedased - above

about 3 wt % .manganese cont an e decreased, bel ow abouf 0.5 wt %
Goon 1o 0 0 mFRRARAES et WY GPAV Shics, and e BEH038 16 el B Righneds >, 0f

manganese i s pr efAgpersa.of skill in the art has MO rEqiiisite kabwledge and skill to use the

PCr 1 US98/ 12744 . . . . .29 -

Addi t i onal | yRiopRation prpvdded herein torweld lta-high strength, low alloy steplplates o, ¢ o

steel . 5 pridas@joditohisvingYuitable hiphistrength el Richirt youghess fopase imbout 0. 01 wt %

Sul fur (S) content i . preferably less th about. 0. 004 w% Oxygen (O
content i 's SPENEFIRE bopentainkn apd ofhier compopmizidhopiee) inention. Other [

sonewhat  gr qaitable jdfisg or weldifi @Rthods Gy GkistorbR devilspell htredfér! adlsueanpl e is
prepared by formng a.slab o the,gig? red copposition as,descri bed herein;
heat i ng t he joining ot fuslding metheds Are Wi 0P P1ohT BISEEE YSHISTy o about
1065[err] C (1750[err]F - 1950[err]F); hot rolling the slab to form
steel plate in one _or mre passes providing about 30 percent to ~about
70 percelft eansturtion of Contpinersa ¥ GompongRSge i n which austenite 10

; glclr ?/f] tgalt lhiez gf Lo lfwglméxtt g&@%ﬂhﬁﬁﬂgtthik BvediicRt EdndifPSIdthr Qombétiehiagy hot
' constructed from materials comprising ultra-high strength, low alloy steels containing’

less than 9 wt% nickel and (ii) having adequate strength and cryogenic temperature - -
fracture toughness to contain cryogenic temperature fluids, particularly PLNG, are~::

15  provided; further, containers and other componenfs constructed from materials = ©% -
comprising ultra-high strength, low alloy steels 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), are provided; further, containers and other components (i) : "+«
constructed from materials comprising ultra-high strength, low alloy steels containing

20  less than about 3 wt% nickel and (ii) having adequate strength and cryogenic = =
temperature fracture toughness to contain cryogenic temperature fluids, particularly
PLNG, are provided; and further, containers and other components, (i) constructed
from materials comprising ultra-high strength, low alloy steels containing less than
about 3 wt% nickel and (ii) having tensile strengths exceeding about 1000 MPa (145

25  ksi) and DBTTs lower than about -73°C (-100°F), are provided. Such containers and

other components are preferably constructed from the ultra-high strength, low alloy

steels with excellent cryogenic temperature toughness described herein.
The containers and other components of this invention are preferably
constructed from discrete plates of ultra-high strength, low alloy steel with excellent
30 cryogenic temperature toughness. Where applicable, the joints of the containers and
other components preferably have about the same strength and toughness as the
ultra-high strength, low alloy steel plates. In some cases, an undermatching of the



I n one or nore passes providing about 40 percent to about 80 percent
reduction in a second tenperature range bel ow about the T[err]
tenperature and above about the Ar[err] transformation tenperature,
and fini shwobdsong t he steel plate in one or nore passes tp@rUsIsIz74ar ovi de
about 15 percent to about 50 percent rgduction in the intercritical
tenperature 15 range bel ow about the Ar[err] transformation tenperature
and above about the Ar[err] transformation tenperature. The hot rolled
steel plate is then quenched at a cooling rate of about 10[err]C per

secongl toqjahengthh gﬂﬂararwopafouss%w%gru)wo%rn?dy%gimﬁgd ?&[‘%Ea’ﬂﬁff,‘}“t,\,f’ a |
sul tabl e nc tap.e er gt ure . rereraply el ow about the err
t r ansf or mat® tg? gqf{?épﬁs{"@w ety ey myitablejoipingch time t he
quenchi ng ItSchﬁﬂ;uetEkéﬁﬁl&@@ﬁmnhﬂeohﬂi@ﬁéﬁies@%@@ﬂér@ﬁ,“ﬁnd@fthElﬂhlﬁlehd]i@nt ion, the

QST is pref r.abl about the Merr] transformation tenperature
pl us 100C ( %ﬂ?‘g?f\?%%w&fﬁPmm‘}O{he‘ Comperents,j. about - 350[ err]C

(662F). sln one Q(M'H%li@ftottﬁés‘éshhbdﬂltﬁéﬁ'ﬁ'the%@a?ﬁvﬁ‘nowﬂ?mgftn
I ng |s

plate is allowed to air cool to ambient terrperature after ‘quen
t er m nat ed. °anbeusedf°“heP“‘PHs°t9f@aFW9“W bang frasbyrecontiohie Ni i s an

expensi ve aght @ég;gg,g,f%ﬁgﬁ&gf El]‘iieﬁrﬂryégemk o fhpasPr-ef erably

| ess than about 0 M% nore preferably than a out 2.5 wt %

nore pref ersigh §s F1NG, naigplagiy Shrough ype wf the duetile-tarbrittlainausition temperatyfesr abl y
| ess than abgitir)l 1§ BT BdinsstbSiwd Hdcaird % 8ﬁ‘ﬁ ﬂ%ﬁfeﬁﬁﬁ%& of3f Ahe steel.

O her suitable Steels for use 1 n connectl present invention are
descri b¥d ﬂmmesbebw%apmsfwlmmmmevﬂbmhmtgtommgyh | ow

all oy steeligy Qi gg.gﬂé St 9'54'5; v tensile
strengths great el‘g§ % ﬁgg ) @%ﬂgg g#rg%&gﬂ&&ktﬁéDBﬁ faﬁgre
PCr / US98/ 1 Agmds to occur by high energy ductile fracture. Containers that are constructed froff0-
welded steels for the transportation of PLNG and for other load-bearing, cryogenic - ..
temperature service must have DBTTs, as determined by the Charpy V-notch test,

15 well below the service temperature of the structure in order to avoid brittle failure. ./w; * .

Depending on the design, the service conditions, and/or the requirements of the m
applicable classification society, the required DBTT temperature shift may be from::. -
5°C to 30°C (9°F to 54°F) below the service temperature. RN

As will be familiar to those skilled in the art, the operating conditions taken ..

20 into consideration in the design of containers constructed from a welded steel for - - .
storing and transporting pressurized, cryogenic fluids, such as PLNG, include among .
other things, the operating pressure and temperature, as well as additional stresses that
are likely to be imposed on the steel and the weldments (sec Glossary). Standard
fracture mechanics measurements, such as (i) critical stress intensity factor (Kic),

25  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 the steel and the weldments. Industry codes
generally acceptabie for steel structure design, for example, as presented in the BSI

30 publication “Guidance on methods for assessing the acceptaﬁility of flaws in fusion
‘welded structures”, often referred to as “PD 6493 : 1991, may be used to determine
the maximum allowable flaw sizes for the container based on the fracture toughness



MPa (120 ksi), and having excellent | owtenperature toughness. For exanpl e,
such steels are described in a European Patent Application published
February 5, 1997, and havi ng I nternational application nunber:

PCT/ JP96/ OOWDDP8/58188 | nt er nat i onal publ i cation nunber PCX/USH8221269
(08.08. 1996 Gazette 1996/36) (such stedfs 5 preferably having a copper
content of 0.1 wt%to 1.2 wt%, and in a pending U.S. provi si onal
patent application with apriority date of 28 July 1997, entitled "Utra-
H gh Strength, Weldable Steels with Excell.ent. Utra-Low Tenperature

Toughness", of the steghandjwrlément (ineludips HAL)anb the ipposed sirpsses othie reNtAingro53915.
F f tb{‘ﬁer asﬁ.acﬁge pRERIPRMmiRkatk Kastereski | | ed
o the 10 %@%@%ﬂﬁ%%ﬂ%ﬁﬁ'd&ﬁeﬁ?ﬂt re ug?}&gﬂ. In thickne tE S to

in the 10 art, ¢ lerein "percer C ) ; ss" refers to
per cent r eddnitiation thyeugh §) appropriate containes design th ainimizg impopad stresses, &e cprior to

t he reducti . [ foae s b , W t hout
her eby |1 ropPiSEieh RAGEHeERE qhyARES) O mipinyize RARUETE) pifloftile W {100
i nches) thi chnteslof lifocysle loald andpressorastapplish to thesonipines and (iW:atuction), in a

f I X : . 5 : ! h
t Ih(ra?\t reduceﬁﬁﬁgﬁfﬁgg%ﬁgq%@égﬁgaz ﬁ’%fﬁ‘gﬁ oot 1 ﬂgecgog(i%xge&' nches)

t enper at ur e A prefieredtdesign pliloséphyfer thé systeam of the present invention(ig “lealcbeforeAgai n,

for purposes..of .expl gnatio nly, ...t hout there Limdi '

i nventi on, img‘frﬁelag‘silafg'ﬂhﬂgatg%sﬁw&‘ Fnal(t'lgg?ﬁ?:ﬁ%sé e{:lgrtrlél)yi}£I %8%?%%&?% about
30% (a 36 referre®yleegdih as Gahowhiptingiples of fradtire siechamiqseér at ure range, .to a

t hi ckness of abo 7.8.cm (7 .. .. inche hen r.educed gbout 80% (an 80
per cent lroeductio#&‘FJf?“?ﬂ“%’é%d’ﬁﬂ'%ﬂﬂ%m%oéf@pﬁ?‘ag%8{,:%61‘5”“i'C"kn'ess of
about 3.6 Crprindipfesiof Gidtureaisthidicyin Aosedtte twalcuBafig (riticaDflaw deptipforaent
reduction), in third tenperature range, fo.a thickness of. about 2.5 cm (1
nchy . " gigenFasgeniih deriise it Hpptuct GGl 12 15 B vEsK DEEBER ISHE0THY %any

di mensi ons. container according to@kis &iventith. t he above-referenced steels,.as is
under st ood by thqgs ski,l%

ed in_the rt., the stee s _preferably
reheated by a suilp#Rilisasres 4 faw pEflay Igetd Sep _é‘?’é??ﬂfi‘é%rfalpegf%ls-- _
subst ant sal luéed fecaRiilatd Valifes Ft thPériical S ¥izé pIBt 30U shown &l FIG. 4AGbakddondesi 1 ed
reheati ng t enper at ur e, by placing the s|lab in a furnace for a

A L. 9.,
period of tithefollpwingdssigneonditions for 3 pressure; Vigsset RSBIMCEr e t hat shoul d be
used for any of the above-referenced steel . conposi tions may.be
readily determ ned by _a person skilled in the art, either by
experi ment or by cal ci¥esiel Bipmelsthg sui t a2/ mdd2RE. Additional Iy, the

furnace 30 tenperat URGgsaNWaiIeiGhbd0 i rg_mﬁ,e(]qg)@rhy_)to rai se the
r

tenperature of substantially the entire slab, preferably the entire
“slab, to2% he desired MeseaPresspreenper at urié4aida GO0psddi |y - det er mi ned

by a person skilled i njiabRHooB%trest e enag Nrba @kandpr d i ndustry
publ i cati ons.
For the purpose of this example, a surface flaw length of 100 mm (4 inches),
e.g., an axial flaw located in a seam weld, is assumed. Referring now to FIG. 4A, plot
25 300 shows the value for critical flaw depth as a function of CTOD fracture toughness
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
30 techniques such as post weld heat treatment (PWHT) or mechanical stress relief.
Based on the CTOD fracture toughness of the steel at the minimum service
temperature, the container fabrication can be adjusted to reduce the residual stresses
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For any of the above-referenced steels, as is understood by those skilled
in the wolok/sotbfie tenperature that defines the boundar ypdaaisesenad he
recrystallization range and non-ggcrystal lization range, the T[err]
tenperature, depends on the chem stry of the steel, and nore
particularly, on the reheating tenperature before rolling, the carbon 5
concentration, the niobiumconcentration and the anobunt of reduction given
in the aiddd inst@cidfsiegramRanh beifipledienteddor vt MRiaPinkpedBon ARALKS M ne this
tenperature for each steel conposition either by experinent or-by
model cal cufSRYiFeinsPactipm)tp defectapd measuze aws far pormparisonygesinst critical flapyy ‘M er r |

transf or mat kige) fnqihie kdiple, 36the Sle6l 128 § €TOIPoRkIheSPOf 025 GiEh 8f BB Ritshmituy Per sons
skilled in the art for each steel conposition either by experinment orby

model cal cufdYice fpmpegpture (as measureq-gsing;lahorgforst speciopes) and Gpsesiduekd Steel s, as -
I's under st ogigkski a#'h%&\?ﬁe_alﬁ i3 ﬁ‘éicén@ofﬁesteellyfem ﬁégg&%@ﬁ%v}ﬂ%ﬁ hGtgheating

t enperature, which applies to substantia entire s

subsequent ﬂéWﬂéPtétiﬁm&i@%Wékm@dﬁqu%&/ pFiG 4ADcFellaydng similer et hods of
Lhis bR ol frel, STBRIUHES I 5 BRI &iN1cdin iSR! -LIe steel

The surface enperature of can be neasure y use of an optical
pyronet er, flepthsecanibgidetermined ®r virjous flawdengths ag axell @e various 8bwgedroetrieasur i ng

ar'e those anepRs AtinfRus, Shal ool proga SPLORIGTGRag kil 0 7 P T

t hi ckneds; detdctabile flgudiménsions frequency) cnlbe detepell to ensudechd flgweat, or

- substantial | e i A . r rface of the bl ate,
after 8 %tg‘%\t g%?xtrygxg@%%rg? B%%gg ?&gﬁe’ggﬁ‘é’ & 'ﬁg?:ﬁ Elggtad[e{’ é‘gggﬁn&tt{) g’cf fromthe
m d- t hi cknegpplizhtiorhef the design 1@4ds. Bhsed onpubljshed emipirical gonpelations betwgem f

experi ment al S.0 t C 0si t 1,0 di to exanpl es
ot ovi ded hela Ked o GROB e BIRRE, 18D 0z o CICAS fipfidd enbilly
correlates to a CVN value of about 37 J. This example is not intended to limit this =~ -
15  invention in any way. : o Loaree

For containers and other components that require bending of the steel, e.g:zz".:
into a cylindrical shape for a container or into a tubular shape for a pipe, 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 -

20 the steel must be heated to achieve the desired shape after bending, the steel is
preferably heated to a temperature no higher than about 600°C (1112°F) in order to .
preserve the beneficial effects of the steel microstructure as described above.

The unique advantages associated with such containers and other components
are described in detail below.

25 |
jcu -Based Distributi

Referring to FIG. 3A, one embodiment of an infrastructure for vehicular,
land-based distribution of PLNG according to the present invention is illustrated.
PLNG is stored in at least one primary storage container 30' and, at times, distributed

30 by tanker truck 31', railcar 32, or barge 33 to at least one secondary storage container
34. Thereafter, PLNG is distributed by tanker truck 31' from secondary storage -
container 34 to a distribution site 35, such as a filling station. Alternatively, PLNG is



substantially at the center, of the steel plate thickness for center

t enperature . nmeasurenment, while the surface tenperature is neasured by
use of an optical pyrometer. A correlation between center tenperature
and surfacewWesssotst ure is 25 devel oped for use during syHeaasveINTas
processi ng of the same, or substantial B¢ the sanme, steel conposition,
such that center tenperature may be determ ned via direct measur enment
of surface tenperature. Al so, the required tenperature and flow rate of

the quenching fluid to acconplish the desired accelerated cooling rate may
be d etdagtriputedidireptly fromaat ldastane primarystorage ¢optainer ée'étm adistributiomndar d

i ndustry pu t has the
requisite ktr%(k) gdgie)&%rfgﬁgﬂmfefn (I)‘Nl%lglﬁ?%j igd’%an‘?'gér’én atsiFon provi %‘ed her ei n
to produce ulistributivngite 35 toevagivhs vehinles37| forconsumgpitiop) I arother embodiment, . WO
I?>8C{I'i 3%82127 [ pump is required due to the high pressure of PLNG in distribution site 35.3_2; i
havi ng sui t Nséhiclés 3ftinelhde; fisytcharapid, withophtheseby flintitingsthisiinvention, tplaned,i ng t he

Uit abl o ot B AR R T ot GBI TR AR AP AP FIO B BN 1 oo ¢

are within tlbdls&lhﬁtbﬁﬂlf;]nitﬂ&sﬁlir&%ﬁiﬁaryﬂuﬁgzbmeéﬁwi'(b)ﬁankerﬁucle&lfﬁmn of
skill in the art the r isite nd ski se the 5
i nf or mati on 3HBA 5%@% aﬁe"ﬂvgﬁf"gﬂpéhg? B OTRAWEL) | 0y st eel

pl ates dwonrsg m&ﬂeﬁ&nptas BENG 12§ be ARHbALCAYid DyloTeid fpimpesses of the
steel plates, pr according to-the exanples provided herein, while
still erHudFﬁ§ﬁ§a§@P Wbl at es havi ng sui tabl e high strength and

sui tabl e cryogeni c tenperature toughness for use in the system of the
present invention. For ex; gle one skllled in the art_may use the 10

I nf or mat i on 4Peyasd AeRalle NG domectfuelngeds apremate sifeE ™ a t hi ckness of
about 2.54 cm gy s:{eaas uecﬁ%wmowmm@ ﬂfmd} 1S BT Beaiiht Atichedies.

cryogeni c terrperature t oughness f use in constructing the-containers
and ot her céﬁﬁaﬁ@nbg&wn%w@wmmvwhsonwmm a systprafordistibMing st cel s

may exi Sfs OrPING #PMmel TRE Al afRbofd sitenchabC 165Gk tark btk HabiRg at -
least one container with a fill and drain line and a vent line according to the present .. -
invention, at least one container with a fill and drain line and a vent line according to
the present invention at a remote site, and at least one cryogenic pump.
In the simplest of such a system, the desired volume of liquid PLNG fuel is .
20  pumped by a eryogenic pump into a container on a tanker truck from a PLNG fuel -
storage site via interconnected fill and drain lines, one ﬁ'om-the container and one - -
from the PLNG fuel storage site, while vapor PLNG fuel flows from the container to
the PLNG fuel storage site, via interconnected vapor lines, to equilibrate the pressure
between the container and the PLNG fuel storage site. When PLNG fuel transfer is -
25 completed, the tanker truck transports the PLNG fuel to the remote site. At the
remote site, liquid PLNG fuel is transferred from the container on the tanker truck to a
storage con'fainer at the remote site or, alternatively, liquid PLNG fuel is transferred
from the container on the tanker truck through a vaporizer and transformed to vapor
PLNG fuel, which in turn is transferred direcﬂy to an end use site.
30



the scope of the present invention. 15 When a dual phase steel is
used in the construction of containers according to this invention,

t he dual phase steel is preferably processed in such a manner that the

time peri odwgussdigs Whi ch the steel is maintained in the i Hcqhfotihed

t enperature range for the purposepf creating the dual phase structure
occurs before the accel erated cooling or quenching step. Preferably
the processing is such that the dual phase 20 structure is forned during
cool i ng of the steel between the A«B transfornatlon tenperature to
about the ) tbmb for AfchisHuitRE . : AL li0L “greference

for steels used |n t he constructlon contalners'accoro othis.

i nvention is thasy%mm°%@fdﬁ§?“&nsgﬁ§ﬂtemp?@ﬂgweater ‘t han 830
MPa (120 ksinhmgfRétudngd $idts.] SWMR'sydtdAdare similap Rkt mZﬁr%&&bﬁu&gi’ﬂﬁEﬁBr] F) upon -

conpl etion of the accel erated cool I ng or que ., Wt hout
any additi mtfb?@éé‘!?sﬁ‘?ﬂ}@h%%ﬂ@tﬂmﬁ@mmaﬁmgmfmufah@nagpleht sueh as
tenpering. Mre preferably the tensile strength of the steel upon

conpl eti on of the quench| ng or cool [ ng step is greater than about 860
MPa (125 ksiPpySiem RC < gr than about 900 MPa (130

ksi). In sone a éts@@édu:ﬁ@% J rengt h of
greater than abgg* 0 %@ﬁ@?ﬂgﬁ grea smblﬁ\ﬁg(r%?giﬁkﬁt MPa
(140 ksi), wegxmmlmmm&rmﬁibumzﬂGﬁomet)ﬁxelmpms acmmmteatl on of the
e O on 1 it il ¥ efholeitR 1 b Bl commection to a gas pipelind B he uid

Joi ni ng 10/t RONG fhelrfrafio thetcontainenis vaforiZediined vaporizeaswithel vaporiZed PRGNt s -

In order to ai nets,.and ot her conponents of the present

i nventi on, g;%g'ﬁ{ X%ﬁg“%{\{ﬁﬂ ’1% ﬁsé’mﬂlﬂﬁ the steel plates is required.

Anyj oi ni ng method that will provide joints with adequate strength and

t oughness fp, as d| scussed above, is considered
to be suitab

Systems are prov1ded for dlstn'butmg PLNG for vehicle refueling stations.
15  Such systems are similar to systems for distributing PLNG to meet fuel needsat - .=

remote sites, wherein the remote site is a vehicle refueling station.

Containers and other components of the above-described systems for

vehicular, land-based distribution of PLNG are constructed from any suitable

20  ultra-high strength, low alloy steel as described herein, such as any of the steels : -
described above under the sub-heading “Steel for Construction of Components and -
Containers”. The containers and other components are sized according to the needs of
the PLNG project in which the system will be utilized. A person skilled in the art -
may use standard engineering practices and references available in the industry to

25  determine the necessary dimensions, wall thickness, etc. for the containers and other
components.

The systems of this invention are advantageously used for containing and
distributing/transporting PLNG. Additionally, the systems of this invention are
advantageously used (i) for containing and transporting other pressurized, cryogenic

30 fluids, (ii) for containing and transporting pressurized, non-cryogenic fluids, or (iii)
for containing and transporting cryogenic fluids at atmospheric pressure.



met hod suitable for providing adequate strength and fracture toughness to

contain the. fluid being contained or transported is used to construct
t he containers and ot her conponents of the present invention. Such a
wel di ng metWod@s/snes er abl y i ncl udes a sui t abl e consunatBUYBALMs 2

sui t abl e consunabl e gas, a suitabl e we#Hding process, and 10 a suitable
wel di ng procedure. For exanple, both gas netal arc welding (GVAW and
tungsten inert gas (TIG welding, which are both well known in the steel
fabrication i ndustr can be used to join the steel plates, pr ovi ded
that a suitabl e Acemmamn ventageofRLN@dmwmﬁunmmpuomdesmade

In a first C W 15 -
process is use t‘g’ proﬁJuQ&({F%ﬁl;'ﬁ%m“i f&ﬁﬂ%ﬂLﬁ?&%ﬁl}»ﬁOﬁgsﬁhﬁﬁ and about
0. 07 wosick bighentempératute of PINGu Borrenamgpiecoridentivalmechatizal\systemi |.i-con,

ol ybaenum riaser PLECNTt T g aistor el ERRARA I oval e o ot

50 ppm ssll fwnveﬂﬁmhmildakxsmhd&ih;rbmsm%ﬁindthe dominart variuetorchieat ledk t he .

honabout a7 o 00 iEathaR e oo ot i Rotinls oo

0h3 . Eﬂfddﬁtttdéhﬁéi?gﬁh& ﬂﬁoﬁg}irﬁm&ﬂ pﬁ)dkcl/lbﬁdhe to(lo@%oﬂ-bﬁ Iﬂﬁ:h))‘ V\é: di ng by
this metho ovj des ssar ayin sile
strength grgg?‘éﬂh‘g Evgus “’gé@" ﬁ’gﬁj’ "} arfeyere ‘Fé‘ at er than
about 930 MprRrdgé témpefdtire oﬂPLNG)El&faﬁér&h&d&atwe insuldtida sadh dskRAphnd@PfamiSS> MPa

(140 kSI and_even re ferably. at teast about 1000 25 MPa (145 ksi).
Fur Uhor 10y £08 FUCARPORTSc ALAToNs BREFATRBAY G Yash  PESRT APEm oF DBTT

bel ow about mmult8layer ihéuldtiohOO0[ er r] F) .preferably bel ow about -96[err]C
(-140[err]F), nore preferably beI ow about -106[err]C (-160[err]F), and
even nore pref er YK 'g W%M@“%bﬁ fiescribed in termsyofjone p1 gre

I'n anot her gxafRl@mbBHitichS, 1%5&9%&&&@%9&%@&&&0&%%0%09 a 30

wel d netal chemistry conprising iron_and about 0.10 wt% carbon

(pr ef er abl y witheuf departing from theiseqpe ofthe invigptigne whish 5 set forteinthedlams belows r om
about 0.07 to about 0.08 W% carbon), about .1.60 wt % nanganese, about
0.25 wt% silicon, about 1.87 wt % ni ckel, - WO 98/ 59195

PCT/ US9812744 ' : : . R



34 about 0.87 wt% chrom um about 0.51 wt % nol ybdenum | ess than

about 75 ppm phosphorous, and | ess than about 100 ppm sul fur. The
wel di ng heat input is in the range of about 0.3 kJ/mmto about 1.5
kJ/ mm (7. 6 walbsiseds t o 38 kJ/inch) and a preheat of abewiusddRiarr] C

(212[err]F) is used. The weld is nmade4@n a steel, such as any of the 5
above-described steels, using an argon-based shielding gas with less than
about 1 wt % oxygen. Welding by this nethod provides a wel dnent. havi ng
a tensile strength greater than about 900 MPa (130 ksi), preferably
gr eat er t haGlosdapyibf efis:VPa (135 ksi), nmore preferably greater than
about 965 MPa (140 ksi), and even nore preferably at | east about 1000
MPa (145 ksi). Further, welding by this nethod provides a weld ‘19 metal

with a DBTTAche’aﬁsforahﬁwtemi’&&ma] C (thé Ridperatufdat whith afisténits bygiiab @smabout

-96[err]C (-140[err]F), nore p e.feEablé/ bel ow about -106[err]C
(-160[err] F), and even nore prefera%‘F‘Fg bel ow -about” - 115[eér r}C
(-175[ers]F) .. I n anot her exanpl e wel ding nethod, the tungsten

i nert gas vvel d| ng (TI, G) roces is used to produce a vvel net al
chemistry cdf ?rﬂ'ﬂ“?‘ttﬁﬂpmeabout plemperptire ch raptormationofdenits v | ess
than about 0.07 wt % carbon), about t}a@fenite $completedRHAS RRRag; abOUt 0. 20 wt %
silicon, about 4.00 wt% nickel, about 0.5 vvt%chrom um about 0.40 wt %
nol ybdenum about 0.02 wt % copper, about 0.02 wt% alum num = . about

0. 010 Wt % t A, ¥3hdfhma W %he felipeftird i wWidehtrandfSimtibiian  about 50 ppm

phosphor ous, "and less than about 30 ppm sul fur. The wel ding heat input is
in the ® range of about 0.3 kJ/mﬁWﬂéﬁielﬁﬂﬂtf%Wmlwegmk@ﬂSnch to 38

kJ/inch) and a preheat of abouyg, n&,@&éﬁ&éﬁc&&%[ err]F) is used. The

weld is made on a steel, such as any of the ove-descri bed steels,

usi ng an argon based shi el di ng gas with | ess- than about 1 wt% oxygen.
Vel ding by Ah %&%@%s v?L rength
greater than abou 0 ksi prefera Iy great er t an about 930 MPa
(135 25 ksi), nore preferably gredrasformhimfeaitodirmgesoliven- (140 ksi):; and
even m)iﬁ preferably at | east about 1000 MPa (145 ksi). Further,

wel di ng" by this nmethod provides a weld metal with a DBTT bel ow about

-73[ err] C (ergOgehizrterhperatumes:ef er abl y temperatundsdower-tie®|abpuf]-40°C (-40°F);140[ err] F)
nore preferably bel ow about -106[err]C (-160[err]F), and even nore

preferably bel ow about -115C (-175[err]F). 30 Sinmlar weld
metal chem 6TODes to those nenti onegtadktig épening dizplaeemengn be - made using
either the GVAWor the TI G wel di ng processes, However, the TIG .
20 CVN: - Charpy-V-notch;
DBTT (Ductile to Brittle .
Transition Temperature): delineates the two fracture regimes in structural
_ steels; at temperatures below the DBTT, failure
25 : tends to occur by low energy cleavage (britile)

fracture, while at temperatures above the DBTT,
failure tends to occur by high energy ductile
fracture;

30 essentially: substantialty 100 vol%;

g: local acceleration due to gravity;
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wel ds are anticipated to have |l ower inpurity content and a nore highly
refined WOASBPSt ruct ure than the GVAW wel ds, and t hus Pepusysadzdsow

t enper at ure toughness. A #rson of skill in the art has the
requi site know edge and skill to use the i nformati on provi ded herein
to weld ultra-high strength, low alloy steel plates to 5 produce jOIntS
havi ng suitable high strength and fracture toughness for use in
constructing the contai ners and other conponents of the present invention.

O her ht:abl e joinng or wel di ngnisRicimsiemetidy €xi st or be devel oped
hereafter. All such joining or welding nethods are within thé scope of
t he present invention. 10 Construction of Containers. and O her .
Conponents GMAW: Wt hout her eé;gn{'ﬂia;clmdﬁ,%u s invention: containers
and ot her conponents (i) constructed from nal'eri al s conprisi:ng

ul tra-hi gh strength, low alloy steels contalnlng | ess than 9vvt%

ni ckel and (Haﬁﬂenﬂ dequate stre r at.u
fracture toug nesg to cegnt ain cryogear%llg F%rrper é{o%gaﬂmedgpgg e(§u| arI y

PLNG are 15 provided; further, cordndicasbositrides ofhibki

constructed from material s conprising ultra-high strength, I ow al | oy
steels containing less than 9 wt % ni ckel and having a tensile -strength
greater thaH830 MPa (120 ksi) and cheBBifectedrearie; t han about -73[err]C

(-100[ery]F), are provided; further, containers and other. conponents (i)
constructed frommaterials conprising ultra-high strength, low alloy steels
cont ai ni ng Afiteferitical tefrperativorangsd W %0 firir Kbdut iR itladsFOIMALBS tonfRfAEEE '
strength and cryogenic terrperatur frac ure tou hness to contain
cryogenic tenperature fluids, parti ctﬂl © Acs trapgfs EMPCRAEOR:  and

further, containers and ot her conpo%aﬁﬁg aﬁdﬁ-olﬁQB&itltubCAﬁdmsfomaﬁaﬁm

mat er i aI s conprising ultra-high stren th, |ow gl I oy steel S containing |ess
t han about 3 wt % ni ckel and (ii® H%'i“ﬁgm Wméxceedl ng
about 10680 MPa (145 . temperatureoncoohng,
Kic: - crifical stress intensity factor;
kJ: . kilojoule;
20 '
kPa: thousands of Pascals;
ksi: _ thousands of pounds per square lnch,
25  low alloy steel: ' asteel containing iron and less than about 10 wt%
total alloy additives;
MA: | martensite-austenite;
30 maximum allowable flaw size: critical flaw length and depth;

Mo,C: a form of molybdenum carbide;



25 ksi) and DBTTs | ower than about -73C (-1 00[err]F), are provided. Such

contai ners and ot her conponents are preferably constructed fromthe
ultra-high strength, |low all oy steels with excellent cryogenic

t enper at ur wg BgIsess descri bed herein. The petvsdsnerss and
ot her conponents of this invention arggpreferably constructed from

discrete plates of ultra-high strength, |ow alloy steel with excellent 30
cryogeni ¢ tenperature toughness. Were applicable, the joints ofthe

cont ai ners and ot her conponents preferably have about the sane
strength and toughness as the ultra-high strength, |low alloy steel
plates. In_some cases, an undermatching of the WO 98/.59195
PCT/ US98/ 1% mlhlo%s oI'Pascﬁs, 36
strength on the order of about 5% to about 10% nmay be justified for :
| ocations of | ower stress. Joints with the preferred pr:’)fpe_._r,_t_i___‘es can b
made by anMgtrnsfaizhation ténpierature: tthetemperature abwbich kramsformationi ofg t echni ques
descri bed herein, under the subheading, "Joj nin t hods for
Construdtion of Containers and Ot héusteigioparemsites goooling; As wi|| be

famliar torgse skilled in the argressiriRd fgaefied ntui@ead) (CVN) - test

can be used for the purpose of fracture toughness assessment and fracture

control in t he design of containers for transporting pressurized,
cryogenic Sldnbif-e fluids, at 4alt aBsut SO WohmPperkégu! arly through use
of the duchﬁ@-to- ittle transition tenperature (DBTT). The DBTT

delineates two fracture regines in structural steels. At 10 tenperatures
bel ow t fje I, failure in the Charpu \Menghfiht est tends to occur by

| ow ener gy eavage (brittle) fractﬂt}%&e,}‘ whi Fe at tenperatures. above the
DBTT, failure tends to occur by high energy ductile fracture.

Cont ai ners fhat are constructed f r%%sﬁrﬁgjaa%ﬁﬂ%hs%gﬂu&;for t he

transportation of : PLNG and for oth : cryogeni c __
tenperature service nust have DBTTs, as determ ned by the Charpy V-notch

test, 15 Wel' ow the service tgaRetal Uingby blifmednt Whtrdbya g Or der to
al .

avoid brittte " ure. : . ]
15 selected for its tendency to increase the cooling '

rate of the steel is utilized, as opposed to air ="
cooling; s

quenching (cooling) rate: cooling rate at the center, or substantially at the
20 center, of the plate thickness;

Quench Stop Temperature: the highest, or substantially the highest, |
' " temperature reached at the surface of the plate,
after quenching is stopped, because of heat

25 ' transmitted from the mid-thickness of the plate;
QST: Quench Stop Temperature;
slab: a piece of steel having any dimensions;

30



Dependi ng on the design, the service conditions, and/or the requirenents of
t he applicable classification society, the required DBTT tenperature
shift may be from 5[err]Cto 30[err]C (9[err]F to 54[err]F) below the
servi ce tenPO 3598 As will be famliar to tRoB@sesiided in
the art, the operating conditions take(320 into consideration in the

desi gn of containers constructed froma wel ded steel for storing and
transporting pressurized, eryogenic fluids, such as PLNG include anong

ot her things, . the gper ating pressure and tenperature, as well as additional

stresses thipkertrucky o) kely to be2myEARSfoRYehiqulardandsbaseddistributiane| dent s
(see Gossary). Standard fract Bfflﬂ@:m oF BB Yo Hufits, SUCh as (i)
critical stress intensity factor (Klerr]), 25 which i's a neaSurenent of
pl ane-strain fracture toughness, andnct mlmtpﬂ%mkﬁgmcks :

di spl acenent (CTOD), which can be u a:?lﬁ?é&'e el asti.c-plastic fracture
t oughness, both of which are famliar to those skilled in thé art, may be
used to 3 determ ne the fracture toughness of the steel and t he

wel dments. ippglustry codes gengk table for steel structure
design, for exanple, as presented in @hu%@ffegg publ i cation "Qui dance on
nmet hods for assessing the acceptability of flaws i n fusion. wel ded
structures” ferred to as se det er mi ne
t he maxi rrumta é(;)wa e flaw sizes foﬁeﬁéﬂ‘con 1 ner "g%f"%ﬁ"&"?gga acture

t oughness WO 95159195 original cross-sectional area; _

PCT/ S93/,12744 : 37 of
the steel and wel dment (including HAZ) and the inposed stresses on the
cont ai ner. TIG weNlimgsr son skill ed i ntirgsteaitertqms wekling; op a fracture.control

programto mtigate fracture initiation through (i) appropriate
container design to mnimze inposed stresses, (ii) appropriate
renuf act ur i g, @spkiske:cont rol to R TerBerdh o6 whidhiakst RIS Akt © S
control of life cycle |oads and pressures applied to the container, and
(iv) an appropriate inspecti onrgrpgilize;to reliably detect flaws and
defects %n t he container. A preferred design phil osophy for the system
of the 6 esent invention is "leak before

USPTO: - ~ United States Patent and Trademark Office; and

weldment: a welded joint, including: (i) the weld metal, (ii)

the heat-affected zone (HAZ), and (jii) the base
20 metal in the “near vicinity” of the HAZ. The

portion of the base metal that is considered
within the “near vicinity” of the HAZ, and
therefore, a part of the weldment, varies
depending on factors known to those skilled in

25 . the art, for example, without limitation, the
width of the weldment, the size of the item that
was welded, the number of weldments required
to fabricate the item, and the distance between
weldments.



failure", as is famliar to those skilled in the art. These consi derati ons

are generally referred to herein as "known principles of fracture
mechani cs. " 10 The following is a non-limting exanpl e of

appl i cat i orwobs/sdesse known princi pl es of fracture ne®causes2i4d a
procedure for calculating critical fl a4 depth for a given flaw | ength
for use in a fracture control plan to prevent fracture initiation in a

cont ai ner according to this invention. FIG 4Billustrates a
flaw of flaw I ength 315 and fl aw depth 310. m,mﬁw“ ed to

cal cul ate VWHAT WECLABMdSBitical flaw size m, EM "F Fl G.:- 4A based
on the foll owi ng design conditions for a pfessurt ves cont ai ner:
Vessel Dianeter: 4.57 m (15 ft) Vessel val |

Thi ckness: 1. 25A4ontinédsuitble forus@in a tanker truck for transportinge pregsuridedessur e:

3445 kPa (500 ps;j. I St ; 333 MPa
(48.3 ksi). i‘&“ﬁed“a““alﬁéra‘?ﬂ?‘sﬁﬁer%f@?%“‘wiﬁf m@ﬁ%@ﬁ%%"%“w"f ace flaw
length of 100 nMkEA(110CHESand at a temPergture i abauti-#23°C (-AR09F) exdbedt 62°Cr seam
weld, is assunmed, Referring nowto FL.G.4A plot 25 . 300 shows the val ue

for critical fl aovsw&twheg@nﬁmmwwsme@ﬁ%wwe'sm%? and
of residual S”eﬁﬁmlgi@ &eﬁ?ﬁ%@'aﬂﬁ&&t@&%ﬁﬁiﬁﬁlﬁcs@%@w@@m@t@aﬂ@o percent of

yield stress Stresses can enerated due to fabrication
and wel di ng; andhaving am&sm%m%t‘ﬂbw&%u&fksﬁ@%%m lower, ess val ue

of 100 percent o L6 in welds (including the weld HAZ)
unl ess the wel dsthg‘}r{ 'iqr?;s?rgplgi/ed using 30 techniques such as post weld

heat traqatment (PWHT) or nechanical stress relief. Based on
the CTOD frgcture toughnes t he. st
t enper at ur ea t heic agfeﬁﬁ‘f’apglf?ﬁ‘?gt“f%ﬁﬁ g&ﬁﬁ E’?g%s??mégﬁ uce t he
resi dual stressetdiquefied natural gas #\@pBadsnd dBdbout 1725 kPa (250 psia) to about 7590
PCT/ US98/ 12744 ° oC -
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
15 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 lowers:
than about -73°C (-100°F). :

3. A container suitable for use in a tanker truck for uanspbfting pressurized
20 . 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 constructed from materials comprising
an ultra-high strength, low alloy steel containing less than 9 wt% nickel and
(ii) has adeguate strength and fracture toughness to contain said pressurized
25 liquefied natural gas.
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38 and an inspection programcan be inplenmented (for both initial

I nspection and in- service inspection) to detect and neasure flaws for
conparison against critical flaw si ze.—~tn-this exanple, if the steel
has a CTOD WR¥WME¥s of 0.025 nmat the nini Ser Vi TEREpaTet ur e
(as measured using | aboratory speci neny andzm w,g stresses are
reduced to 15 percent of the steel yield str ! mm"gggfal ue for
critical flaw depth is approxi mately 4 mm (sSee" pot nts on FIG 4A.
Fol lowi ng sim | ar cal cul ati on procedures, as are well known to those

skilled in the arfcongaingrispitable fopyse in a tanierfiryek fortransporting pressurizedl f or: vari ous
flaw | engths as i f [ | ' :
BadalBl g AR PR 0 GO MDA I

information, a quality control program and i [
10 detectabl e fkRa(tiOfpsis) andsat afterppnasure\of about -112°Q §1 20U éalationt SA%Tr e t hat

flaws are det ed. and renedjed prior to.r.eaching. the critical flaw
depth or prior t -@ﬁ}b,wherem @Eﬁﬂ%ﬁ%?s'{“ﬁ’&d&&waﬁteﬁ%}ﬁa%mmw on

publ ihsheds emﬁi ri()ﬁlgiéaéﬁi@h§@éngthw',WaJWSt&BEbntainm las’Nhl aKDWA]niéllfeliﬁﬁrw fra'g/llilre
t oughness, the 0.025 mn C t oughness genera correlates to a

val ue of about 372Yn8HA %ﬁ?ﬁ\%@r}i“g"?ﬁsgb‘ﬂ‘iﬂg a (5 kspapd a BT T 5

i nvention in any 1Y@y than about -73°C (-100°8y. contai ners and ot her .conponents t hat
require bending of the steel, e.g. into a cylindrical shape for a
container or into a tubular shape for a pipe, the steel is’ ‘preferably
bent into t desj : ' ' t id
detri nent al II% af f%éfﬂ?ﬁg t glgiycel en?i’cég%%y{egrspagr‘gﬁf% toug%?iess of
the steelo |f 20 lowiaHoysted contains less:the ahontiS wi%mi¢kebve t he desired shape
after bending, the steel is preferably heated to a tenperature no
hi gher than about 600[err]C (1112[err]F) in order to preserve the
benefici al e8.f ectA corftainérsuitablefor nsein@danker trankdonandparting pressusibbed/ e

The uni que advant [ ] | t onents
are described in 1@?@?@8@% W%lf%%ﬁg?%ﬁ%ﬁﬁ%ﬁ?%u gir;l‘?ei{tl'zg%? Based
Di stribution of MPAE@E100 psia) and at a terijedraturei afgbdud - AREC (A70°K) neawabsaPCent  of
an infrastruct urepiﬂgé)e\r(vghi cul ar, .. . land-based distribution of PLNG
accordinf to the ¢ Wﬁ\ﬁéﬁ@&ﬁ‘q"%‘si"f’mﬂeﬁ g materials COINRESINGATSt or d | n
at | east one pri By high @kréigeh, I hldy Wedel SShtaififg lesdthah BB 6 wideShibidput ed 30
by tanker truck 31' ., railcar_32, or barge 33 to at |east one secondary

storage cont ai nerand having aensile stieagthggsater fap@30 MPy (420 ksi and BBTT anker ~t r uck

31" from secondaryygtRfPbout -73°C (-E@PFRI ner 34 to a distribution site 35,
such as a filling station. Alternatively, PLNGis

20 7. A container suitable for use in a tanker truck for transporting 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), wherein said container is constructed from materials compriéing an
ultra-high strength, low alloy steel containing less than about 3 wt% nickel

25 and having a tensile strength of at least about 1000 MPa (145 ksi) and a DBTT
lower than about -73°C (-100°F).

——
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WD 98/ 59195 :

PCT/ US9/ 12744 -39 .
distributed directly fromat |east one primary storage contai ner 30' to a
di stributi omo9s/s9195ite 35. In one enbodi nent, PLNG ts—theRCEMMERT44yi a
cryogeni ¢ punp 36, from distri but430n y!mi B to various vehicles 37

for consunption. In another enbodi nent, ﬂﬂ'ﬂmgl red due to the
hi gh pressure of PLNG in distribution site 37 include,

for exanple, wthout thereby limtin th| S inventi on ) arfes buses,

aut orobi | es8. andAcentringr asiip apyeficiaims Ly Aphe (clain §1is 3 q?EM‘eP@ldH“G 3B, PLNG
I's distributed fyama o&?%&ﬁ%&d%ég&ﬁfn&ﬁéeﬁfeﬂﬂﬁhf%@f&i&&et ateR¥f t anker

truck 31", with orizer (not shown in FI SB) directly

into a pipeline s:aslujtra@mheqtrength,lmg oy seelguherein joints of said cnsiaines havsianG may be
distributed via Eégé% 96RPh Sh@WDBTT lower thinl) Systens
for distributi ngégﬁﬁégfﬁo&ﬁ et gl(ga? é\ogéds at rem)tg ?t'es‘ ower

Systens sre provabat-7BeC ((ADE). buti ng PLNG to neet fuel needs at renote
sites. In one enbodi ment, wi thout thereby limting this invention, a
systemfor distributing 15 PLNG to neet fuel needs at renote sites

i ncl udes at 9] eashtﬂik%r&ﬁﬂkﬁfuiﬂsp&ﬁn@aprmglmedhqueﬁedhatmﬂgasneam ner wth

a fill and drain |ine t llpe.ac nt

i nvention, at Ie%é?b"%ﬂﬁgﬁ?gﬁ@&s‘ t%?ﬂ:kpgﬁéagl% Sﬁ% and a vent
i ne accor ding t @smperature bPgbolt 42870 (-190?F)Kolabauta62°€(ﬂm‘fﬂxwheneinesmdand at

| east one cryogenic h a system

Iest of C
t he desilPed vol umkﬁmzﬁ&ﬁﬂlﬂﬁmeﬁmge%n%“% %Wogenl C punp
into a container nf%&rﬁlstoamﬁﬁ.fsmé b krathi g Strdngth Nowialiey steel cont&ihiifgd@G site via
|

i nterconnected f and drain |ines, one fromthe contaj nma&%&}one

fromthe PLNG f uétan@wt¥mickel pndhavipg 3 tensile stipngth gienter than $30 m t he
container to ;E&?d % fiokelr tRinbaae789¢ €1004FR | Nterconnect ed vapor
lines, to eqwllgs'tet pressure
15 10.  The tanker truck of claim 9, wherein said uilra-'-high strength, low alloy steel
contains less than about 5 wt% nickel. =

11.  The tanker truck of claim 9 having on-board vaporizing equipment for
converting said pressurized liquefied natural gas to a gas.

12.  Amethod of transporting a pressurized liquefied natural gas from a storage
site to a destination site, wherein said pressurized liquefied natural gas has 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), said method
25 comprising the step of (a) transporting said pressurized liquefied natural gas in
a tanker truck, wherein said tanker truck 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).

30

—_—

This Sheet Has Been R

Ll i



bet ween the contai ner and the PLNG fuel storage site. Wien PLNG f uel
transfer i1s°25 conpleted, the tanker truck transports the PLNG fuel to the

renote sitﬁ% At _the renote site, liquid PLNG fuel is transferred from
the contai NE?*% M %e tanker truck to a st orage cont aiR€@YUSa¥1278& r envt €
site or, alternatively, liquid PLNG fu is transferred fromthe

contai ner on the tanker truck through a.vaporizer and transforned to vapor
PLNG fuel, which in turn is transferred directly to an end use site. 30

WD 98/ 59195 . .
PCTI Usows27ys  Themethod of claim 12 forther comprising the step of: : 20 (2)

Systens for distributing PLNG to neet fuel needs of manufacturing plants
Systens are pro egg& fqQr d| stributing PLNG to nmeet fuel needs_ of
manuf act uri ng pI g5 tosa) deastranetend-usti st ri but i ng

PLNG t 0 oﬁt@éan%ﬁ@'ﬁts%idde@tﬂh@n&té Sherehl G B—Js??tofaﬁémte siteis a

manuf act uri ng pI ant . (3) Systens for portabl e pipe
distribution mmmmmctdmmt@hmmwh@@umlmrtab| e.

pi pel ine' i Str i 1ghisae) Rhairhh¥Ess dMPwiog nickSHablaHHingh T thelfen! O SYSt ers

for distributing PLNG to neet renot e wherein the
renote site is @g@t@@m&%ﬂMBnﬁ@ﬁksbmdeﬂT@dewmwabnet-a&‘tc(-mn°F) quid 10
PLNG fuel fromthe container is vaporized in a vaporizer so that vaporized
PLNG fuel is flowed directly into the gas pipeline. " (4) Systens
for distribldi ngThelmhihédef claini ldl whereﬁtsﬁiditm&eﬁtrﬁﬂdlﬂﬁl&n-board vaporizing Syst ems

are proyd ded foreqq} e&%ﬂ%ﬂ]% NG for Ve%ﬁh&efe& el i n% stat | ons.

15.  The method of claim 12 further comprising the step of:

_ (c) delivering said gas to a pipeline.
15 '
16. A system for transporting a pressurized liquefied natural gas to a destination
site, wherein said pressurized liquefied natural gas has a pressure of about
1035 kPa (150 psia) to about 7590 kPa (1 100 psia) and a temperature of about
-123°C (-190°F) to about -62°C (-80°F), said system comprising at least one
20 tanker truck, wherein said at least one tanker truck 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 (-1 00°F).

25 17.  The system of claim 16, wherein said at least one tanker truck has on-board
vaporizing equipment for converting said pressurized liquefied natural gastoa
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15 Such systens are simlar to systens for distributing PLNG to neet fuel

needs at renote sites, wherein the renote site is a vehicle refueling

station. Cont ai ners and ot her conponents of the

above- descrWRe¥sHYst ens f or vehi cul ar, |and-based di sRQIuses/i2ies of PLNG
are constructed fromany suitable 20 501 tra- hi gh strength, |ow alloy steel

as described herein, such as any of the steels descri bed above under

t he sub- headi ng " St eel for~Construction of Conmponent s and Cont ai ners".
The contai ners and ot her _conponents are_sized according to the needs of

the PLNG pr b$-ect |cﬁnmptfvr§m@n&9Mh®e§edmmav@@tammgﬁabgm lled in

the art may mmt@w?% REPSIOEPYL

available in the i1 ndustr eterm ne t e n cessar é%‘?manm ons, wal l
t hi ckness, etc. #hont t-li&°€or{t130ﬂ§r§0abdulbt-ﬁbﬁc (-80°F)cosmrbrm1tamer being

The systems of t r on iy1ig and
distributing/t ragdsnpi)%é 1 ng ’EM aﬁagﬂi@gna u& %%@ﬁ%‘smqﬁ?@?nventi on
are 5 advant ayt% inidkgl arskbaving adequatecstr&:g@nnrbﬁactdretmngmpmlbl coptait her
pressurized, cryogenic 30 ..f| ui iJd) for _cont aining and transporting

o ol tanipt

pressuri zed, non® i) “‘for containing and
transporting cryogenic fluids at atnospheric pressure. - WO
98159195

PCT/ Us98/ 12744 ' 41

A primry advant age of PLNG distribution for - -consunption, .which is made
possi bl e by the systens of this invention, conpared with LNG di stri buti on,
is the much hi gher tenperature of PLNG For exanple, for identical
mechani cal system design for PLNG vs. LNG the radiation heat leak is
reduced by over 10% the 5 convection heat leak is reduced by over 30% and
t he dom nant conduction heat |eak ' . ' '

\\l\\l\\ \\\I\\ |||\\ \\l\l \\ \\l\
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i s reduced by over 30% This results in an overall inprovenent in the
econom cs of * product delivery either through reduced product | oss due
to low boil-off rate or - t hrough reduced cost of insulation for fixed
boi | -of f r AYRIISparticul ar, at the h| her . storage tREFIEPHIZI#M of
PLNG cheaper alternative i nsul ation h as expanded foanms, 10 gas-filled
powders, and fibrous materials may be used in place of vacuum or

mul ti-layer insulation. . Wil e the foregoing invention has been
described in terns of one or nore preferred enbodi nents, it should be
under stood that other nodifications may be nade wi t hout departing from
the scope of the invention, which is set forth in the clains bel ow

WD 98159195

PCT/ US98/ 12744 ' 42
G ossary of terns: mAc[err] transformatiQn tenperature: t he
tenperature at which austlte beging to form == :
during healing; 5 ofpr 1] transfbormati@n t erature: t he
_ tenperature at which tr ogmation ofyferrfte
to austenite is corrpleted OQuNi ng~t€at | ng; \p r transformation
t enper at ure: t he temperdgiine at Wmchrans tion of 10
austenite to ferrite or Tq||Ferri Lo—pros—ewentit i s
conpl eted during cooling; '
L
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Ar[err] transformation tenperature: the tenperature at which austenite

begins to : transformto ferrite
during cooling; 15 cryogeni c tenperatures: t enper at ures | ower
t han about wo@/s193 C (-40[err] F); CTOD: PCT/US98/12744

crack tip opening displacenent; 20 2/&VN:

Char py- V- not ch, DBTT (Ductile to Brittle =~ Transition
Tenperature): delineates the two fracture regines in structura

steels; at tenperatures below the DBTT, failure 25

tends to occur by | ow energy cl eavage (brittle)

fracture, while at tenperatures above the DBTT,

failure tends to occur by high energy ductile

fracture; 30 essential ly:. substantially 100
vol % g: - | ocal acceleration due to
gravity; WO 9815919 o

PCTAUS98/ 12744 : ' L 43
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Grierr]: billion cubic neters; GVAW

gas netal arc welding;, 5 har deni ng particles one or nore
of [err]-copper, M2C, or the carbides -

and car boni wois#2195f ni obi um and vanadi um HAZ: PCT/US98/12744

heat affected zone; 10 intercrit8fMal tenperature range: from about

the Ac[err] transfornation tenperature

to about the Ac3 transformation tenperature on
heating, and from about the Ar[err] transfornmation
tenperature to about the Ar[err] transformation 15

t enperat ure on cool i ng; Klerr]: critical
stress intensity factor; kJ: :
kil oj oul e; 20 kPa: t housands of Pascal s;
Ksi : : : - thousands of pounds -per. squar.e-.iznch;
25 low alloy steel: . "a steel contai.ning-it.on and |ess
t han about 10 wt % o - . total:alloy
addi ti ves; = 1 I ' e e
& |
| o
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MA: martensite-austenite; 30 maxi mum

all owabl e fl aw si ze: critical flaw |l ength and dept h; - Merr]C
a form of nol ybdenum car bi de; WO 98/ 59195

PCT/ L9981 2%Wébs/s9195 PCRPIUS9/12744  VPQ:
mllions of Pascals; Merr] trab®f ormation tenperature: the
tenperature at which transformation of .5

austenite to martensite starts during cooling; PLNG

pressurized |iquefied natural gas; predom nantly:

at | east about 50 vol une percent; 10 ppm

parts-per-mllion;

(300

20 T I I
18t -~ Residual Stress = 100% of Yield Stress
-+~ Residual Stress = 50% of Yield Stress
16 H ¢ Residual Stress = 15% of Yield Stress
E 14
g_ 12
< 10 !
] /
— -
2 ./A//
0

o 0.05 010 015 0.20 0.25
CTOD Fracture Toughness (mm) = :
FIG. 4A

FIG. 4B
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psia: - . pounds per square inch mm598/1274
enchi ng: | t ed I b
atluid 15 O SHESS e e e O el ot ot ?ngﬁ‘?ﬁﬂm 199

to increase the cooling 46 e .rate ofthe

steel is utilized, as opposedto air
cooling; - guenching (cooling) rate: cool i ng Huﬂmnﬂ’"wi’ ﬂ:’"’a 'y
or substantially at the 20

the plate thi q¥ARSSWE cLAIM@sench Stop Tenperature: the hi ghest or
substantially the highest .
tenperature reached at the surface of the plate,

LT QUeTch 59 |5 SLORRE aBBBMIES Bk ISP ek o weogaing ¢ presiad
Quench St Op Tenper diquefied natural gassit atpressure of about 1035 kPa (150 psia) to about5¥t e

gfc-l-/s EJ;S!B 12 Z|4ng an¥d,d| fﬁﬁs sta ahd aP a temperature of abou -?55%9&?50'@ to about -62°C

(-80°F), wherein said container is constructed by joining together a plurality of

discrete plates of 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), wherein

10 Joints between sa.id'discrete plates have adequate strepgth and toughness at

said pressure and temperature conditions to contain said pressurized liquefied

natural gas.
2. The container of claim 1, wherein said joints have a strength of at least about
15 90% of the tensile strength of said ultra-high strength, low alloy steel.
3. The container of claim 1, wherein said joints have a DBTT lower than about

-73°C (-100°F).

20 4. The container of claim 1, wherein said joints are formed by gas metal arc
welding,
5. The container of claim 1, wherein said joints are formed by tungsten inert gas
welding.
25

6. A tanker truck for transporting a pressurized liquefied natural gas at a pressure
of about 1035 kPa (150 psia) to about 7590 kPa {1100 psia) and at a
temperature of about -123°C (-150°F) to about -62°C (-80°F), wherein said
tanker truck has at least one storage container that is constructed by joining
30 --- -together a plurality of discrete plates of materials comprising an ultra-high
strength, low alloy steel containing less than 9 wt% nickel and having a tensile
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A
t anker truck: any neans for vehicul ar-’cmjsb9£<{lz7l|-zl
di.stribution wo98/59195 of PL 8/P274
ot her cryogenic flui dl . mﬂjrlm 1995

wi thout limtation, tanker t rucks, 47
rail cars, and barg,es; 5 TCF: trillion
cubic feet; “ tensile strength: in tensile testing, the
ratio of maxinmum |l oad to - ori gi nal
cross-sectional ar eﬁiené@xgmaterﬁh@ﬂ@mé?mksx) andaDBTTlowerthan abo&tw?!‘!ﬁen
I nert gas wel di ng; T[err] tenperature:

t enper at ure bel ow winl1@TFh ydiceeinjeintédetwerntsaid discrete plates have adequate strength
recrystallize;

Pat ent and Trade mrﬂgdd?#ggness 3t $aid pressure nd, tsmperature conditions WLdfsn Shidt €S

a wel ded joint, inchresuriged liqyeficd@asupdlgasetal , (ii)
t he heat-affected zone (HAZ), and (iii) the base 20
netal in tHe "near vicinity" of the HAZ. The

portion of they, basemm&ﬂkertumkdfalaﬁﬁrﬁiadﬁf -board vaporizing equipment for
within the "near vicinity" of the HAZ
therefore, a part My@n&gp@mﬂsmﬁl}@gﬁednaml gas to a pas and delivering said

dependi ng on faCtm@S'ﬁ‘ﬂ#@hﬁ&&hﬁ&%’ﬁ&hﬁE@?hgn 25

the art, for exanple, limtation
w dt h of t he weldrrent the size of the itemthat

was wel ded
to. fabri ca%e trfe item anﬁ%‘?ﬁnm@eﬁMﬁdmmg”fmm“tomge

wel dnent s. site to a destination site, wherein said pressurized liquefied natural gas has 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), said method
comprising the step of (2) transporting said pressurized liquefied natural gas in

15 a tan]_cer truck, wherein said tanker truck has at least one storage container that
is constructed by joining together a plurality of discrete plates of 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 wherein joints between said

20 discrete plates have adequate strength and toughness at said pressure and

temperature conditions to contain said pressurized liquefied natural gas.

9. The method of claim 8 further comprising the step of:

25 (b) delivering said pressurized liquefied natural gas to at least one end-use
storage container at said destination site, wherein said end-use storage
container is constructed by joining together a plurality of discrete plates of
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

30 . ... ksi)and a DBTT lower than about -73°C (-100°F), and wherein joints between
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-46.: What we claimis: - -46- 1. w%a/‘lZ?l"l‘
sui tabl e for UNO® 9MsUMSanker truck for transporting a presmﬁg@ggquggg
natural gas at a pressure of about 1035 kPa (150 psia)‘to abou 9 a

(1100 psia) ‘and at a tenperature of about 4823 C. (-190 F.) to about -62 C.
(-80 F.), wherein.said container is constructed by joining together a

plurality of discrete plates of materials conprising an ultra-high

strength, low alloy steel containing less than 9 w % ni ckel and having a
tensile strength gmmmscmm@ummwmeq@mmz&md@uhmmmwﬁsmann bout

< rength and 1 obghiBSRctatirt Sreic @?é%@gﬁ?%g%ﬁﬁﬁﬁﬁ%%ﬁ& fo e

contain said pressurized |iquefied natural gas. : The cont ai ner
claiml1, wherein s oLn ave trengt ast %,0f th enS|Ie
strength of sd% u%‘%ﬁk‘ﬁ%%&"&h ﬁ“ﬂﬁgﬁ}?&ﬁ'g?ﬁféﬁu %&a&%ﬁgzi%t ai ner
of claim1ls whereing ﬁr%ﬁvﬁﬂﬂ@sﬁd?&?ﬁdﬁ%ﬁu&ﬁﬁﬂaﬁhﬂgwﬂagﬁ ar{d
100[err] F.). 4. he contai ner of, ¢ m 1 Wh,ereln said joints are
formed by gas met aldeiyeringsaid ai] gag to pipelines iuseRREBHEASr of claim 1, wherein
said joints are formed by tungsten inert gas welding. 6. A tanker truck

for transporting a essurized liquefied natyral gas at a pressure of about
1035 kPa (150 l@si a)lgsmabe@pfdmlkﬁm!(qgmwmhemﬁ a tenperature of
about -123 C. (-190[err] F.) to about -62 C. (-80 F.), wherein said tanker
truck has at |east one storage container that is constructed by joining

t oget her aopl ur al i {5 deflivefing said gaptoz pipelofe. mat eri al s conpri 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 | ower

than about -732C. & iﬁ@eﬂfﬁ)r,trad@pdrﬁhg ajpmésamizeﬂéiqum readirell giisdo aclestination es
have adequate strengl R g R baRaR s tiuahea BEST Pl L prb RERCIAbYES
1035 kPa (150 psia) to about 7590 kPa (1100 psia) and a temperature of about
15 -123°C (-190°F) to about ~62°C (-80°F), said system comprising at least one
tanker truck, wherein said at least one tanker truck has at least one storage
container that is constructed by joining together a plurality of discrete plates of
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
20 ksi) and a DBTT lower than about -73°C (-100°F), and wherein joints between
said discrete plates have adequate strength and toughness at said pressure and
temperature conditions to contain said pressurized liquefied natural gas.

13.  The system of claim 12, wherein said at least one tanker truck has on-board
25 vaporizing equipment for converting said pressurized liquefied natural gasto a

gas and delivering said gas to pipelines or users' facilities.

14. 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
30~ about -112°C (-170°F) to about -62°C (-80°F), said container being
ccTnsn'ucted by joining together a plurality of discrete plates of a low-alloy,
high-strength steel containing less than about 2 wt% nickel and having

-
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condjtions to contain said pressuri zed i qguefied natural msggfg'z-?&
tanker truck o¥O98459896 havi ng on-board vapori zi ng equi pmemgﬁigam‘gqggg
said pressurized liquefied natural gas to a gas and delive

pi pelines or users' facilities. 8. A Atem for transporting a
pressurized |liquefied natural gas to a destination site, wherein said
pressurized |iquefied natural gas has a pressure of about 1035 kPa (150
psia) to about 7590 kPa (1100 psia) and a tenperature of about -123 C.
(-190 F.) to about adéquafe st(rmgm ind) fractarectogghaiess ooTontAin smdg»r@sum@dslt%ﬁed
tanker truck, wherein said | east tanke

storage container tAgHral Eas Wherein jeint, %V%ﬁ#ﬁ‘é#g&é%}?Wa pﬁ%gﬁtfl fy o

di screte pl ates of aﬁat@ﬁgm{eﬁs @O ¥hidi Sresiyre and! [témperitueeh conditiornst to cblmma#dld)y
steel containing |ess than mg % ni ckel and having a tensile strength
greater than 830 MPEEstomzeddiquelied $85-1 ower than about -73[err] C. (-100
F.), and wRerein joints between said discrete plates have adequate strength
and toughness at said pressure and tenperature conditions to contain said
pressurized |iquefied natural gas.

47 - 9. The system of claim@8, wherein said at |east one tanker
truck has on-board vapori zi ng equi pnent for converting said pressurized

| iquefied natural gas to a gas and delivering said gas to pipelines or
users' facilities. 10. A container suitable for use in a tanker truck
for transporting pressurized |iquefied natural gas at a pressure of about
1725 kPa (250 psia) to about 7590 kPa (1100 psia) and at a tenperature of
about -112 C. (-170[err] F.) to about -62 C. (-80 F.), said container being
constructed by

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Sheet Has Been Replaced

S T =




joining together a plurality of discrete plates of a | owall oy, 1000002 84-0

hi gh-sttfength steel containing | ess than about 2 wt % ni ckel and ham
adequat e-strength and fracture toughness to contat-A-sald._pressurized

| i quef-i'ed natural gas, wherein joints between S ' pl ates have
adequate strength and toughness at said pressursmlmﬁ”ﬂim; ﬂﬂ'ﬁ condi tions
to contain said pressurized |liquefied natural gas. ¢ R #thod of
transporting a pressurized liquefied ™tural gas fyfoma storage site to a
desti nat (YBt §peldimigherein sai d pressurized |iquefi e’ nat ur al gas has a
pressure of about 1035 kPa (150 psia) to about 7590 kPa (1100 psia) and a
t enper at dre ofA ¢oHtsiner suitpble @.ru;alng@ﬂnk@réﬁugbfoamoma@amﬁe W@Eéﬁ;}gjﬁeﬁ. ), sai.d
net hod c @Bl g353h2 prewureof pbayt 1034 kP (150 pie)te phoyt T390 4Pp(1d 8¢ pyia) aBdiatla quef i ed
nat ural deaeperamreof abanterd 235G 1 903Ahktp ebowt s62° €. (-491dB), whenginisaidgontaineriivast one
st orage c€ensiragterchy joning togsthevmplunalityof distrgte plates phijateriniecomprising ph witradhighy  of
di scr et e signgthelowirlloyrted contpining taspihans? wey Yamickel andchaping | tensilecstagugth gieateor al | oy
st eel cothani8p0 MPa(BHksH) adn DBRL lowenthek afoubritd® Bafr 100§ Fa, whenen jointsbateeegt h
gr eat er stiddisgel pkRa hive2dedugie strength and BBghessateaid piessuresand tempemBire.
(- 100[ er cpnditions tonoutaintseid pressurizédligueficdnataeal gasai d di screte pl ates have
adequate strength and toughness at said pressure and tenperature conditions
to contai2n saiTde pontainen of dainh 1, whereinisaid joints bavala sgergth of BPleast 90% ofthegembited of
cl ai m 11 strengthinfsaid oimpthighistrengthy bovealloy seél; (b) del i vering said pressurized
|l i quefied natural gas to at | east one end-use storage container at said
dest i nat Bon siThegontdiner ef ¢laimdi, whermit said goimts hava g ®RITHOwemthan abeutcGBSCrkict ed by
j oi ni ng tl@pather a plurality of discrete plates of nmaterials conprising an
ultra-high strength, low alloy steel containing |less than 9 wt % ni ckel and
havi ng a4t ensiThecaitainen gf dlaigy o whertintshid joifiSate Kdrmed B2 Shslsitgl arebldind)BTT | ower
than about -73 C (-100[err] F.), and wherein joints between said discrete
pl at es hdve adbecmtaines bf claimt ) wherdintsaid jHimtess faxined By fngstedsindit gas a@ldling.
tenperature conditions to contain said pressurized |iquefied natural gas.
13. Tie meheitkenfrucklfen trandpbrtingtagesssutizedliqhe fialtatial igis ik i plessiredt-abaar d
vapor i zi 135adpdi( [aoesia) foabout G50HPaI( Y0 Painyhnp bESEmMpéraed of aspuelizselcrapor al  gas
to a gasFymslabdel -622Ci (QD°F9)| Whedélf sdi®taiked GRS atQbastiSiR sforagh d6rithindria@sis 14.
The met hoshstiictéd 1ijdinihg tdgethbheyluraiyof diSdréte plafeofrhReHal conpfidingl @ w£highy sai d
gas to asting®| lowalloy 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.), wherein joints between

said discrete plates have adequate strength and toughness at said pressure and temperature

conditions to contain said pressurized liquefied natural gas.

7. The tanker truck of claim 6 having on-board vaporizing equipment for converting said
pressurized liquefied natural gas to a gas and delivering said gas to pipelines or users’ facilities.

8. A system for transporting a pressurized liquefied natural gas to a destination site, wherein
said pressurized liquefied natural gas has 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.), said
system comprising at least one tanker truck, wherein said at least one tanker truck has at least one
storage container that is constructed by joining together a plurality of discrete plates of 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 wherein joints between said discrete plates have adequate strength and toughness at said
pressure and temperature conditions to contain said pressurized liquefied natural gas.
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9. The system of claim 8, wherein said at least one tanker truck has on-board vaporizing
equipment for converting said pressurized liquefied natural gas to a gas and delivering said gas to
pipelines or users’ facilities.

10. A container suitable for use in a tanker truck for transporting 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 by
joining together a plurality of discrete plates of 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, wherein joints between said discrete plates have adequate
strength and toughness at said pressure and temperature conditions to contain said pressurized
liquefied natural gas.

11. A method of transporting a pressurized liquefied natural gas from a storage site to a
destination site, wherein said pressurized liquefied natural gas has 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.), said method comprising the step of (a) transporting said pressurized liquefied
natural gas in a tanker truck, wherein said tanker truck has at least one storage container that is
constructed by joining together a plurality of discrete plates of 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 wherein joints
between said discrete plates have adequate strength and toughness at said pressure and
temperature conditions to contain said pressurized liquefied natural gas.

12. The method of claim 11 further comprising the step of:

(b) delivering said pressurized liquefied natural gas to at least one end-use storage container at
said destination site, wherein said end-use storage container is constructed by joining together a
plurality of discrete plates of 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 wherein joints between said discrete plates
have adequate strength and toughness at said pressure and temperature conditions to contain said
pressurized liquefied natural gas.

13. The method of claim 11, wherein said tanker truck has on-board vaporizing equipment
for converting said pressurized liquefied natural gas to a gas and delivering said gas to pipelines
or users’ facilities.

14, The method of claim 13 further comprising the step of:
(c) delivering said gas to a pipeline.
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