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15 Many sources of natural gas are located in remote areas, great distances from
any commercial markets for the gas. Sometimes a pipeline is available for
transporting produced natural gas to a commercial market. When pipeline
transportation to a commercial market is not feasible, produced natural gas is often .
processed into LNG for transport to market. The LNG is typically transported via -

20 specially built tanker ships, and then stored and revaporized at an import terminal near
the market. The equipment used 1o liquely, 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

25 TCEF (trillion cubic feet)) and the LNG customers are generally large utilities. Often,
natural gas resourc;es 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, 1.e., the LNG supplier,
the LNG shipper, and the large utility LNG customer, are required to economically

30  process, store, and transport the natural gas as LNG. Where potential LNG customers
have an altcrnative source of gas, such as pipeline gas, thc conventional LNG chain of

delivery is often not economically competitive.
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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 2+:-
water vapor. The scrub column and fractionation equipment are used to remove the
hydrocarbons that tend to cause plugging problems. Mercury is also removed in a+ -
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, inch_lding 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
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the reserve and the market required to make an LNG project economically feasible.

15 One way to accomplish these objects would be to-process the LNG at higher pressures
and temperatures than is done in a conventional LNG plant, i.e., at pressures higher -
than atmospheric pressure and temperatures higher 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). Mr. 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 operaling conditions. (See “A new process for the
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transportation of a natural gas in a dense phase single-fluid state at a temperature as

15  low as -62°C (-80°F), or in some cases -68°C (-90°F), and at pressures at least 345 kPa

(50 psi) above the boiling point pressure of the gas at operating temperatures, using ...
containers constructed from materials such as 1 to 2 percent nickel steel which has ¢
been quenched and tempered to secure an ultimate tensile strength approaching . ..
120,000 psi; and (iv) “Marine Transportation of LNG at Intermediate Temperature™,
20 CME March 1979, by C. P. Bennett, which discusses a case study of transport of
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 stecl or a 3 1/2 % Ni quenched and tempered
steel and having 9 1/2 inch thick walls. .
Although these concepts are discussed in industry publications, to our
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, storing, 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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contents of greaFwe coipandisg Uil p®visioial patent applications (the “PLNG Patent
15 Applications™), each entitled “Improved System fdr Processing, Storing, and
Transporting Liquefied Natural Gas”, describe containers and tanker ships for storage
and marine transportation of pressurized liquefied natural gas (PLNG) at a pressure in
the broad range of about 1035 kPa (150 psia) to about 7590 kPa (1100 psia) and at a
temperature in the 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 pipeline distribution network
systems for transportation of PLNG.
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toughness at cryogenic temperatures, i.e., temperatures lower than about -40°C - =3
(-40°F). Other materials with better cryogenic temperature fracture toughness than:
carbon steel, e.g., the above-mentioned commercial nickel-containing steels (3 1/2 wi%
Ni to 9 wi% Ni) with tensile strengths up to about 830 MPa (120 ksi), aluminum

20 (Al-5083 or Al-5085), or stainless steel, are traditionally used to construct pipeline
distribution network systerns that are subject to cryogenic temperature conditions. Also,
specialty materials such as titanium alloys and special epoxy-impregnated woven
fiberglass composites may be used. These materials tend to be expensive and, therefore,
can often make projects economically unattractive. These disadvantages make

25  currently commercially available materials economically unattractive for constructing
pipeline distribution network systems for transportation of PLNG. The discovery of
containers suitable for marine transport of PLNG, as discussed in the PLNG Patent
Applications, combined with current capabilities for processing PLNG, make eminent
the need for pipeline distribution network systems for economically attractive

3¢  land-based fransportation of PLNG, as well as that of LNG and other cryogenic fluids.

The availability of a more cost-effective source of natural gas transported and

distributed in the form of a liquid would provide a significant advancement in the
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15 represent new trends in large-volume LNG transportation and usage with potential for
substantial growth, particularly with improved economics of the transportation - =
system. The emerging PLNG technology could make economically feasible the ise
of PLNG as fuel in these and other similar land-based applications, if a more
economical mcans of land-based transportation of PLNG, such as pipeline distribution

20 network systcms, were available.

Further, there is an increasing growth in the use of ‘portable pipeline’ -
transportable LNG/vaporizer - systems to maintain continuous uninterrupted gas
supply. This is to help gas companies avoid service interruption and to continue the
flow of natural gas to customers during peak demand periods, such as cold winter

25 days, emergency from a damaged underground pipe, maintenance on a gas system,
etc. Depending on the particular application, an LNG vaporizer may be installed or
located at a strategic spot on the natural gas distribution system, and when operating
conditions warrant, LNG tanker trucks are brought in to provide the LNG that is
vaporized. Currently, to our knowledge, there are no commercial PLNG pipeline

30  distribution network systems for transporting PLNG, instead of LNG, to such a

vaporizer for providing additional gas during peak demands.



20 (Al -5083 or Al-5085), or stainless steel, are traditionally used to
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15  network systems having pipcs and other components that are constructed from

materials having adequate strength and fracture toﬁghness to contain said pressurized

liquefied natural gas. _ : _ : : cr s -

SUMMARY OF THE INVENTION

20 Consistent with the above-stated objects of the present invention, pipeline
distribution network systems are provided for transportation of pressurized liquefied
natural gas (PLNG) at a pressure in the range of about 1035 kPa (150 psia) to about
7590 kPa (1100 psia) and at a temperature in the range of about -123°C (-190°F) to
about -62°C (-80°F). The pipeline distribution network systems of this invention have

25  pipes and other components that are constructed from materials comprising an
ultra-high strength, low alloy steel containing less than 9 wt% nickel and having .
adequate strength and fracture toughness to contain said pressurized liquefied natural
gas. The steel has an ultra-high strength, e.g., tensile strength (as defined herein)
greater than 830 MPa (120 ksi), and a DBTT (as defined herein) lower than about

30 -73°C (-100°F).
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15 DETATLED DESCRIPTION OF THE INVENTION
The present invention relates to pipeline distribution network systems for
transport of PLNG. Pipeline distribution network systems are provided for
transporting pressurized liquefied natural gas (PLNG) at a pressure of about 1035 kPa
(150 psia) to about 7590 kPa (1100 psia) and at a temperature of about -123°C .

20 (-190°F) to about -62°C (-80°F), wherein the pipeline distribution network systems
have pipes and other components that are 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). Further, pipeline distribution network systems are provided for transporting

25  pressurized liquefied natural gas at a pressure of about 1725 kPa (250 psia) to about
4830 kPa (700 psia) and at a temperature of about -112°C (-170°F) to about -79°C
(-110°F), wherein the pipelinc distribution network systems have pipes and other
components that (i) are constructed from materials comprising an ultra-high strength,
low alloy steel containing less than 9 wt% nickel and (ii) have adequate strength and

30 fracture toughness to contain said pressurized liquefied natural gas.
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transporting PLNG, wherein said pipe is constructed from a material comprising an

ultra-high strength, low alloy steel containing less than 9 wt% nickel and having a -

15  tensile strength greater than 830 MPa (120 ksi) and a DBTT lower than about -73°C
(-100°F). Additionally, other system components such as fittings are provided, =
wherein said fittings are constructed from a material comprising an ultra-high~ "
strength, lo'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 about -73°C

20  (-100°F). Storage containers suitable for use in the pipelinc distribution network - '
systems of this invention are described in greater detail in the PLNG Patent

Applications

Steel for Construction of Pipes and Other Components

25 Any ultra-high strength, low alloy steel containing less than 9 wt% nickel and
having adequate toughness for containing cryogenic temperature fluids, such as
PLNG, at operating conditions, according to known principles of fracture mechanics
as described herein, may be used for constructing the pipes and other components of
this invention. An cxample steel for use in the present invention, without thereby

30  limiting the invention, is a weldable, ultra-high strength, low alloy steel containing "

less than 9 wt% nickel and having a tensile strength greater than 830 MPa (120 ksi)



The advantages of the present invention will be better understood by
referring to the follow ng detail ed description and the attached drawing in
which: FIG 1 schematically illustrates a pipeline distribution network
syst em of wdes/ds084 present invention. FIG 2A illustratesparsoinigds critical
flaw depth, for a given flaw length, d$ a function of CTOD fracture

t oughness and of residual stress; and FIG 2B illustrates the geometry
(length and depth) of a flaw. Wile the invention will be described in
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have been improved and modificd to provide combined stecl chemistrics and
processing for manufacturing ultra-high strength, low alloy steels with excellent
cryogenic temperature toughness in both the base steel and in the heat affected zone
(HAZ) when welded. These ultra-high strength, low alloy steels also have improved
toughness over standard commercially available ultra-high strength, low alloy steels.
20  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
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
25  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;
and in a co-pending U.S. provisional patent application entitled “ULTRA-HIGH
STRENGTH DUAL PHASE STEELS WITH EXCELLENT CRYOGENIC
30 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™).



PLNG Transport Pipes The key to achieving the pipeline distribution network
systens of the present invention are pipes suitable for containing and
transporting PLNG at a pressure of about 1035 kPa (150 psia) to about 7590

kPa (1100wpSka@jpsgnd at a tenperature of 5 about '123[3"&&]1%939{23@0[9”] F)
to about -62[err]C (-80[err]F). Prefetably, PLNG is produced an

transported at a pressure in the range of about 1725 kPa (250 psia) to
about 7590 kPa (1100 psia) and at a tenperature in the range of about
-112[err]C (-170[err]F) to about -62[err]C (-80[err]F). Mre preferably,
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15 i ee]l Exa
As discussed above, a copending U.S. provisional patent application, hairing a
priority date of 19 December 1997, entitled “Ultra-High Strength Steels With - -
Excellent Cryogenic Temperature Toughness”, and identified by the USPTO as -

20  Application No. 60/068194, provides a description of steels suitable for use in the
present invention. A method is provided for preparing an ultra-high strength steel
plate having a microstructure comprising predominantly tempered fine-grained lath
martensite, tempered fine-grained lower bainite, or mixtures thereof, wherein the
method comprises the steps of (a) heating a steel slab to a reheating temperature

25  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

which austenite recrystallizes; (c) further reducing the steel plate in one or more hot
30 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



PLNG at operating conditions, according to known principles of fracture
mechani cs as descri bed herein, may be used for constructing the pipes and

ot her conponents of this invention. An exanple steel for use in the present
i nvent i onwovesisbagat t hereby 30 [imti gg t he i nvention, igscauwshsed! e, )
ultra-high strength, [ow alloy steel ntaining |l ess than 9 wt % ni ckel and
having a tensile strength greater than 830 MPa (120 ksi) %1 and adequate
toughness to prevent initiation of a fracture, i.e., a failure event, at
cryogeni c tenperature operating conditions. Another exanple steel for use
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(145 ksi) and adequate toughness to prevent initiation of a fracture, i.e.,
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To ensure ambient and cryogenic temperature toughness, steels according to

this first steel example preferably have a microstructure comprised of predominantly

15 tempered fine-grained lower bainite, tempered fine-grained lath martensite, or
mixtures thereof. It is preferable to substantially minimize the formation of
embrittling constituents such as upper bainite, twinned martensite and MA. As used
in this first steel example, and in the claims, “predominantly” means at least about 50
volume percent. More preferably, the microstruclure comprises at least about 60 volume

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

25 A steel slab processed according to this first steel example is manufactured in
a customary fashion and, in one embodiment, comprises iron and the following

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



20 The inproved steels are described in a co-pending U S. provisional
patent application entitled "ULTRA-H GH STRENGTH STEELS W TH EXCELLENT
CRYOGENI C TEMPERATURE TOUGHNESS', which has a priority date of 19 Decenber
1997 and iwp dspkodsi fied by the United States Patent and Ty 1ol fice
("USPTO') as Application Nunber 60/068494; in a co-pending U’S.” provisional
patent application 25 entitled "ULTRA-H GH STRENGTH AUSAGED” STEELS W TH
EXCELLENT CRYOGENI C TEMPERATURE TOUGHNESS', which has a priority date of 19
Decenber 1997 and is identified by the USPTO as Applicati on Nunber

60/ 068252; and in a co-pending U S. provisional patent application entitled.
"ULTRA- H GH STRENGTH DUAL PHASE STEELS W TH EXCELLENT CRYOGEN C 30
TEMPERATURE TOUGHNESS', which has a fabledity date of 19 Decenber 1997 and
is identified by the USPTO as Application Nunber 60/068816. (collectively,
the "Steel Patent Applications"). The new steels described in the Steel
Pat ent Appl i cat Abewing EBletheqtir t her deBarge@d%)n t he exanpl es bel ow, are
especi al .y suitable for constructing the containers for storing and
transporfsi ng PLNG of this invention in that the steels have the foll ow ng
characteristics, cgbaf@abl y f 00.04t-6dR2, pbetprefeiablylddsO? of about 2.5 cm (1

5 inch) and greater: (44yDBTEd ower than.about -73[err]C, (-100[err]F),
preferably Iomrtﬁaﬁ%ﬁesg%g - §7§[ cekyggmr?prfg@?bb?e‘?{r?F;% in the base steel and
in the weld HAZ; nickéelYNpensi | e 3t0r-&d)tiorgpreferably 1.5aR.5830 MPa (120 ksi),
preferably great about 0 ?_él K Jp a nore preferably
greater than abog pp%xg@bpa (13§§ksll’§%??n° I %ﬁ%fer%ll %’?i E(ra wel dability; (iv)
subst anttoal | y uniobybderunr @dgh- OHi -dk3) @sse prefarabdy 0.2€05r e and properties; and
(v) 10 inproved Iﬁ%{lgqh%§s over t_%ngo%vggﬁ_%ﬁ;&%aje#gs avai |l abl e,

ul tra-high st renﬁ’t0 al | oy steels. rably, these steels
have a tensil e stitanivgt (Tiof gr e@t08 - 0103 MmadePprdferdtly 0.0VRP8.02135 ksi ), or

greater than about 365, Mif (14Q.06%". biosOhod pedtahly 035 - 0.03
nitrogen (N) 0.002 - 0.005, more preferably 0.002 - 0.003

15 .
) Vanadium (V) is sometimes added to the steel, preferably up to about 0.10-
wt%, and more preferably about 0.02 wt% to about 0.05 wt%. L e
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%.
20 Silicon (Si) is sometimes added to the steel, preferably up to about 0.5 wt%,
more preferably about 0.01 wt% to about 0.5 wt%, and even more preferably about
0.05 wt% to about 0.1 wt%. :
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%. o
25 The steel preferably contains at least about 1 wt% nickel. Nickel content of
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
30  ofthe steel. If nickel content is increased above about 3 wt%, manganese content can
be decreased below about 0.5 wt% down to 0.0 wt%. Therefore, in a broad sense, up

to about 2.5 wt% manganese is preferred.



about 1000 MPa (145 ksi). 15 First Steel Exanple As discussed above, a
copending U.S. provisional patent application, having a priority date of 19
Decenber 1997, entitled "Utra-H gh Strength Steels Wth Excell ent

Cryogeni cWreassesat ur e Toughness™, andl%dentifi_ed by the bSI§3sAS040
Application No. 60/068194, provides a'description of steels suitable for
use in the present invention. A method is provided for preparing an
ultra-high strength steel plate having a mcro structure conprising _
predom nantly tenpered fine-grained |lath martensite, tenpered fine-grained

| oner bainite, oAddiiimamym;iGMz&@iareféﬁlﬂy aiuattahﬁmxyrm'?bﬁﬁeggwé Qtée]‘?.fs_ t Ihgmslt ;ps

of (a) heat] steal slab.to eati ng. tenperature suffic

hi gEl %o (i )*’E%ﬁ?ram @gﬁwe‘ﬁﬁrﬂigéﬁggfgeisw@ém?% e Julfuy (comientie

subst ant i al prefeatbly mmhﬂaﬁuamdo&af%.oo@gdnct@? céifter? ispReMALRNE (RHADI UM i n the
al austenite grains in the steel

steel slab, an I 1i) establish fine initi

slab; (b) r gp&bﬁﬁhé°steel slab to formsteel plate in one-or ‘nore hot
rol ling passes i sdmfeiwhiipréa@¥R6tanlddt&] bABEEng 1B LA sBU kSR &
recrystallizes; %gi further reducing the steel plate in one or nore hot 30

rol | i ng pasB¥BaE f%ﬂf‘%@%@r‘&ﬁﬁ?@%&é%éﬂ dsarribisd hereinp beatippthe)

tenper at ur esjgnth ABANGaraR Y From MBodl'9354¢ I 4bbRY 1%5@(17?@%261@?6%‘@“ (d)
quenching the steel plate at a 13 cooling rate of abol per second
to about 40{®hlﬁqtéegle€t%@a@ntael(p1egf rare ot mote pasee providitg abeud 3Q mraenfloench St op

' : ure plus
2007 or 1] (S0 o0 P e o ek R R O R v gt he

steel phat ereatysallizesn.es, abvye aboGn €fedl, | tenpkfaOife, AR RinkdPRIt Q6 hEHe sl err ] F) up
to about the Ac[err] transformation 5 tenperature, preferably up to, but

not i ncl udi Plgte inlgae Aopeteppsses praviflingshoutdh perapdo aliout &) péreent redpetionod of ti e
sufficient to caur%ﬁ xglr eci pi tat il%& of hardeni ng particles, ., one or nore

i e
of [err]-coPptieee pyrptare anee holow ahopt the IntppeaiurrAdabetraboithih obi um and

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

15 to asuitable QST (as defined in the Glossary) below about the M transformation -

temperature plus 200°C (360°F), at which time the quenching is terminated. In one’
embodiment of this first steel example, the steel plate is then air cooled 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 toughncss during the tempering of the martensitic



The period of time sufficient to cause precipitation of hardening particles
depends primarily on the thickness of the steel plate, the chemstry of the
steel plate, and the 10 tenpering tenperature, and can be determn ned by
one skil |l eadsmoasihe art. (See G ossary for definitions ofpgiggseant!y, of
hardening particles, of T[err] tenper¥ture, of Ar[err], Merr], and Ac[err]
transfornmation tenperatures, and of Mf[err]C ) To ensure anb‘f ent and
cryogeni c tenperature toughness, steels according to this first steel

exanpl e preferably have a mcrostructure conprised of predom nantly 15

tenpered fi pwgirel TIROuiQUeRherRRinbE Ge sttATOANR Hirdt sREr RhAbRGHWaP Martensite,

or mxtures thereof. It is preferable to substantially mnimze the

formati on ofemPsBrg within/dke Weadrengenfiabent 400°%€ tasTmﬁé@°Q|dﬁﬁ@fﬁ-gZQQ_°\Flb nnedI .
martensite : ' L Se L nd | e cl ains,
" predomi nanta’:ﬁggdv%e}éﬁtgmg? ?{g(ladggct’hgtgsu%de&@e\c}%{’%%eh' gl\g‘r%g%ﬁf?lat srpée%fﬁéger ably,
the m crosttfmppu:rl@tc@nmenﬁga?maemluaa&mmah?mtabﬁﬂmmm(?ﬁz%?toquwgent t o about
80 volu r.cent er.e I,ne-gral ne wer halnite, tenpere

i nes gr ar nee) CRRFrBRTE EpeE B S OGH ot SF RurBBien 1o REPBMEHRIL: ab v,
the m crost ha,rldd:nimgapamdmb i _(asﬁiglad héreiaﬁtTlﬁbpru_ Eesﬁﬂgn isgﬂm?hmrrgai???rﬁig??gpeg (rad

fi ne-graine awer I_ni ere | ne-grai ,

m xt ures thEeLre ethl)lfroﬁ%fﬁ“%?ftégéeﬁme?gﬁqg'? tqméqu@g{wmﬂ Noiile lats

ot bsIt anlt i gl h:jarté:&ﬁ%tgmpqmi %-émiﬂte%gw z&?ﬁ atrhix??ésltméefidéﬁ engg@tshe manuf acf\ur ed
steel slab processed agcordin .S, X

in a custo ?"y°%f°§§‘m°&F-ﬁ§%h°&?4°i°ﬁ“58 Ré“&WBB‘Eﬂ ?@ﬁ’fd,se"'eﬁﬁﬁ?’f’@gg"ﬂcﬁ’ n and the
fol I ow ng abﬁmyﬁilg?nemmm?s ojthelétemlmtq ;he&h%}i'm{'mbbteélm@&n% gxgle c«(a\tMeod/() i g
the foll ow Table | abl e oyl e )

carbon (O pe%’penngﬁm@ﬁraw%.aﬁ‘g?m%ét‘eﬂ?“éf‘gg%?ﬂeﬁ epinthegrito7 anganese (h)
0.5 - 2.5, nore preferably 1.0 - 1.8

econd

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

20 plate having a micro-laminate microstructure comprising about 2 vol% to about 10
vol% austenite film layers and about 90 vol% to about 98 vol% laths of
predominantly fine-grained martensite and fine-grained lower bainite, said method
comprising the steps of: (a) heating a steel slab to a reheating temperature
sufficiently high to (i) substantially homogenize the steel slab, (ii) dissolve

25  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

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

30 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)



ni ckel (N) 1.0 - 3.0, nore preferably 1.5 - 2.5 copper (Cu)

0.1 - 1.5, nore preferably 0.5 - 1.0 1.0 nol ybdenum (M) 0.1 - 0.8,
nore preferably 0.2 - 0.5 niobi um (Nb) 0.02 - 0. 1, nore preferably
0.03 - 0. %@ asis¢admi um (Ti) 0.008 - 0.03, nore preferapdiyussshdzos 0. 02

al um num (Al) 0.001 - 0.05, nore pteferably 0.005 - 0. 03 nitrogen (N)

0.002 - 0.005, nore preferably 0.002 - 0.003 15 Vanadium (V) is sonetines
added to the steel, preferably up to about 0.10 wt% and nore preferably
about 0.02 WMt%to about 0.05 wt% Chromium (Cr) is sonetines added to the

steel, prefgr 9 I bout 0.2 wt%to
2bout | 06 iyt Qe Bioh B i el BB fr ROBIERARG 1 el 21 710
preferably o o 0% _ s fer . about 0. 01 % to about 0.5
w % and evéllﬁs r}rgor QQWJ gérmgabal%‘/ga%’(%tttgf)%%a\r}\iig}ﬂ%c’ﬁg ou emg".'rf’ %ej; Boron (B) is
somet i e agidgsind @id ARABIRE| 1n E BHEGARLY, HEnlhoalbpitis QoGRPRept % and mor e
preferably about” 0.0006 wd%to about 0.0010 wt% 25 The steel

pref erabl y examplg fasthencompeises thesirpof allowing thesstesl plaigite kisicoelde ambientof t he

steel cap bg| 0% | | performnce
ftor wel di oo PoEagpBGR BEOLE BhRther bty S P e " BeTT
Ff th;ahstegﬁxﬁgplab‘ﬁhﬁcm{mﬁs]ﬂ@%eli{fémld}}?theNﬁ@ilplﬂtewbﬁtsmﬂllyi S Er ef e[ ab![y.
ess an 9; r I ntent is
preferably ﬁ%@rﬁ%ﬁflﬁﬁ e?pé%amSl?ltissrrrlhzg&ég@%{ééﬁo%gﬁé}?&&s@etgﬁg I f nickel
content is pinceddisabighidewapattugt Iigystedotherempadiowat, thermethed ofghisbe decr eased

bel o abOut 5@t Wkl hitnle Dokl ADGLFLRIGn-cbdlng ol AATpRRNRE UP 10

about 2.5 wt % nangan
10 the QST at a rate lower than about 1.0°C per second (1.8°F/sec) for up to about 5

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

15  ambient temperature. This processing facilitates transformation of the microstructure
of the steel plate to about 2 vol% to about 10 vol% of austenite film layers and about
90 vol% to about 98 vol% laths of predominantly fine-grained martensite and fine-

grained lower bainite. (See Glossary for definitions of Ty, temperature, and of Ar;
and M; transformation temperatures.)

20 To ensure ambient and cryogenic temperature toughness, the laths in the
micro-laminate microstructure preferably comprise predominantly lower bainite or
martensite. Tt is preferable to substantially minimize the formation of embrittling
constitucnts such as upper bainite, twinned martensite and MA. As used in this
second steel example, and in the claims, “predominantiy” means at least about 50

25  volume percent. The remainder of the microstructure can comprise additional
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

30  martensite.



15 Additionally, residuals are preferably substantially mnimzed in the
steel. Phosphorous (P) content is preferably |less than about 0.01 w %

Sul fur (S) content is preferably | ess than about 0.004 wt% Oxygen (O
content iwopdshgy ably | ess than about 0.002 wt% 5 peT/ubddngRFEVWhat
greater detail, a steel according to his first steel exanple is prepared
by forming a slab of the desired conposition as described hérein; heating
the slab to a tenperature of from about 955[err]C to about 1065[err]C
(1750[err]F - 1950[err]F); hot rolling the slab to formsteel plate in one
or_mor e passes Bl quldiadBroAbaL acifhaRiis il scbthatiRixat Il cthfeguction in
a first tenperature range I n which dustenite 10 ystallizes, i.e.,
above aboutmtaﬁestmp@rmf}shmmpérlapm@nbtulmemmméﬁesm@n and)ﬂklfﬂ@“tlte steel plate
in one or r§.ent
Foducti on | megmBRERE s ol IR (AR e e R B BTt e
and above about the Ar3 transformation tenperature. The hot rolled steel

pl at e igjthen quenched at a coply rate of about 10[err]C per second to
about 40[err] C per second (18?‘2‘% sec - 72[err]F/sec) 15 to a suitable
QST (as defined in the d ossary) bel ow about the Merr] transformation

t enperature pl (360[ er o Which time the quenching is

t erm nat ed. In%olné&g%&é}%ent of th}li@gfl(rstwgteel exanpl e, the steel plate
is then air cooled to anbient tenperature. This processing is used to
produce a mcros e pref | 0 antly fine-grained
lath martensite, L"{ gé rai ned gg/e?l%al ni #Pek‘é?ﬂulyggg 61r?‘?xtures t her eof , or,
nore pr#ferably mmgpmqss(Mg) sub&$ aisi mbteyprdfe@blyflihel.§r ai ned | at h martensite.
The thus direct marte | ing to this first steel
exanpl e has hi gh%sl{%{]@hgth but p?ss{abﬂ'gﬁﬁ’ggga@gq%??npr oved by tenpering at
a suitabl e tenpeawoppar(€u) r om ab@Ve 1 &bmote pt€fefablyr0l2C §.¥52[ err] F) up to about

the Ac[err] 25 fon fegRe ra pg of steel within this
t enperature rang’%‘@?@%&ﬁ’@t& 0' rg%tl&t%;e 5 rraigg'@q%gnchl ng stresses which
in turn | eads tmiebilmagyed toug@mﬁbsal Mﬁelpeeﬁmbﬂpomn@%an enhance the
toughne%s of 1 hemgt'glgrgl(.r)l t ”°r6"6‘6§ Yo. bf morepreferablyOOl 0.02

aluminum (Al) 0.001 - 0.05, more preferably 0.005 - 0.03 R

nitrogen (N) 0.002 - 0.005, more preferably 0.002 - 0.003 - - =™

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

Silicon (Si) is sometimes added to the steel, preferably up to about 0.5 wt%,
more preferably about 0.01 wt% to about 0.5 wi%, and even more preferably about
0.05 wi% to about 0.1 wi%.

Boron (B) is sometimes added to the steel, preferably up to about 0.0020 wi%,

25  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
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

30  than about 6 wi%. 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



to substantial |loss of strength. In the present invention, the usual
strength loss fromtenpering is offset by inducing precipitate dispersion
har deni ng. Di spersion 30 har deni ng from fine copper precipitates and

m xed car hwalesssagad/ or carbonitrides are utilized to opti gcressheaagt h and
t oughness during the tenpering of the Wartensitic structure. The uni que
chem stry of the steels of this first steel exanple allows f or t enpering
within the broad range of about 400[err]C to about 650[err]C (750[err]F -
1200[err]F) without any significant |oss of the as-quenched strength. The
steel pl ate gellefteREEHABW ¥bR BBAEFdn B 0.EWRE! THdefbfIRE! Brbsd Snfd 8 above
about 400[err]C (752[err]F) to belowthe 5 Aclerr] transformation

t enper at ur e ' apouk 2 5aytomangengse jprefgred.ci ent to cause precipitation of

har deni ng_par i clegidonsl eiidiad abSrabably sl E byl at e

ﬁ@ﬁh@@ﬂﬁ
transformati on of mCI‘OStI‘UCtUI‘eO he st eél ate pre omnantly

tenpered fi r?émg:barq’qle&’)mmernmpne&@lx lgss th@r@@rl@faokw% §\ﬂ1§irr(§)j°dntmms bai ni te,
or m Xxturses | &/l fi

ot el pi t a1 QRO less M o 0104 RRYA Bl (0 WPl bishibhy 1 £y 0

t hi ckness ofabpw«é)@ﬁeret% plate, the chem stry of the steel plate, and t he
tenpering tenper r.m i e art.
Second St eel Exa?rﬁpkgelﬁi“g?pgm%%&%éggtﬁgca%dg@ggRﬁovggcoghggﬁ%%éﬁ] %‘53 S.
provi si onal nenacsdbyAfomning asiab af thi desingd cempnsitionias gesdrbes hefei:hedmgdbdher 1997,

entitled "U b I genic
Tenperature SBIz{)uglf?ne;’se%‘{rg&%{'| dé%f ?f%g%%?@é{ s@@g Apﬁ%ll0 }%gﬁon No.

60/ 068258, polingdesslab td ferar stexd plate mbnmﬂmrepassslmo\adningabdmwpercetaeo| n the
present i nvent| ovi ded arin | tra-high
strength ste=’ %pmﬁfqgrtegml%% ™ “t‘ﬁ‘i'"g?rsmfearﬁg F@'hfﬁh%”f) Feucture conpri si ng
about 2 Vol Yelgstaliols . b dodtiht ?nu&ﬁpémhf@ beREFfer BB oRRRRe Ry VOl %6 tO
about 98 vol % [aths of predom nantly fine-grained martensite and

fi ne- gr ai necdplitewesneainttré passes@rcdndiﬁg itailt 400pERdenSioafoit!8e peicetsediction a)

heating a steel slab to a reheating tenperature
in a second temperature range below about the T}, temperature and above about the

15  Ar transformation temperature. The hot rolled steel plate is then quenched ata

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

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

and above about the Mg transformation temperature, at which time the quenching is

terminated. In one embodiment of this second steel example, after quenching is

20  terminated the steel plate is allowed to air cool to ambient temperature from the QST.
In another embodiment of this second steel example, after quenching is terminated the
steel plate is held substantially isothermally at the QST for a period of time,
preferably up to about 5 minutes, and then air cooled to ambient temperature. In yet
another embodiment, the steel plate is slow-cooled at a rate slower than that of air

25  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 yet another embodiment, the steel plate is slow-cooled from
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 steel example, the M, transformation temperature is about



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

di ssol ve 25 substantially all carbides and carbonitrides. of niobium and
vanadiumin the steel slab, and (iii) establish fine initial austenite
grains invdeysiRel slab; (b) reducing the steel slab topépisssasRg! plate
in one or nore hot rolling passes in &0first tenperature range 1 n which
austenite recrystallizes; (c) further reducing the steel plate in one or
more hot rolling passes in a second tenperature range bel ow about the
T[err] tenperature and 30 above about the Ar3 transformation tenperature;

(d) quenchi i i pl ate a coo rate of about ? e ‘§ per
second to a%geté&@?ﬁ t'if?é?rm?e\%%s(& P’é‘?ﬁ”}’?i?&’frat“ﬁt‘]‘éﬂ& %/éé& ) 17 to
a Quench Sto (CBT) bel ow about the Merr] transformation
tenperature gf‘b“@ﬁ%ﬁé ﬁe (180[err]F) and above about the Merr]
transformati on t aipeteeltplatemapnbehd®3ubstantyiyrigpticamallyatelcQSNYy atyn one

enbodi nent, t met hod of this secon teel exa e further conprises the
otep of - al | SHHF Pt kgpd S HEgF ifeels fie e Rh s brphaRt » BERBE: o¢ ur o
from t he sQSTblankst evepthb eteclgidha dTHéEstHel plhiaemaye:tehnﬂr cdolddhifier qeenching i3t eel
exanpl e further. c ri ses, e step of .holdin t.e plate supstantially
ot her i |y SY SHEAbIR oS 28 Bt KoK el o e i Bihg 1 he
steel pl ate glsciny 4n ifddting Glakdd oeditthd fegplatd ure. I n yet anot her enbodi ment,
the .nethod of this second steel exanple further conprises the step of .

sl owcool i ng the steel plate from 10 the QST at a rate | ower than about

1. 0[err] C perhisesien®xrhpl@[ err] F/ sec) for up to about 5 mnutes prior to

al I owi ng_t he steel plate to air cool to ambient tenperature. In yet another

enbodi meMt, the method of this invention further conprises the step of
i l 8\[NL C]Ogl i ng th%ﬁ%ﬁﬁkse@hﬁ&v@ z{F mcﬁﬁg?%l.@ﬂ'maisioﬁalrp%ieﬁt Apgwﬁohhﬁnmglaput

err per . secon r sec), for_up_ 1 ou utes prior to
al | owi ng t hePTiFibe at?)pépquc%mé?rrwgb 2‘@?51 r}g b gﬁﬁ'ﬁ %&M}’&S §;§,efo 5Thi s
processi ng fwethiExtelefSChybgensd n%duﬁs'rea b&” Ming iRatifisiCshe USPTOE St eel

plate to about 2 vol % to about vol % of, austenite filmlayers and about
Application No. 60/068816, provides a description of other steels suitable for use in

15  the present invention. A method is provided for preparing an ultra-high strength, dual
phase steel plate having a microstructure comprising about 10 vol% to about 40 \701% '
of a first phase of substantially 100 vol% (i.e., substantially pure or "essentially")""
ferrite and about 60 vol% to about 90 vol% of a second phase of predominantly fine-
grained lath martensite, fine-grained lower bainite, or mixtures thereof, wherein the

20 method comprises the steps of (2) heating a steel slab to a reheating temperature
sufficiently high fo (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 sccond temperature rangc below about the Ty, temperaturc and
above about the Arj; transformation temperature; (d) further reducing said steel plate
in one or more hot rolling passes in a third temperature range below about the Ar;
transformation temperature and abovc about the Ar, transformation tempcrature (i.e.,

30 the intercritical temperature range); (c) quenching said steel platc 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



90 vol %to about 98 vol % | aths of predom nantly fine-grained nmartensite and
fine- grained | ower bainite. (See dossary for definitions of
T[err]tenperature, and of Ar3 and Merr] transformation tenperatures.) 20
To ensur ewadgiseids and cryogeni c tenperature toughness, thenadbisgodn the
mcro-lamnate mcrostructure preferably conprise predom nant ly I ower
bainite or martensite. It is preferable to substantially nmini'm ze the
formation of enmbrittling constituents such as upper bainite, tw nned
martensite and MA. As used in this second steel exanple, and in the clains,

;;g;fﬂgm“;?s&é: e”ﬁ%%in%éﬁ@%ﬁ%??@ & SHh B M e g%ﬁxﬁi?r%pax%e%??ﬁl [‘Eer
i cr ost ruct (P8 20CBERY 4 U EBRAAER foorBling Pidab e MRUEBAELERRY 4o

vol ume percaﬂxtd KRY\Eaniphd, metcsswsp{eaéraomerb%sbﬁt%eﬁg&&s@&ﬁﬁu&{ eferably, the
m crostructure conprises at |east about 90 vol une percent |ower bainite or

| at hI 30 Mesnip@ridirt plufs 100°8 @ 8@F), ad tﬂmm@m‘&slﬁgl bﬁeﬁrmbdmrlgoim(eﬁmrg second
St ee exanpl e S act a. cust S IOI’I |

embodi ment , &’b r{’ggg“‘?q B&ﬁﬂ‘ﬂ ‘{]ﬁ‘l%@l Fmpg%%}%tcg PIGS‘?l‘sn Qﬁ%ﬁf §°°?Eﬂ‘ ef erably
in the wei ghﬁlbremgmfemmela et §6p (M) Tthe;ﬁoeéslsﬁwfa&gni&t&aﬁstbﬁnauén of the

Table Il Alq ngE LWy ¢ 0.04 -
0.12, nore PR r%*wel Plgge Wbegt%gvolgm a*r?ah@fiwﬁ%eof@rﬁﬁt phasepfs . o 5
nore pref eraé&hte alad@boutﬁo%ll% tékaﬁbut@ﬁivbl% ofa sec&nd)%haséo@red&ﬁﬁanﬂﬂlef erably 1.5
- 2.5 copper pref er 0.5 nol ybdenum

(M) 0.1 ﬁeeﬂgfa"rférl%th maéff%ﬁ"&bﬁ%?'%mzed 1°EY"=21 %‘F‘E?o?&mﬂxmthﬂm (¥ec02 - 0.1,
nore pr e1](()er Q‘ﬁ&%mg f%eﬁngiogssof Tpr temperature, and of Ar; and Ar, transformation
temperatures.)

To ensure ambient and cryogenic temperature toughness, the microstructure of
the seccond phase in steels of this third stecl exampie comprises predominantly
finc-grained lower bainite, fine-grained lath marteﬁsitc, or mixtures thereof. Itis

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

20 preferably, the microstructure of the second phase comprises 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
phase comprises at least about 90 volume percent fine-grained lower bainite,
fine-grained lath martensite, or mixtures thereof.

25 A steel slab processed according to this third steel example is manufactured in
a customary fashion and, in one embodiment, comprises iron and the following

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



15 titanium (Ti) 0.008 - 0.03, nore preferably 0.01 - 0.02
al um num (Al) 0.001 - 0.05, nore preferably 0.005 - 0.03 nitrogen (N
0.002 - 0.005, nore preferably 0.002 - 0.003 Chromium (Cr) is sometinmes

added to yhegahgel . preferably up to about 1.0 20 w% preferably
about 0.2 wt%to about 0.6 wt% Silic2n (Si) is sorretirrlégﬂg%%g%lﬁfo t he

steel, preferably up to about 0.5 wt% nore preferably about” 0.01 wt%to
about 0.5 wt% and even nore preferably about 0.05 wt%to about 0.1 w %
Boron (B) is sonetimes added to the steel, preferably up to about 0.0020
w% 25 and nore preferably about 0.0006 wt % to about 0.0010 wt % The
steel preferably contains at |east about 1 wt % nickel. N ckel  content of
the steel can be increased above allableIH Wt % if desired to enhance
performance after welding. Each 1 wt% addition of nickel is expected to

| ower the DBTT of the steel by about 10[err]C (18[err]F). N ckel content is
preferably | esallbyiag E®eminty nore pReabge@its) | ess 30 than about 6 wt %

Ni ckel %ontent is preferably mnimzed in order to mnimze cost of the
steel. I'f nickel content is increased above about 3 wt % nanganese content
can 19 be deecsbas€l) bel ow BEU0.12, movd Prefehably L@t 0.7 Wt % Therefore, in a

broad sense, up_to abo .5 % jranganese i eterred. Additionally,
residuals are pW%%ﬁ%ﬁWubstn'tﬁl%emeﬁeir?h?%gh 'ﬁﬁ the steel. Phosphorous
(P) content is pickélgN#bl y | esd.046a0 nadrepiefddabhl1 8425 Sul fur (S) content is 5
preferably | ess _than ut O. 0% OX n o) nt is preferably |ess
t han about O. 00?“5?1‘% sonemét'\q%ﬁ"m%%%%&b&%pfh&@?eel according to this
second mt eel exaigiven (H) pr eparcedghy.d3pmetegeferablyaniofo.ache desired :
conposi tion as descri begd her eigyo N5 fdr prererably 0.005 - 0.03

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

Chromium (Cr) is sometimes added to the stccl, preferably up to about 1.0
15 wt%, and more preferably about 0.2 wt% to ahout 0.6 wt%. .
] Molybdenum (Mo) is sometimes added to the steel, preferably up to about 08
wt%, and more preferably about 0.1 wt% to about 0.3 wt%. oo

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

20  0.05 wt% to about 0.1 wt%.

Copper (Cu), preferably in the range of about 0.1 wt% to about 1.0 wt%, more
preferably in the range of about 0.2 wt% to about 0.4 wt%, is sometimes added to the
steel.

Boron (B) is sometimes added to the steel, preferably up to about 0.0020 wt%,

25  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
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

30  than about 6 wi%. Nickel content is preferably minimized in order to minimize cost

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



slab to a tenperature of from about 955[err]C to about 1065[err]C
(1750[err]F - 1950[err]F); hot 10 rolling the slab to formsteel plate in
one or nore passes providing about 30 percent to about 70 percent reduction
in a firswossmpegature range in which austenite recryst apétgsmnrtose., above
about the T[err] tenperature, and further hot rolling the steel plate in
one or nore passes providing about 40 percent to about 80 percent reduction
in a second tenperature range bel ow about the Tnr tenperature and above
about the 15 Ar[err] transformation tenperature. The hot roll ed steel
plate is theg deterRedBsow bbsut 0B PAEbWIR®. PRt PhtrefoR] B 4 Brbad®hssSgpond to
about 40[err]C per second (18[err]F/sec - 72[err]F/sec) to a suitable QST
bel ow about ¢ Aok WtYe manganese is PRt ®ef-t enperature plus 100[err]C -

(180[err] F) and aPai@nAROHsidhile aMpedrtdbll stbrehAAINhindRi-L8 HRE dkr e, at which
time the quenching is térmnated. In oné enbodiment of this second steel
exanpl e, af tPApsphgrons () wgntent ippreferablyrtessthanyabonied- At witp. SplfurdS) eontant iswed t o
air cool st 0 RINLERest SR A 6094 mﬁmdxggem}cpﬁtenﬁﬁﬂief%bem grent of this
second steel exanple, after quenching I's termnated the steel plate is held
subst ant i al |3powtdfiRevtHal |y at the QST for a period of time, preferably up
to about 5 m nut n@ﬁg{, {k:1C ; | : . I n yet

anot her enbodi maﬁlt?,sot eaé%}géé{ P’Fagf ggiggqgf&g%ﬂ%?otﬁggmgt%%@%at l‘gfsower t han

t hat of air Préparedduwy|fpmajng b slab of the desined cempasition as Aesaribadderein;fheatingthper

d (1.8 ! | ' .
oot her el a{eARamEbE By 930C f o 1 GBS 1730 MY B Y S

€ 1S slowcool e rom at arate
sl ower tivan roliag thafslabito farmaitachplateiin eng oraora pasa¢seproidimg abdv 30 penttd [ err] C

per second (1. 8[.arr]lF/sec).. preferably for up t.o about 5.mnutes. In at

| east one e_nqmj)ﬁS% ‘@é’ﬁ%cexétfreg%hgggleac%ﬁ%e g8 r?erxagfﬁpé”?“c?‘ha Stﬁ}flg"r r]

transf or mat i &y {tLNRA! Pd. WbSvd sboRRRLT,, tempdlatdrOfupthéd Hot fo@ﬁ%ﬂ @& ktkép1and,
therefore, the " Merr] transformation tenperature plus 100[err]C (180[err]F)
I s about 450hen¢ pGnirBpHasses provifing Bhaut 40 pedcertitaautdl/pdrenhadddctiomis ant i al | y

i sothermal ly at the QST by any
second temperature range below about the Ty temperature and above about the Ar;

15  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
range below about the Ar; fransformation temperature and above about the Ary .
transformation temperature. The hot rolled steel plate is then quenched at a cooling
rate of about 10°C per second to about 40°C per second (18°F/sec - 72°F/sec) toa

20  suitable Quench Stop Temperature (QST) preferably below about the Mg
transformation temperature plus 200°C (360°F), at which time the quenching is
terminated. In another embodiment of this invention, the QST is preferably below
about the M; transformation temperature plus 100°C (180°F), and is more preferably
below about 350°C (662°F). In one embodiment of this third steel example, the steel

25 plate is allowced to air cool to ambicnt temperature after quenching is terminated.

In the three example steels above, since Ni is an expensive alloying element,
the Ni content of the steel is preferably less than about 3.0 wt%, more preferably less

than about 2.5 wt%, more preferably less than about 2.0 wt%, and even more

preferably less than about 1.8 wt%, to substantially minimize cost of the steel.



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

pl acing a thermal 5 bl anket over the steel plate. The steel plate nmay be
sl ow cool ed after quenching is term nated by any suitable neans, as are
known to {lesseegeki |l ed in the art, such as by placing arbd,ﬂgg;,,ﬁ%pg bl anket
over the steel plate. Third Steel Exa%l e 10 As discussed above, a
copending U.S. provisional patent application, having a priofity date of 19
Decenber 1997, entitled "Utra-H gh Strength Dual Phase Steels Wth

Excel | ent Cryogem c Tenperature Toughness", and identified by the USPTO as
Appl i cation [ els suitable
for use in 15 tﬁg{eggjzggig?te?%\%#ti?(ﬁ)xnc%m%%ﬁ&(ﬁﬁﬁ’th%@m%%rgv'\%ﬁ%mfirg preparing an
ul t ra- hi gh descabggkih othdnpublipiiione thet destrilsl lélr«eluahwqmgﬂwalom dlo(v§teplact ure

conpri sing -0 . ubst antially
100 vol % (i ?&%Lmé%sgmﬁ{%ﬁt%w.%mé&% 'g{%%ﬁ?g F fﬁ& é]errl e and about 60
vol % t o aboMPad026/ksiy/aud haarng@ucnildnqjh‘astenpﬁratpneemglmmnFm;zxﬁmnb;sugln ained lath
mart ensi e, e erqain the 20
ot hod- compriRREre RS ARyl eplehCapebalth bhififEs SURLEP 5 108P00H,

t enper at ur e hguhg lmmtolngd ahplghuoxom(mt)ershﬁ’wamlﬁ)(ﬂﬁm;anﬂ dutergatiinak t he st eel
slab, (ii1) dissql.ve.s | des of ni obium.
and vanadi u%halcg{l e eeI I%/gid(%r@é{)l 1 6 ngf{SQ&ngtenelist i al austenite
grains in tlpmfahlﬁghaﬁhgbcop@h)cohtedmf 01lgwt%en htm%),sahdiba dwenflimgid.St eel plate

In one or nore | i nq. passe |naf|rst e ure,.r in 25
whi ch aust eﬁf‘i"é“?“e%?@%‘}‘ ﬁ?qq’ic L Wlf*t‘}"‘?‘iﬂ”( %? °$£escei’§:gy| {% ’t‘ﬁ‘glﬂ%‘fg%ﬁa'pl ate in one
or nore ioot ngﬁ SmthIelmeeﬂs witic Baglleejies-how Temperatpee Dalghiesghout t he

Tlerr] terrper e d bout th rmation tenperature; (d)
further redﬁ% té%e%}yst6£§¥§£$§?§ Ii’]hcag?fﬁl(‘ &ﬁ%ﬁ?fﬁ rolling passes in a
third terrperaturﬁofmygﬁtﬁmb@w-mfmﬂced h&ls%&shﬁdamdcﬂrblynmsemm@armﬂkature and
above about the Ar].er nper.at ure

intercriticdf®3 5‘? Fpégcg&ﬁﬁ‘ﬁ‘fum(’ﬁ%’?aﬂ ﬁc??f‘?ﬁfgmé’ﬁfc%’té%ggfmﬁ? g‘Fe at a

cool i ng r at ehicinesdadttie slalGlabar pegpidtioltie ra@mitm refecenpel. Feepapsked df8F/ sec -

72F/'s eC) t 0 c%plgijatlon only, without thereby limiting this mventxon, 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 ¢m (5 inches) then reduced about 809
(an 80 percent reduction), in a second temperature range, to a thickness of about 2.5 cm
(1 inch). Again, for purposes of explanation only, without thereby limiting this

20 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
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).

25 Asused 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
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

30  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 firnace



21 Stop Tenperature (QST) preferably bel ow about the Merr] transformation
tenperature plus 200[err]C (360[err]F); and (f) stopping said quenching. In
anot her enbodi nent of this third steel exanple, the QST is preferably bel ow
about t hewdb®tods t r ansformati on tenperature plus 100[ er pEusddRk@ar r1 F), and
is nore preferably bel ow about 350[er?]C (662[err]F). 5 I n_one enbodi nent
of this third steel exanple, the steel plate is allowed to alr cool to

anbi ent tenperature after step (f). This processing facilitates
transformation of the microstructure of the steel plate to about 10 vol %to

about 40 vo bout 90

vol ‘lJJ/o of avsgr{%ggm&higg g&%?ﬁg%ﬁ%g%&rﬁgaaﬁrﬁwr&% | ne- g’?gﬁﬁ%ed(ﬁ{lgg%%%lﬂ%m ;J e,

fine-grai neﬁltlll‘fbﬂié? P@&F%W)ttheemmm}hééestrmh@fmg@@ee@mem@mly for

definition 1 ormati on
i ni ti Sdé?%mx_%ﬁegsﬁ}?rgé f mg{eﬂl %wﬁr&rﬁéf&sﬂﬂﬂdﬁ{& Poug '

t enper at ur es. and cryogenic tenp erat ness, the
m crostructure dFOl'tah:etJEtbc@bvd'e-p«tfasechrsteslswllsundkrsmhd bythoserskllbﬂaetheexarrpl e

conprises p (ﬁgmg b1 | ne- | at h

mar t ensi £rc?5r uélgesét%dlﬁer €6 ﬁkp‘?ﬂdmﬁ&e%g%ﬁé@f &0 L%rsa?ant ially
mnimze th@cnf &&ﬂ?ﬁﬂb%oﬂf‘m@é’f’ﬂi’d T} {einperatiy) Bépehdsntise chemBuSf B EREL, bai nite,
tw nned nartensite and MA In the second phase. As used in this third steel

exanpl e, anahdimorebmlcdlalmanthépahedmgtammetalnyéberfeamdlmg,theembbnabout 50 vol une
percent. orlceig mn (tah dﬁ’c{bu}m gon%een%op HEI)IH%‘IS r&lﬁt o? &f’o L%\?enm conpri se

addltlonal I ne-grarne ower pal ni |ona |ne ~ained | ath
mar t enS| te, rcrblung;msses t Rersohdskélled Gh the mnﬁpdahmine thik eerpecatws fareadhisteel of t he

second ase co ) east a rcent, tp apout 80 vol ume
per cont 1§ nEGRRiR Hes AL PRI LD Prorbca AR SDRETRE s S A of

m xtures thgieol traxﬁYo?ﬁaﬁBﬁ&é‘mMﬁr@sr ﬁﬁk&ceéﬂ%ﬁ‘eﬂ%&} BSdetdiminidt 6y Bef:rerQe second
phase conprises at |east about 90 vol ume percent fine-grained |ower

bai nite, fi sidigriaiteat szeéabh il Eikitien either byl oxperimant biigyeedel caildulation. A

is';eel slab pr Oceﬁgrea%y% e a ovc:Qetterence s?eelsmsrg ux? e?s%od%i(f%xrggé Sqlie% innﬁlQUf actured

art, except for the reheating temperature, which applies to substantially the entire slab,

15  subsequent temperatures referenced in describing the processing methods of this
invention are temperatures measured at the surface of the steel. The surface .
temperature of steel can be measured by use of an optical pyrometer, for example, or
by any other device suitable for méasuring the surface temperature of steel. The
cooling rates referred to herein are those at the center, or substantially at the center, of

20 the plate thickness; and the Quench Stop Temperature (QST) is the highest, or
substantially the highest, temperature reached at the surface of the plate, after
quenching is stopped, because of heat transmitted from the mid-thickness of the plate.
For example, during processing of experimental heats of a steel composition
according to the examples provided herein, a thermocouple is placed at the center, or

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

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



a customary fashion and, in one enbodi nent, conprises iron and the
follow ng alloying elenents, preferably in the weight ranges indicated in

the following Table I11: 22 Table 111 Al oying El enent - Range
(MY 5 G booedO) 0.04 - 0.12, nore prefer any Bclis m?wq
manganese ( Mn) 0.5 - 2.5, nore pre’ﬁﬁerably 1.0 - 1.8 nicke )

1.0 - 3.0, nore preferably 1.5 - 2.-5 ni obi um ( Nb) 0.02% 0.1, nore
preferably 0.02 - 0.05 10 titanium (Ti) 0.008 - 0.03, nore
preferably 0.01 - 0.02 alum num (Al) 0.001 - 0.05, nore preferably

Chrom um( e 38T pre to about 1.0
15 w% andbte;mmmdwefheslalhéd)nndwntbﬁe&rﬂ%ﬁ@ﬂhﬂ@d@&ﬁpuﬁl%ﬂdﬂs] ybdenum

(M) is sonetine S out 8 % and
nore preferably %B ? %‘S%Lhwk'@%tmt outr%ﬁ%t%vlﬁg&"%gé? d@ﬁﬁ? § soneti nmes
added to thmfmeénprpmdécbheammoprpdnceuatualughélreﬁgmmwalhyeteplr}ﬂétw abl y about
0.01 wt%to,about % nm)r pr.ef era 20 0.05 wt%to
about "0, 1 v S ge i fherdl s AR fors i SRkl B pof ang s, 06 (o
aboo/ut 1.0 V\b&hpdﬂ&ﬂtﬁoﬁhefjﬁﬂeﬂx:)ﬁlyentﬂ)ni hhhdramgblet(xgeeabﬁnytexihttarw&ézélg%aﬂéo?t ?h4

9 IS sO | 0, the st.eel . is_sonetinmes added to the
steel . pre]ETE aag“eegl ‘8 gl B:lﬂ'e\s W%o??hepr sent invention. _

A person of skill in the art has the requisite knowledge and skill to use the

0. 005 - éf Q{xésncgggrglu{dl\& accom gﬂ?lg%?shreg ? téH)Jog rxea %{bj?)él 0.002 - 0.003

information provided herein {o produce ultra-high strength, low alloy steel plates

10  having modified thicknesses, compared to ihe thicknesses of the steel plates produced
according to the examples provided herein, while still producing steel plates having
suitable high strength and suitable cryogenic temperature toughness for use in the
system of the present invention. For example, one skilled in the art may use the
information provided herein to produce a steel plate with a thickness of about 2.54 cm

15 (1 inch) and suitable high strength and suitable crjogenic temperature toughness for -
use in constructing the pipes and other components of the pfésent invention. - Oth#r".
suitable steels may exist or be developed hereafter. All such steels are within the - |
scope of the present invention.

‘When a dual phase steel is used in the construction of pipe according to this

20 invention, the dual phase steel is preferably processed in such a manner that the 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 processing is such that the dual phase structure is
formed during cooling of the steel between the Ar; transformation temperature to

25 about the Ar, transformation temperature. An additional preference for steels used in
the construction of pipe according to this invention is that the steel has a tensile
strength greater than 830 MPa (120 ksi) and a DBTT lower than about -73°C (-100°F)
upon completion of the accelerated cooling or quenching step, i.e., without any
additional processing that rcquircs reheating of the steel such as tempering. More

30 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



25 and nore preferably about 0.0006 W% to about 0.0010 wt % The steel
preferably contains at |east about 1 wt% nickel. Ni ckel content of the
steel can be increased above about 3 % if desired to enhance perfornmance
af ter wel diopgsedgach 1 w % addi ti on of _nickel is expect edpd@udognsyos t he DBTT
of the steel by about 10[err]C (18[er?'] F). Nickel content is preferably
less than 9 wt% nore preferably less 30 than about 6 wt% Ni ckel content
is preferably minimzed in order to mnimze cost of the steel. If nickel
content is increased above about 3 w % nanganese content can 23

23 be decr egaatl: bah Q¥oR D98 kPR (B3 5sPP SHMhtdran- SBoitols MBMY 86 ReiEor i N @ broad
sense, up to about 2.5 w % manganese i s preferred., Additionally, residuals
are pref er aigrsptes thaa abent il 800 MPa{l#d fsi awpon sompletion efdhe querehingerrcogling P)
content is pephieseRlapid ess than about 0.01 wt% Sulfur (S) content is 5
preferably | ess than about 0.004 wt% Oxygen (O content is preferably |ess
than about 0.002 wt% |In sonmewhat greater detail, a steel according to this
third stqel | orIg g desired
corrposit?on Jgs escﬂol?ggJ heréﬁﬁ?%egﬁl%%?ékggoﬁ%og%nper ature of from
about 955[ err] C {wodertaconsged tey pips a@dm&@f eqmyjopents afthepreserlt Eventingy, 10
rolling the : b2 - ‘ it ruitiing about
30 percent t%lla (l)%lt?leafga ggﬁfélgr%th%etgé&gﬁk%ﬁpﬁﬁugdf :@é’ﬁ °"?§1 %gé}g’:al}frﬁe{ “ﬂgnge in
whi ch aust erprevide ssamy with hddquats stréngth andaoushaesa fayohe presentlipeentiontagnper at ur e,

furth hot ' N bout
0 porcent (hassh by T ERERe It Eod R Fre Rl S AT AR B BT o

40 percent to a
bel ow abut fetrmovifimgrilequatesensthiand fracthratvogtmessio gontain sherfhgd béing

mor e passes SRasER0 bR ANEA ko it fhlig8ald o SEpalaRid gl POT P
t he i nt er cr iprésemt!inteafiprer Sitch naveldinmgymethed prefadbiyincludes a/guidable amrshunabiat i on
tenperature v‘?i&q a%&?a%?e c%g&%abfehg%s,p‘a@.\ﬁgbrll welding process, and a suitable welding
procedure. For example, both gas metal arc welding (GMAW) and tungsten inert gas
15 (TIG) welding, which are both well known in the steel fabrication industry, canbe -
used to join the steel plates, provided that a suitable consumable wire-gas -
combination is used.
In a first example welding method, the gas metal arc welding (GMAW) - -
process is used to produce a weld metal chemistry comprising iron and about 0.07
20 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
less than about 1 wt% oxygen. The welding heat input is in the range of about 0.3
25  kJ/mm to about 1.5 kJ/mm (7.6 kl/inch to 38 kl/inch). Welding by this method
provides a weldment (see Glossary) having a tensilc 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
MPa (145 ksi). Further, welding by this method provides a weld metal with a DBTT
30  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).



transformation tenperature. The hot rolled steel plate is then quenched at
a cooling rate of about 10[err]C per second to about 40[err]C per second
(18[err]F/sec - 72[err]F/sec) to a 20 suitable Quench Stop Terrperature
(QST) prewersaisbops bel ow about the Merr] transformation tRHRRG %1543 pl us
200[err] C (360[err]F), at which time #he quenching is term nat e

anot her enbodi nent of this invention, the QST is preferably bBel ow fibout t he
Merr] transformation tenperature plus 100[err]C (180[err]F), and is nore
preferably bel ow about 350[err]C (662[err]F). In one enbodi nent of this

third steel exanm&othhr@(aﬁbﬁ‘ﬂeldgg’gmetﬂhé‘ttﬁe Gml 9&’3@ ik Bsedit r%ﬁ ce ato anbi ent

tenperature after quenching is term nated ree exa
above, S|ncé’eﬂlm?‘%l%ﬁn’ékbmriﬁﬁlgatm@yﬂﬂbo%péﬁm%catl'itve(Nefecabﬂulesst of the

t han
steel is pr ﬁ{ﬁ&@&hﬁlb%ﬁ%&%ﬂyﬁ?@ ieféﬁﬁ%%ﬁ’abmr %bf? anc?y K

about 2.5 wt% nore preferabl ut 2 eveén nore
pr ef er abl y F’é’%@)i%‘i’ahl laﬁbm% NABganeshy a‘qogt & 2hwtvanilicer, koutil ‘@7nit¥enickest of the
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strength, | Btesphdrens, mdelesss*,havah@lallﬂo pgnlselﬁs ﬂhaweklh:gheaﬂmpﬁt% i‘mtﬁ«kel havi ng
{onst e ot R DPARIARS Rl E0 o LRI o MBI SESHL ST
Eur opean PapEaboutddore ¢2i2fBnis wath| TMdd\E}éah%c}cm?fSé?ﬁel , 50&17as a?g ?fr‘]igtavg ngI
publ 1 cat i on SRl 4, IO, rudeiist i Bt will et oot L BiYes ool s
preferabpy hwgemg“mdmgmemsmﬂtodrmO\@des@ rfdcldm?? 2?’."1’?% Qgenﬁlfé)stre@m 5 EI 3 Eg 8(7j| ng
enti t1ed » CPRa: Bkl o@hitey (I3bLRT Ao sFilSitan oo in SBadtas ot
U tra- Low Thsijeront m&ribm;gbmash%h abam®Gt A4 (140 kd), biyd é&vea mMepEPrreadbly .
e oo o Bt AL N (105 kB Futher REIBRYY ik SleBlod e s Tl 2% 1S

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

15 (-140°F), more preferably below about -106°C (-160°F), and even more preferably . -
below about -115°C (-175°F). LR

In another example welding method, the tungsten inert gas welding (TIG)zz:.

process is used to produce a weld metal chemistry containing iron and about 0.07

wt% carbon (preferably less than about 0.07 wt% carbon), about 1.80 wt% L
20 manganese, about 0.20 wt% silicon, about 4.00 wt% nicke],.about 0.5 wt% chromium,

about 0.40 wt% molybdenum, about 0.02 wt% coppcr, about 0.02 wt% aluminum,

about 0.010 wt% titanium, about 0.015 wt% zirconium (Zr), less than about 50 ppm

phosphorous, and less than about 30 ppm sulfur. The welding heat input is in the

range of about 0.3 kJ/mm to about 1.5 kJ/mm (7.6 kJ/inch to 38 k¥/inch) and a preheat
25  ofabout 100°C (212°F) is used. The weld is made on a steel, such as any of the '

above-described stecls, using an argon-based shielding gas with less than about 1 wt%

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

ksi), more preferably greater than about 965 MPa (140 ksi), and even more preferably
30 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



art, as used herein "percent reduction in thickness" refers to percent
reduction in the thickness of the steel slab or plate prior to the
reduction referenced. For purposes of 15 explanation only, wthout thereby
limting twoss/ssopsenti on, a steel slab of about 25.4 cm (#6r/ushems

t hi ckness may be reduced about 5096(a230 percent reduction), in a first
tenperature range, to a thickness of about 12.7 cm (5 inches) then reduced
about 80% (an 80 percent reduction), in a second tenperature range, to a

t hi ckness of about 2.5 cm (1 inch). Again, for purposes of explanation
only, withoyti4bérgr@but prdfbrably BeloWitibsut2 P06 CTVIBOtE)Odhd Rerbin8R préfemBlyof about
25.4 cm (10 inches) nay be reduced about 30% (a 30 percent reduction), in a
first tenpeP&PU’r%’W%fﬁ C 5% hi ckness of about 17.8 cm (7 inches) then

reduced about 80%ihiid wiili RELCEBMIHRIYE oS hentioReFinIRESRFhplRRRELAL Ur € Tange,
to a thickness of about 3. (1.4 inch), and then_ reduced about 30% (a 30

3.6 cm (1.4
percent redueadedang cither hoGHAY prthe d1G ighding pragresest Howeyasi edl@s -of about
2.5 em (1 | Nl e Bipb 5 e IS4 fpury LAl TRER ok MR Seriba St ol havi ng

any dinensions. For a bove-referenced steels,; as Is understood by
t hose ski | | guictogtrediure fran the GMAGY axeldssandishusgmprovedloatiemperaicstonghnsss. a

sui tabl e neans f S . - gkl entire

sl ab, preferabl yQ{ %Jé-ﬁgﬁitf?lggﬁng?’g‘%ﬁrﬁ?g{h? h@%ﬁgé’ho@ﬂ%ﬁa@gtﬂlﬁ Hé‘y?gg%eer ature,
e.g., by pl deformationerevidad herpimtorwaldultre-highy strgngibrlpwdlley stegl platesTioe specific
30 reheati BULs U -
above-refer n%el%ggﬁrglhuglg E@g‘?lte?%%s na%}ﬁg}éw ?%zta‘%lgfoy g%qtsg?%ﬁlne by a person
skilled 1n tdepstructing the pipes arshotisr gemponents of thelpyesertinvehtion. dPtherssuitable ui t abl e
nodel s. Addi..J . . r r k i
necessary t oPPRRRE WA et RN o o GIREUBNIE ARG, LANERN Ak bED
preferably twedisgmiethods hralwithinah¢ srepclefthe prsent nwantiong t enper at ure may be
readily determined by a person skilled in the art by reference to standard
i ndustry publications. For any of the above-referenced steels, as is
under st ood b@onshastions &f PipesandOthiee Compoaents t he tenperature that defines

the bou ngsar y bet Wi fifloult H&eﬁfﬁrﬁ%ﬁ% ﬁ'lu.l; fn%gntﬁ'ognplf:é%rlﬂg o&@xdcomponents ® .

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
provided; further, pipes and other components constructed from materials comprising '

20  ultra-high strength, low alloy steels containing less than 9 wt% nickel and having a

Co= tensile strength greater than 830 MPa (120 ksi) and a DBTT lower than about -73°C

(-100°F), are provided; further, pipes and other components (i) constructed from
materials comprising ultra-high strength, low alloy steels containing less than about 3
wt% nickel and (ii) having adequate strength and cryogenic temperature fracture

25  toughness to contain cryogenic temperature fluids, particularly PLNG, are provided;
and further, pipes and other components, (i) constructed from materials comprising
ultra-high strength, low alloy steels containing less than about 3 wt% nickel and (i)
having tensile strengths exceeding about 1000 MPa (145 ksi) and DBTTSs lower than
about -73°C (-100°F), are provided. Such pipes and other components are preferably

30  constructed from the ultra-high strength, low alloy steels with excellent cryogenic

temperature toughness described herein.,



non-recrystallization range, the T[err] tenperature, depends on the

chem stry of the steel, and nore particularly, on the reheating tenperature
before rolling, the carbon concentration, the niobiumconcentration and the
anount of wosdiedgs on gi ven in the rolling passes. Per SO”%&@SLA/E%J n the art
may determine this tenperature for eadh steel 10 conposition élther by ’
experinent or by nodel calculation. Likew se, the Ac[err], Ar[err],

Ar[err], and Merr] transformation tenperatures referenced herein may be
determ ned by persons skilled in the art for each steel conposition either

b ' t i | - h -ref d
Steel 5, as s unbrapat o etShafbriRin Al peR-BR R {1c”
reheati ng t &npediscraie platespf wina-bigh siragt, doveailnytsteal with excelldie coopénie sl ab, 15
subsequent Ee%{HE%ﬁ-E’tngngs‘?fWﬁ&Q icmes%f%?ﬁ?héﬁgtgi'ﬁ?ﬁé@@tﬁsS' ng net hods of

this invention are te eratures asure L he steel. The
surface t enpempangnts abipplicabls, prefmatihehaveabout diek saye sisengdf andnoghhéss ak

pyr onet ek, F 1 EXR r t her device suitable far .nme ring the
surf ace tgerrptl.%ruéﬁ}ragp(L)tﬁenéﬁlélé’lwa@%te%&%aﬁfsh PUP @575 H“att?}“%&gﬁ?l are
those at t hetrengtitarthe endersaflabdva 8% talabyut 4 0%ty ledistidied f¥flocifonsidfdovidrat €

t hi ckness; t St op _Jenper.at ur T) i s the highest, or

subst anti al F@gf'hgéﬂ’%ﬁ{e@??pr?? %P%Bfﬂlgs %Egﬁﬁﬁe&m{yﬁé‘“éﬂﬂ of the plate,
after quenctechyqis Bemphedpinheredniuef dderitied hereinsindet 8@ sibiRmihhe

m d-t hi ckness; | atg. For..ex | e in rocesgi ng of experinmental
heats of a s élglgggéﬁrrlﬁgssﬁ’flegﬁngﬁt@ 03%5#{5{93 glg‘?ﬂﬂf'é% provi ded herein, a
t her nocaopl e i s Abwilbbe amiliah& thesetskilled if the brt, thesOREH Aot (ZVah) tdshe center,,

of the steel_ plate,thi.ckness f enter. tenperature asurenent, while the
surface tenﬁaéd?bactuﬁ P, for he purope @%ﬁ“ tggglﬁ’lessa?ﬁseé%‘%‘in&%d%%ﬁ‘é‘t”é@! inp

corr el at i ontheelkesigeof gipstierrangyopiigairesseriza tbriogenia enpetiiiae AlRldyf @ch 8s devel oped
for use duri ubsequen rocessi,ng, of the.same, or substantially the
sane, steel bggrerpBasﬂaf‘fqgﬁ’, &’ﬁoﬁﬁlhuﬁet?theg‘é‘ﬁ?lg'rm' W SROSHANSCBSIaNE det er mi ned vi a
direct 30 (DBEELI EncDBTDHclitittane® fRMREFeRimYsen stilchial steBR. Kequi r ed

tenperatyr ete%%raftdrgs%clio% the ?)fBTT, failure in the Charpy V-notch test tends to occur by

low energy cleavage (brittle) fracture, while at temperatures above the DBTT, failure
tends to occur by high energy ductile fracture. Pipes that are cénsh‘ucted from welded
stecls for the transportation of PLNG and for other load-bearing, ¢ryogenic
temperature service must have DBTTS, as determined by the Charpy V-notch test,

20  well below the service temperature of the structure in order to avoid brittle failure.
Depending on the design, the service conditions, and/or the requircments of the -
applicable classification society, the required DBTT temperature shift may be from
5°C to 30°C (9°F to 54°F) below the scrvice tempcrature.

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

25 into consideration in the design of pipe constructed from a welded steel for
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 stee] and the weldments (see Glossary). Standard fracture
mechanics measurements, such as (i) critical stress intensity factor (Kic), which is a

30 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



the quenching fluid to acconplish the desired accel erated cooling rate may
be determi ned by one skilled in the art by reference to standard industry
publications. A person of skill in the art has the requisite know edge and
skill to woesistns4i nf or mati on provi ded_herein to produce rdriwsdsAirgh

strength, low alloy steel plates 5 ﬁaving sui tabl e high stgength and

t oughness for use in constructing the pipes and ot her conponents of the
present invention. Qther suitable steels may exist or be devel oped
hereafter. Al such steels are within the scope of the present invention. A

person of  sletedmihéltht BiRctafetodbhsiess BEthe SRl Ml iR Wel@nbie dRdane colféd | to use the
I nformati on provided herein to produce_ ultra- hlxgh stretﬁ)gedt | ow al | oy steel -
Ri

plates 10 EfsRlgcrrptable fagstesh steucke design, fop g¥Amnle 25 preg thaB¥kses of the

steel plate utmcedaptt@ln@ae@wmmoasqoi &ees@mgmelae&pabﬁﬂy oefavitih Fadion Wi | €
still produ0|ng steel plates having suita hi strength and suitable

cryogeni ¢ t amweq ‘otimieed 9ras (BI2 6793 1 1491 WY&?\‘EW @WWE@ent

i nventi og. ﬁ%mﬁ&ﬁ%'aﬁowm@ﬂ%hﬁéﬁgr 'JhQ {p28al on MRVEr4¢hRe fohd fgti-on
provi ded herein to produce a steel Pe w th a thickness a out 2.54 cm

15 (1 i nchytealpadse mt@ﬂwwgﬂbmmemsmmew@néxeymerﬁnermmerature
toughness f%uu&mam@ bl a m%oﬂ&swto%lhgste%g%m{a flo! the

pr esent invention. er e st ee X1 st ~or oped
hereafter. Murpuguarapstoeuatspmpéesmtnmnmae W@Fﬁ@ sessesh )mppepriatei nvent i on.

When a dual t ording to
this 20 i n\yga%ta?‘g‘r?ﬁ Bgﬁ&ahkf Pﬁgﬂg?gmg}%e %E {)pg#gl%ggﬁlfe cg‘lﬁtg@é’gg%d In such a
manner tiAat cy¢leloadsandpeessures Mhﬂhfg tistpiph axmév)sml@epmpeathDMmed in the

intercriti C?L L#&qgoex%ore LARDEs %ﬁrde}g@% Cme%g)psee Aoéreﬁ:;rgghhy%gt he duaI phase

structure o P acce erated cooli'ng or quenc
Preferably mhéoquhnc@sﬁxersgstm ofthe pres¢m inventionds Hkakefige ﬁshlr&fcmae | s formed

during cool ig E}QF %H qn,t enperature
to 25 abou ‘th%‘tto ‘E"P trans or m%{‘%gé?%%%n%g{eﬁﬂé&% '?'IOOI’la|
pref erence fhereirsasé shownipuntiples qflﬁactumrmetcb&m‘ta’on of pipe according to this
I nventi Is tha an 830 MrPa
(120 kso‘)rg and a gg%_fﬁﬁllo%v@% é}?lha %A}@fg %@%IQE%SF‘E% r mupon .
conpl eti on gkintihkes affrsitwe atecthnze 6l 2 ptgchnrecfueud:dulatlgg stitqa] flaw depthertahout any

given ﬂaw length for use in a fracture control plan to prevent fracture initiation in a

pipe according to this invention. '

FIG. 2B illustrates a flaw of flaw length 315 and flaw depth 310. PD6493 is
20  used to calculate values for the critical flaw size plot 300 shown in FIG. 2A based on

the following design conditions for a pipe:

Pipe Diameter: 914 mm (36 in)
Pipe Wall Thickness: 20 mm (0.787 in.)
25 Operating Axial Stress:  0.80 (multiplied by) SMYS = 662 MPa (96 ksi)

For the purpose of this example, a surface flaw length of 100 mm (4 inches),
e.g., a circumferential flaw located in a girth weld, is assumed. Referring now to FIG.
2A, plot 300 shows the value for critical flaw depth as a function of CTOD fracture
30  toughness and of residual stress, for residual stress levels of 15, 25, 50, 75 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



addi ti onal processing that requires reheating of the steel such as
tenpering. Mre 30 preferably the tensile strength of the steel upon
conpl etion of the quenching or cooling step is greater than about 860 MPa
(125 ksi ) ,wonghketmar e preferably greater than about 900 MPpfdaddndssi) - I N
sonme applications, a steel having a téRsile strength of 27 greater than
about 930 MPa (135 ksi), or greater than about 965 MPa (140 Rsi), or
greater than about 1000 MPa (145 ksi), upon conpletion of the quenching or
cooling step is preferable. 5 Joining Methods for Construction of Pipes
and O her ang; : t 10| t onponents
of the pres rllt@%\géé%aﬁlt‘%lég%ﬁ%ﬁgmur{gﬁgﬁﬁgﬁ?r{e%&gieggﬂhg:“%ﬁg thg&sr eéé’ plates is
requi red. Arpsingd¢chhiquesrsuchas@ostivesid bgal treatmenti(BWHI) anmediianivaksttessuat e st rengt h
and toughnesg;deor the present invention, as discussed above, is considered
to be suitable.” Preferably, a welding nethod suitable 10 for providing
adequat e st r engt BassidnfthaCTODdractweiongimssstaf theciehatithd himifilmisekvizei ng

cont ai ned or. orted i sed ta const,ruct f l.pes, and .ot her

corrponen% S ot?&‘%%%ﬁ%r {é‘g Rt “?e}fi\i rlo%eﬁf"eéﬁ beaa%ﬁ ?%%dﬁr%et o8Pt er abl y

I ncl udes a stressedrdng aoduspentinh b gram ean be implematiteé (foobxsh imtid] énspationa sui t abl e

wel di ng process. and a sui.t abl | di n roeedure. For exanple,..both gas
netal arc vvealngln}lae e\ ?{’3%} Eeﬁ%cg?%dr{n?aﬁgﬁgﬁﬁgg or £EmPAHSORABHASt aﬁﬁﬁj’? whi ch
are bot h welflawksizevin this éxampht fethe stexbhids@alTOD toughhess 6§0.030axmxetiesed to j oin
the steel pl af r ovi t.a suit mable.w r conbi nati on

o ed tha bl e ns -
0% sea | P iy Btk S elafRt of st TR R S e iR o 01 ng
(Gc\i/AV\l)o proog ersﬁdxiag stresed atm%rcediwclg percesd dg éli&ﬂt?/l yieta&msﬁgﬂﬁ,yhamvb dhaei gg i roo/ n
and about 0.07 % car.bon, about 2. wt anese, . w
ST aon bt ety 46 R R gty Commete it ong o 24l BooghEs w o
mol ybdenum direfia chlralatiabsititedirts) as are well known to those skilled in the art, critical -

flaw depths can be determined for various flaw lengths as well as various flaw

D

geometries. Using this information, a quality control program and inspection program
15 (tcchmiques, detectable flaw dimensions, frequency) can be developed to ensure that * -
flaws are detected and remedied prior to reaching the critical flaw depth or prior to:the
application of the design loads. Based on published empirical corrclations between ..
CVN, K¢ and CTOD fracture toughness, the 0.030 mm CTOD toughness generally
correlates to a CVN value of about 44 J. This example is not intended to limit this
20 invention in any way.

For pipes and othcr components that require bending of the steel, c.g., into a
cylindrical shape for a container or into a tubular shape for a pipc, the steel is
preferably bent into the desired shape at ambient temperature in order to avoid
detrimentally affecting the exccllent cryogenic temperature toughness of the steel. If

25  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 pipes and other components are
described in detail below.

30



ppm phosphorous, and | ess than about 50 ppm sul fur. The weld is nmade on a
steel, such as any of the above-described steels, using an argon-based
shielding gas with | ess than about 1 w % oxygen. The wel ding heat input is
in the rawgessfosebout 0.3 25 kJ/ mmt ) about 1.5 kJ/ nm @cTMsSkgI2reich to 38
kJ/inch). Welding by this nethod provides a wel dnent (see d.,0ssary) having
a tensile strength greater than about 900 MPa (130 ksi), preferably greater
t han about 930 MPa (135 ksi), nore preferably greater than about 965 MPa
(140 ksi), and even more pref erably at | east about 1000 MPa (145 ksi).

Furt her, 3% msdes a wel d net al withaDBTT 30 bel ow

about -73[err]C 100 fera .bel bout ,
(-140[err]F), mjéeé éfeﬁﬂg‘oa 18%? ion eg%frgﬂ’il@ %‘é’f‘g’ﬂﬂe and even
nor e lor ef elr%rb&em ineérﬁwnmamh bguftl/gﬁbﬁPlﬂJGp('eféﬂﬁﬂ(ﬁfc[ddEé atleas:j &t stdiag’é’ll();[j her |
exanpl e wel di n od, the W ess is.ysed to produce a we|d neta
chem stry ¢ ’?@E‘iﬁrg’t f?ﬁﬁnaﬂlam% O‘U"TBPWF 'ca& Bblﬁ”? Bre ‘??P%’W S}®ss t han
about 0.40 ve. "/Desﬁﬁhma,sntm fap b€ fer il oges dfeRanmyloviily itdutt therayOfithitiig 08 Wt %

carbon), abgut, 1. 60 wt % nan ese, about 0.25 vvt(V silico about 1.87 wm %
ni ckel , 5 Bifntign.grehic né’%ﬁ? jstton-ATDH R using %Hﬁ%ﬂ]ggnum | ess than

about 75 P PiRpHEARN QitObiSa nabikd] éa@%ﬁ)ehﬁﬁiw}ﬁ?@&hnéﬁﬁﬁpﬂmﬁéw&k sysiéie Wel di ng
heat input is in the ran%e of about 0.3 kJ/mmto about 1.5 kJ/rrm(? 6

kJ/inch to Beskaisdindi§. htep basat lepst gpe sseondpaydistrlonsion pped 8(andat dsast 1) | s
used. The wghdkeltitryBéab@dndipetigel , such as any of the above-described
steels, using an argon base shi eI di ng. glas_ wth | ess than about 1 wt % 10
oxygen. el di ng Bipelingidistikuting petyprhavsten Q‘Wfiﬁémdeﬁ@?d{f@ cgntrel kst o
strength gr gak ffio ﬁx@@?stéhb%hrdgpﬂ Mol tHe3ApkiSdation S FRAINEG.2HEM 164kGRIy e t han
about 930 MPa (135 ksi), nore preferably greater than about 96 NPa (140
ksi), and eMOMQYWFW@P%&WSP%?SeIs@&@ ot sudhe bypaprepdate ksi ). Furt her,

vel di ng by {RhRePinAqHickletts BfRsiatidtsBrrounding the pipes, such as primary
distribution pipe 14, and surrounding the storage container 12. Additionally, vapor

15 handling facilities (not shown in FIG. 1) including a reliquefier may be included in
pipeline distribution network system 10, or exccss vapor can be used to fuel
gas-powered equipment. .

PLNG is preferably pumped by a cryogenic pump (not shown in FIG. 1). ......
Additionally, cryogenic pumps are preferably used at various locations throughout ..

20 pipeline distribution network system 10 to maintain the pressure, and thus also the
temperature, of PLNG being pumped through the system within desired ranges. -
Appropriate cryogenic pumps may be selected by those skilled in the art. Prefcrably,
a check valve (not shown in FIG. 1) between destination site 16 and piping in the
system, e.g., secondary distribution pipe 18, prevents reverse flow from destination

25  site 16 back into the piping. An advantage of the pipeline distribution network
systems of this invention is that the PLNG (a liquid) can be pumped to destination
sites, thereby avoiding the incremental cost of compression associated with typical
natural gas distribution systems.

A typical receiving terminal for PLNG is located on the coast for receiving

30 PLNG from a PLNG tanker ship. The terminal preferably has at least one PLNG
storage container 12 and facilities (not shown in FIG. 1) for vaporizing the PLNG. A

pipeline distribution network system 10 for a typical metropolitan network with 100



metal with a DBTT bel ow about -73[err]C (-100[err]F), preferably bel ow
about -96[err]C 15 (-140[err]F), nore preferably bel ow about -106[err]C
(-160[err]F), and even nore preferably bel ow about -115[err]C (-175[err]F).

I n anot hggyoesssvg@l € wel di ng nethod, the tungsten inert gssru&sHifg (110G
process is used to produce a weld net3l chemistry containi ng iron and about

0.07 w % carbon (preferably | ess than about 0.07 wt % carbon)’, about 1.80
w % 20 manganese, about 0.20 wt%silicon, about 4.00 w % nickel, about 0.5
wt % chrom um about 0.40 w % nol ybdenum about 0.02 wt % copper, about 0.02

% chr o 0.40 it % ol ybd % oopper, about ¢
eas t han SR LR el iy SR MRLNGA B R8T S0 £ e

wel di ng heatxampleyinclidesiari 0t prmarg dip&ribotiompipe 14,@b&ut tely rse¢andapout 1.5 kJ/ nm

(7.6 kd/inch, to .38 kJ/inch) .and a.preh waD. f .about .10Q[err]C
(2150 or 1] HerebBabtnE Sl rflf o RREHEH s Eajeme Mo BieR id IR o e
above- descr i bed Piies ehdsothersomgorentsaif ¢rrrbbeesdederited pipdlimodigraibutivnt h | ess t han

about 1 wt % oxygen. Wel di. hy thi t hod.provi des | dnent having a
tensile st r‘%ﬁb‘%ﬁ %ﬁteé%tlg’i "“gﬂs‘h%&ﬁzhﬁ*@ée Rﬁsgpa(bf%??nfktﬁ‘%d\,%%?‘@’r ably greater
t han about sigébldMarathightriasgth, lowralley seebisdeadribyd hereinf such abady offlesit 965 MPa

(140 ksi), an ven re preferahl 0 . ast about 00 MPa (1145 ksi).
ur ther  weahs o ayed Rbege i Bis o Hoadte: Steel G GomBpeion ¢3iPes SBE bel ow
((’;lboul(:) : - 73][ DthECEmpdhenteT, rl]}igl)pipepmliﬁ ﬁhﬁEbMpbmhtg\gteﬂndféce&ﬁg% to the9 .
-140[err] F), e erably hel.ow about -1 err -1 err].,F), and even
nor e prefer'l?ﬁ?%’grﬁléel Méﬁ?@éﬁctg’l@gf}b&\{?}’@‘,’#‘! digy prﬁ%t.w(’gf ?ﬁsTeg’rleele net al
chemi st (g esutflized. Naaditibmtol thetigébrinttidnyrordalin kids speaificiton@pesonsskiligdei t her t he
GVAW or the Tl G wel di n ocesses.. However, tgfe TIG5 ;Q/glggh are

anti ci pat ed™ly #LPY ¥ eeng prATtisRt and Teterenges,axai % ef i ned

m cr ﬁSt I uct jdd@striy ha detérifind Wb dimedabnt, RibHl thideiess/ edt. fob Welpipasandt ur e
tou gnness.

other components and to construct and operate the pipeline distribution network

systems of this invention.

15 The systems of this invention are advantagéously used for
distributing/transporting PLNG. Additionally, the systems of this invention are '+ *
advantageously used (i) for distributing/transporting other pressurized, cryogenic
fluids, (ii) for distributing/transporting pressurized, non-cryogenic fluids, or (iii) for
distributing/transporting cryogenic fluids at atmospheric pressure. '

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

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

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

claims.



A person of skill in the art has the requisite know edge and skill to use
the information provided herein to weld ultra-high strength, |ow all oy
steel plates to produce seans having suitable high strength and fracture

t oughnesswioms/s¢8¢ in 10 constructi ng,d he pi pes and ot haxctamsspaarent s of the
present invention. O her suitable joining or welding nmethods, my exist or
be devel oped hereafter. Al such joining or welding nethods are within the
scope of the present invention. Construction of Pipes and G her Conponents

15 Wthout hereby linmiting this invention: pipes and other
conponent s Qlossovifierpt ed from materials conprising ultra-high strength,

| ow al | oy steels containing |less than 9 wt % ni ckel and (ii) having adequate
strength and cryogeni c tenperature fracture toughness to contain cryogenic
t enper at ur e Ak| tetinSrm4tidh tdnfpetabird:y PLiNGtenieitié & \witkhidinstbnitetoBghs tofoes and

ot her conponents constructed frommaterial s conprising 20 ultra-high
strength, low alloy steels contai n?&‘@“‘ﬁ@gﬁ“‘ghan 9 wt % ni ckel- and "having a
tensile strength greater than 830 MPa (120 ksi) and a DBTT | ower than about
-73[err]C (-100[err]F), are provided; further, pipes and ot her conponents
(i) const r uéceHansfosnatan tenreptarec o np e dgmRgratre atavhishdrrnsformatign af feytitey al | oy
steel s containing | ess than about 3i3feriieGk&Impind dukihg hdx@Ng:Ng adequate
strength and cryogenic tenperature fracture 25 toughness to contain
cryogeni c tenperature fluids, particularly PLNG are provided; and further,
pi pes and OtAhekanSRARLIE Kntberatird: CONEekdhtieRurt MOVRidRRLfoRhabios 8P | Si NY
ultra-high strength, low alloy steels containing | ess than about 3 wt %

ni ckel dfd (ii) having tensile streftnie ofemsiedrirfcaiopits cuwotiin (145 ksi)
and DBTTs |ower than about -73[err] GdsidBPhGingksdlingar € provi ded. Such pipes
and ot her conponents are preferably 3 construct eg fromthe ultra-high
strength, low alloy steels with excellent cryogenic tenperature toughness

descri bed hefgifhsformatidd temperature: the temperature at which austenite begins to
transform to ferrite during cooling;
15

t;ryogenic temperatures: temperatures lower than about -40°C (-40°F); .
CTOD: crack tip opening displacement;
20 CVN. . Charpy-V-noftch;
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 (brittle)
- fracture, while at temperatures above the DBTT,
failure tends to occur by high energy ductile

fracture;

30  essentially: substantially 100 vol%;



The pi pes and ot her conponents of this invention are preferably constructed
fromdiscrete plates of ultra-high strength, low alloy steel wth excellent
cryogeni ¢ tenperature toughness. Were applicable, the seans of the pipes,
and ot herwoowpmeent s as applicable, preferably have aboghh}ggﬁ,ﬁme. strength
and toughness as 5 the ultra-high str3éngth, | ow al l oy steel plates. In sone
cases, an undermatching of the strength on the order of abodt 5% to about
10% may be justified for locations of lower stress. Seans with the
preferred properties can be made by any suitable joining technique.

Exenpl ary joining techni ques descri bed herein, under the subheading
"Joining Mgthods for Construction of Pipes and Ot her Conponents ". 10

As will beGmkiliar to those skil|diliongublgameters, t he Charpy V-notch (CVN)
test can be used for the purpose of fracture toughness assessnent and
fracture control in the design of pipes for transporting pressurized,
cryogeni c d¥:ature fluids, suchsasnatalmg weldingsi cul arly through use of the
ductilesto-brittle transition tenperature (DBTT). The DBTT delineates two
fracture regines in structural steels. At 15 tenperatures bel ow t he DBTT,
fai | ure i nhbeaideni@ppartiglesy- not ch t est oneconaiwre of Benpper, Mo,Cow thexartjgesc| eavage
(brittle) fracture, while at te”pe&%tc%q%ﬁiu%‘&)e%ﬁn%ﬂﬁm%ﬁ% 1‘imITure tends to
occur by high energy ductile fracture. Pipes t At are constructed from

wel ded steels for the transportation of PLNG and for other |oad-bearing,
cryogeni c erature service nust, hay, TTs, as determ ned by the Charpy
V-notch test, 20 wel | bel ow t he g%a?#ifeé:e f%rﬁc“perature of the structure in
order tw avoid brittle failure. Depending on the design, the service
condi tions,_.and/or. the requirementsg of .t appl.icabl e .classification

coc ety s ERENG wikea il Lo Pt T RS Tef g R | o
30[err]C (9[err]F to 54[err] F) bel avatoheihs AcyvranefotrastpanehperstureAm W | | be
famliar to those skilled in the agt,. the erati ondi tions. taken 25
into consideration in the design o eaﬁ‘f‘ﬁ’é“ngglﬁgﬁa%ﬁgﬁqgﬁﬁf’:}r@ﬁf{gnﬂéﬁ%ed st eel
for transporting pressurized, cryogeipetatirt td b8ut thelAh temsBhidEoni ncl ude anong
ot her things, the operating pressure and tenperature, as well as additional
stresse that are likely to be i mpEEWF e PREU PRl and the wel dnents (see
G ossary). Standard fracture S

Kic critical stress intensity factor;
kJ: 'kiloj oule;
20
kPa: thousands of Pascals;
ksi: thousands of pounds per square inch;
25 low alloy steel: _ a steel 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;



mechani cs nmeasurenents, such as (i) critical stress intensity factor
(Klerr]), which is a 30 nmeasur enment of plane-strain fracture toughness,
and (ii) crack tip opening displacenment (CTOD), which can be used to
measure e™R58WBH| astic fracture toughness, both of whi arcrwsssfizmaliar to
those skilled in the art, may be used to 31 determne the, fracture

t oughness of the steel and the weldnents. |Industry codes generally
acceptabl e for steel structure design, for exanple, as presented in the BSI
publication "CGuidance on nethods for assessing the acceptability of flaws
in fusion welded structures”, often referred to as "PD 6493: 1991", may be
used to det ine 5 t he maxi num aJ. w si zes for the pipe based
on the frac ugg t oughness of the sﬁégﬁmgﬁgﬁﬁ%#%nent (i ncluding HAZ) and the
i nposed stresses on the pipe. A person skilled in the art can develop a
fracture control programto mtigate fracture initiation through (i)

appr opr i at Mpirefomaaiogicrarstatyre ni 2 dhs tHppLRErest W@é’égg“,s.f%’inﬁ“}mé}fpr opri ate

manuf acturing quality control to mnim.ze defec Sfﬁ"{si' L) appropriate
control %lf life 10 “cycle | oads afd™ P‘&E%E‘F%%‘S‘E{"ps ggmi%cog % pi pe, and

(iv) an appPLKMGi ate i nspecti on progresurizod liglefiadhymabgasct fl aws and defects
in the pipe. A preferred design philosophy for the system of the present
invention is "leak before failure”, as is famliar to those skilled in the
art. These gredumifkaiigs i ons ar e generatichst abait 60 vatané perteat,ei n as " known
principles of fracture nechanics." 15 The following is a
non-limting exanple of application of .these known principles of fracture
mechani ¢¢ ippnt procedure for cal culpttsper-millidn;cal flaw depth for a given
flaw l ength for use in a fracture control plan to prevent fracture
initiation in a pipe according to this invention. FIG 2B illustrates a
flaw of fl apgia{;engt h 315 and fl aw dejufids®pkd squateGAéhiabssiud) used to

cal cul ate values for the critical flaw size plot 300 shown in FIG 2A based.
on

quenching: accelerated cooling by any means whereby a fluid
15 selected for its tendency to increase the cooling

rate of the steel is utilized, as opposed to air

cooling;
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



the follow ng design conditions for a pipe: Pipe D aneter: 914 mm
(36 in) Pipe Wall Thickness: 20 mm (0.787 in.) 25 . Operating Axial
Stress: 0.80 (multiplied by) SMYS = 662 MPa (96 ksi) For the purpose of

t hi s exanPOP8sH8surface flaw I ength of 100 nm (4 inchesycrfisshinr@
circunferential flaw |l ocated in a gi réh weld, is assumed. Referri ng now to
FIG 2A, plot 300 shows the value for critical flaw depth as“a function of
CTOD fracture 30 toughness and of residual stress, for residual stress

| evel s of 15, 25, 50, 75 and 100 percent of yield stress. Residual stresses
can be gen®Chted due to fabricati omillivactubielfebt;ng; and PD6493 recommends t he
use of a residual stress value of 100 percent of 32 yield stress in

wel ds (including the weld HAZ) unless the welds are stress relieved using
t echni ques tensildstirfigthost wel d heat nrteatiewsfing Méttjo cimaxBfiANadad Stress
relief. Based on the CTOD fracture tqughness Q%&Lhe steel at the m ninmum
service 5 tenperature, the pipe TRETH APSHIGHMMAEY can be adjusted to
reduce the residual stresses and an inspection program can be inplenmented
(for both initial inspection and in-servjce insq ction) to detect and
measur e f| aws WeHin& onpari son agai nglf‘gsé?qlpi’r&&‘}“‘fqg%;si ze. In this exanple,
if the steel has a CTOD toughness of 0.030 nmat the m ninmum service
tenperature (as nmeasured using |aboratory specinmens) and the 10 residual
stresses aflyg, eagerbde:t 0 15 per cent theftemperatare belowywhathdausteniddpen not hen t he
value for critical flaw depth is approximtely 1 nm (see point 320 on FIG
2A). Following sinilar calcul ati onTsP8@lEer es, as are well known to those
skilledgin the art, critical flaw depths can be determ ned for various flaw
| engths as well| as various flaw geonetries. _Using this informtion, a

qual ity coMSEIIO:program and i nspecUnised PatsgPatent and Trademark Office; and

weldment: ' a welded joint or seam, including: (i) the weld

metal, (ii) the heat-affected zone (HAZ), and

15 (iif) the base rﬁetal 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 thosc

20 skilled in the aﬁ, 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.

25



15 (techni ques, detectable flaw dinensions, frequency) can be devel oped to
ensure that flaws are detected and renedied prior to reaching the critical
flaw depth or prior to the application of the design |oads. Based on

publ i shed ¥R{ ‘T’%P?fal correl ations betwggn CVN, K[err] andrCIVOsitemet ure

t oughness, the 0. 030 mm CTOD t oughness generally correl ates 0 a CVN val ue
of about 44 J. This exanple is not intended to limt this 20 I nvention in

any way. For pipes and other conponents that req of t he steel,
c.g., into a cylindrical shape for a container o "m ’n shape for
a pipe, theWHAEWELLAM B:ably bent into the destred |ent

tenperature in order to avoid detrinentally affecting the exceITent
cryogeni ¢ tenperature toughness of the steel. If 25 the steel nust be
heat ed t o abhi ew pipkeuitkblsi forube shapipelirfetdistrithdinn netyorkt dyetemtfor| is preferably

heat ed 10 a { eMier glole s o b G RART L. LOBRERE G obAdARESLOLP) 11

order to preserve Icla eros
descri besl above.(130psia)rio ehont ma@aélj@@pmbaﬂlaaampmm sﬂaHoup-llme and ot her

conponents are d bed, in P 30 33 Pi Di stribution
Net wor k Syst ens @ef?) tf’ﬁbwfo&F{:gSBﬁ » eﬁ?‘ﬂéﬁ‘?ﬁ’é’ebﬁ?ﬁtﬁﬁﬁd' net wor k system
10 according to hierifé eseisingad affa iagh émgm lsswramby&tbartomammgrﬁspref erably

i ncludes at |east ope ost orgge gont ai ner I easél l%:'l Z@oy
distribution pi pgamawt4pipkeland é‘g’f‘gﬁf?émlfégﬁ'? ﬂe?}ﬁr 830 Dest i nati on
site 16 may be, mmaumpﬁwe;m%m{Q3@t.yowj hout thereby limting this
invention, a vehicle refueling station, a manufacturing plant, or an LNG

vapori zd®ion site on a natural gas pi peI i ne. The pipeline di stribution

network syspem i Np'rbcetsﬁﬁﬁlﬁgfoi' Gseﬂx g‘rxplh@é SfriB@dnaetiFRSstedMor Secondary
di stribution pipe"18, and
transportmg pressunzed liqueficd natural gas at a pressure of about 1725 kPa

(250 psia) lo about 7590 kPa (1100 psia) and at a temperature of about -112°C
(-170°F) to about -62°C (-80°F), wherein said pipe is constructed from

Ll

15 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).

3. A pipe snitable for use in a pipeline distribution network system for
20 transporting pressurized liquefied natural gas at a pressure of about 1725 kPa
(250 psia) to about 4830 kPa (700 psia) and at a temperature of about -112°C
(-170°F) to about -79°C (-110°F), wherein said pipe (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

25 contain said pressurized liquefied natural gas.

— | THIS 'SHEET HAS BEEN
REPLACED
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one tertiary distribution pipe 15. 10 Pi peline distribution network
system 10 is preferably designed to control heat leak into.the system in
order to control the vaporization of PLNG Heat |eak may be controll ed by
means knowrD 38&98Hose skilled in the ar b such as by appro |nsul ation
and t hi cknesses of insulation surrounél ng the pj m& ﬁ\“mary :

di stribution pipe 14, and surrounding the stora “m

Addi tionally, vapor 15 handling facilities (not shéwn*in FIG 1) including
a reliquefier may be incl uded in pi peline distribution network system 10,

or excess vapor A:phpe hgtab st dsoinf disibelihe disaibivEoe fet@aik s@ﬁt&ﬂtfor PLNG is

preferably punped a cr en| shown in ditionally,
cryogeni ¢’ punps &P 3?/ %éﬂg' ﬁﬁ%@?@f*&v&i%a&%&%ﬂ °‘EtH7%€g$ﬂ)ut 20

pi peline distri k{E'SOﬁ%ﬁh)'&%%ﬁf‘fg%ﬂiﬁ%égsﬁpanﬁat@feﬁip@rahﬁ@oﬁb@ﬁts-m?c and thus
al so the tenperature, of PLNG bei ng punped through the systemw thin

desired ranges. (AFEY0e abonb-627G 6§QD.cvhsmipsaidmipe heonuugie &by t hose
skilled in the e C 1) between
dest i natgl on si tz}ﬁ%%mg{%’"ﬁ l%ig%én P%a%g% J&BX@LWEW(&“%? Stgégg%ngﬁgﬂsg stribution
pi pe 18, preventtharrfew%sekéllaoﬂ\hdwhmgn@e@bwtratgﬂbvfazbast@bom maow@k into the
pi pi ng. An adva of tgﬁ% eI| | St etwork systens of this

i nvention is thgflg?ﬁs ‘Qllf c°an 13%&&%5 to destination sites,

t hereby avoi ding the increnental cost of conpression associated with

typi cal nat raI as distribution syste e e|v termnal for
PLNG i s | oc gﬁ‘ﬂeﬁ@“’c%§ °lf’“6‘?‘°‘lr’ét% m‘bﬁeﬁﬁxgméaﬂ%}? lRIY‘; t anker
ship. The term ndioy R6:@hias REY tHarhsbdues witgaikelone PLNG storage cont ai ner 12
and facilities (not shown in FIG 1) for vaporizing the PLNG A pipeline

di stribution network system 10 for a typical netropolitan network with 100
34 6. A pipe suitable for use in a pipeline distribution network system 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

15 - (-170°F) to about -62°C (-80°F), wherein sﬁd pipe is constructed from
materials comprising an ultra-high strength, low alloy steel containing less®
than about 6 wt% nickel and having a tensile strength greater than 830 MPa
(120 ksi) and a DBTT lower than about -73°C (-100°F).

20 7. A pipe suitable for use in a pipeline distribution network system 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 pipe is constructed from
materials comprising an ultra-high strength, low alloy containing less than

25 about 3 wt% nickel and having a tensile strength of at least about 1000 MPa
(145 ksi) and a DBTT lower than about -73°C (-100°F).

THIS SHEET HAS BEEN
REPLACED
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PLNG users/distributors each requiring about 3,000 gallons of PLNG a day,
for exanple, includes a 10" primary distribution pipe 14, about ten 3"
secondary vgj)?&/%gi @uti on pipes 18, and about one hundred 1.5" tertjary

di stribution™p |8 s 15. Pipes and ot hergjconponent s of e above-descri bed
pi peline distribution 5 network systens for dist rligmgw!”m”’mm re
preferably constructed from any suitable ultra-high s | oy
steel as described herein, such as any of the steels describdd &bove under
the sub-heading "Steel for Construction of Pipes and Qher Conponents”. The
pi pes and o¥-her 4 BippenErany ofelaimsilz 2B, 4ct (rlaimrdys e oitiple dopertientélain)e PLNG

project in whic i I 1 i s 1 10
utilized. In ad(rjbl’E’Pgr?g?%%%lﬁgsyﬁ#@%{gﬁ%ﬁg‘h&gg%&%‘g{dkil%%??sgggﬁlﬁgcati on, a
person skilled iofseifalteahighhsigengtbdowtallay steel, wheyein seamisraf sgid pipeibovsa and
references avail ghke .d i t t ! i mensi ons,
wal | thickness, %ﬁlgs#%ﬁl{kﬁ%dt%?%%saﬁéﬁc?agt ea?ﬁgao%ﬁo%g%t@gﬁgﬁ%é&ggnstruct
and operate the gboptel739(-HI0SFX i buti on network systens of this invention. 15
The systens of this invention are advantageously used for
distributing/transporting PLNG Additionally, the systens of this invention
ar e advant ageousA pipstinddittidutionmetirosk Eystend foR distribatsgopredsotzedtligtefied |

pressurized, cryogenic fluids, (i.li iLstributipghtr ti

pressuri zed, non®&¥ ﬁ'i*l?rﬁsﬁ'legg,ag%'} ?Q%S%P)a(ﬁ rpsifb gﬁgﬁbﬁbﬁkﬁﬁﬁ?? tgﬁgporti ng
cryogeni ¢ fl ui dspsid) and MRASBAFEThtGreFaB&IIL 23°C L190°F) to aboh62€ (-EPF,0r egoi ng

i nvention has been described in terps of one or nore preferred enbodi nents,
it shoull® be und¥peigsad prstinedistabutppdieryark systsshasallepyt opgpiae that Hout

depar ting from t i@t maftfals BYRMGdi an WiA-Bigh s€eng, 1dwhIldy stdd] t he
followng clainms. _ 35 Glossa‘r”%/ of terms: . .
containing less than 9 wi% nickel and having a tensile strength greater than

830 MPa (120 ksi) and a DBTT lower than about -73°C (-100°F).

15 10.  The pipeline distribution network system of claim 9, wherein said ultra-high

strength, low alloy contains less than about 5 wt% nickel. |
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Ac[err] transformation tenperature: the tenperature at which austenite
begins to formduring heating; 5 Ac[err] transformation tenperature: t he
tenperature at which transformation of ferrite to austenite is conpleted

during heatamrg/ssg#[err] transformation ierrper ature: e at
whi ch transformation of 10 l“l“l ﬁllnmmmmmam te to

ferrite or to ferrite plus cenentite is conpleted wr [(Xe)o)
transformation tenperature: t he terrperature at whi ch austenlte begins to
transformto ferrite during cooling; 15 cryogenic tenperatures:

t errpEr at uregqll O\AWméth@dhl faR6sportingQpRéssirized lidelfied hitimal g4sTFEdA a storage

crack tip openin spl acenen

Char py- V- not ch; %E?I‘ 9’1%%@%‘??%@“%?@1%“#%@@&?%

del ineates the t ssfuw&ttauaﬁ 108YKPEE 50 PsiHité bSdutiTH0 KPR EEI0D psiaj arddeTper at ur es
bel ow t he DBTT, tailure 2 tends to

occur by | ow eneFW%“HSV%@@“‘(‘B??"QQ‘@P"@r‘&é‘?‘l&‘ﬁ O2°GUBP &) etaidmethed at ur es
above the DBTT, fahlbidif hEREs de0 occur by high energy ductile fracture; 30

essentially: substantially 100 vol% -~ Gnferr]:
billion cubic neters; GVAW gas netal arc
wel ding; 5

(a) delivering said pressurized liquefied natural gas to an inlet of a pipeline
distribution network system at said storage site, wherein said pipeline
distribution network system has at least one pipe that is constructed from
10 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

(b) pumping said pressurized liquefied natural gas to an outlet of said pipeline ..
15 distribution network system at said destination site.
12.  The method of claim 11, wherein vaporizing equipment for converting said
pressurized liquefied natural gas to a gas is connected to said outlet of said
pipeline distribution network system.

20

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

(c) delivering said gas to a gas pipeline.
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har deni ng particl es: one or nore of [err]-copper, M[err]C, or
t he carbi des and carbonitrides of niobium and vanadi um HAZ:

heat affected zone; 10 intercritical tenperatur from about the
Ac[err] tr¥RSFEhtion tenperature to apout the fﬂ ﬂ lr,ﬂ"amﬂ, i on
tenperature on heating, and from about the Ar3 t mmrature
to about the Ar[err] transfornmation 15

tenperature on cooling; Kerr]: critical stress
intensity factor, kJ: kil oj oul e; 20 kPa:

t housands ofl4.PasAastem feri distributing Pressuﬂzed liquefied natural gas at hpressareds of pounds

per square | NCh: aifont 1033pR 1 sRpefi) BHbput 75 OkPagéO(%Pmagsand%l&e%pee?tureo?t aining

iron and | ess than a
mart ensi t e- aust eabaue:123%C (-1908K) mlahmal—dm@a(kﬂoemt kﬂ\sﬁteirecompnsmgral tical flaw

L:pglt geand dept hpxpeh e JlSLJlbutlon network system with anxmef fOFB?‘fngg s ;(r:nalcn; nﬁ/l[ glr)?]enum

transf or gat i on t prepstiaédliqueficd riatialipas vtiendinidaid ﬁpemldcslmﬁmaﬂﬁét%fmt ion of 5
austenite to rrarten3|te s{?arts duri n

cool i ng NG
pressurized | i quiysiayhasat ?%P““g@gethﬁ ‘Ef’?mmate“als comprisingan ¢
lcast about 50 vaiwagpaief@Allowbfloy stBé)@bntaining less than 9 wi% nickel and

parts-per-mlli Oﬂe;wing a tensile strength greater than 830 MPa (120 ksi) and a DBTT lower

than about -73°C (-100°F). ’

10 |

15. A container for storing pressurized liquefied natural gas at a pressure of about

1725 kPa (250 psia) to about 7590 kPa (1100 psia) and at a temperature of
about -112°C (-170°F) to about -62°C (-80°F), said container being
constructed from a low-alloy, high-strength steel containing less than about 2

15 wt% nickel and having adequate strength and fracture toughness to contain
said pressurized liquefied natural gas.

-

o
16. A container suitable for use in a pipeline distribution network system for
transporting pressurized liquefied natural gas at a pressure of about 1725 kPa
20 (250 psia) to about 7590 kPa (1100 psia) and at a temperature of about -112°C
(-170°F) to about -62°C (-80°F), said container being constructed from a low-
alloy, high-strength steel containing less than about 2 wt% nickel and having

adequate strength and fracture toughness to contain said pressurized liquefied
natural gas.
25
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psi a: pounds per square inch absol ute;

quenchi ng: accel erated cooling by any neans whereby a
fluid 15 selected for its tendency to

i ncrease wes/s%8l i ng rate of the steel is utilized, as pEpUsssd2®e air
cool i ng; quenching (cooling) rate: cooling rate at the center, or
substantially at the 20 center, of the
pl ate thickness; Quench Stop Tenper;tltze: t he hi ghest, or

substantially the highest, tenperature reached at the surface of the plate,
after quenching is stopped, because of heat 25
transmtted fromthe md-thickness of the plate; QST:

Quench Stop Tenperature; sl ab: a piece of steel
havi ng any di nmensi ons; 30 TCF: trillion cubic
feet; tensile strength: intensilg testing, the ratio of

maxi mum | oad to original cross-sectional area; b TI G wel di ng:

tungsten inert gas weldirg; T[err] tj erature: Iﬂﬁ-
tenperature bel ow which dusteni te do gEﬂOL—LGGL e 10 'OSPTO
United States Patent and adénmar k Oflf ce; and wel dnent:

a welded joint or seam incljuding: (i])jthe ld nmetal, (ii) the
heat - af fected zone (HAZ), a ©
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-
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15 (itii) the base netal in the "near
vicinity" of the HAZ. The portion of the base netal that is considered
within the "near vicinity" of the HAZ, and therefore, a part of the

wel drrent , WO2B/F¥84 dependi ng on factors known to those 20 PCT/US98/12704
skilled in the art, for exanple, wthout limtation, the width of the
wel dnent, the size of the itemthat ﬂéwel ded, the nunber of wel dnents
required to fabricate the item and di stance between wel dnents. 25

39 1. A pipe suitable Tor use in a pipeline distribution network system
for transporting pressurized |iquefied natural gas at a pressure of about
1035 kPa 5 (150 psia) to about 7590 kPa (1100 psia) and at a

tenperature of about -123[err]C (-190[err]F) to about -62[err]C
(-80[err]F), wherein said pipe is constructed by bending and joi ning
together at |east one discrete plate of a material co i3gong an ul tra-hi gh

strength, |ow g COnt T T n 9 wt % n¥ckel and having a
tensile strd -&ileéséél‘baiévﬁ%%‘ wngmﬁgﬁ )
than about - 73[|eTTHesidual Sipss 5% oh¥ie EF%? any seam fornefl by kaid
joining has 6ﬁde l@l&tal Sttgss\- a%pbmm%'ﬁ sai d|{pressure and
t enperat ure cﬁdo—tnmalstrewiazsv/,aavmd)sas@ ized lliquefie atur fl gas.
2. The pi (e Qj‘e.ﬁésqaﬁglgt,ew.erﬁ,%éﬂemgﬁggg has a gt ~of at feast
about 90008)1:5 re—tenstte—st l"IIU'LIII S ul tr ah-strengt h,
|l ow al | oy Bt del . 3. The pipe pf claim erei Td seam has DBTT
| oner t hag:_, alout -73[efr]C _ {
m ) //
(=]
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=
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(-100[err]F). WO 9/5908/ e pi pe of claim1l1, wherein sal d, %%23‘_4”5@8%7 Q"by
gas metal arc welding. 5. The pipe of claimi1, whereisn’. ‘ée‘a?‘n FSvY
formed by tungsten inert gas welding. 25 ¥ A pipeline distribution
network system for distributing a pressurized |iquefied natural gas,

wherein said pipeline distribution network system pi pe
that is constructed bendi ng and j oi ni ng toget heﬂmmm’;ﬂﬂrmﬁ”ﬂjscret e
plate of a nateWTé%EﬁIrMM San ultra-high strength,clow alley s
containing less than 9 wt% ni ckel and having a tensile strength greater

t han 30 830 MPa (120 ksi) and a DBTT | ower than about -73C (-100F),

oughness at Said 48 pressure and Temecature. conditions 10 6o a”dn sai d
oughness at sai

pressurized |iquefi éammgaweﬁja’gzegﬂl %&é@&ﬁ%&%?‘ %Hfﬁﬁ?’efgggo‘ﬁggg

psia) to abaut 7590 (kRapdid)io8bdus 7890 mctlmo ;fsmgaﬂmaraa&ﬁif;&aﬂfe SOt - 123°c
-123[err]C (- 190[erI§F) to about -62[err] [err] F t hod
of transporting a p e@@ﬁﬁ)lteebbutrﬁj&ﬁ@f('rS@ﬁF)nwgcmmlSaglaspéflsomsauztbtibbngel&mge tg
destination site, sai e ste eli.vering sai
pressurized |iquefi @3 {uaggqge g}%lﬁt?r%d{-%?r‘?ﬁ B]é‘ W%Sﬂf‘ PO pa (150
PSia) Lo, about 7590 WiianighiAbhls 1oy aReybiel LOMIBRGIAS B bphicicelng
-123[err] C (-190[err]F) to about -62[err]C (-80[err to an_inlet of a

EDY ne di stribut i dAving@densile stjengtivgreaterdhanf30MPa Oécﬁlbénd aREId lawsni d

d but °

constr Egt el:lfot);l bgnhﬁﬁaglpagjhgpjﬁg éﬁ(?b@?},%@hvg%rei ea@??ogﬁfg@ﬁy%%ﬁi?}éﬁlél fe of
a material conprisi r@e@nt&dtﬂeﬁgchfan@toughﬂeemgtsm pra3wara khdienperaire caditiingite g

| ess than 9 wt % ni ckel . and, havin Ien ile 1 strength greater
than 830 MPa (120 ks‘%"}‘aé{h%“{;l’ ool inartiodnatiaigas -73[err]C

2. The pipe of claim 1, wherein said seam has a strength of at least about 90% of
15 the tensile strength of said ultra-high strength, low alloy steel.

3. The pipe of claim 1, wherein said seam has a DBTT lower than about -73°C

(-100°F).
20 4. The pipe of claim 1, wherein said seam is formed by gas metal arc welding.
5. The pipe of claim 1, wherein said seam is formed by tungsten inert gas
welding.
25 6. A pipeline distribution network system for distributing a pressurized liquefied

natural gas, wherein said pipeline distribution network system has at least one
pipe that is constructed by bending and joining together at least one discrete
plate of a material comprising an ultra-high strength, low alloy steel
containing less than 9 wt% nickel and having a tensile strength greater than

30 830 MPa (120 ksi) and a DBTT lower than about -73°C (-100°F), and wherein

any seam formed by said joining has adequate strength and toughness at said

e CHEET



(-100[err]F), MWW & n any seam fornmed by said joini ng hBGTARI§(IZ7T4
strength and toughne ' re and terrperaturﬁ)ENGStisz Jin 1999
contain said pressurﬂ@ﬂﬁuﬂaﬁ”ﬂgﬁﬂﬁtura|4()gas; and 20 (b) "punpi ng

said pressurized liq s to an outlet of said pipeline
di stribution network system at said destination site. 8. The net hod of
claim?7, wherein vaporizing equipnent for converting said pressurized

| i quefied natural g#essuse andjtemparatireledriditians pycontainisaipressurigedelignefied 25

networ k system o ]t 8Tt ot pitur Peasibal 0 AE Otk ISR QR
30 (c) deli \peia')ﬂﬁia&ait@indmaufe%fabmsmm@mo‘qt) to abohi-626C (-80%he
pi

nmet hod of claim?7, wherein sai peline distribution network system has at
| east one storage container, wherein said storage container is constructed

by j oi ni ng t.oget her | - di : | al rising
an ul tra-hi tgh g r enﬁﬁ?hﬂug\?vkg%gél)&ggngésggﬁfg?lﬁe%d Iétggalg%taig&gqvﬁq%)ﬁckel

and 5 havi ngitata destndtion site, said metndecamprising dre &P offPa (120 ksi) and
a DBTT | ower than about -73[err]C (-100[err]F), and wherein joints between
said discrete plates have adequate strength and toughness at said pressure

and tenperature congh)defféridgGaldGitésturized diqHefitidentidligas haling d@tdseidte BRABYLR!
gas. 10 11. A system for distributi ng@&r}essurl zed |iquefied natural gas

at & pressure of abd@8s kPBm@ 5Q paia) tombows/s »(1468Q psia)and @ tepperatuneef abenta)
and=es t enpeyat ure of t: of C QQLar . --%%h%;
(-80[err]F) {0 sai d syéﬁg%%clg}?%éﬁé ?é]‘é"]t z%zglcggz%%i @é{olafjl‘;?s1 ltrelp%iﬁigér%mﬁe vxor"Ldogyst em
with an inlet for reesidtk Btenfhihaldl sisragy site oethdreifl $&ifl pitlinadistidutigpsetwokier ei n
sai d pipeline distributi%nntwork ] , \

system has at least one pipe that is constructed by bending and joining

together at least one discrete plate of a material comprising an ultra-high

strength, low alloy steel containing less than 9 wt% nickel and having a tensile

15 strength greater than 830 MPa (120 ksi) and a DBTT lower than about -73°C
(-100°F), and wherein any seam formed by said joining has adequate strength
and toughness at said pressure and temperature conditions to contain said

pressurized liguefied natural gas; and

20 (b) pumping said pressurized liquefied natural gas to an outlet of said pipeline

distribution network system at said destination site.
8. The method of claim 7, wherein vaporizing equipment for converting said
pressurized liquefied natural gas to a gas and delivering said gas to users or
25 distributors is connected to said outlet of said pipeline distribution network
system.

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

30 (c) delivering said gas to a gas pipeline.
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15 systEIBR908% | east one pipe that is construct ecPCFi/U§%i(él?'H& and
joining together at |east one discrete plate of a material/jicqni ¥siindy

ul tra-high strength “gmmmla‘l cont &lni ng | ess tha‘?ﬁ%"’\%ﬂn&' ni c?’k\"e%'i
having a tensile StH“ ﬁmw Mhan 830 MPa (120 ksi) and a DBTT | ower
than about -73[err] G (£108[efr]¥),” and wherein any seam formed by said

j oi ni ng has adequate strength 20 and toughness at said pressure and
t enper at ure coni@i t i Themethod oficlainn7 swliedeip said pipelinedistributicaf iegwork sysiem hagjas .
12. The systemof claim 11. wherei.n said.pipeline distribution ne rk
system has at | east a@ﬁ%& g’i’eoﬁ}%r@%e% g naalr,n\glge,reﬁﬁgﬁg{oaagg ﬁP%algfro ﬁarésu@gﬁ{!ﬁ?ner
is 25 const joisihg tbgbthet Hplatality sflietdieplates pf almateribdcoddpridinganet e

plates of a material conprising an ultra-high.strength, |ow alloy steel
contai ni ng | ess t hahtg-Righstrengtbelowallgysies) sogtainngicss t}n@n %Wé’ﬁ’g‘fkﬁ?g‘?deat er

than 830 MPg (120 kﬁit\)ing'"ﬁ‘%nﬁle%-gg%tfslgir‘%fer %39mtgzﬂﬁiéfﬁd]acbﬁri=(i’&{v&fr] F)

and wherein joints between said te plates have adequate strength and
t oughness at sai d pthesshow -Z3?€ (3ADO°F), and whereinpeinta between saididiscreteplates cont ai n
said pressurized liguefi.ed natura S. 42 13. A contai ner for storing
pressurized |iquefi gﬁver?gfﬂﬁaéﬁl stgn égg?u§?@§§ﬁﬁgﬁﬁeségﬁﬂ£mrqw& (250
psia) to about 7590 cfidnt 1OEbrah Said re&sufizeliduRIBEhaAMI £asOf about
-112Jerr]C (-170[err]F) to about -62[err]C (-80[err]F), said container

bei¥ng constructed by joining together a plurality of discrete plates of

Tess than dBoutls wSHERES! S BN s LR ENG a2 "

t oughness to cont ai abamil 03 kRag($ 50 psiddo hbaypt 8590dcPar(d100rpsia) gad a tendperatume of 0i Nt S
bet ween said di screte pl e . adequate str th, and toughness at said
pressure and tenper 2% éﬁggﬁéﬁ%%ﬁ?i “E'éﬁtéi‘ﬁgﬁ"g’isaldp?'é@%‘lﬂ’ B§NERquef i ed

hat ur al gas. pipeline distribution network system with an inlet for receiving said

:ﬂ

pressurized liquefied natural gas, wherein said pipeline distribution network

15 system has at least one pipe that is constructed by bending and joining
together at least one discrete plate of a material 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 any seam formed by said joining has adequate strength
20 and toughness at said pressure and temperature conditions to contain said

pressurized liquefied natural gas.

12.  The system of claim 11, wherein said pipeline distribution network system
has at least one storage container, wherein said storage container is
25 constructed by joining together a plurality of discrete plates of a material
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

30 temperature conditions to contain said pressurized liquefied natural gas.



10 14. A cont¥P® Stitable for use in a pipeline distri bRETHSIRE27RS k

system for_transportj ssurized |iquefied natural W PRESEYL
a%out 1725 kPa (250 f%@p f" 90 kPR (1100 psia) and § Q&fjiﬁggg
tenperature of about = mﬂﬂg[err] F) to about -62[err]C
(-80[err]F), said container beiny constructed by joining 15 t oget her
a plurality of discrete plates of materials conprising a | ow all oy,

hi gh-strengt h ddeel A containerifoxystorirgspressarnizedimuefi@l nahdralgaslabh pressiré af aogt
adequate strength a o e t hne 0 |.n_said.pressurized
l'i quefi ed natural gggzg %ﬁgf@%ﬁl@ﬁﬂ@@@ﬁﬁ%ﬁéﬁ am@]&ﬁ@cﬁﬂ&% ap‘Fﬁ‘PE’?ﬁﬁ%\%_
adequate strength andodtOUIPRES §-130°FF iod aBHRS SEIPE UBA°T)E NRART %Hfaﬁleﬁoﬁéih%' ons
to contain said 20 pressurized |iquefied natural gas. AVMENDED SHEET
constructed by joining together a plurality of discrete plates of materials
5 comprising a low-alloy, high-strength steel containing less than about 2 wi%
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.

ron
8

10
14. . A container suitable for use in a pipeline distribution network system 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
15 together a plurality of discrete plates of materials comprising 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

20 pressurized liquefied natural gas.
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Pipeline distribution network systems are provided for transporting 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). Pipes and other
components of the pipeline distribution network systems are 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) environ.




