
WO 03/046348 PCT/US02/39023  1 CNG FUEL STORAGE AND DELIVERY SYSTEMS  FOR
NATURAL GAS POWERED VEHICLES FIELD OF THE INVENTION [0001] This invention
relates to fuel storage and delivery systems for storing  compressed
natural gas (CNG) fuel and delivering CNG fuel on demand for  combustion in
an engine. More particularly, the present invention relates to  such fuel
storage and delivery systems having fuel storage containers that  are
constructed from ultra-high strength, low alloy steels and that have a cost
per unit strength substantially lower than that of currently available fuel
storage containers constructed from ultra-high strength, low alloy steels.
Even more particularly, this invention relates to such fuel storage and
delivery  systems having fuel storage containers that are constructed from
ultra-high  strength, low alloy steels containing less than 2.5 wt% nickel
and having a  tensile strength greater than 900 MPa (130 ksi). While not
limited thereto, the  present invention is especially useful for
automobiles, buses, trucks and other  vehicles with engines designed to
operate through combustion of natural gas. BACKGROUND OF THE INVENTION
[0002] Various terms are defined in the following specification. For
convenience, a Glossary of terms is provided herein, immediately preceding
the  claims. [0003] Laws such as the Clean Air Act (1990) and the Energy
Policy Act  (1992), which mandate the purchase of alternative fueled
vehicles (AFVs), have  spurred several serious business initiatives to
develop natural gas vehicles  (NGVs). Although these laws were motivated by
air quality issues, they have  created economic incentives that have
spurred real activity in implementing  NGVs. NGVs currently hold the most
competitive potential alternative to WO 03/046348 2 PCT/US02/39023
gasoline-powered vehicles because of the inherent clean-burning  



characteristics of natural gas. [0004] Compressed natural gas (CNG)
technology is a candidate for the  implementation of NGV-type AFVs. In
current CNG technology, gaseous  (natural gas) fuel is stored at very high
pressures of about 20.7 MPa to 24.8  MPa (3000 - 3600 psia) and typically
in containers made from X-65 steels,  aluminum, or from carbon or glass
fiber composites. Many publications and  issued patents discuss CNG
technologies. For example, see "Finally: A  Lightweight CNG System",
published in the April/May 1984 edition of School  Bus Fleet, WO 95/32874,
U.S. 5,330,031, and U.S. 5,458,258. Despite these  publications and issued
patents, there are major shortcomings of current CNG  technology that have
limited its successful deployment: short vehicle driving  range (due to low
energy storage density of CNG); the weight and high cost of  on-board (and
typically non-conformable) fuel storage containers; low fuel  efficiency
due to the weight of fuel storage containers; and low load-carrying
capacity of the vehicle, corresponding to the incremental weight of the
fuel  storage tanks. [0005] A need exists for fuel storage and delivery
systems capable of  economically storing CNG fuel and delivering CNG fuel
on demand for  combustion in an engine. Further, a need exists for such
fuel storage and  delivery systems that allow for longer vehicle driving
ranges, as well as lighter  and less expensive storage containers than are
provided by current CNG  technologies. [0006] Consequently, the primary
object of the present invention is to provide  improved fuel storage and
delivery systems suitable for storing CNG fuel and  delivering CNG fuel on
demand for combustion in an engine. SUMMARY OF THE INVENTION [0007]
Consistent with the above-stated objects of the present invention,  fuel
storage and delivery systems are provided for storing compressed natural WO
03/046348 3 PCT/US02/39023 gas (CNG) fuel at a pressure of about 20.7 MPa
to 37.5 MPa (3000 psia - 



5440 psia), preferably at a pressure of about 20.7 MPa to 24.8 MPa (3000
psia  - 3600 psia), and delivering CNG fuel on demand for combustion in an
engine.  The fuel storage and delivery systems of this invention have fuel
storage  containers and other system components that have a cost per unit
strength  substantially lower than that of currently available CNG fuel
storage and  delivery systems and are constructed from steels having a
tensile strength  greater than 450 MPa (65 ksi). Preferably the fuel
storage containers and  other system components are constructed from
materials comprising an  ultra-high strength, low alloy steel containing
less than 2.5 wt% nickel.  Preferably the steel has an ultra-high strength,
e.g., tensile strength (see  Glossary) greater than 900 MPa (130 ksi)
and/or yield strength greater than  830 MPa (120 ksi). Other containers and
systems constructed from materials  comprising such ultra-high strength,
low alloy steels are also provided. DESCRIPTION OF THE DRAWINGS [0008] The
advantages of the present invention will be better understood by  referring
to the following detailed description and the attached drawings in  which:
[009] FIG. 1A is a schematic illustration of an embodiment of major
components of a CNG fuel storage and delivery system of the present
invention; [0010] FIG. I B is a schematic illustration of an embodiment of
how a fuel  storage and delivery system of the present invention connects
to an engine;  [0011] FIG. 2A illustrates a plot of critical flaw depth,
for a given flaw length,  as a function of plane strain fracture toughness
(Jo); and [0012] FIG. 2B illustrates a plot of critical flaw depth, for a
given flaw length,  as a function of CTOD fracture toughness; and [0013]
FIG. 2C illustrates the geometry (length and depth) of a flaw. [0014] While
the invention will be described in connection with its preferred WO
03/046348 4 PCT/US02/39023 embodiments, it will be understood that the
invention is not limited thereto.  



On the contrary, the invention is intended to cover all alternatives,
modifications, and equivalents which may be included within the spirit and
scope of the present disclosure, as defined by the appended claims.
DETAILED DESCRIPTION OF THE INVENTION [0015] The present invention relates
to fuel storage and delivery systems,  and individual components thereof,
for storing CNG fuel and delivering CNG  fuel on demand for combustion in a
vehicle engine. Fuel storage and delivery  systems are provided for storing
CNG fuel at pressures of about 20.7 MPa to  37.5 MPa (3000 psia - 5440
psia), preferably at pressures of about 20.7 MPa to  24.8 MPa (3000 psia -
3600 psia), and delivering CNG fuel on demand for  combustion in an engine,
wherein the fuel storage and delivery systems have  fuel storage containers
and other components that have a cost per unit  strength substantially
lower than that of currently available CNG fuel storage  and delivery
systems and are constructed from materials comprising an  ultra-high
strength, low alloy steel containing less than 2.5 wt% nickel and  having a
tensile strength greater than 900 MPa (130 ksi). [0016] In particular, a
fuel storage container suitable for use in a fuel  storage and delivery
system for storing compressed natural gas fuel at  pressures of about 20.7
MPa to 37.5 MPa (3000 psia - 5440 psia) and  delivering compressed natural
gas fuel on demand for combustion in an  engine is provided, wherein said
fuel storage container is constructed by  joining together a plurality of
discrete plates of materials comprising an  ultra-high strength, low alloy
steel containing less than 2.5 wt% nickel and  having a tensile strength of
at least about 900 MPa (130 ksi), and wherein  joints between said discrete
plates have adequate strength and toughness at  said pressure conditions to
contain said compressed natural gas. The fuel  storage container of this
invention preferably has joints having a strength of at  least about 90% of
the tensile strength of said ultra-high strength, low alloy WO 03/046348
PCT/US02/39023  5 



steel. Further, the fuel storage container of this invention preferably is
suitable for use at temperatures down to -40C (-40F). In one embodiment,
the fuel storage container of this invention has joints that are formed by
a  weld metal comprising iron and the following alloying elements in the
weight  percents indicated: about 0.04 wt% to about 0.08 wt% carbon; about
1.0 wt%  to about 2.0 wt% manganese; about 0.2 wt% to about 0.7 wt%
silicon; about  0.30 wt% to 0.80 wt% molybdenum; about 2.3 wt% to about 3.5
wt% nickel;  about 0.0175 wt% to about 0.0400 wt% oxygen; and at least one
additive  selected from the group consisting of (i) up to about 0.04 wt%
zirconium, and  (ii) up to about 0.02 wt% titanium; wherein the
microstructure of said weld  metal comprises from about 5 vol% to about 45
vol% acicular ferrite and at  least about 50 vol% lath martensite,
degenerate upper bainite, lower bainite,  granular bainite, or mixtures
thereof. Also provided is a system comprising:  (a) at least one fuel
storage container for storing compressed natural gas fuel  at pressures of
about 20.7 MPa to 37.5 MPa (3000 psia - 5440 psia), wherein  said fuel
storage container is constructed by joining together a plurality of
discrete plates of materials comprising an ultra-high strength, low alloy
steel  containing less than 2.5 wt% nickel and having a tensile strength of
at least  about 900 MPa (130 ksi), and wherein joints between said discrete
plates  have adequate strength and toughness at said pressure conditions to
contain  said compressed natural gas; and (b) facilities for delivering
compressed  natural gas fuel on demand for combustion in an engine. Also
provided is a  fuel storage and delivery system comprising: (a) at least
one fuel storage  container for storing compressed natural gas fuel at
pressures of about 20.7  MPa to 37.5 MPa (3000 psia - 5440 psia), wherein
said fuel storage container  is constructed by joining together a
plurality.of discrete plates of materials  comprising an ultra-high
strength, low alloy steel containing less than 2.5 wt%  nickel and having a
tensile strength of at least about 900 MPa (130 ksi), and  wherein joints
between said discrete plates have adequate strength and  toughness at said
pressure conditions to contain said compressed natural 



WO 03/046348 6 PCT/US02/39023 gas; (b) a fill and vent valve for allowing
transfer of said compressed natural  gas fuel between a refueling station
and said fuel storage container; (c) a  reducer line for allowing flow of
compressed natural gas fuel from said fuel  storage tank to a pressure
reducer; (d) a fuel line for allowing flow of said  reduced pressure
compressed natural gas fuel from said reducer to said  engine; and a fuel
regulator for regulating flow of said reduced pressure  compressed natural
gas fuel from said reducer to said engine, such that said  fuel storage and
delivery system is adapted for storing said compressed  natural gas fuel at
pressures of about 20.7 MPa to 37.5 MPa (3000 psia - 5440  psia) and
delivering said reduced pressure compressed natural gas fuel on  demand for
combustion in an engine. Also provided is a method comprising:  (a) placing
compressed natural gas fuel at pressures of about 20.7 MPa to  37.5 MPa
(3000 psia - 5440 psia) into at least one fuel storage container,  wherein
said at least one fuel storage container is constructed by joining
together a plurality of discrete plates of materials comprising an
ultra-high  strength, low alloy steel containing less than 2.5 wt% nickel
and having a  tensile strength of at least about 900 MPa (130 ksi), and
wherein joints  between said discrete plates have adequate strength and
toughness at said  pressure conditions to contain said compressed natural
gas; (b) delivering  compressed natural gas fuel on demand for combustion
in an engine. [0017] Another advantage of this invention is that fuel
storage containers  and other components of systems according to this
invention have a weight  per strength ratio of about half or less than
those of currently available steel- based CNG fuel storage and delivery
systems. Thus systems of this invention provide the strength needed to
contain high pressure CNG at a  much lower weight than current steel-based
systems. The advantages this  provides can be explained by an example.
Consider a fleet of trucks that  have very large refrigerated storage
compartments, are fueled by current  CNG fuel storage and delivery systems,
and are used for delivering groceries  



from a distribution center to numerous retail stores on a daily basis. WO
03/046348 PCT/US02/39023  7 Replacement of the current fuel storage and
delivery systems with the  systems of this invention could enable each
truck to either (i) maintain its  current fuel volume and fuel efficiency,
but increase its grocery load by an  amount equal to the weight difference
between the current system and the  system of this invention; or (ii)
maintain its current fuel volume and grocery  load, but increase its fuel
efficiency due to the lower weight of the system of  this invention; or
(iii) reduce its fuel volume, but increase its grocery load while
maintaining its current fuel efficiency; or (iv) increase the current fuel
volume  and maintain the current fuel efficiency and grocery load by
storing the fuel at  an elevated pressure. Other combinations of the
foregoing options are  possible, as well as other options not mentioned.
Steels for Construction of Fuel Storage and Delivery System Containers  and
Other Components [0018] Any ultra-high strength, low alloy steel containing
less than 2.5 wt%  nickel and having a tensile strength greater than 900
MPa (130 ksi) may be  used for constructing the fuel storage containers and
other components of  systems of this invention. An example steel for use in
the present invention,  without thereby limiting the invention, is a
weldable, ultra-high strength, low  alloy steel containing less than 2.5
wt% nickel and having a tensile strength  greater than 900 MPa (130 ksi).
Another example steel for use in the present  invention, without thereby
limiting the invention, is a weldable, ultra-high  strength, low alloy
steel containing less than about 1 wt% nickel and having a  tensile
strength greater than 900 MPa (130 ksi). Preferably these example  steels
have adequate fracture toughness at temperatures down to -40C  (-40F) in
both the base plate and in the HAZ when welded, to allow operation  of CNG
vehicles in arctic environments. [0019] Recent advances in steel making
technology have made possible  



the manufacture of new, ultra-high strength, low alloy steels with
excellent low  temperature toughness. These ultra-high strength, low alloy
steels also have WO 03/046348 PCT/US02/39023  8 improved toughness in both
the base steel and in the heat affected zone  (HAZ) when welded over
standard commercially available high strength, low  alloy steels. The
improved steels are described in U.S. Patent Number  6,245,290 entitled
"HIGH-TENSILE-STRENGTH STEEL AND METHOD OF  MANUFACTURING THE SAME", and in
corresponding International  Publication Number WO 98/38345; in U.S. Patent
Number 6,228,183 entitled  "ULTRA HIGH STRENGTH, WELDABLE, BORON-
CONTAINING STEELS  WITH SUPERIOR TOUGHNESS", and in corresponding
International  Publication Number WO 99/05336; in U.S. Patent Number
6,224,689 entitled  "ULTRA-HIGH STRENGTH, WELDABLE, ESSENTIALLY BORON-FREE
STEELS WITH SUPERIOR TOUGHNESS", and in corresponding  International
Publication WO 99/05334; in U.S. Patent Number 6,248,191  entitled "METHOD
FOR PRODUCING ULTRA-HIGH STRENGTH,  WELDABLE STEELS WITH SUPERIOR
TOUGHNESS", and in  corresponding International Publication WO 99/05328;
and in U.S. Patent  Number 6,264,760 entitled "ULTRA-HIGH STRENGTH,
WELDABLE STEELS  WITH EXCELLENT ULTRA-LOW TEMPERATURE TOUGHNESS", and in
corresponding International Publication WO 99/05335 (collectively, the
"Steel  Patent Applications"). [0020] The new steels described in the Steel
Patent Applications, and  further described in the example below, are
especially suitable for  constructing the fuel storage containers and other
components of this  invention in that the steels have the following
characteristics, preferably for  steel plate thicknesses of about 2.5 cm (1
inch) and greater: (i) tensile  strength greater than 900 MPa (130 ksi),
more preferably greater than about  930 MPa (135 ksi); (ii) good
weldability; (iii) substantially uniform  



microstructure; and (iv) adequate fracture toughness for use at
temperatures  down to -40C (-40F). [0021] Other suitable steels are
described in International Publication  Number WO 99/32672, entitled
"ULTRA-HIGH STRENGTH STEELS WITH WO 03/046348 PCT/US02/39023  9 EXCELLENT
CRYOGENIC TEMPERATURE TOUGHNESS"; in U.S. Patent  Number 6,251,198 and
International Publication Number WO 99/32670,  entitled "ULTRA-HIGH
STRENGTH AUSAGED STEELS WITH EXCELLENT  CRYOGENIC TEMPERATURE TOUGHNESS";
in U.S. Patent Number  6,066,212 and International Publication Number WO
99/32671, entitled  "ULTRA-HIGH STRENGTH DUAL PHASE STEELS WITH EXCELLENT
CRYOGENIC TEMPERATURE TOUGHNESS"; in PCT International  Application Number
PCT/US99/29802, entitled "ULTRA-HIGH STRENGTH  STEELS WITH EXCELLENT
CRYOGENIC TEMPERATURE TOUGHNESS";  in U. S. Patent Number 6,254,698 and PCT
International Application Number  PCT/US99/30055, entitled "ULTRA-HIGH
STRENGTH AUSAGED STEELS  WITH EXCELLENT CRYOGENIC TEMPERATURE TOUGHNESS";
and in  U.S. Patent Number 6,159,312 and PCT International Application
Number  PCT/US99/29804, entitled "ULTRA-HIGH STRENGTH TRIPLE PHASE  STEELS
WITH EXCELLENT CRYOGENIC TEMPERATURE TOUGHNESS"  (collectively, the
"Additional Steel Patents and Patent Applications"). The  steels described
in the Additional Steel Patents and Patent Applications are  especially
suitable for cold temperature applications, such as in arctic
environments, in that the steels have the following characteristics for
steel  plate thicknesses of about 2.5 cm (1 inch) and greater: (i) DBTT
lower than  about -73C (-100F) in the base steel and in the weld
heat-affected zone  (HAZ), (ii) tensile strength greater than about 830 MPa
(120 ksi), preferably  greater than about 860 MPa (125 ksi), and more
preferably greater than  about 900 MPa (130 ksi), (iii) superior
weldability, (iv) substantially uniform  



through-thickness microstructure and properties, and (v) improved toughness
over standard, commercially available, high-strength, low-alloy steels.
These  steels can have a tensile strength of greater than about 930 MPa
(135 ksi), or  greater than about 965 MPa (140 ksi), or greater than about
1000 MPa (145  ksi). WO 03/046348 10 PCT/US02/39023 Steel Example [0022] As
discussed above, U.S. Patent Number 6,248,191 entitled  "METHOD FOR
PRODUCING ULTRA-HIGH STRENGTH, WELDABLE  STEELS WITH SUPERIOR TOUGHNESS",
and corresponding International  Publication WO 99/05328, each provide a
description of steels suitable for  use in the present invention. A method
is provided for preparing an ultra-high  strength steel plate. A steel slab
is processed by: heating the slab to a  substantially uniform temperature
sufficient to dissolve substantially all carbides  and carbonitrides of
vanadium and niobium, preferably in the range of about  1000C to about
1250C (about 1832F to about 2282F), and more preferably  in the range of
about 1050C to about 1150C (about 1922F to about 2102F);  a first hot
rolling of the slab to a reduction of preferably about 20% to about  60%
(in thickness) to form plate in one or more passes within a first
temperature range in which austenite recrystallizes; a second hot rolling
to a  reduction of preferably about 40% to about 80% (in thickness) in one
or more  passes within a second temperature range, somewhat lower than the
first  temperature range, at which austenite does not recrystallize and
above the Ar3  transformation point; hardening the rolled plate by
quenching at a rate of at  least about 10C/second (18F/second), preferably
at least about 20C/second  (36F/second), more preferably at least about
30C/second (54F/second), and  even more preferably at least about
35C/second (63F/second), from a  temperature no lower than the Ara
transformation point to a Quench Stop  Temperature (QST) at least as low as
the Ar, transformation point, preferably in  the range of about 550C to
about 150C (about 1022F to about 302F), and  



more preferably in the range of about 500C to about 150C (about 932F to
about 302F), and stopping the quenching and allowing the steel plate to air
cool to ambient temperature, so as to facilitate completion of
transformation of  the steel to predominantly fine-grained lower bainite,
fine-grained lath  martensite, or mixtures thereof. As is understood by
those skilled in the art, as  used herein "percent reduction in thickness"
refers to percent reduction in the WO 03/046348 PCT/US02/39023  11
thickness of the steel slab or plate prior to the reduction referenced. For
purposes of example only, without thereby limiting this invention, a steel
slab of  about 25.4 cm (10 inches) may be reduced about 50% (a 50 percent
reduction), in a first temperature range, to a thickness of about 12.7 cm
(5  inches) then reduced about 80% (an 80 percent reduction), in a second
temperature range, to a thickness of about 2.54 cm (1 inch). [0023] The
preferred steel product has a substantially uniform microstructure
preferably comprising predominantly fine-grained lower bainite,
fine-grained  lath martensite, or mixtures thereof. Preferably, the
fine-grained lath martensite  comprises auto-tempered fine-grained lath
martensite. As used in describing  the present invention, and in the
claims, "predominantly" means at least about  50 volume percent. The
remainder of the microstructure can comprise  additional fine-grained lower
bainite, additional fine-grained lath martensite,  upper bainite, or
ferrite. More preferably, the microstructure 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 comprises at least about 90 volume percent fine-grained
lower  bainite, fine-grained lath martensite, or mixtures thereof. [0024]
Both the lower bainite and the lath martensite may be additionally
hardened by precipitates of the carbides or carbonitrides of vanadium,
niobium  and molybdenum. These precipitates, especially those containing
vanadium,  can assist in minimizing HAZ softening, likely by preventing any
substantial  



reduction of dislocation density in regions heated to temperatures no
higher  than the Ac, transformation point or by inducing precipitation
hardening in  regions heated to temperatures above the Ac, transformation
point, or both.  [0025] The steel plate of this example is manufactured by
preparing a steel  slab in a customary fashion and, in one embodiment,
comprising iron and the  following alloying elements in the weight percents
indicated: 0.03 - 0.10% carbon (C), preferably 0.05 - 0.09% C  0 - 0.6%
silicon (Si) WO 03/046348 PCT/US02/39023  12 1.6 - 2.1 % manganese (Mn)  0
- 1.0% copper (Cu) 0 - 1.0% nickel (Ni), preferably 0.2 to 1.0% Ni 0.01 -
0.10% niobium (Nb), preferably 0.03 - 0.06% Nb  0.01 - 0.10% vanadium (V),
preferably 0.03 - 0.08% V  0.3 - 0.6% molybdenum (Mo) 0 - 1.0% chromium
(Cr) 0.005 - 0.03% titanium (Ti), preferably 0.015 - 0.02% Ti  0 - 0.06%
aluminum (Al), preferably 0.001 - 0.06% Al 0 - 0.006% calcium (Ca) 0 -
0.02% Rare Earth Metals (REM)  0 - 0.006% magnesium (Mg) and further
characterized by:  Ceq <_ 0.7, and Pcm <_ 0.35, [0026] Alternatively, the
chemistry set forth above is modified and includes  0.0005 - 0.0020 wt%
boron (B), preferably 0.0008 - 0.0012 wt% B, and the Mo  content is 0.2 -
0.5 wt%. [0027] For essentially boron-free steels of this invention, Ceq is
preferably  greater than about 0.5 and less than about 0.7. For
boron-containing steels of  



this invention, Ceq is preferably greater than about 0.3 and less than
about 0.7.  [0028] Additionally, the well-known impurities nitrogen (N),
phosphorous (P),  and sulfur (S) are preferably minimized in the steel,
even though some N is  desired, as explained below, for providing grain
growth-inhibiting titanium nitride  particles. Preferably, the N
concentration is about 0.001 to about 0.006 wt%,  the S concentration no
more than about 0.005 wt%, more preferably no more  than about 0.002 wt%,
and the P concentration no more than about 0.015 wt%.  In this chemistry
the steel either is essentially boron-free in that there is no  added
boron, and the boron concentration is preferably less than about 3 ppm,
more preferably less than about I ppm, or the steel contains added boron as
WO 03/046348 PCT/US02/39023  13 stated above. [0029] A preferred method for
producing this ultra-high strength steel having  a microstructure
comprising predominantly fine-grained lower bainite, fine- grained lath
martensite, or mixtures thereof, comprises heating a steel slab to a
temperature sufficient to dissolve substantially all carbides and
carbonitrides of  vanadium and niobium; reducing the slab to form plate in
one or more hot  rolling passes in a first temperature range in which
austenite recrystallizes;  further reducing the plate in one or more hot
rolling passes in a second  temperature range below the Tnr temperature,
i.e., the temperature below  which austenite does not recrystallize, and
above the Ara transformation point,  i.e., the temperature at which
austenite begins to transform to ferrite during  cooling; quenching the
finished rolled plate to a temperature at least as low as  the Ar,
transformation point, i.e., the temperature at which transformation of
austenite to ferrite or to ferrite plus cementite is completed during
cooling,  preferably to a temperature between about 550C and about 150C
(1022F - 302F), and more preferably to a temperature between about 500C and
about  150C (932F - 302F); stopping the quenching; and air cooling the
quenched  plate to ambient temperature. 



[0030] Other suitable steels for use in connection with the present
invention  are described in other publications that describe ultra-high
strength, low alloy  steels containing less than about 1 wt% nickel, having
tensile strengths greater than 900 MPa (130 ksi), and having adequate
fracture toughness for  use at temperatures down to -40C (-40F). For
example, such steels are  described in PCT International Publication Number
WO 96/23909 having a  PCT Publication date of 8 August 1996 (such steels
preferably having a  copper content of 0.1 wt% to 1.2 wt%), and in PCT
International Publication  Number WO 96/23083 having a PCT Publication date
of 1 August 1996.  [0031] For any of the above-referenced steels, as is
understood by those  skilled in the art, the Tnr temperature depends on the
chemistry of the steel,  and more particularly, on the slab heating
temperature before rolling, the WO 03/046348 PCT/US02/39023  14 carbon
concentration, the niobium concentration and the amount of reduction  given
in the rolling passes. Persons skilled in the art may determine this
temperature for each steel composition either by experiment or by model
calculation. Likewise, the Ac,, Ar,, and Ara transformation points
referenced  herein may be determined by persons skilled in the art for each
steel  composition either by experiment or by model calculation. [0032] For
any of the above-referenced steels, as is understood by those  skilled in
the art, except for the slab heating temperature before rolling, which
applies to substantially the entire slab, subsequent temperatures
referenced in  describing the processing methods of this invention are
temperatures  measured at the surface of the steel. The surface temperature
of steel can  be measured by use of an optical pyrometer, for example, or
by any other  device suitable for measuring the surface temperature of
steel. The cooling  rates referred to herein are those at the center, or
substantially at the center,  of the plate thickness; and the Quench Stop
Temperature (QST) is the  highest, or substantially the highest,
temperature reached at the surface of  



the plate, after quenching is stopped, because of heat transmitted from the
mid-thickness of the plate. 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 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 subsequent processing of the same, or
substantially the same, steel  composition, such that center temperature
may be determined via direct  measurement of surface temperature. Also, the
required temperature and  flow rate of the quenching fluid to accomplish
the desired accelerated cooling  rate may be determined by one skilled in
the art by reference to standard  industry publications. [0033] A person of
skill in the art has the requisite knowledge and skill to WO 03/046348
PCT/US02/39023  15 use the information provided herein to produce
ultra-high strength, low alloy  steel plates having suitable high strength
for use in constructing the fuel  storage containers and other components
of the present invention.  Additionally, a person of skill in the art has
the requisite knowledge and skill to  use the information provided herein
to produce ultra-high strength, low alloy  steel plates having the required
combinations of strength and fracture  toughness for use in arctic
environments. Other suitable steels may exist or  be developed hereafter.
All such steels are within the scope of this invention. Joining Methods for
Construction of Fuel Storage and Delivery System  Containers and other
Components [0034] In order to construct the fuel storage containers and
other  components of the present invention, a suitable method of joining
the steel  plates is required. Any joining method that will provide joints
or seams with  adequate strength and toughness for the present invention,
as discussed  



above, is considered to be suitable. Preferably, a welding method suitable
for  providing adequate strength to contain the CNG is used to construct
the fuel  storage containers and other components of systems of this
invention. Such  a welding method preferably includes a suitable consumable
wire, a suitable  consumable gas, a suitable welding process, and a
suitable welding  procedure. [0035] Suitable weld metals for use in joining
materials comprising the  steels described herein, and methods for
producing such weld metals, are  described in co-pending U.S. provisional
patent application entitled "WELD  METALS WITH SUPERIOR LOW TEMPERATURE
TOUGHNESS FOR  JOINING HIGH STRENGTH, LOW ALLOY STEELS", which has a
priority  date of 7 August 2000 and is identified by the United States
Patent and  Trademark Office as Application Number 09/920,894 (the "Weld
Metal  Application"). As described in the Weld Metal Application, suitable
weld  metals comprise iron, about 0.04 wt% to about 0.08 wt% carbon, about
1.0 WO 03/046348 PCT/US02/39023  16 wt% to about 2.0 wt% manganese, about
0.2 wt% to about 0.7 wt% silicon,  about 0.30 wt% to 0.80 wt% molybdenum,
about 2.3 wt% to about 3.5 wt%  nickel, about 0.0175 wt% to about 0.0400
wt% oxygen, and at least one  additive selected from the group consisting
of up to about 0.04 wt% zirconium  and up to about 0.02 wt% titanium.
Suitable weld metals can also comprise  less than about 0.01 wt%
phosphorus, less than about 0.01 wt% sulfur, up to  about 0.03 wt%
aluminum, and less than about 0.020 wt% nitrogen.  Additionally, the weld
metals can comprise at least one additive selected from  the group
consisting of up to about 0.60 wt% chromium, up to about 0.60 wt%  copper,
up to about 0.040 wt% vanadium, and up to about 0.0012 wt% boron.  The
microstructure of suitable weld metals comprises from about 5 vol% to
about 45 vol% acicular ferrite and at least about 50 vol% lath martensite,
degenerate upper bainite, lower bainite, granular bainite, or mixtures
thereof.  



These weld metals have a suitable combination of high strength and superior
low temperature toughness provided by the presence, morphology, and
quantity of a hard constituent, such as lath martensite, and a relatively
soft  phase, acicular ferrite, in the weld metal microstructure. Some
embodiments  comprise from about 10 vol% to about 45 vol% acicular ferrite.
Acicular ferrite  is a type of ferrite well known to those skilled in the
art that is commonly  associated with steel weld metals that produce yield
strengths less than about  690 MPa (100 ksi) and is known to have good
toughness properties. The  superior toughness of these weld metals results
primarily from a relatively low  carbon content, small grain size, finely
distributed acicular ferrite, and an  oxide inclusion design that ensures a
fine distribution of small inclusion  particles in the weld metal
microstructure. The preferred welding method for  producing these weld
metals is gas metal arc welding (GMAW), and even  more preferred is pulsed
GMAW welding. The chemistry of these weld metals  is best suited for
relatively low heat input welding. More particularly, the  chemistry is
designed to give the desired combination of strength and  toughness when
welded with heat inputs in the range of about 0.3 kJ/mm (7.6 WO 03/046348
PCT/US02/39023  17 kJ/inch) to about 2.5 kJ/mm (63 kJ/inch). More
preferably, the upper limit of  this heat input range is about 1.5 kJ/mm
(38 kJ/inch). The shielding gas  composition for the preferred welding
technique contains greater than about  50 vol% argon (Ar), and more
preferably greater than 75 voI% Ar, with  additions of carbon dioxide
(C02), and/or oxygen, and/or helium. A preferred  gas composition is a
mixture of Ar and CO2 comprising in the range of about  80 vol% to about 90
vol% Ar and about 10 vol% to about 20 vol% CO2. An  even more preferred gas
composition includes helium (He) additions of up to  about 25 vol%. The
helium addition produces a more fluid weld pool, better  wetting into the
sidewall, and less "crowning" of the weld bead. Crowning  refers to a
convex weld bead surface profile and this can be particularly  



pronounced during overhead welding. In the case of a He-containing gas, a
CO2 content of at least about 5 vol% would be used with the remainder of
the  gas mixture being argon. Higher Ar and He contents may also be used.
[0036] When steels as described in the Additional Steel Patents and Patent
Applications are used to construct fuel storage containers and other
components of systems of this invention: both gas metal arc welding (GMAW)
and tungsten inert gas (TIG) welding, which are both well known in the
steel  fabrication industry, can be used to join the steel plates, provided
that a  suitable consumable wire-gas combination is used. In a first
example welding  method, the gas metal arc welding (GMAW) process is used
to produce a  weld metal chemistry comprising iron and about 0.07 wt%
carbon, about 2.05  wt% manganese, about 0.32 wt% silicon, about 2.20 wt%
nickel, about 0.45  wt% chromium, about 0.56 wt% molybdenum, less than
about 110 ppm  phosphorous, and less than about 50 ppm sulfur. The weld is
made on a  steel, such as any of the above-described steels, using an
argon-based  shielding gas with less than about 1 wt% oxygen. The welding
heat input is in  the range of about 0.3 kJ/mm to about 1.5 kJ/mm (7.6
kJ/inch to 38 kJ/inch).  Welding by this method provides a weldment (see
Glossary) having a tensile  strength greater than about 900 MPa (130 ksi),
preferably greater than about WO 03/046348 PCT/US02/39023  18 930 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 below about -73C  (-100F),
preferably below about -96C (-140F), more preferably below about  -106C
(-160F), and even more preferably below about -115C (-175F). In  another
example welding method, the GMAW process is used to produce a  weld metal
chemistry comprising iron and about 0.10 wt% carbon (preferably  less than
about 0.10 wt% carbon, more preferably from about 0.07 to about  0.08 wt%
carbon), about 1.60 wt% manganese, about 0.25 wt% silicon, about  



1.87 wt% nickel, about 0.87 wt% chromium, about 0.51 wt% molybdenum,  less
than about 75 ppm phosphorous, and less than about 100 ppm sulfur.  The
welding heat input is in the range of about 0.3 kJ/mm to about 1.5 kJ/mm
(7.6 kJ/inch to 38 kJ/inch) and a preheat of about 100C (212F) is used. The
weld is made on a steel, such as any of the above-described steels, using
an  argon-based shielding gas with less than about I 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 at  least about 1000 MPa (145 ksi). Further, welding by this
method provides a  weld metal with a DBTT below about -73C (-100F),
preferably below about  -96C (-140F), more preferably below about -106C
(-160F), and even more  preferably below about -115C (-175F). In another
example welding method,  the tungsten inert gas welding (TIG) process is
used to produce a weld metal  chemistry containing iron and about 0.07 wt%
carbon (preferably less than  about 0.07 wt% carbon), about 1.80 wt%
manganese, about 0.20 wt% silicon,  about 4.00 wt% nickel, about 0.5 wt%
chromium, about 0.40 wt%  molybdenum, about 0.02 wt% copper, about 0.02 wt%
aluminum, about 0.010  wt% titanium, about 0.015 wt% zirconium (Zr), less
than about 50 ppm  phosphorous, and less than about 30 ppm sulfur. The
welding heat input is in  the range of about 0.3 kJ/mm to about 1.5 kJ/mm
(7.6 kJ/inch to 38 kJ/inch) WO 03/046348 PCT/US02/39023  19 and a preheat
of about 100C (212F) is used. The weld is made on a steel,  such as any of
the above-described steels, using an argon-based shielding  gas with less
than about I 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 at least about 1000  MPa (145
ksi). Further, welding by this method provides a weld metal with a  



DBTT below about -73C (-100F), preferably below about -96C (-140F),  more
preferably below about -106C (-160F), and even more preferably  below about
-115C (-175F). Similar weld metal chemistries to those  mentioned in the
examples can be made using either the GMAW or the TIG  welding processes.
However, the TIG welds are anticipated to have lower  impurity content and
a more highly refined microstructure than the GMAW  welds, and thus
improved low temperature toughness. [0037] A person of skill in the art has
the requisite knowledge and skill to  use the information provided herein
to weld materials comprising ultra-high  strength, low alloy steel plates
to produce joints or seams having suitable high  strength and fracture
toughness for use in constructing the fuel storage  containers and other
components of systems of this invention. Other suitable  joining or welding
methods may exist or be developed hereafter. All such  joining or welding
methods are within the scope of the present invention. Construction of Fuel
Storage and Delivery System Containers and other  Components [0038] Fuel
storage containers and other components of fuel storage and  delivery
systems according to this invention are provided. The fuel storage
containers and other components are constructed from ultra-high strength,
low alloy steels containing less than 2.5 wt% nickel and having a tensile
strength greater than 900 MPa (130 ksi). The fuel storage containers and
other components of this invention may be constructed from discrete plates
of WO 03/046348 PCT/US02/39023  20 the ultra-high strength, low alloy
steel. An added benefit of this invention is  that fuel storage containers
and other components according to this invention  have adequate fracture
toughness for use in arctic environments, such as in  Siberia and Alaska.
The joints or seams of the fuel storage containers and  other components
preferably have about the same strength and fracture  toughness as the
ultra-high strength, low alloy steel plates. In some cases,  



an undermatching of the strength on the order of about 5% to about 10% may
be justified for locations of lower stress. Joints or seams with the
preferred  properties can be made by any suitable joining technique. An
exemplary  joining technique is described herein, under the subheading
"Joining Methods  for Construction of Fuel Storage and Delivery System
Containers and other  Components ". [0039] As will be familiar to those
skilled in the art, the operating conditions  taken into consideration in
the design of containers and other components  constructed from welded
steels and intended for storing pressurized fluids,  such as CNG,
potentially in arctic environments, i.e., at temperatures down to  -40C
(-40F), include among other things, the operating temperature, any
pressures, such as fluid pressures, to which the structure will be
subjected, as  well, as additional stresses that are likely to be imposed
on the steel and the  weldments. Standard fracture mechanics measurements,
such as (i) plane  strain fracture toughness (Jo), and (ii) crack tip
opening displacement (CTOD)  fracture toughness, both of which are familiar
to those skilled in the art, may  be used to determine the resistance of
fracture initiation in the steel and  weldments. Industry codes generally
acceptable for steel structure design,  for example, as presented in the
British Standards Institute publication "Guide  on Methods for Assessing
the Acceptability of Flaws in Fusion Welded  Structures", often referred to
as "BS7910:1999", may be used to determine  the maximum allowable flaw
sizes for the structures based on the fracture  toughness of the steel and
weldment (including HAZ) and the imposed  stresses on the structure. A
person skilled in the art can develop a fracture WO 03/046348
PCT/US02/39023  21 control program to mitigate fracture initiation through
(i) appropriate structure  design to minimize imposed stresses, (ii)
appropriate manufacturing quality  control to minimize defects, (iii)
appropriate control of life cycle loads and  pressures applied to the
structure, and (iv) an appropriate inspection program  



to reliably detect flaws and defects in the structure. A preferred design
philosophy for storage containers welded according to the present invention
is  "leak before failure", as is familiar to those skilled in the art.
These  considerations are generally referred to herein as "known principles
of  fracture mechanics." [0040] The following is a non-limiting example of
application of these known  principles of fracture mechanics in a procedure
for calculating critical flaw  depth for a given flaw length for use in a
fracture control plan to prevent  fracture initiation in a pressure vessel
or container. [0041] FIG. 2C illustrates a flaw of flaw length 315 and flaw
depth 310.  BS7910:1999 is used to calculate values for the critical flaw
size plot 300  shown in FIG. 2A (Jo) and critical flaw size plot 400 shown
in FIG. 2B (CTOD  fracture toughness), both based on the following design
conditions: Vessel Diameter (outer):0.71 m (2.3 ft) Vessel Wall
Thickness:32.9 mm (1.29 in.) Design Pressure:37.5 MPa (5440 psig) Allowable
Hoop Stress:382 MPa (55.3 ksig). [0042] For the purpose of this example, a
surface flaw length of 100 mm (4  inches), e.g., an axial flaw located in a
seam weld, is assumed. Referring  now to FIG. 2A, plot 300 shows the value
for critical flaw depth in mm, axis  312, as a function of Jc in ksi-inch,
axis 311, and of residual stress, for  residual stress levels of 15, 50 and
100 percent of yield stress, as illustrated,  respectively, by plotted
lines 317, 318, and 319. Referring now to FIG. 2B,  plot 400 shows the
value for critical flaw depth in mm, axis 412, as a function WO 03/046348
PCT/US02/39023  22 of CTOD fracture toughness in mm, axis 411, and of
residual stress, for  residual stress levels of 15, 50 and 100 percent of
yield stress, as illustrated,  respectively, by plotted lines 417, 418, and
419. Residual stresses can be  generated due to fabrication and welding;
and BS7910:1999 recommends the  



use of a residual stress value of 100 percent of yield stress in welds
(including  the weld HAZ) unless the welds are stress relieved using
techniques such as  post weld heat treatment (PWHT) or mechanical stress
relief. This  recommendation has been incorporated into the results, i. e.,
a residual stress  value of 100 percent of yield stress was used. [0043]
Based on the toughness of the pressure vessel steel at the minimum  service
temperature, the vessel fabrication can be adjusted to reduce the  residual
stresses and an inspection program can be implemented (for both  initial
inspection and in-service inspection) to detect and measure flaws for
comparison against critical flaw size. In this example, a toughness of 0.15
ksi-inch (Jc) and 0.03 mm (CTOD) at the minimum service temperature (as
measured using laboratory specimens), with residual stresses reduced to 15
percent of the steel yield strength, give a value for critical flaw depth
of  approximately 4.5 mm (see point 320 on FIG. 2A and point 420 on FIG.
2B).  Following similar calculation procedures, 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 geometries. Using this information, a
quality control program  and inspection program (techniques, 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
correlations between CVN, K,c, Jc, and CTOD  fracture toughness, the 0.015
ksi-inch (Jo) and 0.03 mm (CTOD) values  generally correlate to a CVN value
of about 54 J. This example is not  intended to limit this invention in any
way. [0044] For containers and other components that require forming of the
steel, e.g., into a cylindrical shape for a container or into a tubular
shape for a WO 03/046348 23 PCT/US02/39023 pipe, the steel is preferably
formed into the desired shape at ambient  temperature in order to avoid
detrimentally affecting the properties of the  steel. If the steel must be
heated to achieve the desired shape during  



forming, the steel is preferably heated to a temperature no higher than
about  600C (1112F) in order to preserve the beneficial effects of the
steel  microstructure as described above. EXAMPLE CNG FUEL STORAGE AND
DELIVERY SYSTEM [0045] One embodiment of a fuel storage and delivery system
according to  this invention for storing CNG fuel and delivering CNG fuel
on demand for  combustion in a vehicle engine, and the unique advantages
associated  therewith, is described in detail below. Components of the fuel
storage and  delivery system, for example, the fuel storage container and
vapor lines, are  preferably constructed from the low alloy, ultra-high
strength steels described  herein, or from other steels having the desired
characteristics described  herein. For components that require forming of
the steel, e.g., into a  cylindrical shape for a container or into a
tubular shape for a pipe, the steel is  preferably formed into the desired
shape at ambient temperature in order to  avoid detrimentally affecting the
excellent cryogenic temperature toughness  of the steel. If the steel must
be heated to achieve the desired shape during  forming, the steel is
preferably heated to a temperature no higher than about  600C (1112F) in
order to preserve the beneficial effects of the steel  microstructure as
described above. Components of Fuel Storage and Delivery System [0046]
Referring to FIG. IA, an example fuel storage and delivery system
according to this invention includes a fuel storage container 10. Fuel
storage  container 10 is preferably constructed from the ultra-high
strength, low alloy  steels described herein. Fuel storage container 10 may
be supported by  brackets 11, e.g., in the trunk area of an automobile.
Fuel storage container WO 03/046348 24 PCT/US02/39023 10 may be
supplemented by a vapor bag, shutoff valve, vent tube, and other  features
(not shown in FIG. 1 A) as will be familiar to those skilled in the art.
Fuel storage container 10 is connected to fuel fill receptacle 20 through
fuel  line 22 including fuel lockoff 12, manual shutoff valve 13, vibration
loop 14,  



fuel gauge 15, and check valve 9. After fuel fill receptacle 20, fuel
storage  container 10 is connected to mixer 19, of any standard engine that
is  designed to operate through combustion of natural gas, through a
continuation of fuel line 22, including fuel regulator 16 and metering
valve 17.  Fuel shutoff relays 18 are connected to electrical connections
181. Regulator  16 is connected to coolant hoses 161 and vent tube 162.
[0047] Referring now to FIG. 1 B, in another example fuel storage and
delivery system according to this invention, fuel storage container 30 may
be  connected to any standard engine 44 that is designed to operate through
combustion of natural gas via fuel line 42, including high pressure
shut-off  solenoid valve 31, high pressure regulator 32, fuel shut-off
solenoid 33, fuel  regulator 34, mixture control valve 35, NGV system
control unit 36, electronic  control unit 37, and engine sensor 40. [0048]
The systems illustrated in FIG. 1A and FIG. 1B are not intended to  limit
this invention. The primary focus of systems according to this invention
is the novel fuel storage container for storing CNG fuel at pressures of
about  20.7 MPa to 37.5 MPa (3000 psia - 5440 psia) wherein said fuel
storage container is constructed by joining together a plurality of
discrete plates of  materials comprising an ultra-high strength, low alloy
steel containing less  than 2.5 wt% nickel and having a tensile strength of
at least about 900 MPa  (130 ksi), and wherein joints between said discrete
plates have adequate  strength and toughness at said pressure conditions to
contain said  compressed natural gas. The remaining components of systems
according to  this invention may include standard, commercially available
components of  NGVs, as will be familiar to those skilled in the art.
Further, means for  operating systems according to this invention are
familiar to those skilled in WO 03/046348 25 PCT/US02/39023 the art.
Comparison of Fuel Storage Containers of this Invention to Current
Commercial X-65 CNG Fuel Containers 



[0049] Table 1 (which precedes FIG. 1A) provides data comparing fuel
storage containers of this invention to current commercial CNG fuel
containers constructed from X-65 steels. Referring to the data in Table 1,
two  design cases based on this invention are compared to a standard X-65
design. In a first example case, a containment system is designed for the
same storage conditions and volume requirements as the standard X-65
design, resulting in a 36% reduction in the containment system weight. See
data in the column entitled "Reduced Weight" within the broader column
entitled "Example Steel". In particular, see row "y", where it is shown
that the  weight of the container according to this invention is only 1131
lbs as  compared to the 1773 lbs weight of the X-65 container. The
reduction in  system weight translates to a corresponding increase in
payload or an  increase in fuel efficiency for the vehicle. In a second
example case, the  containment system is designed for an increased storage
pressure (i.e., 37.5  MPa (5440 psig) but within the same container volume
envelope as the X-65  design. See data in the column entitled "Maximum
Driving Range" within the  broader column entitled "Example Steel". In this
second example case, the  weight (and therefore the thickness) of the
containment system is designed to  be the same as that of the X-65 vessel.
The increased thickness sets the  storage pressure. The increased storage
pressure corresponds to an  increased fuel storage capacity which
translates to increased driving range.  [0050] Materials comprising the
steels as described herein and the welding  metals and methods described
herein can be used to construct marine  structures suitable for
economically producing and processing hydrocarbons  for commercial use.
These new marine structures can be advantageously  used, for example, in
the construction of offshore platforms for production of WO 03/046348 26
PCT/US02/39023 hydrocarbons, such as compliant pile towers and deep draft
caisson vessels.  Additionally, these marine structures can be used on
offshore platforms as  processing equipment for containing hydrocarbons
and/or other fluids used  



during the processing. Other marine structures, such as ship hulls,
submarine hulls, marine vessel mooring chains, caissons, buoys, bridges,
subsea transport lines for fluids, dams, seawalls, and retaining walls, can
also  be constructed according to this invention. Other items which may be
constructed using the materials and methods described herein include,
without  limitation, other high pressure containers, e.g., for storing
inert gases for  balloons (stationary and transportable); rocket boosters;
other fuel tanks for  gasoline, and other fuels; cargo containers; flare
stacks; full wellstream  production equipment; coiled tubing; rotating
equipment shafts; coiled pipe;  high pressure compact heat exchangers;
cranes; derricks; arctic structures;  constrained piping; fittings; sucker
rods; supercritical fluid transport lines; armor,  including bulletproof
armor; pressure vessels and process piping; military tanks;  fighter
planes; CPT structural materials; heavy machinery; structural steel for
use in seismic areas; bridges; tunnels; mining equipment; concrete
reinforcements and support members; mooring chains; leak before break
vessels; car/train bumpers and side reinforcements; coal slurry pipelines;
SCUBA or SCBA tanks; nuclear plant containment vessels; oxygen tanks for
aircraft or medical applications; drillpipe; casing; risers; extruded
products, e.g.,  seamless pipe; acoustic liquefaction equipment; boiler
plates; supports for  process facilities; wheels; linepipe; gun barrels
and/or golf clubs. [0051] While the foregoing invention has been described
in terms of one or  more preferred embodiments, those having normal skill
in the art will  recognize various changes, modifications, additions and
applications other  than those specifically mentioned herein that may be
made without departing  from the scope of the invention, which is set forth
in the claims below. WO 03/046348 27 PCT/US02/39023 GLOSSARY OF TERMS
[0052] Ac, transformation point: the temperature at which austenite begins
to  form during heating; [0053] Ar, transformation point: the temperature
at which transformation of  



austenite to ferrite or to ferrite plus cementite is completed during
cooling;  [0054] Ar3transformation point: the temperature at which
austenite begins to  transform to ferrite during cooling; [0055] cooling
rate: cooling rate at the center, or substantially at the center,  of the
plate thickness; [0056] CTOD: crack tip opening displacement; [0057] DBTT
(Ductile to Brittle Transition Temperature): delineates the two  fracture
regimes in structural steels; at temperatures below the DBTT, failure
tends to occur by low energy cleavage (brittle) fracture, while at
temperatures  above the DBTT, failure tends to occur by high energy ductile
fracture; [0058] GMAW: gas metal arc welding;  [0059] HAZ: heat affected
zone;  [0060] J: joules; [0061] Jc: a measure of plane strain fracture
toughness (ASTME 1823);  [0062] K,c: a measure of plane strain fracture
toughness (ASTME 1823);  [0063] kJ: kilojoule; [0064] low alloy steel: a
steel containing iron and less than about 10 wt%  total alloy additives;
[0065] maximum allowable flaw size: critical flaw length and depth;  [0066]
Pcm: a well-known industry term used to express weldability; also,
Pcm=(wt% C + wt% Si/30 + (wt% Mn + wt% Cu + wt% Cr)/20 + wt% Ni/60 +  wt%
Mo/15 + wt% V/10 + 5(wt% B)); [0067] ppm: parts-per-million; [0068]
predominantly: at least about 50 volume percent; [0069] quenching:
accelerated cooling by any means whereby a fluid WO 03/046348 28
PCT/US02/39023 selected for its tendency to increase the cooling rate of
the steel is utilized, as  opposed to air cooling; [0070] Quench Stop
Temperature: 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; [0071]
QST: Quench Stop Temperature; [0072] slab: a piece of steel having any
dimensions; [0073] tensile strength: in tensile testing, the ratio of
maximum load to  original cross-sectional area; [0074] TIG welding:
tungsten inert gas welding; [0075] Tnr temperature: the temperature below
which austenite does not  recrystallize; [0076] USPTO: United States Patent
and Trademark Office; [0077] weld metal: the welding consumable wire (and
flux, if used) as  deposited and diluted by the portion of the base metal
that melts during  performance of the welding process or that portion of a
weldment that was  rendered molten during the welding operation; this
volume of material is a  mixture of the base metal and the welding
consumables; and [0078] weldment: a welded joint, including: (i) the weld
metal, (ii) the heat- affected zone (HAZ), and (iii) the base metal in the
"near vicinity" of the HAZ.  The portion of the base metal that is
considered within the "near vicinity" of  the HAZ, and therefore, a part of
the weldment, varies depending on factors  known to those skilled in the
art, for example, without limitation, the width of  the weldment, the size
of the item that was welded, the number of weldments  required to fabricate
the item, and the distance between weldments. WO 03/046348 29
PCT/US02/39023 We Claim: 1 A fuel storage container suitable for use in a
fuel storage and delivery  system for storing compressed natural gas fuel
at pressures of about  20.7 MPa to 37.5 MPa (3000 psia - 5440 psia) and
delivering compressed natural gas fuel on demand for combustion in an
engine,  wherein said fuel storage container is constructed by joining
together a  plurality of discrete plates of materials comprising an
ultra-high strength, low alloy steel containing less than 2.5 wt% nickel
and having  



a tensile strength of at least about 900 MPa (130 ksi), and wherein  joints
between said discrete plates have adequate strength and  toughness at said
pressure conditions to contain said compressed  natural gas. 2. The fuel
storage container of claim 1, wherein said joints have a  strength of at
least about 90% of the tensile strength of said ultra-high  strength, low
alloy steel. 3. The fuel storage container of claim 1, wherein said fuel
storage  container is suitable for use at temperatures down to -40C (-40F).
4. The fuel storage container of claim 1, wherein said joints are formed by
a weld metal comprising iron and the following alloying elements in the
weight percents indicated: about 0.04 wt% to about 0.08 wt% carbon;  about
1.0 wt% to about 2.0 wt% manganese;  about 0.2 wt% to about 0.7 wt%
silicon;  about 0.30 wt% to 0.80 wt% molybdenum;  about 2.3 wt% to about
3.5 wt% nickel; about 0.0175 wt% to about 0.0400 wt% oxygen; and WO
03/046348 30 PCT/US02/39023 at least one additive selected from the group
consisting of (i) up to  about 0.04 wt% zirconium, and (ii) up to about
0.02 wt% titanium; wherein the microstructure of said weld metal comprises
from about 5 vol% to about 45 vol% acicular ferrite and at least about 50
vol% lath  martensite, degenerate upper bainite, lower bainite, granular
bainite, or  mixtures thereof. 5. A system comprising: (a) at least one
fuel storage container for storing compressed natural  gas fuel at
pressures of about 20.7 MPa to 37.5 MPa (3000 psia - 5440  psia), wherein
said fuel storage container is constructed by joining  together a plurality
of discrete plates of materials comprising an  



ultra-high strength, low alloy steel containing less than 2.5 wt% nickel
and having a tensile strength of at least about 900 MPa (130 ksi), and
wherein joints between said discrete plates have adequate strength  and
toughness at said pressure conditions to contain said compressed  natural
gas; and (b) facilities for delivering compressed natural gas fuel on
demand for  combustion in an engine 6. A fuel storage and delivery system
comprising: (a) at least one fuel storage container for storing compressed
natural  gas fuel at pressures of about 20.7 MPa to 37.5 MPa (3000 psia -
5440  psia), wherein said fuel storage container is constructed by joining
together a plurality of discrete plates of materials comprising an ultra-
-high strength, low alloy steel containing less than 2.5 wt% nickel and
having a tensile strength of at least about 900 MPa (130 ksi), and WO
03/046348 31 PCT/US02/39023 wherein joints between said discrete plates
have adequate strength  and toughness at said pressure conditions to
contain said compressed  natural gas; (b) a fill and vent valve for
allowing transfer of said compressed natural  gas fuel between a refueling
station and said fuel storage container; (c) a reducer line for allowing
flow of compressed natural gas fuel from  said fuel storage tank to a
pressure reducer; (d) a fuel line for allowing flow of said reduced
pressure compressed  natural gas fuel from said reducer to said engine; and
(e) a fuel regulator for regulating flow of said reduced pressure
compressed natural gas fuel from said reducer to said engine, such  that
said fuel storage and delivery system is adapted for storing said
compressed natural gas fuel at pressures of about 20.7 MPa to 37.5  MPa
(3000 psia - 5440 psia) and delivering said reduced pressure  compressed
natural gas fuel on demand for combustion in an engine. 



7. A method comprising: (a) placing compressed natural gas fuel at
pressures of about 20.7  MPa to 37.5 MPa (3000 psia - 5440 psia) into at
least one fuel storage  container, wherein said at least one fuel storage
container is  constructed by joining together a plurality of discrete
plates of materials  comprising an ultra-high strength, low alloy steel
containing less than  2.5 wt% nickel and having a tensile strength of at
least about 900 MPa  (130 ksi), and wherein joints between said discrete
plates have  adequate strength and toughness at said pressure conditions to
WO 03/046348 32 PCT/US02/39023 contain said compressed natural gas; (b)
delivering compressed natural gas fuel on demand for combustion  in an
engine. 


