WD 03/ 046348 PCT/ US02/ 39023 1 CNG FUEL STORAGE AND DELI VERY SYSTEMS FOR
NATURAL GAS POWERED VEHI CLES FI ELD OF THE | NVENTI ON [ 0001] This invention
rel ates twdasal46mBorage and delivery systens for storing RamsesSsed
natural gas (CNG fuel and delivering CNG fuel on demand for conbustion in
an engine. Mre particularly, the present invention relates to such fuel
storage and delivery systens having fuel storage containers that are
constructed fromultra-high strength, Iow alloy steels and that have a cost
per unit strength substantially lower than that of currently avail abl e fuel

storage containers COMMM'MMW al l oy steels.
Even nore particul arl¥y; i : st orage and
delivery systens havi npOR/NATURAERGAS FOWERED VERICIES constructed from
ultra-high strength, |owattoy steets contai ning ress than 2.5 wt % ni ckel
and having a tensile strength greater than 900 MPa (130 ksi). While not
limted thereto, the present invention is especially useful for

aut onobi | es, buses, trucks and other vehicles with engi nes designed to
operate through conmbusti on of natural gas. BACKGROUND OF THE | NVENTI ON

[ 0002] Varigﬁ ﬂﬁl—@'ﬁ\l\fﬁﬂ'lw in the followi ng specification. For
conveni ence—a—[é:‘l—ﬁssa-ﬁy——ef—t—eﬁﬁs, I's provided herein, inmmediately preceding
the clai ns[odd?lgOST hikamserftioniterted toefuel siorade anddelivdry Iy steamsifdrixtorimer gy
Policy Act (1992), which mandate the purchase of _alternative fuel ed

vehi cl es ( Asvpressedenatyraliges dCHG)dvell ancbdelivasingsNFefbigl omdemandfes t o

d I t hi cl GVs) . Al t th . , [vated b
ai r qual i tyoraeyaion el Shie- eERanclbiR e R R R Rl ™ ° ™Y
spurred reaky@fielistorags dn@Rie%@@téy@.ﬂamy%ﬁing'\ﬁgﬁst@kﬁgeeéﬁﬂtwnb% thathe nost
conpetitive potential alternative to WO 03/046348 2 PCT/ US02/ 39023

gasol i ne- poars eghstaltted Fonbeltrathigh sfrengih, lavh aelleysteglisand that hiang 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 autdmobiles, 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



characteristics of natural gas. [0004] Conpressed natural gas (CNG
technology is a candidate for the inplenentation of NG/-type AFVs. In
current ONO d3eabma®l ogy, gaseous (natural gas) fuel is st@cadusae/39esy high
pressures of about 20.7 MPa to 24.8 VP& (3000 - 3600 psia) and typically
I n containers made from X-65 steels, alumnum or fromcarbon or glass

fi ber conposites. Many publications and issued patents discuss CNG
technol ogi es. For exanple, see "Finally: A Lightweight CNG Systent,

published i %&ﬂi’ﬁe- WerelRunibRéhe8use ontHe inReRAR CleaBUsuriinget , WO 95/ 32874,
U S 5,330,031, a U S. 5,458,258. Despite these publications and issued

patents, themaraateeistieg of nathal gasm ngs of current CNG technol ogy that have
limted its successful deploynent: shqort vehicle driving., ra due to | ow
energy st or Ef04 e {spmpresse gratg%s @}lémecg'ﬁeiqudﬁa&é@g'd@k%gﬁlﬁgoard (and
typically naons L a ' p ficiency
due to the %Ig@{é Bg%t@agﬁq%?g%egépggh%Fﬁ@éﬁ@ggﬁ F%bv&%% -gg(r)g%/i ng
capacity of (rfdllﬁral/gbé)cfhel isGtored spoayihigh pressbees ofcaboue 203 MReitgi24.8f t he

S 00

fuel storage tanks. 05] A need exists faor fuel storage and delivery
systens capiiilae(3900 -cEddtia)andtyricaly iInFookrineisanads HOaERBPHeRl§: CNG f uel

Puel st or agaemifiagr roarABot L aass er clthbostes, Waffaisaion &%, Ul h,
ranges, as 8libd patdritdbistliss BNG teRRRolByRENForexahplaideecCPalynar s than are

provided by current CNG technol ogies. [0006] Conse&;gnt_l_y, the primry
obj ect of thighpreighhCNGChSystemSrputdished st ibei Alril/Maypt R/eeditior pf Sepelge and

dermnd for Bnaieats Wi PRAZE?. 1o S fthventte SAst Rt T Ies oo * "
Cons oL 0!, PRa| s SIS et Bl eI IYERADNG, (1) |
03/ 046348 3tele@mology 2haeRe lgaited(itSNBccessfll deplaymerts sshoet wehicd daving0. 7 MPa
to 37.3 Npara(n?égo(gugstg ?ov;/ 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



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 conbustion in an
engi ne. Moeo3fed4sst orage and del i very systens of this i nemruse3dmse fuel
storage containers and other system cor%onents that have a cost per unit
strength substantially lower than that of currently avail able CNG fuel
storage and delivery systens and are constructed from steels having a
tensile strength greater than 450 MPa (65 ksi). Preferably the fuel

st orage con{ai egw?gw t from
material s cgrar%K‘?Qi%r?gag'nat%pﬁsgﬁﬁfgﬁ%@ggg?@%& al | oy gdgglﬁs?:laont ai ni ng

| ess than 25840p8taliprefdrably it efpreasing df abost 2@ Mids ta@24.8 MPa-(BDO0 psiar engt h,
e.g., tensile strength (see 4 osl}s{ary) greater tdpan 900 MPa, (130 ksi)

and/ or vyi el d38¢0Q @ﬁ'@ghﬂ delivering{aNG fagonpamengdgok epbugiignin @R gNGINEer s and

systens con r 8l 1S 1! rengt h,
ow al Toy. ot DeEOIEHegR B ahiehy Sy ERERG A CHER eV Rl vRPadt 0008) he
advant ages ebnialtRroaagaiherl sitain compdrdntdthaeizivera costgestuaiidtiengt ef erring
to the following detailed description and the attached drawi ngs 1n which:

[009] FIG swbstantialydpweathan that of cvaenthhavsilable eMsoiiehstarage angj or

conponents qf .a CNG fuel storage and.deliver st e f sent

i nventi on; ?66‘@5}' sﬁtémsl arl’:‘5 PLe g"%%ﬁ%‘iir%?ef@”] ?téﬁgsmaé@ri%% tSbggan&gH?glgi ment of
how a fuel gRipe@anaBh MIPiE (687R6IS YSieRsTaBly thEfudrstSieitfe ddhtiRbiLangonnect s
to an enginé; [0011]] FIG 2Aillustrates a plot of critical flaw depth,

for a gi venotHeswystenycompoasnts dnereanistructet! figrmmaatetiaks gormprigingiee t oughness
Jo); d [0012]. FI 2B i1l ust l.at of i tical depth, f

G ven 11 aw DaRgiah Steoolh. doW eIy R conlising Seashenc e 88EERG 't 0otg) °
FIG 2Cill F‘?éf%?’#t{i’?Eﬁ@&e@?ﬁ?ﬁ%@hlﬁé-ﬁ%&réﬂﬂh,dé’.@t.,hlénﬁfe Strén@Mi(s d@%‘l] Wi | e

the invention w e descr I n connection wth its preferre

03/ 046348 4 QRsEaUNGREARI2Bae@DO0MNIPail 30 kéi) andidr yieid sirdagtt gredtdriihant he
invention is not limted thereto. . .
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. 1B 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 (J¢); 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



On the contrary, the invention is intended to cover all alternatives,

nodi fi cations, and equival ents which may be included within the spirit and
scope of woen3prerent di scl osure, as defined by the appendatTisanssn2s3

DETAI LED DESCRI PTI ON OF THE | NVENTI ON [(5’015] The present invention rel ates
to fuel storage and delivery systens, and individual conponents thereof,
for storing CNG fuel and delivering CNG fuel on demand for conbustion in a
vehi cl e engine. Fuel storage and delivery systens are provided for storing
CNG fuel at opfiRRfHMERE, RWiRB8UIndéfstéolRRatitfe i%ﬁo%@nb@ﬂﬂﬁe@%&gbﬁ“o_
psia), preferably at pressures of about 20.7 MPa to 24.8 MPa (3000 psia -
3600 psi a), Cmithedantragy,ithg irGN@AtiDNd$ indandedtncdoverrall atimmaitteson i n an engi ne,

wherein the fuel storage and delivery systens have. fuel storage containers
and ot her cmﬂﬁﬁ#ﬂ@i&%%%&{ew&y@'%ﬁcw Chﬁ%‘?y iipcluded wilimthe spiteard al | v

| ower than [ f delivery
systens andggéée gﬁ%@%%gﬁﬂd‘ﬁ ?@Eé%wlr%?tg (%fdlegw g@ﬁﬁ??‘?ﬁ%gggﬂ cf’eﬁurﬁts fa- hi gh
strength, low alloy steel containing less than 2.5 wt % ni ckel and having a

tensile strength t han 900 MPa (130 ksi). [0016] In particular, a
fuel storagé IPEION G z N HIG storage and delivery

h ) OJLLAL:S eNEION e
Ve to 37 5Tl 9566 FRRE Fhahibt Bt oo R ISR sluel® s tral
gas fuel ongdgnmddidlar carapdhsits Beredf. 38r stofifly TNG Judlrsnd d8fleringeciaGn sai d
fuel storage container is constructed by jorning together a plurality of

di screte pl fuatonotemandfdrgombustipniisianghicle enginea-figlistarageranddelivew al | oy
t eel taini I th .5 W% nj I d havi t ensi t th of
2t least abBlRteTARRIO(98d TRestpring RiCiup R pregiiag O Beedeahy WA G Sor et o
pl ates havezadegmal @066 b%gtéhw]ﬁisié}?ﬁgéggﬁaf%@/eiﬁttpre§ﬁir€s%%%%Hf @.‘?‘Mﬁ?tt?gns to

contain said conpressed natural ‘gas. st orage contal ner o S
i nventi on pRéfSevigdal (300@ psipci 3609 eia), magd alalivernyCNG fuadon desasnd &rout 90% of

the tensile strenﬁth, of said ultra-hi ﬁh str?ngth, Io(Xv al | Og/ WO 03/ 046348
PCT/ US02/ 3969@bustion 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



steel. Further, the fuel storage container of this invention preferably is
suitable for use at tenperatures down to -40C (-40F). In one enbodi ment,

the fuel wtooisagessgont ainer of this invention has joints tfrtr/esoe/3sasmed by
a weld netal conprising iron and the fél1owing alloying el enents in the
wei ght percents indicated: about 0.04 wt%to about 0.08 wt % carbon; about
1.0 % to about 2.0 wt % nmanganese; about 0.2 W% to about 0.7 w %
silicon; about 0.30 wt%to 0.80 w % nol ybdenum about 2.3 wt%to about 3.5

Wt % ni ckel ; .S e%tPOFgrt?eP]tﬁé fl%l%’cér@gél&BHﬁalHen%ﬂﬂus%{érﬁ?@fﬂ?r@feré@lg jgt |east one

addi tive ecte rom the group consisting of up to about 0.04 w %

zirconi um smﬂeblélfol)us@at teraieraturds Gawnttdo-40t@I40RF). Whesrel embbéiment,
m crostructure of said weld nmetal conprises fromabout 5 vol%to about 45

vol % aci cul e fusl stqr@gaﬁanmnermééws intsmiions3msjeinis thet mredarmedshby a,

degenerate u nite, .l ower nul ar b tures
Choener 2% WBRE s inidiising M et fofowindr ARV g SRS the el L
storage CO“Bpfdéﬁ[s fn@lica%é&rdb@mG@Wt%ﬁ?gb@@{t@'%'wt%‘éaﬁb%ﬂ‘ ab@\t ‘P(’)Wt%'res of
about 20.7 a to 37.5 MPa (3000 psia - 5440 psia), wherein said fuel

storage contaabeut 2.6 widhsanganese;Bbqusion? mg%: h@gihdvél() awtfloailiton; pbobit

di screte pl ates risin lLtrashi st ow al | oy
steel cont § ﬁwg%ltgg)sgé H‘gﬁ’ ’?Og'gaf%”ﬁ‘r gQ@Ptg @&W %B :{gﬂ‘g%hg'cg Fengt h” of
av teast —aBedhi 0037 i5Gho 004@01%@*@@@% bRl Bt RaBPbNEEHARGE d di Screte
pl ates have adequate strength and toughne at 'said pressure conditions to
contai n sakdlecnipreniked gr@.lpmaisnsgag of@mdp(tb)abbatOJMth% zirconide, iandr i ng
conpressed natural gas on demand for conbustion in an engi he. Al so

pr ov:c deld i s(IR uprtgeab %{t@r%é’t%ﬁﬂa'ﬂiém vesjeigythedpicrsipictue o saidawelsy | east
|
one el g FSpLa i SR ACTRIGTARR ARG,

sai d fuel slgisaeBoaPHO &bl"/eﬂathlrﬁarcé)‘@tbr degeskerdye Lpper rgnitdenbebainite,
plurality.of discrete plates of materials conprising an ultra-high

strength, | granlaogaisiecor wixras Hergof. edlsornraridedss asystam eREIPTISENG: havi ng a
SR O T B e e LT Y
pressure copgpfdsalifed 6f U207 MPato TP VI @D00asi 26440 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 allow ng
transfer of said conpressed natural gas fuel between a refueling station
and sai d ™Meoed3/@émsage container; (c) a Jseducer line for admowsongodow of
conpressed natural gas fuel fromsaid fuel storage tank to a pressure
reducer; (d) a fuel line for allowing flow of said reduced pressure
conpressed natural gas fuel fromsaid reducer to said engine; and a fuel
regul ator for regulating flow of said reduced pressure conpressed natural

gas fuel frgassi)a fileant eent valsaish owimerassfenof §atl comptesddtbhatstar age and
delivery systemis adapted for storing said conpressed natural gas fuel at

pressures oPaahgltbetyesn prgfyelingrstationrand saiddfupkstaragesaantaines; (8) aand

del i [ ' d | | df
Conbust i on Tandber B TRERAAGE MR, GRS RBBDasRRH FoMmartd ey "ol aci ng
conpressed gfrag@tarde® 4 BRdssare Pécﬁﬁ:%\ﬂtr(éfa‘?lﬁelalﬁl‘éq‘;br aflovlinlifov Bf said- © MPa

(3000 psia - 5440 psia) Into at |east onhe fuel storage Contarner, wherein
sai d at | easedused [dregssuretenapressedthnatunalrgassfuebfist sait eedinerjtoisaidng

together a plurality o i screte_plates of _materials conprising an

i tracn g Sotindabd skt ot iEuta BPW ol gerb R PraBTaL 56 ni ckel
and havi ng [ IoTN f t i and
wherein joi %?g]b bet @eaﬁaiaz{g%%gvgcf@?gbgﬁgpgggﬁtgv%ﬁg%ggﬁ%’ %aglg;[@g%hd and

t oughness afued aictageredsializenosditérndnadapteddot siofingaatt comprssegad nat ur al

: (b) deli [ d t | f uel d df nbusti on
O gl BRI R B PERS U ARGt 2 TIPS T A7 EAPE 3080 pRis. H)
t i : f i t t hi
ottt on neSangnd defijetift St (EOTRANGRESE caNBIETRA RRRE LIS IR oh L >
those of cudemanhtiforwabasiion it #ebngihes alsdPovider] issd RIS BeRpHGhLver Y

syst ens. Thtjﬁ% systens of this invention provide the strength needed to
cont ai n hi gif)placdrg cempressad ratural gasifuslat pressyies ohahowti2d.eMPateeel - based

Snsi der a 71 APEIOHTTpRE el RRIER ARG e Lo e Yo Rarror age
conpar t ment wheire shidetadasbornd et Bloradd\baritdfler ¥ 86 RARIAEW by §ihikgr Y Syst ens,
and are used for delivering groceries
together a plurality o? 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.



froma distribution center to nunerous retail stores on a daily basis. WO
03/ 046348 PCT/ US02/ 39023 7 Repl acenent of the current fuel storage and
delivery oysi3eme348i th the systens of this invention coul ccanesekerach
truck to either (i) maintain its curreft fuel volume and fuel efficiency,
but increase its grocery |load by an anount equal to the weight difference
between the current systemand the systemof this invention; or (ii)
maintain its current fuel volume and grocery |oad, but increase its fuel

efficiency ﬁgﬁ atcgpfé?ll?o’f ﬁ‘@eéu Y@gg he| s%ra?léealﬁy élﬁ/‘é}féystéms%l Jﬁ‘\i}\ﬁé‘t i on; or

(iii) reduce I ncrease | s grocery

nai nt ai ni ngsystemewftieis invemtibnedolld-eralsly eath tuck)to ieither @iy mairtaircits rent  f uel
volume and maintain the current fuel efficiency and grocery | oad by
storing t hecyrient fiel valume andaiuebieliiciensyy laut ingneape is Q5PerIYiloRd by he

Steols for GoRCNT aais on BT Ve oitelGe bl AL MR e I3 bl ¥ ners and
O her ®m0§5§31ém dﬂﬂ%&&v#ﬂwnubﬁ (li}'rﬁélﬁfhlmté%ﬂﬂbhtfubDVbI@h“leDs(n@gﬁﬁie ont ai ni ng

| ess than 2 % nickel and having a tensile strength greater than 900
MPa (130 ksliopdnbyt inereasedls ftiet efficiescy dueitadhe loavervedight ofithgesystam &f ner s and

Che® pr osent T untion: of Tif Fvshe dentuBLLO R ba ing Shs8 ThBerb fpac khfe V¢ ' "
vel dabl e, uan dﬂﬁavﬁllﬁizur‘?éﬁtfﬂel éﬁ&len@b'&y(l\étlﬁ%a@ﬂ{@blﬂ*ré}ﬁ figPvoltif@n 2. 5

wt % ni ckel g a tensile strength greater than 900 MPa (130 ksi).
Anot her exaapd enaihiair thecourresd fuel afficiepeyeartgrodeny wad ynstoingbafuelair eby

limting the inve is a | dable, ultr i gh strengt | ow al | oy
steel cont a@'ﬁle}ﬁj’at%‘iEretsﬁHF? aBERr CPMRIBERRS. Itnﬁg%feﬂg{ﬂ%%&?ﬁst%rﬁa l e
strength gr ) ably these exanple steels
have adequaﬁgésfqélgb?gplg%%%u %géé%é(f‘%tnnﬂgﬁgﬁjﬁs down to -40C (-40F) in

both the base plate and in the HAZ when wel ded, to all ow operation of CNG

vehicles in_arctic environnments. [0019] Recent advances in %t eel ., maki ng
t echnol ogy Biaels farnEopstrsction 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 -40°C
(-40°F) 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



t he manufacture of new, ultra-high strength, low alloy steels with
excellent ow tenperature toughness. These ultra-high strength, |ow all oy
st eel s al v® (3863480 03/ 046348 PCT/ US02/ 39023 8 i nproved traagiseesw28n bot h
the base steel and in the heat affected8zone (HAZ) when wel ded over
standard commercially available high strength, low alloy steels. The

| nproved steels are described in U S Patent Nunber 6,245,290 entitled

"HI GH TENSI LE- STRENGTH STEEL AND METHOD OF MANUFACTURI NG THE SAME', and in

Romber o 248 IRREREtn ppahb e Yechitith HEHEA Atidey Aghe S Patent
CONTAI NI NG (B[P vwherYvBit el il <G deVGdie s cial gl dilablediigle sfrendihn tow
| nt ernati onal Publ i cati on Nunber WD 99/05336; in U S. Patent Number

6, 224, 689 ailoytsteels. "TheTRmproyed-sterREETesSTBEDABLES. BafenkiNumbher BORON- FREE

o cat, o g R I N PSP A MERPRD B o
FOR' PRODUCI iz /E@TU'R‘NGSTHE@ME" AN R SpiRitng IMSrhafOIRERI OR

TOUGHNESS", and in corresponding | nternational Publication WD 99/05328;
and in U. S.Piatoation Namber W&) 28/883680; inlt)iS. IRatentUNTRAeHO6(328SIG3mditied

Corr espond Eﬁal—‘[@ﬁ BOREN L0 NEL A e a0 S NTANNE STER ST he
“Steel  Patygipt WERZGRWW NIE880] afdih BE We§[{><ﬁgilﬁgﬂﬁéﬁfa‘t@ﬁgl in the Steel

Pat ent Appl catlons er €scCri be exanpl e bel ow, are
especi al | y Bublicakiba NumbecWi 08/053B6gint LS. meenBNumgwm@Bmenutlemd ot her

2‘82‘?22?2?.Ss&L@Aﬁl@f@é&?‘a’aﬁé‘sww&@%Eﬁaéées%ﬁy%il&sééﬁé%%“9 5 cm (1
nch) a0 SEEELES wiih SODERIGR TOUBHSE: St dhRRoBRinkPs (130 keD),
vel dabi |i t Mntérhbtldnéllfblﬂill@ﬁtld)@WG 99r453384min 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 -40°C (-40°F).

[0021] Other suitable steels are described in International Publication
Number WO 99/32672, entitled “ULTRA-HIGH STRENGTH STEELS WITH



m crostructure; and (iv) adequate fracture toughness for use at
tenperatures down to -40C (-40F). [0021] O her suitable steels are
descri bedwiow3lmméxasnat i onal Publication Nunmber WO 99/ 3267 2CTawsoeshed
"ULTRA- H GH STRENGTH STEELS W TH WO 03/ 46348 PCT/ US02/ 39023 9 EXCELLENT
CRYOGENI C TEMPERATURE TOUGHNESS'; in U. S. Patent Nunber 6,251,198 and

I nternational Publication Nunmber WO 99/32670, entitled "ULTRA-H GH
STRENGTH AUSAGED STEELS W TH EXCELLENT CRYOGEN C TEMPERATURE TCIJG—INESS

00/ 32671, et er I SR Gy LEREGEATHR TRNR SR O AR | e

CRYOGENI C THRMREA B PE! , TOBGHEREmationdPEUblioatsrmNunter\WOAEBREZ],i on Nunber
PCT/ US99/ 29802, entitled "ULTRA Hl GH STRENGTH STEELS W TH EXCELLENT
CRYCGENI C TeMiah tIRERAIGINEIRENGITH ALSAGH] SIRENS MWEH EXSEALENST and PCT

STRENGTH AR MR LGN R TN S et ANt ness

and in U. Sg 0gst2m ahumm@rnﬁnoi@Paﬂ;ﬁ?camad NRéFhbENY\ED a3 28 TA, eAfifidd cat i on
Nunber PCT/ US99/ 29804, entitled "ULTRA-Hl GH STRENGTH TRI PLE PHASE STEELS

W TH EXCEL L B TRAMHGHIST RENSHRAPUAL RIGOGENBTEEL S WITHIXCEBLENT he

"Addi ti I , Th ls d I bed
1 the. addi EOIPEACeTERERRA TORR QORI ERS Ao T STl  pectal 1y
sui table fop ﬁﬁ&ailotrﬁqaﬁib%trW@r/@@@gymbaoeﬁtutlédmmﬁAtwmn STRENGTH

environments, in that the steels have the foll ow ng characteristics for
steel plat S TERLSWET X CELAENE CRYOGRhN(C TEMHEF%A\'HJ@Ee'Ié&)HGHNESSDBTT

noat - af  ect btz 9nBlQ AL DR %?59éﬁ§eqr§?5§1§ﬁ§qrﬂaﬁ$d PRI NEBIRers30. wea
br ef er abl § gFSZ%?%%%r e SR Re g o T AP SRS €
wel dabi |'i t y WITHVEXSELEENT %Y@GEINICGI?EMPERATURE 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 -73°C (-100°F) 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).



t hr ough-t hi ckness m crostructure and properties, and (v) inproved toughness
over standard, commercially avail able, high-strength, |lowalloy steels.
These stwew®l ®/aemshave a tensile strength of greater than rlToukg2833023 MPa
(135 ksi), or greater than about 965 VoS (140 ksi), or greater than about
1000 MPa (145 ksi). WD 03/046348 10 PCT/ US02/ 39023 Steel Exanple [0022] As
di scussed above, U. S. Patent Nunmber 6,248,191 entitled "METHOD FOR '
PRODUCI NG ULTRA- Hl GH STRENGTH, WELDABLE STEELS W TH SUPERI OR TOQUGHNESS",
and corresp@igélrExdmsler nati onal  Publication WO 99/05328, each provide a
description 0of Ssteels suitable for wuse in the present invention. A nethod
i s provi ded [§@22]pr Apdisctigsadh abbye aJ!S. Fratest Membeh6 248¢19 peatitted A st eel sl ab

cut i ent " tyRHAG AR B dBuRiRE: L R PSR SRE Rty WEidhee s of
1250C (about TaaE o aheut IORRy UG A ESaY cen® boR pepinaind bt RRfe of

about 1050CPubliedtimmnt WOLS9/0532Bpaach pRRfdd a desotiptichLoRsteels suithblesfor hot
rolling of the slab to a reduction of preferably about 20%to about 60%

(i n thi ckne¥8§ N & Riesepl inveniion. ofdnethodds ereyidesbionprepaningan ultsa-high

t enperature ' Leh ' i : ot rolling
to a reductS fr%ﬁ@t@fét%(?l e@éb’?%ﬁetgﬁgf&?qﬁg%eég‘%@é{ﬁﬁ%g%g?b%%faﬁ)lqgéess) in one
or nore passipstaniidllyiuniferra esmperdtenpaifidistitao dRRORe stOIRMIRIlY bPvBhiddwn the
first tenperature range, at which austenite does not recrystallize and

above the ARRd carkpndfidesaf ivanragisrmand nigbitsni prgferakly inpthea@nge af abbyt

hi b t o 0C/ 8F/ d f bl
ot 1 east andtfo st dgoo S BRIl BT aRaR R ang e e oLt
30C/ second [HhE/rafgeBLAboEMD50eEeH aBBLE1 PBRTIEBBIY1F2°F&8 HoofPOHE2°F);
35C/ second (63F/ second), froma tenperature no lower than the Ara

t r ansf or mat Bdirstiwt rellingofdhastaicio sreguctioe wppreftrably gQetR0% td abait as | ow as
the Ar, trapsf{ornmation point ferably in. the range of about 550C to
about 150C Patoi MigkBerstg Taimlats fuppe Opmpre passes Within a firs |

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 Ar,
transformation point; hardening the rolled plate by quenching at a rate of at
least about 10°C/second (18°F/second), preferably at least about 20°C/second
(36°F/second), more preferably at least about 30°C/second (54°F/second), and
even more preferably at least about 35°C/second (63°F/second), from a
temperature no lower than the Ar, transformation point to a Quench Stop
Temperature (QST) at least as low as the Ar, transformation point, preferably in
the range of about 550°C to about 150°C (about 1022°F to about 302°F), and
more preferably in the range of about 500°C to about 150°C (about 932°F to
about 302°F), 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



nore preferably in the range of about 500C to about 150C (about 932F to
about 302F), and stopping the quenching and allow ng the steel plate to air
cool to awl ®rcHenperature, so as to facilitate conpl eti ®ACTAS02/39023
transformation of the steel to predonmitiantly fine-grained |ower bainite,
fine-grained lath martensite, or mxtures 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

thi ckness %g&ﬁ%}sﬁ éf"fgllrc]al s@%@%lﬁ%rmlgﬁipr%ritf} fhd &)({lﬁﬁ%ﬁ f%&%!c@& i erenced. For

pur poses of ereby Timtin I's 1nvention, a steel

sl ab of  abfubodds éf xaragle dnig ethbutiiierdsy iraiting ¢ils abentiod Wsteal Siabpsr cent

reduction), in a first tenperature range, to a thickness of about 12.7 cm

(5 inches)akadR54auc@d iaghas) meyoke esduged gbpobd@%r(@dlneredt in a second
t t t i ck f abqut .2.54 ' 23] Th
breferred sEdEtolia frot ReridteTEe Fand 38 Rficke G ot hokP dd aodlr e
preferably iﬁeﬁ%itﬁéﬁ%&f@é%oﬁ%@%’(afni smparc@hﬂ@@ubm@,rin%é&m,

th martens

fine-graine ite, or mxtures thereof. Preferably, the

fi ne- gr ai ne@mpsratunarareges ite 8 thickngssi afedbouati?2 ddtampinet).f i ne- grai ned | ath
martensite. S i n describin t resent, i nvention, and in the

Cha e o033 natha preerisd wosk rpaudihd S RubstanfaiG i o sk lobg

remai nder o ) - & : i hrdd fi Hned | ower
o i Lo adlief SR SHMBHSHE PR RRAnAP TRE gt incBdelié: Bte, b an i@l
ferrite. Miath maekeasidor mikiueestherexst Fuefevalsly dbepinesgsinad lathasartersdieut 60

vol une percent to about 80 vol ume percent fine- g_r ai ned Io,wer({g ba}iéini te,
fi ne- gr ai neePMpisesHatodamiered e-gialnas lath mageasite. Assed 9 desEiing, abl v,

e ool e SR RO B tnb i nsn AtbomhafRy IFRaRS EFRAL AR, 31 2] ned

| ower bain rainé xtures thereo [ 0024]

Bot h the | osgyolapidpéenn dThdemaAhderaiithe nitiostroeyréearadotinpiiseal |y
har dened by precipitates of the carbides or carbonitrides of vanadi um

ni obi um anaddiional dieawgrained dawerhairiteiadgitional ingraweingd lpth magensitmt ai ni ng
vanadi um = GaN Anits, or ferfe” VTore' didrdratiy > Ritrdiructirs SbinphéeSLpiEERt ' N9 any
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)



reduction of dislocation density in regions heated to tenperatures no

hi gher than the Ac, transformation point or by inducing precipitation

har deni ngwio3/megs ons heated to tenperatures above the Ac,pamweseefensati on
point, or both. [0025] The steel platél?f this exanple is manufactured by
preparing a steel slab in a customary fashion and, in one enbodi nent,
conprising iron and the followng alloying elenents in the weight percents
i ndicated: 0.03 - 0.10% carbon (C), preferably 0.05 - 0.09% C O - 0.6%

silicon (Si) WO .3/ é.l%o 9023 12 1.6 - 2.1 % manganese (M) O
- 1. 0% copper (Oﬂ? %4?%‘1%85/?#0 equ?Ni ), preferably 0.2 to 1.0% N 0.01 -
0. 10% ni obi um ( Ny ,1.0%edappab(@uP. 03 - 0.06% Nb 0.01 - 0. 10% vanadi um (V),

preferably 0.03 - 0.08%V 0.3 - 0.6% ol ybdenum (Md) 0 - 1.0% chrom um
(Cr) 0.005 - 0. 03%1Q% aiakeh(Nikiprefepatdy 8201 0B M5 - 0. 020 Ti 0 - 0.06%

0. 029% Rar & Ear  10-Be L brafiEmNERSEa 0.0 OMRINE o ur ther

characterized byg.01Cea10% v&nadiumn Y oreferabl): @63 -[00oeB]V Al ternatively, the

chem stry set forth above is nodified and includes 0.0005 - 0.0020 w %
boron (B), pref€d.8b106% molypdenamdhto) wt % B, and the Mo content is 0.2 -
0.5 wt% [0027] For senti al | oron-free steels of this invention, Ceq is
preferably grea éﬂ-q%/ﬁgﬁr%%‘m (%r5 and | ess than about 0.7. For

bor on- cont ai ni ngy gbhselgso s 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 1 ppm, or the steel contains added boron as



this invention, Ceq is preferably greater than about 0.3 and | ess than
about 0.7. [0028] Additionally, the well-known inpurities nitrogen (N),
phosphor ow® @RKe348and sul fur (S) are preferably m ni m zed Rat/wsve/3gReel |
even though sonme Nis desired, as explB ned bel ow, for providing grain
growm h-inhibiting titaniumnitride particles. Preferably, the N
concentration is about 0.001 to about 0.006 % the S concentration no
nore than about 0.005 wt% nore preferably no nore than about 0.002 wt %
and the P CQ@E&“&B&H on no nore than about 0.015 wt% In this chem stry
the steel either 1s éssentially boron-free in that there is no added

boron, and [go29pormpreferned mMethdd for preduxing thisbltra-Higls strehgth sibellitavthgopm
nore preferably | ess than about | ppm or the steel contains added boron as
WO 03/ 046348 npicrpstisciuyescepprising psegaraaniiies-orainedlower haiiites fige net hod f or

Compr i 51 ng. P EHCRIGs 67 itk bndt Flreol Ui R4t aE SeL b o .

mart ensi t e, tepipdtattird! E@ficieReicedibsolve BDbétartallyedtdantides ahe &arisdratpdes of
tenperature sufficient to dissolve substantially all carbides and

car boni t r i deanagfiumaadauehivmaredusingihenglab tiesmrdatera osp reerethatm pl ate in
one or nore_hot rollin ses in a first t er ! L. .whi ch
austenite r Fgg_sﬁ%ﬁsﬁﬁ%85‘”'P§3%W‘Pﬁ%a?”freera‘ug?ﬂbwﬁﬁg aﬁ%iﬁt@t%l %%g%gallﬂ#sm)re hot
rol 1ing pasgghel FeduchROABDlatSBAEr Widte P EliREb A EshE als¥cohanper at ur e,
i.e., the tenperature"below which austenite does not recrystallize, and

above the Aenpdratisé eariget belownbé M, tempetaturs lie. thertenperatarsabelo ch
austenite begins to transformto ferrite during cooling; quenching the
fini shed rowhish gustenitetdmes nadmpeystallize, and beais thad\r, ransformatien point,
transformatjon pojnt, i

austenite t b We@tuﬁ%é‘?‘&&gh %@g‘&er{i}gtqlfe‘rge : itlf\ghé‘lsfél"{:{?%%ﬁf;%[gﬁﬁtﬂé??ngf
o0, SSRGS iR b SRR st oS00
about  150CGHe9&2 FransBA&iion poinppienght tempemhabiat gehichnttaasformatidr oy t he
quenched plou?étgnitte? ’toafrgrjrii’u(aa rc]Jtr té ?ermteerglhg rcgr'nentite is completed during cooling,
preferably to a temperature between about 550°C and about 150°C (1022°F -
302°F), and more preferably to a temperature between about 500°C and about
150°C (932°F - 302°F); 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 -40°C (-40°F). 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 T,,. temperature depends on the chemistry of the steel,

and more particularly, on the slab heating temperature before rolling, the



[0030] Other suitable steels for use in connection with the present

I nvention are described in other publications that describe ultra-high

st rengt h, Woow/oabd4ey steels contai ning | ess than about 1 w@wsoeksi23 havi ng
tensile strengths greater than 900 MPa 1430 ksi), and havi ng adequate
fracture toughness for use at tenperatures down to -40C (-40F). For

exanpl e, such steels are described in PCT International Publication Nunber
WO 96/ 23909 having a PCT Publication date of 8 August 1996 (such steels

preferably ' r 9 % i, PCT
I nternati onéﬁggqu%f)ﬁg%@%ﬁﬂ’ Wﬁ'ﬁﬁ%@%\bwé‘@% Eﬁs}g@rﬁﬁggitﬂleggrgwg@rOfP%Eﬁ?ﬂé%ht I on date
of 1 Augustgit&9m thel rofidglpabsss. aPgrsohs skiled irothe- are relyafeietnine ¢diibs, as is
understood by those skilled in the art, .the Tnr tenperatureﬁgepends on the

cheni stry deMpesairefar eachsipatsPRNeSIEN @ithar Py exeermert AfiyMRES! | ng
tenperatur e@ﬁ@Jl%{@nLﬁkﬁvl}% '@%h %Xﬁ%ﬁ(ooﬂ{pﬁé%sﬁ?ma%ﬂ %/oﬁ?%fe%ere%e ar bon

concentrati I-on ‘and e anoun reduction given

in the rol Iidigin@dayde ddlemsines by perdd dkillddie tive tirtiayedbdt steel ne this
tenperature for each steel conposition either by experinent or by nodel

cal cul at i orcorbpasitivrs eitherry experimant or By inogtel calckliadonr mat i on poi nt's

ref erenced In-may b etermned b r.sons_skil | I n . th for each
st eel conﬂ@BS%foq:%%We& tﬁ9a 9}5%'(?%»5?{{092&’[89@%8@ “'E‘%fq%\?rfl’gtqygtﬁsé%ooeaz] For
any of the r I ' fg;l\% chled in
the art, ex%@%t%gﬁét% ﬁ%egﬁ)ﬁﬁgﬁﬂ%@? gﬁgr(]aérflat ur%hgg?g??r§2?|ﬁ%\’g\?m\shi ch

appl i es to spiliesdatsubblaptiallyehe entiresslab adubsegbeotiesmperaturpe refecanaed in

referenced in describing the processi .met hods of this ipvention are
t enper at ur €48 tegPrretessied ‘i oﬂ&nq hegtippre Eﬂ%p%rg?qrgge t enper at ur e

of steel Caﬁea%@ré@é‘ﬁ%%g%%f% Bfg}éjéte%ﬂ PR Eﬁﬁhcé’i’érﬁ fire dfdte&capl e, or

by any ot her évice suit measuring the surface tenperature of

steel . The somdaruired ayesergtbaropidal pyroateten far exanylseomrby tihg otfestt er, or
substantially at the center, of the plate thickness; and the Quench Stop
Tenper at ur ed@\@ssT puitableffier mepgwg thessuranestermaralurs of steehi Ghe spoling

temperatur Crated Fet}gpreatto th@?eiﬁ Lél?é ﬁ'ncoeseogt 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



the plate, after quenching is stopped, because of heat transmtted fromthe
m d-t hi ckness of the plate. For exanple, during processing of experinental
heats of wosts@ab3sgonposition according to the exanpl es pradmesd2ienei n, a

t hernocoupl e is placed at the center, ofdsubstantially at the center, of
the steel plate thickness for center tenperature nmeasurenent, while the
surface tenperature is neasured by use of an opti cal pyrometer. A
correlation between center tenperature and surface tenperature is

devel oped ftﬁ’sfe ﬂﬁ,ernfder{dtf&% gnRed LH%?ém n ‘ib‘?<§’<§“t§c!ef‘t;trtr%fhrgﬁ‘%tr%rtgmr I allo

substanti al st'eel on, such that cen tenperature

may be det eéteen@ldtee l@a\dngegttableaﬂ@usteemth fof uselirf coresttuetipgtied fuet. Al so, the
required tenperature and flow rate of the guenching fluid to acconplish

t he desiredstatags eenigigrs 6o aiber Gomronanys a&t%@@swh@aew%ne skilled in

Ski 111 n T HOQPRAE < FSpAa il in e ETira SR Beit e RROwslB oy B
PCT/ US02/ 39@§e?the1§afdrﬁfatmeprootdea MEréiAno rprr@crucséedrtﬂaemgh BtreAgHY, ialioy
ultra-high strength, low alloy steel plates having surtagle hi gh strength

for use in ﬁeebplrat&ﬁhtmgnglﬂeef@mllredﬂomlag@ﬂ@t&@@tfﬁﬂgih@ﬁd feachye corrponents
of th t | | t h
The requt < OHORRBY BugBeAGTER PREmis” HEEF St SiEst? med i e her o n
to produce H ella g h%régﬁ%l bl N ﬁbél%yare%ﬂﬁn trré at&se bethigiaveRgor.equi red

conbi nati ons eng h fracture toughness for use in arctic
envi ronnents. Clher suitable steels nmay exist or be devel oped hereafter.

Al'l such steels are within the scope of _this_invention._ Joini t hods for
Const r uct i ofPiping Mathods fog Longir r%ef;% gigt%r,ﬂge@m Qeirélﬁgv ‘Sﬁﬁ YPher

Conmponent s égﬂ?%he@aﬂhld@the?% Béﬁér’t‘fst the fuel storage containers and

ot her conponen resent’ rnvention, a suitable nmethod of joining
the steel [oO3u$s Ihvraeaty dicﬁdstruéﬂthejfoeh$tbgagm¢dsmd|rtelnaeantlherprovr de joints

or seans with adequate strength and toughness for the present invention,

as di scussegpmponents 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



above, is considered to be suitable. Preferably, a welding nethod suitable
for providing adequate strength to contain the CNGis used to construct
the fuel wgiasroaepascont ai ners and ot her conponents of syst erad/ugo2B423

i nvention. Such a welding nethod prefeélfably includes a suitable consunmabl e
wire, a suitable consumable gas, a suitable welding process, and a
suitable wel ding procedure. [0035] Suitable weld netals for use in joining
materials conprising the steels described herein, and nethods for

pr oduci ng CLj | 0. | c af i si onal
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TOUGHNESS  R&outH30NWkeG tbl 0580 SEREMSHHdenOMY, AbbOly2 STEL $5 abobt 815 W6 a
priority date of 7 August 2000 and is identified by the United States
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0.2 wt%to about 0.7 wt% silicon, about 0.30 wt%to 0.80 wt % nol ybdenum
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phosphorus, lTess t ut 0.01 wt% sul tur, up about 0.03 wm %
al um num aii@é dgreap cohaisting ofitip@o GRouhd BONVt% chymmiumidg toi ateut 060 W% wel d
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about 45 vohfewaUswiw adietlar fetritnandbt leassabaut B0 vdith hath thdrtensitenr t ensi te,
degenerate upper bainite, |lower bainite, granular_ bainite, or mxtures
t her eof . 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



These wel d netal s have a suitable conbination of high strength and superi or
| ow t enperat ure toughness provi ded by the presence, norphol ogy, and
guantity oo @/ohkes constituent, such as |lath nmartensite, awd/esoeed@si vely
soft phase, acicular ferrite, in the Weld netal mcrostructure. Sone
enbodi mrents conprise fromabout 10 vol % to about 45 vol % acicular ferrite.
Acicular ferrite 1is a type of ferrite well known to those skilled in the
art that is conmmonly associated with steel weld netals that produce yield
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[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
wit% 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 kd/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



pronounced during overhead welding. In the case of a He-containing gas, a
CO2 content of at |east about 5 vol % would be used with the remai nder of
the gas wikalimes4bei ng argon. Higher Ar and He contents nmaCTai®e3fe3used.
[ 0036] When steels as described in the 1&dditional Steel Patents and Patent
Applications are used to construct fuel storage containers and ot her
conponents of systens of this invention: both gas netal arc wel di ng (GVAW
and tungsten inert gas (TIG welding, which are both well known in the
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ksi), nmore preterably greater than about 965 1), and even nore
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about 0.10 wt% carbon, nore preferably from about Q.07 to agbout q_ 08 wt %
carbon), ab@ kd/irszh tet 88 kddingimesd a priebgat of 280wk H0SC @48, iaysgd. 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. 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 -73°C (-100°F), preferably below about
-96°C (-140°F), more preferably below about -106°C (-160°F), and even more
preferably below about -115°C (-175°F). In another example welding method,
the tungsten inert gas welding (TIG) process is used to produce a weld metal
chemistry containing iron and about 0.07 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
wit% 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 kdJ/mm (7.6 kJ/inch to 38 kJ/inch)



1.87 wt % ni ckel , about 0.87 wt % chrom um about 0.51 wt % nol ybdenum | ess
t han about 75 ppm phosphorous, and | ess than about 100 ppm sulfur. The

wel di ng heatosim@gds is in the range of about 0.3 kJ/mmto awauwsor/3e28J/ nm
(7.6 kJ/inch to 38 kJ/inch) and a prehel®? 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 | ess than about | w % oxygen. Wl ding by
this method provides a weldnment having a tensile strength greater than

about 900 ) '3 ° t 5 ksi),
nore pref E%chﬁﬁpjr gﬁ%gfdgrabtqg%ﬁbgb%lﬁ%g%%%%Jggks|?%1 ggg\}/{?;\ls%er?e
preferably qlch 4sagy ofbimsiabd@Beddrived stdelssuging Rur drgen-baseddihielding t hi s
met hod provides a weld netal with a DBTT bel ow about -73C (-100F),
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965 MPa (140 ksi), and even nore preferably at |east about 1000 MPa (145

ksi). Furt higspuritecanient epdtenmererbighbarefinedindeepsirugéure than e GMAV,

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



DBTT bel ow about -73C (-100F), preferably bel ow about -96C (-140F), nore
preferably bel ow about -106C (-160F), and even nore preferably bel ow about
-115C (- 1WeH)3/04&481 | ar wel d nmetal chemistries to those neal/csvediza t he
exanpl es can be made using either the GAWor the TIG wel ding processes.
However, the TIG welds are anticipated to have lower inpurity content and
a nore highly refined mcrostructure than the GVAW wel ds, and thus

i nproved | ow t enperature toughness. [0037] A person of skill in the art has
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storage containers and other conponents of fuel storage and delivery
syst ens acctaughngss as tie sltiankightstemngdr, dowdoy atael pltess likporediaggs,
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ot her conponents of this invention may be constructed fromdiscrete plates
of WO 03/ 04pR48riRSTedusba haai2By afg suliebleljoinmghieghnistieerign Bxemplaral | oy

and ot her IO RIS ARSTGDES NEFRS. VRS R SHONREY BYAJe IR DofRAS r o
The i of nt s B CERSirBHA Bf Ehe ka0 B ol Sy B! G e e ment &
preferably Gauponabaty .t he same strength and fracture toughness as the
ultra-high strength, low alloy steel plates. In sone cases, .
[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
-40°C (-40°F), 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 (J.), and (i) 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



an undermatching of the strength on the order of about 5% to about 10% may
be justified for locations of |ower stress. Joints or seans wth the

pref erredwooisapensi es can be nade by any suitabl e joi ni ng rGaZbSRGUR3 AN
exenplary joining technique is describ¥d herein, under the subheading
"Joining Methods for Construction of Fuel Storage and Delivery System
Cont ai ners and ot her Conponents ". [0039] As wll be famliar to those
skilled in the art, the operating conditions taken into consideration in
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(i) approprd&ith fof & ehien faw tegitiy fortuseninrd fractare oqueteas ilan teepseent (i)
appropriate manufacturing quality control to mnimze defects, (iii)
appr opr i at efragite wlitiagipn|in epregsure YasgakoerNtaipeessures applied to the

structure, gl RIRBARRLPREL 3l favk BFREGIL RN B18 %R Maw depth 310.
BS7910:1999 is used to calculate values for the critical flaw size plot 300
shown in FIG. 2A (J.) 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 J; 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



to reliably detect flaws and defects in the structure. A preferred design
phi | osophy for storage contai ners wel ded according to the present invention
is "l eakwoed3gnessgai lure”, as is famliar to those skill eddmusodsest .
These considerations are generally refédred to herein as "known principles
of fracture nechanics.” [0040] The following is a non-limting exanple of
application of these known -principles of fracture nmechanics in a procedure
for calculating critical flaw depth for a given flaw length for use in a

fracture copt : : 44 A ' ure vessel
or contai nyéf@ﬁﬁ&ﬁ%\&gﬁﬁgﬁ Ws'{n@fqe)gg ?Hﬁarw gﬁﬁeg @g\?vpfiz%ﬁﬁégw and flaw
dept h 310. reBd(216tré99RvER ofslé] 50carwhi 00 bataent af viekl dtresd, lae illusttated) f1 aw
size plot 300 shown in FIG 2A a\]o) and critical flaw size plot 400 shown
in FIG 2B resgesively.dutplptied bugmAdéss 18, midd basBasigHak $HELISESICER PRy desi gn
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surface flaw |l ength of 100 nm (4 inches), e.g., an axial flaw located in a
seam wel d, the vesldiiid) umesethe wgldsrare streskraieved usnotechnmussSMSt 3 val ue

f itical fl ] is 312  as af i Jc in ksi-inch,
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lines 317, eferring now to Fl ,  plot 400 shows the
val ue for ovdltié ©fl00Ipercetd pf icld stress wasuséd2, as a function WD 03/ 046348

rosi dual <ti0B43) Aot MRIRoBTPes e TApESwE EssHiaRostl HBFpERUBh: o
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and BS7910: 8R4l etress@nalsd thénspection 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 (J;) 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, Jg, and CTOD

fracture toughness, the 0.015 ksi-inch (Jc) 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



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

t echni quewosasoheds post wel d heat treatnment (PWHT) or nedlcamsnaBomsress
relief. This recommendati on has been ﬂ%%orporated 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 m ninum service
tenperature, the vessel fabrication can be adjusted to reduce the residual

Stresses ango8id BB REreRINGIAMERidthd JRlRIPSIRR dfafbRath 10itial

I nspection a I n-service Inspection) to detect and neasure flaws for
conpari son tegsgperaturerin brdsalto veid detdmentaliyt dffectiogdhp pegpartiepoftneess of 0. 15

ksi-inch (Jc) and 0.03 mm (CTOD) at the m niqpum service tenperature (as
measur ed us$tRgl-| Kb §'§Q§ﬁ|9"u§bggiaﬁ@ﬁ%0 W"i'ﬁ@%@l‘ﬁ%ﬁedﬁ N%duced to 15

t of . | ek ' iHd dept h
o appr oxi ALY e s R ieraBN eaith 15 aTpif eyl ho it 580 C00
2B).  Fol | ogba §1 THdR) irf@ideriPpicRnl pRasbreRial affestsoi Wb stdenown to t hose
skilled in the art, critical flaw depths can be determ ned for various

f1 aw | engt hmicxestmetture as deacribmgsalbdven geonetries. Using this information, a
quality control program and inspection program (techni ques, detectable
fl aw di mensi ons, frequency) can be developed to ensure that flaws are

detect ed andxAIPEETENG FUEL STORATHAND DELIVERY SRSTEMW depth or pri or

to the application the design loads. Based on published enpirical
correl at i onf00d&] we@ne Evithodiment dita fuel dtaTagd antirdativaryesystergravesrdingie 0. 015

ksi-inch (J d 0.03 CT | [ | late t CWN val

of about 54N MBRIoBIarPEG SN foel PREGHINATNG NGREE!c AR on i n-any
. [ 0044 | : ' ' f th

Steel, o.q OMREEEH B 2 FRAeREh Gy A RPORANS Bl iRapb S a0l Mt ar

shape for athéRWith046R48rES MAEtbEBRIcR0ZdImpaments bitthetfeel storger aficr abl y
formed into the desired shape at anbient tenperature in order to avoid

det ri nent al dslivery ysieny fenexaspripetha kel storagrecortpiier anfivapee IBeded enust be
heated to aﬁrhe'féar\é\%l); ansc{ﬁlsc'téceﬁoﬁﬂﬂaqowglIb?,gultra-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
600°C (1112°F) 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. 1A, 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



formng, the steel is preferably heated to a tenperature no higher than
about 600C (1112F) in order to preserve the beneficial effects of the

steel m woostreBasure as descri bed above. EXAMPLE CNG FUELPCITGRAGE)2AND

DELI VERY SYSTEM [ 0045] One enbodi nent @4 a fuel storage and delivery system
according to this invention for storing CNG fuel and delivering CNG fuel

on demand for conbustion in a vehicle engine, and the uni que advant ages
associated therewith, is described in detail below Conmponents of the fuel

storage and ﬂﬁgf E{g{;r@{?ﬁnéﬁ%m@dc%ﬁé \@@mgs% shifivaile, FLR( 8, gRAI&eEr and

vapor |i nes, efera structe romthe | ow alloy, ultra-high
strengt h stfeatiged¢solrsHuadh infRIGeI1A) asrwifl benfaatiliertothesd skiled imipetdre. desi r ed

characteristics described herein. For cor’rpone,nts thacil rg%li re Lfgrw ng of
the steel, Rugstoragesantaingr 10\ senqectathireiuebfill ecepiacie RBrhKuUGhHUS! a

t ubul ar shape 1 ' | k ofned: | t desired

shape at aﬂﬁ'\eeég |chxh<§h§zﬁ]ﬁgﬁﬁoﬁtﬁﬁ&éﬁl{%%@@ﬁ\Zgﬂgégr%l {r}r'egﬁétj[gr{]%Bgf@thi ng the
excel | ent o kPganyE 16CERE CREGK Palle g hresifuebfill idtepiickep0, fubl stoeagd eel  nust

be heated to achieve the desired shape during formng, the steel is

pref er abl y ¢urdainer 16 is coaneeiedta mixer! hiajiesy stardardisngine @6 (1112F) in
order to preserve the beneficial effects of t e L Grostructure as
descri bed a‘ﬁ%?}%r.‘e BRI r8'1"éa"l'—'ﬁg'l‘nbgis ?%8&:”3{'}@3&%’ @Pgb@fst em [ 0046]
refert i g ! Srftiiatibfiof 4l fa ) cliifihg Rl Tag@ariic eled Mteiry aIoe17.
according to this invention includes a fuel storage container 10. Fuel

storage cortelisheroff Gelags p8 efecabhgcted hs etaottical conoections 18 1. r Begulgior

strength, low allo steel s descri bed herein., Fuel, storage container 10 may
be support et b"‘ycorﬂﬁ/eéé?‘if%ccicil?nté?cg?e,s T 2 V?%W%ea# of an aut onobil e.

Fuel stor agogoq sk aesmMOHITHOERI 2 FTHHEORAAINT RomRe B

suppl enent by“a vapor g, e, vent tube, and other features
(not shown delivierGsysteA) acsoriling lto tiieis fiaranitioat fued stdrege cokiainerdB0 maytee art .

Fuel storage contalner 10 is connected to fuel 'fifl?—dj receﬂoiéﬂ&}lge 20 t hrough
fuel Iine connagted agy standarderging 4dthatisdrsioasd iuererals THo4sN vipration

loop 14, 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
contro! 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



fuel gauge 15, and check valve 9. After fuel fill receptacle 20, fuel
storage container 10 is connected to m xer 19, of any standard engi ne that
i s desi gwedbstiacaper at e t hr ough conbusti on of natural gas,pdiseagin2a
continuation of fuel Iine 22, includingJuel regulator 16 and metering
valve 17. Fuel shutoff relays 18 are connected to el ectrical connections
181. Regulator 16 is connected to cool ant hoses 161 and vent tube 162.
[0047] Referring nowto FIG 1 B, in another exanple fuel storage and

del ivery syg égglaccording to this invention, fuel storage container 30 may
be " connecte 0 any standard engine 44 that is designed to operate through

conbustion of natural gas via fuel line 42, including high pressure
shut-of f sol enoid valve 31, hig dgressure re tor 32, shut - of f
sol enoi d 33ComnﬂrlsorbeﬁFueb$tqmge piainers.ef n,\mntmmtp Mma tyst em

control unl(t'. 36[ E gﬁg ﬁgﬁﬁ Eggggghtg H* 37, and engi ne sensor 40. [0048]
The syste 1B are not intended to |imt
this inventfppag] ThEaHMs HICH Brededes F8S s1AR)providey dhtagotripdringsfuehvent i on
is the nove fuel storage container for storing CNG fuel at ressures of

about 20. 7stvge oorﬁamrwpﬁtmszzm@enmng)cursam(pq@@m&;mmém@. Hekai d f uel

i scr ot e plSATLaGrS SAERB Y TRt SRHE- drelRiid sl MLAbE 119 ar 1 oy
steel cont adé&@:gg%@é%akéqen%m@ iNVShtidinGare! corshrBath AGtand&asX66 strength of

at | east about ksi), and wherein joints between said discrete
pl at es haved@sigmum ) flrsltemmle cane, & captaignentsysiemds gesigsad éoribdi ti ons to

contain said ressed atural The 1enai comnponent f systens
accor di ng t%m? raigﬁ\ﬁ‘é’rﬁ‘fji' RS Ragd \?ﬁﬁmﬁdéqw%'fffﬁaf]%%gﬁ‘&ﬁ%?%?g)? %aval | abl e
conponents @l lﬁl%%ultﬁﬁ IW'eJ 36RGeHGMdr A'thbQ ghfbﬁﬁﬁeﬁ{(éﬁdt@ﬂ Wéighf‘eSéét

Furt her, MEANSY I ng systems according t hi's invention are
famliar toditadaehe boldrmﬂenmlewwmamaugm" WiTHihiBe DrésrTolurenart .

Conmpari son of Fuel Storage Oontal ners of this |nvention.tg Current
CogPrermal eptediiamele i.almeadicular, see row n’ ﬂerelj‘?ls ghown that the

weight of the container accordlng to this invention is only 1131 Ibs as
compared to the 1773 Ibs 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



[ 0049] Table 1 (which precedes FIG 1A) provides data conparing fuel
storage containers of this invention to current comrercial CNG fuel

cont ai nerwocwrgsxsct ed from X-65 steels. Referring to the maresoendogabl e 1,
two design cases based on this inventi®® are conpared to a standard X-65
design. In a first exanple case, a containnment systemis designed for the
sane storage conditions and vol une requirenents as the standard X-65
design, resulting in a 36% reduction in the containnent system wei ght. See

data in thenG@odBRhdy Shbrds BRIMERFDIAINETS adudh diat daiiafialestela!m
entitled "Exanple Steel”™. In particular, see row "y", where it is shown
that the waddiionaflytthese ordrmerstrucamresrcdinrtze tsed bn offsheremlatiormsasnl y 1131
| bs as conpared to the 1773 | bs weight of the X-65 container, The
reduction i nrowgm@@%p@ﬁﬂtW&ﬁ@i%%%@%@%@%ﬁﬂp rifliidsaieed i n

payl oad or . kid f j.Cl Lcl In a second
exanpl e casgl?nw]g% @on%g%ﬁﬁélr@hggs dé%efésiﬁ%éﬁs@éhée% %{ﬁgrgﬁ I'F.rrlllg? eased storage

pressure (i s@bmafnehull¥Paatibd48sselingdorng chiihb) caissomssbosys; bnidgeser vol une
envel ope as the X-65 design. See data in the colum entitled "Maxi num
Drivi ng Rangébsed transparhénesiosHuisls, damsnficawells, |ang refalningwalls; eanalsq n this

d | h i . . i f th
cont ai nont PeyePaRfrebeeolad® uneyefigh o e et MIRETRY, °6 s vesser
The i ncr easgghdthictkdasingIRé mdtdifals 8h@MRERCME B8ScHbRd hEREIniimEu@@ Seithaiitor age

pressure corresponds to an increased fuel storggﬂe. capacity which

transl at es limitatie,edgerchidh préssyre eorjeinery, @ugofor skaringiing gasepidrsi ng t he
steels as described herein apd the in netals a t hod escri bed
herein can E@lfqg@og_{aglogaWs@r,lc{ﬁ%nsrpg!rq%ﬁlgs, @kﬁ%@%@?ssé}ﬂ?gﬁez%%ﬁ%r
sconom cal | ¥ 58Py 6hGHNTuBL LRSS BRI ORE Reiks; AR wegtiEmici al use.
These new n&rine structures can be advantageously used, for exanple, in
t he const r uptdductiof egiifpmhentecqiled tiikinggsrotaimgpequipmenishadis; vwlic0i3sipe,6348 26

PCT/ US02/ 39023 hydrocarbons, such as conpliant pile towers and deep draft
cai sson vesBENPresifg qonepaot hoat IeB8RIRSy FIRNSSE Eﬂé@ﬁ'@édtcaﬂr §Sed on

of fshore bl 8hlfaiRed pipirh; HFHS! LkBARRBberkAficA AIARAHSPBrMHES SaRidonS
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.



during the processing. Qther marine structures, such as ship hulls,
submarine hulls, marine vessel nooring chains, caissons, buoys, bridges,
subsea t rewos3ons348i nes for fluids, danms seamalls and retrdiTiSeg/39@Bl s, can
al so be constructed according to this gnventlon O her itens which nmay be
constructed using the materials and net hods descri bed herein include,
without I|imtation, other high pressure containers, e.g., for storing
inert gases for balloons (stationary and transportable); rocket boosters;
ot her fuel tanks for gasoline, and other fuels; cargo containers; flare
stacks; full wellstream production equipnent; coiled tubing; rotating

equi prent sGRLOSSARYI OEAHERMS; hi gh pressure corrpact heat exchangers;

cranes; derricks rctic_strycture constrajn p n flttln sucker
rods; super qu5(2;| ca& ciransterme ﬂ%BBF‘? T-he,{f@@peégﬂ% twhﬁb %‘ﬁf Q%b‘ﬁﬁ)r oof
ar nor ; pre Wﬁ%&@nd process piping; mli tary tanks fighter

pl anes; st r uc terials; heavy machinery; struct ural steel for

use in sei 3[0053@r eas trathsf@lg%mntpmlrrneltBe tempera;umqmﬂvplmehttransﬁmmaﬂbe of
rei nforcenents and support menbers; noori n%@chal ns; ak bef ore break
vessel s; carustenite toierpta or tofarie plus egment éﬁ@ﬁﬁ?‘etﬁ QU”EQLWPﬁ”%l pel i nes;

SCUBA or nk for
aircraft oﬁ%@éﬁ a(lﬁr?'&%ﬁ&o@g% 'onéahtd(r:t?'?ﬁ%:n g?ﬁ%gg?ﬁﬁﬁkﬁ;aggﬁééﬁg% tb?{%'ﬁa d
product s, Etrgnsforrﬁqgl‘ﬁérﬁﬁﬁdlﬁﬁr@cooﬂﬁ?ustI c liquefaction eqw prrent boi | er
pl ates; supports for process facilities; wheels; linepip gun barrel s

and/ or gol f [055)s. cquingIrpteacacling tiater atrthg sienéen ﬁ(/é'hbS'f@lhtlﬂ“é{sat begeqat&scri bed
in ternms of ppne q greferred enbodi ments, those having normal skill
in the art fep ??c@ﬁ?hn? vari ous changes, modi fi cat i ons, additions and -

appl i cati on %erCT@T@”cr‘aﬁQ% Afidf displackriERrt | oned herein that may be
made vm'thouP arting from ?r@@scgpe gf the invention, which is set forth

in the clai [60578! oIEBTMDD&hMG:BrBtIéZTrmmmemrﬁ_mmeaihe' BRYS
O ko o S5 TR ol YTl 010
at whi ch transfqhBiLPBy Mw 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] J.: a measure of plane strain fracture toughness (ASTME 1823);

[0062] Ki.: 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 wit%

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

[0067] ppm: parts-per-million;

[0068] predominantly: atleast about 50 volume percent;

[0069] quenching: accelerated cooling by any means whereby a fluid



austenite to ferrite or to ferrite plus cementite is conpleted during
cooling; [0054] Ar3transformation point: the tenperature at which

aust eni t emoegpions348o transformto ferrite during cooling; HOQOESp/326! i ng
rate: cooling rate at the center, or su%tantially at the center, of the
pl ate thickness; [0056] CTOD:. crack tip opening displacenent; [0057] DBTT
(Ductile to Brittle Transition Tenperature): delineates the two fracture
reginmes in structural steels; at tenperatures below the DBTT, failure

tends to ocgup RN fbPis RiMelcaYy i RENa88 the thblidEraté bithHeWtSel itil2daks
the DETT fa d b

tenperatures above Ilure tends to occur by high energy ductile
fracture; [O9>HedBON coalimgnetal arc wel ding;, [0059] HAZ: heat affected

zone; [0060] _J. joules; [0061] Jc: f pl train fract
Foughnots” (ot Boesch kit Feohel P uite AR ALY
to n ; o ~KieQy : I | :
stoal cont sERIRgeRiecacheq e ffackiortheisie, oftt e Alals SRpRAT oo

[ 0065] maxi pacawrld ofedatardrisaitied from thiei ridethicknesw df ¢gplateaand depth; [ 0066]
Pcm a well-known industry termused to express weldability; also,

Pcme(wt % C F00#13s 530 QuenghSiap Tempesaturer we % Cr)/20 + w % Ni/ 60 +  wt %

Mb/ 15 + w % + wt_%. : . - -mllion; [0068
predom nantmﬂﬁip sI‘Igérsta Q{E%%Pf %gﬁ%vdﬁ@%gg’@é%ﬁ?'eﬁéow] quencLi ng: ]
accel er at edgpy®]i N@nbile affEnGBANS taHaEadMtinY, tharatio ) Makitesidad

PCT/ US02/ 39023 Sel ected for its tendency to increase the cooling rate of

the steel ieriginal ¢roee;segfona@sedied to air cooling; [0070] Quench Stop
fonched at 174 FELERlngh SRR o e Wil g 1 & stopped.
[0075] T, 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 (jii) 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.



because of heat transmitted fromthe m d-thickness of the plate; [0071]
QST: Quench Stop Tenperature; [0072] slab: a piece of steel having any

di mensi onw0 (30@¢@RE tensile strength: in bensi | e testing, tHE/URALBW26f

maxi mum |l oad to original cross-secti on&P area; [0074] TI G wel di ng:
tungsten inert gas welding; [0075] Tnr tenperature: the tenperature bel ow
whi ch austenite does not recrystallize; [0076] USPTO United States Patent
and Trademark O fice; [0077F weld netal: the welding consunable wire (and
flux, if usggl cAsimdeposited and diluted by the portion of the base netal
that nmelts during performance of the wel ding process or that portion of a
wel dnment that was rendered nolten during the welding operation; this

I f t t t al t h i
Consumabl esi and /| B9} sforage dhiRinet suligbladar fer it S‘fv%%‘?er@p%@ﬁ 35NBRE vel ¢
tal t h EARt th
mﬁegr V|(Ic: Z]I tye Q the%&q@ﬁ&ﬂgﬁr&%l on OL]gr%T'ﬁgé Itf)%ésl)eat?r)et aI Of@é&lt a ©
consi dered wi t hi QOthMP‘&ﬂE)&G? 5iMPan {3000 pdia - 6440 IHaA) aaddjailblemrcg‘ ore a part of

t he wel dnent, varies dependi hg on factors known tomi)ho se skilled in the
art, for exanpl e COMRIABRAC Natyral gasdrel emeemaadioneompHelioRINARANIINENe si ze

of the i tem t hat I,E;Se ricate
the item and the %*@n%@%é%@gﬁg%ﬁ%lﬁér I%b&%ﬁgétﬁgy(@g@ gteﬂqéraé)

PCT/ US02/ 39023 V\bl@bmyrﬁfoﬂso‘hetfetmbtestcﬁrrﬁ@@narsrdcahwunguntmﬂaé-mg‘mr use in a
fuel storage and delivery systemfor storing conpressed natural gas fuel

at pressures of abiength, i@N"ﬂ"WéthbCQﬁa@lWéﬁs@ib@OQp’éM/é%n'QM@”ﬁsh%’)m&nd

engi ne. wher of noaarad Sphdh 25T ap8 T TS LR FOCRER bl i g

together a plur i’dlh@bét@ve@h%rd?&@c#@té‘bﬁﬁe@ha@@b@l@h@éﬁe SRR BhAY an
ultra-high strength, low alloy steel containing | ess than 2.5 wt % ni ckel
and havi ng 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 -40°C (-40°F).

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



atensile strength of at |east about 900 MPa (130 ksi), and wherein joints
bet ween sai d discrete plates have adequate strength and toughness at said
pressure woniéans to contain said corrgr essed natural gaxT/R02/39e3f uel
storage container of claimi1, wherein saPd joints have a strength of at

| east about 90% of the tensile strength of said ultra-high strength, |ow
alloy steel. 3. The fuel storage container of claiml, wherein said fuel
storage container is suitable for use at tenperatures down to -40C (-40F).

4. The fuel 'St or ageaQEBL A iverdelbdiod fohBicol Bub sk MIRIAlS1d of ed by

a weld nmetal conprising iron and the follow ng oying elements in the
wei ght percents i ndalbatdtO4 alittircnimyand (i) upblotabaut 002w dikamiom; about

1.0 ww% to about 2.0 wt % nmanganese; bout O % to about 0.7 wt%

ST con  Cabout oifisgell hETBIoEE oo SP NS URE LAl SBBIATSSS Fom 9h about
3.5 wt % ni ckel ; S 9 cﬁ’aﬂ % 0 v o

03/ 046348 30 PCT?’B%%Q%Q%%%&ﬁ@@%%t ongltta?gnl tl veé\fsle%ect eg Prog‘}nqié\r?éghgroup
consi sting of (i )mantengite, degeher@tdddpperbainite dowenbaiaitd, granplanbairitegloout
0.02 wt% titanium, wherein the mcrostructure of said weld netal conprises
from about 5 vol dikbirapHiareat vol % acicul ar ferrite and at |east about 50

vol % lath nartensite, degenerate upper bainite, |ower bainite, granular
bainite, or mxtures thereof. 5. A systemconprising: (a) at |east one

fuel storagg, contpasygent @mpiisihg:ng conpressed 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 plat e('g) é\thleg"cét She ﬂlle? s%?é‘&)é contathet or 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



ultra-high strength, low alloy steel containing less than 2.5 wt % ni ckel
and having a tensile strength of at |east about 900 MPa (130 ksi), and
wher ei n | vionia46s8ween sai d di screte pl gtles have adequat e KEtwEsvgtyn23 and

t oughness at said pressure conditions tb 'contain said conpressed natural
gas; and (b) facilities for delivering conpressed natural gas fuel on
demand for conbustion in an engine 6. A fuel storage and delivery system
conprising: (a) at |east one fuel storage container for storing conpressed

natural gas fuelwhaireiprjeitsibetweshn sai@ discPéte blids HaveXddyubiasttSRA psia -
5440 psia), wherein said fuel storage container is constructed by joining
t oget her a pl ur aEingyiodghpesscatsald pragsuee eenditiors fasentangaid sompressed t r a-
-hi gh strength, ln%ﬂjr%l ég steel containing less than 2.5 wt % ni ckel and
having a tensile stren of at |east 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 sai d comil)es §@ndrgntvalve dersalloving &ranisfar aiisaidseompressead niatural
al l owi ng transfer_of. said conpressed natural as, fuel between a refueling
Staton and sai d oPadnEQidipaRn L EHdRnaTet Y End SRR fweERtoRaR SR o ng
fl ow of conpressed natural gas fuel from said fuel storage tank to a
pressure reducer; (d) a fuel line for allowing flow of said reduced
pressure conpres$&d reditaer fihe darsalowing flowrof santpresshdratural geasifdekfnginne; and
(e) a fuel regulatp f?r re&u%ag%i n%flow of said reduced pressure

conpr essed nat ur SRIGHE! plpEade 19 & RIepeeeAULs sai d engi ne, such that
said fuel storage and delivery systemis adapted for storing said

conpressed natural gas fuel at pressures of about 20.7 MPa to 37.5 MPa

(3000 psia - 544Qdysfwdl linadodallowey flow ofaill rexfliced hresags wompressay essed
natural gas fuel on demand for conbustion in an engine.
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



7. A nethod conprising: (a) placing conpressed natural gas fuel at
pressures of about 20.7 MPa to 37.5 MPa (3000 psia - 5440 psia) into at

| east onewiouBl046i48r age contai ner, whergi,n said at | east @oa/Gwwe3Iasor age
container is constructed by joining togét her a plurality of discrete

pl ates of materials conprising an ultra-high strength, |low alloy steel
containing less than 2.5 wt % nickel and having a tensile strength of at

| east about 900 MPa (130 ksi), and wherein joints between said discrete

pl at es have adeqnatgensbrcemhbr@@ddhguggnw at said pressure conditions to
WO 03/ 046348 32 PCT/ US02/ 39023 contain sald conpressed natural gas; (b)
del i vering conpressed natural gas fuel on demand for conmbustion in an

engi ne. (b) delivering compressed natural gas fuel on demand for combustion

in an engine.



