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ULTRA- H GH STRENGTH CRYOGENI C WELDMENTS FI ELD OF THE | NVENTI ON
This invention relates to nethods for prodhci ng ultra-high strength

wel dnent s with weld nmetals having excellent cryogenic tenperature
fracture toughness. Mre 10 particularly, this invention relates to

met hods for producing ultra-high strength wel dnents with weld netal s
havi ng excel | ent cryogenic tenperature fracture t oughness on
ultra-high strength, low alloy steels. BACKGROUND OF THE | NVENTI ON
15 Var i ous WERHHIGHSTRENGHE FRYRCGENK WBLPMENTY speci fi cati on.
_For convenence, d G ossary of ternms is provided herein, imediately
precedi ng the clains. Frequently, there is a need to store
and transport pressurized, volatile fluids at cryogenic
tenperatures, i.e., at tenperatures |ower than about -40[err]C (-40[err]F).
For 20 exanple, there is a need for containers for storing and
transporting pressurized i quefied natural gas (PLNG at pressures in

the broad ra R 0 psia) to about 7590 kPa (1100
psia) and at md@mg about -123[err]C (-190[err]F).
There is also a need for containers for safely and economcally storing and
transporting other pressurized fluids, such as methane, ethane, and

propane, at 2 5  Phi¥QSRAti6n FRIRLOIhUNES foF BlodBHEH uRRMigh BEErpt Felifnents
constructed of a wel ded steel, the steel and its weldments (see

d ossary) nuswithawedd sdtdphavengstxceingt brybgenit temsyiezataretfiasture toughfidsai Mare essur e
and adequate toughness to prevent initiafi of fracture, i.e., a failure
event, at0t hep%@ﬂ%r&ﬁ*gs e trages fo methods For producias i Srigth | ar "t o
those skilledylignfh& it weld et Ba A% g Yx OBefiftrl §le tbfiBtrature fracture

toughness on ultra-high strength, low alloy steels.

BACKGROUND OF THE INVENTION

15 .

| Various terms are defined in the following specification. For convenence, a
Glossary of terms is provided herein, immediately preceding the claims.

Frequently, there is a need to store and transport pressurized, volatile fluids at

cryogenic temperatures, 1.e., at temperatures lower than about -40°C (-40°F). For

20  example, there is a need for containers for storing and transporting pressurized
liquefied natural gas (PLNG) at pressures in the broad range of about 1035 kPa (150
psia) to about 7590 kPa (1100 psia) and at temperatures higher than about -123°C
(-190°F). There is also a need for containers for safely and economically storing and
transporting other pressurized fluids, such as methane, ethane, and propane, at

25  cryogenic temperatures. For such containers to be constructed of a welded steel, the
steel and its weldments (see Glossary) must have adequate strength to withstand the
fluid pressure and adequate toughness to prevent initiation of a fracture, 1.¢., a failure
event, at the operating conditions.

As will be familiar to those skilled in the art, the Charpy V-notch (CVN) test
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can be used for the purpose of fracture toughness assessnent ansg fzr%cture
control in the design of storage gontainers for transporting
pressurized, cryogenic tenperature fluids, such as PLNG

particularly through use of the ductile-to-brittle transition
tenperature (DBTT). The DBTT delineates two fracture reginmes in structural
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whil e at tenperdasigh of stof@e eohtb@eldldd radsbitih@ressurized, crySHGSe fehpREGHE DY
hi gh energy ductile fracture. Storage and transportation” contarl ners

that are conBuidscuelias PeNGwpirtiedady dubsglt wre of e difctiteetoebritile renksitisry ogeni ¢
tenperature .catio for other | oad-bearing, cryogenic

t enper at ure SBPGTANHE Zﬁgm-aﬁwrﬁ'%ﬁ%ém&s '8 figetuss TReHEsH IBpirututabhiselsy
V-notch tsest ¢ RELOVEILRELS BRYTC & : tructure
in order to avt(l)élﬁ{akf)rl ttle ftail u??ﬁ&%g%@ﬁﬁgbghﬁg% natecgitas(rq?en%lfqgo icec}l{/ﬁ%e
condi tions, lbnddergyt dieavage) (tiritdeyeiricaure)fwhiteat agppdraaftsabevms DR TRhiRGe
society, the requi red DBTT tenperature shift (i.e., how far the
DBTT must beleBd G\RCEHDY Mek peragy ductile fragturey | erage psbiranspemationedpniaaners om

5[err]Cto err 7 err]§) be owtgﬂes rvice. 15
t enper at ur e%Lt b bbnehritEl ﬁ]OEN}tvgllgg#Ltg BlStY T AL EPBLIODCL BHOBHYS RIREF3 s ed
for cryogeni gpliesrme ahdl f&t other load-BdafilE [ HenRRBNb &R OB vice cels wth
ni ckel cont eér?tps of greater than about g’Sdilj’,vvtct%; b rﬁavelc OWSBE?%S, but
al so haté@ r dPBTTwalsyeleoninedhyitheCharpe Vyhbish teby petldielgwy the service tempemrirei al |y
avai |l abl e Bécﬁ" W%N, 55 WmM%N, and 9 wt% N steels have DBTTs of 20
about - 100 e PCSUCIEB IRPIIPEY, 2vorn e f3ikurg.. Degsnding] amythe derien, thstesvieq C
(- 280[ er 1] FloonAgSRE Ghitee e ts of bhiE cRILARAIAN B il O about
485 MPa (70 Ksi). 820 Ma e(rgg‘ﬂﬁeéﬁn, s of the gifiR g"?atsg‘ﬁeg"b’(sfg‘@tykg‘le) ,
respecti vel yequireddDBET témpaeturecshift (ine Sove e PBTT5us0 be BEIGRMEE hreidd
t oughness, these steels generally under %o costly 5pr ocessing, e.g., double
anneal i ng  Service temperature€) may be from 5°C to 30°C (9°F fo 54°F) below the service
15  temperature.
Nickel-containing steels conventionallv used for cryogenic temperature
structural applications, e.g., steels with nickel contents of greater than about 3 wt%,
have low DBTTs, but also have relatively low tensile strengths. Typically,
commercially available 3.5 wt% Ni, 5.5 wt% Ni, and 9 wt% Ni steels have DBTTs of
20 about -100°C (-150°F), -155°C (-250°F), and -175°C (-280°F), respectively, and i
tensile strengths of up to about 485 MPa (70 ksi), 620 MPa (90 ksi), and 830 MPa
(120 ksi), respectively. In order to achieve these combinations of strength and
toughness, these steels generally undergo costly processing, e.g., double annealing
treatment. In the case of cryogenic temperature applications, industry currently uses
25  these commercial nickel-containing steels because of their good toughness at low
temperatures, but must design around their relatively low tensile strengths. The
designs generally require excessive steel thicknesses for load-bearing, cryogenic
temperature applications. Thus, use of these nickel-containing steels in load-bearing,

cryogenic temperature applications tends to be expensive due to the high cost of the

30  steel combined with the steel thicknesses required.



treatnment. In the case of cryogenic tenperature applications, industry
currentIyW9§§§$5§5 t hese comerci al ni ckel - cont ai ni ng st BETESpuA/ke of
their good toughness at |ow t enperatures, but must design around
their relatively low tensile strengths. The designs generally
requi re excessive steel thicknesses for |oad-bearing, cryogenic
tenperature applications. Thus, use of these nickel-containing steels in

| oad- beari ng, cryogeni ¢ tenperature applications tends to be
expensi ve due to Cigeht @mmesial bragbeontdiners fostr@rporedichiontigusficimatpg st eel
t hi cknesses required. WD 98/ 58758
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materials, and for weldnents joining such materials, are distinctly

di fferent fré&mikeidleG case. For exagaple, tve dppgsingdbe welding efpvds tg ?md%slﬁmsu ng
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Society, 3r d“@dlng\g@klet\QBrd]@cﬁh’OpQ 193;30??7@’0 3703 ists HRCHABY Wnolcrh ot ch

t oughness (see d 6ssary) requirenents for such wel dnents as rangi ng from
about 20 J th@ghnase (Bt Gosarypeuuemdntatfor dueh setdmengs asemapging fiomeabodlt 30 t he

190, P04 S oLt ST B2 Wb R R 5 7L
Fequ roment s OB SerFRIPN AR AL R TR oP iy b ot malHRREES,
used for premsaswebyitts E@&ﬁieﬂgﬁhcﬂmmgfhxpmﬁﬁﬁédﬂ EeSaili afiginfgn ’Oh@fpy %bﬁihr ]1C
to -165[err]C 15 nust neet _a mninum Charp }%/ulésoslflatg?heafsla(t)efs a%g vG] at test
t enper at ur estoughegshgequpepents. Specifically, the DNV p eldments
used for pressure vessels with design temperatures ranging from -60°C to -165°C
15  must meet a minimum Charpy toughness of 27 J at test temperatures ranging from
5°C to 30°C (9°F to 54°F) below the design temperature. The requirements listed by
Linnert and the DNV Rules cannot be directly applied to the construction of
containers for transportation of PLNG (or other pressurized, cryogenic fluids) since
the PLNG containment pressure, typically about 2760 kPa (400 psia), is significantly
20  higher than for conventional methods of transporting LNG, which is generally at or
near atmospheric pressure. For PLNG storage and transportation containers, there is a
need for more stringent toughness requirements, and therefore, a need for weldments
with better toughness properties than those now used for constructing LNG storage
containers.

25

Base Plate Material

Storage containers for pressurized, cryogenic temperature fluids, such as
PLNG, are preferably constructed from discrete plates of an ultra-high strength, low

30 alloy steel. Three co-pending U.S. provisional patent applications identify various



5[err]Cto 30[err]C (9[err]F to 54[err]F) below the design tenperature. The

requi r emenbagksssg ed by Linnert and the DNV Rul es cal;@p/P 2515'8r ectly
applied to the construction of containers for transportation of PLNG
(or other pressurized, cryogenic fluids) since t he PLNG cont ai nnment

pressure, typically about 2760 kPa (400 psia), is significantly 20

hi gher than for conventional nethods of transporting LNG which is
generally at or near at nospheric pressure. For PLNG storage and
transportati or _nore stringent
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PLNG are prﬁfferably constructg fromdiscrete plates of an ultra-high
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applicati ons . )
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10 which has a priority date of 19 December 1997 and is identified by the USPTO as
Application Number 60/068252; and in a co-pending U.S. provisional patent
application entitled “ULTRA-HIGH STRENGTH DUAL PHASE STEELS WITH
EXCELLENT CRYOGENIC TEMPERATURE TOUGHNESS”, which has a
priority date of 19 December 1997 and is identified by the USPTQ as Application
15  Number 60/068816. These steels are especially suitable for many cryogenic
- temperature annlications -inchvding transportation of PLNG, in that the steels have the
following characteristics for steel plate thicknesses of preferably about 2.5 cm (1 inch)
and greater: (i) DBTT lower than about -73°C (-100°F), preferably lower than about
-107°C (-160°F), in the base steel and in the weld HAZ, (ii) tensile strength greater
20  than 830 MPa (120 ksi) , preferably greater than about 860 MPa (125 ksi), and more
preferably greater than about 900 MPa (130 ksi), (iii) superior weldability,' (iv)
substantially uniform through-thickness microstructure and properties, and (v)
improved toughness over standard, commercially available, ultra-high strength, low
alloy steels. The steels described in the above-mentioned co-pending U.S. provisional
25  patent applications may 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). Other suitable steels are described in a European Patent Application published
February 5, 1997, and having International application number: PCT/JP96/00157,
and International publication number WO 96/23909 (08.08.1996 Gazette 1996/36)

30  (such steels preferably having a copper content of 0.1 wt% to 1.2 wt%), and in a



Trademark O fice ("USPTO') as Application Nunmber 60/068194; in a co-pending
U. S. .pr oY@PHIEP8 pat ent application entitled "ULTRA-H GH FEENEN 2RESAGED
STEELS W TH EXCELLENT CRYOGENI C TEMPERATURE TOUGHNESS', 10  which has a
priority date of 19 December 1997 and isSidentified by the USPTO as
Application Nunber 60/068252; and in a co-pending U S. provisional patent
application entitled "ULTRA-H GH STRENGTH DUAL PHASE STEELS W TH

EXCELLENT CRYOGENI C TEMPERATURE TOUGHNESS', which has a priority date
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TOUGHNESS", fMH @frefaised; fid saithbly wbidigg pfoce@urdyIfyr ekafhpleawithdus linsiestiohf i ed by

t he USPTO as Application Nunber 60/053915. 5
- preheat temperatures, and welding heat inputs. A weldment is a welded joint,

including: (i) the weld metal, (ii) the heat-affected zone (“HAZ"), and (ii1) the base
metal in the “near vicinity” of the HAZ. The weld metal is the welding consumable
wire (and flux, if used) as deposited and diluted by the portion of the base metal plate
20  that melts during performance of the welding process. The HAZ is the portion of the
base metal that does not melt during welding, but whose microstructure and
mechanical properties are altered by the heat of the welding process. 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,
25  for example without limitation, the width of the weldment, the dimensions of the base

metal plate that is welded, and the distances between weldments.

Properties of Weldments Desired for PLNG Applications

30 For the purpose of constructing storage containers for PLNG and other



Vel di ng Such steels may be joined together to form storage

cont ai ner gd ssuri zed, cryogeni c tenperature fl uids such as
PLNG by a V\gt{(y%nsg nmet hod suitable for 10 produci ng a we F&GTARO8 4%,

provi des adequate strength and fracture tgughness for the |ntended
application. Such a welding nethod preferably includes a suitable welding

process, for exanple without limtation, gas netal arc welding ("GVAW),
t ungst en inert gas ("TIG') welding, or subnerged are welding
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consunabl e gas, a wel di ng process,
high strength, low alloy steels and providing weldments with the desired properties

15  for commercial cryogenic, pressurized applications.

-Lorsequently, the primary objects of the present invention are to impreve the
state-of-the-art welding technology for applicability to ultra-high strength, low alloy
steels so as to provide a welding method that will produce weldments that have tensile
strengths greater than about 900 MPa (130 ksi) and fracture toughnesses suitable for

20  the intended cryogenic application according to known principles of fracture

mechanics, as described herein.

SUMMARY OF THE INVENTION

25 A welding method (including a welding consumable wire, a welding process
type, and the selection of certain welding parameters and practices) is provided that
can be used to join ultra-high strength, low alloy steels with excellent cryogenic
temperature fracture toughness for cryogenic applications. The welding method of
this invention is formulated to produce a microstructure yielding a set of mechanical

30  properties suitable for the stringent demands of pressurized, cryogenic temperature



and wel di ng procedures that will provide weldnments with tensile strengths
and fractwoes/58758 t oughnesses suitable for the intended eCywgesngcss

appl i‘cation, according to known 5 princi ples of fracture nechanics, as
descri bed herein. Mre particularly, for 7 constructing storage
containers for PLNG it is desirable to have a wel ding nethod t hat
w Il provide weldnents with tensile strengths greater than about 900 MPa
(130 ksi) and fracture toughnesses suitable for the PLNG application
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The advantages of the present invention will be better understood by referring to

the following detailed description and the attached drawings in which:

FIG. 1A illustrates a plot of critical flaw depth, for a given flaw length, as a

20  function of CTOD fracture toughness and of residual stress; and
FIG. 1B illustrates the geometry (length and depth) of a flaw.

While the invention will be described in connection with its preferred
25  embodiments, it will be understood that the invention is not limited thereto. On the
contrary, the inv.ention is intended to cover all alternatives, modifications, and
equivalents which may be included within the spirit and scope of the invention, as

defined by the appended claims.



fluid applications, such as the PLNG application. The wel di ng net hod
produces WO98/58758wel d netal that is dominated by a very fi perased nosk body

centered cubic (BCO crystal structure. The wel ding nmethod al so
provi des a weld netal having a | ow gnmpurity content, and thus, a | ow
non-netal lic inclusion content and, additionally, 5 creates individual
inclusions that are small in size. The fundanmental effects of fine

grain size on strength and toughness of structural steels, as well as the

fundanental DETAIEHIHFSCRIPPIONOFUPHININVEIeIORN toughness, are wel
known to those skillTed 1n the art. However, techniques for achieving

such characteristics in weld netals suitable for the PLNG
application are not widely known. The wel dnment resulting fromuse of 10
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spirit and spistcest THeprefavehweldng rrocesses for thdefdldieg neghddhef this prevetieon

cl ai ns. WO ?ar{ 58758 ,
PCT/ US98/ 127%8§ any of the gas shielded processes such as gas metal arc welding (GMAW),

tungsten inert gas welding (TIG), plasma arc welding (PAW), or their derivatives.
Preferred welding parameters and practices, such as heat input and composition of

15  shielding gas, are further described herein.

Chemical Compaosition of Weld Metals

In one embodiment, a weld metal chemistry according to the present invention

20  comprises iron and alloying elements in about the amounts indicated in Table I and

below.



8 DETAI LED DESCRI PTI ON OF THE | NVENTI ON The
present iWOSBSE$SH relates to a wel ding nethod for use in jBERHUSH/IAIE a- hi gh
strength, low alloy steels, whereby the resulting weldnents have ultra-high
strengt hs 5 and excel | ent cryogenic t®nperature toughnesses. These
desirabl e properties are afforded, primarily, by two
m cr o- engi neered aspects of the weld netal. The first feature is a
very fine-grained body centered cubic (BCC) crystal structure and the
second feature is a low non-netallic inclusion content wherein the
i ndi vi dual inclusions are small in _size. The wel di ng nethod incl udes
a wel ding consumable 10 wre, a wel&ﬁﬂ%ibrocess type, and the selection
t

ot ocesses 1 o PHBSIERRRRE, ErHB AL e LIRHE crt FERrerrEAVBBEERAED OF' 00

gas shiel ded processes such as gastygptal arc wel di ng (wE&HW , tungsten
inert gas welding (TIG, plasma arc welding (PAW, or their derivatives.
Preferred wel ding paraneters and practices, such as heat input and
conposition of 15 shi el ding gas,. are further descrihed herein.

Cheni cal Conf8P% {©Oh of weld thﬁpé | -%0ne enbodi nent, a

weld netal c ] ording t he present inventihgy 2 0 conpri ses
iron and al Igl???%ﬁeg g\?rgjr:lts in abg'uép the anounts indicated in Table | and

bel ow. WS8(SIP758 0.20 0.32
PCT/ US98/ 12738 9
Tabl e | nickel (Ni) - 1.87 6.00
10  chromium (Cr) 0.30 0.87
molybdenum (Mo) 0.40 0.56
copper (Cu) -0- 0.30
aluminum (Al) -0- 0.020
zirconium (Zr) -0- 0.015
15 titanium (T1) -0- . 0.010

More preferably, the upper limit for nickel content is about 4.00 wt%.

The Effect of Fine Grain Size

20

The fine grain size in the microstructure of a weld metal made according to

this invention increases strength of the weldment through dislocation blockage. The
fine grain size increases cleavage toughness by shortening the length of dislocation
pileups which decreases the maximum possible stress intensity at the head of any

25  single pileup. This makes microcrack initiation less probable. The lower pileup
intensity also improves ductile fracture toughnéss by reducing local microstrains, thus
making microvoid initiation less probable. Additionally, the fine grain size increases
global toughness by providing many “roadblocks” to crack advance. (See Glossary
for definitions of dislocation blockage, cleavage toughness, dislocation pileup,

30  microcrack, microstrains, and microvoid.)



Al 'l oyi ng El enent Preferred Lower Limt Preferred Upper Limt

(wt % WO 98/58758 (W% 5 carbon (C pcT/US9s/12738 0. 06
0.10 manganese ( IVh) 1.60 2.05
silicon (Si) ' 0. 20 10 0. 32 ni ckel
(N) - 1.87 6.00 10 chromum (Cr)

0. 30 0. 87 nol ybdenum ( Mo) 0.40

0. 56 copper (Cu) - 0 - 0. 30

al um num (Al) - 0 - 0. 020

zirconium (Zr) -0 - 0.015 15 titanium
(Ti) Achieving-th® Microstructure and Grain Size 0. 010 Mor e
preferably, the upper Iimt for nickel content is about 4.00 w%

The Effect of Fine Grain Size 20 The fine grain size in the

m crostructure of e accordi nvent

Mhor eases. st engt BRBHRT RIS HREAT Se AR GHare dominaisd bY BaugEsn B
fine graig an%ﬁeﬁg%rﬁ@%ta@ﬁ@e@v@g@a&quWOﬁaﬁxe%&hpEﬁo@@p%ﬁm at RAgt h of
di sl ocati on pi | eups which decreases the maxi mum possi ble stress

i ntensity at alidue70eabinef peacont, 2né eversmngl prefsrabiug. ledBhatouriR @slumegpeocang c k
initiation | ess probab |ntenS|ty | so i nproves

L":él'g The | owey pileup
ductile fractyipdermpeh gxaﬁsn%ﬂédﬁ@“ﬁgeq, significantgnpunfsptlaWer haite can
maki ng m cr OXIQ(I) ge H&éﬂtaé pﬁ&@@lgln% gei‘bé%gf tI\'I%?lc!n}'s’n,tlIe% d% g'r' a' n

Si ze increases tOU I’IESS rovi di I Ng roa S

crack advancancxﬂ&eferr@ qmag"oylal femte afnarupgafbaﬁmtel (@ﬂ&therf ddgeﬁér@@abmmﬂal oc kage
cl eavage toughness, dislocation pileup, 3 0 m crocrack, mcrostrains, and
m crovoily. ) bainite) ce@abg[bg@yaggnt in small amounts, but preferably do not constitute the

PCT/ US98/ 12738
Achi eving th oTRinaptyetPhRIogY  Thi deszed mprgnsific/bainitic microstructure ‘fﬁghleved by

fi ne-grai nedyBQF appropfibitenield fell BhERRRY ¥ndlBRSpBAL R PYT BE LRI RBREESSidgat
rate. Several examples which discuss chemistries are provided below. Low heat
input welding is used so that the weld metal cools more quickly than it would with

15 typically used higher heat inputs. Heat input is defined as the welding voltage
multiplied by the welding current and divided by the welding travel speed. i.e., arc
energy. The low heat input welding used in the welding method of this invention has
arc energies preferably within the range of about 0.3 kJ/mm to about 2.5 k¥/mm (7.6
kJ/inch to 63.5 kJ/inch), but more preferably within the range of about 0.5 k¥/mm to

20  about 1.5 kJ/mm (12.7 kJ/inch to 38 kJ/inch). Several different levels of “grain size”
can be described within the desired mjcrostructure and the low heat input welding
technique is intended to reduce the size of each unit. A low welding heat input helps
in the formation of a small columnar grain size, a small prior austenite grain size, a
small martensite/bainite packet size, and a narrow martensite and/or bainite lath

25  width. Asused herein in reference to structure, “ﬁne-grainéd” means that the
columnar grain size (width) is preferably less than about 150 microns, and more
preferably less than about 100 microns; that the prior austenite grain size is preferably
less than about 50 microns, more preferably less than about 35 microns, and even
more preferably less than about 20 microns; and that the martensite/bainite packet size

30  ispreferably less than about 20 microns, more preferably less than about 15 microns,



5 martensite, i.e., contains at |east about 50 vol une percent, nore

pr ef er abl YOPB/SB BBt about 70 vol une percent, and ev@QTSH$12738
preferably at |east about 90 vol une percent, auto-tenpered | ath
martensite. However, significant anmountsldf |ower bainite can al so

be present, e.g., up to about 49 volunme percent. M nor constituents such as
acicular ferrite, polygonal ferrite, and upper bainite (or other degenerate
forms of 10 bainite) can al so be present in small anounts, but
preferably dendetenattraipréfeiablytles than about dOHiiO@AL. PRNRBOhaE, “diam dgsi 1 ed
martensitic/bainitic mcrostructure is _achieved by use of appropriate
wel d nmetal cheasErin Srrpspletpained dattholinomterpept mdthpdyes il famdisr tothose

rate. Several ﬁxggﬂnes whi ch di scuss chenistries are provided bel ow. Low
heat g is used so that the weld netal cools nore quickly
than it woul d with 15 typically used higher heat inputs. Heat input is

defined as the wel di ng voltage ~nultiplied by the welding current and
di vi ded by t HheRBffedt afjl owd iBp € ., arc energy. The | ow heat
i nput welding used in the meldlng met hod of this invention has arc

energies preferably within the range of about 0.3 kJ/mmto about 2.5 kJ/ mm

of about 0.5 kol ming (S HRIRIEehMenStinliB8 BEh ARt bbibyllnk o
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i ntended to cmnteatmesltgs ZEhalowaaelnsignicontert tends tnehaltasg duetde fiapfue  hel ps
ain sji.ze, .a small prior austenite

the f t
L]P ai nesi i ghincss b§§%g’lg}ngﬁg‘? ?lgﬁng‘?arioé%ﬂﬁﬁoﬁP‘tdénB’éBR’éts“?r ze, and a narrow
mar t ensi t e and/ or vARHALAE ragt Qcc%rcﬁn% té"ﬂhfgtﬂveﬁ%ﬁ)nl‘b?@f‘éralﬂ VR al 16w Eélﬁglgl’?ce to

structure, "fine-grained" neans col unmiar grain size (w dth)
i s preferabl gortes sbutheamathodtsidb freer hlt:hllSE),ns aaicomriBute significaptlefoer abl y | ess
t han about 100Q.m.crons; that the prior, austenite grain sjize is ﬁ;ef erably

| ess than ab®HcVsee ARtEPYRIVeld Bkl B?Oé’f:@(eﬁbﬂfsq they attanflegridizersys the webies, and
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however, some deoxidation potential in the molten weld metal pool is still preferred
Second, inclusions can be useful in controlling columnar and prior austenite grain
growth through grain boundary pinning. Limiting grain growth at elevated
temperatures promotes a small room temperature grain size. However, because the

20  low heat input for making weldments according to this invention helps limit grain
size, the inclusion content can be reduced to a level that enhances toughness, but still
provides useful grain boundary pinning effects.

Weldments made according to this invention will achieve high strengths as

previously noted. In the case of lower strength weld metals, it is often a designed

25  feature to created a significant volume fraction of Ti-based inclusions for the purpose
of nucleating acicular ferrite. For such lower strength weldments, acicular ferrite is
the preferred microstructure due to its good strength and toughness properties. For the
current invention, however, where higher strengths are of interest, it is an intentional

feature to avoid a large volume fraction of inclusions that nucleate acicular ferrite.

30  Rather it is preferred to create a microstructure dominated by lath martensite.



and even nore preferably |ess than about 10 microns. As used herein, "grain

si ze" s grain size as determned by the line intercept nethod,
as is fam PPN to those skilled in the art. 5 PGHESTEIRESt of
Low I ncl usi on Cont ent The,l ow i ncl usi on content tends to
i ncrease cl eavage toughness by elimnati ﬁ7g potential cleavage crack

initiation sites and/or by reducing the nunber of mcro-stress
concentration sites. The |ow inclusion content tends to increase ductile
fracture 10 t oughness by reduci ng the nunber of mcrovoid initiation

sites. Wl dments made according to this invention preferably
have a | ow 'A‘@lll%l?ﬂn Dhe Desire MM SlI%J A& ¢not i nclusion-free. Inclusions
can contri bumv%%Ml ng opti mum wel d net al
properties. First, they act as deoxidizers in the nolten wel d net al

pool . Low oxygen content in the shieldi ng gas is preferred for making 15
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boundary pi nni ng ting graln growth at e eratures

pronpt es a dowldmountyoftsatfpe phddpherugy @iyaes,iand silidone TRe spelaﬁtbadlﬁﬁuétheof?ché)
| ow heat i nput for rraqurkl)ngel dnents according to this invention helps limt
grain vsldiag copmImabls WEE srflesignedin "k‘;‘&ﬂ’ebiéshf@ijw@lédn@t@l chemasyer, whieit
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strength weld netals, it is often a designe feature to created a
si gni fi cant of ovaldrmetal ah@rmsme@tap‘ﬁbleba"saecbmmoﬁatmgmngmf debgnpuUpmgehe of

nucl eati ng aC| uI ar fe %4% . For, litﬁga | owey, st renq wel dnents, acicul a
ferrite is ngt“i‘\"éh?f{ SRR fhedulk weldmaetglul {bﬁmt@m@%éﬂ%ﬁeéémghm and
toughness prQREL{$8nd, Fl?erreﬁ)rke the chemxs%rJf‘?lqg wl:l'a}ﬁ%‘ﬁohgﬂ?amg W?r\é%%ﬂl pahere

hi gher strengths are of intefest, it an 1nte eature to

avoi d a | ar geanythensnferaa i cﬂmlmm‘tryl dfahmbmnﬁethlfh%tdewﬂie&@E&nﬁcA@dﬂr@tht@r rite.

30 Rather it js preferred to create a mcrostructure dom nated by |l ath
mar t ensiPe. the welding igghmguesd iy invention, dilution is expected to be less than about

PCT/US98/ 12738, ... . , 1707 lnge fo - 52
Achi evi ng t He "t PAF R TN 8 e FEh AR ose o the center of the weld o pfeferred

l'ow i ncl usi @ftugenisedipedttd WededBBhs AuP5R. NGitParty\eelPkESBNeverse dilution

calculation method, one skilled in the art is capable of calculating the welding
consumable wire chemistry for use in the method of the present invention to obtain

20  the desired weld metal chemistry. The shielding gas is preferably low in CO, and/or
O, content. Preferably the shielding gas comprises less than about 10 vo]"/;>, more
preferably less than about 5 vol%, and even more preferably less than about 2 vol%,
of CO, and/or O,. The major component of the shielding gas is preferably argon; and
the shielding gas preferably comprises about 80 vol% or more argon, and more

25  preferably more than about 90 vol%. Helium can be added to the shielding gas in
amounts up to about 12 vol% to improve arc operating characteristics or weld bead
penetration and profile. If necessary, for a specific storage container design,
impurities from the shielding gas that tend to lead to non-metallic inclusion formation
in the weld metal, as are known to those skilled in the art, can be further reduced by

30  delivering the gas though a nanochem filter, a device known to those skilled in the art



5 invention is afforded by the selection and delivery of an appropriate
shi el di ngvgas587588/ mai nt ai ni ng good wel d cl eanl i nesBCT/ERgR/12y38
utilizing a welding consunmable wire with | ow amounts of sul fur,
phosphorus, oxygen, and silicon. The spetific chemi stry of the

wel di ng consumable wire is designed to give the desired weld netal

chem stry, which inturn is chosen based on the desired nechani cal
properties. The desired nmechanical 1 0 properties depend on the specific
cont ai ner dQﬁ‘;%bm@ﬁ"i‘IGme?dlhBVTataidotﬁe GO BVt bANSEweld metal influsiog! d net al
chem stries pabl e of acconmmobdating a range of designs. Using the
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di luted by the base netal and, theref %he cjilem stry. of the

wel di ng consRiRERbYY thermgelips lowya oxygen, suliurs ap Phdsahalae | A8 244V eAtwies &F ry of
the wel d net chni que
of thi s i nvet PARIAEHEHAIEE e bR o RBEE) {efddnda) sﬁ]&% A SRR

often | ess tlbanhabssdut 19¢pphef Pab@asorelppeferaby lebethae ab it SoprfrhefIV\@és@
dilution is expected to be | ess than about 5% Using any known reverse
dilution than alyait d 60 ppined swiderh bk, mongeprefierablyelgsy nham hbowiﬁf) PpB efaplibl.e of

cal cul ati ng nsunabl e wire c try. for t he
ot hod of | ESrSSe A5t 400 PSR Of DX Ut o 1076 PrelRBD dE et 250 e
chem stry. The, £l r o
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preferably | ess than about 2 vol % Cderr].and/or. Jerr]. The
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shi el di ng gas 9 r and nore
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shi el di ng gawmpkieating and aaﬁawabﬁngxﬁté 3l Rkting Zhe/@L%aH @mie BB ERMAcIAEGNS in
operating characterlstlcs or weld bead penetration and profile. If

necessary, ftbe mplispaild mtaépmlag“eiddmﬁymalmmgm of Al, Tl anf @ (less thes f rom
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PCT/ US98/ 12 WW&h respect to Ti, the amount of this element shou]d be kept low, nreferably 1ESs than

of precision TIG welding. To aid the achievenent of |ow \ﬁ t al
i ncl usi on  about 0.010 wt%, to prevent too much acicular ferrite nucleation. lhe mclusions

created by this invention are, on average, less than about 700 nm in diameter, but

preferably in the range of about 200 nm to about 500 nm in diameter. The number of
20  non-metallic inclusions per unit area, e.g., of the surface of a slice of the weld metal

created by this invention, that are larger than about 1000 nm in diameter is’preferably

low, i.e., is preferably less than about 250 per mm’.

The Balance Between Preheat and Heat Input
25

The PLNG application requires a high strength steel which may necessitate
some level of preheat to prevent weld cracking. Preheat can alter the weld cooling
rate (higher preheat promoting slower cooling) and it is an object of this invention to
balance preheat and welding heat input so as to (1) preclude weld cracking, and (2)

30 produce a fine-grained microstructure. Preheat is preferably between room



content in the weld netal, the welding consumable wire and the base

mat eri al WPO8/58758 preferably thenselves | ow i n oxygen, sup&psosandss
phosphorus. The above features of t he wel ding nmethod of this

i nvention produce a weld netal that contaigns preferably 5 | ess than
about 150 ppmof P, but nore preferably | ess than about 50 ppmof P, |ess
t han about 150 ppm of sul fur, but nore preferably | ess than about 30 ppm of
sul fur, and | ess than about 300 ppm of oxygen, but nore preferably
l'ess than abeujh,gafrd18 about 200°€f(36¥9 ¥t a{@m GERhAA 16 YRY SRt i fleage
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inclusion size, the | ow we] ding heat input that is preferred for
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Addi ti onas | y Contralléd Thatal SevebityTest, the Yagdovs tebt, 65the tWdBing Institu@gut 0. 015
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15  oxi des. adnctess) EMogkgipslt may else strud thdsipurposet Widrebykwoldmentsgif thd f i ni ty

for oxygen. Wth respect - tao Ti, the a nt of this elepent should be
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aci cul ar ferpid.e pUctEatiOhy NG j S .Jjynvention
are, on average, ‘{ﬁessee}?hgn a)i:)out f@%@tlﬁﬁeﬁﬁ%P?ﬁé?%&?aggﬁgsﬂmttﬂt%’rdéf erably
i n the rangeooduradtietacAaDstorngt corabiaeit 500 nmin di aneter. The nunber of 2

0 non-netallic inclusions per unit area, e.g., of the surface of a slice
of the weld netal created by this invention, that are | arger than

about 1000 nm A di LS preferably low, i.e., is preferably

| ess than ab% st BE: Shop rrj]. The Bal ance Between Preheat and
Heat |nput 25 The PLNG application requires a high strength
steel which may necessitate sone | evel of preheat to prevent weld
cracki ng. Preheat Iivgenesali apulsing powbrsupplyl dan dpe used with may ef (hhigghshielde@heat

pronoting slower cogling) and jt is an object of this invention to |
bal ance prehB%ﬂceﬁﬁﬁg\%?rgip eTRRdLeT psfgnthe Welding rgethey ofs)ﬂ’é%’lnﬁﬁfé‘%lld’sﬁqsdéki ng,

and (2) 153 Oarc SULPHYSR pendiafln SARbNRH IR G 0RY/ B Sty e RREALs dasi, Y £F erably

bet ween room
: .. significant degree, be regained using a pulsed power supply. For e_xample, .in the case
that this invention is practiced using low heat input TIG welding and a low sulfur
consumable wire, weld bead penetration can be enhanced using a pulsing power
supply.

20

Fracture Control

As will be familiar to those skilled in the art, the operating conditions taken
into consideration in the design of storage containers constructed from a welded steel
25  for transporting pressurized, cryogenic fluids, include among other things, the
operating pressure and temperature, as well as additional stresses that are likely to be
imposed on the steel and the weldments. Standard fracture mechanics measurements,
such as (i) critical stress intensity factor (K,¢), which is a measurement of plane-strain
fracture toughness, and (ii) crack tip opening displacement (CTOD), which can be

30  used to measure elastic-plastic fracture toughness, both of which are familiar to those
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tenperature and about 200[err]C (392[err]F), but as will be famliar to
those skilled in the art, the spedbfic preheat tenperature is
preferably chosen in consideration of materi al wel dability and

wel ding heat input. Material weldability can be assessed using any

one of several test nethods that are known to those skilled in the art,
such as the gifed mQﬁBfaﬁoxlnhy:de Thargakenamethé fadkesttoudinessbrahoave dneshe OF
the Wel ding Institute of Canada test. "Mock-ups" may al so serve
this purposewehimenty Indushryesodss grnerahly acceptable fasisies) stogsise dmglwfm rret al s

D1 of br ably oPagRIF, SRETEN R 3 e G B eEoHa CRUAAORE §h Medhads Sprssone 11 o
occur in t hea&%ﬁﬁ%ﬂihﬁ Bpﬁg\ggincﬂgﬁBﬁW%ed stctures”, ofte'g%ﬁh@@ 1FRWVEID Suepl Y

I n general power supply can be used wth any of the gas shiel ded
processess t haggiar map fb%fu@éd Rictpmineshe mxiri‘mmaﬁbd’ab‘ig fiwevt dixed fof the bostainers
i nvention. Losses in 15 arc stability or penetratlon capablllty due to

wire/ gas chebdssdop thefregutednashaass, ofithe geel and weldmepii( lﬁthlémg Hag) ard
d d F l t hat
the [ nvent i Biged Siries BEE TR Y ieBlhp SRR PR el 3e0858 a4 a““f :

sul fur contfd? %ﬁ%'t@ nmlga% fr\é&hfé ihradoR BRehFAG) %r@ﬁméa@n@aaﬂ@r&@@nu& ng
a pul sing power Fracture Control

As will be fmﬁmmzeﬁmmhﬂhﬂrwiﬂﬂ (Iuédppmpmdttenmnfactmg@pelﬂfatqon’goldonm tions

t aken into consideration in the de5|fq,rr} of s or.a cont ai nerIsj

const r uct®d W@mlée %F‘éféc{“@ta@@@“?@ confrgo Sﬁ%cﬁ% Otafi?l deS%%‘EﬁslaEB ed to
cryogenic fl t rnessure
and t enper at e COhgén #1% l\gqggg?gkg%llﬁ%te ?[es ttO rglrlaéalfﬂgtéflyﬂat'@% agid

i nposed on t herests @etheodtaitte. Werelierad aes@ p}ﬂ&a&ph;f foagtorge cor@hirf welded
measur enent s, such as (i) critical stress intensity factor (Klerr]),

which is a measntiegenthegiesshidnesnsionas Heak beforeffaé@ﬁuraé it Gogharde shosand (i)
crack tip open

el astic-pl as Plf’hn‘?Fg{bf%&%tgcﬁ’BEFgﬁ?ﬁé’ggr@%ﬁ He g‘F“QXﬁ?}' Wl?%r?ega P Ak | %? l{ngwmﬁgzgr ©
15 - principles of fracture mechanics.”
| 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.
20 FIG. 1B illustrates a flaw of flaw length 315 and flaw depth 310. PD6493 is

used to calculate values for the critical flaw size plot 300 shown in FIG. 1'A based on

the following design conditions:

Vessel Diameter: 4.57 m (15 ft)
25 Vessel Wall Thickness: 25.4 mm (1.00 in.)
: Design Pressure: 3445 kPa (500 psi)

Allowable Hoop Stress: 333 MPa (48.3 ksi).

For the purpose of this example, a surface flaw length of 100 mm (4 inches),

30 e.g., an axial flaw located in a seam weld, is assumed. Referring now to FIG. 1A, plot
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skilled in the art, may be used to determ ne the fracture toughness of the
steel and the wel dnents. Industry gpdes generally acceptable for
steel structure design, for exanple, as presented in the BSI
publication "Qui dance on nethods for assessing the acceptability of
flaws in fusion wel ded structures”, often referred to as "PD 6493 5
1991", may b%oH%ﬁ%»/ fhedabRIH é} 1ctah1?a\ma§étﬂlég'a%ljxé?m%|f ﬁdﬁﬁ Et]‘u §he
cont ai ners as on t racture hness of "the stee Wer drrent
(i ncludi ng HAZY oafeixdulaestress, for re'siﬂms&essabm§51ess 60 ahdmeoapatmtrwmeld\ person
skilled in the art can develop a fracture control programto

mtigate fradstasse Rasiduphsticases cair brigmmeratgd dysppdphricatien awshwalding: andsi gn

control o FOUDTHERSE s tister ot a PR She SHRE &t AOLBHEFDRC T fake o o
| oads ands pr &34y @Sc18dRE HRAVIO HAZ) unlesE 'E!f‘e wont Qr'e@?réss rep&beﬁlu\él)ngaébhm iques

appropriate inspection programto‘reliably detect flaws and ts
i n the cont aisner as pospwelddrenettcatia sntg A WIHIT) mngﬁhynrk:mlrstmmhg@ cont ai ners
wel ded according to the present invention is "leak befqgre failure"

as is fanmiliar to Baseden the CTORfachugsitqughpess of e proswsyessshaipdet thei ons are
generally r efn?lgurrglgm sgrvt]c%rtgﬂ? g@(ﬁ mo\yggse}%bncg{l!)rp&inpée a[%llufsf[edft{)@gc;ul%é ?hef

mechani cs. 'owmng i's a no
application @ésidies@esées0aa an inspectiddf prﬁgﬂam @h’il&fmfpléh@érﬁlé@(fm&fﬂu@ﬁ ina
procedure for calculating critical flaw depth for a given flaw I ength

for use 10 aifspactiawanddonemie lmpacmrﬁt«pdetv@tramdfrmmmrarf@mrfmtqomnaanon n a
pressure vessel

Pl o Lot e S5ainS e (oviShs 1118 cxpplso thettee has 2 GO Tayeicis of gloas " ©
val ues for. tg&g% el thkm %meztanpérgfuré&g nSAOWRd L8nEl a%or&&ysp%ﬁleﬁ

the follown esign conditions: esSe ter:
4.57 m (15 f tapd tiRfresidual stresses are reduced MeB’isp:-ircébe th'Ehteekyueklsstrength @bn ¢hemm
(1.00 in.) sign Pressur 3445 kPa (500
psi) value for critical flaw Apptbwa%ﬂpéowﬁl)sﬁ FIER gsee point §%@owﬁg3(l4¢}3) 3 ksi).

15  Following similar calculation procedures, as are well known to those skilled in the art,
critical flaw depths can “e:determinad 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

20  application of the design loads. Based on published empirical correlations between
CVN, K, and CTOD fracture toughness, the 0.025 mm CTOD toughness‘generally
correlates to a CVN value of about 37 J. This example is not intended to limit this

invention in any way.
25  EXAMPLES

In the following Examples, a welding method according to the present
invention is used for welding a base steel of the type described in a co-pending U.S.
provisional patent application entitled “ULTRA-HIGH STRENGTH, WELDABLE
30  STEELS WITH EXCELLENT ULTRA-LOW TEMPERATURE TOUGHNESS”



For the purpose of this exanple, a surface flaw length of 100 mm (4

i nches), WO@8/58788g.  an axial flaw |located in a seam wel d, PEEURSKIZRRY .
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300 shows the value for critical flaw depth as a function of CTOD fracture
t oughness and of residual stress, for residual stress |evels of 15,
50 and 100 percent of yield stress. Residual stresses can be

generat ed dugith@ grivkity datio6 19 Dedenaedr DAY andiitdntified by eI nedpptiends t he
use of a residual stress value of 100 ?ercent of yield stress in 5
wel ds (i ncl ublumger 6E0GF814§. Horthe pHmoss o %S%@‘%Plﬁ%@es‘?qséé@e]r‘@m%ﬁéﬂ usi ng

techni ques. Q.05 wt/sga(f'gonaﬁ R a/%\é%ilg%@?%b @F%Bf rl r{ %W?%%ﬁro%ﬁ a'@'ﬁal

stress relie Pre toughness o

pressure VGS%%HE $1584erRn, tzmewt% nickel, Bhd0 Y WSERY] £ JHRINALRNG efomdrte vessel
fabrication can be’adj usted to reduce the resi dual stresses and an

i nspecti @ pwithinatire cargebéescn’péchme%ppéldat(drdﬂumbﬁ;rlﬁwwwﬂ@.Imclmmg al aspection
and in-service inspection) to det(l nd n§§asure fl.aws for cong%rl so
agai nst cri t maEmup, iens P‘i@t 01008 (¥ astoeabg .83 Witto titppiumy, fram ghout

o o or alooRs 020,93 i Alfnfihurd, Bfg ??gﬂlt TR §90Y 10, HBBE P09 Frkas measur ed

usi ng | abora ory speci nme e resi stresses are reduced to

15 percent ofitiolgen. SAG@itioNalB), tessduaingé Prefdrhtan shibieantially miningiketkinf the bagel ti cal
flaw depth is approximately 4 nm (see point 320 on FIG 1A). 15 Fol | ow ng

simlar cal csteelf e.gn pbqasmemusé&) eoa@nhrsevrvﬁerablthham @bqvﬁ@sﬂé iYh: ubET (9 t he

t t [ fl d d
"engths s vemieries pisforenls Hop dpn 200 O Al ) P RivserllY on, a
qual ity cont {e?é th%ﬁ%g&ﬂr@ @dlq’vﬂ"/ns%ﬁtzél%fhbmﬁﬁf s chermstry(1§ F% BiYed ‘t'@ﬁroduce

detectabl e f I nensi ons, frequency) can be devel opéed ensure that
flaws are deﬁxeﬁmﬁhlgmdtrér@m’eduelcbhpsa atel pinte badig mgnd:rbsmmtmrblcompn‘SMgwbdmpt h

or prior to the 20 plication of the desug ,I ads. B sg' on pglbglshed
enpi ri cal coi@éP@/PF%?@ubé@ﬁié]dﬂdaﬁmtp@«?ﬁldﬂ[@ Q:"IQ% ESERtis!

ovoees e S 1 QUISne PE g s, SFRDAR n O

val ue of abo exanple 1's no
i nventi oy i NgAMeday - martenditd finEAVRdESwer bainite, or mixtures thereof. In somewhat

greater detail. the base stee! for these Examples is prepared by forming a slab of the
desired composition, as described above; heating the slab to a tempcrature' of from
about 955°C to about 1065°C (1750°F - 1950°F); hot rolling the slab to form steel

plate in one or more passes providing about 30 percent to about 70 percent reduction
20  in a first temperature range in which austenite recrystallizes, i.e., above about the T,

temperature, further hot rolling the steel plate in one or more passes providing about

40 percent to about 80 percent reduction in a second temperature range below about
the T, temperature and above about the Ar, transformation temperature, and finish

rolling the steel plate in one or more passes to provide about 15 percent to about 50
25  percent reduction in the intercritical temperature range below about the Ar,

transformation temperature and above about the Ar, transformation temperature. The

hot rolled steel plate is then quenched at a cooling rate of about 10°C per second to

about 40°C per second (18°F/sec - 72°F/sec) to a suitable Quench Stop Temperature

(QST) preferably below about the M, transformation temperature plus 200°C (360°F),



In the foll ow ng Exanples, a wel ding nethod according to the present

i nventionwodssged for welding a base steel of the type desgerhgsk/izisd

co- pending U. S. provi si onal patent application entitled "ULTRA-H GH
STRENGTH, WELDABLE 3 0 STEELS W TH EXCELLENT ULTRA- LOW TEMPERATURE
TOUGHNESS" WD 98/ 58758
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with a priority date of 19 Decenber 1997 and identified by the USPTO as
Application f}l‘r’éﬂﬂ Ty Exangl es, the
base st eel cgtrr\ﬁ’Pllcgé el u@t%ggg ﬁgadr bon spééﬁ?%&\?\f%l?rgﬁg%ﬁaése 0. 075 wt %
silicon, O.4@mncH wﬂip&i’ﬁtuxmaﬁ@r @uenchmg i3MePmialey b ¢&seuGlossarp fonmdefinitiokedf and
0.05 wt % Nb, and other alloying el enents 5 wthin the ranges described
in Applicatiqy tkpeeuréOdficTahe, Ar, nd 0| fghsiirmation temperatims um from about
0.008 Wt % to about 0.03 wt%¢titani um from about 0.001 wt % to about
0.05 wt % al um num and from about 0.002 wt % to about 0.005 wt %

nitrogen. Additionally, residuals are preferably substantially mnimzed in
the base 5 EXAMPH] e.g., phosphorous (P) eontent is preferably |ess
than about 0.01 wt% sulfur (S) 10 content is preferably | ess than about
0.004 wt % and oxygen (0) content is preferably | ess than about
0.002 wt% A steely, gl eﬁ%ﬂé%ﬁtﬂk‘ IﬁetﬁB@Gr&terpyesbﬁt iRV&RRA MHe ks Pednee

an ultra-high strength, phase steel plate having a mcrostructure
conpri si ng abeiding (GMAWG)me:s%ls osedbolptodemae v oletd mEtahclamistry mmwlng iron

substantially 100 val % ("essentt é-’}j ferrit néi t 60 vol % to
about 90 vol %“6# it §ode pHaLR P“tp?r W efo RANBRRESE aﬁgu ig togilifioRed | at h
mar t ensi id(gt al ou% 2%03\%'9/@911 QINQ!]E L#?%'!ﬂ'\%te/b cﬁngnmrﬁtéﬁro‘E?O %@W’c@%olgbg x‘ﬁ:?rmgmng a

greater ase stee or "the les 1s pre

slab of the than aboGIESI0 i FRSEPRGHoLSE, @A 1@sttﬁa&66mtbw¢p@bwmr maatiefdist he sl ab
to a tenperature of from about 955[err]C to about 1065C (1750F -

1950[ er r | F) ; ntede onalstdchguethes tBE aboveodesenypddrasesteel, using anrgerbas¢done or nore

asses pro about .30 t 70 rce ct 0 n a
1I‘O irst tgrrp\élrgf?ﬁgi gr%ﬁ%d’é‘ lr?gﬁl\ﬁ&illal&ﬁ é\tﬁgtvgtbr()?’ggﬁg'c %'EN grqtmgzﬁea\f'mp'u&s M afove !
about the T[ effsk of about 0,3 BIMRE! RLWEE: 1.5 W/ARE(7.5QY/idcltb BBRIARS). SWRElinpbat e i n

one or nore passes providi ng about
15  this method provides a weldment having a tensile strength greater than about 900 MPa

¥ .
T T IS ey, preteaably gieater gadn abou 536 viPa (135 hes), 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
20  about -106°C (-160°F), and even more preferably below about -115°C (-175°F).

EXAMPLE 2

In another example of the method of the present invention, the GMAW
25  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
30  heatinput is in the range of about 0.3 kJ/mm to about 1.5 kJ/mm (7.6 kJ/inch to 38



40 percent to about 80 percent reduction in a second tenperature range

bel ow abd¥®@98/58758  t he Tnr tenperature and above about theP@F/YS98/12738
transformation tenperature, and finish rolling the steel plate in
one or nore passes to provide about 15 pé?cent to about 50 2 5 per cent
reduction in the intersritical tenperature range bel ow about the Arf[err]
transformati on tenperature and above about the Ar[err] transformation
tenperature. The hot rolled steel plate is then quenched at a

cool i ng r at ekJdhclatxmdta préi@apef abwet HICH(@12°F) 1s usdoThe 4@¢01 penadeamonsted]18F/ sec

- 72F/sec) to a suitable Quench Stop Tenperature . (,QST) preferably
bel ow about $U§B aw@rqbpw-@awggscr bise s Pé‘ﬁﬁéf‘&f&ﬂnébﬁﬁ?‘hg“?‘é% 3@3%@%1?88

WD 98/ 58758
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at whi ch ti menéitesn@HEMGERENG the ARLMDOTEMEY.(1 ThRsi} ipeetbrablyodreatessthah bisoved t 0
air cool to anbient tenperature after quenching is term nated. (See
A ossary 5f or 9Xe¥iPai(i 3 oksd), ofore preferabl¥[gegaidr th ph @l MPad 0 ki), And ever |
Ar[err], and err ransfornmati er r.es . LE

In a first RGHIHT }36‘? YR e%?%ﬁqﬁ?ém%%gﬁﬁt F%Wéﬂ?égmg%yﬁglsdﬁgtﬁﬂ%t al
arc | eV R a ' [od ° I mstry
conpri si ng"‘ﬁ%ﬂgkf?lgsﬁ aﬁ%II gﬁgﬁt% %ﬂ(;%]\%t%/é%ggb%ngqggguvgég%ﬁﬁv\? (%efrﬁﬁganese,
about 0. 32 wihusidePCar40°B)moraprefdraily Belowt fkoni AK6PC (-ABOTR), Shdddventnibre
chrom um about 0.56 wt % nol ybdgnun]7 J.ess t han about 110 ppm
phosphor ous, prafesrble belomabaubBdedC 607HBMh sul fur. The weld is nmade on a
steel, suych as the above-described base steel, using an argon-based
shielding gas with | ess than about 1 w % oxygen. The wel ding heat input is
in the EXAMBE, about 0.3 kJ/mmto about 1.5 kJ/mm (7.6 kJ/inch to
38 kJ/inch). I ng by 15 this nethod provides a wel dnent having a
tensile strength greater than about 900 MPa

% oxygen. Welding by this method provides a weldment ha\iigg a

In another example of the method of the present invention, the tungsten inert gas
welding (TIG) process is used to produce a weld metal chemistry containing iron and

15  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% 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

20  kJ/mm to about 1.5 kJ/mm (7.6 kJ/inch to 38 kJ/inch) and a preheat of about 100°C
(212°F) is used. The weld is made on a steel, such as the above-described base steel,
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

25  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).

30 Similar weld metal chemistries to those mentioned in the examples can be



(130 ksi), prentiably greater than about 500 MPa (135 ksi). nore

pref er ablwp ogsgak er t han about 965 MPa (1 40 ksi), a re
preferably at |east about 1000 MPa (145 ksi). Furt hg%/%%iéﬁé?%g by
this nethod provides a weld netal with apBTT bel ow about -73[err]C

(-100[err]F), preferably bel ow about -96[err]C (-140[err]F), nore
preferably below 20 about -106[err]C (-160[err]F), and even nore
preferably bel ow about - 115[err]C (-175[err]F). EXAMPLE 2

I n anot her exagg{l%e}n%%%ﬁ ??hen@ﬂ/ﬂ\qﬂc??fthe{’gﬁ %%r%&g%ntﬁmvehtgﬁe W 2 5

process is usé uce a we ne ry conprising iron and about
0.10 Whids Gad heRiphrided asaibyel Besurith asntatioaut aGnckd highly rdinedn, nore

preferably from about 0.07 to about 0.08 wt% carbon), about 1.60 W %
manganese, aipdurosticaBe fWatoths GMyBW, welds, and thisdmproves PoWATBRIreRE toughssst 0. 87
wt % chrom um about .0. 51 wt % nol ybdenum _1|ess.. .. than about 7
phosphorous, and | Etb%%rﬁseab%?rx’fﬁgl%ﬁ%nnéﬁf?@?‘? ‘rﬁ‘ﬁ%“%%afr"&‘f’ %g%“’ﬁe %epe%%at

i nput isdn RRAS, i RositurQerdtold A biner AB@Ykations nied/b8MAGE WAtedd i nch to
38 \%O 9@]@%&) ,19£ho% understo T ation rrlir}

PCT/ US98/ 1278&arting from the scope of the invention, which is set forth in the following clajigs.

kJ/inch) and a preheat of about 100[err]C (212[err]F) is ut?\ed The ldis
made on a st &b¢ welding methadefthisdnyentionpay be desdovithmannsieds etherdhan %i“ﬁ%‘an
argon- based shiel di ng.gas.,.w th.l ess._ : , Q | di ng
by this net hgléhﬁfrfﬂﬁq]gé gll%ftaer]rse%fsmﬁ%e\gihﬁﬁelgwc}?ggp lé)r\]ic}e}ﬁgo/{;t? %(é%gtg W Aé%eat er
than about 900, Mrao£}30 ksi), preferably greater than about 5 930 MPa
(135 ksi), nore pretérably greater than about 965 MPa (140 ksi), and even
nore preferably at | east about 1000 MPa (145 ksi). Further, welding by this

met hod provides a weld netal with a DBTT bel ow about -73[err]C
(-100[err]F), preferably bel ow about -96[err]C (-140[err]F), nore
pref erably bel ow-about -106[err]C (-160[err]F), and even nore
preferably bel ow about -1 15[err]C (-175[err]F). 10 EXAVMPLE 3

I n anot her exanple of the nethod of the present invention, the tungsten
i nert gas :



wel ding (TIG process is used to produce a weld netal chem stry contai ning
iron and WO 9s/abssut 0. 07 wt % carbon (preferably |ess than amus®Bn@mBswt %
carbon), about 1.80 w % manganese, about 0.20 wt % silicon, about 4.00
wt % ni ckel , about 0.5 wt % chrom um 2labout 0.40 wt % nol ybdenum about
0.02 wt % copper, about 0.02 wt % al um num about 0.010 wt% titani um
about 0.015 wt% Zr, |ess than about 50 ppm phosphorous, and | ess than
about 30 ppm sul fur. The welding heat input is in the range of about 0.3 2
0 kJ/)rmto about 1.5 kJ/mm (7.6 kg@@gg%{ dfeARs:kJ/ i nch) and a preheat of
about 100[err}C (212[err]F) is used. The weld is nade on a steel,
such as the above-descri bed base steel, usi ng an argon- based

shi el di ng gas, Withhess bort 1 Whedeam e AV GarR¥ormation of hi s

met hod provi ?iAéé a v{g dngﬁ?&ﬂ%%i ngga tensile strength greater than about 900
MPa (130 ksi), preferably greatastenhiato bhaator g8nieplyskemektic)is nore
preferably greater 25 t han about 965 MPa (140 ksi),. and even nore
preferabl§ at |east about 1000 MPa ( 149mpleted dpdns coolingi her, wel di ng by
this method provides a weld netal with a DBTT bel ow about -73[err]C
(-100[err]F), preferably bel ow about -96[err]C (-140[err]F), nore
preferably bedOuansformatigR@iperab@6[ er r |the (endfepdt@eral Whichansderiedrgimne

preferably bel ow about -115[err]C (-175[err]F). 3 0 . Simlar weld
metal chemistries to those nmentioned itransfoamds fempleahirisgromg; WO
98/ 58758

PCT/ US98/ 12738 - 20

made using ei r the GVAW or the Tl Gwel di n esses. However, the TIG
wel ds ar éganté(tc]épat ed to have |ower i m‘ﬁ fctei}%é&rrﬁ%ceéhct’ and a nore highly
refined m crostructure than the GVAW wel ds, and thus inproved | ow

t enper at ure toughness. Wil e the present invention has been
descri bed i n Glerpys(CGhiarppne or nore preferred 5 enmbodi nents, it should be

understood that other nodifications my be nmade_ wi t hout departing
fromthe scop&lgichi REsMEFENti on, whi chPf ENEEY: 1} 8%?1 of b:m{l?femlf’%ﬁufeéﬁ‘nppr?ﬁ
cl ai ns. The wel di ng method of ti}LghHyeRiihoV-ASYh BRcised W th many
steels other than the ultra- hi gh sltéleng%ﬂﬁ? | ow a%fcoy steel s
descri bedsherein, which are provided for the purpose of exanpl e
only. 10

Y _ cleavage toughness: the resistance of a steel to cleavage fracture,

which property (for example, without limitation)
can be measured using the CTOD test or can be
established using the DBTT from a group of

20 Charpy V-notch tests;

cooling rate: cooling rate at the center, or substantially at the

center, of the plate thickness;

25  cryogenic temperature: any temperature lower than about -40°C (-40°F);
CTOD: crack tip opening displacement;
CVN: Charpy V-notch;

30
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G ossary of terns: Ar[err] transformation tenperafﬁ?@.sgsjmﬁfshe
tenperature at which transformati on of

austenite to ferrite or to ferrite plus Cenentite is 5

conpl eted during cooling; Ar3 transformation tenperature: the
tenperature at which austenite begins to

transformtg ferrite dur}grril cool i ng;

.10 BCC: . .
body- cent er BB Iduyctile-to € Charpy {@ingalgy the two fraghyrgregimes i ghness:
the energy, ~.0. £l LardPul €s, e JolcTo R ¢ below th
breaki ng a &%F%@n\#ﬁl&e&u s)geci nmen; gi%&ﬁgléé (:’Iaeae\r/n Séa Etlrglsjgﬁrcl)gss?
the resistance of a steel to cl eavagPBTa¢iiliretends to occur by low energy
whi ch property (for exanple, wthout Iim'tati_on; .
can be neasured using the CTOD test ofeavags (péttle) fracture, while at temperatures
established using the DBTT froma gragu . .
Charpy 2 notch tests; cool i n%’d&g?%f DBTY, failure tends to ocour by Wghi i ng
rate at the center, or substantiallyegde} Bctile fracture;

center, of the plate thickness; 25 cryogeni c tenperature: any
tenperature | ower than about -40[err]C (-40[err]F);. . CTOD:
crack tip opelicaHi spl acenent ; a linear imperfection in a crystalline array of
atoms;
dislocation blockage: a phenomena whereby an obstacle (such as a
10 grain boundary or a precipitate) prevents or

hinders the movement of dislocations in a metal;

dislocation pileup: occurs when a plurality of dislocations that are
moving on the same, or nearly the same, slip
plane, run into an obstacle and stack up next to

15 ' Cuiir 1 W,

essentially: substantially 100 vol%;
fine-grained structure: means that the columnar grain size (width) is

preferably Iess than about 150 microns, and
more preferably less than about 100 microns;

20 that the prior austenite grain size is preferably
less than about 50 microns, more preferably less
than about 35 microns, and even more preferably
less than about 20 microns; and that the
martensite/bainite packet size is preferably less

25 than about 20 microns, more preferably less than
about 15 microns, and even more preferably less

than about 10 microns;



CVN: Charpy V-notch; 30 WD 98/ 58758
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DBTT (Ductile-to-Brittle delineates the two fracture regines in
Transition Tenperature): stru@Bural steels; at tenperatures

bel ow t he DBTT, failure tends to
occur by | ow energy cl eavage

(brittle) fracture, while at tenperatures 5
above the DBTT, failure tends to occur by high

energy ductile fracture; di sl ocati on: . a

| i near inperGAAMBN in a crystalline gasmptabprc welding;

at ons; di sl ocati on bl ockage: a phenonmena whereby an
obstacle (such as a 10 grain
boundary or [@glpitate) prevents Olopy size as determined by the line intercept

hi nders the %{)a@%%%%t of dislocations igﬁ 1a net al ; ydi sl ocat i orr)1 pi | eup:

occurs when a plurality of dislocatiomgethdiat are

noving on the sanme, or nearly the sane, slip

pl ane, run into an obstacle and stack up next to 15

[err] ssentially: g_ubst antially 100 vol %

fi ne-grained ‘uct ure: n@gﬁtéaffeﬁ%letd PR% col urmar grain size
(width) is preferably | ess than
about 150 m crons, and nor e

preferably | @asrctitica) tanymmdturt@dhgei cr ondron? algput the Ary transformation temperature to
that the prior austenite grain size is preferablg/ :

| ess tha¥0 about 50 microns, nore pref @PaHithe pagigansformation temperature on

t han about 35 microns, and even nore thlfh@gr.abl y

| ess than about 20 microns; and that the

martensite/ bainite packet size is preferably less 2 5

t han about 20 microns, nore preferably |ess than

about 15 ni cKgns, and even nore pref ercabral siressdntensity factor;

15 kI kilojoule;
kPa: thousands of pascals;
ksi: thousands of pounds per square inch;
20
low alloy steel: a steel containing iron and less than about 10 wt%

total alloy additives;

low heat input welding: welding with arc energies of preferably within
25 the range of about 0.3 kJ/mm to about 2.5
kJ/mm (7.6 k¥/inch to 63.5 kJ/inch), but more
preferably within the range of about 0.5 kJ/mm
to about 1.5 kI/mm (12.7 kJ/inch to 38 kJ/inch);
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t han about 10 mi crons; WD 98/ 58758

PCT/ US98/WQ 8888758 PCT/U8SS/12738

GVAW gas netal arc wel ding; grain

si ze: grain size 24 determ ned by the line intercept
5 met hod; HAZ:

heat - af fect ed zone; intercritical tenperature range: from about

the Ar[err] transformation tenperature to 10
about the Ar{,g/fdn Eﬁﬁ&flﬁélﬁﬁbﬁ O6ntER PRk 3utber &Mhon-metallic inclusions per unit

cool i ng; Klerr]: critical stress

I ntensity factor; 15 kJ: area, e.g., of the surface of a slice of th¢ WG}douI e:
kPa: thou ands %f sca i

t housands of pounds per square inch; m?@ created Iﬂg‘ﬁll%ef’ﬂ‘?/‘l ﬂ‘%@felarc’er

a steel containing iron and | ess than
total alloy additives; | ow hea@ﬁ%ﬁ%u&ii%%ﬁ?m diameter is preferably wel

with arccenergies of preferably withilessahabout 250 per mm?;
t he range of about 0.3 kJ/mmto about 2.5

di ng

maximum allowable flaw size: critical flaw length and depth;

microcrack: - the first instance of material separation at the
10 outset of cleavage fracture initiation;

microstrains: strains occurring on a sub-grain scale around a

single (or group of) discontinuity (or
discontinuities), which may include, for example,
15 an inclusion, a precipitate, or a small area of a

' BT second phase;

microvoid: a cavity occurring near a discontinuity in a steel

matrix such as an inclusion, a precipitate, or a

20 small area of a second phase;
MPa: millions of pascals;
M; transformation temperature: the temperature at which transformation of
25 austenite to martensite starts during cooling;
ppm: parts per million;
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kdJ/mm (7.6 kJ/inch to 63.5 kJ/inch), but nore

pr ef er abl YOWBS$ISH t he range of about 0.5 kJ/ mm PCT/US98/12738

to about 1.5 kJ/mm (12.7 kJ/inch to 38 kJ/inch); 30 WO 98/ 58758
PCT/ US98/ 12738 25 24

| ow non-netallic inclusion content: the nunber of non-netallic inclusions
per unit area, e.g., of the

surface of a slice of the weld

met al creat eghdyhihfi S i nvention, that asuised iradgetibing the present invention,

t han about 1000 nmin dianmeter is preferably 5 )
| ess than about 250 per nmjerr]; acceleppisd ¢APHMA LY 8Wapicans wherehyi oz Buid

critical flaw |l ength and depth; m crocrack: . .
the first instance of material separ afeil%cﬁed;f%’rﬁﬁ%ﬁ%y to increase the cooling

outset of cleavage fracture initiatiOfje ofthe steel iShSlRA! £sWpBSsed to air
strains occurring on a sub-grain scale around a

single (@ group of) discontinuity (otooling;

di scontinuities), which may include, for exanple, 15

an inclusion, a precipitate, or a small area of a

second phase, m crovol gham. : . cavity
occurring n eg};eréchdﬁtg%gmngaﬁr%ﬁré R?SnT)a S{hé:&lghest, or substantially the hqghegt,

matrix such as an inclusion, a preci pihifefatureire@hed althe surface of the plate,
smal| area of a second phase; '
after quenching 1s stopped, because of heat

10 transmitted from the mid-thickness of the plate;

slab: a piece of steel having any dimensions;

tensile strength: in tensile testing, the ratio of maximum load to
15 original cross-sectional area;

TIG welding: tungsten inert gas welding;

T, temperature: the temperature below which austenite does not
20 recrystallize;

USPTO: United States Patent and Trademark Office; and



MPa: mllions of pascals; Merr]
t r ansf or N0 98438158 nper at ur e: the tenperature at which trapéf@gmltzr;_f,kn of

25 austenite to nartensite starts
during cooling; ppm 26 parts per
mllion; 30 WD 98/ 58758

PCT/ US98/ 12738 25

guenchi ng: as used in describing the present

i nvention, accel erated cooling by

any neans whereby a fluid

sel ected for wddmemndency to increase at\hddecbj@ﬁﬂtnigcluding (1) the weld metal, (ii)
rate of the steel is utilized, as opposed to air

cool i ng; Quench Stop Tenper at thehgapgaffpeted FCPR? (Fi‘ghleand (iig) the base
substantially the highest,

tenperature reached at the surface of F
after quemching is stopped, because of ohﬂﬁioftﬁ@basemetal that is considered
transmtted fromthe md-thickness of the pl at e; sl ab:

a piece of steel having any di nensi onsyithin the “neart\aaigity’eofsthe &lAjt, land

intensile testing, the ratio of maxinymiloadto 5h 1d .
original cross-sectional area; eretore, a part ot the weldment, varies

(ﬁcal in thet “near vicinity” of the HAZ. The

depending on factors known to those skilled in
the art, for example, without limitation, the

10 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.

15



TI G wel di ng: tungsten inert gas wel ding; Tnr

t enper at LWe:98/58758 t he tenperature bel ow whi chpadgisefitss does
not 20 recrystallize;
lCJISFTQ ; ”mH,#H“HHﬁH”“" Uni t edd7 St at es Patent and Trademark

I ce; an
PCT/ US98/ 12738 * 6 L oM s o ’ 26
wel dnent : a welded joint, including: (i) the weld
net al , (")IC t he heat-affected
zone (HAZ) |||) t he base

netal in the "'near vicinity" of the HAZ. The 5
portion of the base netal that is considered
within the "near ximethod yfwelﬂirtgfmbdsﬁﬁ;etait&dprodmeaweldment having a tensile

therefore, a part of the weldnent, vari
dependi ng on factﬁf@g%\ﬁﬁe’t a’?ﬁ%’é%QMR?e@mﬂfS‘) said method comprising the

the art, for exa fWlthout l[imtation, the 10
width of X he weld P the size of the itemthat
was wel ded, the nunber of wel dments required

to fabricate the item and the distance between o
wel dnent s. 15 (i) welding using a gas shielded welding process, an argon-based shielding gas,

and a welding consumable wire that produces a weld metal that comprises iron
and the following alloying elements:
10 about 0.06 wt% to about 0.10 wt% carbon;
about 1.60 wt% to about 2.05 wt% manganese,
about 0.20 wt% to about 0.32 wt% silicon,
about 1.87 wt% to about 6.00 wt% nickel;
about 0.30 wt% to about 0.87 wt% chromium; and

15 about 0.40 wt% to about 0.56 wt% molybdenum.

2. The method of claim 1 wherein said weld metal further comprises at least one
additive selected from the group consisting of 0 wt% to about 0.30 wt%
copper, 0 wt% to about 0.020 wt% aluminum; 0 wt% to about 0.015 wt%

20 zirconium, and 0 wt% to about 0.010 wt% titanium.

3. The method of claim 1, wherein low heat input welding is used in said gas

shielded welding process.

25 4 The method of claim 3, wherein said low heat input welding is done at an arc
energy within the range of 0.5 kJ/mm to abonut 1.5 kJ/mm (12.7 kJ/inch to 38
kJ/inch).
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WD 98/ 58758 27 I
daim WO 98/58758 A method of welding a base netal, said neth

conpri si ng thesst ep of: 5 (i) welding using a 55§m§ﬂ’f@7¥ed
wel di ng process, an argon-based shi el di ngggas, and a wel di ng

consu uce: (a) a weld nmetal with a
ducti | Blml m[] q si tion tenperature of | ower t han
about c(- ersr and having a fine-grained body centered 10

cubi c crystal structure of at |east about 50 vol une percent

auto-tenpered lath martensite and | ess than about 250 non-netallic

I ncl usi ons | arger T%@%tﬁ&f%&fcla%@op wﬁl@}éu{'szﬁ? gsrge&ﬁad&%emﬂgeﬁras&ess AsGRRawUr ed
on a surface of a’'slice of sai d conprising iron and the
follow ng all oyi ngn@lszﬁdmﬂdsmet‘thompnses xron and about 0@ owtts Carbén,\ab&ttt H0About
0.10 W % car bon; bout 60 wt%to/ab,ot 2. 05 wt %
nmanganese; wt% manganese, abogih §3¢ VG/QBIIWW@?tht?@LJ‘t’t el 0143 on:;

about 1.87 Wt %to 6. 00 : ' 0.30 W %
to about .87 ?mt%"%%ogﬁ? ﬁ%‘{;%& K8 molybdemum, less g’%‘%&?mﬁ.l){g%&#ﬁmo about

0.56 wt % ol ybdem;bﬁbs;ﬁaeﬁbus and less than about ?vpppm sulfly) a wel dment having a
tensile strength greater than about 900 a (130 ksi).

2 5 2. The nethod of claim1 wherein said weld nmetal further conprises
at | east one i.tiyve sel ect. d fro rou consisting of O
W% to about 0. 30T\n@%ethodoafdc aim 5, whe E;:b:béarl g@s W%?[ﬂwgl eéﬁg(fﬂn%g

al um num 0 wt %t WiRn ¥ Pange of about 0.3 kIAkth ORI sfwtn{% goto
Sbout 0010 wt o6 t £ AR derdl Hrin ¥ Hange of abou o

PCT/ US98/ 32738 - kJ/indhBo 38/k38rch

28 3. The met hod of claim 1, wherein said gas shiel ded wel di ng
process i s done

7. The method of claim 5, wherein said weld metal has a DBTT below about
-73°C (-100°F).

15 8. The method of claim 1, wherein said gas shielded welding process is GMAW,
and eaid weld meta? ¢ vr.-*'xpri':e'-'_"v'r‘-n and 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, less than about
100 ppm sulfur, and less than about 0.10 carbon.
20
9. The method of claim 8, wherein said gas shielded welding process‘is done

with an argon-based shielding gas with less than about 1 wt% oxygen.

10. The method of claim 8, wherein said gas shielded welding process is done at
25 an arc energy within the range of about 0.3 kJ/mm to about 1.5 kJ/mm (7.6
kJ/inch to 38 kJ/inch).

11. The method of claim 8, wherein said weld metal has a DBTT below about
-73°C (-100°F).
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with a heat input |,M"HU’”&“HH i”HLS kJ/mmto about 1.5 U mm (12.7 k/inch
to 38 kJ/WaosF8758 ¢y e ¥et hod of claim 1, wher epoTABHSI1IGSS
shi el ded wel di ng process is gas netal arc welding, and said
wel d netal conprises iron and about 0.072% % car bon, about

2. 05 wt % manganese, about 0.32 wt % silicon, about 2.20 wt % ni ckel,

about 0.45 wt % chrom um about 0.56 w % nol ybdenum | ess than about 110
ppm phosphorous, and | ess than about 50 ppm sul fur. 10 5. The

met hod of clgi m 4TheheRidDIekid 19ase2hi elidiges sdldédweldingaessess 5 TiG)and
with a heat input in the range of about 0.3 kJ/nmmto about 1.5 kJ/mm (7.6
kd/inch to 38 kJ/satweld metabcompises iroraed aauidefOovt% mengsnese.ghevted]-#0 sai d

hi el ded | di i ., met.al 0 : | di d
g2 Sl e o s B A BIRL  s cno g5 20
about 0.25 W % si %‘?f(}f\l?\%lé;ﬁ@é?\ﬂh I & oo 1%k ehsiler, ABALG.0P w8%, aMubfnum, about

chrom um about O. nol ybdenum | ess t'han about 75 ppm
phosphor aus, | essgpharytemahiui)@bap i GIwids zireomgurhdsss thiraabaabs0pPp® 10 wt % 2
0 .

car bon. 7. The net hod of. claim 6, wherei aid gas
shi el ded wel di ng phespberoup.desgdhan about 30 ppm sulfuwe%wa#hap gﬁ%@tﬁgﬂg@‘e{t 2hi el di ng

gas with less than gbout 1 w % oxygen. 25 8. The nmethod of claim6,
wherein said gas §ff &ded wel di ng process is done with a heat
input in the range of about 0.3 kJ/mm to about 1.5 kJ/mm (7.6

kJ/inch to 38 kJ/inch). . WD 98/58758 ) 9.
The nethod of3.cl alie nethuderfalaimsid), whersin said gasosbieldes weldipgmrersssis doge

t ungst en , : inert gas | di and sai

conpri sé i ron an¥ iRt mpgbm\,{F% ande of 5u8b 3t a%ﬂlgnl\é\giﬁggngtgéout 0.20

wt 9% si | i con, abouw%,cgwq%%nﬁ%cg&%d a BRAE PaBoti%oeC (212°F).

chrom um about O. enum "~ about 0. 30 wt % copper, about 0.02
5 wt % al um num about 0.0 10 WMt % titanium about 0.015 wt %
| ess

fhan about 304 ppniTbaKtathod efeimegs whkgi st weld metal has 4 DB ey Shows 57 e o
carbon. -73°C (-100°F).
15
15. ‘ _Ihe method !of Elaim 1, wherein said weld met_al has a microstructure

comprising a fine-grained BCC crystal structure dominated by auto-tempered

lath martensite and a low non-metallic inclusion content.
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10. The nethod of claim9, wherein said gas shiel ded wel ding process is

done 10 woo9s;sg7ss With a heat input in the range of about fgy llgygto
about 1.5 kJ/mm (7.6 kJ/inch to 38 kJ/inc

preh ut 100 err] C (212[err]F). 139 11. A wel dn'ent
pr odﬁ!&mmﬂmﬂ t least 2 edges of a base netal using a gas
shle ess, an argon-based shielding gas, and a wel ding
consumabl e wire, wherein said weldnent has a tensile strength
of at | east about 900 MPa (130 ksi), and conpri ses:
(1) a weld nmetal with a ductile-to-brittle transition tenperature of
| ower 16. A weldment having a tehIR s tiRBeMlof 2 BhQrabb&E 0004 er3vlis)) and
having a fine-grai ned body centered 20 cubi c
crystal struct urepofduatd bewsidingns laasthedgss ofre bp@rmetntusmg a gas shielded

auto-tenpered | ath rtensite and | ess th about n- net al | .
i ncl usi ons | ar ger M4 BIGE: %%O%MSF%%%QW&%F aﬁé 8p CphsiRe lb?e wire

neasur ed on a sur%%ﬁgg?@%1®%t%T g wel d netal, and further

conprising iron an 'owm ng alToylng el enments: 25

about 0.06 wit% to about 0.10 wt % carbon; about

1.60 wt % to about 2.05 wt % nanganese; about 0. 20
W% to about O. 32(1\)\,t%§|wq1<§;gl,qt that comprises iron and the following allaﬁg{gtelqngrﬁsvw%to

about 4. 00 wt % ni ckel ; o o about 0.30 wt% to about
0.87 wt % chrom um and about 0.06 ‘@t/bto about 0.10 wt% carborl about 0.40 Wt % to about

0.56 w % ol ybdenum  about 1.60 Wi, RB4b28¢ 285 wt% manganese; o _
30 (ii) a heat affected zone; and (iii) portions

of said Iase netal in @h@ltr@e?é)rwt%mahouyoaﬂwt%esmm 5 12. The wel dnment
of claim 11 wherein sai I fur r| ses at | east

one additive sel ected Fg‘b"rﬁ tg% r&ﬁ?%‘%@ﬁé‘u& 50 wt % to about 0.30 wt %
~copper, 0 wt%to about ,0,03%0M%% & HTLPYRY wQ‘VV\Eh{%xﬁm?-ba%t 0.015 wt %
zirconium and 0 wt%to about 0.010 W9 titani um

about 0.40 wt% to about 0.56 wt% molybdenum;
© 15 (i1) a heat affected zone; and
(i11))  portions of said base metal in the near vicinity of the HAZ.
17.  The weldment of claim 16 wherein said weld metal further comprises at least
20 one additive selected from the group consisting of 0 wt% to about 0.30 wt%

copper, 0 wt% to about 0.020 wt% aluminum; 0 wt% to about 0.015 wt%

zirconium, and 0 wt% to about 0.010 wt% titanium.
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