WD 2009/ 078907PCT/ US2008/ 013106 - 1 - H GH STRENGTH NI CKEL ALLOY WELDS
THROUGH PRECI PI TATI ON HARDENI NG FIELD [1] The present disclosure relates
gener al | ywoaoadgsdorel d of wel di ng of steel structures amrdTase@snedde. More
specifically, the present disclosure réefates to welding of steel structures
and conponents with nickel based weld netals that undergo precipitation

har deni ng to achi eve hi gh performance joints. BACKGROUND OF THE | NVENTI ON
[2] For conveni ence, VHIGBLUSTRENGTE NECKEILAEd OW WHISDSpeci fication are

defined in the G ossar yrt OUGAFPRECMTAFGRARKKBENNG (3] CPA

Corrosi on resistant al Foys. Specially tornulfated naterial used for

conpl etion conponents likely to present corrosion problens.
Corrosion-resistant alloys nmay be formul ated for a wi de range of aggressive
condi ti onEIELD4] HAZ: Heat - affected-zone. [5] Heat-affected-zone: Base
nmetal that is adjacent to the weld line and that was affected by the heat
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fracture pwRldingosf5eel SRhcturddhhé c%in}fﬁifeﬁ{s Ratht ficke! Babed @%ld metals that

undergo precipitation hardening to achieve high performance joints.

BACKGROUND OF THE INVENTION

[002] For convenience, various welding terms used in this specification are

defined in the Glossary of Terms below.

GLOSSARY OF TERMS

[003] CRA: Corrosion resistant alloys. A specially formulated material used
for completion components likely to present corrosion problems. Corrosion-

resistant alloys may be formulated for a wide range of aggressive conditions.
[004] HAZ: Heat-affected-zone.

[005] Heat-affected-zon'e: Base metal that is adjacent to the weld line and
that was affected by the heat of welding.

[006] Toughness: Resistance to fracture initiation.
[007] Fatigue: Resistance to fracture under cyclic loading.

[008] Fretting fatigue: Fretting involves contact between surfaces
undergoing small cyclic relative tangential motion. Fretting fatigue resistance is

resistance to fracture in a notched metal parts or metal parts with holes.



WO 2009/ 078907PCT/ US2008/ 013106 [009] Yield Strength: Ability to bear |oad
w t hout deformation. 1010]FS:. Friction stir. [11] FSW Friction stir
wel di ng. wpkajy/Fsdocti on Stir Wel di ng: solid state joi RCmgISPE0SOEXS6 f Or
creating a wel ded joint between two work pieces in which the heat for
joining the netal work pieces is generated by plunging a rotating pin of a
tool between the work pieces. [13] FSP: Friction stir processing. [14]
Friction ?)09] pr o¥iddiStgengthe Abilitpdo btapload esishag defidrmativti.t i oni ng t he
surface of a structure by pressing a FSWtool against the surface by
partially plunging a pin into the structure. [15] Weld joint: A welded
joint incl[@0]ng tHF8: futidnastirt her mo- mechani cally altered metal and the base
metal in the "near vicinity" of, but beyond the fused nmetal. The portion of
the base netal that is considered within the "near vicinity" of the fused
met al var {@&klldepeRh8Wig Feistipastis veldidgan to those in the welding art. [16]
Wel dnent: An assenbly of conponent parts joined by welding. [17] '
Wel dabi lity: The feasibility._of weldin particul ar netal alloy. A
nunber of [%e?dt or SITE‘Ff'QBt gQ%!EI slding: | /’r%é’fléd?fﬁtf HB%%PF‘SE“%&E’T &E%a?%gnf‘sh,
heat-treatin | t ' : . 0 (oIS TRVE-13 : nmet er
used o adss FOMEREHFRer Bp 9P piftes noihidE RO REA e R 0 ARt
CE=C+M 16 Gferk Niddes/ ﬁé’ééﬂef@éﬂ/@plﬂ?%ﬁﬁg al fotatitid PirRbE al oolMbetRteP i wrk WO
2009/ 078907PCT/ US20087 013106

pieces.

[013] FSP: Friction stir processing.

[014] Friction stir processing: The method of processing and conditioning
the surface of a structure by pressing a FSW tool against the surface by partially

plunging a pin into the structure.

[015] Weld joint: A welded joint including the fused or
thermo-mechanically altered metal and the base metal in the “near vicinity” of]
but beyond the fused metal. The portion of the base metal that is considered
within the “near vicinity” of the fused metal varies depending on factors known to

those in the welding art.
[016] Weldment: An assembly of component parts joined by welding.

[017] Weldability: The feasibility of welding a particular metal or alloy. A
number of factors affect weldability including chemistry, surface finish, heat-

treating tendencies and the like.

[018] Carbon equivalent: A parameter used to define weldability of steels
and expressed by the formula CE=C+Mn/6+(Cr+Mo+V)/5+(Ni+Cu)/15 where all

units are in weight percent.



[ 19] Hydrogen cracking: Cracking that occurs in the weld subsequent to

wel ding. [20] TMAZ: Therno-nechanically affected zone. [21]

Ther no- rewbanésoaBdoy af f ect ed zone: Regi gn of the joint Phatush@s/oexperi enced
both tenperature cycling and plastic deformation. [22] TMAZ-HZ: The
hardest region in a weldnment. [23] LNG Liquefied natural gas. Gas, mainly
nmet hane, |iquefied under atnospheric pressure and | ow tenperature. [24]
CNG Conp{@jed nHydregerp@sackiaigtir Gradkisg ithathogiurp i she veeld wubseguent to
containers that is highly conpressed (though not to the point of

| i quef act welding. [ 25] PLNG Pressurized |liquefied natural gas. Gas, mainly
nmet hane, |iquefied under noderate pressure and | ow tenperature (higher

t enper at ur et han . 26] SCR  Stee|, catenary riser. A deepwater steel
riser susp®ed itm@n W&?Qﬂlcﬁhﬁ f;c %agofn@rm and connect ed

horizontally on the seabed. [27] TTR Top tension riser. A riser on _
ffsh ' i ich i I i i t i.nt ai .

mari ne. i I perRemarmaehapicaty' AreFapohs:c RER PE (BY ToisB AT ) "
desi d oy : j 29] Dupl ex: Steel
esi gne Eﬁg}#ﬁ%&ﬁeh%‘ﬁtﬁ%ﬁﬁéﬁhﬁ_@}?’gg ggﬁg%mrw&aﬁh%a [29] Dupl ex: Stee

consi sting wo phases,  speci enite and ferrite. [30] Trees:
The assenbly of val ves, pipes, and fittings used to control the flow of oil

and gas fyemja werMAZVBZ20PR¢ RARRAT RTIONRZAMW8MAN6 [31] BOP: Bl ow Cut

Preventer. The equi pnent installed at the well head to control pressures in
t he annul ar space between the casing and drill pipe or tubing during
drilling, [@28]pl etLNG: dbiduefied mataral gsr aGasnmainly methane, liquefied under

atmospheric pressure and low temperature.

[024] CNG: Compressed natural gas. Natural gas in high-pressure surface

containers that is highly compressed (though not to the point of liquefaction).

[025] PLNG: Pressurized liquefied natural gas. Gas, mainly methane,
liquefied under moderate pressure and low temperature (higher temperature than

LNG).

[026] SCR: Steel catenary riser. A deepwater steel riser suspended in a

single catenary from a platform and connected horizontally on the seabed.

[027] TTR: Top tension riser. A riser on offshore oil rigs which is placed in
tension to maintain even pressure on marine riser pipe.
[028] Invar: An alloy of iron and nickel specifically designed to have low

coefficient of thermal expansion.

[029] Duplex: Steel consisting of two phases, specifically austenite and

ferrite.

[030] Trees: The assembly of valves, pipes, and fittings used to control the

flow of oil and gas from a well.



[32] OCTG QG| Country Tubular Goods. A term applied to casing, tubing,

pl ai n-end casing liners, pup joints, couplings, connectors and pl ai n-end
drill pi p&®0 2049383%90%em - submer si bl es: l\/bQi le drilling pl&Cfrarsaeosiotdioé | oat s
or pontoons subnerged to give stability while operating. Used in deeper
waters down to 360 neters or nore. Kept in position by anchors or dynamc
positioning. [34] Jack-up rigs: Mbile drilling platformwth retractable
| egs used[d31]shal BOP:wBlewOuteBevehres. 10 cpiipmentismlled #%he Weltheadnsi on
Leg Platform A floating offshore structure held in position by a nunber of
t ensi on- maontrel plessures i ske amewlar spacecbeswspn dhe cayng and4rkd Pipg o tehingon to
keep pl atform stat.ionary., .[36 - Deep Draft Caisson Vessel. Deep draft
sur f ace pfiBPBgrﬁ%ﬂEQgi‘PﬂiéPlef‘bBe;W]SQf’S?,gpﬁﬁﬁPp%ul arly well adapted to
deepwat er, which accommodates drilling, top tensioned risers and dry
conpletio [ 37 | A : [+ 0 f | bl . J ed

f oundat i oMpporh"ﬁg&g Q@%%‘ﬁﬂ%ﬁpuggﬁoﬂ& ‘%?ﬁ“&f‘ﬁﬁf‘g% E?sglggfcttﬂpgiré’
oper at i oNg,iPRs J Thifts 90 dPIRRRL comicRicts afafplgintémngriRpipd.or ces,
and are t |loa|lca P?aﬁgl dlg?ezg’\?\i/é@ejrbu?i%gﬁﬁsﬂl??r%bfélg froml, 300 to 3,000 feet
(450 to 900 m. [38] FPSG Floating Production Storage and O fl oadi ng

vessel . A[@g38]ver { SémPsubitféreibléssi Nlobile drisheg platfornatvith floap oy pdntoons
process oil and gas and for tenporary storage of the oil prior to

t r ansshi prebmerggd3©)] givsGtatilityawihily chevating ddnfdesper maters sioayn tn360
floating storage device, usually for oil, co nly used where it is not
possi bl e BFCLEHSFArdN@LR: Clgﬁptl Yoy alatet] gléﬁPFli*@stoé%“éﬁBPé{ 10RIE- br oduct i on
platformw || transfer the oil to the FSO where it will be stored until a

bt ar -t OFET < FadieHB gt on M1 ot pRarRE Wit rotpaciile 5B 088 din
of the st Eﬁgﬁ&\{'%fw&% gld-()‘lrﬂkte%é%ﬂ.cal s: An assenbly of hydraulic
ch can al so |nciu

hoses whi e electrical” cables or optic fibers, used to
control a subsea structure or ROV froma platformor a vessel. [42] Tender

vessel s: fo3s|ppor TLRPPFehsidt LegOPldtfsrii A Neasan effshosndtravtupt ilrdd tin and
fromfacilities close to shore. ~ [43] Precipitation hardening: Techni que

used to siositignhen anmithbebbf tensier-imistaiting cabldseanchorethtmgeabedn Sableg
solubility with tenperature torgroduce fine particles of a second phase,

whi ch i np&aBIPERSVAR/GHM todseep; RIpderm SBHIONaEY. defects in a crystal's
| attice. Since dislocations are often the dom nant carriers of plasticity,

this serv o0 h he.mateti al .~ Al so referred\to e rdeni ng.
Pr eci pi taﬁﬁ%‘h ha?ﬁgﬁ?}{é ﬁ?ﬁ?ﬂ:jﬁﬁaﬁ i%?ﬁ%‘eépeésﬂmﬁ) ‘E%?ﬁ?@ﬁ%‘“g“r%eagﬁﬁgg§t | ow
t enper at ur.ey; LLi tat L I efdIPl AdRsd  Fpwaw, t8d USRIREhi N
this di sclcglsl%}g%{ agpgci(gi ?]a‘%a?%ﬂgaf?gﬁgbé’gﬂg g%ées notPQi ncl ude ?Vﬁ%at treat nent
or agi ng stepmmvdatescdrilling] toptensiotied pisdrscaml drygcompletions. t he as-wel ded
condition. [44] X65: A line pipe steel with a yield strength of 65 Ksi
(65,000 psi). . .

[037] Compliant towers: Narrow, flexible towers and a piled foundation

supporting a conventional deck for drilling and production operations. Designed

to sustain significant lateral deflections and forces, and are typically used in water

depths ranging from 1,500 to 3,000 feet (450 to 900 m).

[038] FPSO: Floating Production Storage and Offloading vessel. A
converted or custom-built ship-shaped floater, employed to process oil and gas

and for temporary storage of the oil prior to transshipment.

[039] FSO: Floating Storage and Offloading vessel. A floating storage

device, usually for oil, commonly used where it is not possible or efficient to lay a



[ 45] El ectron beam wel ding (EBW: A wel ding process in which a beam of

hi gh-velocity electrons is applied to the naterials being joined. The

wor kpi ecesormei%o7s®7t he ki netic energy Qg_the el ectrons iPSTIUSaksfooFned i nt o
heat upon inpact, and the filler netal, if used, also nelts to form part of
the weld. Pressure is not applied, and a shielding gas is not used, though
the welding is often done in conditions of a vacuumto prevent dispersion
of the el pifje-hine bedhe shvye. 20he/ frodoTGCPldvER D 8vill itddider] the6dil aeethe FE8n

wel ding (LBW: A welding process used to join nmultiple pieces of_netal
through t Mhereit will be s@g@c? unttha tankerapi vesi andscannestsderthe S8y tnetloatiitr ce,
allowi ng for narrow, deep welds and high welding rates. LONG FELT NEED
[47] Most el structure re welded with steel (also referred to as
ferrous- b&‘i‘&‘ﬁ, or’i‘ﬂl ﬁ“ﬁa?@%ﬁ%ﬁg‘ﬁéttﬁn%?e%@@téﬁ E@orv%ﬂd’étlagé’l@@aﬂ’é?al ly
iron with t1 Q. Q 2 to 3 wt% of other alloying

el enent s, a@%%da% eéﬁ},?ﬁoﬁi’tf?@ %Hgélggbn%eﬁgti ons thereof The toughness and
residual stresses that are developed in these ferrous wel ds/wel dnents are
the resul ?491‘] conphfBilicRise’ aGt hsRMMY dfMBydhaRE Hoses vilich anbAss iféipak. the
type of d netal, and the thermal CTycles associated with the wel ding
process. Eleetrmie foablsroreoptic fibets, wedditdcaitrelat sutsea (serugturt @adR O¥afronga
ability, fatigue, environnental cracking) is controlled by the properties
of the weplptErnsor givess€l.consi st of the weld and the heat affected zone
(HAZ) . Although the properties of the weld can be controlled by the design

of the weld tal_chemstry, the joint perforgance is di.ctated by a cqnpl ex
Unteract | 8043t woTANGSE Fesssls i HHPROFURHRALY S0P ARt RGN IRSSHGREN and.

Hi storical] y.q: t_ st re |.0i ned by fusion welding using

i ron- baseaugﬁlf%qﬁeat@lésﬁﬁ%tgﬁgﬁsﬂg% tr%esgls(,)(%ér)is for the use of iron-base welds
have been their low cost, the ability to match the strength of the base
metal threygd) al | pyldigi in}e ' Qusbd ddS sr¥ngthbf Shafibatigugh
deficiencies’in \/\gﬁﬁngﬁ?ﬁpﬂt gé?letyln oruﬁrricrllf;/lﬂ}ﬂaé;d?based st?%tct ur aIa

appl i cat i engerials that aslicsnonddaades v culil sohiitice dvitle demngeratyre tuptoduce
approach is not practical or econom cal for offshore and deepwater

st r uct ur efingrparticles mfonserongephase, whieh impede the mavement wifrdislogatdens, jar i s
necessary t nhance t he . dmept int.egrity so that they are not Iimtdng
the int egpF?ef?%*n # 8y %&%me& g*ﬂ?g cilgllg’ﬁ?tﬁé’so‘l‘ren?:ﬁg} h&a&?@‘%‘é r?ag%erﬁio;fefs
and tubes ia%tifcﬁgnhﬁk @gHe@% AftieR the r9AEriaNd AJGP TORIER 10/ hge %thefn*ﬁ?g.' I ke
is Iargely pertofr med by conventl ona? arc or fusion welding of stee

st ruct ur epr&dipii e Nedrtieninigt bypibsise iaookest a ohedt treamentbas eapingl at dewal s.
Arc or fusion welding typically involves the nelting of a steel weld mnetal
t o creat eterhpetatinet tg dacilitage oformationeof puecipiatesne @erpas tesed] oudhisuch
ferrous-based netal joints typically have acceptabl e properties,. however

i mpr oven‘e%ﬂ% Pt RIERIPIRLION g dggy nPWc"@Equet *}/P‘S‘?t "F??gg\f&@% QRABINEMER-d
further i [ f C I i

struct ureﬁ@é%@ﬁen‘%gg@?&ﬁ%ﬁh@é@ogeé@g&nﬁ%,‘L?ﬁgg\gﬁh?ﬁg&ﬁs’teeI pi pes for
of fshore pipelines with ferrous-based wel dnents, there is the probl em of
bendi ng sggﬁﬁses Xigat A 9l pipe steMWitiea GRIPS@ESSNRIMGS KAN@TNOEHSi)! he stern
of the laybarge. In addition, conventiohal ferrous-based fusion wel ded
joints suffer fromother attributes which degrade the nmechanical integrity
of the joi[o45] ExElgdtesn deafi el @Wﬁ A weldingipreceésssindvhichsd beas,
hydrogen cracking, |ack of fusion defects and | ow toughness. 10501Ni ckel

al | oy wel @f bighoveloeity otlectronneis pplisdetasthe meatgrinls deing nHioinedst r dbgt h

steels (e.g. X-65 steel pipe). to yield s rior fatigue strength of.the

wel dment . "?ka”r?é‘fg% r?%? ﬁ‘tsst,het gelie Sngrey Pgﬁg? ﬁ??ﬂtrot%egl “@Qﬁféfmg‘%én%ﬂ PB@I}
(about 70 h) il r Vi S ng&%% -85 5
Ksi) to bélﬁ\(j\’/{e}llgﬁé%fcg’mﬁ?%@%?ﬂ%gdég@’oirte%%db%@mt c gtg f:cgﬁ}j?taﬁ o%i.shfigﬁgveg(?i mary
origin of Prédsard 3¢ novapplic@ngad aeélhenﬁﬁgm%ats i9fndthesedpithdugh itlse swdldioig ishe
superior fatigue properties of the Inconel 625 nickel alloy welds. However,
when wel diofigniianedn condigimgtshofsa eaduupi pepravenydisgesion pEdie elegtren beamy engt h
of 80 Ksi (551.6 Ivffla)), Inconel 625 does not provide for an overmatched
condition. Hence there is a need for novel weld netal conpositions and

met hods of form ng such conpositions that provide for higher yield strength
than the weld metal conpositions currently known in the art in order to
provi de inproved properties to the weldnent. Mre particularly, there is a
need for higher strength nickel alloy weld netal conpositions for use in
joining high strength ferrous and non-ferrous substrates to provide an
over mat ched condition and an inprovenent in weldnent fatigue properties and
performance w t hout heat treatnent.



SUMVARY [51] Broadly stated, the present disclosure provides the use of
wel d netals that are nade of nickel based alloys in which the strengthening
cones fr owoxomvoe®7ot her t han carbon tQ6i_nprove wel dnentPCprusp@sioiase and
performance in joining steel conponents and structures. Mre particularly,
the i nproved wel dnent properties are achi eved through the use of nickel
based conpositions that undergo precipitation hardeni ng during wel dnent

cool i ng t §046}pr ovEaseropearhiveelding LBAN} A weddipgrirocedsarsed gpljoinamittiplen
joining high strength structures. [52] In one formof the present

di scl osur 816cgs pf sgtalireneh theawieaefed lasene  BadsamcRroyidesi heonaepgatsd heate
segnents of ferrous. or.non-ferrpus ¢ gnent a fiision welds, friction
stir wel d§OU&FPe Q%ngfé’éf?]amvﬁs‘f,%e%%@agsﬁﬁfg{k}”&@“%Fatﬁs-conbi nation ther eof
bondi ng adj acent segnents of the conmponents together, wherein the welds
conprise a precipitation hardened nickel based alloy weld netal conposition
i ncl udi ngIL@NGLEELTNSEED equal to 1.4 wt % of alum num and titanium

conbi ned based on the total weight of the nickel based alloy weld netal
conposition. [53] In another formof the present disclosure is provided an
advant age (@d7]met hivbbsbfsteeli stmgtures ane meldedrewith steelicfalsce srefamgd i toi rag:

providing two or nore segnents _of ferrouys qr non-ferrous conponents, and
fusi on welferrens-baseds of drpnsbased)aveld metals.c dihese strel W elds dire generallyy irgRam

wel di ng, or..a cony natpon_Lhereo . &C & he

t oget her, Wb?%‘?ﬂ'ﬂé"%@lcﬁ%bo ?’H}chlggb? %rn’te&ﬁﬁ? Eg?#lgeﬁ%alg&%ggﬂgeﬁ%ggﬁ%%gased
al oy wel ds mgh ali, CUTBAS chirbindiGsUlROIER B Ad RS1Na] §eshed thht %0

al um num and t’i tani um conbi ned based on the toTal weight of the

pr eci pi t aaterdevelopededn nheke! febans dwaldstweldmhehtseare! thomesult t oHrcomplez] | n
still another formof the present disclosure is provided an advantageous
met hod f ointgeactions ofvibe propevtiest @ thsybassy stgeh-the type 9icwsldometals andghe

B nt enatheaI Dl oSl mif i RIReCProg S0 R, RO G S O 2t
i _ _ 5 bt df i bate
Sti v ol GrOeeE SUBbnRLe(Fl, RORP el e ARy RGNS, i RiEhaY Bk on

t her eof ugeafroded byt igrypéerties ftht iveeldntn, fwltich wnsBu oWt dveldtanld the
conpositions; correlati ng the weld conditions and weld netal conpositions

to the wehdatpaffensed zens (H\ %)kt Althougk the propssties of s weldaan be aoateligdse
that will duce, | d havj ng. the pr. . t .of £ t
sUtted t obYHBeidep AR B Ere BB GG R ESTRABISE b i BLeLSY B
ding. Fricei it . | .
or & combehubibt Midablioh Beflth pReATEICHCR Wi oM ina e Reld BRTARLE "0
struct ur e Hivloeicaily, st Rkl saatRires 8 fiRéE byPlusitin Rldiag dengd irdnchd®ledbased

alloy weld metal conposition including greater than or equal to 1.4 wt%
al um num avedd ma¢talsi URhe pribiargdeasons1for the 86 of dtonkbasei welds dewe heenttheirt ot al

wei ght of the precipjtation haydened ni ckel based all wel d t al

conposi ti &MV o8k t%élaﬂltﬁ to HEat?F‘éﬁ?i Sg’?P%‘i‘g‘?ﬁthGﬁ’aﬁﬁén%fégopgh {j‘ﬁgﬁ’c”&’ afdan or
equal to . o 1T, and other fornms of the novel precipitation
har dened %?g g%‘{grplgsﬁdeigﬁ%?nc Ef&based all oy wel d conpositions, nethods of

wel ding with such conpositions, and applications of such conpositions in

oi | and g3g4&Ppr! | ARHhHAER GeRSGEASIRS M wenyn!! 'd@@gﬁt& f8PPRARY! 1dh0PasRd
r eadi ng oiétﬂe det alhl egﬁdescri ption which f(gll I bms. TAlI LED SCRI PTI ON
[ 056] The ptrastpdl appiichtions ean bedicconineodatéd tiroagh rinhkrtedeximdaheyysuohl d
conposi tions that undergo precipitation hardening for joining higher

strengt h 8naPPEOgcly isanwrpragthenlsmegonosscabiqureffshare agdsdaepmiptern stryctureger t o
r e pi t atVIGRE CapRORE. WEiahto: GBFfike i Tk s@ihiFs IS rekSRE B edfancegch
precipita ) > ., suc

| . i Y . _ d
e pi pe 1L Sxjdb HIGHINGA e (e d BrehbeNRtifg e injcBHE of thesGRorade
(482.6 Wﬁhe\@@iﬂh%gffqnbm:pamesdchcusi pipds andrtubes fo fform tpipelind® RBAAI, QERI07-

- PCT/ US2008/0131 ]
and geothermal wells and the like is largely performed by conventional arc or

fusion welding of steel structures or components with these conventional iron-



10 X-65 steel (65 Ksi (448.2 MPa) yield strength). Inconel 625 includes 22
w%nC, 9 %M, 3 WMw%WNd, 5wm%Fe, 0.6 wt % A14-Ti and the bal ance N .
Over nat cNodowal78®7f or greater than 80 Ksi (551.6 MPa) yCElu$26080€310¢ h
steels require nickel alloy weld netal ¢onpositions which woul d have yield
strength of about 90 Ksi (620.5 MPa) or higher, which requires novel weld
netal conpositions to achi eve an overmatched condition. It is advantageous
t o achi evbasddewekbmietalsl Arc @ndtsion weldiignypicaplyaiaeolvies k¢ nwdlting ofastezlt he
sol e source of strengthening .is through strengthening precipitates. Using

t he ni ckewel@metaldodreats hoigint inving; aldmesiearoys componenther pats. d st rengt h

i s obtai ned through strengthening precipitates fornmed during cooling of the

wel d. 105 t hough | dnen roperties may be jnfluenced by the weld
procedur efol‘éh hasg%ﬁe@?‘é%g@%de%ettﬂaﬂm&tsc Rb%ﬂlié’b["év% lacﬁ?Iétét’/]é’r PEANCEEES: can
be achi ev j a C I {J.0 ergi e
De 200 eV st MgVl PRl E0RE PRERASS S T RRSGH 1S o Bl
vel ded. Spefuldi CAlrther t hﬁpw\% MalelanRaRs| perfoffandesi erhd Of cérdspaplithglpt al
and the ability to control the phase transformation tenperaturé (in sone
syst ens) ptrostudgcomponént ipeyformabet.t eFFoc oeanuple; ha wedldingestelel ppipperfores.

In addition, the crystal structure of the weld nmetal (e.g. .cubic vs.,
hexagonal Pffshere pipelineswithoferravs-hased avsldments, theredn the peobleny ofbending:
effect on_wel dment prgperties. |t has been,di scove that preciphtation
har doned SHERER CHALSBIR rbiy e, commiEThdoSpr HBRETE Tt he SPh oPU6E B bR ove
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be a non-comrerci al nickel based alloy. Non-limting exenplary

non- conmewoi2ado/atswkel based al |l oys suitgble for precipi tariusacdsarzesni ng

i nclude those in Table 1 below. The con‘gi ned al um num and titani um | oadi ngs
in Table 1 range from3 to 6 wt% of the alloy. Sone wires also include
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set of properties best suited to the intended application; subjecting the components
to fusion welding, friction stir welding, electron beam welding, laser beam
welding, or a combination thereof under the conditions selected to form a welded
structure, wherein the weld comprises a precipitation hardened nickel based alloy
weld metal composition including greater than or equal to 1.4 wt% aluminum and
titanium combined and 15 to 30 wt% chromium based on the total weight of the
precipitation hardened nickel based alloy weld metal composition, and wherein
the yield strength of the welds is greater than or equal to 551.6 MPa.

[055] These and other forms of the novel precipitation hardened high strength
nickel based alloy weld compositions, methods of welding with such
compositions, and applications of such compositions in oil and gas applications
disclosed herein will become apparent upon a reading of the detailed description

which follows.

DETAILED DESCRIPTION

[056] The present disclosure is directed at novel nickel based alloy weld
compositions that undergo precipitation hardening for joining higher strength
steels (greater than 80Ksi (551.6 MPa) yield strength) in order to achieve superior
mechanical properties such as fatigue strength, or precipitation capacity of the
weldment. Currently, austenitic alloys, such as Inconel 625, are used to weld high
strength steel, such as X-65 grade line pipe steel. The strength of the Inconel 625
* welds is about 70 Ksi (482.6 MPa) which provides the required overmatch for the
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X-65 steel (65 Ksi (448.2 MPa) yield strength). Inconel 625 includes 22 wt% Cer,
9 wt% Mo, 3 wt% Nb, 5 wt% Fe, 0.6 wt% AI+Ti and the balance Ni. Over
matched welds for greater than 80 Ksi (551.6 MPa) yield strength steels require
nickel alloy weld metal compositions which would have yield strength of about 90
Ksi (620.5 MPa) or higher, which requires novel weld metal compositions to
achieve an overmatched condition. It is advantageous to achieve the required
strength in a single phase nickel alloy where the sole source of strengthening is
through strengthening precipitates. Using the nickel weld metal» compositions
disclosed herein, higher weld strength is obtained through strengthening

precipitates formed during cooling of the weld.

[057] Although weldment properties may be influenced by the weld
procedure, it has been discovered that a comparable or greater effect can be
achieved if the weld metal has a composition and properties that are substantially
different from those of the base steel components to be welded. Specifically, the
thermal expansion coefficient of the weld metal and the ability to control the
phase transformation temperature (in some systems) provide the ability to better
control the weld metal properties. In addition, the crystal structure of the weld
metal (e.g. cubic vs. hexagonal) and its effect on the mechanical flow can have a
significant effect on weldment properties. It has been discovered that
precipitation hardened nickel based alloy metal compositions can be tailored to
achieve specific properties for enhanced weldment integrity when joining ferrous

and non-ferrous based metal components.

[058] U.S. Patent Application No. 11/901,488 filed on September 19, 2007
discloses metal structures and methods of forming such structures for use in oil,
gas and/or petrochemical applications that are joined with non-ferrous weld metal
compositions or a high alloy weld metal compositions. The welded metal
structures include two or more segments of ferrous or non-ferrous components,
and fusion welds, friction stir welds or a combination thereof bonding adjacent

segments of the components together, wherein the"welds comprise a non-ferrous
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weld metal composition or a high alloy weld metal composition that is
substantially different from the metal composition of the two or more
components. The resultant welded structures exhibit improvements in fatigue
resistance, toughness, precipitation capacity, strength, stress corrosion cracking
resistance, and hydrogen embrittlement resistance compared to traditional iron-
based weld compositions. U.S. Patent Application No. 11/901,488 is herein

incorporated by reference in its entirety.

[059] The present disclosure relates to the design of specific weld metal
chemistries to achieve higher strength of nickel alloy fusion welds, friction welds,
laser beam welds, and/or electron beam welds through precipitation hardening in
the as-welded condition. The as-welded conditions means that weld does not
undergo a separate heat treatment step after welding, but is simply cooled after the
welding step to produce the advantageous properties disclosed herein. The
specific nickel alloy based weld metal chemistries may be incorporated within
existing welding practices and can be performed with existing hardware. It has
been discovered that the precipitation hardening response of nickel based alloy
welds may be controlled by the chemistry of the alloy. It has also been discovered
that the addition of certain other alloying elements, such as Al, Ti, Nb, Hf, Zr, V
and/or Ta, to nickel increases the precipitates needed to enhance the properties of
the weldment.  Therefore, chemistries of nickel alloys with specified
concentrations of Al, Ti, Nb, Ta, Hf, Zr, V and/or other precipitating elements
provide higher strength welds for joining ferrous metals. The combination of Al
and Ti has been found to be effective precipitating elements in nickel based

alloys.

[060] The present disclosure provides for higher strength nickel based alloy
welds and methods of achieving such welds through precipitation hardening. The
strengthening of nickel alloy welds via precipitation hardening in the as-welded
condition has not been previously identified. ~Conventionally, precipitation

hardened nickel alloys are strengthened by an aging heat treatment that consists of
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exposing the alloy to intermediate temperatures, in the range of 500 to 800°C.
However, it is not practical or economical to heat treat welds to achieve strength.
Weld metal strength needs to be achieved in the as-welded condition. In order to
achieve weld metal strength through precipitation hardening, the composition of
the weld metal has to be tailored to induce precipitation during the natural
solidification or cooling of the weld. This is accomplished by carefully
controlling the supersaturation of the weld metal with respect to the elements
present, such as Al, Ti, Nb and similar precipitation hardening elements. If the
supersaturation of the elements is too low, the weld metal may not attain adequate
strength. . On the other hand, if the supersaturation is excessive, the weld metal
strength may be too high with an attendant decrease in the ductility and toughness.
It has been discovered that a specified amount and combination of these
precipitation hardening elements have to be present to achieve adequate strength

and toughness in the nickel based weld.

[061] In one advantageous form of the present disclosure, the high strength
nickel based alloy weld compositions disclosed herein include a combination of
aluminum and titanium as precipitating elements. The aluminum may range from
0.5 to 6.0 wt%, or 0.5 to 5.0 wt%, or 0.5 to 2.5 wt%, 1.0 to 2.0 wt%, or 1.07 to 1.7
wt%, or 1.13 to 1.5 wt%, or 1.28 to 1.50 wt% of the nickel based weld metal
composition. In one advantageous form, the aluminum is at least 1.0 wt% of the
nickel based weld metal composition. The titanium may range from 0.5 to 4.0
wt%, or 0.9 to 2.5 wt%, or 0.9 to 2.0 wt%, or 1.5 to 2.0 wt%, or 1.56 to 1.96 wt%,
or 1.60 to 1.85 wt% of the weld metal composition. In one advantageous form,
the titanium is at least 1.0 wt% of the nickel based weld metal composition. The
combined aluminum and titanium in the weld metal composition may range from
2.0 to 8 wt%, or 2.5 to 6.0 wt%, or 2.5 to 5.0 wt%, or 3.0 to 5.0 wt%, or 3.0 to 4.0
wt%. In one advantageous form, the combined aluminum and titanium is greater
than or equal to 1.4 wt%, or greater than or equal to 2.0 wt%, or greater than or
equal to 3.0 wt%, or greater than or equal to 4.0 wt%, or greater than or equal to
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5.0 wt%, based on the total weight of the nickel based alloy weld metal
composition in order to attain high strength after precipitation hardening. With
both aluminum and titanium are present in the nickel based weld metal
composition, precipitates including nickel, aluminum and titanium are formed
upon cooling of the weld. Titanium is effective in assisting with rapid nucleation

of the precipitates formed during precipitation hardening.

[062] In addition, other precipitating elements, including, but not limited to
Nb, Ta, Hf, Zr, V, and combinations thereof, may also be present or substitute for
either the aluminum or titanium in the nickel based weld metal composition.
These other precipitating elements (Nb, Ta, Hf, Zr, V, and combinations thereof),
may range from 0.5 to 4.0 wt%, 0.5 to 2.5 wt%, or 1.0 to 2.0 wt%, or 1.5 to 2.0
wt% of the nickel-based weld metal composition. In order to achieve the strength
in the as welded condition, the amount of precipitation hardening elements (e.g.
Al, Ti, Nb, Ta, Hf, Zr, V, and combinations thereof) should be in a specific range.
To achieve strength levels higher than 80Ksi, the total amount of these combined
elements may be at least 2 wt%. Very high concentrations of these combined

elements (e.g. greater than 8 wt%) may result in very high strengths, but poor
toughness.

[063] In another advantageous form of the nickel based weld metal
compositions disclosed herein, chromium may also be present in the range of 10
to 30 wt%, or 15 to 30 wt%, or 15 to 28 wt%, or 15 to 20 wt%, or 20 to 25 wt%.
Chromium may be added to the nickel based alloy to decrease solubility of the
precipitate phase formed during precipitation hardening. These compositions also
include a combination of aluminum and titanium to assist in formation of
precipitation hardening in the as-welded form. In yet another advantageous form
of the nickel based weld metal compositions disclosed herein, cobalt may be
present in the range of 1 to 20 wt%, or 2 to 15 wt%, or 3 to 10 wt%. In still yet
another advantageous form of the nickel based weld metal compositions disclosed

herein, molybdenum may be present in the range of 1 to 20 wt%, or 2 to 15 wt%,
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treating/welding non-ferrous alloys, including, but not limited to, titanium alloys,
cobalt alloys, iron-nickel alloy, and nickel alloys. In still a further aspect of the
present disclosure, the precipitation hardened high strength nickel based alloy
weld metal compositions disclosed are useful in welding high strength steel liners,

such as X-65 and X-80 steel pipe.

[071] The precipitation hardened high strength nickel based alloy weld metal
compositions disclosed herein may be welded using all conventional fusion
welding methods, including, but not limited to: SMAW (Shielded Metal Arc
Welding), SAW (Submerged Arc Welding), GMAW (GasMetal SRc Welding),
FCAW (Flux Cored Arc Welding), PAW (Plasma Arc Welding), ESW
(Electroslag Welding), EGW (Electrogas Welding), RW (Resistance Welding),
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and OFW (Oxyfuel Gas Welding). In addition, the precipitation hardened high
strength nickel based alloy weld metal compositions may be welded by solid state
methods, such as friction stir welding (FSW) or a combination of fusion welding
methods and solid state welding methods (FSW). The benefits of FSW are
primarily derived from the following characteristics: (1) lower temperatures
required to perform the joining and lower temperatures in the joint cause less
detrimental effects in the adjoining base metal (e.g., coarse grains); (2) high
degree of plastic deformation resulting from the rotation of the tool which results
in fine grain size which is conducive to improved strength and toughness; and (3)
avoidance of hydrogen embrittlement in weldments as compared to fusion welds,
which are often prone to hydrogen embrittlement from the decomposition of the
residual moisture in the arc. The use of FSW welding in oil, gas and
petrochemicals applications is disclosed in U.S. Patent Application No

11/643,528, herein incorporated by reference in its entirety.

[072] The advantageous properties provided by using the precipitation
hardened high strength nickel based alloy weld metal compositions disclosed
herein, include one or more of the following non-limiting properties, increased
fatigue resistance, increased toughness, increased precipitation capacity, increased
tensile strength, increased stress corrosion cracking resistance, higher hydrogen
embrittlement resistance and an enhanced overmatched condition relative to the

substrate being welded.

APPLICATIONS

[073] The precipitation hardened high strength nickel based alloy weld metal
compositions disclosed herein find particular application in joining high strength
metal substrates (ferrous and non-ferrous) where an overmatched condition of the
weldment yield strength relative to the meal substrate is advantageous. Non-
limiting exemplary metal substrates include high strength steels (X-65, X-80,
etc.), high strength nickel alloys and high strength titanium alloys.
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[074] The precipitation hardened high strength nickel based alloy weld metal
compositions disclosed herein may be used in the welding of duplex stainless
steels (duplex s.s. or DSS). Duplex s.s. derives its strength and corrosion
resistance from a controlled balance of ferrite and austenite phases. The desired
mixture of phases in the bulk duplex s.s. is achieved by controlled hot working
and /or a combination of cold working and annealing treatments. However, when
duplex s.s. is welded, the steel is heated to a very high temperature in a single
phase ferrite region and cools to the duplex phase upon cooling to room
temperature. In order to achieve the required balance of phases in the weldment
at room temperature, the cooling rate of the weld has to be controlled. In practice,
the cooling rate varies considerably affecting the phase balance and thus the
resultant properties of the weldment. The welding of duplex s.s. using the
precipitation hardened high strength nickel based alloy weld metal compositions

disclosed herein may provide improved joint properties.

[075] The precipitation hardened high strength nickel based alloy weld metal
compositions disclosed herein may be used to form welds, for example as spot
welds and butt welds, as well as to repair weld areas. More particularly, the
nickel based alloy weld compositions disclosed herein may be used to join and
repair/treat respectively steel structures and structural components associated with
the oil, gas and petrochemical industry. The weld compositions disclosed herein
may be utilized either in a manufacturing facility such as a steel mill where the
components are made or in the field of fabrication yard where the components are
assembled. The fusion welding, friction stir welding, electron beam welding,
laser beam welding, and combinations thereof using the precipitation hardened
high strength nickel based alloy weld metal compositions disclosed herein are also
suitable for forming and repairing/treating structures in oil and gas exploration,
production and refining applications. FSW is particularly advantageous for
forming spot welds and butt welds of tubular components in these types of

applications.
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[076] Exemplary, but non-limiting, structures in the oil and gas exploration,
production, refining industry where the novel precipitation hardened high strength
nickel based alloy weld metal compositions disclosed herein are suitable include
high strength pipeline weld areas, SCR and TTR weld areas, threaded
components, oil drilling equipment weld areas (i.e. two sections of a deep water
oil drill string), Liquified Natural Gas (LNG) and Pressurized Liquified Natural
Gas (PLNG) or Compressed Natural Gas (CNG) container weld areas, riser/casing

joints, and well head equipment.

[077] In oil and gas upstream applications, the novel precipitation hardened
high strength nickel based alloy weld metal compositions disclosed herein are also
suitable for joining and repairing structures and components used in natural gas
transportation and storage type applications. In particular, the precipitation
hardened nickel based alloy weld metals disclosed herein may be utilized to
enable gas transportation technologies ranging from pipelines, compressed natural
gas (CNG), pressurized liquefied natural gas (PLNG), liquefied natural gas (LNG)
and other storage/transportation technologies. In one form in natural gas
transportation and storage type applications, the weld compositions disclosed
herein may be used for the joining/processing of pipelines, flow lines, gathering
lines, expansion loops, and other transmission lines. In another form in natural
gas transportation and storage type applications, the weld compositions disclosed
herein may be used for joining/processing of materials made of carbon steels, high
strength steels, cast irons, structural steels, or corrosion resistant alloys
comprising steels, cast irons, stainless steels, duplex stainless steels, nickel or
cobalt based alloys, titanium based alloys, other Fe-Ni alloys (e.g. Invar) or
joining of other dissimilar metals (e.g. steel and nickel). In yet another form in
natural gas transportation and storage type applications, the weld compositions
disclosed herein may be used for the joining/processing of LNG, CNG, and PLNG

storage and/or transportation structures. This includes modular LNG structures,
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shipping vessels, transferring components and pipelines, and related technologies
(e.g. 9% Ni tanks, Invar tanks).

[078] In oil and gas exploration and production applications, the precipitation
hardened high strength nickel based alloy weld metal compositions disclosed
herein also may be utilized for joining and repairing various structures used for oil
and gas well completion and production. These structures include, but are not
limited to, offshore and onshore production structures, oil pipelines, oil storage
tanks, casing/tubing, completion and production components, cast structure to
flow line connections, subsea components, downhole tubular products (e.g.
OCTG), topsides and related structures, umbilicals, tender and supply vessels, and
flare towers. More particularly, exemplary offshore production structures include
jacketed platforms, mobile offshore drilling units and related production
components like casings, tendons, risers, and subsea facilitiecs. Mobile offshore
drilling units include, but are not limited to, semi-submersibles and jack-up rigs,
TLPs, DDCVs, compliént towers, FPSO, FSO, ships, tankers and the like.
Exemplary subsea components include, but are not limited to, duplex, manifold
systems, trees, and BOPs. Exemplary topsides and related structures include deck
superstructures, drilling rigs, living quarters, helidecks, and related structures. It
should be understood that FSW may be used to form the welds comprising such
structures and components and FSP may be used to repair and treat the welds or

joints comprising such structures.

[079] In downstream applications, the precipitation hardened high strength
nickel based alloy weld metal compositions disclosed herein are suitable for
joining and repairing structures and components used in refining and chemical
plants. The weld compositions disclosed herein provide advantages in the
refining and chemicals plant applications through, inter alia, repair of
components/structures, dissimilar metal joining, joining of steel structures and
joining of difficult to weld materials, such as cast iron. These applications

include, but are not limited to, cast iron, heat exchanger tubes and low and
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high-temperature process and pressure vessels. Exemplary low and high-
temperature process and pressure vessels include steam cracker tubes, steam

reforming tubes, and refinery structures and components.

[080] The precipitation hardened high strength nickel based alloy weld metal
compositions disclosed herein also find application in a number of industries other
than oil, gas and petrochemical. For example, transportation (including
automotive), construction and appliance industries are areas where the
precipitation hardened high strength nickel based alloy weld metal compositions

disclosed herein may also find benefit in the joining of metal structures.

[081] In the practice of the present disclosure, whether performing fusion
welding, FSW, FSP, laser beam welding, or electron beam welding with the novel
weld compositions disclosed herein, the process is conducted under conditions
sufficient to provide a weld joint or crack repair having a preselected property or
set of properties based on the intended use of the weldment. For example, if the
use of the weldment requires toughness over fatigue, the conditions are chosen to

favor a weld having those properties.

[082] In one form of the welding methods utilizing the precipitation hardened
high strength nickel based alloy weld metal compositions disclosed herein, a data
base of weld properties, including but not limited to toughness,‘ strengths,
precipitation or contraction, hardness, fatigue, grain size and the like, for various
base metals is obtained and correlated to the welding conditions under which the
weld or repair was performed. Then when a property or set of properties is
chosen for weld joint for an intended application, the weld compositions and
welding or repair conditions employed are selected from those conditions that

produce the chosen property or properties.

[083] As will be readily appreciated, the work pieces described in the above
embodiments need not be formed of the same base metal. Similarly, the weld

metal composition need not be formed of the same metal as the work pieces.



4 Pol ymet Lot #05003555 part #EXX062LWS05 1.70 0.88 2.58 1.9318 16. 70 Bal
10 Pol ynmet Lot #05003554 part #EXX062LWSO4B 1. 28
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Thus the work pieces are formed generally of a ferrous material and the weld
metal comprising the weld compositions disclosed herein of a different material
(precipitation hardened high strength nickel based alloy weld metal compositions
disclosed herein). However the work pieces may be formed of a non-ferrous
material (such as a nickel based alloy) and welded with precipitation hardened

high strength nickel based alloy weld metal compositions disclosed herein.

EXAMPLES

[084] Eight experimental samples or trials were made of various nickel based
weld metal wire compositions. All compositions contained chromium at 15 to 28
wt%. The chromium was added to decrease gamma phase (y’) solubility. All
compositions also included a combination of aluminum and titanium to assist in
formation of precipitation hardening in the as-welded form upbn natural cooling.
Titanium was added to assist with rapid nucleation of the gamma phase. The
combined aluminum and titanium loadings varied from 2.5 to 3.5 wt% of the
alloy. Phase II chemistries were chosen to form rapid precipitation of a gamma
prime (y’) phase upon cooling from welding. The y’ is the primary strengthening
phase in heat treatable Inconel alloys (e.g., 718), and long, high temperature heat
treatments are typically needed to generate desired microstructure in traditional
precipitation hardening. In this experiment, the concept of Phase II wires was to
increase amount of y’ formers (Al and Ti) to precipitate this phase upon natural
cooling from welding (as-welded) to avoid the need for subsequent aging or heat
treatment. Cored wires were produced for flexibility and quick turn-around time.

- Welds were made with temper passes to aid in formation of the y’ phase.

[085] The compositional results of the eight experimental samples are

included in Table 2 below with all percentages in wt%.



1.64 2.92 0.7805 15.68 Bal [086] The properties of the weld netal

(as-wel ded condition) in a 3/4" thick plate joint of two of the

exper i menwval2o00wookel - based al | oys (wi re_528 and 9) are sheam/useoosaiiies 3
below. For a % plate thickness, the cohbined Al and Ti concentrations had
to be greater than or equal to 3 wt%to provide an ultimte tensile
strength of 119 ksi (820.5 MPa) and greater. WD 2009/078907- 25

- PCT/ US2008/ 0131@@blel! Ex8mplargnplicke}-bhsed Al kbyPMepe Wire CHemissgl ect ed Vel d

Metals Wrxre 1D Lot 0.2 9% YS (ksi) UTS (ksi)

Weld | Wire Name U TAL% |Ti,% | AI+Ti, | AVTi | Cr, % | Ni, %

Wire %

ID #

High

Cr

2 Polymet Lot 122 160 [2.82 0.7625 [23.91 | Bal
#05003406 part
H#EXX062LWS03

3 Polymet Lot 113 [1.56 [2.69 0.7244 | 22.62 | Bal
#05003410 part
#EXXO062LWS01

5 Polymet Lot 1.07 |[1.61 [2.68 0.6646 | 22.49 | Bal
#05003408 part
H#EXX062LWS02

7 Polymet Lot 1.50 [1.95 |3.45 0.7692 | 27.21 | Bal
#05003404 part
H#EXX062L WS04

8 Polymet Lot 134 [1.85 [3.19 0.7243 | 21.98 | Bal
#05003547 part
#EXX062LWS02B

9 Polymet Lot 140 [1.96 |[3.36 0.7143 | 27.80 | Bal
#05003400 part
#EXX062LWS05

Low

Cr

4 Polymet Lot 1.70 [0.88 |2.58 1.9318 | 16.70 | Bal
#05003555 part
#EXX062LWS05

10 Polymet Lot 128 [164 [292 0.7805 | 15.68 | Bal
#05003554 part
#EXX062LWS04B

[086] The properties of the weld metal (as-welded condition) in a % thick
plate joint of two of the experimental nickel-based alloys (wires 8 and 9) are
shown in Table 3 below. For a 3" plate thickness, the combined Al and Ti
concentrations had to be greater than or equal to 3 wt% to provide an ultimate

tensile strength of 119 ksi (820.5 MPa) and greater.



% El ong. % Red. Area 9 Pol ynet Lot #05003400 part #EXX062LWS05 100.6 131.8
17.0 40 8 Pol ymet Lot #05003547 part #EXX062LWS02B 88.5 90.4 122.7 119.2
WO 2009/078907 PCT/US2008/013106

-25.

Table 3: Exemplary Tensile Properties for Selected Weld Metals

Wire | Lot 0.2%YS | UTS (ksi) | % Elong. % Red.
ID # (ksi) Area
9 Polymet Lot #05003400 | 100.6 131.8 17.0 40
part #EXX062LWS05
8 Polymet Lot #05003547 | 88.5 122.7 24 35
part #EXX062LWS02B | 90.4 119.2 19 21
YS = Yield strength,
UTS = Ultimate tensile
strength,
Elong. % = Elongation %
[087] Applicants have attempted to disclose all forms and applications of the

disclosed subject matter that could be reasonably foreseen. However, there may
be unforeseeable, insubstantial modifications that remain as equivalents. While
the present disclosure has been described in conjunction with specific, exemplary
forms thereof, it is evident that many alterations, modifications, and variations
will be apparent to those skilled in the art in light of the foregoing description
without departing from the spirit or scope of the present disclosure. Accordingly,
the present disclosure is intended to embrace all such alterations, modifications,

and variations of the above detailed description.

[088]

including priority documents, are fully incorporated by reference to the extent

All patents, test procedures, and other documents cited herein,

such disclosure is not inconsistent with this invention and for all jurisdictions in

which such incorporation is permitted.

[089]

herein, ranges from any lower limit to any upper limit are contemplated. All

When numerical lower limits and numerical upper limits are listed

numerical values within the detailed description and the claims herein are also

understood as modified by “about.”



24 19 35 21 YS = Yield strength, UTS = Utinmate tensile strength,

El ong. % = El ongation % [87] Applicants have attenpted to

di sclose all forns and applications of-26the di scl osed subject matter
that could be reasonably foreseen. However, there nay be

unf oreseeabl e, insubstantial nodifications that remain as
equivalenégLﬁﬁgh!e the present disclosure has been described in

conj uncti specific, exenplary forns thereof, it is evident
that many alterations, nodifications, and variations will be apparent
to those skilled in the art in |light of the foregoing description
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components are high strength steel chosen from X-65 steel or X-80 steel, wherein the
weldment is not subjected to heat treatment after welding, and wherein the precipitation
hardened nickel based alloy weld metal composition is not subjected to heat treatment

prior to welding.

2. The weldment of claim 1 wherein the combined aluminum and titanium is

between 2.0 and 4.0 wi%.

3. The weldment of claim 1 wherein the combined aluminum and titanium is

between 2.0 and 3.0 wt%.

4, The weldment of claim 1 wherein the titanium is at least 1.0 wt% based

on the total weight of the nickel based alloy weld metal composition.

5. The weldment of claim 1 wherein the aluminum is at least 1.0 wt% based

on the total weight of the nickel based alloy weld metal composition.

6. The weldment of claim 1 further including chromium at 15 to 30 wit%

based on the total weight of the nickel based alloy weld metal composition.

7. The weldment of claim 1 further including greater than or equal to 1 wt%

g. The weldment of claim 1 further including greater than or equal to 1 wt%
Co.



[89] When nunerical lower [imts and numerical upper limts are
listed herein, ranges fromany lower |imt to any upper limt are
contenplated. Al nunerical values w tRi’n the detail ed description
and the clains herein are al so understood as nodified by "about." -
26 - CLAI M5 1. A wel dnent consisting of: two of nore segnents
of ferrous conponent fusi.on, wel ds. boandi ng adj acent segnents of
t he conponents “t oget grvel ﬂ?ﬁt@}tétf Rlaimd fgherdnelndpe pe additipnal presini@tingn

hardened nigLksk o %%gleﬂn@l upY %\ﬁj &L ahqg g&gﬁ@gﬁéﬂs% gl udi ng between

1.4 and 4.0 wt % m Aum and hium based on the total
wei ght of the ni ckel based al | oy weI d netal conposition, wherein the

ferrous conpongnts t eel .chosen f

X-80 steel, vvhgpel naIr &Fe | s no er%ul}tghee%(t%etcf) nfa{)prﬁggtta I}geg?lﬂ%rﬁ
after wel di Rgst (ledrth@ﬁ@tldhﬁtB&)tﬂﬁﬁéig]ﬂldf@ﬁd lﬂﬂké]@é.ﬂ:ﬂrhﬂﬁ Riefk@btapased
alloy weld netal conposition is not subjected to heat treat ment prior
to wel di ngomposition. 2. The wel dment of claim 1 wherein the combined

al umi num and titaniumis between 2.0 and 4.0 wt % 3. The

wel dnent of claim 1 wherein the conbined alum numand titaniumis

bet ween 2.0 and13. 0 The%eldment of cl@im'[h;eham'hdhmnit:kaibtbasaldaﬂlny weldhmel n

i ckel  basBPRN Gy MEGRR: s At Syl ae ¥vahe: 19 it CFen S5 o sk Aby

claiml waersahit, e o UGl [R0sid s and 10v10h #aR3EE on the total
wei ght of the nickel based alloy wel conposi tion. 6.

The wel dnent of claim1 further incl ud| ng chrom umat 15 to 30 W%
12, The weldment of claim 1 wherein the yield strength of the weldment is

greater than or equal to 551.6 MPa.

13. The weldment of claim 1 wherein the method of forming the fusion welds

is chosen from SMAW, SAW, GMAW, FCAW, PAW, ESW, EGW, RW, and OFW.

14. The weldment of claim 1 wherein the weldment exhibits one or more of
increased fatigue resistance, increased toughness, increased tensile strength, increased
stress corrosion cracking resistance, higher hydrogen embrittlement resistance, and

increased overmatched condition relative to the two or more ferrous components.

15, The weldment of claim | for use in welding structures in the oil, gas and
petrochemical industry, the transportation industry, the appliance industry and the

construction industry.

16.  The weldment of claim 15 wherein the structures in the oil, gas and
petrochemical industry include high strength pipelines, steel catenary risers, top tension
risers, threaded components, liquefied natural gas containers, pressurized liquefied
natural gas containers, deep water oil drill strings, riser/casing joints, well-head
equipment, flow lines, gathering lines, transmission lines, shipping vessels, transferring

components, storage tanks, and expansion loops.



based on the total weight of the nickel based alloy weld netal

conposi tion. 7. The wel dnment of claim11 further including
greater than or equal to 1 w % M. -28- 8. The weldment of claim1
further including greater than or equal to 1 W% - 27 - 9

The wel dnent of claim1 further including an additional precipi tati ng

el ement chosen from_Nb, , Hf .. Zr, 'V, and conbi nati ons thereof

10. The wel dnert- of eé’(%?@‘?%ﬁ’ércé?fﬁ 1¥H@%‘E}Hi"hq Brysfuresy g dhayl, £es gl

el ement i ; 0 : t ' i
$ebcleBBSd iRt Ras fbiPihd £!1‘§ @&llc%%ﬁ?%g&m%d%ﬁ%%ﬁgﬁ' Etgl]ifcgillrﬁ?

based all oy weld nmetal conposition.

1 wher ei n antheompakanlts. based al |l oy wel d nmetal conposition includes 52.5
W%N, 18.5 w%Fe, 19 w% Cr, 0.9 wt% Ti, 0.5 wt% A, 5.13 wt% No +
Ta conbi ned, 3.05 wt% Mp, and 1 wt % nax. Co. 12. The wel dnent

of claim1 wherigi n the wdl@hehtf cRN@tiT vitferdih ehansl webl @aRAdtRh dhBan
or equal to 551.6 Mra. 13. The weldnent of claim1l wherein the

met hod of Preshuystipg strprdures andepmmomasts pts dipserefiothcashsangwes SARpWGVAW
FCAW PAW - W . 14, e wel.dnment .of claim
wher ¢i n 1 R8T aen S Fr BRIy fosine ing: S REpL ARG i B gEPorent
resi st ancelpownheleeaags grofdv) 8f pipelined, 0AstMladcanstsl 8rrshsRMbdhction

i ncreased stress corrosion cracking resistance, higher hydr ogen

enbri t t | efERELISSPEIPARRIGS, temiier el aupestowptiresa tidhieg rigsrlifing guarters,

relative the t Nelg re ferrous, co nent s. 15. The

wel dnent El)jghéﬁcgis’rhml Iﬁ%a#%%@efﬁn B‘ynvﬁg%%r ﬁ%‘i ﬁ?r(%o‘iv?fst he oil, gas and
petrochem cal industry, the transportation industry, the appliance

i ndustry and t construction i.nqustry. . 6. The wel dnent of
clai m 15 wher eiq?' t hgﬁ@t"?“?ﬁj@?‘ﬁ?’té’g ci?"ﬂmt _{%Wg?rlel,n taaeflfa%hareg%?ﬁi%ﬁ@m cal

I ndustry  isBGiHAS/B@Bnéid §BGhEsRIRE! jallsted ?faﬁ%lmsc ﬂio%ﬂ?'b}{fsﬁdré fifiimgt OP
tension risers, threaded conponents,” |'iquefied natural "gas

cont ai ner sipitproasisgy, itenddnd, irigersf subskarfatilitied, sgassubarerablee [sck-whedgs, Vaprer
oi | drill ¢bngs, rjser/casgﬁg joints, wel]-head equi pnent, flow
lines, ga V rPorbiaRt topieksn Ehv sk ¥ Shintednd 8AKSHI ng vessel s,

transferring conponents, storage tanks, and expansion | oops.

20.  The weldment of claim 18 wherein the subsea components are chosen

from duplexes, manifold systems, trees and BOPs.

21.  The weldment of claim 15 wherein the structures are used in oil and gas
refinery and chemical plant structures and components, and wherein the oil and gas
refinery and chemical plant structures and components are chosen from cast iron
components, heat exchanger tubes, and low and high temperature process and pressure

vessels.

22, The weldment of claim 21 wherein the low and high temperature process

and pressure vessels are chosen from steam cracker tubes, and steam reforming tubes.

23, A method of joining two or more metal structures comprising:

providing two or more segments of ferrous components, and



- 28 - 17. The wel dnent of claim 15 wherein the structures in
the oil, gas and petrochem cal industry are used in oil and gas well
conpl eti on and production structures ard-conponents. 18. The
wel dnent of claim 17 wherein the oil and gas well conpletion and

production structures and conponents are chosen from cast structures

to fl ow connections,. subsea.conmponents, casi.ng/tubing, conpletion_and
producti on corrponentfgs,mlag\?ﬁ?f&ﬁ fg&;?‘ifﬁ e&@%@é’é&%ﬁé’,‘“@?&%@@@%ﬁé@}“@I
storage tamk&eldoténsshers pfhlrc%ﬂdﬁ&!l AR SIAURLKY BRkE QHW&@@terﬁ?télte%@JoQﬁ%n

deck superstructures, drilling rigs, living quarters,
unbi | i cal spcledingbetwgan 1 $apgl4y0 wids o€ bembaad afukrmen todwitsium based onlBe

The wel d t. of. claim 18 erejn the off-shore production
structure &%‘ﬁg@ﬁ%‘fﬂt@ }éﬁcg%&deaﬁloyr f’ﬁ@i@?‘_@ﬁosgtll%{’@ foycrRn thedgreus
of f shore dbmpbhdis 48high stieAShRERI cTﬁLo%gi@ﬁeﬁp ?‘5%;&%% RUpSeR) fakdih blees.

sem - subnersi bl es, | ac%— up rigs, iant towers, SO,
FSO, shi psveldmehttismiensjected to heat BGatmiBhieafive hatiting, aall whlepdinthkPradisitation

t he subsea c ne are chos from dupl exes, manifold systens,
trees and%@domcgé %aseﬁlallowée?‘&@mﬁewmm 18 e spbiagtsd e inpattgatment
structureg.gf & Wl N 0i | and gas refinery and chem cal plant
structures and conponents, and wherein the oil and gas refinery and
chemi cal plant structures and conponents are chosen from cast iron
conponents, he ex | ow and_hi t enper at ure
process and pr 22"5 ur gtﬂ\% glgc?ﬁ;e?%wC?;ﬁm ﬁ]‘g%“.gmfﬁ 89%?1%'3 H"tef%focﬁ‘llrﬁiuﬂ‘ilirl
wher ei n t hmbicwcanitidts@n ukiERE kAt naAs BT InRin RS SslResSelR are
chosen from steam cracker tubes, and steamreformng tubes. 23. A

net hod of We4lhi ng two or nore nmetal structures conprising: providing
two or nore segnents of ferrous conponents, and - 29 -

fusion wel di ng adj acent segnents of the conponents together, wherein
the wel ds consi28t oflTha nptlesi ¢fi daim Bwheaeidehe combiokdilumased ard timyiuweisd
metal co otsi ti 23) i“@%@di‘?g between 1.4 and 4.0 wt % of conbi ned

al umi num SRY EREAAYM-HES2d on the total weight of the nickel based
all oy weld netal conposition, wherein the ferrous conponents are high

strength steel ghos%@efrom -65 steel or. X-8Q steel, wherein the
bj

vel dment s notfsu sthadpficdaim 33 wherpip the GRpem wet lesig,.0 witd based on
wherein t oY Q0 j J.oy wel d net al
conposi ti (IE)}%t?%?%%hs%%gg%%gf%ggﬁgia@v?érﬁgg]%ér?r%%?%ﬁ%ﬂ]gr%t o wel di ng.
24. The nmethod of claim 23 wherein cooling of the welds occurs under

anbi ent condi t hons Si.n arti.ficial ns.for.increasjng the
cooling rate 0;2 9't hegﬁ\ﬂgﬁl éh(% Oﬂlélm 5Whef?f8 tﬁ@ﬁ%“&? lscqtgﬁaﬁa];é sy
the conbi bgthetbtalrivaipiit aNhe hidkdIbadsa hifoPREWRERal 20fpaiitlos. 0 Wt %

26. The nethod of claim?23 wherein the titaniumis at least 1.0 wt%

based on the total weight of the nickel based alloy weld netal

conposition. 28 TR mefilif df%ﬁd?ﬁdz3%ﬁﬁéﬂhgh¢t§iﬁg\éﬂxﬁh§hﬂ. at @Et@%@%’?“m

is at least 1.0 w % based on the total wel ni ckel ased
al | oy wel Hasedtwaltheiom) esiglit ofithe nickel based alloy weld metal composition.

29. The method of claim 23 further including greater than or equal to 1 wt%
30. The method of claim 23 further including greater than or equal to 1 wt%
Co.

31.  The method of claim 23 further including an additional precipitating

element chosen from Nb, Ta, Hf, Zr, V, and combinations thereof, wherein the additional



28. The nethod of claim 23 further including chromumat 15 to 30 w %
based on the total weight of the nickel based alloy weld netal
conposition. 29. The nethod of claim 23%urt her incl udi ng greater

than or equal to 1 wt% 30. The nmethod of claim 23 further including

greater than or equal to 1 wt% 31 The nmet hod of cl aim 23
further AR e eI ment. chosen. from Nb,
T i,z MR R P e VREb IR Fekehvsed 3o
- preci p| taﬁbymlﬂnefﬁﬁmmp@nﬁn I east O. 5 vvt%based on the total weight
of the nickel based alloy weld nmetal conposition. 32. The

met hod of cl aim 23 wherein the nickel based alloy weld netal

iti [ d ' % % Ti
05 WA 5 Th o R o 2Rt s da gl T

CO cogositine immbides 42 5fwidh Wi, M32Bwith el hwitd €ryd. led‘VcSTf Cles gy Aﬂ

he wel ds er .than or eq 551. 34. The

met hod of gcﬁ’a%ﬁ?%%’ b cerhinede’- gggﬁt%ﬁ"’lmﬂnﬁté% 8- chosen from
SMAW SAW GVAW FCAW PAW ESW BOWN RW and OFW 35. The
met hod of cl aim.23 wherein the friction stir welding step conditions
i ncl ude rotatioRal sp€aacthodabrlainy2d whemsin thpaishl ﬁfenglhef)ffthp(? welds s gedter

wel d tool tngp&eggala[stg %I\t,dgg wel d. ~36. The nethod of claim 23
wherein the wel exhi |t orie or nmore of increased fatigue

resi stance, increased toughness i ncreased tensile strengt h,

i ncreased stre cor, ki n Si st , dr ogen
enbrittl enment ?ﬁm stf C%H%cﬁ%ﬁﬁ %?’aglgﬁrewg?ﬁﬁf %Q’é’&f’ Pi1§ Glfpsen from
relative tovAle SAW, GMAW, &CERT PUSY GXWOBEW RW, and OFWA7- The net hod
of claim23 for use in weldi ng Structures in the'oil, gas and

petrochem cal industry, the transportation industry, the appliance

I ndustry and theg COnglrighdPor ifk ﬁ f¥erein the ctl%ﬁ ‘stit Q%Id%sﬁ%gco%dmons

cl ai m 37 wherein the structures use In ol I,

pet r ocheniicadbdd rottistialyspeat; lasdent Itlghelspé&m@ﬂthe ﬁiqﬁeh Isﬁﬁﬁfeldib(ﬁeised to affect
catenary r sers top tension risers, threaded conponents, |iquefied
nat ur al 51 ¥B'tt ai ners, pressurized |liquefied natural gas containers,
deep vvater oil drill strings, riser/casing joints, well-head

equi pnent, flow lines, gathering lines, transm ssion |ines, shipping
vessel s, transférri ndecentsheirlam 21 wheign themiekis exhiditonpansioonof oops.

increased fatigue resistance, increased toughness, increased tensile strength, increased
stress corrosion cracking resistance, higher hydrogen embrittlement resistance, and

increased overmatched condition relative to the two or more ferrous components.

37.  The method of claim 23 for use in welding structures in the oil, gas and
petrochemical industry, the transportation industry, the appliance industry and the

construction industry.

38.  The method of claim 37 wherein the structures for use in the oil, gas and
petrochemical industry include high strength pipelines, steel catenary risers, top tension
risers, threaded components, liquefied natural gas containers, pressurized liquefied
natural gas containers, deep water oil drill strings, riser/casing joints, well-head
equipment, flow lines, gathering lines, transmission lines, shipping vessels, transferring

components, storage tanks, and expansion loops.



- 31- 39. The nethod of claim 38 wherein the structures for use
in the oil, gas and petrochem cal industry are used in oil and gas
wel | conpl etion and production structur¥s and conponents. 40.
The net hod of claim 39 wherein the oil and gas well conpletion and
production structures and conponents are chosen from cast structures

broduct i on compinent B BT GT SRPLEAFBFeH B GRUEUIeS A 55 FLiPe AHoSoRp
storage t yekdcheptitalsh@isgy l@fé_l@@& i S asd FaGhar &ﬁﬁﬁ@(‘iﬂﬁ%ﬁﬁ%ﬁ?u&é@ﬁ gfrgcqﬁres

deck superstructures, drilling rigs, |Iiving quarters,

unbi | i cal sAndcemgenendhd supply vessels, and flare towers. 41.
The nmethod of claim40 wherein the off-shore production
structures/conponents are chosen from jacketed platforns, nobile

of fshore drilli4g unitesnethasongsim Iendleres: theo@ans gasubls eampREbA hid €S,

sem - subnersibles, jack-up rigs, TLPs, DDCVs, conpliant towers, FPSO
FSO, shi pPTodirgor éﬁ%@-?@? and contpongpts atgghogen Hem 85t sererasdoflaier ei n

L1 ces. and Boparons Shked g mbRAR A O P u P PR S MBonents,

st r uct ur esloaméoleselshlamprodictg ol piesines bilnesrygeaatkss bEEh6@lprid@ibn
structures_and c{%rrponents, and wherein the oil and gas refinery and
cheni cal PIEARPCSCPTPPRGES Rptylesglpsh sanmryrughusess Holing rigs diningguarierson

b ocess ans OrEe EHANENd Rt REFaur B Sy RRE el ol ai m a3
wherein the | ow and hi gh tenperature process and pressure vessels are

chosen from steam cracker,, t ubes,. a teamre m n ubes.
45. A net hod fgﬁ' wel |er¥éeﬂfl%g°fg°§alﬁb‘wengglﬁ’rngth§O&Oﬁi’ﬁ’&r&ﬂ‘ﬁ‘?n% produce a
wel d havi RguétufeRRemibbRen £B@HSKn Hond Rkk&Ed PaABRAY, hisdilt BESHR: BANIED
i ntended application, the nethod conprising: - 32 -
umts, casings, tendons, risers, subsea facilities, semi-submersibles, jack-up rigs, TLPs,

DDCVs, compliant towers, FPSO, FSQ, ships, and tankers.

42, The method of claim 40 wherein the subsea components are chosen from

duplexes, manifold systems, trees and BOPs.

43.  The method of claim 37 wherein the structures are used in oil and gas
refinery and chemical plant structures and components, and wherein the oil and gas
refinery and chemical plant structures and components are chosen from cast iron
components, heat exchanger tubes, and low and high temperature process and pressure

vessels.

44.  The method of claim 43 wherein the low and high temperature process

and pressure vessels are chosen from steam cracker tubes, and steam reforming tubes.

45. A method for welding two or more ferrous components to produce a weld
having a specific property or set of properties chosen for an intended application, the

method comprising:



obtaining a data base of weld properties for nickel based wel ds
formed by fusion welding under a plurality of conditions and from
various weld netal conpositions; correl3ting the weld conditions and
wel d nmetal conpositions to the wel d properties;

selecting the weld conditions fromthe data base that will produce a

wel d having the prop A sSe erties hest, suited to,the

i nt ended appl i cati orP%’Eall mgadatatbase Og‘ﬁ%ﬁé’gﬂﬂeﬁt@“t Renig % gmfﬁgds[grmed by
fusi on m'f@ﬁﬂﬂweﬂﬁﬁg:ﬁﬂdéﬂa%Idr&ht%k’%rﬁ@taozﬁ'aﬁ&%roﬂpvé}%m g, |aser
beam wel di ng, or a conbination thereof under the conditions sel ected
t o form a omglpdsitioss;r uct ur e, wherein the weld consists of
a precipitation hardened nickel based alloy weld netal conposition

i ncludi ng between 1.4 4.0 wt conbi ned .al um.num and titaniu
and 15 to 30 wt % chr°8f?FaG g?e‘ﬁeléﬁo?%goqsﬁnglwﬂim Copppgigons to t i e
pr eci pi tatﬁr@bﬁl{@r dened ni ckel based alloy weld netal conposition, and
wherein the yield strength of the welds is greater than or equal to

551.6 MP, and _ wherein the ferrous conponents are high
strength steel chosenlettingihXv6kl sandgtionsfrox: 86 detadeise thamtlbpmdum weld
wel dnent i.s not sub ted to,.heat .trea rret after and
wherein t H&" é‘&?%ﬁo G Groch ST ReROT ekt sag@&laﬁeﬁ%ﬂd EPUREY al

conposition is not subjected to heat treatnment prior to welding.

46. The nethod of clsabfRtids t@lébélhﬁénén&qbtfgél&gwfel’dnfé feRioBlstif weRligh, ng,
el ectron beam wel di ng,” | aser beam wel ding, or a combi nation t her eof

af ter sai ¢ldciron brameteliiing leseepeam Weldlng, 47 a cTinbinagdul thereof ofidec e m 1
further incl friction st dtBan el ectron beamweld, a
| aser bearf’ ansg%??“éed ‘BiBhae h{?dmﬁ'@? %% on top of said fusion weld.
wherein the weld consists of a precipitation hardened nickel based alloy
weld metal composition including between 1.4 and 4.0 wt% of combined aluminum and
titanium and 15 to 30 wt% chromium based on the total weight of the precipitation

hardened nickel based alloy weld metal composition, and wherein the yield strength of

the welds is greater than or equal to 551.6 MP, and

wherein the ferrous components are high strength steel chosen from X-65
steel or X-80 steel, wherein the weldment is not subjected to heat treatment after
welding, and wherein the precipitation hardened nickel based alloy weld metal

composition is not subjected to heat treatment prior to welding.

46.  The method of claim 23 further including friction stir welding, electron
beam welding, laser beam welding, or a combination thereof after said fusion welding

step.

47.  The weldment of claim 1 further including a friction stir weld, an
electron beam weld, a laser beam weld, or a combination thereof on top of said fusion

weld.





