APPARATUS AND METHOD FOR PERFORM NG VELDI NG AT ELEVATED TEMPERATURE FI ELD
OF THE I NVENTION This invention relates to the welding of articles, wherein
the articles are nmmintained at el evated tenperature during the wel ding
operation, and nore particularly to the weld repair of superall oy
conponents of gas turbine engines at elevated tenperature. BACKGROUND OF

THE INVENTION In _an aircraft gas turbine (jet) engine, air is drawn into
Che Tront of t hAEHURAGUS ABRENEEHADEOR HARFORNENS SWEEBRIFessor | and

m xed with fuel. The m xtu | t conbustion gases are
passed t hrough a turbine %ﬁﬁ@%@ﬁﬁﬁ@%@ﬁﬁ The fl ow of conbustion
gas turns the turbine by inpingenent against an airfoil section of the
turbi ne bl ades and vanes, which turns the shaft and provides power to the
conpr essoFIELPeORAHE XINFENTIgA¢es fl ow from t he back of the engi ne,

driving it _and the aircraft forward. In the ppst conmpn proach, the
turbi ne blEEednKFRionagelates off ihe Keelding of §U}5‘113fFSaIWB‘§f§1n |the s@tlvleéearet he

turbi ne bl ad dj t f

el evat od CORIRHGAS BARHS SOl SFint, AP RREREcop RSt 5 some

of the ai E) hftidularBafot the Wad ¥pdihef fetdlRy d?ﬁ%fon%ﬁ@. dfl dhs tﬁlfblﬁehgnélﬂésbétne bl ade
ur

Is |ost I ng service by a conbination of "erosi on, corrosion,

oxi dat i on etkvategdemperatirhe tip i s renoved, gas Ieakage around t he turblne
bl ade and thence around the turbine increases so that the efficiency of

t he gas turbine engi ne decreases. Because gas turbine blades are expensive

to produce; gs eggﬁfo%- ?han ) Wever possi bl e the damaged turbi ne

bl ades are repal r crapped. The repair involves addi ng new

material i@ dnhsirdraf gas tobhey (jereagae, T isi @awafintd1ehe frohbbnendb@glge, by
wel ding. In the welding operation, the same material of the turbine bl ade

(or a di f cempressehb eisanftimouderd compresyori andtixestiwithtfoel HBhelmietyesdis

burned, and the hot combustion gases are passed through a turbine mounted on the

same shaft. The flow of combustion gas turns the turbine by impingement against
an airfoil section of the turbine blades and vanes, which turns the shaft and
provides power to the compressor. The hot exhaust gases flow from the back of

the engine, driving it and the aircraft forward.

In the most common approach, the turbine blades are cast from nickel-base
superalloys. In service, the turbine blades are subjected to extremely aggressive
conditions of elevated temperature and harsh environment. It is not uncommon
that some of the airfoil, particularly the portion near the tip, of the turbine blade is
lost during service by a combination of erosion, corrosion, and oxidation damage.
As the tip is removed, gas leakage around the turbine blade and thence around the

turbine increases so that the efficiency of the gas turbine engine decreases.

Because gas turbine blades are expensive to produce as new-make articles,
whenever possible the damaged turbine blades are repaired rather than scrapped.
The repair involves adding new material to the tip or other damaged portion of the
turbine blade by welding. In the welding operation, the same material of the

turbine blade (or a different material in some cases) is melted onto the damaged
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1 area and then allowed to solidify to build up the damaged portion and
return it to its permtted dinensional range. Sone of the nickel-base
superal l oys used in turbine blades are subject to enbrittlenent and

cracki ng when the wel ding operation is conducted with the portion of the
turbi ne bl ade adjacent to the welded region at a relatively |ow
tenperature. To acconplish the welding of these alloys, a process terned
Super al | oyraaand thign atlowed yaselidife ipbvild yp dhe dewagedpertivaamnddetpen dpled. As
descri bed‘ti n Ustgggdgnt I\Ios.1 5,897,801 and 6, 124,568, whose discl osures are
i ncor por at 8&°B PEREEAlFIECSWET process i nvol ves preheating the portion
of the turbine blade adjacent to the welding region to an el evated wel di ng

t enper at uISRY P! theOniREMbAG 3RskrAMGRL Ak NE iABinkUPRUBE Hé adiRt dhe

wel ding tenperature during the wel ding operation. The welding is perforned
in a conendbritdemetnasbheckingl when bbx vesldimgnopeaatiendd osnduetddo wathothet undue
oxi dation of, the turbine de. Before the | di ng operation, .there may be
a separ at @OPEL ohdhgi 11}%&&%@ raHAGEEH o t]aq:]dve\igchreglm ahed Bl LPdPUt i on

t here may ar gf.e - i t h T i ng
process hgés}ﬁ%éggﬁ?guc?és%?cﬁﬁ&{;ﬂgg%lgi g%lcp%gt%fteﬁﬂ%g% ? frbé’;%’aggr Blbof%\égt 15r F%e bl ades

and ot her ssp_@@tlaylwyﬂd@m%:npﬂwa&d Hemp¥Rture ((SWEEPALY beén devabdbpate! Ws sl ow
It also requires that the wel ding operator control a nunber of different

facets ofdesdribedeindUdg Paisar Masord, 817,80 and 26,1 26068, whesoslisckisores amree hi ghly
killed, . f ' t | di ti ) ertax.their abilitjes, and
P o’ o WordiehCe dh W ET Sobtithr Chet DeeRias fly pofion of

A di \ ; _ . ¢
ccor di ngkye dhphe 3l§d€eﬁﬂnf Yo Ak hgafngygg%lggpf&%ﬁ éi&ak{aﬁlvy@{aﬁgng 0

materials at el evate eratures. I nvent1 on this
need, and tdmipdrhmec prioyitdeseldaigabnd nadnantingabe tHUMAREdORat EhiE WwaHDNTI ON The

P O e helBRg, aian The oy e s O
controlled-atmosphere glove box or similar enclosure to avoid undue oxidation of
the turbine blade. Before the welding operation, there may be a separate pre-
welding heat treatment, and after the welding operation there may be a separate

post-welding heat treatment.

The SWET welding process has been successfully applied to the weld repair of
turbine blades and other superalloy components. However, the repair is relatively
slow. It also requires that the welding operator control a number of different facets
of the welding operation at once. Although the operators are highly skilled,
performing the welding operation may overtax their abilities, and in some cases the
welding cannot be accomplished successfully. Accordingly, there is a need for an
improved approach to the welding of materials at elevated temperatures. The

present invention fulfills this need, and further provides related advantages.

SUMMARY OF THE INVENTION

The present approach provides an apparatus and method for performing welding

operations on a workpiece at elevated temperatures. The approach allows the
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operations on a workpi ece at el evated tenperatures. The approach allows the
2 wor kpi ece to be nmaintained at the proper elevated wel ding tenperature

wi th good precision, and also allows pre-wel ding and post-wel di ng heat
treatments to be perfornmed with precise tenperature and tinme control, and
in a precisely controlled inert gas environnent. Al of the heat treating
and welding is, perfornmed in a single apparatus, wthout the need to nove

t he wor kpivEwkpises (ke meintpiged 3 therproper elpwaed welding tuppearenithgoadeat ed

much nore_rapi: vanl an. - r vat.ed: [ re wel din
appar at us P r%ﬁ%%%%@é@?‘“’ yﬁgq%(st %’ge'wgmlﬁg%B&O%E'ﬁﬁﬁgr}&%&%‘%g%%ﬁ%#%gb& ment gf
the appar petorhéd §@thipre€isd ReatBrCARE tifnecoht?sl, aﬁ&'iﬁ'h@@ecﬁﬂégjr RORRS11edAN
apparatus for perform ng wel ding on a workpi ece at el évated tenperature
conpr i ses igertvgak ghecententsi Al batianbea tréatsgnanderblihg osighrfandedaviang a

wel di ng access therethrough for a | der to _an inferior, of the, workpiece
housi ng. SH%E ARPERMSY %ﬁ%%etﬁqugie &@W&u&%&qr&@ﬁ@&f‘wmé I6R t he
wor kpi ece - 0] | [ ' ' i :

el at | ot I g MORGHEie Bl BE A difer| oRFBdl Sy bid BBy .

surface t E,ﬁbe@revaﬂéaae@p@@h&bwaelaimglapg@@m TiRMenBedty sPthedRatlidired &d
t hrough the wi ndow and at the wor gl ece in the interior of the workpiece

housi ng, amgewedouflre embedident wértbe apparatusold adif-eontainedosxcapt §oti thedi ng gas
to the interi.or of.the workpi ece housing, and a tenperature sensor that

senses a V@%&gﬁﬁwgleﬁf' the workpi ece within the interior of the workpiece
housi ng. A feedback controller has a setpoint input and an i nput responsive

to the tepepsiif £RNSRformA ﬁé?&nge&ma%ﬂ%eéé ot lRfvafe@MehBletathf2e POVer

to the lanp eat source responsive tTo the temperature of the workpiece.
The wor kpicemgrisesy abeodépiecey hopengaHagirtgy pewiidatw rthereftresgh and having a

el evated-tenperature _wel ding. A workpiece of nobst _interest is a _gas
turbine ¢ ﬁgr@scmdbersﬂlr@lg%hf%@ewléa%@ ay geraen of the yeukpigse AOBHBE ur bi ne
bl ade. The interior of the workpiece housing is sized to receive the workpiece therein.
The workpiece housing is metallic with a heat insulation, preferably a ceramic
thermal barrier coating, on an internal surface thereof. The apparatus includes a
lamp heat source directed through the window and at the workpiece in the interior
of the workpiece housing, a gas source that delivers a controllable flow of a
shielding gas to the interior of the workpiece housing, and a temperature sensor
that senses a temperature of the workpiece within the interior of the workpiece
housing. A feedback controller has a setpoint input and an input responsive to the
temperature sensor, and the feedback controller controls the power to the lamp

heat source responsive to the temperature of the workpiece.

The workpiece may be of any operable type that requires elevated-temperature
welding. A workpiece of most interest is a gas turbine component made of a

nickel-base superalloy, such as a gas turbine blade.

The workpiece housing may be made of any operable material, but a stainless steel
such as a 300-series stainless steel is preferred. The workpiece housing preferably

has a wall having an interior shape that is curved in its corners to avoid dead gas



The wor kpi ece housi ng may be nmade of any operable material, but a stainless
steel such as a 300-series stainless steel is preferred. The workpi ece
housi ng preferably has a wall having an interior shape that is curved in
its corners to avoid dead gas 3 spaces in the corners. The workpi ece
housi ng preferably has a renovable insulated top cover that provides the
wel di ng access., The window is typically made of quartz. The | anp heat

sour ce colpiGeseil Hae |comsrs.t whheuuprkpiecanbeusing drpfeegbly dissya aremayable  f our

quartz | anps, . There is desjrabl.y a.cooled |anp housing.in whigh.the quartz
| anps ar eqﬁ)s&aé?csgc&p PR § gtrﬁgové&és %Fe‘f"%‘u%é&ﬁ §%ﬁ%p;ﬁ}ee%m§ﬁwalssf}@bﬁw that is
adj ust abl @na’décﬁlhﬂﬁki sh an angl e of incidence of the | anp output beam upon
the workpiece and a distance of the lanp fromthe workpiece. The
tenperature sensor is desirably a non-contacting pyronmeter or a contacting
t her nocoudlhe.labéieghsowsoti comprisast at ledst ywo mobzidsnps, gad pdefstabibat ieast
structurein a bottomof_the, tqQ ensure that the

o, .
shi el d- gadoy Grizdlampen Thers & qsirfﬁgllé!?gwq%ﬁ#g% hpysing,ét Hich eIk ece at

| ¥ _ . or” 3 . o
Fur i shi gt aft e RRTD TS Bl yrf iBRely, sulpBtaliof sUFpd k' 80 PO,

that may heajusrbld icoeaablish aehiglthe weidente 6 theh lekte Butpe beval wiondthaccess.
The net hod 1 ncludes placing the workpiece into the interior of the

wor kpi ece wiskpieegyanba distange péthe lamp fragmples wotkpeéessensed by the tenperature
sensor, operating the gas source to envelop the workpiece in the shielding

gas, heati t he rkpi ece. b ring the | heat source responsive to
the set poiE ErBENREnRY ordesiiably s AHorwenipsefiod syminster e B, and
wel di ng tlﬂger%@[g@@pe using the welder. The step of heating may include
steps of perform™ng a pre-welding heat treatnment of the workpiece prior to

the step of welding, and/or perform ng a post-welding
The gas source preferably includes a gas distribution structure in a bottom of the

workpiece housing, to ensure that the shield-gas flow is evenly distributed.

A method for welding a workpiece at elevated temperature comprises the steps of
furnishing the workpiece and furnishing a welding apparatus of the type discussed
herein, and a welder that may be positioned to weld the workpiece through the
welding access. The method includes placing the workpiece into the interior of the
workpiece housing so as to have its temperature sensed by the temperature sensor,
operating the gas source to envelop the workpiece in the shielding gas, heating the
workpiece by powering the lamp heat source responsive to the setpoint input and
to the measured temperature of the workpiece, and welding the workpiece using

the welder.

The step of heating may include steps of performing a pre-welding heat treatment
of the workpiece prior to the step of welding, and/or performing a post-welding
heat treatment of the workpiece after the step of welding, as well as maintaining

the workpiece at a welding temperature during the step of welding.

The present approach provides a convenient approach for performing superalloy
welding at elevated temperature (SWET) welding. The size of the workpiece
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heat treatnment of the workpiece after the step of welding, as well as

mai ntai ning the workpiece at a welding tenperature during the step of
wel di ng. The present approach provi des a conveni ent approach for perform ng
superall oy welding at el evated tenperature (SWET) wel ding. The size of the
wor kpi ece 4 housing may be scal ed to accommpdate one or nore workpi eces at
a tinme. The nunber and positioning of the heating |anps may al so be

opt i m zed hpssingangube sealedto perompedale ove Oof)menedworkpigees et adime.edibgent to

be perforned., Heat tr.eat.rent . be, enpl oyed, in addition tq the basic
enper at uPaTbShERSPOSFSEHE Sidhe Rting BBBra rso Drr@iesti heuten
reduces t ' | ] | rﬁfﬁ{ a ] wel di ng
oper at or {6 g t@%?ﬁé@%ﬁ@uﬁl@tﬁﬁgﬁrﬁ%ﬁggitﬁrll%hlgépﬂeirqgtal%gﬁ(? eedbrie%%\rll\etr&grpntg?%ach al so
may be useashyf be dmglayein BddSiona® tieetadienamperatire doatrol at weé dvelding
enconpasses brazing .as well as repair welding of indjvidual workpieces and

mul ti - pi eéEPERMHg Vhe Bresent FPPredshoiednessetbaoreplasy aluties o the evxdddingappr oach
pr oduces Nt al |l etter controllability and . re duci bi].ity in the
Reldi ng. opBrattopt ik (B befing SRS Soncehtind i ol T RGRSblibtYy Vel dea
article. The present approach also significantly inproves

repai r/ mamhkgeédeht aprofdAsd MAF behsé® G Hatifg eThiig i BNSYd BAGinMddelaw. I n
prior approaches, the workpiece was pre-welding heat treated in a separate
heat - t r eat‘melfling aericoimppsseh brazivesaswelk s neppin weldmg dféndividuatiimogkmiecesven at
anot her sitg, ved i.nto the SWET-welding facility, heated to the wel ding
t enper at uf® PG gIRE B Ee Ozﬂ%‘@e‘ﬁ WYKPK5ET-at e heat-treating

facility, and then post-welding heat treated. This process could require

several d t gé;]?pl ons; Ln g Vv kpi.gces to
t he heat tq%%atll%ﬁg aca?Pﬁa;(/:,ﬁ ggggﬁrr({ﬁ%a%gb g?t?\]%‘éﬁej thg S ‘g(%ntw\}\%lr)ﬁ%?e%gg to be
heat treatgdodwabiiity ar thenweldiig eddratidruthaaqeior ppphteiched, headagd tah higleat

treating, and return the vvork_Ei eces to the welding facility. In the present
appr oach, GEaEypmelded drigleneathe rrgsentnepprardhyi sy, senifipaly. viepaeveg heat

repair/manufacturing operations in regard to efficiency and workflow. In prior
approaches, the workpiece was pre-welding heat treated in a separate heat-treating
facility that was sometimes in another building or even at another site, moved into
the SWET-welding facility, heated to the welding temperature and welded, cooled,
moved to the separate heat-treating facility, and then post-welding heat treated.
This process could require several days to complete, considering the need to move
the workpieces to the heat treating facility, accumulate furnace loads of
workpieces to be heat treated, wait for an available furnace, perform the actual
heat treating, and return the workpieces to the welding facility. In the present
approach, the pre-welding heat treatment, welding, and post-welding heat
treatment are accomplished in a single facility in a continuous manner. The
welding apparatus may be placed at a convenient location in the repair facility to
allow a smooth flow of workpieces from pre-welding operations such as cleaning,
to the welding facility, and then to post-welding operations such as final coating.

The efficiency of the repair process is thereby improved and the costs reduced.



treatnment are acconplished in a single facility in a continuous manner. The
wel di ng apparatus nmay be placed at a convenient |ocation in the repair
facility to allow a snmooth flow of workpieces from pre-wel di ng operations
such as cleaning, to the welding facility, and then to post-wel ding
operations such as final coating. The efficiency of the repair process is
t hereby i nproved and the costs reduced. 5 Other features and advant ages of
t he pr esefithemfeamrésoandiadvantages op dhepresentonvenizon Wil bowpparenbfrendtieai | ed

descripti of. the preferre nbodi ment,, .taken. in, caonjunction with the

o company TS RiPBwIG. IR RIS, tby Digel SRAEDt, “BKER i nei pi es
of the in [IaYs i I Of; iImited to
this pref Somehefln W8 (6 5o Rl AR SRS, Afchuifons BRTHERE elabIe™ | (%,
per spect i Vige pigples ofithaghekmpnworiescepe of thetifeerdtionis abt, hotwer &, Nienitddl ade;
Figure 2 is a schematic view of a welding apparatus and a welder, with the

wor kpi ece thiigprederred enbedinest i onal view, Figure 3 is a schematic top view
of the workpiece housing of Figure 2; Figure 4 is an enlarged secti onal

vi ew of t rkpi i taken on line 4-4 of Figure 2;
Figure 5 ?gugﬁgéﬁgﬁgiﬁﬁﬁgg5gpgﬁgﬁpggﬂgnﬁgﬁbodinent of the wel ding
apparatus; Figure 6 is a block flow diagram of an approach for perform ng
the wel di Fggurepefsad g_@f&'pe@tﬂﬁé Vie@UbRa Avélding weN@IEk & the Bahalfud Qrbinee

di agram for the wel di ng operation. DETAI LED DESCRI PTI ON OF THE | NVENTI ON
Figure 1 dbglects a wel di ng workpiece 20 in the formof a gas turbine bl ade
22 which has preferably previously been in service, or which may be a

new-make warticle; The gag turbing blade 22 has an. i nf oids24.agelfst whi ch

workpiece housing in side sectional view;

Figure 3 is a schematic top view of the workpiece housing of Figure 2;

Figure 4 is an enlarged sectional view of the wall of the workpiece housing, taken

on line 4-4 of Figure 2;
Figure 5 is a schematic side view of an embodiment of the welding apparatus;

Figure 6 is a block flow diagram of an approach for performing the welding

operation; and

Figure 7 is a schematic temperature-time diagram for the welding operation.

DETAILED DESCRIPTION OF THE INVENTION

Figure 1 depicts a welding workpiece 20 in the form of a gas turbine blade 22
which has preferably previously been in service, or which may be a new-make
article. The gas turbine blade 22 has an airfoil 24 against which the flow of hot
combustion gas impinges during service operation, a downwardly extending shank

26, and an attachment in the form of a dovetail 28 which attaches the gas turbine



conbustion gas inpinges during service operation, a dowwardly extending
shank 26, and an attachnent in the formof a dovetail 28 which attaches
the gas turbine 6 blade 22 to a gas turbine disk (not shown) of the gas
turbine engine. A platform 30 extends transversely outwardly at a | ocation
between the airfoil 24, on the one hand, and the shank 26 and dovetail 28,
on the other. There may be one or nore internal cooling passages extending

t hr ough t bader2dpiadgas drrbineedighs énaf shownkofihe gas twbine engingg A platfpanidfgs 32.
The airfoil, 2 f the gas turhbine bl.ade. 22 be, descr.i hed as, havi ng a
oot 34 aiehds Haghigs i pobiEAh B & Bt oReeR dnf S50, dFaeBine T S0t 34
and the ! ihBn@idthe IRENICI6 ahd BBvelt 28] Bh THELARE CAHBR! BaflbBRARI R nore!  her
due to renoval material during service or an undersize newy made article,
t he ai rf ointedvhl waylite phsagisheneadliby throagll ity imedot obthel gayaiebinalblaiet o t he
tip 36. The present approach is described in relation to such an addition

of mat eri dF GHHBS HhePAMRES3. of the airfoil 24 of the gas turbine bl ade 22,
as that is a preferred application. Oher types of workpieces 20 of

hat is a pre | _
o pr oseate EGT R o2 Sl AR CRRNE 72 bl P hoBAA) ATNIEF Rt apdocon

approach iagig 361 IeHe ldﬁ|gt1i bEEe alrf$ie 34 bbtwhkbé esR S4 anddhety Jo6s shgkdred i
relation to any operable workpiece 20. The preferred enbodi nent is

utilized ithan Heaminmuno acteptajde dimeddiors dithedelu Zovileinoival hmterpl elnriogs| y been
in service, and that enmbodi nent wi]Jl| he descr. bed. al t hou the invention
oy b Lo SVER Gt UpSgE mevhy: thasleratielss Maemrian 7 may bekotiacd Bei ne

bl ade 22, i ; i ' ervi f 4 a

o ke WA AdRRiREEARLR! YR G STHE MResclBandBIM BHHGRLAR 0

| east onceglafibu tdguchsar ¥ddition bR enagersal tontdthretip BAAE tB aifes] BAbf eei@ed to
condi ti ons which dearade its structure. Specifically, a portion of the tip

36 of thetyhineblade A2 35 thakisappigssredbanmlisationma Pther types of werlarense 28nd

di mensi ON3f C&a‘%&&ﬁar %t%?erst pa%tliligﬂ-spr&%%{rept%rbine nozzles (vanes), low-pressure-
turbine nozzles (vanes), and shrouds. However, the present approach is limited to
these types of workpieces, and may be applied in relation to any operable

workpiece 20.

The preferred embodiment is utilized in relation to the gas turbine blade 22 which
has previously been in service, and that embodiment will be described although the
invention may be used as well in relation to newly made articles. The gas turbine
blade 22, which has previously been in service, was manufactured as a new-make
gas turbine blade, and then used in aircrafi-engine service at least once. During
service, the gas turbine blade 22 was subjected to conditions which degrade its
structure. Specifically, a portion of the tip 36 of the gas turbine blade 22 was
burned away so that its shape and dimensions change, other portions may be
burned and damaged, and coatings are pitted or burned. Because the gas turbine
blade 22 is an expensive article, it is preferred that relatively minor damage be
repaired, rather than scrapping the gas turbine blade 22. The present approach is
provided to repair, refurbish, and rejuvenate the gas turbine blade 22 so that it may

be returned to service. Such repair, refurbishment, and rejuvenation is an
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burned and damaged, and coatings are pitted or burned. Because the gas
turbine blade 22 is an expensive article, it is preferred that relatively
m nor damage be repaired, rather than scrapping the gas turbine bl ade 22.
The present approach is provided to repair, refurbish, and rejuvenate the
gas turbine blade 22 so that it may be returned to service. Such repair,
refurbi shnment, and rejuvenation is an inportant function which inproves

t he econoiinporfampunctign whicdy inepraves Heseconpmihaiabdityiofedramft gas thrhingg

ot herw se-unusahl e gas..turhi ne.bl ades, 22 to, subse nt ,,Servigce after

appr opr i ateggw]e%?ogsgc?cwal_m&. RN Rsatle; %?Sbf‘f{gmt?l ﬁ@‘g’a*‘z@zi SHRFArEH y nade
of a ni Ck%brv%ﬁ%e‘f‘dﬁﬁx‘oﬁhh%ro&ssiﬂgpka -base all oy has nore nickel by weight
percent than any other element, and a nickel-base superalloy is a

ni ckel -base alloy that is strengthened by ganma-prine phase or a related
phase. Thd'heienkied girasiebine pladal 0o preferabhy eradstof armclkeldaspsugeraldyo A

nbrittl t d Ki wh | ded wi t hout heati th kpi ,
descr i bed HakelBescallonthas mherp miekel Dispicighleneresnt spannany. Hhsicelswigeh and ys wi th
descr i be lephas, _ g ith
Composi 11 Bkek o uBfARLy IEa MRk RalE Ay 5! KRR B ealPid 075 ™

percent  obbal dra ARIMEd pHase. MRHeGfflte]lFaby BFRAIIBYs B dntbredt AeRBSePHblettgngst en,
about 3.0 percent alum num about 5.0 percent titanium about 0.17 percent

car bon, aoWrittienetsapk cracking ovian, webdest Withoet dwatingtthei wodkpieney dsal ance
i ckel ' . ts: hayi ng.a.nom nal co sitiopnin

Mol oht oefembernahSuPaeRt SR, ExgBmES OF SUEIPAS SSEBISCHIB um

about 1. 5\&5‘5&??(? gf@%ﬁ‘cbiﬁ%ﬂ‘lmn nﬁPSdr%t usedPRERR! t%édé"“g%foe %av@%oé'tnoﬁliﬁeﬂr cent

rheni um about percent tanta about percent al @m num about

0. 15 per ceoinpbsition imweidgio yerddn0of pesiut et pereothromhant abdu004 paeaant
boron, about 0.0Q1 percent yttrium balance nickel and m nor elenents; and

ReneTM 1420b3bvabeyt o Aaererat molrpderum.onboul 48i peicenietuassien, apowibdlt 12. 0
percent C%Ql%le}ﬂ al%%ﬁﬁﬁm? aﬁo,ﬂ%_ﬁ%%}ce%? rtf?arpnﬁjrrrrll, agg&ué.l‘}'p%rc%%{ %zelr%ton, about

0.015 percent boron, about 0.03 percent zirconium, balance nickel and minor

elements; Rene™ N3, having a nominal composition in weight percent of about
7.5 percent cobalt, about 7.0 percent chromium, about 1.5 percent molybdenum,
about 5 percent tungsten, about 3 percent rhenium, about 6.5 percent tantalum,
about 6.2 percent aluminum, about 0.15 percent hafnium, about 0.05 percent
carbon, about 0.004 percent boron, about 0.01 percent yttrium, balance nickel and
minor elements; and Rene™ 142, having a nominal composition in weight percent
of about 12.0 percent cobalt, about 6.8 percent chromium, about 1.5 percent
molybdenum, about 4.9 percent tungsten, about 2.8 percent rhenium, about 6.35
percent tantalum, about 6.15 percent aluminum, about 1.5 percent hafhium, about
0.12 percent carbon, about 0.015 percent boron, balance nickel and minor
elements. The present approach is operable with other alloys as well, and the use

of the invention is not limited to those listed above.

Figure 2 schematically depicts an apparatus 50 for performing welding on the
workpiece 20 at elevated temperature. The apparatus 50 includes a workpiece

housing 52 that is preferably made of a metal such as a 300-series stainless steel.
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nol ybdenum about 4.9 percent tungsten, about 2.8 percent rhenium about
6.35 percent tantalum about 6.15 percent alum num about 1.5 percent
haf ni um about 0.12 percent carbon, about 0.015 percent boron, bal ance

ni ckel and mnor elenents. The present approach is operable w th other
alloys as well, and the use of the inventionis not I[imted to those

| i sted above, Figure 2 schenatically_degicts an apparatus 50 for performng

vel di ng o\ H¥erigfos4k g Eheaworkpigcech@isiiged topiged 12 tecsiveTihe vupnkaieae @9 50

i ncl udes r kpiece I,n i r ef er.abl f a mptal such as
2"300- sor B ATo her e e 3% ¢ Blopls? cBPBLALER of sERGBr Bsr Bl Bl T g 52
is sized {@héRGRE WOTIHIECANOT N EAPiIcte holfiak e Sz feleiR8il¥et wWdiRpiee® of the
proper conbi nati on of exterior heating |anps to heat the workpiece. The
wor kpi ece 26 shaniglusizated zadbotimentcseie FegurhiBee wor kpi eces 20 in the

Il lustrated enbodi nent, see Figure 3. As seen in the top view of Figure 3,

the illustrated workpi ece. housi 52,1 neral ly rectangul ar. _The

wor kpi ece Afotf&nift k%v%‘?é{%/é’%ﬁgﬂﬁpé* glﬂ g%ssﬂéﬁ'g %Qﬂﬂ”%qez oyg 5Eslsm)st
suited to | o] i ANVl Yol ﬁ;@% he

wor kpi ecegtﬁ%%g%ggﬁa? EI%' hgggggﬂ‘%ﬁleggh@%ﬁ%gﬁgﬁn Efﬁ“%’g%h%iogév. gha wor kpi ece
housi ng 5anthaszeathak rif anosrsuiedne e prosesshigl ob@ pdieitular efckpiety, EBorcur ved
in the corners 58 to avoid dead gas spaces in the corners in relation to

the flow &kamplgethenwerkaiasg hyasingasaybe hexpgonalserepsagonslissioguaew! yheThe
wor kpi ece_hoypsi vabl cover refer of the

2. h . d
sane materia ,len%B?Susﬂ)I?%ﬁ Bgssat?gﬁ%?roq?ﬁt gﬁ&t@g@llﬁ{h@?gﬁq&?ﬁﬁ&g&ﬁ op of
the workpieaR QRHSLRS BavhRI d@ad"%d gﬁécesﬁﬁ t{uﬁg&%lsi Atelatigh ééfeh@ﬂomﬁr

S
wor kpi ece housing 52. The top cover 60 of I1'lustrated three-workpi ece

enbodi menthé shipidafgepad)lay witlr e disasssedvsulbselibenttyv elThe vidikpiceabbusiogs2 hal T of
the wel di ng access 62, so that half of the interior 54 of the welding
housi ng 5%3% & rerapeable Mncaysr P8, preEerablyanadeaplr the same mateinl) higbaravidess t o

retain he@%él@in%%cés@%ﬁrt&%ﬁlgﬁ%he open top of the workpiece housing 52 for a welder

63 to the interior 54 of the workpiece housing 52. The top cover 60 of the
illustrated three-workpiece embodiment is preferably formed as two half-covers
that each cover half of the welding access 62, so that half of the interior 54 of the
welding housing 52 is accessible while the other half remains enclosed so as to

retain heat in the interior 54.

As seen in Figure 4, the wall 56 preferably has heat insulation 64 on an internal
surface 66 thereof. The heat insulation 64 aids in reducing heat loss from the
workpiece 20 and more generally from the interior 54 of the workpiece housing
52. Due to the use of the heat insulation 64, the interior of the workpiece housing
52 and the workpiece 20 therein may be heated much more rapidly than possible in
the absence of the heat insulation 64. The heat insulation 64 is preferably a
ceramic thermal barrier coating 68 made of a material such as yttria-stabilized
zirconia (YSZ), applied directly to the internal surface 66 or with a bond coat
therebetween. YSZ is zirconia with typically about 2-12 weight percent,
preferably about 6-8 percent, yttria added to stabilize the zirconia against phase

changes. The ceramic thermal barrier coating is preferably applied by air plasma
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As seen in Figure 4, the wall 56 preferably has heat insulation 64 on an
internal surface 66 thereof. The heat insulation 64 aids in reducing heat
| oss fromthe workpiece 20 and nore generally fromthe interior 54 of the
wor kpi ece housing 52. Due to the use of the heat insulation 64, the
interior of the workpiece housing 52 and the workpiece 20 therein may be
heat ed much nore rapidly than possible in the absence of the heat

i nsul at i ofiP&. (. hEke Prafertecheeramic thargah batrier apptjng, 68 de chAsast ebeitmal
050y " SRR P B fide el BBl e i BRI B bl
S ©! et e R > o . t

Lner SPeL O PG eI GRR® ot Ihl MR PO A3 O hoRCRe"

agai nst pHRake an€ BPAIDEH. as R sEIe bR McgmbNEVdIRlg thafdrRpie6®Bbhdifg 53 duiiger ably
applied by air plasma 9 spray (APS). The preferred ceram c thermal "barrier

coating 68enestegtwelding opbasicms. Qptidhallydivt pegerab)y, tahthirk layer phati @0 1-

sufficient jnsulatjon, but_not re than about Q.03 inch (760 m  thick so
that ¢ ho. OAORIRER (3501 130 L) Anl pF e%apgﬁeat@awa@é@ NiGeAl matgeeal inepnlisd! | of f

et i g ol il Three B bRt fif AR e UaRiRcortinl e appliEg°00
0. 005 i nclo 4id5nits haBedidn tdihekniefioRsORd 660Athe Uall 555 PhdNldpidc thefg4li al 1s

applied to the interior surface 66 before the ceram c thermal barrier
coati ng 6dairierapplingdd conformisdoithe shapeadihthsiioterioo sutfacd 6f.encludirpitheace 66

of the wall 5. The ram ¢ .t her barrier coating 68 conforns_ to the
shape of CHE® 0BRSS B BROVAIBE %Eﬁmﬁmq@ ingydation oy dbe plls eosot e
rovidin . | 4l | at.l f t I kpi ece
IEI)OUSi ng g?ﬁ% %ﬁg&fggu%%grg%%ﬁé:ma}? ﬁ%‘}\?g%toh@%%e}g g?n%@é tcgreagﬁn%ﬁﬂ%rgﬂr&?ibeﬁﬁ@ ércoati ng

68 appl i edodtihg 6% applicdrtoafs isterioasesfadd oy Flfe%rablb'}/thetﬂltﬁ tbp @bvéragd gover 60
is insulated on its inner surface with a flat ceramic tile. The workpiece
housi ng 5Msutasedomits oer Fofacsevith Aflstiggramigtitthe preferred enbodi nent,
there are two wi ndows 70 on opposite sides of the workpiece

The workpiece housing 52 has a window 70 therethrough. In the preferred
embodiment, there are two windows 70 on opposite sides of the workpiece
housing 52, but there may be other windows as well. The window or windows 70
are preferably made of quartz so as to be transparent to light and also to resist the
elevated temperatures that are experienced by the workpiece housing 52. There
may be any combination of number and size of windows 70 required to provide
heating access for particular-shaped workpieces 20. For example, there may be
windows through all of the walls 56, to heat the workpieces on all sides if required.
Additionally, the top cover 60 may have a window therein, or the top cover may
have an opening therethrough (without a window) to provide access for a top
lamp. A virtue of the present approach, as compared with alternative heating
techniques such as resistance furnaces and induction heating, is that the heating
may be made very rapid but also precisely tailored for each type, shape,

configuration, and number of workpieces.

A lamp heat source 72 is located outside of the workpiece housing 52. The lamp
heat source 72 has a lamp output beam 74 directed through the window 70 (or
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housi ng 52, but there may be other wi ndows as well. The wi ndow or w ndows
70 are preferably nade of quartz so as to be transparent to |ight and al so
to resist the elevated tenperatures that are experienced by the workpi ece
housi ng 52. There nmay be any conbi nati on of nunber and size of w ndows 70
required to provide heating access for particul ar-shaped workpi eces 20.

For exanple, there may be w ndows through all of the walls 56, to heat the
wor kpi eceshronglalthe svalidingi dccessyuindeat. the Andikpieseal(d yn theéntevor 66vefi the0 may

h i ndow .t h in, t ing.th h h
(ot Chout. WORRRBOR oSty TR BRI SmBen siace A0 GrobiReGr e

: ERUSSHHLY 2t _ _ i
e ot anc e R T g B hont o F DS R0 e e

very rapi thibphest! soQrdes 92j safly\shotinl difetted drowhche righe hasd agdow 70 and
configuration, and nunber of workpieces. A lanp heat source 72 is |ocated
out si de otha ¢fenGiat shews) diseted ghropgh theelefizhnnd wimdowsHur Eecly lanmbeat | anp

out put beam 74 .di.rect.ed t.hrough the w.ndaw 10 t hr,ough e _wel di ng
Sochos) et 7eHBSRHRH RS 96 I PIREEARY o fost o, At st 7k Spude

housi ng 5 ' : : t Leb gyt h - each
of the wi %’&%xﬁw%?ﬂ 1 VRUPIERh A Yiel TRy htmoéf‘i‘%iﬁéé%é@%?t@ﬁéél?% Woul d be two
| anp heat qaariz hdsgéiRlamgn) yrestvaiinbldicontterdiatipion@bod hattrsizhte tHamih thiendow 70

and the other énot shown) directed thr oug’y the | eft-hand wi ndow 70. Each
| anp heat Prefefgpd enpodinynt of ddgure 3 these agmbvo gudts taamps dbpssogtatgdewdh t wo,

The uar ¢ shm b R0 BRonills 72, kit lof B RA0 walls of biieBle ity .
comer ci a?bwef Birdcte@ vt the 5 ERpies® 20 hdlthd kg Burplf Béhd 24l aERoRigent of

Figure 2 there are two quartz | anps 76 associated with each of the two

| anp heat pswor bl alowh dhe avarkpiate 30 t8(0f0hewtd sapidlyavhen dediredne@hereg power
0L oot e LN e SR e B0 Sh e, LT QU R Dol 1 ThL s o

There developed for another type of workpiece, there is a further lamp heat source
directed through an opening in the top cover 60. Thus, the combination of lamp
heat sources may be precisely tailored to provide the optimum heating for the type

of workpiece that is to be welded.

The quartz lamps 76 are preferably received in a cooled lamp housing 78. A flow
of a coolant, preferably water, is controllably circulated through the lamp housing
78 by a water pump/radiator 80. The illustrated form of the water cooling
structure is a closed-loop recirculating cooling system, so that external water
source and drain connections are not required. However, a non-recirculating water
flow system may be used as well. A flow of pressurized shop air may also be
provided to cool the bulb of the lamp 76. The cooling of the lamp housing 78
cools the quartz lamp 76 and the pressurized air flow, if any, cools the lamp bulb,
thereby prolonging the service life of the lamp 76. Additionally, a flow of cooling
air may be provided to move heat away from the operator of the welding facility,

and to blow or draw any fumes away from the operator.
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may be ot her conbinations of |anp heat sources, and in an alternative

desi gn being devel oped for another type of workpiece, there is a further

| anp heat source directed through an opening in the top cover 60. Thus,
the conbination of |anp heat sources may be precisely tailored to provide
the opti mnum heating for the type of workpiece that is to be wel ded. The
quartz lanps 76 are preferably received in a cooled |anp housing 78. A flow
of a cool élnﬁxe lapipeheysig y8 mﬂetﬁ@nqesth@dnmpfﬂ)ﬂaﬁbw sippexiedioace suppongB2t he | anp

Cooting  dihectpled 3ot HPRbLASEEbede: stliish rngRelsdit ReBhd Shedd (hat
ext er nal \wttﬁé,zaaaag@g?taeg?gg %”umﬂﬁ&ﬁydggﬁggi go,n%dr fwiu% %gpbifsmver, a

non-recircul ati ng W SYyS as we ow of
pressuri zelistadvepofahe lamy 78 Fombhe workpiede @0t dnchelenibodihedtofdfighiee2,] anp 76.
The cool i ggeof the | anp_housing 78_ cools the quartz |lanp 76 and the
pressuri zdde Jp fhoyding 78 ang therss they laan(@mpo wue slidablyeyupporipd smolyi ng t he

service life o e_l 6. ditienall | ow of cool | air_may be
orovi ded cooGVER REsyARads o6fn PR amtp gB R e waliihontt ali Y "anc
to bl ow omedh@d idBlack WNESelavRY sfidiaBlédeioAP Thakepport §2 WisivbRAR: HRUSINT 78
and thence the lanp(s) 76 are supported on a support 82. The support 82 is

pr ef er abl gladstust el varipiest hbiisisp ¥ axdgthe ofmotacérdle mc sumforiedcdn anf t he

| anp out put,. be 74 on the workpjece 20, and alsgo to establish a
di st ance @#JLF@EB%S%W&M%@O Iqpsasee thepsuppart See apdisaretho laBp Fi gure

2, he | . | | | |y d
the  suppaPreis R ML AR BB RE G bk ISy iRboY 48 BLG: Bl R sl BT L o1 ece
20, and mawglohst ihiiderbo of thb Agsip Bt HehRCIEENS! the MR O TS UPPO

82 is pivoted at the end closest to the workpiece housing 52, and the

renot e endhé Bnpippdr incthiomanner helijsuotapbinaize the Buveriaputrtay atsbthepeethet 0 cause

t he support 82, ang thence the |anp . housjng.78 and.the | anp(s) 76 to be

bi vot o4 s B e BOTtRaR O & ARpIESE gihe Typiedlly it 35 nof Besbery o
uniformly heat the entire workpiece 20. Instead it is sufficient that the portion of

the workpiece 20 adjacent to the region to be welded (e.g., the tip 36 in the

illustrated embodiment) is controllably heated.

The welding operation is performed in an inert gas shielding atmosphere, such as
an argon atmosphere, to prevent oxidation of the workpiece 20. To supply the
inert shielding gas, a controllable gas source 86 delivers a controllable flow of the
inert shielding gas to the interior 54 of the workpiece housing 52. The gas source
86 includes a gas supply 88 and a controllable valve 90 that meters the shielding
gas from the gas supply 88 to the interior 54 of the workpiece housing 52.
Experience with a prototype unit has shown that the shielding gas must be
carefully introduced into the interior 54 of the workpiece housing 52 to ensure that
the entire workpiece 20, or the multiple workpieces 20 where present, are fully
enveloped in the shielding gas. To ensure the fuil envelopment, the shielding gas
1s introduced through a plenum 92 that delivers the shielding gas over the entire
area of a gas distribution plate 94 that forms the bottom of the workpiece housing

52. The entire face of the gas distribution plate 94 has a plurality of holes 96
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angl e of incidence of the |anp output beam 74 onto the workpiece 20.
Adjusting the lanp(s) 76 in this manner helps to optim ze the power input
to, and thence the heating of, the workpiece or workpieces 20. Typically
it is not necessary to uniformy heat the entire workpiece 20. Instead it
Is sufficient that the portion of the workpiece 20 adjacent to the region
to be wel ded ée.g., the tip 36 in the illustrated enbodinment) is

cont rol | aliege thatrispread| dienghielgmgagao averss thee enidtenbeftom atpa igfete gas
shi el di ng_at josphere.. sygh gs__an argon at pher.e, 1o prevent oxi.dation of
Che ‘wor kpPEEDEE Drgsing oy A eSS oRhel sl B Ropaeed S e elmmbise gas
source 86 b Ml : ' hel.d to the
i nterior Egﬁ;(\))‘]t M?h%s%gﬁﬁ%@eb%?ug E}dgﬂigtzlf-% ' %L@ﬁgéggggﬁrﬁh€§6ie?}%gggg%s a gas
suppl y 88 (Cand the stoinldingd basbis éntveduced Mtotthainterdres4 of e workpiatepusiggs from

t he gas squIy 88 to the interior 54 of the workpiece housing 52.
Exper i encé2wtherroungdgdogasngts S Subalp te) srsuse diah theraere pe siognairdicay velisneust be

fully introduced.| i i of hece housi
cnour et havithie pY ERprog G adfe R RbleE 5ptole 4AT TG BRISHE A s ner e
present, RufhiHeivelamiedaat 4t thoRpS¥ Be %%iemouﬁglge{)@ UTEe 166 dful |

envel opnent, The shielding gas is introduced through a plenum 92 that
del i ver s thmeshitidaigitasgs desrablyecorttivdledrio beef higlerolofmeanddewdirsisuidulfi on

I 94 th f b f th kpi h ing. 52. Th [
Pl e 94 LA LA, LIS BIACT.OL LS JOLKR) SEE TS0 B2 NG GILI e
th th . ; t k- ] ' t f
her et ol el spasedyhg ol g BRI oA IS, N | g o2 ©

pl enum 92 _hi%lﬂ_& vt dTShibdding ic8$ Isi deed tBBretha@y Be Adblilenédihbh@awdiaid inethiehe 1 ow
of the shielding gas. Once the shiel di ngugas I's introduced into the

i nterior Satenér ¥hevidoilikpeeedlisaduantageous 2¢sultse rounded corners 58 help to
ensure that there are no stagnated gas volunes wthin the interior 54 of
t he wor kpi

housi ng_52. hi el di e >
access 62|‘A§ g@%%g@t‘gg%l?sof &@B\?&gﬁﬁeﬁ% ‘Lélqﬁ‘?f%@i%‘?léﬁgg%@@%}%#o‘ﬁtﬁﬁ e’ <! "9

interior 54 of the workpiece housing 52. Multiple temperature sensors 100 may be

used for each workpiece 20 if desired, but typically a single temperature sensor
100 for each workpiece 20 is sufficient. The temperature sensor 100 is preferably
either a noncontacting pyrometer or, as illustrated, a contacting thermocouple 102,
or both may be used. The temperature sensor 100 provides a real-time
measurement of the temperature of the workpiece 20 in a vicinity of the region to
be welded. The lamp heat source 72 and the welder 63, when operating, provide
the heat inputs to the workpiece 20. Heat is lost from the workpiece 20 through
the walls 56 and top cover 60 of the workpiece housing 52 by conduction,
radiation, and heating of the flow of the shielding gas, and, when the top cover 60
is removed in whole or in part, through the welding access 62. The temperature

sensor 100 provides a measurement of the actual temperature of the workpiece 20.

A feedback controller 104 has a setpoint input 106 and an input responsive to the
temperature sensor 100. The feedback controller 104 controls the power to the
lamp heat source 72, and thence the heating power delivered to the workpiece 20

from this source, by controlling its lamp power supply 108, responsive to the
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the shielding gas is desirably controlled to be of high volunme and | ow
pressure. If too lowa flow of shielding gas is used, air may diffuse into
the interior 54 of the workpiece housing 52 and oxidize the workpi ece at

el evated tenperature. If too high a flow of shielding gas is used, there
may be turbul ence that draws air into the interior 54, with the sane

di sadvant ageous resuylts. A tenperature sensor 100 senses a grgi:)erature of
the wor kprf@éaere@lrw thenwprpiecerneasuend ey ther tepmsrafipierssnearel 0

dosi rod.  BPOLS il o ARyt SeliRuRGp RS tg%@?%i%a“ﬁ%lk&&imﬁ B kpi cce
20 is suf fset@bﬁmtmpﬂihm %amryahlsbeinéﬁﬂé@‘a PeGbrbSrafiiRé® idhpatatudé tphsfiled

noncont acti ng pyroneter or, "as illustrated, a contacting thernbdcouple 102,
or bot h magletted dis bding The Vvtoekmecraai(m tea slesisal willingtenypiedesrea(and glerforme

N
ore o g5 LB M LR Byt Bl AT [

housi ng 5Bebi¢ce@plishetii Orhe feéalﬁtioktddﬁ&ollalﬂmftlaﬁbld@:@lrﬁﬂly&ﬁ@ cbhewl edtptike
shi el ding gas, and, when the top cover Is renoved in whole or in part,

through t hetheevaterpump/iedistos 80 am ¢o t@m@é&r@ﬁmxa%thegems@lﬂabi@gaqomw&@ a
measur ene of the.ac t epqperat ure 0 the C eedback
control | eaﬁ‘fﬁﬁcq’fﬁ’é‘)l é’u&’é’?sp’@iaﬁg% S Ofﬁ%gféfﬂﬂtr Eﬂifeﬁ%ﬁégh‘?ﬁgi BOHQSt he

t enperatu The . f wer to
the | anp%ﬁ:eglt%?so (JngQ}%e H)%I}*;(?% e%%%c%g t?ﬁ(g)h @gkﬁg%%@mng% rB(f tﬁ%\sféatrtggﬂ?‘g t he
wor kpi ece adfd gad flom telspectﬁzelyr. ce, by controlling its |lanp power supply 108,

responsive to the 13 tenperature of the workpi ece neasured by the
t enper at ure sensor 100 and to the setpoint input_ 106. Although

schemat i c&I§Yei Hipstraies yPredersedrigrmpT ¢t apparatus R0. g@@rﬁﬂpﬁ{at‘i‘%%tasl%

ot 1Y, g oS A SRR RSBGPS,
to the operator. The various elements 80, 88, 104, 108, and others {and the
interconnections, not shown in Figure 5) are built into the table 110. The table 110
may be furnished with wheels so that it may be readily moved about. The
apparatus 50 in this form is fully self-contained except for a power input, and
sources of air and inert gas. The air and/or inert gas sources may be provided in
bottled form and carried on the table 110, so that only a power input is required.

This form of the apparatus 50 thus is readily moved to convenient locations in a

factory setting,

A method for welding the workpiece 20 at elevated temperature is depicted in
block diagram form in Figure 6. The method includes furnishing the workpiece or
workpieces 20, step 120, and furnishing the welding apparatus 50, such as that
illustrated in Figure 2 and/or Figure 5, step 122. The workpiece 20 is preferably a
component of a gas turbine engine, such as the gas turbine blade 22 illustrated in
Figure 1. The workpiece 20 is placed into and positioned within the interior 54 of
the workpiece housing 52 so that it may be heated by the lamp output beams 74
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pre-wel ding heat treatnments and post-wel ding heat treatnments as desired),
and maintain it at the welding tenperature so that the welding of the

wor kpi ece 20 nmay be acconplished. The feedback controller 104 al so
desirably has control outputs to the water punp/radiator 80 and to the

val ve 90 of the controllable gas source 86. These control outputs nay be
sinple on/off controls to ensure that these functions are operating, or
they may B&dtRkeGielniRraaR! §e@1§ed B? tﬁagahiaw;iﬁn@fseﬁm MR Qfepl 120V BRed gas
flow, respectively. Figure 5 il rates a preferred forn1of t he apparat us
50. The appakpicos2®0 sm@poﬂaiswsrmdmesbaajbbymolmgmnshppcnrtsto atable 110 with a
control panel 112 readily accessible to the operator The various el enents

80, 88, 1Q4, 108, and athers t he ercon ctl not sho in
i gure’ 5) THeedBuitics ot hertalioly Posreicthi (EareDs 18° WePisssr B Meshed
Wi th wheelg Fcﬁn hgzﬁ <0 t peY2 28€ rﬁgrﬂﬂ{a}ﬁe Y£d i@BQUbLrerdEr BRPAHBL g0 1N

this form I'S contai ne exce ’or a power | nput, and sources of

air and i @Gﬁfp/lgdﬁltormb@bperaﬂﬂ/t@rcdomﬂid 12985 hORIML BS an@Yh PRl 081 deg i n
bottled formand carried on the table 110, so that only a power input is
required. 0pematlgnf@f nihsf controHpiplar #rsiss@Uce hé® hed r thedidoptrabatkld tw;iter

conveni ent factory settin A net for |

wor kpi ece 561 g‘?}i@? %Q 36“4 af’%?lkp% &5 3%B§)0Feﬁefﬁi{g01%|@8£@ h %3’3’ ef ormin
Figure 6. Jheo&!ifvad dQ\?AlHQH’écﬁ B'tﬁzﬂ'aﬂl aﬁé?aowlﬁ%gg@?ﬁ& “eﬁérﬁ%he&es 20,
step 120, and furnls I ng the |ng appar atus 50 t hat

I 1 [ ustrat édvé to e guncern2davicd ﬂ]l@lrl-fjrgpwraeﬁncﬁleeelleZ The wor kpiece 20 is
preferably a conponent of a gas turbine engine, such as the gas turbine
bl ade 22 il] us ted.in Figure 1. The workpjece 20 .is placed into, and
posi ti oned* hfat wg(awlﬁ@gi G¥cls S derformegd, St%b?&mkktﬁil%@l% s wegkmecese) ishat it

may be he re

sensed byﬁ[eﬁgd%ré)er a eeggﬁ% LHea?%%ﬂﬁs r%@%&q/ Q@%ﬁe Sé Bﬁlgceﬁgg

suppor t ed ag8 td geaempetatiy Jfeed WotkfEceSHPRPMessured by the temperature sensor
100, step 130, and the workpiece 20 is welded using the welder 63, step 132, The

heating step 130 and the welding step 132 are usually performed with both
sequential and simultaneous substeps, and Figure 7 illustrates a typical operating
cycle. The workpiece is initially at room temperature, numeral 140, and is initially
heated at a controllable heating rate, numeral 142. There may be an optional pre-
welding heat treatment of the workpiece 20 prior to the step of welding, numeral
144. A typical pre-welding heat treatment requires the workpiece 20 to be
maintained at a pre-welding temperature for a pre-welding time. The workpiece
20 is thereafter further heated at a controllable heating rate, numeral 146, to the
welding temperature and maintained at that temperature for a period of time
sufficient to perform the weld repair, numeral 148. After the welding step 132 is
complete, the workpiece 20 is cooled back to room temperature at controliable
rates, numerals 150 and 154. There may be an optional post-welding heat
treatment, numeral 152, that is performed between the cooling segments, numerals
150 and 154, typically requiring that the workpiece 20 be held at a post-welding
heat-treatment temperature for a post-welding heat-treatment period of time. The

temperature profile, including the temperatures, times, heating rates, and cooling
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The gas source 86 is controllably operated to envel ope the workpiece in the
shi el ding gas, step 126. Sinultaneously, it is preferred that the water
punp/ radi ator 80 be operated to cool the |lanp housing 78 and the | anp 76.
The operation of the controllable gas source 86 and the controll abl e water
punp/radi ator 80 (and any air cooling systens) is preferably controlled by
the controller 104, to avoid the chance that an operator wll forget to
turn t hemeids, AlumeRdly 8424 SHeisaendiby cqtdroMeti byt the ifsedphclpesntesitey 104, withel s. A
heating/wel ding cycle is performed, step 128. In this cycle, the workpiece
20 is heatmanyn) inewapt provided faadowesiep dddrioecxteng depandong attime e

set point input 106 dto the tenperature of t iece S_neasur ed
by Lhe t eRpEiiEd e el feokeidiad obERBRA 748 B Rmblidedioth BE @8 tanfle) dec
US| NG t he Rl BaFecE: artl @R wtRinsTifd WEALKQA oo BIIRAAHEEIAIR0 St ep
132 are usually performed wth both sequential and sinultanedus substeps,
and Fi gur erofileltbulsd treddily and ppictsely epetrallédig They speeificT perawetdepicfcibei S
initially at room tergeratu_re, nuneral 14Q, and_is injtiall, heated at a

colnéI roll ﬁm@m@@ﬁ w50 lﬁt‘];éf, Fl;]%ﬂﬁ%ﬁaﬁfel&f#c%eﬂcéowmg b tﬁ% SBpfi lari?cpe pﬂlfg
i : : ' . 20 pri . ing,
hurerai  DpioinsE o ER i el OB REGiot A R LI IR P ek i ece

20 to be JaRiippa fopYaAbustyBeSofRbiipiides.enperature for a pre-welding time.
The workpiece " 20 is thereafter further heated at a controll able heating

rate, nuneral 146, to the welding tenperature and maintained at that
t enper at ulefpoeseat peproach bds béemereduceddf fogprecticet wither protatypheppestds SEpai r

nunmeral 148. After_the | dj step 132 s . conplete, .the workpiece 20 is
cool ed badkSHR b FiFEnpern abesh nsFAted Riag e apnipisd ol Figre.$ and 80 and
154. Ther I I - i eat treatnent, nuneral 152,

that is pgﬁﬁran@gegfe&tﬂmggﬁﬁéh%%gpwwh% gt -

I'ng segnents, nunerals 150 and 154,
typically requiring that the workpiece 20 be held at a post-wel di ng
heat - t r eatAttough amaetatiatreniclimantaShe iwetettion haebéert desatibehin dutail fdt of
time. The tenperature profile, including the tenperatures, timnes, heating

rates, an@uisses af illustration, various modifications and enhancements may be made
without departing from the spirit and scope of the invention. Accordingly, the

invention is not to be limited except as by the appended claims.
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15 rates, nunerals 142-154, is readily controlled by the feedback
controller 104, with a manual interrupt provided to allow step 148 to
extend for as long a tine as required so that the wel ding operation nay be
conpl eted. The use of the lanp heat source 72 and the well-insul ated

wor kpi ece housing 52 allow the tenperature profile to be readily and
precisely controlled. The specific paraneters of the tenperature profile
of Fi gure GLAIMSse| ect ed according to the specific type of workpiece 20
and its material of construction, and are known in the art or will be

devel oped .f or r|o of mork eces n roach has been
reduced td pr a Rpéét*aﬁ f(ﬁ @W%V‘B@%B&aﬁﬂ?gﬁe aggltegﬁtp CIPRCRI Y e 2,
and has b%@fh ﬁt ed using the approach of Figure 6 and a tenperature
profile such as at shown in Figure 7. Although a particul ar enbodi ment of
the invention has been described in detail for purposes of illustration,
vari ous nodi f i cavodpiecarivbusingdravagen wsndamy t]imeﬂnmigh and having depaldingng from
the spirit and sco e Accor the invention is not

of fhe venti on, ngl y
to be |imafeds e fO%%yam deiigetbibterir 1 e Skeieng Resising, wBEnat us for
performn ri.§i ng: a
wor kpi eceQ}?}oum ngq)nfg@? ﬁro 1 %glr%h%rge%ﬁ?%‘g&ﬁ}vgﬁgh?o%%&eam\%ﬁlAﬁlg access

t her et hr ougleréiartha Wﬁkﬁi%be ﬁl@uﬁﬂgllﬁlfxﬁéﬂam& with tahReatQh&datRHE of QSinRdnalWher ei n
the interior of the workpiece housing is sized to receive the workpiece

t herei n, andacedhereefin t he workpi ece housing is netallic with a heat
i nsul ati on on an internal surface thereof, a Iarrp heat source directed

thr ough the i gt A0, el GrUPIBESTER HE vilEow Bl B SlpilE i kP! o0

interior of the workpiece housing;

a gas source that delivers a controllable flow of a shielding gas to the

interior of the workpiece housing;

a temperature sensor that senses a temperature of the workpiece within the

interior of the workpiece housing; and

a feedback controller having a setpoint input and an input responsive to the
temperature sensor, wherein the feedback controller controls the power to the lamp

heat source responsive to the temperature of the workpiece.

2. The apparatus of claim 1, wherein the workpiece housing is made of a

stainless steel.

3. The apparatus of claim 1 or 2, wherein the workpiece housing has a wall
having an interior shape that is curved in its corners to avoid dead gas spaces in the

COITIEYS.

4. The apparatus of any one of claims 1 to 3, wherein the workpiece housing

has a removable top cover that provides the welding access.
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a gas source that delivers a controllable flow of a shielding gas to the
interior of the workpiece housing;, a tenperature sensor that senses a
tenperature of the workpiece within the interior of the workpi ece housing;
and a feedback controller having a setpoint input and an input responsive
to the tenperature sensor, wherein the feedback controller controls the
power to the lanp heat source responsive to the tenperature of the

wor kpi ece5 2. ke appraatas of éliy Qngi af the \iveeesing tdpimap dpsreiaethigobisatng i s

made of 1 {[Pg i nl.ess gteel rm The. aggaﬁratus of claiml1 or 2, wherein the
wor kpi ece ] ’loﬁlgls iES agnﬁékllq ahBWﬁ Menterior shape that is curved in

its corners to avoid dead gas spaces in the corners. 4. The apparatus of

any one ofg, cl aiTie dpphfands ofVA8) 8hdof iR m&&ﬁh%@fﬁnﬂ@u@h&gln hRswidofRvabl e
top cover that pr OVI des t he wel di ng access The apparatus of any one

of the prewsldiaigueitai ns, wherein the heat insulation is a ceranic thernal
barrier coating. 6. The apparat us of any one of the preceding clains,

wherein the windowis  nad uart a us.of any one of the
precedi ng ‘cl ai ?Trg‘e W@%‘ﬂ%of ﬁieaprecg% &i;f 8’5 &’FEeé% thea[]ay%ﬁ%’t t Wo
quartz Iarggg,l;c gs&pol ed Iarrp hou5| ng in which the quartz | anps are
recei ved. ?’he gppar atus of any one of clains 1 to 6, wherein the |anp
heat source conprises: a |lanp having a | anp output beam and a support

upon whi ch t he at bagt twe® quappdamps] andher ei n t he support is
a cooled lamp housing in which the quartz lamps are received.

8. The apparatus of any one of claims 1 to 6, wherein the lamp heat source

comprises:
a lamp having a lamp output beam, and

a support upon which the lamp is supported, wherein the support is
adjustable to establish an angle of incidence of the lamp output beam upon the

workpiece and a distance of the lamp from the workpiece.

9. The apparatus of any one of the preceding claims, wherein the temperature

sensor is selected from the group consisting of a pyrometer and a thermocouple.

10.  The apparatus of any one of the preceding claims, wherein the gas source

comprises a gas distribution structure in a bottom of the workpiece housing.

11.  Apparatus for performing welding on a workpiece at elevated temperature,

comprising:

a workpiece housing having a quartz window therethrough and having a
welding access therethrough for a welder to an interior of the workpiece housing,

wherein the interior of the workpiece housing is sized to receive the workpiece

18



adjustable to establish an angle of incidence of the | anp output beam upon
the workpiece and a distance of the lanp fromthe workpiece. 9. The
apparatus of any one of the preceding clains, wherein the tenperature
sensor is selected fromthe group consisting of a pyroneter and a

t her nocoupl e. 10. The apparatus of any one of the preceding clainms, wherein
the gas source conprises a gas distribution structure in a bottom of the
wor kpi ece theseigi mgd wherepp pha ataikpiees housingrigi mgtallin avithg aokeakringuidtivigece at

el evat ed tenperat ure conprising: .a r kpi ece, housi ng having a quartz
wi ndow th&,‘lﬁﬁ'ﬁiﬁ T Eoafme é?'}’gmégn%u -aﬁ%&g&%o ss therethrough for a wel der
to an interior of the workpiece housing, wherein the interior of the

wor kpi ece housiaNgmp e satkd Ardc@&PiYGighBe WIAER BAE ai fhe! lede e Wher ein
t he wor kpi ece housing is nmetallic wth a heat-insulating thermal barrier

coat i ng omntanor off the wairkpiecd bawsing)evheofin tle laamphdae sturso vompriskist ect ed t hr ough
the w ndow and at the workpiece in the interior of the workpiece housing,

wherein the | anp heat source c rises: . a quartz |anp having a | anp out put
beam a cool edal%’ﬁﬁzhﬁfﬁgﬁﬂ\j‘ngﬁqgﬁpwtﬁ‘ﬁ@e@fgartz lamp is received, and a
support upon which the cooled | anp housing is supported, wherein the

support is adj ysi,ahld8a g@ﬁ%ﬁgliﬁmiﬁﬂh@@g?ﬁ%ﬁjﬂ %ﬁ%g%%@ 8f the lanp out put

beam upon the workpiec i stance romt he workpiece; a
gas source that delivers a controllable flow of a shielding gas to the
interior of the suwppapiuoa whichithg covledrlemp hdwsirgas spported,habeeingds
distribution structure in a bgttom of_ the workpi ece housing;, a_tenperature
sensor t h&WPREhEeadiusteltlgga catabligh an apgle Gbieplcase ohithsiamp WEtPUt beami or  of

the wor kpiygse s SBkee 0] il SRAATHe FRK KB BE A% SePoTNt T nput

and an in respon

a gas source that delivers a controllable flow of a shielding gas to the
interior of the workpiece housing, wherein the gas source has a gas distribution

structure in a bottom of the workpiece housing;

a temperature sensor that senses a temperature of the workpiece within the

interior of the workpiece housing; and

a feedback controller having a setpoint input and an input responsive to the
temperature sensor, wherein the feedback controller controls the power to the lamp

heat source responsive to the temperature of the workpiece.

12.  The apparatus of claim 11, wherein the sensor is selected from the group

consisting of a pyrometer and a thermocouple.

13.  The apparatus of claim 11 or 12, wherein the workpiece housing has a wall
having an interior shape that is curved in its corners to avoid dead gas spaces in the

COrners.

14. A method for welding a workpiece at elevated temperature, comprising the

steps of:
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tenperature sensor, wherein the feedback controller controls the power to
the lanp heat source responsive to the tenperature of the workpiece. 12.
The apparatus of claim 11, wherein the sensor is selected fromthe group
consisting of a pyronmeter and a thernocouple. 13. The apparatus of claim 11
or 12, wherein the workpi ece housing has a wall having an interior shape
that is curved in its corners to avoid dead gas spaces in the corners. 14.
A nethod for wigishipgthasrackpiees at el evated tenperature, conprising the
steps of 19 furnishing the workpiece; furnishing a wel ding apparat us
conprising: a rkpi ece housing having a.w ndow therethrough and having a
wel di ng accesswrﬁgﬁgignﬁg’ﬁ B #%%F%EPH?BE'% interior of the workpiece
housi ng, wherein the interior of the workpiece housing is sized to receive
the workpi ece ther giworkpide MdRERIhdvites WOKINELGCRcRIMDBH and HEA@ ki ¢ Wi th
a heat insulation on an "internal surface thereof; a la heat source
di rect ed wistdnghcedse theretiowghrior atwelder towor inpérereofithe mrakpincehowingyf t he
rce that delivers.a controllaple flow of a

wor kpi ece housi :.a qas u
Shi el di ngVHSEER d inferlor o e, proprpiegschqusing lsctized BuEscRiye ther WAREISSEyr o

sensor hﬁ{eréiﬁ”ﬁﬁlswﬁeﬂeﬁglﬂg;e gggﬁggégﬁs?ﬁ%ﬁﬁgéﬁﬂ%ﬂh‘ﬁ‘ e iﬂgﬁlﬂﬁ?ﬁ Bhgh! or of

t he wor kpiece housi ng; aving a setpornt nput and an
i nput r espaesklairfdco thdieoff enperature sensor, wherein the feedback
controller controls the power to the |anp heat source responsive to the

tenperature of the workpiece; and a wel der that nay be positioned to weld
t he wor kpi ece t hr oughlamke heat source directed through the window and at the

workpiece in the interior of the workpiece housing;

a gas source that delivers a controllable flow of a shielding gas to

the interior of the workpiece housing;

a temperature sensor that senses a temperature of the workpiece

within the interior of the workpiece housing;

a feedback controller having a setpoint input and an input responsive
to the temperature sensor, wherein the feedback controller controls the power to

the lamp heat source responsive to the temperature of the workpiece; and

a welder that may be positioned to weld the workpiece through the

welding access;

placing the workpiece into the interior of the workpiece housing so as to

have its temperature sensed by the temperature sensor;
operating the gas source to envelope the workpiece in the shielding gas;

heating the workpiece by powering the lamp heat source responsive to the

setpoint input and to the temperature of the workpiece; and

welding the workpiece using the welder.
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wel di ng access; placing the workpiece into the interior of the workpiece
housing so as to have its tenperature sensed by the tenperature sensor;
operating the gas source to envel ope the workpiece in the shielding gas;
heati ng the workpi ece by powering the | anp heat source responsive to the
setpoint input and to the tenperature of the workpiece; and wel ding the
wor kpi ece using_the welder. 20 15. The nethod of claim 14, wherein the step

of furnishPng tlihe methedi elcelaimntd,uubereiméhessiep of furnishinghthegwarkiegsonent of
turRj i . kpi . 16, T t hod. of cl.ai 1 15,
T TR TN Ty e O

heat treatyRipiced the workpiece prior to the step of welding. 17. The
met hod of any one of clainms 14 to 16, wherein the step of heating includes

the step of maintaining the workpiece at a welding tenperature during the
step of wdbdi ndheiBethdthef nlairthdd wfl Sampeoaie thef step af heatibg incudds thelstapei n t he

step of heatin i ncl udes e step of perform ng_a.post-weldjng he
1 ent ment Obie enwcsrwree-wsw%g Pigt tf??émgme%to be w@q@aq?s_png_ to the $tep 0
welding.

17.  The method of any one of claims 14 to 16, wherein the step of heating
includes the step of maintaining the workpiece at a welding temperature during the

step of welding.

18.  The method of any one of claims 14 to 17, wherein the step of heating
includes the step of performing a post-welding heat treatment of the workpiece

after the step of welding.
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