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dependlgge weight and fuel savings afforded by integrally bladed

rotors result from their ability to retain rotating airfoils

with less disk mass than would be required in a conventionally
designed rotor. Furthermore, the reduced disk mass of an
integrally bladed rotor disk permits weight reduction in other
components which react upon or obtain a reaction from the
rotors,‘i.e- shafts, hubs, and bearings.

In the-past, a major disadvantage associated with the use
of integrally bladed rotors in large gas turbine engines has .
been the lack of a reliable method for repairing integrally
bladed rotor airfoils that have been damaged beyond blendable
limits. Because the airfoils are integral with the disk, damage
to airfoils beyond blendable limits requires the removal of the
entire rotor from service and replacement with a new integrally
bladed rotor, at significant expense.

Other problems associated with integrally bladed rotors
relate to the fabrication method employed to manufacture them.
They can be machined out of a single large forging; however, :
this approach is not desirable. A large forging, e.g., large
billet, has lower property capability and a significant amount
of the starting material, which can be very expensive depending
upon. the material, is machined away. Also, the part is at risk
of scrap out due to inevitable machining errors during
manufacture. Another approach for manufacturing integrally
bladed rotors is to attach separately forged airfoils to a rotor




upon the material, is machined away. Al so, the part is at risk of scrap out
due to inevitable machining errors during manufacture. Another approach for
manufacturing integrally bladed rotors is to attach separately B ﬁ
airfoils to arotor I 2 7 DEC 2004 by a bonding process. A tita%rﬁﬁgi(m_oy
consisting essentially of 6.0 wt.% alumnum 2.0 wt.%tin, 4.0 Ww.%
zirconium 6.0 w.% nol ybdenum and the bal ance essentially titaniumis a
desirable alloy for integrally bladed :otors due to its high toughness, its
tensile and fatigue strength, and its good weldability. It is however a
difficult alloy tc process after wel ding because of the nature of the weld
zone i fby & &onAyRg uUPECSShisch is an orthorhonbic martensite. First the OEM
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age post weld heat treatment, it is impractical to perform this

operation due to possible airfoil distortion and surface

contamination, esp¢:cially for non-OEM welds. The current post

weld heat treatmen: of 1100°F for 2-6 hours results in a very

hard weld zone wit! low impact strength compared to parent metal

and inadequate fat:qgue crack propagation capability. The post

weld heat treatment could be raised to a 1300°F average

temperature for up to two hours to restore acceptable weld zone

impact and toughnes: properties; however, this treatment results

in a 4-6% loss in t:insile strength over the baseline condition.

Such a loss is un.acceptable for many highly stressed parts.

SUMMARY OF THE INVENTION
Beccordingly, it is an object of the present inventicn to

provide an improved method for fabricating and/or repair:-ng
integrally bladed rcuors.

It is a further object of the present invention to provide
a method which allows use of a high temperature post weld heat
treatment while mair:aining high tensile and fatigue strength.

© It is a further object of the present invention to orovide

a novel encapsulated local airfoil heating device to perform
said high temperatur: post weld heat treatment.

In accordance with a first aspect of the present inventien,
a method for creatiny an integrally bladed rotor broadly
comprises providing i hub section, preferably formed from a



It isa further object of the present invention to provide a nethod which
al | oks use of a high tenperature post weld heat treatnent while maintaining
high tensile and fatigue strength. It is a further object of th;%Ppﬁ@pt

i nvention to provide a novel encapsulated |ocal airfoil heating device to
perform said high tenperatur post weld heat treatnment. In accordance with a
first aspect of the present invention, a nethod for creating an integrally
bl aded rotor broadly conprises providing i hub section, preferably forned
froma 2 27 DEC 204 titanium based alloy, and welding an airfoil, also
preferably formed froma titaniumbased alloy, to the hub section. Prior
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2 method for repairing integrally bladed rotors in
accordance with the present invention broadly comprises
machining away a damaged portion of an integrally bladed rotor
airfoil and welding an undamaged airfoil section to a remaining
portion of the integrally bladed rotor airfoil. This is
followed by placing the encapsulated local airfoil heating
device over the undamaged airfoil and the weld and performing
the post mold heat treatment to relieve residual stresses and
restore microstructure and mechanical properties to the weld
joint and adjacent metal.

Other details of the fabricating/repairing methods and the
encapsulated local airfoil heating device, as well as other
object and advantages attendant thereto, are set forth in the
following description and the accompanying drawings wherein like
reference numerals depict like elements.

) BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic representation of an integrally

bladed rotor having an airfoil welded te a hub section:.

FIG. 2 is a schematic representation of an encapsulated
local airfoil heating device in accordance with the present
invention;

FIG. 3 is a schematic representation of the heating device
of FIG. 2 positioned over an airfoil and weld joint; and

FIGS. 4 and 5 are graphs illustrating the improvements



O her details of the fabricating/repairing nmethods and the encapsul ated

| ocal airfoil heating device, as well as other object and advant ages
attendant thereto, are set forth in the follow ng description and the
acconpanyi ng drawi ngs wherein like reference nunerals depict |ikeé DEL @oent s.
BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 iss a schematic representation of an
integrally bladed rotor having an airfoil welded to a hub section; FIG 2
is a schematic representation of an encapsulated |ocal airfoil heating
device in accordance with the present invention; FIG 3 is a schematic
representation of the heating device of FIG 2 positioned over an airfoi
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i nvention, LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT(S) Referring
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W.% formed using any suitable technique known in the art. The hub

section 12, each of the airfoils 11, 14, and 17, and the airfoil
sections 15 may be formed from a titanium based alloy. Suitable

titanium based alloys include a titanium based alloy consisting
essentially of 6.0 wt.% aluminum, 2.0 wt.% tin, 4.0 wt.$%
zirconium, 6.0 wt.% molybdenum,.énd the balance essentially
titanium (TI-6246); a titanium based alloy consisting
essentially of 6.0 wt.% aluminum, 2.0 wt.% tin, 4.0 wt.%
zirconium, 2.0 wt.$% molybdenum, and the balance essentially
titanium (TI-6242); and a titanium based alloy consisting
essentially of 6.0 wt.% aluminum, 4.0 wt.% vanadium, and the
balance essentially titanium (TI-64}. While titanium alloys are
preferred, the methods described herein could be used with hub
sections, airfoils, and airfoil sections formed from nickel
based alloys such as Inco 718. The hub section 12, the airfoils
11, 14, and 17, and/or the airfoil sections 15 can be formed
from the same alloy or from different alloys.

The weld joint 16 may be formed using any suitable welding
technique known in the art. For example, each airfoil 14 could
be welded to the hub section 12 using a friction welding
technique such as OEM friction welding.

Prior to welding, the hub section 12 and each airfoil 14
may be solution treated and oil guenched. For example, if the
hub section 12 and/or airfoil 14 are formed from a TI 6246
alleoy, solution treatment and oil quenching are performed. The
solution treatment and oil quenching treatment may be performed
by first heating the hub section 12 and airfoil 14 to a
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zirconium 2.0 wt.% nol ybdenum and the bal ance essentially titanium
(TI-6242); and a titanium based alloy consisting essentially of 6.0 w.

alum num 4.0 wt.% vanadium and the balance essentially titani %T 4
While titaniumalloys are preferred, the nethods descri bed heré?ﬂh hmg
used with hub sections, airfoils, and airfoil sections forned fron1n|ckel
based al l oys such as Inco 718. The hub section 12, the airfoils 11, 14, and
17, and/or the airfoil sections 15 can be formed fromthe sane alloy or
fromdifferent alloys. The weld joint 16 nay be formed using any suitable
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carried out using any suitable furnace known in the art having
any suitable atmosphere. Following partial aging, the hub
section 12 and the airfoil(s) 14 may be cooled at a rate of
about 40°F to 100°F per minute.

As mentioned before, to fabricate an integrally bladed
rotor 10, each airfoil 14 is welded to the hub section 12.
after welding has been completed, the hub section 12 and the
weld joint 16 between the airfoil 14 and the hub section 12 is
subjected to an over-aging post weld heat treatment during which
the weld joint 16 is heated to a temperature in the range of
1275°F to 1325°F in an inert gas atmosphere for a time period in
the range of 1 to 4 hours. After the post weld heat treatment,
the airfoil 14 and the weld joint 16 are cooled at a rate of
from about 40°F to about 100°F per minute.

In accordance with the present invention, the post weld
heat treatment is preferably carried out using a novel
encapsulatéﬁ local airfoil heating device 20 such as that shown
in FIG. 2. The heating device 20 comprises a jacket or a sock
22 formed from a ceramic insulating material such as a high
temperature aluminoborsilicate-based fabric. The jacket or sock
22 serves a dual purpose. First, it concentrates heat generated
by the device 20 at the airfoil surface and allows the weld
joint 16 and the surrounding heat affected zone to reach and
stabilize at the intended post weld heat treatment temperature.

Second, the jacket 22 prevents unintentional heating of
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carried out using any suitable furnace known in the art having any suitabl e
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The device 20 further includes a plurality of nen-contact
thermocouple wires 28 woven into the fabric of the jacket 22.
The thermocouple wires 28 are used to allow precise temperature
control during the post weld heat treatment cycle. A variable
transformer 30 is connected to the heating elements 24 in each
heating zone and supplies power to the heating elements. The
transformer 30 may be used to vary the current supplied to the
heating eléments 24 in each temperature zone as a function of
the temperature sensed by the thermocouple wires 28.

The device 20 is used as shown in FIG. 3 by placing the
device 20 over the airfoil 14 and the weld joint 16. Power is
then supplied to the radiant heating elements 24 so that heat is
applied to the weld joint 16 at the aforesaid post weld heat
treatment temperature. The power is continued for a time in the
aforesaid post weld heat treatment time range.

The same basic method used to fabricate an integrally
bladed rotor 10 can be used to refurbish a damaged integrally
bladed rotor. To repair an integrally bladed rotor, a damaged
porticon 12 of a rotor airfeoil 11 is first machined away using
any suitable machining technique known- in the art. Thereafter,
an undamaged airfoil section 15 is welded to the remaining
airfoil portion 11 of the integrally bladed rotor airfoil. Any
suitable welding technique known in the art such as a friction
welding technique may be used to weld the airfoil section 15 to
the portion 1ll. The undamaged airfoil section 15 may be from
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device 20 could have four individually controlled heating elenent zones. A
titaniumgettering sheet 26 in foil formis also woven into the fabric of

the jacket 22 to prevent |ocal atnospheric contamnation and to all ow
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to allow precise tenperature control during the post weld heat treatnent
cycle. A variable transforner 30 is connected to the heating elenents 24 in
each heating zone and supplies power to the heating elenents The
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advantageous in that it prov1des focused, local heating so that

adjacent airfoils and the disk hub on the integrally bladed
rotor are kept well below temperatures that would result in a
strength debit and/or dimensional distortion. At the same time,
the heating device 20 provides the required temperature and time
duration required for post weldment stress relief of a
superalloy airfoil material.

Referring now to FIGS. 4 and 5, the graphs illustrate how ‘ :
the method of the present invention eliminates parent metal
(P/M) strength debit and the alloy toughness matches the -
baseline. As shown in FIG. 4, the ultimate tensile strength,
yield strength, and elongation properties of a Ti-6R1-25n-4Zr-
6Mo alloy from which an integrally bladed rotor can be formed
and which has been subjected to solution treatment, oil
quenching, partial aging at 1100°F and over-aged at 1300°F
(alloy no. 1} are better as compared to the same alloy which has
been solution treated, air cooled and aged at 1100°F (alloy no.
2} and to the same alloy which has been solution treated, air
cooled and aged at 1300°F (alloy no. 3). FIG. 5 illustrates the :
effect of the method of the present invention on the charpy
impact strength of a Ti-6R1-2Sn-4Zr-6Mo alloy used for the disk
section of an integrally bladed rotor.

While the heating device 20 has been described in the
context of treating integrally bladed rotors formed from a
titanium based material, it can be used to treat integrally

bladed rotors and airfoils formed from other materials such as a




based all oy. The heating device 20 is then placed over the undanmaged
airfoil 15 and the weld joint 16" and energized to performthe

af orenenti oned post weld heat treatnent at a tenperature in the, .r qﬁ of
1275'F to 13250F for a tinme in the range of 1 to 4 hours in anzﬂﬁﬁit @
environment. Follow ng the post weld heat treatnent, the undamaged airf oi
15 and the weld joint 16' are cooled at a rate of from about 40*F to about
100*F per mnute. Follow ng the post weld heat treatnent, the undanaged
airfoil section 15 is machined to obtain a required geonetry. The heating
device 20 of the present invention is , advantageous in that it provides
focusednléggfﬂbgy%@t%g?e§91pbat adj acent airfoils and the disk hub on the
integrally bl aded or are kept well bhelow tenperatures that would result
in a strength FeBPPALRTT or” Fi MBREFoNAT RSt BFPY61Fd AP @F6°55ABC: i e, the
heat i ngw tletvi e 1&epenV|ﬁhmeﬁinanrequégfnnnyampadamLW&tdﬁuiﬂnfﬂE duration

Ul T Sgabofc AN WRHOUERL, SULERR heL] Sl th, By BYRBRADAY i ol mterial,
pr esent P IRE ide BEHRRRAEES ﬁ&ﬁeﬁ?rﬁ%tQQIElepﬁﬁaf%treﬂﬁﬁﬂﬁ debit and the
alloy t u@imﬁsslmmmeﬁ hde bekasabsBLibAS imhene ¢c5hd€=_l>@ o4 spbeigid i mate
tenS|Ie str tQ tWeld s%%%ngthltarnatlvesgat ? Q}les of a

. Ti-6Al - ?g% SV aFFoy from an |ntégr aéb& rdtor can be

f or med vaqumsw whdd b@@mes@lppeceea 135 té’@lsﬁtﬁbhlltqtba}tmme aoi | quenching,
parti al la@?irﬂj?l Aladl 18e' Eoﬁébdu%eaeaeeﬂp@onwo@{%&e:(&Aelt oxttnqg 1) are b|et2| er gs
conpare n solutjon treated, air cooled an
aged at T_l?ﬁfsel;(tzfl FB‘?‘%‘* S’f)h QEHeFB‘aPh SSaW@dh%’rWWSchaﬁgs been sol ution-.
tr eat edyamiatiagoolaed fahl wigddnathé30004d (sgiopeyoha:he3)appen@ed5 il | ustrates
the .efigglsof the method of the present invention on the charpy inpact
strength of a Ti-6Al-2Sn-4Z~r-6M alloy used for the disk section of an

integrally bladed rotor. Wile the heating device 20 has been described in
t he



context of treating integrally bladed rotors fornmed froma titanium based

material, it can be used to treat integrally bladed rotors and airfoils
formed fromother materials such as a 7 2 7 DEC 2004 ni ckel - based
superal lo-,. It is apparent that there has been provided in acc@riBitgg; with

the present invention integrally bladed rotor airfoi fabrication and repair
techni ques which fully satisfy the reaps, objects, _and advantages set
forth hereinbefore. While the present invention has been described in the
context of specific enbodinents thereof, cther alternatives, nodifications,
an variations will beconkE apparent to those skilled in the at having read
the foregarngsdessrmgd ign. Therefore, it is intended to enbrace sich
alternafives, nodifications, and variations as fall within the broad scope
of the appended clainms. 8 2 ? DEC 2004 WHAT IS CLAIMED IS: 1. A nethod for
creati ng-anAi neklpdl for lgradsing olrorintegpe i by rigladelde ret epscafpripiayi di ng a
hub secthanstepgegdefroma netal alloy; welding an airfoil formed froma
netal alloy to said hub section; and solution treating said hub section at
a tenperature in +he range of from 1620F to 1655F for a tinme period in the
range of frpmwdiding! shoubssaodi®i Ifognedchidig & aie§asolUidpn treated hub
section prior to said welding step. 2. A nethod according to claim1,

. further conprising partially aging said solution treated and quenched hub
section at a*ct@hperait @FEIphlt Frmesh§eonfa fresmlie ey tioo 1SRBF bobr a ti me
period isecthenrasge of from2 hours to 8 hours prior to said welding step.

solution treating said hub section at a temperature in the
range of from 1620°F to 1655°F for a time period in the range of
from 1 to 4 hours and o0il quenching said solution treated hub
section prior to said welding step.

2. A method according to claim 1, further comprising partially
aging said solution treated and quenched hub section at a
temperature in the range of from 1075°F to 1125°F for a time
period in the range of from 2 hours to 8 hours prior to said
welding step.

3. A method according to claim 2, further comprising cooling
said partially aged hub section at a rate of from 40°F to 100°F
per minute.

4. A method according to claim 1, further comprising aging said
airfoil and a weld joint between said airfoil and said hub
section subseguent to said welding step at a temperature in the
range of 1275°F to 1325°F for a time period in the range of 1

hour to 4 hours and cooling said aged airfoil at a rate of from
40°F to 100°F per minute.

5. A method according to claim 4,  wherein said aging step
comprises placing an encapsulated local airfoil heating device
over said weld joint and radiating heat directly to a surface of
said airfoil, and wherein said encapsulated local airfoil
heating device has a plurality of resistance heating elements

and said aging step comprises varying electrical power applied
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3. A nmethod according to claim?2, further conprising cooling said partially
aged hub section at a rate of from40F to 100F per mnute. 4. A nethod
according to claim1, further conprising aging said airfoil and %y Nl g
joint between said airfoil and said hub section subsequent to said welding
step at a tenperature in the range of 1275F to 1325F for a tinme period in
the rand® &#id hephimgt elémants toaheatoehia s Sefci 19gad esfé%l t arate of

from 40&kihe ' .o3n:A method according to claim4,-wherein said
agi ng s?gf')' c%@rrpo'%:i Ses p gg%%g“%r?%‘n@éfj@uf“é‘?%%ﬁ%&l I3Pgeoi | heating device

over said weld joint and radiating heat directly to a surface of said
airfoil ,g.anfl ydiaiqgH g4 enc l.ated | ocal .airfqil heating device has a
plurality ,gf r esi_cgt gﬁggk ég i ng%g'lagyr?e:’jlif s s FaddafPRgsetelPt ast i ses
varyi ng 8155041 gaReraghpfomedo fzeaEC20Rtiams alldoheat i ng el ements to
heat said airfoil and said weld joint at a tenperature within said

t enper atyure rnzlaerl_lq}e? 6. A nmethod according to claim1l1, wherein said hub
section 'and” THIPHACFOFRIRG et &dR 1MoL metihe Fasin #atidt hnbuseatiay.and A net hod
accor di Fgidoabifaiih drevbacki formidd fhvh seeii LN wWNBasaal ﬁ.f&rfm | are each

fornmed fbg L4 an I opsi sting essentia y%f 6.0 wt.%

al um num gl%tlvrv%gt %)’%!(s}éﬁl:?%fgﬂ % Goéb %%rgoﬁf‘ﬂﬂ‘ﬁ 7040l 95 bl ydeinB  and t he

bal ance¥&EsE efticaAnipm -t bt Bn¥unt I®1lybdenum, and the balance essentially
titanium.
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