| NVENTI ON FI ELD OF THE I NVENTI ON The present invention genera

to the processing of nickel alumnide internetallic nmaterials.

particularly, this invention relates to a process for producing a “6%002*

bet a- phase ni ckel al um ni de-based ingot, such as for use as a source
material in physical vapor deposition (PVD) processes. DESCRI PTION OF THE
RELATED ART Conponejipsy i & Nt mf(gfﬁ ng, UMt MATE%H%@ugnentor sections
of gas turbine engines are susceptible to oxidation an ot corrosion
attack, in addition to high tenperatures that can decrease their nechanical

propertie e t]y, ents are often protect eﬂmmm MMM“L
envi ronm?ﬁ%&%@ é%gﬁgﬁﬁsﬁﬁ%ﬁgl nation with an outer t | m |“| r
coating (TBC), which in the latter case is ternmed a TBC system Driisfigssi on
coatings, such as diffusion alumnides and particularly platinum al um nides
(Pt A, ardEbDeOF AHEBAYENGEONparticularly MCrAl X all oys (where Mis iron,
cobal t andILor ni ckel aﬁd X is o agivg egll?ement such gs. ttrium ar,_anot her
rare earthiB5r PRESU fHYEMHIL ERFRLLY ofclaty 401 e (2rogessnge AL i ek e RS at i ngs
for gas tUupRimM&aRidOmBRHERNP RS trartidufirBMtkis BV &ition! R1844Cth aSprétdss A6t @
(Zr02) partially or fully stabilized by yttria (Y203), nmagnesia (M0) or

ot her oxi deeduciigeaiieti=phase guekeh alundaidezhased ingot, Wshdsi for gwetsis rasowee wi t h

TBC, diffuysi,QF el g atings serve as a bond coat
to adher eqﬁﬁgﬂa@aﬁﬁ%&é ?ga@gﬁgﬁ%ﬂg@@é@é@g&. Thegal um num cont ent of

t hese bond coat materials provides for the slow growh of a strong adherent
continuous al um num oxi de |ayer (alum na scale) at el evated tenperatures.
This thermally grown oxide (TGO protects the bond coat from oxidation and
hot corr oshe§erBHONOF 98 RE1ReAES ARe TBC to the bond coat. 1 Mor e
recently, over‘{ay coatings (i.e., not a diffusion) of beta-phase nickel

al um ni de Comhpolientsi witkinnthe athithine, kawdbukee andranposer ascteoms i afogasetnttdhe and
bond coat materials. The N Al beta phase exists for nickel-al umny
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bet a- phase NI Al coating materials include conmonl yassigned U. S Pat ent No.
5, 975, 852 qompHaefs aje aftengirotecigtibyrandinyorbomentalacddting atone ror ay coxmhihatioat

optional | y_.cont ai ni 0 or nore active elenents, such as yttri cerium
o7t cont um ST AL PRt el befisn fRriod CRGEnBIAIRAS uBbiate Rorehmed a dhiG et o
Darol i a etsysem., Which discloses a Ni Al overlay coating material containing

chrom um and zi rconium Comonly-assigned U.S. Patent Nos. 6,153,313 and
6, 255,001 to Rigney et al. and Darolia, respectively, also disclose

bet a- phaseyN: Al o] : i I E : :

bet a- phas ?%ﬁongﬁ?}%ﬂfg alﬁicg ?dgglefgﬁ%%}{ %ﬂgﬁgggse%nggﬁhﬁ@gdﬁ@lﬁéﬂ@ralélm-qﬁﬁ]es haf ni um
and/ or ti t@mMixmndaockriagtdoatiagd, pattwniaalyuMCralX iatlops (whérki Mnis izan, cohalum
calcium ir and/or ytirium while Darolia's beta-phase N Al alloy
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cerami ¢ TBC | ayer, thereby increasing the service of the TBC system
Sui t abl e pooyessds Cormiepetiialsmychabzr@nph@s@:)Nattiallycatfiuigstabidizedey nal

spraying and. p j cal vapor osition processes, .the Jatter, of which
i ncl udes ol L %?3)0&%%%/5(@ Qfa?)th?r ‘&’ES%ss b 8’r'1dee3_(5§ S trﬁggﬂ]@{erngh'
sput t er i ngJsedah@eitinatios, witld THU, afiffisiod ARinG AR AMAtNIORAIX ROERHS codfiMBs
processes require the presence of a coating source material nmade

essent i al |sprvsfasthbondoenat iRy adhsiipths TBEriogbe undarlyingenbyisains Fheraleméwm ng a
vapor of tc%ﬁ%e&?@i‘ t‘h@.%. %H%ﬁ&t rHEtEﬁﬁlk gk%\)i&stf&ethﬁ SRS ABGHDbE sé&Pgéécfht%k%tt hat
wi |l accept e coating. krgure chematically represents aportion of an
EBPVD coatdontinapp adlamimin? @xideniakerd{(ahgnihaceale) g eldvatddetenmp@raturesihi THis a

conponent ﬁo i? suspended for coating. A beta-phase N Al ,overlay, coating 32
i s represdht@llyser9mm gxiiep bLFOR Pretecisnihec Bershisant Trom Rxidation; syl A
vaporizin i g@r@% [ .t h an el ectron beam 26

pr oduced %ﬁﬁg%‘bg?@{gﬁgﬁ‘%‘eﬁggﬁﬁ‘g T gh%\lh@édn(\ga%'y of the beam 26 is
sufficient to produce a stream of vapor 34 that condenses on the conponent
30 to formthe overlay coating 32. As shown, the vapor 34 evaporates from a
pool 14 of nolten beta-phase Ni Al contailned within a reservoir fornmed by
crucible 12 that 2 surrounds the upper end of the ingot 10. Water or

anot her suitable cooling nmediumflows through cooling passages 16 defined
within the crucible 12 to maintain the crucible 12 at an acceptabl e
tenperature. As it is gradually consuned by the deposition process, the
ingot 10 is increnentally fed into the chanber 22 through an airlock 24.
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In view of the above, what is needed is a process for preparing, casting
and processing an ingot of a beta-phase N Al-based material that woul d be
suitable for use in PVD coating processes, and particularly for creating
relatively large cylindrical ingots for EBPVD processes and nachi nabl e
stock material for cathodic arc and sputtering processes. 3 BRI EF SUMVARY
OF THE I NVENTI ON The present invention is a process for preparing, casting
and proce t I a V. ein
PVD boat | e Brtsdat, Bt .82 35t BRHEII Dot tRAILEUhBKIAAEE 1o,
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is heated ‘and pressed to close porosity and Romdgeni ze 't hé mcrostructure
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processes and machi nabl e stock material for use in cathodic arc and
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used to deposit beta-phase Ni Al coating such _as overlay environnental
coatings areC bRH Rashsingteasing hessryiea s @i@ﬁhquéﬁﬁt@Bt conponents from
thermal ly hostil e environnents, |nclud|ng conponents of the turbine,
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DESCRI PTI ON OF THE | NVENTI ON ] . k .
material made essentially of the coating composition desired, and means for creating a

vapor of the coating source material in the presence of a substrate that will accept the
coating. Figure 1 schematically represents a portion of an EBPVD coating apparatus
20, including a coating chamber 22 in which a component 30 is suspended for
coating. A beta-phase NiAl overlay coating 32 is represented as being deposited on
the component 30 by melting and vaporizing an ingot 10 of the beta-phase NiAl with
an electron beam 26 produced by an electron beam gun 28. The intensity of the beam
26 is sufficient to produce a stream of vapor 34 that condenses on the component 30
to form the overlay coating 32. As shown, the vapor 34 evaporates from a pool 14 of

molten beta-phase NiAl contained within a reservoir formed by crucible 12 that
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The EBPVD coting apparatus 20 depicted in Figure 1 and di scussed above is
representative of the type of PVD apparatus that can utilize N Al-based

i ngots 10 produced with the process of the present invention. Notable
exanpl es of beta-phase Ni Al-based internetallic materials disclosed in the
previously-noted U. S. Patent Nos. 5,975,852 to Nagaraj et al., 6,153,313 to
Rigney et al., 6,255,001 to Darolia, and 6,291,084 to Darolia et al., which
contain o ' [ ' ' Lhd con,
gal | um _Sirr8indTihe s SR AP HTTneBEL S, MPhvel bl A cuhC BhofRe BEELECC,
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Ni Al i ngotairk@ki?¢. t he el ectron beam 26 causes nol ecul es of the NN Al materi al
to evaporate, travel upwardly, and then deposit (condense) on the surface

of the conponent 30, | in a nner kno i rt. For de ition by a
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atom c percent aglumnumrelative to th i ckel atent). In a preferred
enbodi ngn_tls)wzaﬁml?l t e Hargwesy Pl MBS aﬁﬁ%ﬁ] Efliﬁd?ﬂﬁtéﬁ eﬁflfeaﬁ y ot her
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percent alumnum such as about 20 atom c percent alumnum (relative to the
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cruci bl e treactieabal takeyp place rbofwieeneiskeletnd aluminwmi when hetazbash Nogl & oni ¢
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o raise the al ym num cantent su 0 optai n, beta-phase Ni
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al um num i GeaStrOMiY 10AHE BebckSidd &uiihént a¥¥ BRrGbAHaRAHIbISoFABHNdN an anmount
at and above the peritectic point (25.5 atom c percent alum num, an

equilibriumis established between N Al (solid), liquid netal (nickel) and
Ni 3A1 (sollhajew Fhihe abele, what igheededris apracessuior preparing, foasting ang @recgssing bri um

toward N Al,. assqcCj wi t-0: & {d.repen I . r : t herm
nthe redgrER G BEDR Db R R R R pE b ERERY wig BEPFEE T O
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sl ow addi ti ons of al um num and adj ustnents in fpower to the VIMfurnace are
t hen needdtBR Dt piREessefe apgh mach sttoskomatesighfar cptBodigretand HottaiMhase

Ni Al corrpci%éeis , at which point essentially all of the nickel and alum num
of the ori‘grnal nickel-alum num conposition and essentially all of the
added al um num has 6 exothermcally reacted to form beta-phase N Al.

Thr oughout the process of adding alum num the nelt within the VIM furnace
is continuously stirred as a result of induction nelting and the exothermc
reaction, ensuring a honogeneous nelt. In view of the above, the nelting
process of this invention can utilize a relative | ow anount of energy to
create a nelt of Ni Al because the initid nelt is nolten at a tenperature

| ess than the nelting tenperature of N Al (about 1640C), and subsequent
tenperature increases can be achieved without little or no increase in
power to the furnace by careful additions of alumnumto control the
exotherm c reaction. This benefit is in addition to the basic need to
control the violent exotherm c reaction between nickel and al um num t hat
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them it is believed that very slow tenperature increases nust be perforned
prior to the H Pping process. The foll ow ng heat treatnent schedule is

devi sed for the dissolution of secondary phases prior to performng the
HI-Ppi ng operation. As noted above, those heat treatnent steps (steps 1-6)
performed before H Pping can be omtted, as can the fast cooling rate of
step 8, if the N Al-based conposition does not contain titanium zirconium

haf ni um or, tﬁgfg gwgﬂl oduce secondary phases requiring
di ssol uti@nﬁ?%Umgﬁg(ggt nent a gl@grrper ature of about 2300F (about
1260C) for a duration of about twelve hours. (2) Heat at a rate of about
20F/ hour (TheqitésehOinvaigtion) is tagradss fordaddringabmtihg 23d Pfdcessink Mbbd-phase a

duration qf, about, twenty-four hours. (3 ) t at.a rate of apout, K 20F/ hour
(about 1o<b‘1ﬁé%@§edt BVakish PaiogR (ébd{ﬁ@ 13}35%% CQMIPL BIAFCFSH- a jon of
about tV\BrHrdeCQ&IB%’ R r%lczes%g%tlﬁ?ﬁ]lwelﬁﬁonaafe d@fﬁo bIPROHL fa Bt Gl ard

10C/ hour) "to abou out 1370C) a for a duratron of about
t hi rty-t werdohtfree, fiflbilerGity) clemicallyahamadenedisuand Cipable efwing tbclihed fut e

(about 55 to abou 5C/ m nut oate ture of |less.than 1800F. (about
0300) . (o iBgmion tolgnsPhiHie b Bk it DY SE ARG euiony ABoos * (7)
After heatdafitbdabu@By 3Utd abbif At Giolcht RxdtheARiRUicad?H) belviRAUAiCkeAOMd UP toO
near the nelting tenperature for a duration of about six hours at a

pressur e cflunaingom whéh beta-pliask NiA{ soelted100 to 200 MPa), preferably about 20
ksi (about 140 MPa); (8) Cool at a rate of about 100 to about 150F m nute

(about 55 T %%81%5 é%ci‘{sn}.ngﬁfn%)a tn?cléeﬁgﬁm}im c%%?p%giu{)ﬁbl?a%ngggg%uminum

content below that required for stoichiometric beta-phase NiAl intermetallic so as to
form a melt comprising nickel and Ni3Al. Aluminum is then added to the melt,
causing an exothermic reaction between nickel and aluminum as the melt equilibrium
shifts from Ni;Al to NiAl. However, the aluminum is added at a sufficiently low rate
to avoid a violent exothermic reaction. The addition of aluminum continues until
sufficient aluminum has been added to the melt to yield a beta-phase NiAl-based
material, i.e., containing the NiAl beta-phase. The beta-phase NiAl-based material is
then solidified to form an ingot, which is heated and pressed to close porosity and

homogenize the microstructure of the ingot.

The process of this invention is capable of producing ingots of a variety of beta-phase
NiAl intermetallic materials, including those that contain chromium, zirconium and/or
hafnium. Importantly, the process enables the production of relatively large ingots for
use in EBPVD processes and machinable stock material for use in cathodic arc and
sputtering processes, while avoiding the risk of the potentially catastrophic effect of
the exothermic reaction that occurs when beta-phase NiAl is melted. As a result,
ingots produced by this invention are particularly well suited for use in physical vapor
deposition processes used to deposit beta-phase NiAl coatings, such as overlay
environmental coatings and bond coats used in TBC systems to protect components
from thermally hostile environments, including components of the turbine, combustor

and augmentor sections of a gas turbine engine.



8 (9) Cool at any suitable rate to roomtenperature (about 25C). All of

t he above steps are perforned in an inert atnosphere, such as argon.

Fol l owi ng HI Pping, the ingot may be machined to a final desired di nension,
such as by centerless grinding (for a cylindrical bar), with the renoval
rate being adjusted to induce |ow stresses as known in the art. Alternative
machi ni ng techni ques i nclude el ectrochem cal nachining (ECM and

el ect ro di n I nt
Flow 17 100 oaE TR0 Dl el A Rl L AP BE BB aREGE BRI AT
chenlcalbep@WH@hbdﬂmmdamﬁphmtlon of about 15 volune per cent HN03 and about
85 vol une percent H3P04 for about five to thirty mnutes at a tenperature
of about 125 to 150F (about 50 to about 65C). In practice, the above
processi ng steps have been shown to enabl e the production of N Al-based
ingots of a size and quality suitable for use in EBPVD processes to form

overlay copgipFISESERSPTIONOF NENPRAWINGS ude the use of lower initial nelt
tenperatures, |ower power input levels to the nelt furnace, and inproved

lives for the nelting furnace liner and crucibles by avoi ding excessive
heat i ng dufigurg lt hews oichematic repeesentatden wheporon ofjan eleqtroacbeanyphysicehe

appar ont (AT RO BAPPRRGS (st oF hafe B By atapR! MRl T

Accor di nglrgatetidlprédirpd b thetgrocdsnuLihid ivertidont 0 be |imted only by the
followng clainms. 9 CLAIMS: 1. A process for producing an ingot ( 10) of
a bet a-phase N Al -based material, the process conprising the steps of:

mel ting a nickel -al um num conposi tion having an al um num content bel ow t hat
required for stoichionetric beta-phase NAl internetallic so as to forma

mel t conprist AL KD SHHCRPIIONIAF THE INVENTION

The EBPVD coting apparatus 20 depicted in Figure 1 and discussed above is
representative of the type of PVD apparatus that can utilize NiAl-based ingots 10
produced with the process of the present invention. Notable examples of beta-phase
NiAl-based intermetallic materials disclosed in the previously-noted U.S. Patent Nos.
5,975,852 to Nagaraj et al., 6,153,313 to Rigney et al., 6,255,001 to Darolia, and
6,291,084 to Darolia et al.,, which contain one or more of chromium, hafnium,
titanium, tantalum, silicon, gallium, zirconium, calcium, iron, cerium and/or yttrium.
It is believed that the process of this invention is also suitable for producing other

beta-phase NiAl materials.

As discussed above, the NiAl alloys disclosed by Nagaraj et al., Rigney et al., Darolia
and Darolia et al. are formulated as environmental coatings and bond coats for gas
turbine engine applications, represented by the component 30 shown in Figure 1.
Intense heating of the NiAl ingot 10 by the electron beam 26 causes molecules of the
NiAl material to evaporate, travel upwardly, and then deposit (condense) on the
surface of the component 30, all in a manner known in the art. For deposition by a
PVD process, the beta-phase NiAl ingot 10 preferably is at full density (e.g., pore-
free) and chemically homogeneous to reduce spitting, which is an ejection of a

particle from the molten pool that causes undesirable macroparticles to be



adding alumnumto the nelt to cause an exotherm c reaction between nickel
and alum numas the nelt equilibriumshifts fromN 3A1 to NAl, but at a
rate sufficiently low to avoid a violent exotherm c reaction, sufficient
alum num bei ng added to the nelt to yield a beta-phase N Al-based material;
solidifying the beta-phase N Al-based material to forman ingot ( 10); and
then heating and pressing the ingot (10) to close porosity and honbgeni ze

the mcro : Wa ( e hdi laim1,
wer 0 " CTLCUBAL 8 BOSohOREL2 il ety FURIRPRRLABATIRL kg
great er t haschabichl iategrityCtopley machinatle forldigaipingahs dimativndiand diresiaiam 1,
wherein the al um num content of, the_nickel .alunm num conposition is about 20
at omi ¢ pertelémn.cew.eqrm@? &rag%ggmaeleb Poithgaciyng| dibgse qnd %Berr challenges s n

essenti al |c)6n‘§)r1])én&gd b{Pandicek&lm aBe 1 leé}ga@é(g{hae?'rﬁfc_ RlaCH& tm&umaF3 Ceact s

conposition essentially all of the a m num exot herm c
t o f orm béicavgsnasekeNard aluminuimehpn beteghasecNizxlds mglted cl ai m 1, wherein the
bet a- phase N Al -based material further contains at |east one of chrom um
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chrom um anéltiag aCempoitih GRhiBkelNAnd ‘alurhfun® ! {ACRHERh ARE AfuhiREm! ngdrdiign 1,
wherein the heating and pressi n% step conprises 10 heat-treating the
i ngot ( 10xlaw thaingssessatyr tos fornu beterphdse AtiAbirtcumgtilliei (@at belpvdiabew Yk
atomic percent aluminum relative to the nickel content). In a preferred embodiment,
an initial charge of nickel and aluminum (and potentially other alloying ingredients)
containing less than the peritectic 25.5 atomic percent aluminum, such as about 20
atomic percent aluminum (relative to the nickel content of the charge), is melted in a
vacuum induction melting (VIM) furnace by increasing power to the furnace until the
charge is melted. Prior to introducing the initial charge, revert (previously reacted
beta-NiAl, NizAl, with or without other alloying constituents), typically in an amount
less than 50 wt.% of the total melt, may be melted in the crucible to reduce or buffer
the exothermic reaction. At about 20 atomic percent aluminum, the melt is a mixture
of nickel and the intermetallic phase Ni3Al (nominally 75 and 25 atomic percent
nickel and aluminum, respectively), the latter having a eutectic melting point of about
1385°C. To raise the aluminum content sufficiently to obtain beta-phase NiAl
(having stoichiometric aluminum content of 50 atomic percent), elemental aluminum
is slowly added to the melt. When aluminum is added in an amount at and above the
peritectic point (25.5 atomic percent aluminum), an equilibrium is established
between NiAl (solid), liquid metal (nickel) and NizAl (solid). The addition of
aluminum causes a shift in the equilibrium toward NiAl, associated with a tremendous
release of energy (the exotherm) in the reaction of the molten metal and Ni3Al to form
NiAl. As a result of this energy release, power to the VIM furnace can be reduced.
Subsequent slow additions of aluminum and adjustments in power to the VIM furnace
are then needed to take the melt composition toward the targeted beta-phase NiAl
composition, at which point essentially all of the nickel and aluminum of the original

nickel-aluminum composition and essentially all of the added aluminum has
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wi t hout melting secondary phases present in the beta-phase N Al-based
material in addition to beta-phase NiAl. 8. The process according to claim
7, wherein the secondary phases include one or nore of Heusler phases and
al pha chrom um phases. 9. The process according to clains 1 or 7, wherein
the heating and pressing step conprises hot isostatic pressing the ingot
(10) at a tenperature of about | 200C or nore. 10. The process according to

clainms 1 ' g . @B S ' t eps
o - hoat - traemilsEhpketc3, 15 Hed At RIEPTRhGR GPGRICACH bt " 2
duration clumnioni, theveletewithln ghie WMt fumghck e dongmiouslhOdtiredd & makeulobf about
10C/ hour to a tenperature of apout 1300C that,is held for a duration of
about t werifquctign mekidng and the gxqtheymie eeactigqp engurimg aompgegequsaielapout 10/ hour
to a tenperature of about 1330C that is held for a duration of about

twenty-f oyp AQHLS thd QRYE maetnt@ﬁﬁggmﬁg{s(ﬂj@tggtig@e i%h%_aﬁfuﬁﬁggagellﬁsz Qur to a

t enperature of about 1370C t hat uration of about thirty-two
hours; coacimaugt bhenénggdd otdddd aamneld of il dfecaiso uhe Shitinlomebdstm@&G/ atimut e to
a tenper attglgmgerg‘gurel GRS ttl?a%n tl?e8 Otrcl:élting temperature of NiAl (about 1640°C), and
subsequent temperature increases can be achieved without little or no increase in
power to the furnace by careful additions of aluminum to control the exothermic
reaction. This benefit is in addition to the basic need to control the violent exothermic
reaction between nickel and aluminum that might otherwise cause operator injury and

equipment damage (e.g., excessive liner deterioration, spills, etc.).

Following the melt process, additional steps may be required to produce a fully dense,
crack-free ingot of beta-phase NiAl-based material. In the process of pouring the melt
into a suitable crucible for solidification, a hot top or riser is preferably used by which
additional melt is available to fill the porosity as it develops in the solidifying ingot.
The solidification (casting) process can be carried out using known techniques to
produce polycrystalline, directionally-solidified or single-crystal ingots of NiAl. The
resulting ingot undergoes hot isostatic pressing (HIPping) to further close porosity
and other defects, and to homogenize the microstructure of the ingot. Prior to a high
temperature heat treatment, HIPping may also be necessary to improve the
evaporative qualities of the ingot, and/or to put into solution any secondary phases
that are present in addition to the NiAl beta-phase as a result of the particular NiAl-
based composition. For example, if the NiAl-based composition is alloyed to contain
titanium, zirconium and/or hafnium, beta prime (3t) Heusler phases (Ni;AlX where X
may be Ti, Hf, Zr, Ta, Nb and/or V) will be present, namely Ni,AlZr and/or Ni, AlHT{.
Other Heusler phases are possible, depending on the composition of the melt. If
chromium is present in the melt (e.g., the desired composition is NiAl+CrZr), alpha
chromium (V-Cr) secondary phases may also be present. If these additional phases
are not solutionized, the ingot will likely be very brittle, with the result that

subsequent machining (e.g., centerless grinding to obtain a uniform diameter) may



cooling the ingot (10) to about 25C, hot isostatic pressing the ingot ( 10)
at a tenperature of about 1200C or nore for a duration of about six hours
at a pressure of about 100 to about 200 MPa; cooling the ingot (10) at a
rate of about 55 to about 85C/minute to a tenperature of |ess than 980C;
and then 11 cooling the ingot (10) to about 25C 11. The process
according to claiml1l, wherein prior to the nelting step, revert conprising

at | east (o) - NLA:an ' [ Al ' I t he
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according to claiml1, further conprising the step of machining the ingot
(10) af t erthe HEPHB&PINSESSand pressing step. 13. The process according to
claiml1, further conprising the step of evaporating the ingot ( 10) after

the heati ng,caffoRfifs Bt dreitfitht ! RhARROH HeBsdOR): thE dis3dlitifh dfN@chiflagy Phase
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Ni Al - based materi al.
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cooling rate of step 8, if the NiAl-based composition does not contain titanium,
zirconium, hafnium or other elements that would produce secondary phases requiring

dissolution.

(1) Heat treatment at a temperature of about 2300°F (about 1260°C) for a duration of

about twelve hours.

(2) Heat at a rate of about 20°F/hour (about 10°C/hour) to about 2375°F (about
1300°C) and hold for a duration of about twenty-four hours.

(3) Heat at a rate of about 20°F/hour (about 10°C/hour) to about 2425°F (about
1330°C) and hold for a duration of about twenty-four hours.

(4) Heat at a rate of about 20°F/hour (about 10°C/hour) to about 2500°F (about
1370°C) and hold for a duration of about thirty-two hours.

(5) Cool at a rate of about 100 to about 150°F/minute (about 55 to about 85°C/minute)
to a temperature of less than 1800°F (about 980°C).

(6) Cool at any suitable rate to room temperature (about 25°C).

(7) After heating at any suitable rate, HIP at about 2200°F (about 1200°C) up to near
the melting temperature for a duration of about six hours at a pressure of about 15 to

30 ksi (about 100 to 200 MPa), preferably about 20 ksi (about 140 MPa);

(8) Cool at a rate of about 100 to about 150°F minute (about 55 to about
85°C/minute) to less than 1800°F (about 980°C).
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Following HIPping, the ingot may be machined to a final desired dimension, such as
by centerless grinding (for a cylindrical bar), with the removal rate being adjusted to
induce low stresses as known in the art. Alternative machining techniques include
electrochemical machining (ECM) and electro-discharge machining (EDM) under low
power and adequate coolant flow. If required to produce a better surface finish, the
ingot can be chemically polished in a solution of about 15 volume percent HNO3 and
about 85 volume percent H;PO,4 for about five to thirty minutes at a temperature of
about 125 to 150°F (about 50 to about 65°C).

In practice, the above processing steps have been shown to enable the production of
NiAl-based ingots of a size and quality suitable for use in EBPVD processes to form
overlay coatings. Additional benefits include the use of lower initial melt
temperatures, lower power input levels to the melt furnace, and improved lives for the
melting furnace liner and crucibles by avoiding excessive heating during the

exothermic reaction when NiAl is melted.

While the invention has been described in terms of a preferred embodiment, it is
apparent that modifications could be adopted by one skilled in the art. Accordingly,

the scope of the invention is to be limited only by the following claims.
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CLAIMS:

1. A process for producing an ingot (10) of a beta-phase NiAl-based material, the

process comprising the steps of:

melting a nickel-aluminum composition having an aluminum content below that
required for stoichiometric beta-phase NiAl intermetallic so as to form a melt

comprising nickel and Ni;Al;

adding aluminum to the melt to cause an exothermic reaction between nickel and
aluminum as the melt equilibrium shifts from Ni3;Al to NiAl, but at a rate sufficiently
low to avoid a violent exothermic reaction, sufficient aluminum being added to the

melt to yield a beta-phase NiAl-based material;
solidifying the beta-phase NiAl-based material to form an ingot (10); and then

heating and pressing the ingot (10) to close porosity and homogenize the

microstructure of the ingot (10).

2. The process according to claim 1, wherein the aluminum content of the nickel-

aluminum composition is not greater than 25.5 atomic percent.

3. The process according to claim 1, wherein the aluminum content of the nickel-

aluminum composition is about 20 atomic percent.

4. The process according to claims 1, 2 or 3, wherein essentially all of the nickel and
aluminum of the nickel-aluminum composition and essentially all of the added

aluminum exothermically reacts to form beta-phase NiAl.

5. The process according to claim 1, wherein the beta-phase NiAl-based material

further contains at least one of chromium, zirconium, and hafnium.

6. The process according to claim 1, wherein the beta-phase NiAl-based material

consists essentially of nickel, aluminum, chromium and zirconium or hafnium.

7. The process according to claim 1, wherein the heating and pressing step comprises
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more of Heusler phases and alpha chromium phases.

9. The process according to claims 1 or 7, wherein the heating and pressing step
comprises hot isostatic pressing the ingot (10) at a temperature of about 1200°C or

more.

10. The process according to claims 1 or 7, wherein the heating and pressing step

comprises the steps of:

heat-treating the ingot (10) at a temperature of about 1260°C for a duration of about

twelve hours;

heating the ingot (10) at a rate of about 10°C/hour to a temperature of about 1300°C

that is held for a duration of about twenty-four hours;

heating the ingot (10) at a rate of about 10°C/hour to a temperature of about 1330°C

that is held for a duration of about twenty-four hours;

heating the ingot (10) at a rate of about 10°C/hour to a temperature of about 1370°C
that is held for a duration of about thirty-two hours;

cooling the ingot (10) at a rate of about 55 to about 85°C/minute to a temperature of
less than 980°C;

cooling the ingot (10) to about 25°C;

hot isostatic pressing the ingot (10) at a temperature of about 1200°C or more for a

duration of about six hours at a pressure of about 100 to about 200 MPa;

cooling the ingot (10) at a rate of about 55 to about 85°C/minute to a temperature of
less than 980°C; and then
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composition is added to the container.

12. The process according to claim 1, further comprising the step of machining the

ingot (10) after the heating and pressing step.

13. The process according to claim 1, further comprising the step of evaporating the
ingot (10) after the heating and pressing step to deposit a coating (32) of the beta-
phase NiAl-based material.
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