PHYSI CAL VAPOR DEPOSI TI ON APPARATUS AND PROCESS FIELD OF THE | NVENTI ON The
present invention generally relates to coating apparatuses of the type used
to deposit ceramic and netallic coatings. Mire particularly, this
invention relates to a physical vapor deposition (PVD) apparatus and
process for depositing a coating whose conposition contains elenents with
relatively low and rel atively high vapor pressures, such as a nickel

alum nide alloyed with zirconium hafnium yttriumand/or cerium
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-DESCRIPTION OF THE RELATED ART

Components within the turbine, combustor and augmentor sections of gas turbihe
engines are susceptible to oxidation and hot corrosion attack, in addition to high
temperatures that can decrease their mechanical properties. Consequently, these
components are often protected by an environmental coating alone or in combination
. with an outer thermal barrier coating (TBC), which in the latter case is termed a TBC

. system,

Diffusion coatings, such as diffusion aluminides and particularly platinum aluminides
(PtAl), and overlay coatings, particularly MCrAIX alloys (where M is iron, cobalt and/or
nickel, and X is an active element such as ytirium or another rare earth or reactive
element), are widely used as environmental coatings for gas turbine engine
components. Ceramic materials such as zirconia (ZrQO,) partially or fully stabilized by
yttria (Y,O3), magnesia (MgO) or other oxides, are widely used as TBC materials.
Used in combination with TBC, diffusion aluminide and MCrAIX overlay coatings serve
as a bond coat to adhere the TBC to the underlying substrate. The aluminum content
of these bond coat materials provides for the slow growth of a strong adherent
continuous aluminum oxide layer (alumina scale) at elevated temperatures. This
thermally grown oxide (TGO) protects the bond coat from oxidation and hot corrosion,
and chemically bonds the TBC to the bond coat.



thermally grown oxide (TGO protects the bond coat from oxidation and hot
corrosion, and chemcally bonds the TBC to the bond coat. 1 Suitable
processes for depositing MZrAl X coatings include thernmal spraying such as
pl asma spraying and high velocity oxyfuel (HVOF) processes, and physi cal
vapor deposition (PVD) processes such as el ectron beam physical vapor
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sufficient to produce a stream 34 of vapor that condenses on the component 30 to
form the overlay coating 32. As shown, the vapor stream 34 evaporates from a pool
14 of molten coating material contained within a reservoir formed by a crucible 12 that
surrounds the upper end of the ingot 10. Water or another suitable cooling medium
flows through cooling passages 16 defined within the crucible 12 to maintain the
crucible 12 at an acceptable temperature. As it is gradually consumed by the
deposition process, the ingot 10 is incrementally fed into the chamber 22 through an
airlock 24,

More recently, overlay coatings {i.e., not a diffusion) of beta-phase nickel aluminide
(BNIAl) intermetallic have been proposed as environmental and bond coat materials.
The NiAl beta phase exists for nickel-aluminum compositions of about 30 to about 60
atomic percent aluminum, the balance of the nickel-aluminum composition being
nickel. Notable examples of beta-phase NiAl coating materials include commonly-
assigned U.S. Patent No. 5,975,852 to Nagaraj et al., which discloses a NiAl overlay
bond coat optionally containing one or more active elements, such as yttrium, cerium,
zirconium or hafnium, and commonly-assigned U.S. Patent No. 6,291,084 to Darolia
et al., which discloses a NiAl overlay coating material containing chromium and
zirconium. Commonly-assigned U.S. Patent Nos. 6,153,313 and 6,255,001 to Rigney




The Ni Al beta phase exists for nickel-al um num conpositions of about 30 to
about 60 atom c percent alum num the bal ance of the nickel-alum num
conposition being nickel. Notable exanples of beta-phase Ni Al coating
material s i nclude commonly- assigned U. S. Patent No. 5,975,852 to Nagar aj

et al., which discloses a NNAl overlay bond coat optionally containing one
or nore active elenents, such as yttrium cerium zirconiumor hafnium
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been found to exhibit significantly improved spallation resistance and environmental
properties if deposited by a PVD process. However, difficulties have been encountered
_When attempting to deposit beta-NiAl coatings alloyed with zirconium, hafnium,
yttrium, cerium and/or another reactive clement, as required by the NiAl compositions
of Nagaraj et al,, Darolia et al., Rigney et al., and Darolia. For example, when
attempting to evaporate an ingot of NiAl+Zr or NiAl+Cr+Zr, deposition rates are low
and the chemistry of the coating has been difficult to control.

BRIEF SUMMARY OF THE INVENTION

Herein disclosed is a PVD process and apparatus for depositing a coating from multiple
sources of different materials. The process and apparatus are particularly intended to
deposit a nickel-base intermetallic coating, such as the gamma phase
(Y[Ni(Co,Fe,Cr,Mo,W,Re)]) or beta phase (BNiAl), which is alloyed to contain
zirconium, hafnium, yttrium, cerium and/or another reactive element whose vapor
pressure is significantly lower than the constituents of the nickel-base intermetallic. A
different evaporation rate for these reactive elements may be necessary to achieve

higher deposition rates and better control of the coating chemistry.,



of Nagaraj et al., Darolia et al., R gney et al., and Darolia. For exanple,
when attenpting to evaporate an ingot of N A +Zr or N Al +Cr +Zr, deposition
rates are low and the chem stry of the coating has been difficult to
control. BRI EF SUMWARY OF THE | NVENTI ON Herein disclosed is a PVD process
and apparatus for depositing a coating fromnultiple sources of different
materials. The process and apparatus are particularly intended to deposit
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materials comprising at least one element chosen from the group consisting of zirconium,

hafnium, yttrium and cerium, such that the first material has a higher vapor pressure than the

second material; means for generating at least one electron beam for melting the first and

second materials to form molten pools thereof, the generating means operating to deliver

.different power level inputs to the first and second materials so as to melt the first and second

materials at different rates; and means for suspending an article within the coating chamber,

the suspending means transporting the article within the coating chamber relative to the two

moiten pools so as to deposit a coating on the article with a controlled composition that is a

mixture of the first and second materials.

According to a third aspect of the invention, there is provided a physical vapor deposition
process comprising the steps of: providing at least two passages through which at least two
materials are fed into a coating chamber of a physical vapor deposition apparatus, at least a

first of the materials having a composition with a higher vapor



passages through which at |least two materials are fed into the coating
chanber, a first of the tw materials being an ingot of a beta-N Al all oy
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at | east two passages through which at least two nmaterials are fed into a
coating chanber, a first of the two materials being an ingot of a

beta-Ni Al alloy containing chromum a second of the two materials
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appreciated fromthe follow ng detailed description. BRI EF DESCRI PTI ON OF
THE DRAW NGS Figure 1 shows a schematic representation of a portion of a

prior art BEHD IBTIAN OFHE DRANPYSSt a coating of a ni ckel - base

internetallic material. Figures 2, 3 and 4 are schematic representations of
porti ons oFi BRPMVEhARRACRSHAR Sepresentation of a portion of a prior art EBPVD apparatus

~ used to deposit a coating of a nickel-base intermetallic material.

Figures 2, 3 and 4 are schematic representations of portions of EBPVD apparatuses

according to two embodiments of this invention.

“Figure 5 is a graph comparing the performance potentials for coatings deposited by the
EBPVD process of this invention with coatings deposited by a thermal spraying

process.
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according to two enbodi ments of this invention. Figure 5 is a graph
conmparing the performance potentials for coatings deposited by the EBPVD
process of this invention with coatings deposited by a thermal spraying
process. 4b DETAI LED DESCRI PTI ON OF THE | NVENTI ON Three enbodi ments of a
coating apparatus 120 are shown in Figures 2, 3 and 4 as being simlar to
the apparatus 20 of Figure 1, and representative of a type suitable for
deposi ting nickel -base intermetallic coatings. A particularly preferred
coating material that can be deposited with the coating apparatus 120 is a
bet a- phase nickel alum nide, though it is also foreseeabl e that

gamma- phas @ETAED DERERIFRONI OF THE INVENTICH: deposited. In Figure 2, the
apparatus 120 is shown as conprising a crucible 112 through which a pair
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beam ( EB) un 28 g Erates an el ectron beam 12 in conbi'nation with

a controll dasb SIR9 R 1Y the ARRpgtis, 2Gnef Flguid. @B?)é?p@ﬁ?rft%ésf)foﬁ 6t h

i ngots 110 saitble ioﬂddp@s.mg)dmel tfa@@a.h@hﬁetamb tc@@tnﬂﬁO' A pddicadty pterRia t he
i ngot mater | Js Wi such a techni que, the beam

126 is bri &9 V%‘P%?r?éﬂ@ﬁjc"(‘q ‘ﬁe ?R:PSQ# Y"!1h %ﬁﬁkﬂ%‘f@@%#‘b‘é@rﬁtmﬁseno and
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conposi tional” con ‘As an alternative to the use of a single EB gun 128
shown in Figure 2, two or nore EB guns could be used to produce separate
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electron beam (EB) gun 128 generates an electron beam 126 that, in combination with
a controlled beam jumping technique, meits the upper surfaces of both ingots 110 and
111 to produce separate molten pools 114 and 115 of the ingot materials within the
- crucible 112.  With such a technique, the beam 126 is briefly projected (in the
millisecond range) on each ingot 110 and 111, with the amount of time on each ingot
110 and 111 being adjusted so that the energy output achieves the energy balance
required to obtain compositional control. As an alternative to the use of a single EB
gun 128 shown in Figure 2, two or more EB guns could be used to produce separate

electron beams for maintaining both molten pools 114 and 115.

As with the apparatus 20 of Figure 1, a component 130 is suspended within
the coating chamber 122, so that an overlay coating 132 is deposited on the
component 130 as a result of the melting and vaporizing of the ingots 110 and 111,
which produces streams 134 and 135 of vapors that condense on the component 130.
The component 130 is supported on planetary tooling 118 that transports the
component 130 over both pools 114 and 115, so that the overlay coating 132 is a
mixture of the ingot materials. As they are gradually consumed by the deposition
process, the ingots 110 and 111 are incrementally fed into the chamber 122 through
separate passages 124 and 125 in the crucible 112. As known in the art, water or
another suitable cocling medium preferably flows thrdugh cooling passages 116
defined within the crucible 112 to maintain the crucible 112 at an acceptable

temperature.



conmponent 130 as a result of the nelting and vaporizing of the ingots 110
and 111, which produces streans 134 and 135 of vapors that condense on the
conponent 130. The component 130 is supported on planetary tooling 118
that transports the conponent 130 over both pools 114 and 115, so that the
overlay coating 132 is a mxture of the ingot materials. As they are
gradual |y consuned by the deposition process, the ingots 110 and 111 are
incrementally fed into the chanmber 122 through separate passages 124 and
125 in the crucible 112. As known in the art, water or another suitable
cooling nedium preferably flows through cooling passages 116 defi ned
within the crucible 112 to naintain the crucible 112 at an acceptabl e
tenperature. 5 According to a preferred aspect of the invention, the
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limited deposition rates and difficulties in achieving controlled chemistries for the

coating 132.

With the present invention, those alloying ingredients with significantly lower
vapor pressures, most notably zirconium, hafnium, ytfrium and cerium (or another
reactive element), are provided in one of the ingots (e.g., 111), while those with higher
vapor pressures, such as NiAl and chromium (if desired in the coating 132), are
present in the other ingot (e.g., 110). The electron beam 126 is then used to melt and
vaporize the ingots 110 and 111 at conirolled but different rates to produce a coating

132 with a predictable chemistry. In particular, the power of the beam 126 is jumped

to an appropriate level to optimize the melting and vaporizing rates of the particular
ingot material on which it is projected, so that the overall deposition rate can be
increased and the uniformity of the coating chemistry improved. The power level
inputs to the pools 114 and 115 are adjusted based in part on the coating chemistry, in
addition to the relative sizes of the pools 114 and 115. For ingots 110 and 111 of the
same diameter, the required power level is lower for an ingot of zirconium and other
reactive elements as compared to the NiAl ingot. Because of the different melting and
vaporizing rates, the ingots 110 and 111 are fed into the chamber 122 at different
rates as they are gradually consumed by the deposition process. As an example of
the above, deposition of an NiCrAl overlay coating containing about 1 weight percent
zirconium has been performed using separate ingots (110 and 111) of beta-phase
NiAI+Cr and Zr, in which the molten pool size of the zirconium ingot is maintained to
have a surface area of nearly fifty percent smaller than the pool size of the NiAl+Cr
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reactive elenent), are provided in one of the ingots (e.g., 111), while
those with higher vapor pressures, such as NiAl and chromum (if desired
in the coating 132), are present in the other ingot (e.g., 110). The

el ectron beam 126 is then used to nelt and vaporize the ingots 110 and 111
at controlled but different rates to produce a coating 132 with a

predi ctable chem stry. In particular, the power of the beam 126 is junped
to an appropriate level to optimze the nelting and vaporizing rates of the
particular 1ingot material on which it is projected, so that the overal
deposition rate can be increased and the uniformty of the coating

chem stry inproved. The power level inputs to the pools 114 and 115 are
adj usted based in part on the coating chemstry, in addition to the
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to increase the size of the coating zone 'w e ch
f or eseeab| gEnagate Hickel, alumlnum chromium and zirconium mgots could be used, each

compositionally homogeneous and each individually melted to produce single-element
- pools that are co-evaporated. Again, the power levels of the electron beam used to
evaporate the individual ingots would be controlled to optimize evaporation rates and

promote the ability to obtain the desired chemistry for the coating 132.

In each of the different embodiments discussed above, the chemistry of the
vapor cloud resuiting from the vapor streams 134 and 135 will be quite different from
one location to another within the cloud. Therefore, and particularly if multiple
components or surfaces are to be coated at a single time, the location of the surfaces
being coated within the vapor cloud will effect the coating chemistry. Therefore, the
planetary tooling 118 shown in Figure 2 is preferably employed to achieve more
uniform chemistry control by transporting the component 130 above both pools 114
and 115, so that the component 130 passes through those regions of the vapor cloud
with different chemistries.

The embodiment of Figure 3 differs by modifying the crucible 112 to feed a
wire 136 of the lower vapor pressure material into the chamber 122, instead of the
ingot 111. The wire 136 is shown as being dispensed with a feed system 138 that
includes a spool 140 from which the wire 136 is pulled by a wire feed device 142,
which feeds the wire 136 through a guide 144 to the molten pool 115. Alternatively,
the wire 136



use of ingots containing nultiple constituents of the coating 132 (e.g.,

ni ckel, alum numand chromum that are present in separate regions of the
ingot. Another alternative is to use a separate ingot for each of the

el ements desired for the coating 132. For exanple, for a coating 132 of
Ni Al alloyed with chrom um and zirconium four separate nickel, alum num
chrom um and zirconiumingots could be used, each conpositionally
honbgeneous and each individually nelted to produce single-elenment pools
that are co-evaporated. Again, the power |evels of the el ectron beam used
to evaporate the individual ingots would be controlled to optim ze
evaporation rates and pronote the ability to obtain the desired chem stry
for the coating 132. In each of the different enbodi nents di scussed above,

the cheni sihyd @k f&@% heRe f@éooa@.deeﬂﬁ wda@hfar PABsEEL 1 ¥R RGfinc ifATHhe1 34 and
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hat 130..passes t hropgh those
regi ons of TENEIRRlGIMY ‘E?&ﬁ Tﬂdedf’f’sfs@ﬁegﬁ‘ﬂ R@ﬁ@dﬁ“@m&ssas Waé‘?fg difent of
Fi gure 3 diédueacy ploysmfedmthwnrhggcﬂItfmttsrla:giebinei:airﬂélelt anfl eedefare reguiesl@eerof t he
| ower vapo r r, 122. i.nst t he i ngot
111. The vmé?ée) @%%gm Omaﬁ!geegelaﬁeé (pﬁ géﬁﬁggg ‘m Hﬁrg tPe 'eé’?/s%'%ﬁa'f% t hat
i ncl udes avewoelfeeti4atef r om which the wire 136 is pulled by a wire feed
device 142, which feeds the wire 136 through a guide 144 to the nolten

pool 115. Al terpgidu¥ehbdificdtidRs "edufi 130 nfade to the physical vapor deposition
processes described above, including the use of one or more laser beams instead of
the electron beams 126 to melt the ingots 110 and 111 or wire 136. Other physical
vapor deposition techniques could also be used, including magnetron sputtering,
cathodic arc, ion plasma, pulsed laser deposition (PLD), and combinations thereof.
Particular combinations of PVD techniques include EBPVD with cathodic arc, EBPVD
with ion plasma, EBPVD with sputtering, EBPVD with PLD, sputtering with PLD, and
cathodic arc with PLD. In addition, a PVD technique could be combined with the use
of a gaseous source of a minor alloying element, such as the reactive element

(zirconium, hafnium, yttrium and/or cerium).

In an investigation leading to this invention, beta-phase NiAl-based coatings
were deposited onto six sets of buttons made from the single-crystal superalloy known
as René N5. The targeted composition for the coatings was, in atomic percent, about
40 to 48% aluminum, about 5% chromium, and about 0.1 to 1.2% zirconium. The
EBPVD process used to deposit the coatings used an ingot of NIAICr that was
continuously melted and evaporated by one electron beam, while an ingot of
zirconium was continuously melted and evaporated by a second electron beam. In
this manner, ingot chemistry was used to obtain the relative desired levels of nickel,
aluminum and chromium, while the electron beam parameters were adjusted to vary
the zirconium content from one button set to another. During the coating process, the

buttons were transported through the vapor cloud in a manner similar to that



could be fed by the wire feed device 142 through a passage 146 defi ned
within the upper surface of the crucible 112, as shown in Figure 4. Qher
than appropriately nodifying the control of the EB gun 128 to achieve a
desired evaporation rate, the enbodinents of Figures 3 and 4 are simlar
to that of Figure 2. An advantage of feeding a snmaller dianeter wire is
the capability of a nore accurate neasurenent of the higher volune feed
rate nmade possible with this invention, as conpared to the accuracy
possible with an ingot that is larger in dianeter, and therefore requires

| ower and nore accurate linear feed rates as conpared to a wire to achi eve
the sane volunme feed rate. Various nodifications could be nade to the
physi cal vapor deposition processes described above, including the use of
one or nore |aser beanms instead of the electron beans 126 to nelt the

i ngots 110 and 111 or wire 136. O her physical vapor deposition techniques

coul d al so be used, . incl udi magnet ron sputtering, . cathodic arc, ion
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surface finishes to below 100 microinches (about 2.5 micrometers) Ra, such that the
HVOF coatings had surface finishes and coating thickness uniformity comparable to
the EBPVD coatings.

All of the buttons were then coated by EBPVD with about 5 mils (about 125
micrometers) of a thermal barrier coating (TBC) of 7%YSZ (zirconia stabilized by

- about 7 weight percent yttria), such that the NIAICr+Zr coatings served as bond coats
for the TBC. The spallation life potentials of the TBC coatings were then evaluated by
furnace cycle testing (FCT) at a maximum temperature of about 2125°F (about
1160°C) using one-hour cycles. The results of the experiments are plotted in Figure 5.
In addition to evidencing that FCT performance was strongly influenced by zirconium
concentration, the plotted data show that the performance potentials for those
coatings deposited by the PVD process of this invention were clearly superior those

thermal sprayed coatings having the same bond coat chemistry.

In addition to achieving greater FCT performance as compared to coatings
deposited by HVOF, the coating process of this invention was found to proceed more
rapidly than when a single ingot containing the same composition desired for the
coatings was evaporated with a single electron beam, essentially as depicted in Figure
1. Although the above results were obtained with NiAl-based coatings deposited by
EBPVD, it is believed that similar results can also be achieved by depositing NiAl-
based coatings by magnetron sputtering, as will as one or more of the other PVD
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zi rconiumwas continuously nelted and evaporated by a second el ectron beam
In this manner, ingot chem stry was used to obtain the relative desired

| evel s of nickel, alumnumand chromium while the el ectron beam
paranmeters were adjusted to vary the zirconiumcontent fromone button set
to another. During the coating process, the buttons were transported

t hrough the vapor cloud in a manner simlar to that 8 represented in Figure
2. The coatings were deposited to a thickness of about 2 mls (about 50

m croneters), after which the coated buttons were subjected to a vacuum

di ffusion heat treatnment at about 1975F (about 1080C) for about two hours.
On a secondpreesses ndtethabdid. bitinalyni js déliaveet thar sivdart ieaglss woulth be ofEdrsdt | ons
of, in at 59 d about
0. 2 0. v LfyeRaRp @ b dhlndblbg) MRl Mo ARSHLHRG RO BpafC 00 50
m cronet er @)‘v‘afﬂsﬁlwscuasw @Pﬁlvvel ocity oxyfuel (HVOF) thermal spray process.
The buttons were diffusion heat treated at about 1975F (about 1080C) for

about two hour swhile éheVifgeHith had b&én daMelisdy ihh&his d\#la%ra’eﬁéa ehRALITREE itNer e
subj ected to surface %I‘I ndi n rove their surface finishes to bel ow

100 i cr oi fcappareny st mogifieat] %F%ggrag?pt?%by e Akitedin theyart. fgrasdiegut i ngs
had surf acenefdcops biethe Riventionad ol lintiellOAR LY thTdllowiRG tiingnpar abl e to the
EBPVD coatings. Al of the buttons were then coated by EBPVD with about 5
mls (about 125 micronmeters) of a thermal barrier coating (TBC) of 7%SZ
(zirconia stabilized by - about 7 weight percent yttria), such that the

Ni Al Cr+Zr coatings served as bond coats for the TBC. The spallation |life
potentials of the TBC coatings were then evaluated by furnace cycle
testing (FCT) at a maxi numtenperature of about 2125F (about 1160C) using
one- hour cycles. The results of the experinments are plotted in Figure 5.
In addition to evidencing that FCT performance was strongly influenced by
zi rconi um
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concentration, the plotted data show that the perfornmance potentials for
those coatings deposited by the PVD process of this invention were clearly
superior those thermal sprayed coatings having the sanme bond coat

chem stry. In addition to achieving greater FCT performance as conpared to
coatings deposited by HVOF, the coating process of this invention was
found to proceed nore rapidly than when a single ingot containing the sane
conposition desired for the coatings was evaporated with a single el ectron
beam essentially as depicted in Figure 1. Although the above results were
obt ai ned WEAIM$:A| - based coatings deposited by EBPVD, it is believed that
simlar results can also be achieved by depositing N Al - based coatings by

magnet ron sput A SkidA Whdokitiers atakat gindf the other PVD 9 processes
hoted above  Fi pafial vabord bpositiF A oG] LN O T el be_onial ned

by intermttently (instead of continuously) nelting the zirconi umingot
wi th an el ectron2copiggrhambedi scussed above. While the invention has been
described in terns of a preferred enbodinent, it is apparent that
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scope of the invention is to Iimte nl'y "by the“follow ng arnms. 10
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chanber; ne for providing at |east t assages, t hr ough whi ch at | east
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materials having a conposition with a higher vapor pressure than a second
of the materi al gNeangafes Medlingrihe firsy andesédondt maiedals etoofesm nupiten abelst o form

nol t en poolifereo, the melting means operating to deliver different power level inputs to the first
and second materials so as to melt the first and second materials at different rates;
and -

means for suspending an article within the coating chamber , the suspending
means transporting the article within the coating chamber relative to the two molten
pools so as to deposit a coating on the article with a controlled composition that is a

mixture of the first and second materials.

2. A physical vapor deposition apparatus according to claim 1, wherein the
p_roviding means is a crucible in which the two passages are
defined.

3. A physical vapor deposition apparatus according to claim 1, wherein

the melting means comprises an electron beam or a laser beam.

4. A physical vapor deposition apparatus according to claim 1, wherein
the melting means is a single electron beam that is sequentially

projected on each of the first and second materials.

5. A physical vapor deposition apparatus according to claim 1, wherein
the melting means projects a first electron beam on the first material
and a second electron beam on the second material. |
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thereof, the nelting neans operating to deliver different power |evel
inputs to the first and second materials so as to nelt the first and
second materials at different rates; and nmeans for suspending an article
wi thin the coating chanber , the suspending mneans transporting the article
within the coating chanber relative to the two nolten pools so as to
deposit a coating on the article with a controlled conposition that is a

m xture of the first and second materials. 2. A physical vapor deposition
apparatus according to claim1, wherein the providing nmeans is a crucible
in which tRe ARNYSESE¥gRY daresitigaranparatus aceprdifgstoc slaing 4 pwherdiaghe Mg on

appar at us k= 29 il fe & idﬂn]got wherein the nmelting neans conprises an
el ectron beamor a I'aser eam Af A physi cal vapor deposition apparatus

according to claim1, wherein the nelting neans is a single electron beam
that is seduénphysidal vagar gjepesitieh eppasaigh astording i rakaimahdwheremnthenfisser i al s.

5. A physi p depositi apparat us . ording to claim1, erein the
mel ting neg?%ger}éfoﬁgéct@ afti rs(?mel gogt r%ﬁ b'ﬁgéin o%mtI heﬁ"?i r%?corr’}%t eP‘}’Q‘IQ rlafaand a
second el ewtin tie foeaohzonird. he second material. 11 6. A physical vapor

deposition apparatus according to claim1l, wherein the two materials are
in the formof ingots. 7. hysi cal vapor deposition _apparatus according
to cl'aim 18 whararna vaeer ideabeiah EBprity BoEnRdo SR bRMRET deptroand { be
second nat gaiedibl cohfpribds BdteNigr m of a wire. 8. A physical vapor deposition
apparatus according to claim1l, wherein the first

9. A physical vapor deposition apparatus according to claim 3, wherein the
first material further comprises at least one element chosen from the group

consisting of chromium, titanium, tantalum, silicon, gallium, calcium and iron.

10. A physica! vapor deposition apparatus according to claim 8, wherein the

first material further comprises chromium.

11. A physical vapor deposition apparatus according to claim 8, wherein the
second material is chosen from the group

consisting of zirconium, hafnium, yttrium and cerium.

12. A physical vapor deposition apparatus according to claim 1, wherein the second

material is chosen from the group consisting of zirconium, hafnium, yttrium and coruim.
13. An electron beam physical vapor deposition apparatus comprising:
a coating chamber,

a crucible having at least two passages through which at least two materials are fed info
the coating chamber, a first of the two materials being an ingot of a beta-NiAl alloy
containing chromium, a second of the two materials comprising at least one element
chosen from the group consisting of zirconium, hafnium, yttrium and cerium, such that

the first material has a higher vapor pressure than the second material;
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material conprises beta-Ni Al. 9. A physical vapor deposition apparatus
according to claim3, wherein the first material further conprises at

| east one el enent chosen fromthe group consisting of chromum titanium
tantalum silicon, gallium calciumand iron. 10. A physical vapor
deposition apparatus according to claim@8, wherein the first materi al
further conprises chromum 11. A physical vapor deposition apparatus
according to claim8, wherein the second material is chosen fromthe group
consisting of zirconium hafnium yttriumand cerium 12. A physical vapor
deposi t i ofieaph & agansraiieg HIPAY s BIPETIR beamer é‘?erli'ﬂgh@es@ébﬁ@p sgerial is

chosen frpmdile %rel%HF? (RO 5{:61£'Qhé}faofz'tﬁé’%@hé’rﬁlmd"ﬁééhb' e}’étrh%p UL cor uim

13. An el ectron ysi cal vapor deposition apparat s conpri si ng
coati ng ctifierent poweerde\@bmbut@ tmhﬂ iirgt and $azasd malwiajsassagysmelh theulst awhil ch at

| east two, he coating chanber, a first of the two
materi al s %%I ng a%ﬁrzis%gokﬁfe%?‘“ ??i& Ni Al alloy containing chromum a

second of the two materials conprising at | east one el enent chosen from
~ the group rmmsifmms;@ndmwnrartdnm within h@faoiatingcmmhe'ruﬂmamdemmg meanssuch t hat

the first materjal,k has. a hj ssure than e cond material; 12
rmans. 1 or (BN e ade R Rl G RS coRh B Hatve Babe i pPfg HoRls Bibot and
second mag ﬂémﬁlt% coatirfgdmheahicRWihadtshitroRS ®Aipositibe tHAE RS mikiungofBans
operating to deliver different power level inputs to the first and second

mat eri al s fishaBdsecond@ateridfpe first and second materials at different rates;
and neans for suspending an article within the coating chanber, the
suspendi ng means transporting the article within the coating chanber

rel ative tid. Apbysicabvapor tHeposjlioo lapparatuasiccording to claim 13, wherein the

generating means generates a single electron beam that is sequentially projected on

each of the first and second materials.

16. A physical vapor deposition apparatus according to claim 13, wherein the
generating means projects a first electron beam on the first material and a second

electron beam on the second material.

16. A physical vapor deposition apparatus according to claim 13, wherein the second

material is in the form of an ingot.

17. A physical vapor deposition apparatus according to claim 13, wherein the second
material is in the form of a wire.

18. A physical vapor deposition process comprising the steps of:

providing at least two passages through which at least two materials are fed
info a coating chamber of a physical vapor deposition apparatus, at least a first of
the materials having a composition with a higher vapor pressure than a second of

the materials ;
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to deposit a coating on the article with a controlled conposition that is a
m xture of the first and second materials. 14. A physical vapor deposition
apparatus according to claim 13, wherein the generating neans generates a
single electron beamthat is sequentially projected on each of the first
and second materials. 15. A physical vapor deposition apparatus accordi ng
to claim 13, wherein the generating neans projects a first electron beam
on the first material and a second electron beamon the second material .

16. A physical yaRfl ofleRIShid QoARRRIAMS (PRERIALNS Seictldlr e splier i n
the second matertaf is n the rormof an 1ngot. . physiCal ~vapor
deposi t i onarappmoat nstartdobeing mdited bl aeant Jelivdrieg adifferefiteponee vl inpatseri al i s

Lhe steps Bithe GRbniRag s mAHEY s pAacired FRRste Mol ol ShOTSERL o

material s afeR: i i nto a coating chanber of a physical vapor deposition
apparatus, at least a first of the materials having a conposition with a
hi gher vapor pressure than a second of the materials ; 13 nelting the

first and secontYSRERdNY &P article Wiimiheotaeling plrmbertang teapsportipg the arigle and
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as to deppsit, a,_coatin e wth.a .controlled corrp%séi “iloon t hat
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passages are defined by a crucible .
20. A physical vapor deposition process according to claim 18, wherein the first and

second materials are meilted with an electron beam or a

laser beam.

21. A physical vapor deposition process according to claim 18, wherein the first and
second materials are melted with a single electron beam that is sequentially projected on

each of the first and second materials.

22. A physical vapor deposition process according to claim 18, wherein the first and
second materials are melted by a first electron beam projected on the first material
and a second electron beam projected on

the second material.

23. A physical vapor deposition process according to claim 18, wherein the two

materials are in the form of ingots.

24. A physical vapor deposition process according to claim 18, wherein the first
material is in the form of an ingot and the second material

is in the form of a wire.

25. A physical vapor deposition process according to claim 18, wherein the first

material comprises beta-NiAl.
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19. A physical vapor deposition process according to claim 18, wherein the
two passages are defined by a crucible . 20. A physical vapor deposition
process according to claim 18, wherein the first and second materials are
nelted with an electron beamor a |aser beam 21. A physical vapor
deposition process according to claim 18, wherein the first and second
materials are nelted with a single electron beamthat is sequentially
projected on each of the first and second materials. 22. A physical vapor

depositi 98 er‘%%??lC%C%%OP d?ﬁoé on })%‘ Es%sl%c d’é@. b”céﬁ\ 2!3' ﬁére ﬂ}e fifs ond

materi al s are roj ect ed ont Irs

mat eri al maamblafwamnaboeipesbsoat beast e eﬁérﬁdnt)rbhotsbﬂ seepntemaireup al . 23.
A physical va eposi tion process accordi nﬂ to claim 18, wherein the two

mat er i al SONgISY QH trmipey Hagim; [RgiEn. sigon. gajl %F?J%!Pm\?&HJP“depo& tion

process according to claim18, wherein the first material is in the form

of an i ngpt TRdshykiagl vapsRBosMdresrbdss abordifg totaif@5Muereh e ffitst mieriaft

physi cal vapor deposition process according to cl alm 18, wherein the first
mat er i al fEBapdYEsepeiramiyml . 14 26. A physical vapor deposition process
according to claim?25, wherein the first materi al further conprises at

| east ongg el eBALal %Bﬁleaeﬂcfsf’?igh tLASceQs YdBordmgNs! %f?':rﬂ Pélf? rﬂl%’@ec&ﬁ& ani um

tantalum silicon, | Tdm cal'ciumand iron. yS| cal vapor
deposi ti matq@ﬁb@wgsm&wdhmgrwo consiB NS, zirabraure) hrafmlhm, ytiriugtandeedumnal
further conprises chrom um

29. A physical vapor deposition process according to claim 18, wherein the second
material is chosen from the group consisting of zircomium, hafnium, yttrium and cerium.

30. An electron beam physical vapor deposition process comprising the steps of: providing
a crucible having at least two passages through which at least two materials are fed into a
coating chamber, a first of the two materials being an ingot of a beta-NiAl alloy containing
chromium, a second of the two materials comprising at least one element chosen from the
group consisting of zirconium, hafnuium, ytirium and cerium, such that the first material
has a higher vapor pressure than the second material;

generating at least one electron beam to melt the first and second materials and form
molten pools thereof, the at least one electron beam delivering different power level inputs
to the first and second materials so as to melt the first and second materials at different
rates; and

suspending an article within the coating chamber and transporting the article relative to the
two molten pools so as to deposit a coating on the article with a controlled composition

that is a mixture of the first and second materials.
31. An electron beam physical vapor deposition process according to claim 30, wherein

the generating step generates a single electron beam that is sequentially projected on

each of the first and second materials.

14a



28. A physical vapor deposition process according to claim?25, wherein the
second material is chosen fromthe group consisting of zirconium hafnium
yttriumand cerium 29. A physical vapor deposition process according to
claim 18, wherein the second material is chosen fromthe group consisting
of zircomum hafnium yttriumand cerium 30. An el ectron beam physi cal
vapor deposition process conprising the steps of: providing a crucible
havi ng at ast two passages through ich.at |east two materials_are fed
oS codt A BRSHBE PSS AVPETI S HHBPO B r S PSS BENAGORHa gDy of a
bet a- Ni AI a\}Hen?m incthé gerrarait%mg scdprmajﬁuma fmstmaaﬁ bedmiohehd fivet nﬂi_ateﬁ_amubsf _

conpri sing eas e element ¢ omthe group consisting o

zi rconi um S%%?"H&?‘?f?ﬁ°“§f’?’P|°Uﬁﬁ‘e‘?F&"E‘g [%H]alrsuch that the first material has
a hi gher vapor pr essure than the second material; generating at |east one

el ectron b f e i . far en pool s
t her eof , t%g At ggtsc%n %%%n eﬁr{gc&m%? Gr‘r%ﬁgg véﬁcﬁgé %F@e'Péan%%'\%le evel

i nputs t owhkeeirf the secendanaterdabisdn ithet ferm aianlsgotas to nelt the first and
second materials at different rates; and suspending an article within the
coating chanber and transporting the article relative to the two nolten
pool s so as$%t HndelpeEInt beare qlysing waPor Hiepasitianc pepcasy laceprdinattp otiaiad 30,
CO”DOS|“OWheFehﬁthe'séccﬁqd'ﬁnéféﬁéﬂ%lmhethﬁnBfa{ﬁfreand second materials. 31. An
el ectron beam physi cal vapor deposition process according to claim 30,
wherein the generating step generates a single electron beamthat is
sequentially projected on each of the first and second materials. 14a 32.
An el ectron beam physi cal vapor deposition process according to claim 30,
wherein in the generating step projects a first electron beamon the first
material and a second el ectron beamon the second material. 33. An

el ectron beam physi cal vapor deposition process according to claim 30,
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wherein the second material is in the formof an ingot. 34. An electron

. 'beam physi cal vapor deposition process according to.claim30, wherein the
second material is in:the formof a wire. 14b PHYSI CAL VAPOR DEPCSI Tl ON
APPARATUS AND PROCESS ABSTRACT A PVD process and apparatus (120) for
depositing a coating (132) fromnultiple sources (110,111, 136) of

different materi 111). The process and apparatus (120) are
particularly i nt@kggﬁ}‘&}gv iDEPéJﬁ)JafI@wBR ANDIBROCHSSg (132)
containing zirconium hafnium yttrium and/ or cerium whose vapor pressures
are sufficiently lower than Nl Al tOp&pRU| a different evaporation rate
in order to achieve higher deposition rates and better control of the
coating chem stry. The PVD process and apparatus (120) entail feeding at

| east two materials (110,111,136) into a coating chanber (122) and nelting
the materials (110, 111, 136) at different rates to form separate nolten

s (114 thereof .. Articl 130) .10 h t ed ded Wit hi
Phe. coat ) TOVRMBEIES 293) PRiFACi AALhEM Seponiion & ceuppals2h bpet Aniple118)

Wih & comrollbd commettt L anuent MbbioOTIRE The JROOS haf RAMED (5>

mat eri al s (1¢01ate1partigwayly iptegded ta Sleposit a beta-nickel aluminide coating (132)
containing zirconium, hafnium, yttrium and/or cerium, whose vapor pressures are
sufficiently lower than NiAl to require a different evaporation rate in order to achieve

r higher deposition rates and better control of the coating chemistry. The PVD process

~ and apparatus (120) entail feeding at least two materials (110,111,136) into a coating
chamber (122) and melting the materials (110,111,136) at different rates to form
separate molten pools (114,115) thereof. Articles (130) to be coated are suspended
within the coating chamber (122) and transported with a support apparatus (118)
relative to the two molten pools (114,115) so as to deposit a coating (132) with a
conirolled composition that is a mixture of the first and second materials
(110,111,136).

Fig. 2
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