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This application claims benefit of Provisional 

Patent Application No. 60/147,231, filed August 4, 1999. 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is related 

United States patent application Serial 

Docket No. 13DV-13041], the contents 

incorporated herein by reference~ 

FIELD OF THE INVENTION 

to co-pending 

No. [Attorney 

of which are 

This invention generally relates to an electron 

beam physical vapor deposition coating apparatus. More 

10 particularly, this invention is directed to such a 

coating apparatus a~apted.to deposit ceramic coatings on 

components, such as thermal barrier coatings on 

superalloy components of gas turbine engines. 

BACKGROUND OF THE INVENTION 

Higher operating temperatures for gas turbine 

15 engines are continuously sought in order to increase 

their efficiency. - However, as operating· temperatures 

increase, the high temperature durability of the 

components of the engine must correspondingly increase. 

While significant advances have been achieved with iron, 

20 nickel and cobalt-base superalloys, the high-temperature 

capabilities of these alloys alone are often inadequate 

for com:Ponents located in certain sections of a gas 

turbine engine, such as the turbine, combustor and 

augmenter. A common solution is to thermally insulate 

25 such compone~ts in order to minimize their service 

temperatures. For this. purpose, thermal barrier coatings 

(TBC) formed on the exposed surf aces of high temperature 

components have found wide use. 
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To be effective, thermal barrier coatings must 

have low thermal conductivity and adhere well to the 

component surface. Various ceramic materials have been 

employed as the TBC, particularly zirconia (Zr02) 

s stabilized by yttria (Y20 3 ), magnesia (MgO) or other 

oxides. These particular materials are widely employed 

in the art because they can be readily deposited by 

plasma spray and vapor deposition techniques. An example 

of the latter is electron beam physical vapor deposition 

10 (EBPVD), which produces a thermal barrier coating having 

a columnar grain structure that is able to expand with 

its underlying substrate without causing damaging 

stresses that lead to spallation, and therefore exhibits 

enhanced strain tolerance. Adhesion of the TBC to the 

15 component is of ten further enhanced by the presence of a 

metallic bond coat, such as a diffusion aluminide or an 

oxidation-resistant alloy such as MCrAlY, where M , is· 

iron, cobalt and/or nickel. 

Processes for producing TBC by EBPVD generally 

20 entail preheating a component to ·an acceptable coating 

temperature, and then inserting the component into a 

heated coating chamber. During coating, the component is 

supported in proximity to an ingot of the ceramic coating 

material (e.g., YSZ), and an electron beam generated by 

25 an electron beam (EB) gun is projected onto the ingot so 

as to melt the surface of the ingot and produce a vapor 

of the coating material that deposits onto the component. 

In the past, the coating chamber would be maintained at a 

pressure of about O. 005 mbar. Higher pressures were 

30 avoided because control of the electron beam is more 

difficult at pressures above about 0.005 mbar, with 

erratic operation being reported at coating chamber 

pressures above o. 010 mbar. It was also believed that 

the interior of the EB gun would become contaminated if 

35 operated with coating chamber pressures above 0.005 mbar, 
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and that the life· of the gun f~lament would be reduced. 

According. to copending U.S .. Patent Application 

Serial No. 09/108,201 to Rigney et al., assigned to the 

same assignee as . the present invention, EBPVD coating 

5 pressures of greater than· O. 010 mbar _can be employed to 

produce TBCs with si~nificantly iTI'lproved spallation 

resistance and .· reduced thermal conductivity. 

Accordingly, it would be desirable if an improved EBPVD 

apparatus were available that reduced the risk of EB gun 

10 contamination and shortened gun filament life when 

operating the apparatus at coating pressures above o. 010 

mbar in accordance with Rigney et al. 

15 

BRIEF SUMMARY OF THE INVENTION 

The present invention is an electron beam 

physical vapor deposition (EBPVD) apparatus for producing 

a·coating (e.g., a ceramic thermal barrier coating) on an 

article. The EBPVD apparatus ot°this invention generally 

includ.es a coating chamber that is operable at an 

elevated temperature (e.g., at least 800°C) :and a 

subatmospheric pressure, generally above O. 010 mbar. An 

20 electron beam gun is used to project· an electron· beam 

through an aperture in a wall of the coating charriber, and 

onto a coating material within a coating region defined 

within the chamber. The electron beam gun is operated to 

melt and evaporate the coating material. Also included 

25 is a device for supporting an 

chamber so that vapors of 

deposit on the article. 

article within the coating 

the coating material can 

According to the present invention, the 

operation of the EBPVD apparatus at coating pressures 

30 above 0.010 mbar is enhanced by the inclusion within the 

coating chamber of a second chamber that encloses the 

aperture so as to separate the aperture from the coating 
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Also provided is means for maintaining the 

chamber::>)~t a pressure lower than the coating 

region. As a result, coating pressures of greater than 

0.010 mbar can be practiced in accordance with copending 

5 U.S. Patent Application Serial No. 09/108,201 to Rigney 

et al. with minimal or no adverse effects on the 

operation and reliability of the electron beam gun. 

Other objects and advantages of this invention 

will be better appreciated from the following detailed 

10 description. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figures 1 and 2 are schematic top and front 

views, respectively, of an electron beam physical vapor 

deposition apparatus used to· deposit a coating material 

in accordance with this invention. 

Figure 3 is a more detailed front cross-

. sectional view of interior components for the . coating 

chamber of the apparatus of Figures 1 and 2, including a 

second chamber mounted to the upper wall of the coating 

.chamber in accordance with a preferred embodiment of this 

20 invention. 

DETAILED DESCRIPTION OF THE INVENTION 

An EBPVD apparatus 10 in accordance with this 

invention is generally depicted in Figures 1 and 2. The 

apparatus 10 is particularly well suited for depositing a 

ceramic thermal barrier coating on a metal component 

25 intended for operation within a thermally hostile 

environment. Notable examples of such components include 

the high and low pressure turbine nozzles and blades, 

shrouds, combustor liners and augmenter hardware of gas 

turbine engines. While the advantages of this invention 

30 will be described with reference to depositing a ceramic 
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coating on such component"s, the teachings of this 

invention can be generally applied to a variety of 

coating materials ·and components. 

For. purposes of illustrating:·'the invention, the 

5 EBPVD apparatus 10 is shown in Figures 1 and 2 as 

including a coating chamber 12, a .. ·pair of preheat 

chambers 14, and two pairs of loading c¥~mbers 16 and 18, 

so that the apparatus 10 has a symmetripal configuration. 

Ingots 26 of the desired coating mater1al are shown as 

10 being fed by elevators 61 into the coating chamber 12 

from channels 104 of a magazine 102 located beneath the 

coating chamber 12. Clamping arms 60 are used to secure 

the evaporating ingots 26 in: place. The front loading 

chambers 16 are shown as being aligned with their preheat 

15 

20 

chambers 14, with parts 20 originally loaded on a rake 22 

within the lefth~nd loading chamber . 16 having been 

transferred to the lefthand preheat c.liamber 14 and, as 
'· 

dei;iicted in Figure 1, into the coa.ting chamber 12. With 
.... . .· 

the·· symmetrical configuration of 'the apparatus l"O, while 

the parts 20 loaded through the front lefthand loading 

chatnber 16 are being coated within the coating chamber 

12, a second batch of parts in the front righthand 

loading chamber 16 can be preheated in the righthand 

preheat chamber 14, a third batch of parts can be loaded 

25 into the rear lefthand loading chamber 18, and a fourth 

30 

batch of parts can be unloaded from the rear righthand 

loading chamber 18. Consequently, four process stages 

can occur simultaneously with the preferred EBPVD 

apparatus 10 of this invention. 

Accor~ing to a pref e?:'red 

invention, the loading chambers 16 and 

low-profile movable platforms 24, so 

~spect of this 

18 are mounted to 

that the loading 

chambers 16 and 18 can be selectively al~gned with their 

preheat chambers 14. Each platform 24 is also preferably 
' ' 
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movable to a trlaintenance position, in which neither of 

the loading c:ti~ftibers 16 and l.8 is·> aligned with its 
::·;.·.-· 

preheat chamber 14, so that the interiors of the preheat 

and loading chambers l.4, l.6 and 18 can be accessed for 

s cleaning. The platforms 24 are preferably at least in 

part supported on roller bearings 44 mounted in the 

floor, though it is foreseeable that a variety of 

bearings could be used. The platforms 24 preferably have 

a low elevational profile (projection above the floor) of 

10 about one inch (about 2. 5 cm), with a 

which together essentially eliminate the 

an operator tripping on the edge of the 

Stationary objects surrounding the 

apparatus 10 are preferably positioned away from the 

not more than 

chamfered edge, 

potential for 

platform 24. 

15 edges of the platforms 24 to avoid an operator being 

pinched by a platform 24 when it is repositioned. 

20 

The loading chambers 16 and 18 are generally 

elongate in shape, and are equipped with loading doors ·40 

through which parts are loaded onto the rakes 22. The 

loading chambers 16 and 18 are also equipped with access 

doors 42 to motion drives (schematically represented at 

46 in Figure 1) that control the operation of the rakes 

22. More particularly, the parts 20 supported on the 

rakes 22 are preferably rotated and/or oscillated within 

25 the coating chamber 12 in order to promote the desired 

coating distribution around the parts 20. The access 

doors 42 allow the operator of the apparatus 10 to 

quickly adjust or change the settings of the motion 

drives 46 without interfering with loading and unloading 

30 of parts from the loading chambers 16 and 18. 

With reference to Figure 3, coating is 

performed within the coating chamber 12 by melting and 

evaporating the ingots 26 with electron beams 28 that are 

produced by electron beam (EB) guns 30 and focused on the 
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ingots 26. Intense heating of the ceramic material by 
the electron beams 28 causes the surface of each ingot 26 
to melt, forming molten ceramic pools from which 
molecules of the ceramic material ·evaporate, travel 

s upwardly, and then deposit on the surfaces of the parts 
20, producing the desired ceramic coating whose thickness 
will depend on the duration of the coating process. 
While two ingots 26 are shown in Figure 3, it is within 
the scope of this invention that one or more ingots 26 

10 could be present and simultaneously evaporated. 

15 

20 

As also seen in Figure 3, -oxygen and argon 
gases are introduced into the coating chamber 12 through 
an inlet 54 located near crucibles 56 . that support the 
ingots 26 within the ·coating chamber 12 and retain the 
molten pools of ceramic material produced by the electron 
beams 28. The flow rates of . oxygen and argon are . 
individually controlled based on the · targeted process 
pressure and oxygen partial pressure. . To reduce the 
occurrence of pressure oscillations within the coating. 
chamber 12, the control loop response time for these 
·gases is ·· preferably reduced by physically placing ·. the 
control valves 58 for the gases adjacent the inlet 54 

outside the coating chamber 12. Placement of the control 
valves 58 so close to the coating chamber 12 provides a 

25 surprisingly significant improvement in pressure control, 
·r'educing pressure fluctuations within the coating chamber 
12 and reducing disturbances in the focus and position of 
the electron beams 28 on the ingots 26. 

After rough pumpdown with mechanical pumps 31, 
30 cryogenic and diffusion pumps 32 and 34 of types known in 

the art can be employed to evacuate the coating chamber 
12 prior to the deposition process. A separate pair of 
diffusion pumps 38 is shown as being employed to evacuate 
the preheat chamber 14. As indicated in Figure 1, the 
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diffusion pump . 34 for the coating chamber 12 may be 

modified with ::·~;, throttle valve 36.· to regulate the 

operation of the pump 34 at relatively high pressures, 

e.g., above 0.010 mbar, which are preferred by this 

s invention as discussed below. The diffusion pumps 38 for 

the preheat chambers 14 are also preferably equipped with 

throttle valves for the same purpose. 

EBPVD coating chambers are typically capable of 

being maintained at a vacuum level of about o. 001 mbar 

10 (about lxl0- 3 Torr) or less. In the prior art, a vacuum 

of at most o. 010 mbar, and more typically about O. 005 

mbar, would be drawn within the coating chamber 12 during 

the coating process, the reason being that higher 

pressures were known to cause erratic operation of the EB 

1s guns 30 and make the electron beams 28 difficult to 

control, with the presumption that inferior coatings 

would result. It has also been believed that the life of 

20 

the gun filament would be reduced or the gun contaminated 

if operated at coating chamber pressures above 0.005 

mbar. However, in accordance with copending U.S. Patent 

Application Serial No. 09/108,201 to Rigney et al., 

assigned to the same assignee as this invention, the 

coating chamber. 12 is preferably operated at higher 

pressures that surprisingly yield a ceramic coating with 

2s improved spallation and impact resistance, as well as 

promote the coating deposition rate in conjunction with 

higher ingot evaporation rates than that achieved in the 

prior art. 

In order to address the aforementioned problems 

30 concerning the control of the electron beams 28 and 

protection of the EB guns 30 at the higher coating 

pressures employed by this invention, the EB guns 30 are 

relatively isolated from the higher coating pressure 

within the coating chamber 12. In Figure 3, a condensate 
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hood 52 is· shown ·that catches most of the superfluous 
ceramic vapors· that do not deposit onto the parts 20. 
The hood 52 is c'Onfigured according· to this invention to 
define a coating'region around the pal:'ts 20, within which 

5 the elevated pre'ssure desired for the c?ating process is 
specifically maintained. To facilitate:: cleaning between 
coating campaigns, the hood 52 is pr~f er ably equipped 
with screens 76 ~hat can be removed and cleaned outside 

i ! 

of the coating c:Q.amber 12. Preferably, the screens 76 
10 are retained by spring pins 78 in~tead of threaded 

fasteners in order to simplify removal of the screens 76 
when in the condition of having been coated with a layer 
of the coating material by the end of a campaign. 

15 

20 

25 

Because the hood 52 surrounds the parts 20 as 
seen in Figure 3, an aperture 62 is necessary for each 
beam 28 through the hood ·S2. To promote the capability 
'of maintaining higher pressures within the condensate 
hood 52 as compared to ·the remainder of the · coating 
chamber 12, including the vicinity around the EB guns 30, 
the apertures 62-are preferably formed to have dimensions 
of not more than that necessary to allow the beams 28 to 
pass through the hood 52. For this purpose, the 
apertures 62 are preferably cut with the beams 28 during 
the initial setup of the EBPVD apparatus 10. 

According to this invention, in order to more 
reliably isolate the· EB guns 30 f rorn the elevated 
pressure within the coating region defined by the 
condensate hood 52, the beams 28 travel from their 
respective guns 30 through chambers 64 formed between the 

30 interior walls of the coating chamber 12 and the 
condensate hood 52 . As shown in Figure 3, each of the 
chambers 64 is preferably formed by an upper wall of the 
coating chamber 12 and side walls attached to the upper 
wall of the coating chamber 12. In Figure 3, the lower 
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end of each chainber 64 is shown as being closed by a wall 

parallel to th~:>.~all of the condensate,; hood 5.2 in which 

the apertures 62 are formed, though this wall of the hood 

52 could also serve to enclose the lower ends of the 

s chambers 64. The hood 5.2 is preferably unattached to the 

walls of the chambers 64. In this manner, the condensate 

hood 5.2 can be moved within the coating chamber 1.2 

without requiring physical detachment of the chambers 64 

from the coating chamber 1.2. 

10 The diffusion pump 34 preferably has an inlet 

near and pneumatically coupled to each of the chambers 

64. Because of the minimum size of the apertures 6.2, the 

elevated pressure within the condensate hood 5.2 (achieved 

with the introduction of oxygen and argon with the inlet 

15 54) bleeds into the chambers 64 at a sufficiently reduced 

rate to enable the diffusion pump 34 to maintain the 

chambers 64 at a pressure lower than that within the 

condensate hood 52. 

During the .coating operation, the electron 

20 beams 28 are focused on the ingots 26, thereby forming 

the molten pools of ceramic and vapors that deposit on 

the parts .20. While various coating materials could be 

used, a preferred ceramic material for TBC (and therefore 

the ingots 26) is zirconia (Zr02 ) partially or fully 

25 stabilized by yttria (e.g., 3%-20%, preferably 4%-8% 

Y203}, though yttria stabilized with magnesia, ceria, 

calcia, scandia or other oxides could be used. The 

coating operation continues until the desired thickness 

for the coating on the parts 20 is obtained, after which 

30 the parts 2 O are transferred through the preheat chamber 

14 to the loading chamber 16, at which time the loading 

chamber 16 is vented to atmosphere. 

While our invention has been described in terms 

of a preferred embodiment, it is apparent that other 
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forms could be adopted by one skilled in the art. 

Accordingly, the scope of our invention is to be limited 

only by the following claims. 
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WHAT IS CLAIMED IS: 

1. An electron beam physical vapor deposition 

coating apparatus (10) comprising: 

a coating chamber ( 12) operable at an elevated 

temperature and a subatmospheric pressure; 

5 a hood (52) defining a coating region within 

the coating chamber (12); 

an electron beam gun (30) for projecting an 

electron beam (28) into the coating region; 

an aperture (68) in a wall of the coating 

10 chamber (12) through which the electron beam (28) enters 

the coating chamber (12); 

a second chamber (64) within the coating 

chamber ( 12) and enclosing the aperture ( 6 8) so as to 

separate the aperture (68) from the coating region; and 

15 means (66) for maintaining the second chamber 

20 

{64) at a pressure lower than the coating region. 

2. An electron beam physical vapor deposition 

coating apparatus (10) according·· to claim 1, wherein the 

second chamber (64) has a wall portion unattached to the 

hood (52) . 

3 . An electron beam physical vapor deposition 

coating apparatus (10) according to claim 2, wherein the 

25 wall portion has a second aperture (62) through which the 

electron beam (28) exits the second chamber (64) and 

enters the coating region. 

4. An electron beam physical vapor deposition 

30 coating apparatus ( 10) according to claim 1, wherein the 

second chamber (64) has a first wall portion attached to 

the wall of the coating chamber (12) . 
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s. An electron beam physical vapor deposition 
coating apparatus: {10} according to cla,:im 4, wherein the 
second chamber (64} has a second wall portion unattached 
to the hood (52} . 

6. An electron beam physical vapor deposition 
. . . 

coating apparatus · ( 10} according to cl~::i..m 5, wherein the 
second wall portion has a second aperture ( 62) through 
which the electron beam (28) exits the second chamber 

IO (64} and enters the coating region. 

7. An electron beam physical ·vapor deposition 
coating apparatus (10} comprising: 

a coating chamber (12}; 

15 a hood ·. (52) defining a coating region within 

20 

the coating chamber (12), the coating region containing a 
· coating material (26}, the coating region being operable 

. . . 

·at an elevated temperature and a subatmospheric pressure; 
an electron beam gun (30) for projecting an 

electron beam (28) into the coating region and onto the 
coating material (26), the electron beam gun (30) being 

. operable to melt .. the. coating material (26) . and to 

evaporate molten coating material (26); 

means (22) . for supporting an article (20) in 
25 the coating region so that vapors of the coating material 

(26) deposit on the article (20}; 
an aperture (68) in a wall of the coating 

chamber (12) through which the electron beam (28) enters 
the coating chamber (12); 

30 a second chamber (64) within the coating 

35 

chamber (12) and enclosing the aperture (68) so as to 
separate the aperture (68) from the coating region; and 

means (66) for maintaining the second chamber 
(64) at a pressure lower than the coating region. 
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8. Ari electron beam physical vapor deposition 

coating apparatU~'· (10) according to c~aim 7, wherein the 

second chamber (64) has a wall portion unattached to the 

hood (52). 

9. An electron beam physical vapor deposition 

coating apparatus (10) according to claim B, wherein the 

wall portion has a.second aperture (62) through which the 

electron beam (28) exits the second chamber (64) and 

10 enters the coating region. 

10. An electron beam physical vapor deposition 

coating apparatus (10) according to claim 7, wherein the 

second chamber (64) has a first wall portion attached to 

15 the wall of the coating chamber (12} . 

20 

11. An electron beam physical vapor deposition 

coating apparatus (10) according to claim 10, wherein the 

second chamber (64) has a second wall portion unattached 

to the hood (52) . 

12. ·An electron beam physical vapor deposition 

coating apparatus (10) according to claim 11, wherein the 

second wall portion has a second aperture·· {62) through 

25 which the electron beam (28) exits the second chamber 

(64) and enters the coating region. 
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