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(57) Abréegée/Abstract:

A method Is provided for milling a thermal barrier coated metal part. This method includes selectively removing a portion of a
ceramic coating using a mechanical cutting tool, thereby forming a counterbore, and machining the metal part through the
counterbore. A driling head for driling thermal barrier coated metal parts I1s also provided. The driling head comprises a
mechanical cutting tool, which Is operable to mill through ceramic, and an electrode for electrical discharge machining. The
electrode may be used to mill the metal part, and may be interchangeable with the mechanical cutting tool.
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ABSTRACT OF THE DISCLOSURE

A method 1s provided for milling a thermal barrier coated
metal part. This mwmethod 1ncludes selectively removing a
portion of a ceramic coating using a mechanical cutting tool,
thereby forming a counterbore, and machining the metal part
through the counterbore. A drilling head for drilling thermal
barrier coated metal parts 1s also provided. The drilling
head comprises a mechanical cutting tool, which is operable to

m1ll through ceramic, and an electrode for electrical

discharge machining. The electrode may be used to mill the
metal part, and may be interchangeable with the mechanical

cutting tool.
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Method and Apparatus for Milling

Thermal Barrier Coated Metals

BACKGROUND OF THE INVENTION

[0001] Thermal barrier coating (TBC) systems have come to
be widely used, particularly with respect to aircraft engines
and industrial gas turbines. TBC systems typically include a
coating of non-conductive material, such as ceramic, secured
to a metal part, such as a turbine blade or a turbine vane, by
a bonding coat. The ceramic coating insulates the metal part
from hot combustion gases. Further 1nsulation 1s typically
provided by cooling holes, which are drilled through the part
to provide a film of air on surfaces exposed to hot combustion
gases. Known methods of manufacturing the cooling holes
(e.g., laser drilling, abrasive water 7jets) can be very
expensive or difficult to perform with requisite accuracy.
Moreover, these methods may damage the ceramic coating.
Accordingly, a cost effective and accurate method of machining

cooling holes through thermal barrier coated parts is desired.

SUMMARY OF THE INVENTION

[0002] One aspect of the invention provides a method for
milling a thermal barrier coated metal part. This method
includes selectively removing a portion of a ceramic coating
using a  mechanical cutting tool, thereby forming a
counterbore, and machining the metal part through the

countexrbore.

[0003] Another aspect of the invention provides a drilling
head for drilling thermal barrier coated metal parts. The
drilling head comprises a mechanical cutting tool, which 1is
operable to mill through ceramic, and an electrode for
electrical discharge machining. The electrode may be used to
mill the metal part, and may be interchangeable with the

mechanical cutting tool.



CA 02631361 2008-05-15

METEM 3.0-001

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Fig. 1 1s a fragmentary plan view of a thermal
barrier coated metal part machined according to an embodiment
of the present invention.

[0005] Fig. 2 1s a cross-sectional view taken along line A-
A in Fig. 1.

[0006] Fig. 3 1s a block diagram of a milling assembly
according to an embodiment of the present invention.

[0007] Fig. 4 1s a diagrammatic perspective view of a
milling drive head used in the embodiment of Fig. 3.

10008] Fig. 5 1s a method according to an embodiment of the
present invention.

[0009] Fig. 6 1s a perspective view of a cutter machining a
part according to an embodiment of the present invention.
[0010] Fig. 7 1s a perspective view of a cutter machining a

part according to another embodiment of the present invention.

DETAILED DESCRIPTION
[0011)] Figs. 1 and 2 show fragmentary views of a ceramic
coated turbine blade 35 milled according to an embodiment of

the present invention. The ceramic coated turbine blade 35

includes a metal turbine blade 5 having a cooling chamber 30
therein. The metal blade 5 1s coated with a bond coat 15,
which adheres a ceramic coating 10 to the metal blade 5. A

counterbore 20 1s milled in the ceramic coating to the metal

turbine blade 5. A cooling hole 25 is then milled in the
metal turbine blade 5 through the counterbore 20. The cooling
hole 25 may extend down to the cooling chamber 30, thus
enabling air to flow from the cooling chamber 30 through the
cooling hole 25.

[0012] The metal blade 5 is typically made from nickel or
cobalt based alloy. However, the metal blade 5 may be

composed of any metal, 1including steel, titanium, or carbide.



CA 02631361 2008-05-15

METEM 3.0-001

Although the metal blade 5 may vary 1n shape and size, it

generally has several smooth, curved surfaces and ranges 1n

thickness, between an outside surface and the chamber 30, from
approximately .005 to .5 inches.

[0013] The cooling chamber 30 1in the metal blade 5 1is
generally over 0.060 inches thick. It may be machined in the
metal turbine blade 5 or included when the metal turbine blade
5 1s formed.

[0014] - The bond coat 15 1s typically 0.005 to 0.008 1inches
thick, and may be prepared with a rough surface 1in order to
improve bonding of the ceramic coating 10. The bond coat 15
1s typically made from a composition according to the general
formula MCrAlX, where M signifies a metallic selection from
the group consisting of nickel (Ni), cobalt (Co), or iron (Fe)
and X signifies an element selection from the group consisting
of yttrium (YY), zirconium (Zr), hafnium (Hf), ytterbium (Yb),
or another reactive element. However, bond coats formed from
other compositions may be used.

[0015] The ceramic coating 10 1is commonly 0.005 to 0.030
inches thick and generally composed of zirconia. Other
ceramic TBC compositions, for example including tungsten or

titanium, may be used.

[0016] The counterbore 20 may be created by selectively
removing (i.e., milling) a portion of the ceramic coating 10.
Although the counterbore 20 1s shown as being fan-shaped in

Fig. 1, the counterbore 20 may be any shape, such as circular,

rectangular, elliptical, trapezoidal, fan-shaped, etc.

Moreover, a profile of the counterbore 20 created in the
ceramic coating 10 may vary. For example, Fig. 2 shows
surfaces of the counterbore 20 as being progressively tapered
towards the cooling hole 25, thus forming a profile resembling
a V-groove. A slope of the taper may vary, and thus the taper
may be virtually non-existent (i1.e., the counterbore 20 is the

same slize or slighter larger than the cooling hole 25).
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Alternatively, the walls of the counterbore may Dbe nearly
parallel to the surface of the ceramic coating 10 (i.e., the
opening of counterbore 20 at the outer surface of coating 1is
vast as compared to the cooling hole 25). Furthermore, the

counterbore 20 may be more sharply tapered in one portion than

in another or it may be tapered to varying degrees around its
perimeter. According to another example, the ceramic coating
10 may be contoured so that the profile resembles a round
nose, a dado, or a dovetall. According to even further
embodiments, the surfaces of the counterbore 20 may be rounded

over Oor given varying slopes in different areas.

[0017] The cooling hole 25 may also be any shape and may be
formed at any angle. It may be tapered 1in one oOr more
portions. For example, the cooling hole 25 in Fig. 2 is shown

as being tapered in a portion near the ceramic coating 10 and
then being bored at a continuous narrow width towards chamber
30. However, similar to the counterbore 20, the cooling hole
25 may be machined with varying angles or curved surfaces or
may be Dbored at a continuous width perpendicular to a top
surface of the metal blade 5 or at an angle with respect
thereto.

[0018] As a variant to the above described embodiment, the
ceramlic coated turbine blade 35 may actually be a ceramic

coated turbine vane, any of a variety of hot gas path turbine

parts, or any other metal part. Additionally, the turbine
part may be coated with a material other than ceramic. For
example, plasma spray, solid/dry film lubricants,

fluoropolymer coatings, Teflon® coatings or any other thermal

barrier coating may be used.

[0019] Fig. 3 shows a milling assembly 50 according to an
embodiment of the present invention. The milling assembly 50
includes a numerical control 70 which is electrically

connected to a milling drive head 60 and a manipulator 80.



CA 02631361 2008-05-15

METEM 3.0-001

The milling drive head 60 1s physically mounted on a portion
of the manipulator 80.

[0020] The milling drive head 60 may be used to perform
high speed milling. This milling may be accomplished using
mechanical cutter 68 or an electrode 69 for electrical
discharge machining (EDM). Thus, for example, the mechanical
cutter 68 may be used to mill the ceramic coating and then
replaced with the electrode 69 to mill the metal part. The
milling drive head 1s described in greater detail below with

respect to Fig. 4.

[0021] Manipulator 80 1ncludes a conventional machine tool
structure having a fixed element or frame and one or more
elements such as slides and pivoting tunnels. The manipulator
80 also includes a vise or other fixture for holding the
turbine blade 35. The fixture for holding the blade 35 1is
mounted to one element of the manipulator structure, whereas
the turbine milling head 60 is mounted to another element of
the manipulator structure, so that movement of one or both of
the elements moves the turbine blade relative to the head or
vice-versa.

[0022] The numerical control 70 may include an input/output
(I/0) interface 72, a processor 74, and a memory 78. The I/0
interface 72 may be used to enter data regarding a desired

milling operation. For example, a user may enter a depth to

which a counterbore 20 or cooling hole 25 is to be drilled.
The user may also enter an angle, a shape, or a diameter at
which a counterbore 20 or cooling hole 25 is to be drilled.

[0023] The processor 74 may compute the entered data and
instruct the milling assembly 50 accordingly. For example,
the processor 74 may instruct the manipulator 80 to position
the turbine blade at a predetermined angle or distance with
respect to the milling drive head 60. Further, the processor
74 may 1instruct the milling drive head 60 to mill according to

the entered specifications.
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[0024] Memory 78 may be used to store preferred machining
speclifications. For example, a user may 1nput a custom
counterbore and cooling hole design. If the user desires to

machine numerous holes according to his custom design at a
present or later time, the user may store the design
specifications in the memory 78.

[0025] According to one aspect of the present invention,
the numerical control 70 may further include a sensor 76. The

sensor 76 may be used to determine when a relevant portion of

the ceramic coating 10 1s sufficiently removed. Specifically,
the sensor 76 may determine electrical conductivity between
the milling drive head 60 and the ceramic coated turbine blade
being milled. Presence of electrical conductivity may signify
that a portion of the rﬁetal turbine Dblade 5 1s exposed, or
that enough of the ceramic coating 10 has been removed that
the metal turbine blade 5 can be machined.

[0026] Fig. 4 provides a diagrammatic front view of the
milling drive head 60 according to an embodiment of the
present invention. The milling drive head 60 may include a
support structure 64, which holds a motor and spindle assembly
62. The motor may be electric, hydraulic, pneumatic, or any
other type of motor. The milling drive head 60 may be secured
to the manipulator 80 by bolts 61 through the support
structure 64 and the manipulator 80. The motor and spindle
assembly 62 may have a shaft, an end of which may be connected

to a collet 66. The collet 66 holds a mechanical cutter 68,

which may be used for milling the ceramic coating 10. The
collet 66 and mechanical cutter 68 may be replaced with the
EDM electrode 69, which may be used to mill the metal blade 5.
Alternatively, the entire milling drive head 60 may be removed
and replaced with an alternative drive head. Thus, different
milling tools may be used to perform the milling of the
ceramic coating and the milling of the metal turbine blade 5.

In this regard, an optimal tool may be selected for milling
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each layer, while the turbine blade remains held by the
manipulator 80.

[0027] Fig. 4 further shows a configuration where leads 92
and 94 are connected to the drilling head 60 and the coated
turbine blade 35 respectively. These leads 92, 94 may be
further connected to the sensor 76.

[0028] The mechanical cutter 68 may be any of a variety of
types, such as an end mill, a rotary burr, or an abrasive
point. Furthermore, according to some embodiments of the
present 1invention the mechanical cutter 68 may include
carbide, nitride, tool steel, high speed steel, diamond, cubic
boron nitride, tungsten carbide or other suitable abrasive or
cutting materials. For example, the cutter 68 may be diamond
coated to preserve 1ts: sharpness and prolong usability.

[0029] The drilling head 60 may operate at high speeds.
For example, the spindle and motor assembly 62 may operate at
speeds up to 60,000 RPM or higher. Linear feed rates,
defining translational movement of the mechanical cutter 68
with respect to the ceramic coating 10, may range from .004
inches per minute to 60 inches per minute or higher.

[0030] The milling drive head 60 may be secured to the
manipulator 80 by any of a variety of other means. For
example, bolts 61 may be replaced with clamps, chucks, or

quick disconnect fittings.

[0031] Fig. 5 illustrates a method 100 of milling a thermal
barrier coated turbine blade 35 according to an embodiment of
the present invention. In step 110, a ceramic coated turbine
blade 35 is held in a predetermined position by manipulator
80. Thils position may place the top surface 12 of the coated
blade 35 approximately normal to a vertical axis 40 of the
mechanical cutter 68 as shown in Fig. 6. Alternatively, this
position may place the top surface 12 of the coated blade 35
oblique with respect to the vertical axis 40 as shown in Fig.

7. As mentioned above, positioning may be performed by the
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manipulator 80, and controlled either mwmanually or by the
numerical control 70.

(0032] In step 120, the ceramic coating 10 1s selectively
removed by the mechanical cutter 68 of the milling drive head,
thereby forming counterbore 20. Selective removal may be
discontinued (step 130) when, for example, the counterbore 20
18 completed.

[0033] For example, as the ceramic coating 10 is
selectively removed, the electrical conductivity between the
cutter 68 and the metal blade 5 1s continually checked using
the sensor 76 (Fig. 3) and leads 92 and 94 (Fig. 4). If no
electrical conductivity 1s detected, selective removal of the
ceramic coating 10 1s continued. However, 1f electrical
conductivity 1s sensed, selective removal may be discontinued
1n response.

[0034] According to another example, completion of the
counterbore 20 may Dbe determined by measuring a mechanical

deflection of the drilling head 60. That 1s, measuring the

deflection of the drilling head 60 may enable one to detect a

quantity of coating 10 that has been removed.

[0035] In step 140, the mechanical cutter 68 may be
replaced. For example, 1t may be exchanged for the electrode
69 or an alternative mechanical cutting tool. The new cutting

tool may be used to machine the cooling hole 25 in the metal
turbine blade 5 (step 150).

[0036] According to an aspect of the present invention,
positioning of the turbine blade 35 may occur throughout the
method 100. Thus, although the blade 35 is initially
positioned 1in step 110, it may Dbe repositioned during
selective removal of the ceramic layer and machining of the
cooling hole 25 in the metal blade 5. Thus, the counterbore
20 and cooling hole 25 may be of any shape and may include

various angles. Also, the manipulator 80 may vary the angle
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between the axis of the cutter and the surface during the
pProcess.

[0037] As a wvariant to the method 100, the step of
replacing the cutting tool may include the step of replacing
the drilling head 60 with a different machine head after
discontilnulng selective removal of the ceramic layer in step
140. For example, as opposed to merely replacing the
mechanical cutter 68 with the electrode 69, the entire drill
head 60 may be replaced with a machine head for electrical
discharge machining (EDM) or electro chemical machining (ECM).
[0038] Discontinuance of the selective removal in step 130
may occur upon sensing of electrical conductivity or
immediately thereafter. Alternatively, selective removal may
be discontinued a predetermined period of time after
electrical conductivity 1s sensed. According to another

embodiment, selective removal may be continued until the
electrical conductivity reaches a predetermined strength.
[0039] The step of detecting electrical conductivity can be

replaced or supplemented by a step of determining whether a

predetermined depth has been reached. For example, 1f a
thickness of the ceramic coating 10 is known, it may be input
by a user to the numerical control 70. Thus when the ceramic
coating 10 has been milled to a depth approximately equal to
the thickness input by the user, the milling assembly 50 may
discontinue milling.

[0040] Although 1n the above described embodiment, milling
1s largely performed by the numerical control 70, all or part
of the milling process may alternatively be performed
manually. For example, the manipulator 80 may be manually
operated to position the thermal barrier coated turbine blade

35 with respect to a vertical axis of the mechanical cutter 68

or the electrode 69.

[0041] In another variant, completely different machines

having different drive heads may be used to mill the ceramic
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coating 10 and the metal turbine blade 5. Conversely, another
aspect of the present 1nvention enables the entire thermal
barrier coated turbine blade 35, including the metal blade 5
and the ceramic coating 10, to be milled by the drive head 60
and cutter 68.‘

[0042] Although the 1invention herein has been described
with reference to particular embodiments, it is to Dbe
understood that these embodiments are merely i1llustrative of
the principles and applications of the present invention. For
example, althougn the above described method and apparatus for
machining has been described with respect to milling cooling
holes 1n ceramic coated turbine blades, this method and
apparatus may be applied to any metal part having a thermal
barrier coating. It 1s therefore to be understood that
numerous modifilcations may be made to the illustrative
embodiments and that other arrangements may be devised without
departing from the spirit and scope of the present invention

as defined by the appended claims.

-10-
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CLAIMS

1. A method for milling a thermal barrier coated metal part,
comprising:

selectively removing a portion of a ceramic coating using
a mechanical cutting tool, thereby forming a counterbore; and

machining the metal part through the counterbore.

2. The method of claim 1, further comprising controlling the

cutting tool by a numerical control.

3. The method of c¢laim 2, 1n which the controlling step
includes discontinuing the step of selectively removing the

portion of the ceramic coating at a predetermined depth.

4 The method of c¢laim 2, further comprising detecting
electrical conductivity between the mechanical cutting tool
and the metal part in an area where the ceramic coating was

selectively removed.

5. The method of claim 4, further comprising discontinuing
the step of selectively removing the ceramic coating in

response to detecting electrical conductivity.

6 . The method of claim 1, wherein a shape of the counterbore

1s one of rectangular, circular, elliptical, and trapezoidal.

7. The method of claim 1, wherein the step of selectively

removing the ceramic coating includes operating the cutting

tocl about an axis of the cutting tool.

8. The method of claim 7, wherein the axis of the cutting
tool 1s oblique to a surface of the thermal barrier coated

metal part at a point where the ceramic coating is being

selectively removed.

~11-
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9. The method of c¢laim 8, further comprising varylng a
degree of obligqueness between the axis of the cutting tool and

the surface of the thermal barrier coated metal part.

10. The method of claim 1, wherein the step of selectively
removing a portion of the ceramic coating 1ncludes using a

mechanical cutting tool that includes carbide.

11. The method of claim 1, whereln the step of selectively

removing a portion of the ceramic coating 1includes using a

mechanical cutting tool that includes diamond.

12. The method of claim 1, wherein the step of selectively
removing a portion of the ceramic coating includes using a

mechanical cutting tool that includes nitride.

13. The method of claim 1, wherein the step of selectively
removing a portion of the ceramic coating includes using a

mechanical cutting tool that includes steel.

14, The method of claim 1, wherein the step of machining the

metal part through the counterbore 1s performed using a

cutting tool which 1s different from the cutting tool used to

selectively remove the ceramlc coating.

15. The method of claim 14, wherein the step of machining the
metal part through the counterbore 1s performed using

electrical discharge machining.

16. A drilling head for drilling thermal barrier coated metal

parts, the drilling head comprising:

a spindle and motor assembly having a shaft;

a collet connected to an end of the shaft;

a mechanical cutting tool held in the collet, the
mechanical cutting tool being operable to mill through

ceramlc; and

- 12 -
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an electrode for electrical discharge machining, the
electrode being interchangeable with the collet and the

mechanical cutting tool.

17. The drilling head of claim 16, further comprising a
sensor electrically connected to the mechanical cutting tool,
the sensor being able to detect a degree of electrical

conductivity between the cutting tool and the metal part.

18. The drilling head of claim 16, wherein the drilling head

may be used on an electrical discharge machine.

19. The drilling head of claim 16, wherein the drilling head

may be used on a conventional milling machine.

20. The drilling head of claim 16, wherein the drilling head
may be used on either an electrical discharge machine or a

conventional milling machine.

gr—

21. The drilling head of claim 16, wherein the spindle and

motor assembly are operable at high speeds.

22. The drilling head of claim 21, wherein the spindle and
motor assembly are operable at speeds over 20,000 revolutions

per minute.

23. The drilling head of claim 16, further comprising an

apparatus to 1interchange the electrode and the mechanical

cutting tool.

24. The drilling head of claim 16, wherein the mechanical

cutting tool includes carbide.

25. The drilling head of claim 16, wherein the mechanical

cutting tool includes steel.

~13-
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26. The drilling head of claim 16, wherein the mechanical

cutting tool includes diamond.

27. The drilling head of claim 16, wherein the mechanical

cutting tool includes nitride.

28. The drilling head of c¢laim 16, wherein the mechanical

cutting tool 1s a rotary burr.

29. The drilling head of claim 16, wherein the mechanical

cutting tool is an end mill.

30. The drilling head of claim 16, wherein the mechanical

cutting tool 1s an abrasive point.

-14-
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