
GAS TURBINE BLADE HAVING A MONOCRYSTALLINE AIRFOIL  WITH
A REPAIR SQUEALER TIP, AND REPAIR METHOD This invention
relates to the repair of the tip of the airfoil of a gas turbine blade and,
more particularly, to selection of a nickel-base superalloy for the repair
squealer tip.  BACKGROUND OF THE INVENTION In an aircraft gas
turbine Oct) engine, air is drawn into the front of the engine,  compressed
by a shaft-mounted compressor, and mixed with fuel. The mixture is
burned, and the hot combustion gases are passed through a turbine
mounted on the  same shaft. The flow of combustion gas turns the turbine
by impingement against an  airfoil section of the turbine blades and vanes,
which turns the shaft and provides  power to the compressor and fan. In a
more complex version of the gas turbine  engine, the compressor and a
high pressure turbine are mounted on one shaft, and the  fan and low
pressure turbine are mounted on a separate shaft. The hot exhaust gases
flow from the back of the engine, driving it and the aircraft forward. After a
period of time in service, the tip of the turbine blade (called a "squealer
tip") is  typically eroded, oxidized, and corroded by the impingement of the
hot combustion  gases. Because the gas turbine blade is expensive to
produce, it is preferable to repair  the damaged gas turbine blade rather
than to discard it, if at all possible. The repair of  the gas turbine blade tip
is performed by grinding away the damaged material and  replacing it with
new material to define a repair squealer tip. The replacement is  desirably
performed by welding the repair squealer tip material to the tip of the
airfoil,  and then shaping the repair squealer tip material to the desired
aerodynamic shape,  typically by grinding. The repair squealer tip material
is preferably a nickel-base superalloy. In most cases  



the repair squealer tip material cannot be the same nickel-base superalloy
as the airfoil  because most airfoil materials are not readily weldable.
Instead, other, more readily  weldable superalloys are chosen. However,
in certain cases such as where  monocrystalline airfoils are being
repaired, the selected repair squealer tip materials  1 still are difficult to
apply by welding, so that the yield of successful repairs is not as  high as
is desired. There remains a need for a repair procedure for
monocrystalline nickel-base  superalloy gas turbine blade tip, which
produces acceptable mechanical performance  of the repair squealer tip
and also is economic. The present invention fulfills this  need, and further
provides related advantages. SUMMARY OF THE INVENTION The
present invention provides a gas turbine blade with a repaired squealer
tip, and a  method for performing the repair. The nickel-base superalloy
used in the repair  provides acceptable properties in the repaired gas
turbine blade. The composition of  the nickel-base superalloy used in the
repair is selected to allow the weld repair to be  conducted economically
with a high yield of satisfactorily repaired turbine blades.  One aspect of
the present invention provides a repaired gas turbine blade comprising a
monocrystalline airfoil made of a first nickel-base superalloy, and a repair
squealer tip  welded to a tip of the airfoil. The repair squealer tip is made
of a second nickel-base  superalloy different from the first nickel-base
superalloy and having less than about  0.15 weight percent total of
carbon, boron, silicon, zirconium, and hafnium. More  preferably, the total
of carbon, boron, silicon, zirconium, and hafnium in the second
nickel-base superalloy is less than about 0.10 weight percent, and even
more  



preferably is less than about 0.05 weight percent. In one preferred form,
the second nickel-base superalloy has a nominal composition  in weight
percent of about 12.0 percent cobalt, about 6.8 percent chromium, about
1.5  percent molybdenum, about 4.9 percent tungsten, about 2.8 percent
rhenium, about  6.35 percent tantalum, about 6.15 percent aluminum,
balance nickel, carbon, boron,  silicon, zirconium, hafnium, and impurity
elements. In another preferred form, the  second nickel-base superalloy
has a nominal composition in weight percent of about  14.0 percent
chromium, about 9.5 percent cobalt, about 4.0 percent molybdenum,
about 4.0 percent tungsten, about 3.0 percent aluminum, about 5.0
percent titanium,  balance nickel, carbon, boron, silicon, zirconium,
hafnium, and impurity elements. In  yet another preferred form, the second
nickel-base superalloy has a nominal  2 composition in weight percent of
from about 7.4 to about 7.8 percent chromium, from  about 5.3 to about
5.6 percent tantalum, from about 2.9 to about 3.3 percent cobalt, from
about 7.6 to about 8.0 percent aluminum, from about from about 3.7 to
about 4.0 percent  tungsten, from about 1.5 to about 1.8 percent rhenium,
balance nickel, carbon, boron,  silicon, zirconium, hafnium, and impurity
elements. In each case the total of carbon,  boro, silicon, zirconium, and
hafnium is less than about 0.15 weight percent, more  preferably less than
about 0.10 weight percent, and mostly preferably less than about 0.05
weight percent. An alterate aspect of the present invention provides a
method for repairing a gas turbine  blade, comprising the steps of
furnishing a turbine blade that has been in service, wherein  the turbine
blade has a monocrystalline airfoil with an airfoil tip, and wherein the airfoil
is made of a first nickel-base superalloy; removing damaged material from
the airfoil tip;  



providing a second nickel-base superalloy different from the first
nickel-base superalloy  and having less than about 0.15 weight percent
total of carbon, boron, silicon, zirconium,  and hafnium; and welding a
repair squealer tip to the airfoil tip, wherein the repair  squealer tip is made
of the second nickel-base superalloy. 3 The reduction in and resulting low
content of the grain-boundary strengthening  elements carbon, boron,
silicon, zirconium, and hafnium in the second nickel-base  superalloy has
little adverse effect on the properties of the repair squealer tip, because
the grain-boundary strengthening imparted by these elements is not
required. The  squealer tip is not strength limited due to its location at the
end of the turbine blade.  Consequently, omission of the grain-boundary
strengthening elements from the  second nickel-base superalloy does not
limit the performance of the squealer tip. The  use of the nickel-base
superalloy composition for the second nickel-base superalloy is  desired,
however, for its oxidation resistance and other environmental
performance.  The grain-boundary strengthening elements tend to
increase the difficulty in  performing weld application of the alloy. The
reduced levels of these elements in the  second nickel-base superalloy
improves its weldability, thereby increasing the  production yields of the
welded repair squealer tips. Other features and advantages of the present
invention will be apparent from the  following more detailed description of
the preferred embodiment, taken in  conjunction with the accompanying
drawings, which illustrate, by way of example,  the principles of the
invention. The scope of the invention is not, however, limited to  this
preferred embodiment. 4 



BRIEF DESCRIPTION OF THE DRAWINGS  Figure 1 is a perspective
view of a gas turbine blade; Figure 2 is a sectional detail of the gas turbine
blade of Figure 1, taken on line 2-2,  after service but prior to repair;
Figure 3 is a sectional detail of the gas turbine blade of Figure 1, taken on
line 2-2,  after service and after repair; and Figure 4 is a block flow
diagram of an approach for practicing an embodiment of the  invention.
DETAILED DESCRIPTION OF THE INVENTION Figure 1 depicts a gas
turbine blade 20 which has preferably previously been in  service. The
previous service is operation in a gas turbine engine in its normal
operating circumstances. The gas turbine blade 20 has an airfoil 22
against which the  flow of hot combustion gas impinges during service
operation, a downwardly  extending shank 24, and an attachment in the
form of a dovetail 26 which attaches the  gas turbine blade 20 to a gas
turbine disk (not shown) of the gas turbine engine. A  platform 28 extends
transversely outwardly at a location between the airfoil 22, and  the shank
24 and dovetail 26. The airfoil 22 may be hollow so that cooling air may be
forced through the airfoil 22, with the flow of cooling air exiting the airfoil
22 through  air-flow holes 30 found on a tip 32, a leading edge 34, a
trailing edge 36, and the  lateral sides 38 of the airfoil 22. In advanced gas
turbine engines, the airfoil 22 (and desirably the remainder of the gas
turbine blade 22) is monocrystalline. That is, there are substantially no
grain  boundaries in the monocrystalline portion, and the crystallographic
orientation is the  same throughout. The term "monocrystalline" means
that virtually the entire article,  



preferably at least 90 percent of its volume, is a single crystal with the
same crystal  orientation throughout, although there may be some
incidental small regions having  other crystalline orientations present.
Even a substantially monocrystalline article  typically has a number of
low-angle grain boundaries present, and these are permitted  5 within the
scope of the term "monocrystalline". The article may not be a polycrystal,
either a random polycrystal or an oriented polycrystal such as produced
by directional  solidification. The airfoil 22 (and desirably the remainder of
the gas turbine blade 22) is made of a  first nickel-base superalloy. As
used herein, "nickel-base" means that the  composition has more nickel
present than any other element. The nickel-base  superalloys are typically
of a composition that is strengthened by the precipitation of  gamma-prime
phase or a related phase, typically in an amount of more than 10  volume
percent. Examples of operable first nickel-base superalloys include Rene
N5, having a nominal composition in weight percent of 7.5 percent cobalt,
7.0 percent  chromium, 1.5 percent molybdenum, 5 percent tungsten, 3
percent rhenium, 6.5  percent tantalum, 6.2 percent aluminum, 0.15
percent hafnium, 0.05 percent carbon,  0.004 percent boron, 0.01 percent
yttrium, balance nickel and minor elements, and  Rene(r) N6, having a
nominal composition in weight percent of 12.5 percent cobalt, 4.2  percent
chromium, 1.4 percent molybdenum, 5.75 percent tungsten, 5.4 percent
rhenium, 7.2 percent tantalum, 5.75 percent aluminum, 0.15 percent
hafnium, 0.05  percent carbon, 0.004 percent boron, 0.01 percent yttrium,
balance nickel and  incidental impurities. Figure 2 illustrates the region
near the tip 32 of the airfoil 22 (which is also the tip of  



the turbine blade 20) in greater detail. The airfoil 22 includes its lateral
sides 38 and a  tip cap 40, which together define a hollow volume 42
through which the cooling air  passes to exit at the air-flow hole 30. A
squealer tip 44 defines the tip 32 of the airfoil 22. The squealer tip 44
extends  radially outwardly relative to the gas turbine disk when the gas
turbine blade 20 is  mounted to the gas turbine disk. As the gas turbine
blade 20 rotates with the gas  turbine disk, the squealer tip 44 contacts
and rubs against a seal structure on a  stationary shroud (not shown) to
provide a seal against leakage of hot combustion gas  around the gas
turbine blades 20. The seal forces the hot combustion gas to flow  through
the gas turbine as defined by the airfoils 22 of the gas turbine blades,
imparting energy to the gas turbine and causing it to turn. 6 The squealer
tip of a new-make gas turbine blade 20 starts out with a length indicated
by the dimensional marker D, but is gradually worn, oxidized, corroded,
and burned  away to a length such as shown for the squealer tip 44 of
Figure 2. This shortening of  the squealer tip 44 allows hot combustion
gas to leak around the gas turbine, so that  the efficiency of the gas
turbine is reduced. It is therefore conventional practice  during
refurbishment of the gas turbine to repair and lengthen the squealer tips of
the  gas turbine blades 20 back to substantially the same length as
indicated by the  dimension D. The loss of efficiency of the gas turbine
due to damage to the squealer  tip is thereby eliminated. To effect the
repair, there is a repair squealer tip 46 welded to the tip 32 of the airfoil
22 to restore the length of the squealer tip to the desired value D, as
shown in Figure  3. The repair squealer tip 46 is made of a second
nickel-base superalloy having less  



than 0.15 weight percent total of carbon, boron, silicon, zirconium, and
hafnium.  More preferably, the repair squealer tip 46 has less than 0.10
weight percent total of  carbon, boron, silicon, zirconium, and hafnium,
and most preferably less than 0.05  weight percent. The second
nickel-base superalloy preferably has a composition that  is different from
that of the first nickel-base superalloy, particularly in that it is  weldable.
Some examples of operable second nickel-base superalloys include
modified Rene`'  142 alloy having a nominal composition in weight percent
of 12.0 percent cobalt, 6.8  percent chromium, 1.5 percent molybdenum,
4.9 percent tungsten, 2.8 percent  rhenium, 6.35 percent tantalum, 6.15
percent aluminum, balance nickel, carbon,  boron, silicon, zirconium,
hafnium, and impurity elements; modified Rene(r) 80 having  a nominal
composition in weight percent of 14.0 percent chromium, 9.5 percent
cobalt, 4.0 percent molybdenum, 4.0 percent tungsten, 3.0 percent
aluminum, 5.0  percent titanium, balance nickel, carbon, boron, silicon,
zirconium, hafnium, and  impurity elements; and modified Rene(r) 195
having a nominal composition in weight  percent of from 7.4 to 7.8 percent
chromium, from 5.3 to 5.6 percent tantalum, from  2.9 to 3.3 percent
cobalt, from 7.6 to 8.0 percent aluminum, from 3.7 to 4.0 percent
tungsten, from 1.5 to 1.8 percent rhenium, balance nickel, carbon, boron,
silicon,  7 zirconium, hafnium, and impurity elements. In each case the
total of carbon, boron,  silicon, zirconium, and hafnium is less than 0.15
weight percent, more preferably less  than 0.10 weight percent, and most
preferably less than 0.05 weight percent. In their un-modified forms, each
of these second nickel-base superalloys has a  substantially greater total
of carbon, boron, silicon, zirconium, and hafnium present as  



a grain-boundary strengthener, along with other elements to provide good
physical  properties in the gamma/gamma-prime strengthened superalloy.
In the present  application as a welded repair squealer tip 46 on a
monocrystalline airfoil 22,  however, there is no need for grain-boundary
strengthening of the second nickel-base  superalloy because the squealer
tip 46 is not strength limited. Moreover, the presence of these
grain-boundary strengtheners interferes with the  application of the repair
squealer tip 46 by welding, reducing the yield of good  welded product
during production welding operations. The omission of the grain- boundary
strengthening elements improves weld application of the squealer tip by
reducing the amount of slag that forms at the weld. The slag may
unintentionally be  folded into the weld to cause inclusions and porosity,
and its reduction reduces the  chances of such defects. Avoiding such
inclusions when excess slag is formed  requires a high level of skill in the
welder, and reducing the excess slag reduces the  skill requirement and
shortens the welding time. Even external slag must be removed  by
grinding, thereby increasing the repair costs. Weld sagging is reduced, so
that the  need for extra weld passes is avoided. The omission of the
grain-boundary  strengtheners also avoids the need to alter the welding
procedures to add more heat to  the weld. Weld cracking and segregation
problems such as hafnium segregation are  also reduced. Consequently,
the total amount of the grain-boundary strengtheners carbon, boron,
silicon, zirconium, and hafnium is reduced to the levels indicated above.
Some of the  grain-boundary strengtheners may be present because it is
too difficult to refine them  out of the second nickel-base superalloy, but
ideally there is as little of these elements  present as possible. 



8 Figure 4 is a block diagram illustrating a preferred embodiment of a
method for  repairing the gas turbine blade 20. The turbine blade 20 as
described earlier, which  has been in service, is furnished, step 60. Any
damaged material is removed from the  airfoil tip 32, step 62. The
removing step 60 typically is performed by grinding away  damaged
material, and usually includes the remaining part of the original squealer
tip  44 and any other damage at the tip 32 of the airfoil 22. The second
nickel-base superalloy, with a low content of the grain-boundary
strengthening elements carbon, boron, silicon, zirconium, and hafnium as
described  above, is provided, step 64. This step may be performed by
designing an entirely new  nickel-base superalloy. More typically, it is
performed as illustrated in Figure 4, by  first identifying a candidate
second nickel-base superalloy that otherwise meets the  requirements for
the squealer tip, step 66, and then preparing a modified composition
having a reduced total amount of the grain-boundary strengthening
elements carbon,  boron, silicon, zirconium, and hafnium at an acceptable
level, step 68. The second nickel-base superalloy with the reduced
content of grain-boundary  strengthening elements is applied by welding
to the airfoil tip 32, step 70. The  welding is preferably accomplished by a
technique such as gas tungsten arc welding,  laser welding, or plasma are
welding. In these techniques, the second nickel-base  superalloy is melted
and allowed to progressively solidify onto the airfoil tip 32 to  build up a
weldment. After an oversize weldment is built up, the excess material is
removed and the weldment is shaped to the required aerodynamic shape,
typically by  grinding. Alternatively, a preform of the second nickel-base
superalloy may be  prepared and welded to the airfoil tip 32, but this
alternative is less preferred because  



it is difficult to fully join the preform to the airfoil tip 32 and difficult to
achieve the  desired microstructure in the final repair squealer tip 46.
Although a particular embodiment of the invention has been described in
detail for  purposes of illustration, various modifications and
enhancements may be made  without departing from the spirit and scope
of the invention. Accordingly, the  invention is not to be limited except as
by the appended claims. 9 CLAIMS  What is claimed is: 1. A repaired gas
turbine blade comprising a turbine blade having a monocrystalline airfoil
made of a first nickel-base  superalloy; and a repair squealer tip welded to
a tip of the airfoil , wherein the repair squealer tip is  made of a second
nickel-base superalloy different from the first nickel-base  superalloy and
having less than about 0.15 weight percent total of carbon, boron,  silicon,
zirconium, and hafnium. 2. The repaired gas turbine blade of claim 1,
wherein the total of carbon, boron,  silicon, zirconium, and hathium in the
second nickel-base superalloy is less than about  0.10 weight percent. 3.
The repaired gas turbine blade of claim 1, wherein the total of carbon,
boron,  silicon, zirconium, and hafnium in the second nickel-base
superalloy is less than about  0.05 weight percent. 4. The repaired gas
turbine blade of claim 1, wherein the second nickel-base  superalloy has a
nominal composition in weight percent of about 12.0 percent cobalt,  



about 6.8 percent chromium, about 1.5 percent molybdenum, about 4.9
percent  tungsten, about 2.8 percent rhenium, about 6.35 percent
tantalum, about 6.15 percent  aluminum, balance nickel, carbon, boron,
silicon, zirconium, hafnium, and impurity  elements. 5. The repaired gas
turbine blade of claim 1, wherein the second nickel-base  superalloy has a
nominal composition in weight percent of about 14.0 percent  chromium,
about 9.5 percent cobalt, about 4.0 percent molybdenum, about 4.0
percent  tungsten, about 3.0 percent aluminum, about 5.0 percent
titanium, balance nickel,  carbon, boron, silicon, zirconium, hafnium, and
impurity elements. 10 6. The repaired gas turbine blade of claim 1,
wherein the second nickel-base  superalloy has a nominal composition in
weight percent of from about 7.4 to about 7.8  percent chromium, from
about 5.3 to about 5.6 percent tantalum, from about 2.9 to  about 3.3
percent cobalt, from about 7.6 to about 8.0 percent aluminum, from about
from about 3.7 to about 4.0 percent tungsten, from about 1.5 to about 1.8
percent  rhenium, balance nickel, carbon, boron, silicon, zirconium,
hafnium, and impurity  elements. 7. The repaired gas turbine blade of
claim 1, wherein the first nickel-base  superalloy has a nominal
composition in weight percent of about 7.5 percent cobalt,  about 7.0
percent chromium, about 1.5 percent molybdenum, about 5 percent
tungsten, about 3 percent rhenium, about 6.5 percent tantalum, about 6.2
percent  aluminum, about 0.15 percent hafnium, about 0.05 percent
carbon, about 0.004  percent boron, about 0.01 percent yttrium, balance
nickel and minor elements or a  nominal composition in weight percent of
about 12.5 percent cobalt, about 4.2 percent  



chromium, about 1.4 percent molybdenum, about 5.75 percent tungsten,
about 5.4  percent rhenium, about 7.2 percent tantalum, about 5.75
percent aluminum, about  0.15 percent hafnium, about 0.05 percent
carbon, about 0.004 percent boron, about  0.01 percent yttrium, balance
nickel and incidental impurities. 11 8. A method for repairing a gas turbine
blade, comprising the steps of furnishing  a turbine blade that has been in
service, wherein the turbine blade has a  monocrystalline airfoil with an
airfoil tip, and wherein the airfoil is made of a first  nickel-base superalloy;
removing damaged material from the airfoil tip; providing a  second
nickel-base superalloy different from the first nickel-base superalloy and
having less than about 0.15 weight percent total of carbon, boron, silicon,
zirconium,  and hafnium; and welding a repair squealer tip to the airfoil tip,
wherein the repair  squealer tip is made of the second nickel-base
superalloy. 12 9. The method of claim 8, wherein the step of providing
includes the step of  providing the second nickel-base superalloy having a
total of carbon, boron, silicon,  zirconium, and hafnium of less than about
0.10 weight percent. 10. The method of claim 8, wherein the step of
providing includes the step of  providing the second nickel-base superalloy
having a total of carbon, boron, silicon,  zirconium, and hafnium of less
than about 0.05 weight percent. 11. The method of claim 8, wherein the
step of providing includes the step of  providing the second nickel-base
superalloy having a nominal composition in weight  percent of about 12.0
percent cobalt, about 6.8 percent chromium, about 1.5 percent
molybdenum, about 4.9 percent tungsten, about 2.8 percent rhenium,
about 6.35  



percent tantalum., about 6.15 percent aluminum, balance nickel, carbon,
boron,  silicon, zirconium, hafnium, and impurity elements. 12. The
method of claim 8, wherein the step of providing includes the step of
preparing the second nickel-base superalloy having a nominal
composition in weight  percent of about 14.0 percent chromium, about 9.5
percent cobalt, about 4.0 percent  molybdenum, about 4.0 percent
tungsten, about 3.0 percent aluminum, about 5.0  percent titanium,
balance nickel, carbon, boron, silicon, zirconium, hafnium, and  impurity
elements. 13. The method of claim 8, wherein the step of providing
includes the step of  preparing the second nickel-base superalloy having a
nominal composition in weight  percent of from about 7.4 to about 7.8
percent chromium, from about 5.3 to about 5.6  percent tantalum, from
about 2.9 to about 3.3 percent cobalt, from about 7.6 to about  8.0 percent
aluminum, from about from about 3.7 to about 4.0 percent tungsten, from
about 1.5 to about 1.8 percent rhenium, balance nickel, carbon, boron,
silicon,  zirconium, hafnium, and impurity elements. 14. The method of
claim 8, wherein the step of furnishing includes the step of  furnishing the
first nickel-base superalloy having a nominal composition in weight
percent of about 7.5 percent cobalt, about 7.0 percent chromium, about
1.5 percent  molybdenum, about 5 percent tungsten, about 3 percent
rhenium, about 6.5 percent 12a tantalum, about 6.2 percent aluminum,
about 0.15 percent hafnium, about 0.05  percent carbon, about 0.004
percent boron, about 0.01 percent yttrium, balance nickel  and minor
elements or a nominal composition in weight percent of about 12.5
percent  cobalt, about 4.2 percent chromium, about 1.4 percent
molybdenum, about 5.75  



percent tungsten, about 5.4 percent rhenium, about 7.2 percent tantalum,
about 5.75  percent aluminum, about 0.15 percent hafnium, about 0.05
percent carbon, about  0.004 percent boron, about 0.01 percent yttrium,
balance nickel and incidental  impurities. 12b GAS TURBINE BLADE
HAVING A MONOCRYSTALLINE AIRFOIL  WITH A REPAIR
SQUEALER TIP, AND REPAIR METHOD  ABSTRACT OF THE
DISCLOSURE A repaired gas turbine blade has a monocrystalline airfoil
made of a first nickel-base  superalloy, and a repair squealer tip welded to
a tip of the airfoil. The repair squealer  tip is made of a second nickel-base
superalloy different from the first nickel-base  superalloy and having less
than about 0.15 weight percent total of carbon, boron,  silicon, zirconium,
and hafnium. FIGURE 4  


