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DIRECTIONALLY SOLIDIFIED ARTICLE
WITH WELD REPAIR

This is a division of application Ser. No. 09/459,302,
filed Dec. 10, 1999, now U.S. Pat. No. 6,491,207, for which
priority is claimed and whose disclosure is incorporated by
reference in its entirety.

The invention herein described was made in the perfor-
mance of work under a NASA contract and is subject to the
provisions of Section 305 of the National Aeronautics and
Space act of 1958, Public Law 85-568 (72 Stat. 435; 42 USC
2457).

BACKGROUND OF THE INVENTION

Metallic articles may be made with a directionally solidi-
fied grain structure to enhance their mechanical properties at
elevated temperatures. In directional solidification, molten
metal in a mold defining the shape of the article is cooled
unidirectionally from one end of the mold. The metal
solidifies first at the end from which heat is removed and
then along the length of the mold as the temperature falls
below the solidus temperature. The resulting structure has a
number of grains that are elongated along the length of the
mold parallel to the heat flow direction. The grain bound-
aries are parallel to the heat flow direction as well. The
grains typically exhibit an oriented grain structure according
to the fastest growing crystallographic direction or a seeded
orientation introduced at the end first solidified. The grain
orientation is selected to achieve good high temperature
properties.

In service, the article made by directional solidification is
positioned such that the major mechanical loading is applied
parallel to the heat flow direction during solidification. The
orientation of the grain structure parallel to the heat flow
direction places the greatest material strength in this direc-
tion. Additionally, the orientation of the grain boundaries
parallel to the heat flow direction reduces the incidence of
grain boundary creep. Directional solidification is used to
fabricate cast articles of nickel-base superalloys to be used
in the hottest portions of aircraft gas turbine engines.

When the article is directionally solidified, there may be
casting defects, both of types common to all casting pro-
cesses and also of types unique to directional solidification.
These defects are often manifested as cracks, particularly
intergranular cracks, that extend parallel to the direction of
the solidification. There may be other types of defects
produced during solidification and also during service.

The directionally solidified articles are relatively expen-
sive to produce. It is therefore desirable to repair the defects
produced during casting or service, if such repair is feasible.
In one approach, the defect may be repaired by a welding
process, in which the defect is filled with a filler metal and
solidified, or by other filling procedures. Such techniques are
known for equiaxed articles. However, when applied to
directionally solidified articles, the result is an inadequate
repair that has an inhomogeneous microstructure and whose
mechanical properties are unacceptably low. The repaired
article may also tend to be of less ductility than the defect-
free article.

There is a need for an improved approach to the repair of
directionally solidified metallic articles. The present inven-
tion fulfills this need, and further provides related advan-
tages.

BRIEF SUMMARY OF THE INVENTION

The present invention provides a method for repairing
directionally solidified articles. This approach produces a
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chemically homogeneous structure, and a grain structure
that is oriented similarly to that of the remainder of the
article. The result is that the repaired article has properties
which are the same as or quite close to those of the
defect-free portion of the article. The repaired article may
therefore be used in service without substantial reduction in
properties as compared with a defect-free article.

A method for repairing a directionally solidified article
comprises the steps of furnishing a directionally solidified
article comprising a base material having a solidus tempera-
ture and having a repair region with a grain structure of
grains elongated substantially parallel to a solidification
direction. The repair region includes a defect that is elon-
gated parallel to the solidification direction. The article is
heated to a repair temperature of from about 60 to about 98
percent of the solidus temperature, preferably from about 60
to about 80 percent of the solidus temperature, of the base
material in a chamber containing a protective gas that
inhibits oxidation of the base material. The defect is filled
with a filler metal while maintaining the article at the repair
temperature. The step of filling includes the steps of pro-
viding a source of a filler metal of substantially the same
composition as the base material of the directionally solidi-
fied article, and melting the filler metal into the defect
progressively while moving the source of the filler metal
relative to the article in a direction parallel to the solidifi-
cation direction, so that the filler metal solidifies within the
defect. Optionally, heat may be artificially extracted from
the article in a heat-flow direction that is within about 45
degrees of the solidification direction.

The article is preferably made of a nickel base superalloy.
The defect in the article is typically a crack extending
parallel to the solidification direction, and more typically is
an intergranular crack. The invention is also operable to
repair other types of defects as well. Prior to heating, it is
preferred to remove any foreign matter present in the defect.
The removal of the foreign matter is usually accomplished
by grinding away base material around the defect, creating
a cavity that is to be filled with the filler metal, and
chemically cleaning the repair region containing the defect.

The present approach produces a repaired region in which
the original defect is filled with the same material as the base
metal of the article. The heating of the article to a high
temperature during the filling of the defect reduces the
incidence of incompatibility between the filler metal and the
base metal, and also reduces the likelihood of failures of the
base metal due to low ductility of the base metal in inter-
mediate temperature ranges.

The grain structure of the repaired region that originally
contained the defect is similar to that of the rest of the article.
The grain structure of the repaired region has grains of the
base-metal composition oriented parallel to the original heat
flow direction, and the grain boundaries are also parallel to
the heat flow direction. The grain size may be different, but
the oriented grain structure of the repaired region results in
no impairment of properties as might be observed if the
grain structure in the repaired region were equiaxed or had
grain boundaries perpendicular to the original heat flow
direction.

The present approach thus allows defects in as-cast or
service-utilized directionally solidified articles to be
repaired with very little, if any, reduction in the properties of
the articles. Other features and advantages of the present
invention will be apparent from the following more detailed
description of the preferred embodiment, taken in conjunc-
tion with the accompanying drawings, which illustrate, by
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way of example, the principles of the invention. The scope
of the invention is not, however, limited to this preferred
embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block flow diagram of an approach for
practicing the invention;

FIG. 2 is a perspective view of an article having a defect;
FIG. 3 is a plan view of the article undergoing repair;

FIG. 4 is a sectional view of the article of FIG. 3, taken
along line 4—4;

FIG. 5 is a plan view of an article repaired by another
approach, not within the scope of the invention;

FIG. 6 is a sectional view of the article of FIG. 5, taken
along line 6—6; and

FIG. 7 is a perspective view of a typical inner or outer
duct liner panel.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 is a block flow diagram of a preferred approach for
practicing the invention. A directionally solidified article is
furnished, numeral 20. FIG. 2 illustrates such a directionally
solidified article 40, in this case a turbine blade for a gas
turbine engine. The turbine blade 40 includes an airfoil 42
against which the flow of hot exhaust gas is directed when
the turbine blade is in service in a gas turbine engine. The
turbine blade 40 is mounted to a turbine disk (not shown) by
a dovetail 44 which extends downwardly from the airfoil 42
and engages a slot on the turbine disk. A platform 46 extends
longitudinally outwardly from the area where the airfoil 42
is joined to the dovetail 44. A number of internal passages
may extend through the interior of the airfoil 42, ending in
openings 48 in the surface of the airfoil 42. All or portions
of the article 40 may be coated with a protective coating. The
present invention is operable with turbine blades, the pre-
ferred application, and with other directionally solidified
articles as well. Examples of other articles used in gas
turbine engines include turbine vanes, mixer nozzles inner
and outer transition duct liner panels, and transition duct
struts. FIG. 7 depicts a typical inner or outer duct liner panel.

The turbine blade 20 is made of a metallic alloy base
material that is preferably, but not necessarily, a nickel-base
superalloy. The preferred alloy is nickel-base, meaning that
it has more nickel by weight percent than any other element.
The preferred nickel-base alloy is a superalloy, and is
strengthened by precipitation of gamma prime (typically
Ni;(ALTi)) particles in a gamma matrix. The alloy has a
solidus temperature, which is the temperature at which, upon
heating a solid material having the composition of the alloy,
a liquid phase first appears. The invention is operable with
other alloys as well.

Examples of preferred nickel-base superalloys operable
with the present approach include Rene 80H, having a
nominal composition, in weight percent, of about 9.5 per-
cent cobalt, about 14 percent chromium, about 4 percent
molybdenum, about 4 percent tungsten, about 3 percent
aluminum, about 5 percent titanium, about 0.75 percent
hafnium, about 0.2 percent carbon, and about 0.015 percent
boron, balance nickel and impurities; Rene 108, having a
nominal composition, in weight percent, of about 9.4 per-
cent cobalt, about 8.2 percent chromium, about 0.5 percent
molybdenum, about 9.5 percent tungsten, about 3.2 percent
tantalum, about 5.6 percent aluminum, about 0.7 percent
titanium, about 1.5 percent hafnium, about 0.1 percent
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carbon, about 0.015 percent boron, balance nickel and
impurities: Rene 150, having a nominal composition, in
weight percent, of about 12 percent cobalt, about 5 percent
chromium, about 1 percent molybdenum, about 5 percent
tungsten, about 2.2 percent vanadium, about 6 percent
tantalum, about 5.5 percent aluminum, about 3 percent iron,
balance nickel and impurities; Rene 142, having a nominal
composition, in weight percent, of about 12 percent cobalt,
about 6.8 percent chromium, about 1.5 percent
molybdenum, about 4.9 percent tungsten, about 6.4 percent
tantalum, about 6.2 percent aluminum, about 2.8 percent
iron, about 1.5 percent hafnium, about 0.1 percent carbon,
about 0.015 percent boron, balance nickel and impurities;
and Mar-M247, having a nominal composition, in weight
percent, of about 10.3 percent cobalt, about 8.4 percent
chromium, about 0.75 percent molybdenum, about 9.9 per-
cent tungsten, about 3.1 percent tantalum, about 5.5 percent
aluminum, about 1 percent titanium, about 1.5 percent
hafnium, about 0.2 percent carbon, balance nickel and
impurities. The present invention is operable with other
alloys as well.

The article 40 is initially prepared by directional solidi-
fication. The result of the directional solidification
processing, which process is well known in the art, is a
plurality of grain boundaries 50 extending lengthwise
through the article 40, separating grains 52. The grains 52
are oriented with a preferred crystallographic direction, such
as [001] in the case of most nickel-base superalloys, parallel
to a solidification direction 54. The grain boundaries 50 are
also parallel to the solidification direction 54. These grain
boundaries 50 are visible on the surface of the article 40, and
penetrate its interior. The crystallographic directions of the
grains 52 and the grain boundaries 50 need not be exactly
parallel to the solidification direction 54, but are typically
within about 15 degrees of the solidification direction. The
article 40 may also include some grains and grain bound-
aries that are not parallel to the solidification direction 54,
particularly in irregular areas such as the platform 46.

The article 40 has a repair region 56, where the grains 52
are elongated substantially parallel to the solidification
direction 54 in the manner described. The repair region 56
includes a defect 58. The most common type of defect 58,
which will be discussed in greater detail herein, is a crack
which extends inwardly from the surface and which is
elongated parallel to the solidification direction 54. The
defect 58 is typically intergranular, that is, in the grain
boundary 50 between two adjacent grains 52. Such an
intergranular crack may be formed during the directional
solidification casting procedure in which the article 40 is
cast, or it may be formed during service. The invention is
also operable to repair other types of defects. Examples of
such defects include those that are formed generally during
casting, such as inclusions, regions of non-fill, and porosity,
and defects that are associated more directly with directional
solidification processes, such as freckles and spurious grain
nucleation. Service defects include, for example, impact
events, corrosion, and hot streaks.

The defect 58 typically has various types of foreign matter
embedded in the region 56 of the defect, such as along the
sides of an intergranular crack. The foreign matter may
include, for example, oxides, impurity particles, and the like.
Where such foreign matter is present, it is preferably
removed from the region 56 of the defect 58 prior to the
subsequent steps of the repair process, numeral 22. The
foreign matter, if not removed, might interfere with the
filling of the defect and also leave the repaired defect weak.
The removal of the foreign matter is preferably accom-
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plished by grinding the base metal of the article 40 away on
the sides of the defect 58, typically to a width of at least
about twice as wide as the original width of the defect 58.
The region 56 containing the defect may also be chemically
cleaned, as by using an acid to remove a layer at the surface
of the region 56. The result of the removal of foreign matter
is usually a larger volume of material to be filled than the
size of the original defect, but for the present purposes the
volume will still be termed the defect.

The article is heated to a repair temperature, numeral 24.
The subsequent filling operation must be performed at the
elevated repair temperature. The filling operation may not be
performed at room temperature or a lower temperature than
that specified next for the repair temperature, or the repair
will not be successful. The repair temperature is from about
60 to about 98 percent of the solidus temperature, preferably
from about 60 to about 80 percent of the solidus
temperature, of the alloy base material that makes up the
article 40. If the repair temperature is lower, the subsequent
filling operation will not be successful and/or the final
repaired article will not have adequate properties. The repair
temperature cannot be higher, as the article will be at risk for
incipient melting.

During the subsequent filling operation, the temperature
of the region 56 containing the defect 58 may be locally
higher because of the filler metal being melted into the
defect 58. The “repair temperature™ specified above refers to
the temperature of the bulk base material of the article 40
near to the defect 58 produced by a general heating of the
article, but not within the defect 58.

The article 40 is generally heated in a welding chamber,
by any operable approach. The welding chamber surrounds
the article with a protective gas that inhibits oxidation of the
article 40 during the filling procedure. The preferred pro-
tective gas is argon at a pressure slightly above one
atmosphere, to prevent leakage into the chamber. The pro-
tective gas may permit some small amount of oxidation, but
the amount of oxidation is greatly reduced as compared with
the amount that would occur in the absence of the protective
gas. The welding chamber is preferably a glove box oper-
ating at a slight positive pressure (typically about 1-2
pounds per square inch above atmospheric pressure) of the
inert gas processed as just described to achieve high purity.
The interior of the glove box is preheated prior to the start
of welding to outgas oxygen, moisture, and other residual
gases.

In the preferred case of welding under a high-purity inert
argon gas, care is taken to maintain the oxygen content of the
inert gas at less than about 1 part per million (ppm), because
residual oxygen strongly oxidizes alloying elements in the
nickel-base superalloy, to reduce the weld quality. For the
same reason, the moisture content of the inert gas is main-
tained very low, with the dew point of the inert gas of less
than about —80° F. The oxygen and moisture contents may
be maintained at these low levels by passing the inert gas
through a nickel-train gas purifier operated at 1600° F.
before it enters the welding chamber, and continuously
monitoring the oxygen content of the inert gas.

The defect 58 (as modified by the removal of foreign
matter) is filled with a filler metal while the article 40 is
maintained generally at the repair temperature, numeral 26.
In the filling process, a source of a filler metal is provided,
numeral 28. The filler metal is of substantially the same
composition as the metallic base material from which the
article 40 is formed generally. However, minor variations in
composition are acceptable. The objective of the filling
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process is to fill the defect with a metal of about the same
composition as the metallic base material, and also to
achieve a directionally oriented grain structure. The filler
metal may be in any operable form. Preferred forms include
weld rod and powder.

FIGS. 3 and 4 illustrate the repair region 56 in greater
detail. In FIG. 3, the original defect is indicated as numeral
58', and the defect after removal of foreign matter (step 22)
is indicated as numeral 58. A source 59 of the filler metal is
melted into the defect 58 progressively while moving the
source 59 of the filler metal relative to the article 40 in a
direction parallel to the solidification direction 54. In the
illustration of FIG. 3, the source of the filler metal starts at
a first end 60 of the defect 58, and is gradually moved
parallel to the solidification direction 54 to a second end 62.
This relative motion may be accomplished by keeping the
article 40 stationary and moving the source 59, keeping the
source 59 stationary and moving the article 40, or any
combination of these movements.

The source 59 of the filler metal is gradually melted by
any appropriate heating technique, numeral 30. In the case
of the illustrated weld rod source, the source 59 may be
melted by an electric arc struck between the source 59 and
the article 40, by forming an arc between an electrode and
the article and feeding the filler metal into the arc, by laser
melting, by a separate heat source, or by any other operable
heat source. In the case of a powder source 59, the heating
may be accomplished by a plasma spray or any other
operable heat source.

The molten filler metal forms a pool that fills the volume
of the defect 58. At the same time, heat is extracted, numeral
32, from the article 40 in a heat-flow direction 64, or
multiple heat flow directions. The heat-flow direction 64 is
desirably parallel to the solidification direction 54 and
opposite to the relative movement of the source 59 relative
to the article 40. That is, if the source 59 moves from the first
end 60 toward the second end 62, the heat flow direction is
from the first end 60 in a direction away from the second end
62. The heat flow direction 64, while preferably parallel to
the solidification direction 54, may deviate from the solidi-
fication direction 54 by as much as about 45 degrees.
However, the greater the deviation of the heat flow direction
64 from the solidification direction 54, the less desirable is
the final structure of the repaired defect. The extraction of
heat causes the filler metal to progressively solidify as a
deposit of filler metal 65 within the volume of the defect 58,
from the first end 60 toward the second end 62. The
directional heat extraction in the heat-flow direction 64
occurs naturally as a result of the relative movement of the
source 59 of filler metal. Optionally, the heat extraction may
be artificially aided and accelerated with the use of coolants
such as a flow of cooling gas impinging on the surface of the
article 40 or a chill block, placed such that heat extraction is
accelerated along the heat-flow direction 64.

FIGS. 3 and 4 illustrate the grain structure that results
from this controlled weld-repair process. The filler metal has
an oriented grain structure, comprising grains 66 within the
repaired defect extending from the first end 60 toward the
second end 62. The preferred orientation of the grains 66 is
parallel or nearly parallel to the solidification direction 54,
and thence parallel to the preferred orientation within the
grains 52 of the base metal of the article 40. The grain
boundaries 68 of the grains 66 within the repaired defect 58
are parallel or nearly parallel to the solidification direction
54, and thence to the grain boundaries 50 of the base metal.

This repaired structure is substantially homogeneous in
composition, as the filler metal that fills the defects 58 is
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substantially of the same composition as the metallic base
material of the article 40. The grains, including both the
grains 52 of the base article 40 and the grains 66 of the
repaired region 56, are largely oriented with their preferred
directions parallel to the solidification direction 54. The
grain boundaries, including both the grain boundaries 50 of
the base material and the grain boundaries 68 of the repaired
region 56, are largely oriented parallel to the solidification
direction 54. The result of this homogeneity of composition
and uniformity of orientation is that the repaired article has
properties that are the same as, or quite close to, an article
that has no defects or repaired regions.

After the filling step 26, the article 40 may optionally be
heat treated, numeral 34. The heat treatment, where used, is
normally selected to provide the optimum structure for the
properties desired in the final article. Accordingly, the
selected heat treatment is associated with the specific alloy
that has been repaired. For example, the article may be
solution treated and aged, and/or stress relieved, according
to procedures specific to the alloy.

This structure is superior to one where the composition of
the filler metal is substantially different from that of the base
metal, and where the heat flow direction is not controlled so
that heat flow is primarily generally along the solidification
direction 54. As shown in FIGS. 5 and 6, where a heat flow
direction 70 is perpendicular to the solidification direction
54, the grains in the repaired defect are also generally
perpendicular to the solidification direction 54. The result is
that, if the composition of the filler metal is different from
that of the base metal, there is an inhomogeneity in strength,
corrosion, and other properties. Because the heat flow direc-
tion is perpendicular to the solidification direction, the
grains in the repaired defect are oriented so that the grain
boundaries are perpendicular to the solidification direction
54 and thence to the main load axis of the article in service.
This orientation can lead to premature failure. An equiaxed
grain structure in the repaired defect would also suffer from
this problem.

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.

What is claimed is:

1. A repaired directionally solidified article, comprising:

an article comprising a base material having a solidus
temperature and having a repair region including a
defect that is elongated parallel to a solidification
direction, the article having a grain structure of grains
elongated substantially parallel to the solidification
direction; and

a filler material within the defect, the filler material having
substantially the same composition as the base material
of the article and having a grain structure with grain
boundaries elongated substantially parallel to the
solidification direction.

2. The article of claim 1, wherein the base material is a

nickel-base superalloy.

3. The article of claim 1, wherein the defect is a crack
extending parallel to the solidification direction.

4. The article of claim 1, wherein the base material is a
nickel base superalloy having a composition, in weight
percent, selected from the group consisting an alloy having
a nominal composition, in weight percent, of about 9.5
percent cobalt, about 14 percent chromium, about 4 percent
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molybdenum, about 4 percent tungsten, about 3 percent
aluminum, about 5 percent titanium, about 0.75 percent
hafhium, about 0.2 percent carbon, and about 0.015 percent
boron, balance nickel and impurities; an alloy having a
nominal composition, in weight percent, of about 9.4 per-
cent cobalt, about 8.2 percent chromium, about 0.5 percent
molybdenum, about 9.5 percent tungsten, about 3.2 percent
tantalum, about 5.6 percent aluminum, about 0.7 percent
titanium, about 1.5 percent hafnium, about 0.1 percent
carbon, about 0.015 percent boron, balance nickel and
impurities; an alloy having a nominal composition, in
weight percent, of about 12 percent cobalt, about 5 percent
chromium, about 1 percent molybdenum, about 5 percent
tungsten, about 2.2 percent vanadium, about 6 percent
tantalum, about 5.5 percent aluminum, about 3 percent iron,
balance nickel and impurities; an alloy having a nominal
composition, in weight percent, of about 12 percent cobalt,
about 6.8 percent chromium, about 1.5 percent
molybdenum, about 4.9 percent tungsten, about 6.4 percent
tantalum, about 6.2 percent aluminum, about 2.8 percent
iron, about 1.5 percent hafnium, about 0.1 percent carbon,
about 0.015 percent boron, balance nickel and impurities;
and an alloy having a nominal composition, in weight
percent, of about 10.3 percent cobalt, about 8.4 percent
chromium, about 0.75 percent molybdenum, about 9.9 per-
cent tungsten, about 3.1 percent tantalum, about 5.5 percent
aluminum, about 1 percent titanium, about 1.5 percent
hafnium, about 0.2 percent carbon, balance nickel and
impurities.

5. The article of claim 1, wherein defect is a crack
extending parallel to the solidification direction.

6. The article of claim 1, including an additional step, after
the step of filling, of heat treating the article with the
repaired defect.

7. The article of claim 1, wherein the article is a compo-
nent of a gas turbine engine.

8. The article of claim 1, wherein the article is selected
from the group consisting of a turbine blade, a turbine vane,
a mixer nozzle, an transition duct liner panel, and a transition
duct strut.

9. A repaired directionally solidified article, comprising:

an article comprising a base material having a solidus

temperature and having a repair region including a
defect that is elongated parallel to a solidification
direction, the article having an article grain structure of
article grains elongated substantially parallel to the
solidification direction; and

a filler material within the defect, the filler material having

substantially the same composition as the base material
of the article and having a filler grain structure with
filler grains, wherein an orientation of the filler grains
is substantially parallel to the solidification direction.

10. The article of claim 9, wherein the base material is a
nickel-base superalloy.

11. The article of claim 9, wherein the defect is a crack
extending parallel to the solidification direction.

12. The article of claim 9, wherein the base material is a
nickel-base superalloy.

13. The article of claim 9, wherein the defect is a crack
extending parallel to the solidification direction.

14. The article of claim 9, wherein the article is a
component of a gas turbine engine.

15. The article of claim 9, wherein the article is selected
from the group consisting of a turbine blade, a turbine vane,
a mixer nozzle, an transition duct liner panel, and a transition
duct strut.



