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(57) ABSTRACT 

Correspondence Address; Nickel-based superalloys, for fabrication of monocrystalline 
HARNESS, DICKEY & PIERCE, P_L_C_ turbine components to be used in industrial and aircraft 
P_()_ BOX 828 turbine engines, having the following composition (in Wt 
BLOOMFIELI) HILLS, MI 48303 (Us) %): 568.1% A1, 4.1-14.1% Ru, 6.1-9.9% Ta, 36-75% Re, 

and the remaining balance Ni. The partitioning of alloying 
(21) Appl, No; 10/994,202 elements can be controlled to achieve a Wide range of 

precipitate shapes and exceptional resistance to degradation 
(22) Filed: Nov. 19, 2004 under high temperature exposure conditions. 





Patent Application Publication Oct. 13, 2005 Sheet 2 0f 8 US 2005/0224144 A1 



Patent Application Publication Oct. 13, 2005 Sheet 3 0f 8 US 2005/0224144 A1 

FIG. 221 FIG. 2b FIG. 20 

0.025 
Prior Art Alloy 

Mm’! 
0.02 ‘ 

Total 
. 0.015 

Stram 

0.01 - 





Patent Application Publication Oct. 13, 2005 Sheet 5 0f 8 US 2005/0224144 A1 

0.2 I I I I T F l | 

— - -UM-F20 

------- -- UM-F27 

0.15 - 

= - .= 
'26 e 
b m I 
9* .-' 
‘D .~' 
5 0.1 f - 

. r" 
- 1' 

0.05 // _ 

O . l L . i 

800 1000 

Time (hours) 
FIG. 6 



Patent Application Publication Oct. 13, 2005 Sheet 6 0f 8 US 2005/0224144 A1 

‘ '1 [5; Virgin crystals 

I After ~1% creep 
deformation 

Yield Strength (MPa) 



Patent Application Publication Oct. 13, 2005 Sheet 7 0f 8 US 2005/0224144 A1 

Time (holirs) 

3116.3 



Patent Application Publication Oct. 13, 2005 

Mass loss (mglcm'\2) 

Sheet 8 0f 8 US 2005/0224144 A1 

F19 1500 hours 950 iC F20 3000 hours 950 3C 

FIG. 103. FIG. 10b 



US 2005/0224144 A1 

MONOCRYSTALLINE ALLOYS WITH 
CONTROLLED PARTITIONING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/537,481, ?led on Jan. 16, 2004. 
The disclosure of the above application is incorporated 
herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to alloys and, more 
particularly, relates to nickel-based superalloys for the 
manufacture of monocrystalline structures. 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

[0003] The present invention generally relates to advanced 
materials for high temperature components in industrial 
poWer and aircraft turbines and, speci?cally, monocrystal 
line superalloy blades and vanes. To maximize the ef?ciency 
of these turbine systems, the operating temperatures of 
blades and vanes must be maximiZed to prevent damage and 
premature failure. By Way of background, it should be 
recogniZed that premature damage accumulation may occur 
along grain boundaries When such components are operated 
near their melting point. Accordingly, Bridgman-type pro 
cesses may be utilized to eliminate boundaries and, thus, 
permit use of superalloys in monocrystalline form. At high 
temperatures, monocrystalline blades and vanes undergo 
degradation due to creep, phase instabilities, or oxidation 
and, consequently, must be periodically replaced. It is desir 
able in many cases to minimiZe these characteristics in order 
to maximiZe the useful life and operating properties of 
turbines. 

[0004] The addition of refractory alloying elements, such 
as rhenium (Re) and tungsten (W), are desirable for improv 
ing the maximum temperature capability of these monoc 
rystalline alloys. As a result, the addition of refractory 
alloying elements serves to strengthen the monocrystal and, 
thus, delay the onset of creep damage. HoWever, conversely, 
high levels of refractory alloying elements may lead to phase 
instabilities. One form of phase instability is the formation 
of brittle topologically close packed phases (TCPs). These 
phases form during long-term, elevated-temperature expo 
sures and tend to degrade mechanical properties. To avoid 
precipitation of detrimental TCP phases during service, loW 
levels of chromium (Cr) are recommended. LoW levels of 
Cr, hoWever, may result in poor oxidation and corrosion 
resistance. That being said, it has recently been shoWn that 
the addition of small amounts of ruthenium (Ru) decreases 
the propensity for the precipitation of detrimental TCP 
phases. Another consequence of refractory alloying addi 
tions is their tendency to cause a breakdoWn of single crystal 
solidi?cation. It is essential to design alloys Within compo 
sition ranges Where it is possible to produce them as monoc 
rystals to avoid the disadvantages of the prior art. 

[0005] Phase instability may further occur in monocrys 
talline alloys When the directional coarsening or “rafting” of 
the Ni3Al-y‘ precipitates under the action of an externally 
applied stress. Rafting is enhanced by high levels of Re, 
Which increase the lattice parameter of the y matrix to higher 
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values than the y‘ precipitate phase. In commercial monoc 
rystalline alloys stressed in tension along an applied stress 
A-A (see FIG. 1c), also knoWn as a crystallographic orien 
tation, directional coarsening occurs in a manner that pro 
duces plate-shaped precipitates oriented normal to the stress 
ing applied stress A-A. Turbine components are typically 
fabricated so that the major stresses Will be applied along a 
plane parallel to applied stress A-A. 

[0006] The present invention goes Well beyond the prior 
art in the use of higher levels of ruthenium (Ru) (up to about 
14.1 Wt %) to control precipitate morphology and rafting 
behavior, suppress precipitation of TCP phases, and improve 
creep properties. This is possible through controlled parti 
tioning, Where differing amounts of Ru affect the partition 
ing of elements in the alloy, particularly the Re and W, to the 
gamma and gamma prime phases. The exceptional aspect of 
the present invention is that alloys With positive, Zero, or 
negative mis?t, no TCP phases and high levels of Re can be 
designed. This is signi?cant because rafting can be com 
pletely suppressed or rafts parallel to or normal to the 
applied tension applied stress A-A can form With Zero, 
positive, or negative mis?t, respectively. 

[0007] Furthermore, it has been demonstrated that With 
higher levels of Ru, higher ratios of Cr/Re can be achieved, 
simultaneously improving oxidation and creep behavior. Cr 
is important in controlling partitioning. Since the three 
major mechanisms of high temperature degradation (TCP 
phase formation, creep damage, and oxidation) are 
improved, the alloys of the present invention are capable of 
increasing the useful life and temperature capability of 
critical turbine components. 

[0008] Further areas of applicability of the present inven 
tion Will become apparent from the detailed description 
provided hereinafter. It should be understood that the 
detailed description and speci?c examples, While indicating 
the preferred embodiment of the invention, are intended for 
purposes of illustration only and are not intended to limit the 
scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] The present invention Will become more fully 
understood from the detailed description and the accompa 
nying draWings, Wherein: 

[0010] FIG. 1a illustrates a high volume fraction of pre 
cipitates having spherical morphology in alloy UM-Fll 
according to the present invention; 

[0011] FIG. 1b illustrates a high volume fraction of pre 
cipitates having spherical morphology in alloy UM-Fll 
along a face normal to applied stress A-A after 125 hours at 
950° C. and 290 MPa; 

[0012] FIG. 1c schematically illustrates an applied stress 
A-A and faces normal and parallel to applied stress A-A; 

[0013] FIG. 1a' illustrates a high volume fraction of pre 
cipitates having spherical morphology in alloy UM-Fll 
along a face parallel to applied stress A-A after 125 hours at 
950° C. and 290 MPa; 

[0014] FIG. 16 illustrates “negative” rafting of a prior art 
alloy after 200 hours at 950° C. and 290 MPa; 

[0015] FIG. 1f schematically illustrates an applied stress 
A-A and faces normal and parallel to applied stress A-A; 
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[0016] FIG. 1g illustrates “negative” rafting perpendicu 
lar to applied stress A-A of a prior art alloy after 200 hours 
at 950° C. and 290 MPa; 

[0017] FIG. 2a illustrates “positive rafting” in alloy UM 
F18 at 950° C. and 290 MPa; 

[0018] FIG. 2b schematically illustrates an applied stress 
A-A and faces normal and parallel to applied stress A-A; 

[0019] FIG. 2c illustrates “positive rafting” in alloy UM 
F18 at 950° C. and 290 MPa; 

[0020] FIG. 3 is a graph comparing alloys of the present 
invention With prior art alloy (MK4), Which illustrates the 
acceleration of creep rate in the prior art alloy folloWing 
formation of raft (after about 100 hours) and the deceleration 
of creep rate of the alloys of the present invention; 

[0021] FIG. 4 is a graph comparing creep properties of 
alloys of the present invention at 950° C. and 290 MPa With 
varying ranges of precipitate morphologies achieved by 
controlled partitioning; 

[0022] FIG. 5a illustrates “negative” rafting of alloy UM 
F16 along a face normal to applied stress A-A; 

[0023] FIG. 5b schematically illustrates an applied stress 
A-A and faces normal and parallel to applied stress A-A; 

[0024] FIG. 5c illustrates “negative” rafting perpendicular 
to applied stress A-A of a prior art alloy after 200 hours at 
950° C. and 290 MPa; 

[0025] FIG. 6 is a graph comparing creep rupture prop 
erties of alloys of the present invention at 950° C. and 290 
MPa; 

[0026] FIG. 7 is a graph comparing yield strength reten 
tion in alloys of the present invention at 950° C. and 290 
MPa With prior art alloy (MK4); 

[0027] FIG. 8 is a graph illustrating cyclic oxidation of 
alloys of the present invention at 900° C.; 

[0028] FIG. 9 is a graph illustrating cyclic oxidation of 
alloys of the present invention at 1100° C.; 

[0029] FIG. 10a illustrates the microstructure of alloy 
UM-F19 after 1500 hours at 950° C.; and 

[0030] FIG. 10b illustrates the microstructure of alloy 
UM-F20 after 3000 hours at 950° C. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0031] The folloWing description of the preferred embodi 
ments is merely exemplary in nature and is in no Way 
intended to limit the invention, its application, or uses. 

[0032] With initial reference to Table 1, a plurality of 
embodiments are illustrated that are Within the scope of the 
present invention. HoWever, it should be appreciated that 
these examples are non-limiting and, thus, additional com 
positions may be used or the values enumerated modi?ed. 

[0033] A ?rst preferred embodiment de?ned by the prin 
ciples of the present invention include a class of high 
refractory content single crystals With spherical precipitates 
that exhibit no rafting When subjected to external stresses. 
All current commercial single crystal alloys possess micro 
structures With y‘ cuboidal precipitates that arise due to 
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lattice mis?t betWeen the matrix and precipitates. This mis?t 
occurs due to strong partitioning of the Re and W to the 
gamma matrix phase. When subjected to tensile stresses 
along the applied stress A-A (see FIG. 1c) at high tempera 
tures, the initially cube-shaped precipitates coarsen consid 
erably and evolve to long plate-shaped precipitates that are 
oriented With their broad faces normal to the applied tensile 
stress A-A. This process is knoWn as “rafting”. This change 
in the structure of the material causes a change in material 
properties during service and may result in a Weakening of 
the material. Rafting can be suppressed if partitioning of 
elements to the precipitates is changed in a manner to 
achieve spherical precipitates, Which have negligible lattice 
mis?t. 

[0034] With brief reference to FIG. la, a portion of an 
alloy is illustrated having applied tensile stress A-A, a face 
10 normal or transverse to stress A-A, and a face 20 being 
generally parallel to stress A-A. 

[0035] As seen in FIG. 1a, spherical precipitates are 
present in the solution treated and aged condition for Alloy 
UM-Fll having a composition as set forth in Table 1. FIGS. 
1b and 1d demonstrate a lack of rafting after 125 hours at 
950° C. and 290 MPa along transverse face 10 and parallel 
face 20. For comparison, rafting under the same imposed 
temperature and stress in a prior art alloy de?ned in US. Pat. 
No. 5,888,451, is illustrated in FIGS. 16 and 1g. As can be 
seen in FIGS. 16 and 1g, the prior art alloy fails to de?ne 
spherical precipitates and, thus, may suffer from the disad 
vantages enumerated above in connection With additional 
prior art. 

[0036] Likewise, alloy UM-F9 of the present invention 
results in spherical precipitates With no rafting folloWing 
application of temperature and stress. It should be empha 
siZed that stable, spherical precipitates have never before 
been reported in strong, Re-containing alloys. This stabili 
Zation of precipitate morphology under stress occurs in 
response to a loW ratio of Cr/Ru and high ratio of Ru/(Re+ 
W), from about 0-0.4 and about 0.7-1.2, (in Wt %), respec 
tively. Within this composition range, the alloys can be 
solidi?ed as monocrystals using conventional Bridgman 
groWth techniques. 

[0037] In another embodiment of the present invention, 
rafts in a Re-containing alloy align parallel to the direction 
of the applied tensile stress A-A. An example of this is 
illustrated in FIGS. 2a and 2b for Alloy UM-F18 stressed in 
tension along the applied stress A-A. Rafting in this orien 
tation in a Re or W containing alloy has not been reported 
before, due to unrealiZed regimes for control of element 
partitioning. Controlled partitioning to achieve this “posi 
tive” rafting requires intermediate ratios of Cr/Ru and 
Ru/(Re+W). Again, Within this composition range, the 
alloys can be solidi?ed as monocrystals using conventional 
Bridgman groWth techniques. 

[0038] An additional embodiment of the present invention 
illustrates that if partitioning can be controlled, creep accel 
eration and strength degradation as a result of rafting can be 
avoided. Ruthenium additions permit these objectives to be 
achieved in Re and W-containing alloys. FIG. 3 illustrates 
creep curves (not all have reached rupture) for alloys With 
cuboidal precipitates (UM-F16, UM-F19, UM-F20, UM 
F27) that raft in the conventional “negative” sense in com 
parison to the non-rafting alloys (UM-F9, UM-Fll). Creep 
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in the prior art alloy MK-4 accelerates With the formation of 
rafts, While in the Ru-containing alloys the creep rate is still 
decreasing as the rafts form. FIG. 4 compares the creep 
properties of a range of Ru-containing alloys. It is important 
to note the improved creep properties of the rafted Ru 
containing alloys compared to the non-rafted Ru-containing 
alloys. The rafted structure present after 200 hours of creep 
at 950° C. and 290 MPa in UM-F16 is illustrated in FIGS. 
5a and 5b. Furthermore, FIG. 6 illustrates improved creep 
properties of the conventionally rafted Ru-containing alloys 
compared to the prior art alloy MK-4, Which possesses 
similar levels of Re and W but no Ru. The creep rupture life 
of the Ru-containing alloys is a factor of 2x to 5 x longer than 
prior art. These high strength, creep resistant rafting alloys 
can be achieved With high ratios of Cr/Ru and loWer ratios 
Ru/(Re+W). As seen in FIG. 4, alloys With intermediate 
precipitate shapes also have intermediate creep properties, 
due to intermediate partitioning, Which demonstrates that a 
range of behavior can be designed into the alloys. 

[0039] Turning noW to FIG. 7, it can be seen plurality of 
alloys Were ?rst subjected to 1% creep straining at 950° C. 
and 290 MPa. Room temperature tensile tests Were then 
conducted on the crept specimens and compared to the 
tensile properties of the material in the virgin state. The 
non-Ru prior art alloy MK-4 suffers approximately 30% 
degradation in strength due to the high temperature creep 
exposure, While the Ru-containing alloys UM-F9, UM-F16, 
UM-F19, UM-F20 and UM-F22 are either strengthened by 
the high temperature creep exposure or are negligibly 
affected. It is important to note that this absence of strength 
degradation is present for positive, negative, and non-rafting 
alloys. This feature of these alloys is very important to the 
performance of turbine blades and vanes since they experi 
ence creep deformation in service. Again, Within this com 
position range, the alloys can be solidi?ed as monocrystals 
using conventional Bridgman groWth techniques. 

[0040] In another embodiment of the present invention, 
high oxidation resistance is combined With high creep 
strength and a high resistance to TCP phase precipitation in 
Ru-containing alloys. FIGS. 8 and 9 shoW cyclic oxidation 
properties of selected alloys compared to the prior art alloy 
MK-4. Achieving improved creep properties and higher 
temperature capability in monocrystalline alloys is nearly 
alWays associated With a degradation in cyclic oxidation 
behavior. Ideally, the monocrystal Will neither lose or gain 
Weight during elevated temperature cycling. In FIG. 6, 
alloys UM-F16, UM-F19 and UM-F20 display this desirable 
behavior at both 9000 C. and 1100° C. and are comparable 
to the prior art alloy MK-4. Combining high oxidation 
resistance With high creep resistance requires intermediate to 
high levels of Ru (3.5-6 at %) and high levels of Cr (8 at 
%/6.7 Wt %). These high levels of Cr in monocrystal alloys 
typically result in microstructural instabilities and precipi 
tation of a signi?cant volume fraction of detrimental TCP 
phases in non-Ru alloys. FIGS. la-ld, 2a-2c, and 4 dem 
onstrate the absence of TCPs in positive, negative and 
non-rafting alloys after 100-200 h. of creep. FIGS. 10a and 
10b illustrate the microstructures of UM-F19 and UM-F20 
after 1500 and 3000 hours of exposure at 950° C., With a 
complete absence of any TCP phase instabilities. The alloys 
examined in the study Were exceptionally resistant to this 
form of degradation. The neW discovery in this embodiment 
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is that Ru enables high levels of Cr to be added to improve 
oxidation resistance Without the onset of TCP-type phase 
instabilities. 

[0041] The description of the invention is merely exem 
plary in nature and, thus, variations that do not depart from 
the gist of the invention are intended to be Within the scope 
of the invention. Such variations are not to be regarded as a 
departure from the spirit and scope of the invention. 

What is claimed is: 
1. A superalloy comprising: 

about 5.6 to about 8.1 percent by Weight of aluminum 
(A1); 

about 4.1 to about 14.1 percent by Weight of ruthenium 
(R11); 

about 6.1 to about 9.9 percent by Weight of tantalum (Ta); 

about 3.6 to about 7.5 percent by Weight of rhenium (Re); 
and 

nickel (Ni). 
2. The superalloy according to claim 1, further compris 

ing: 

about 0.1 to about 12.4 percent by Weight of tungsten 
3. The superalloy according to claim 1, further compris 

ing: 

about 0.1 to about 9.6 percent by Weight of cobalt (Co). 
4. The superalloy according to claim 1, further compris 

ing: 

about 0.1 to about 6.9 percent by Weight of chromium 
(Cr). 

5. The superalloy according to claim 1, further compris 
ing: 

about 0.1 to about 0.7 percent by Weight of silicon (Si). 
6. The superalloy according to claim 1, further compris 

ing: 

about 0.1 to about 1.5 percent by Weight of molybdenum 
(Mo). 

7. The superalloy according to claim 1, further compris 
ing: 

about 0.1 to about 0.8 percent by Weight of titanium (Ti). 
8. The superalloy according to claim 1, further comprising 

spherical precipitates. 
9. The superalloy according to claim 1 Wherein said 

superalloy forms a monocrystalline structure. 
10. A turbine article comprising: 

a monocrystalline alloy having about 5.6 to about 8.1 
percent by Weight of aluminum (Al), about 4.1 to about 
14.1 percent by Weight of ruthenium (Ru), about 6.1 to 
about 9.9 percent by Weight of tantalum (Ta), about 3.6 
to about 7.5 percent by Weight of rhenium (Re), and 
nickel (Ni). 

11. The turbine article according to claim 10 Wherein said 
monocrystalline alloy further comprises about 0.1 to about 
12.4 percent by Weight of tungsten 
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12. The turbine article according to claim 10 wherein said 
monocrystalline alloy further comprises about 0.1 to about 
9.6 percent by Weight of cobalt (Co). 

13. The turbine article according to claim 10 Wherein said 
monocrystalline alloy further comprises about 0.1 to about 
6.9 percent by Weight of chromium (Cr). 

14. The turbine article according to claim 10 Wherein said 
monocrystalline alloy further comprises about 0.1 to about 
0.7 percent by Weight of silicon (Si). 

15. The turbine article according to claim 10 Wherein said 
monocrystalline alloy further comprises about 0.1 to about 
1.5 percent by Weight of molybdenum (Mo). 

16. The turbine article according to claim 10 Wherein said 
monocrystalline alloy further comprises about 0.1 to about 
0.8 percent by Weight of titanium (Ti). 

17. The turbine article according to claim 10 Wherein said 
monocrystalline alloy further comprises spherical precipi 
tates. 

18. A superalloy comprising: 

about 5.6 to about 6.3 percent by Weight of aluminum 
(A1); 

about 4.1 to about 9.7 percent by Weight of ruthenium 
(R11); 

about 6.1 to about 9.9 percent by Weight of tantalum (Ta); 

about 3.6 to about 7.5 percent by Weight of rhenium (Re); 
and 

nickel (Ni). 
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19. The superalloy according to claim 18, further com 
prising: 

about 0.1 to about 12.4 percent by Weight of tungsten 
20. The superalloy according to claim 18, further com 

prising: 
about 0.1 to about 9.6 percent by Weight of cobalt (Co). 
21. The superalloy according to claim 18, further com 

prising: 

about 0.1 to about 6.9 percent by Weight of chromium 
(Cr). 

22. The superalloy according to claim 18, further com 
prising: 

about 0.1 to about 0.7 percent by Weight of silicon (Si). 
23. The superalloy according to claim 18, further com 

prising: 

about 0.1 to about 1.5 percent by Weight of molybdenum 
(Mo). 

24. The superalloy according to claim 18, further com 
prising: 

about 0.1 to about 0.8 percent by Weight of titanium (Ti). 
25. The superalloy according to claim 18, further com 

prising spherical precipitates. 
26. The superalloy according to claim 18 Wherein said 

superalloy forms a monocrystalline structure. 

* * * * * 


