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The most important performance characteristics of heat-resistant alloys (HRAS) are creep and fatigue resistance,
which are very complex functions of chemical composition and microstructure. The microstructure of metal HRAs,
among which the first place is occupied by Ni-based alloys, usually consists of two main phases: a solid solution
based on the main element containing alloying elements (matrix), and a strengthening phase, which is usually used

as intermetallides, carbides and silicides.

Ni-based superalloys cohesive strength

| 1. Introduction

The metal matrix of the heat-resistant alloys (HRAs) can have both a monocrystalline and polycrystalline structure.
The single-crystal structure is usually obtained by directional solidification methods. The most typical example of
such monocrystalline objects are the blades of gas turbine engines of aircraft made of nickel HRAs. Single crystals
are characterized by higher creep resistance compared to polycrystals. As a result, one of the main last decades
successes of HRAs manufacturing technology is the development of the casting process for single-crystal blades
of gas turbine engines W. The transition from polycrystalline parts to single crystals made it possible to eliminate
the weakest element of the structure of polycrystals—high-angle grain boundaries (GBs). Compared to the bulk,
GBs have excessive energy, increased diffusion permeability 28], and other characteristics which contributes to

the acceleration of creep of alloys at elevated temperatures under load.

The main gas turbines blades and disks heat resistance characteristics are fatigue resistance and creep
resistance. For gas turbine blades, the most important characteristic is creep resistance, since they operate under
alternating loads and, as a rule, they are made of monocrystalline alloys. The disks operate under conditions of
simultaneous action of thermocyclic, cyclic loads and tensile loads. For discs, the most important characteristic of
heat resistance is fatigue resistance. Ni-based alloys obtained using powder metallurgy technology have a higher
fatigue properties due to the dispersed structure provided by this technology. Such alloys are used in aircraft and

rocket engines &,

An important factor of high heat resistance of HRAs is the strength of interatomic bonds in the crystal lattices of the
phases that make up the structure of the alloys and first—the alloy matrix . The characteristic of the binding
forces of atoms in the crystal lattice of solids is the cohesive energy @ this is the energy necessary for the

decomposition of a crystal into free atoms, and it can be obtained as the difference between the total energies of
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an atom in the free state E,, and a crystal, Eg;s. TO increase the interatomic interaction forces, the alloying
elements introduced into the alloy should improve the cohesion properties of the alloy. For improvement the
performance characteristics of polycrystalline alloys, it is necessary to develop approaches to enhance not only the

cohesive energy of the matrix, but also to increase the cohesive strength of the GBs.

| 2. The Design of Ni-Based Single Crystal Superalloys

The results of the calculation of the parameter x for several alloying elements (Ti, Al, Zr, hafnium (Hf), vanadium
(V), niobium (Nb), tantalum (Ta), Mo, tungsten (W), rhenium (Re), ruthenium (Ru), osmium (Os), rhodium (Rh),
iridium (Ir), and platinum (Pt) in Ni-based alloys are shown in Figure 1 [, Figure 1 first shows that the most
efficient alloying additions to the Ni-based superalloys are W, Ta and Re, and secondly indicates the primary role of

W in ensuring high cohesive strength of the nickel HRAs.
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Figure 1. Calculated values of the x parameter and the experimental cohesive energies (divided by 4) of alloying

elements in Ni-based alloys &l Reproduced with permission from Razumovskii IM. Copyright 2008 Elsevier.

It is interesting to note in this regard that such well-known Ni-based HRAs as MAR-M200 and GS6U developed
many years ago did not contain Ta and Re as alloying additives at all but included a relatively large amount of W
(concentrations are indicated weight percentages (wt. %) in further): 12.5 in the alloy MAR-M200 and 10.5 in the
alloy GS6U. Later, when first Ta and then Re were included in the HRAs alloying system, W was partially replaced
by Ta and Re. As a result, W amount in the HRAs gradually decreased with an increase in Ta and Re
concentration. For instance, the tendency can be easily seen in several CMSX superalloys (CMSX is a trademark
of the Cannon-Muskegon Corporation) chemical compositions evolution. W concentration in the CMSX-2 (the first

Ni-base generation superalloys for single crystal blades) was 8 and Ta concentration—6. In CMSX-4 superalloy
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(the second generation) W concentration was 6, also it consisted of 6.5 Ta and 3 Re. Finally, Ta and Re
concentration was 8 and 6, respectively, and W concentration was reduced to 5 in the CMSX-10M superalloy (the

third generation).

Although Ta and Re have large and approximately equal values of the parameter x, and therefore can equally
strongly increase the creep resistance of the alloy, it is interesting to introduce Ta and Re into the HRAs not only at
the expense of W, but at the expense of Ni while maintaining a high concentration of W. If we consider the high

solubility of W in Ni, this approach seems quite reasonable.

Several similar alloys KS-(1-3) with an increased W content were proposed in Bl¥: the chemical compositions of

KS alloys are shown in Table 1.

Table 1. Chemical compositions of single-crystal superalloys KS-(1-3) (wt. %).

Ni-Based Alloy W Ta Re Cr+ Co+Ti+ Nb + Al Others, Nominal
KS-1 16.0 6.3 0 12.3 0.02La + 02Y + 0.02Ce
KS-2 15.0 6.3 2.0 13.3 0.02La + 02Y + 0.02Ce
KS-3 9.9 7.6 5.5 9.7 0.02La + 02Y + 0.02Ce

KS alloys with a single-crystal structure after complete heat treatment had a coherent y-y' microstructure typical for
nickel HRAs, Figure 2. In the microstructure of cylindrical castings with a growth axis of [100], a typical casting

porosity was observed, which was minimized by hot isostatic pressing according to a special regime 29,
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Figure 2. Coherent y-y' microstructures of the KS-1 (a) and KS-3 (b) alloys specimens were producing via
complete heat treatment included hot isostatic pressing (HIP), homogenization and two-step aging. Reproduced

with permission from Razumovskii IM [8]. Copyright 2008 Elsevier.

The results of long-term tests of the mechanical properties of samples of KS-(1-3) alloys at a temperature of 1000
°C after complete heat treatment are shown in Table 2. Similar characteristics of Ni-based superalloys CMSX for

single crystal blades and Ru-bearing superalloy EPM-102 are also presented there for comparison.

Table 2. The long-term strength of the fully treated KS-(1-3) alloys at the temperature 1000 °C.

Ni-Base Alloy Chemical Alloy Composition (wt.%) 0100 0% (MPa) G500 (MPa)

KS-1 16 W, 5Ta 255 194
KS-2 (12-15) W, 8Ta, 2Re 270 =
KS-3 10 W, 8Ta, 6Re 330 263
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Ni-Base Alloy Chemical Alloy Composition (wt.%) G100 000 (MPa) G500 (MPa)

CMSX-2 8 W, 6Ta 226 180
CMSX-4 6 W, 7Ta, 3Re 270 190
CMSX-10M 5W, 8Ta, 6Re 300 215
EPM-102 6 W, 8.25Ta, 6Re, 3Ru 330 240

Table 2 shows that creep rupture characteristics of KS-1 alloy (5 of Ta) has improved compared with the CMSX-2
(6 of Ta) for 01001%%° as well as for 055719, Although 0,091 value is the same in KS-2 and CMSX-4 alloys, and
KS-2 alloy contains less expensive Re amount. According to the table one can see that KS-3 alloy has been
improved creep-rupture characteristics compared with CMSX-10M. Comparing the KS-3 alloy with Ru-bearing
EPM-102 alloy, which has the highest creep-rupture properties. In addition, one can see that these alloys have the
same 0191 (330 MPA) value, but KS-3 again has improved 05,19 characteristic.

Using this approach together with other methods of design of Ni-based HRAs, it was developed a series of
experimental HRAs with high heat resistance 111,
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