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Abstract. The structural strength properties determined by the true stress-deformation diagram 

and the fatigue characteristics of materials at combined action (tension and bending) under the 

conditions of temperature change are used to substantiate materials and technologies. The 

domestic alloy is suggested as an alternative to imported heat-resistant alloy IN-738LC used to 

manufacture the turbine rotor blades of stationary gas turbine plants (GTP). Expressions to 

determine the fatigue characteristics according to the criteria of structure stability are 

presented. 

1. Introduction 

The operating practice of stationary GTP shows that their parameters temperature, turbine speed and 

the actual loads in comparison with transport gas turbine engines (GTE) (in particular aviation) are 

more gentle [1, 2]. In this regard, some companies, for example, “MAN” use cheaper materials in the 

manufacturing of gas turbines [2-5].  

2. Body text 

The analysis of turbine rotor blades structure made of CrNi65WMoTiAl alloy and IN-738LC 

according to the variants of their state after bench-tests and operating time of GTP is performed in 

order to identify the damage laws and to use the domestic alloys, for example in the repair of imported 

products. The microcracks with a size of 3…7 μm were detected in the alloy IN-738LC after operating 

time (Fig. 1, a), cracks [2-4, 6, 9], fatigue striations and breakdown of carbide (Сr, Мо, W)6С into the 

σ-phase were detected in the CrNi65WMoTiAl alloy (Fig. 1, b). Table 1 shows the comparative data 

of the element-by-element composition of the blade material under study.  

 

Table 1. The chemical composition of the alloys under study (in volume %) 

 

Alloy grade W Мо Zr Co Nb Ta Ni Сr Ti Al 

IN-738LC [1], USA 2.6 1.7 0.05 8.5 0.9 1.7 61 16 3.4 3.4 

CrNi65WMoTiAl, 

Russian Federation 
9.2 4.0 0 0 0 0 65 16 1.4 1.4 
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a 

   
b 

Figure 1. Metal degradation after operating time in the alloy IN-738LC (a) and in the alloy 

CrNi65WMoTiAl (b): cracks and breakdown of (Сr,Мо,W)6С into brittle σ-phase [2, 3, 6] and fatigue 

striations (right). 

 

Structural damage of the alloy (SDA) expressed by the values of the standard deviations of the 

reflected ultrasonic signals [2-4, 9] over the sections of the blade airfoil cross-sections, is used to 

assess the degree of metal degradation. The dependencies (1) – (8) are used for the analysis of IN-

738LC alloy damage, the dependence (9) – for the alloy CrNi65WMoTiAl:  

SDA = 42.896 + 2.4382
.
γʹb,                                                           (1) 

- from the size of the grain-boundary γʹ-phase;   

SDA = 64.758 – 1.8067
.
γʹeu,                                                         (2) 

- from the size of the eutectic γʹ-phase (fig. 2); 

SDA = 41.262 + 0.925
.
(Ti,Nb,W)

.
С;                                                   (3) 

SDA = 41.262 + 0.925
.
(Ti,Nb,Ta)

.
С;                                                   (4) 

SDA = 47.551 + 1.2171
.
λII;                                                             (5) 

SDA = 61.68 – 60.50
.
(Ta+Co)/Ni;                                                      (6) 

                                                  SDA = 57.73 – 81.41
.
(Mo+Ta)/Ni;                                                     (7) 

SDA = 58.49 – 107.3
.
(Ta+Nb)/Ni;                                                       (8) 

      SDA = 67.554 – 0.255
.
ΣAE in М6С+γʹ,                                                 (9)  

where ΣAE – (+) alloying elements. 

The ability of blades metal to resist fatigue at combined action (tension and bending) under 

conditions of temperature change is determined according to the generalized condition of the limiting 

amplitudes of the high-frequency component (σa2) of the form [8, 10, 13]: 
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Equivalent biaxial stresses are equal to [13]:  
2 2 0.5

Re1 1 1 1 1 1(1 ) ( 2 )    X m m X Y X Y        .                           (11) 
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where max1  A С    – sum of actual and thermal stresses; properties are taken at tmax (in 
О
С). 

 

Figure 2. Size effect of the hardening phase located at the dendrites boundary and in the eutectic  

 

Ilyushin's relative module [13]: 

 

1.0

k k

k

E 1
E = E / E 1 ln

S 1


  
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.                                          (13) 

Strain-hardening coefficient [10-13].  
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 
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According to the data of simulation modeling (SM) when substantiating the materials choice, the 

preference should be given to the structural state of alloys with higher values of the characteristics SК,  
m

(0)
, ψ. and smaller EК. At dual-frequency loads the decrease of fatigue life (N/N1) is controlled by 

expressions (11, 12, and 16) depending on the inclination angle of the fatigue curve (γ) in the low-

cycle fatigue life region (N1) taking into account the acting stresses (σmax1), values of equivalent 

stresses (σRe1), characteristics of strength and plasticity in (12) at the maximum temperature fn(t) 

according to the condition [13]:   

                                                
2

/ ( )

1 1/ 1 /  
n t

tN N a


  .                                              (15) 

The simulation modeling and fatigue tests of CrNi77TiAlB (EI437-BU) and 13Cr11Ni2W2MoV 

steel (EI961-Sh) were performed under complex thermal and force actions on the material [13] to 

check the calculated dependences (10-15). When the tensile and bending stresses in the samples (Fig. 

3) are combined with the stresses from thermal cycling within the temperature range from 100 to 

400
о
С (tvar 100...400

о
С) it can be seen (Fig. 4) that the experimental and calculated data obtained by 

the author [13] are in good agreement. 
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Figure 3. Schemes of combined action of tension (N), pressure (P) and bending (σa) at testing of 

samples 

 

 
Figure 4. Comparison of experimental and calculated data on fatigue resistance of the author [13] and 

data of Troshchenko V T [12], Maminov A S, Yamada T, Minata H [16], Kinugawa MSFS – single 

frequency stress, DFS – dual-frequency stress, SFIL – single-frequency isothermal loading, SFNL – 

single-frequency non-isothermal loading, DFIL – dual-frequency isothermal loading, DFNL – dual-

frequency non-isothermal loading 

Other results are obtained by Maminov A.S. (at KAI), at the Institute for Problems of Strength 

National Academy of Sciences of Ukraine (at t var = 200...900 and 200…800
о
С) by Troshchenko V T 

[12] and at the University of Kyoto (Japan at t var = 200...700
о
С) [16]. The disks of the third stage of 

the GTE turbine are exposed to severe plastic deformation due to stress concentration in the zone of 

the hub bolt holes. Because of the constraint of the complex stress-strain state (SSS) [7, 11] and the 

action of high stresses, significant exhaustion of the plasticity reserve – the relative reduction up to 

56% (Fig. 5) – takes place at operating and bench-tests time ~ 10000 hours. Since this process is 
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influenced by both operating [14] and technological heredity, the enterprises have regulations on 

fixing the current level of properties (CLP) and properties of the initial level (PIL).     

 
 

 

Figure 5. Changes in properties (CLP/PIL) of the CrNi73MoNbTiAl alloy with operating time of 

disks and measurement of metal microhardness at the hub holes according to the variants: after 

operation – (a), Restorative heat treatment (RHT) – (b), and operation + RHT – (c) 

 

An increase in the hardness Н100 of the deformed metal of the hub holes surface by 40…60% (Fig. 

5, a) was established [12-15]. The turbine disks under repair are exposed to RHT in the “recovery of 

metals” mode – as a part of the equilibrium solidus temperature (ТОТ ~ 0.35ТRS). As a result, the 

hardness and plasticity (ψ) are completely restored to the level of PIL and higher including that after 

repeated bench-tests time (Fig. 5, b and c). Thus, in this part of the research, the criteria for 

maintainability and assessment of the repair efficiency were established using the available and 

informative characteristics Н100 and ψ. This made it possible to repair the turbine disks in engines 

conducting the RHT instead of replacing them.  

The heat treatment modes were optimized with respect to the microstructure and microindentation 

characteristics performed on the SHIMADZU DUH-211S hardness tester by the Berkovich pyramid. 

The only indicator (out of 14 analyzed) consistent with the properties of the structural strength of 

materials is the difference in depth from the indentation of the indenter under constant load, according 

to the instruction – “creep under constant load – CIT”. In our opinion, a more accurate name of this 

characteristic is the available indentation plasticity (AIP) on the upper area of the diagram: indentation 

depth – endurance – unloading. Figure 6 illustrates the level of this property by the extent of the areas 

before indentation of the pyramid according to variants (a-c) of thermal treatment of 

13Cr11Ni2W2MoV steel samples according to table 2. From the presented data a good agreement of 

structure’s characteristics and the property ψ with the AIP indicator can be seen.  

 

Table 2. Influence of heat treatment on the steel mechanical properties including the AIP indicator  

 

 

No. of 

variant 

States of 13Cr11Ni2W2MoV steel HV100* σВ ψ AIP 

Double hardening Tempering MPa*10
-1

 MPa % 

1 (a) After operation ~370 1180 41 6.18 

2 (b) (1020 + 1000) °C – oil 560°C 572 1540 55 8.78 

3 (c) (1020 + 1000) °C - oil 640°C 380 1230 72 23.78 
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Figure 6. Determination of available indentation plasticity and structural states of 13Cr11Ni2W2MoV 

steel corresponding to variants of heat treatment (a-c) table 2  

 

Thus, as a result of conducted complex studies the technologies and structural states of materials 

that provide functionality and long-term operation of complex equipment are revealed. For this 

purpose, the characteristics of the true deformation curve, the estimated fatigue life, the influence of 

operating and bench-test times on the parameters of heat-resistant alloy structure (its damageability) 

are used. In addition, the paper proposes the criterion of “available indentation plasticity” which 

allows adequately and reliably substantiating the adoption of technological decisions, the choice of the 

material including the identification of the advantages of the home-grown technologies without 

destroying the metal. 

3. Conclusions 

The shape transformation of the globular and cube-shaped particles of the hardening γ'-phase into 

geometry that is irregular (relief) along the perimeter and their crushing indicates the damage of the 

alloy structure (up to SDA levels = 0.53…0.57 mV) when microcracks can form in the blade. 

Increasing the amount of Cr, Ta, Мо, W, Со and decreasing the amount of Ti, Ni in the γ'-phase of the 

IN-738LC alloy increases the fatigue resistance of the rotor blades with a cast structure. Increasing the 

sum of alloying elements in (Сr,Мо,W)6С and γ'-phase of the CrNi65WMoTiAl alloy increases 

fatigue resistance of the turbine rotor blades. The increase in the distance between the axes of the 

second-order dendrites (λII) increases the damageability of the IN-738LC alloy. The possibility of 

repairing the disks made of the CrNi73MoNbTiAl alloy using the RHT in the recovery mode (Т ~ 

0.35ТRS) was confirmed. Effective technologies and structural states of materials were identified 

namely preference should be given to the states of CrNi65WMoTiAl and CrNi73MoNbTiAl alloys 

with higher values of SК, m
(0)

, ψ and smaller – EК, Н100 ensuring functionality and long-term operation 

of complex equipment.  
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