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Summary: The flat specimens with a central hole and one turbojet engine compressor disk have been studied in this paper as representatives of notched metallic parts. In conditions of loading by blocks of positive variable force, the crack initiation life of specimens was determined experimentally. Using different approaches based on low cycle fatigue criteria, crack initiation life of mentioned specimens was estimated also. Original Neubr’s rule and Topper’s and Sonsino-Birger’s modification of this rule, were used for determination of stress-strain response at critical point. Estimation of crack initiation life was carried out using Palmgren-Miner’s rule of linear damage accumulation supported by Morrow’s, Manson-Halford’s and Smith-Watson-Topper’s curves of low cycle fatigue. Experimentally obtained results and results of estimation of crack initiation life were compared and analyzed. It was shown that approach which include Sonsino-Birger’s modification of original Neuber’s rule and Palmgren-Miner’s rule of linear damage accumulation supported by Morrow’s curves of low cycle fatigue, was made the best result of estimation.This approach was used for crack initiation life estimation of the studied turbojet engine compressor disk. For the purpose of estimation, two blocks of rotation frequency were taken into account. One block that presents different engine ground controls and one block that presents different types of flights. Estimated crack initiation life of disk, expressed in flight hours, was compared with practical crack initiation life.
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1.
INTRODUCTION

Crack initiation life estimation of real notched metallic part exposed to low cycle fatigue understands knowing of data about blocks of loads, cyclic events in that blocks, cyclic properties of material used or nominated for workmanship, stress-strain response at critical point or point of expected crack initiation and damages provoked by all cyclic events.

Stress-strain response at critical point (local stress-strain response) for all cyclic events and method of identification and counting of those events, have special importance. Local stress-strain response may be determined by measurement, by the finite element method and by the methods that relate local stresses and strains with their nominal values.
Flat specimen with central hole and one turbojet engine compressor disk, as notched metallic parts, are dicussed in this paper. Methodology of crack initiation life estimation of these parts, based on low cycle fatigue criteria, is presented.

1. CASE OF FLAT SPECIMENS WITH CENTRAL HOLE

2.1 
Some information about specimens

Three flat specimen with central hole was made of stell 13H11N2V2MF in heat treatment state (Heating at 1000°C, Oil quenching, Tempering at 640°C, Air cooling). Experimentally obtained cyclic properties of this steel that marked as quenched and tempered (QT) steel, are contained in Table 1. 

Table 1 Cyclic properties of QT steel 13H11N2V2MF [1]

	No
	Propertiy
	Value

	1
	Modulus of elasticity, E [MPa]
	229184.6

	2
	Cyclic strength coefficient, K’ [MPa]
	1140.0

	3
	Cyclic strain hardening coefficient, n
	0.0579

	4
	Fatigue strength coefficient, σ’f [MPa]
	1557.3

	5
	Fatigue strength exponent, b
	-0.0851

	6
	Fatigue ductility coefficient, ε’f
	0.3175

	7
	Fatigue ductility exponent, c
	-0.7214


Crack initiation life (CIL) of mentioned specimens marked with SPC1, SPC2 and SPC3, was determined experimentally. Using the universal MTS system, the same were loaded by blocks of positive variable force. Results of experimentally obtained CIL are included in Table 2.

Table 2 Results of experimentally obtained CIL of specimens [1]
	Specimen
	Crack initiation life [Blocks]

	SPC1
	4000

	SPC2
	3600

	SPC3
	4200


Geometry of flat specimens with central hole, original block of positive variable force and the same block with identified cyclic events, are shown in Fig. 1.
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Fig. 1 Geometry of flat specimens with central hole, original block of positive variable force and the same block with identified cyclic events

Cyclic events within block of positive variable force, defined as X-Y-X force cycles, were identified using method of »reservoir« [1]. X-Y-X force cycles, sorted according to level /i/ and number of appearing /Ni/ within block, are contained in Table 3. 

Table 3 Identified X-Y-X force cycles within block of positive variable force
	Level

i
	Xi-Yi-Xi force cycle

[kN]
	Nuber of force cycles within block, Ni

	1
	6-120-6
	1

	2
	48-120-48
	3

	3
	72-120-72
	2

	4
	48-96-48
	1


2.2 
Stress-strain response at critical specimen point

At the beginning, the flat specimen with central hole was observed as ideal elastic body. Its linear stress response, provoked by maximal force Fmax = 120 kN, was obtained using the Finite Element Method (FEM) implemented in I-DEAS Master Series software [2]. Discretization was carried out by plane stress parabolic finite elements. FEM model with trajectories of principal stresses σ1 is shown in Fig. 2. 
Principal stress σ1 has maximum value at critical specimen point P, σ1max = σ1,P = 1789.13 MPa and it with belonging strain is not real.

Stress for point which is satisfying far from stress concentration area, taken as nominal stress σn = 480 MPa, is equal to the ratio of force Fmax and surface of full specimen section (S = 5 (50 = 250 mm2).

Stress concentration factor Kt = 3.727, equal to the ratio of stress σ1,P and nominal stress σn, was served for transformation of linear stress-strain response at critical specimen point into nonlinear.
Respecting memory of metals, nonlinear stress-strain response, at critical specimen point, was described by stabilized hysteresis loops assigned to all ith force cycles contained in Table 3. Neuber’s rule [3], Topper’s modification [3,4] and Sonsino-Birger’s modification of this rule [5,6], were used for determining of nonlinear stress strain response. The next two systems of equations
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(2)

belonge to Neuber’s rule. The first equations in these systems are two forms of Neuber’s hyperbola [3]. The second equation in (1) is equation of cyclic stress-strain curve and the second equation in (2) is equation of Masing’s curve [3] for QT steel 13H11N2V2MF.

The values of nominal stresses σni and their ranges Δσni that used in (1) and (2), were calculated using expressions
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(3)
Values of cyclic properties, used in (1) and (2), with known stress concentration factor Kt, were taken from Table 1.
Systems (1) and (2) in wich instead of Kt used effective stress concentration factor Kf=3.582, have been related to Topper’s modification of Neuber’s rule.

Sonsino-Birger's modification of Neuber's rule was based on the application of the next systems of equations
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(5)
The first equations, in systems (4) and (5), present two forms of Sonsino-Birger’s curve. The second equations correspond to the second equations in systems (1) and (2). The values of Kt , σni , Δσni , E, K’ and n’ used in solving of systems (1) and (2), used and for solving of systems (4) and (5) also. Numerical results of nonlinear stress-strain response at critical specimen point, based on the application of Neuber's rule and Topper's and Sonsino-Birger's modification od this rule, are contained in Table 4, Table 5 and Table 6.
Table 4 Numerical results of nonlinear stress-strain respose at critical specimen point – Neuber's rule 

	i
	Xi-Yi-Xi  force cycle

[kN]
	mi
[MPa]
	i
[MPa]
	i

	1
	6-120-6
	125.013
	1514.669
	0.00832044

	2
	48-120-48
	345.916
	1072.864
	0.00468568

	3
	72-120-72
	524.554
	715.588
	0.00312232

	4
	48-96-48
	167.278
	715.588
	0.00312232


Table 5 Numerical results of nonlinear stress-strain respose at critical specimen point – Topper's modification of Neuber's rule

	Level

i
	Xi-Yi-Xi  force cycle

[kN]
	mi
[MPa]
	i
[MPa]
	i

	1
	6-120-6
	131.960
	1490.921
	0.00780806

	2
	48-120-48
	361.741
	1031.359
	0.00450238

	3
	72-120-72
	533.549
	687.744
	0.00300084

	4
	48-96-48
	189.934
	687.744
	0.00300084


Table 6 Numerical results of nonlinear stress-strain respose at critical specimen point - Sonsino-Birger's modification of Neuber's rule 

	Level

i
	Xi-Yi-Xi  force cycle

[kN]
	mi
[MPa]
	i
[MPa]
	i

	1
	6-120-6
	115.114
	1496.466
	0.00791852

	2
	48-120-48
	326.998
	1072.699
	0.00468495

	3
	72-120-72
	505.556
	715.582
	0.00312229

	4
	48-96-48
	148.439
	715.582
	0.00312229


Nonlinear stress-strain response at critical specimen point, determined by Sonsino-Birger’s modification of Neuber’s rule, is presented in Fig. 2.
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Fig. 2 Fflat specimen with central hole: FEM model with linear stress response described by principal stress σ1 trajectories (a) and nonlineal stress-strain response at critical specimen point determined by Sonsino-Birger’s modification of Neuber’s rule
2.3 
Specimen damages and crack initiatioin life estimation

Estimation of specimen damage D, as damege at critical point, provoked by block of positive variable force in Fig.1, was carriad out using Palmgrem-Miner's rule of linear damage accumulation [3,7,8,9] defined on the way
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In above expression the damage provoked by ith force cycle is marked with Di. This damage presents the ratio of number of appearing Ni of ith cycle within block of positive variable force and number Nfi of the same cycle that flat specimen made of QT steel 13H11N2V2MF can endure up to crack initiation. Numbers Ni are given in Table 1 and numbers Nfi were determined using Morrow’s, Manson-Halford’s and Smith-Watson-Topper’s curve of low cycle fatigue (LCF). Morrow’s (M) curve [3,10] is the first equation of the next system 
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(7)
The first equation of system  
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(8)
is Manson-Halford’s (MH) curve [3] and the first equation of system 
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(9)
is Smith-Watson-Topper’s (SWT) curve [3] of low cycle fatigue, where PSWT presents Smith-Watson-Topper’s perimeter in which σmax,i = σmi + Δσi/2 . Stresses σmi in systems (7) and (8) are mean stresses.

Combining applied approaches of determining of nonlinear stress-strain response at critical specimen point, with different curves of LCF, using Palmgren-Miner’s rule, we obtained estimated values of damages D and crack initiation life (CIL = 1/D) expressed in blocks of positive variable force. These estimated values are contained in Table 7.  

Table 7 Estimated values of damages D and CIL for the flat specimen with central hole
	
	Neuber's rule
	Topper's modification of Neuber's rule
	Sonsino-Birger's modification of Neuber's rule

	
	M curve of LCF
	MH curve of LCF
	SWT curve of LCF
	M curve of LCF
	M curve of LCF

	D
	0.000431586
	0.000858519
	0.000535187
	0.000335017
	0.000349002

	CIL 
	2317
	1164
	1868
	2984
	2865


The best result of estimated CIL of the flat specimen with central hole was obtained using Topper’s modification of Neuber’s rule in combination with Morrow’s curve of LCF. This result is rejected because the application of effective stress concentration factor Kf is debatable. Result of estimated CIL obtained using Sonsino-Birger’s modification of Neuber’s rule in combination with Morrow’s curve of LCF (CIL = 2865 blocks) is accepted as the best estimated result. The same amounts approximately 80 % of the smollest experimentaly obtained CIL that amounts 3600 blocks (Table 2).    
2. CASE OF ONE TURBOJET ENGINE COMPRESSOR DISK

3.1 
Some information about disk

Here observed disk is the first stage low pressure compressor rotor disk of R25-300 turbojet engine. It is dominantly loaded by centrifugal forces of blades and own centrifugal forces. For disks of this kind, engine ground controls and flights, described by blocks of rotation frequency /n/ in time /t/, have important role. In the case of observed disk, two blocks of rotation frequency, taken into account. Blocks A and B that present different engine ground controls and different flights (Fig. 3).
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Fig. 3 Blocks of rotation frequency (block A presents different ground controls and block B presents different flights)
Identified X-Y-X cycles of rotation frequency in blocks A and B are given in Table 8. Identification was carried out similar to identification of force cycles in block of positive variable force in Fig. 1. 

Table 8 Identified X-Y-X cycles of rotation frequency
	Block A
	Block B

	i
	Xi - Yi - Xi
	Ni
	i
	Xi - Yi - Xi
	Ni

	1
	0-100-0
	1
	1
	0-100-0
	1

	2
	35-100-35
	3
	2
	70-100-70
	3

	3
	50-100-50
	1
	3
	75-100-75
	2

	4
	80-100-80
	2
	4
	80-100-80
	1

	5
	85-100-85
	1
	5
	85-100-85
	3

	6
	35-85-35
	1
	6
	70-95-70
	1

	
	
	
	7
	75-90-75
	1

	
	
	
	8
	70-85-70
	1


Prescribed service life of observed disk, which because of premature cracks can not be reached, amounts 1200 flight hours. Practical service life as crack initiation life expressed in flight hours (CILh), for Weibull’s probabilities 0.001 and 0.999, amounts 28 and 676 flight hours [1]. Material for workmanship of disk is steel 13H11N2V2MF. Achieved quality of this steel is questionable. Because of that, the question was asked. Whether the disk made of QT steel 13H1N2V2MF with cyclic properties in Table 1, can have a longer CIL?
3.3 
Stress-strain response at critical disk point

For determining of stress-strain response at critical disk point, it was enough to observe one blade and critical region of our disk (at the first as ideal elastic bodies). Linear stress response and nodal reactions at blade root contact surfaces, in conditions of maximal rotation frequency n=186 s-1, were obtained using the finite element method (FEM) [2]. Using FEM and the same rotation frequency, mentioned reactions in transformed form used as nodal forces for obtaining of linear stress response of critical region of disk. Axysimmetric linear stress response of disk, when it observed as blisk (bladed disk), was obtained also (Fig. 4).
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Fig. 4 Linear stress response of critical region of disk (left) and linear axisymmtrical stress response of disk when it observed as blisk (right)

According to Fig. 4, maximal equivalent stress (eq,max at point of expected crack initiation (critical point P) and belonging strain are unreal. It can see that critical point P corresponds to real crack initiation. Equivalent stress at point P’ of blisk, which corresponds to critical disk point P, taken as nominal stress (n, was served for calculation of so-called equivalent stress concentration factor Keq = 7.45 which is defined as ratio of σeq,max and σn.

Similar, as in case of the flat specimen with central hole, nonlinear stress-strain response at critical disk point was determined using Sonsino-Birger’s modification of Neuber’s rule based on application of the system of equations (4) and (5) in which instead of Kt used Keq. The values of corresponding cyclic properties of QT steel 13H11N2V2MF were the same. Nominal stresses σni and their ranges Δσni which are used in mentioned systems, were obtained using expressions
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(10)
Numerical results of nonlinear stress-strain response at critical disk point, provoked by blocks of rotation frequency A and B, are included in Table 9 and Table 10.
Table 9 Numerical results of nonlinear stress-strain response at critical disk point, provoked by block A
	i
	Xi-Yi-Xi  

[%]
	mi
[MPa]
	i
[MPa]
	i

	1
	0-100-0
	106,149
	1085,673
	0,01016932

	2
	35-100-35
	128,664
	1040,643
	0,00846854

	3
	50-100-50
	158,157
	981,656
	0,00684357

	4
	80-100-80
	351,909
	594,152
	0,00290441

	5
	85-100-85
	418,642
	460,687
	0,00223237

	6
	35-85-35
	50,092
	883,498
	0,00513218


Table 10 Numerical results of nonlinear stress-strain response at critical disk point, provoked by block B
	i
	Xi-Yi-Xi  

[%]
	mi
[MPa]
	i
[MPa]
	i

	1
	0-100-0
	106,149
	1085,673
	0,01016932

	2
	70-100-70
	249,921
	798,129
	0,00422408

	3
	75-100-75
	294,500
	708,971
	0,00356308

	4
	80-100-80
	351,909
	594,152
	0,00290441

	5
	85-100-85
	418,642
	460,687
	0,00223237

	6
	70-95-70
	187,661
	673,610
	0,00334528

	7
	75-90-75
	145,545
	411,061
	0,00199016

	8
	70-85-70
	43,759
	385,805
	0,00186740


3.4 
Disk damages and crack initiation life estimation

Estimation of damages DA and DB provoked by blocks of rotation frequency A and B, of observed disk, was carried out using Palmgren-Miner’s rule in the form
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(11)
Numbers Ni in (11) we taken from Table 8 and numbers Nfi determined using system (7), in which index i taken values i=iA=1,...,6 and i=iB=1,...,8.

Resource between the two overhauls of R25-300 turbojet engine amounts 400 flight hours [1]. The different engine ground controls in that resource is covered with 438 blocks A and the different flights with 685 bocks B of rotation frequency. On the base of this fact, simple expressions for estimation of damages D400h and D1h were developed. 
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Damage D400h is damage accumulated between two overhauls and D1h is the one flight hour damage.
From (12), using values for DA and DB, we obtained values for damages D400h, D1h and estimated crack initiation life expressed in flight hours (CILh). The data about DA, DB, D400h, D1h and CILh = 1/D1h are contained in Table 11.
Table 11 The data about DA, DB, D400h, D1h and CILh
	DA
	DB
	

	0,00060924
	0,00025664
	

	438DA
	685DB
	D400h

	0,26684543
	0,175796791
	0,44264222

	
	D1h =
	0,00110661

	
	CILh =
	903


In Fig. 5, estimated CILh = 903 flight hours is compared with practical CIL.
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Fig. 5 Practical crack initiation life (CIL) and estimated crack initiation life (CILh) of observed disk
Estimated CILh = 903 flight hours is greater than practical CIL = 676 flight hours that corresponds to Weibull's probability P(t) = 0.999 [1].

3. CONCLUSION

Methodology of crack initiation life estimation, applied for specimens with central hole and for observed disk, can be applied in the similar form, for all notched metallic part expossed to low cucle fatigue.

Because of the use of efective stress concentration factor Kf in the endurance limit area and because that the same, in the finite endurance are, depends on the number of load cycles N, application of Topper's modification of Neuber's rule, for determination of nonlinear stress-strain response, should  be rejected.
On the example of the first stage low pressure compressor rotor disk of R25-300 turbojet engine it is shown that with cyclic material properties we can influence on crack initiation life. 

Research in relate to crack initiation life of notched metallic parts are not finshed. The question of accuracy of crack initiation life estimation and today is open. There are many unsolved problems. For example, application of linear damage accumulation is questionable, because it does not take into account interaction between cycles and order of their appearance. On the estimation accuracy of crack initiation life, accuracy of nonlinear stress-strain response, at critical points, significantly influence. Here is accuracy increased by introducing of Sonsino-Birger’s curve that is more accurate than Neuber’s hyperbola.
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