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1.
Introduction


Stress and strength analysis based on the stress concentration factor calculations in the critical shaft cross section assume an isotropic and homogeneous material, excluding the possibility that a crack might be initiated and propagated or from the material imperfection either from the surface notch as the consequence of applied process technology. This crack could advance due to dynamical loading to its critical value and cause the shaft catastrophic failure. 

The fracture is brittle or ductile depending on the shaft material toughness. Satisfied toughness value in critical conditions assists to the ductile fracture to be realised, what is more acceptable regarding the possible damage of the bearings and other mechanical parts. Opposite to this, critical crack value in low toughness material leads to an instantaneous failure through the whole cross section, what may result in damage of the driving gear and falling out of the aggregate from the operation. 

Conventional approach in project documentation of some hydro power plant requires that supplied turbine shaft must have minimal toughness by working temperature (f. i. Kv=28 J by 0°C), which uses as the quantitative measure of the material suitability without any connection between strength analysis and material toughness. The problem appears if the measured impact toughness of the shaft determined as lower than required. This is why the strength analysis has to be performed together with the fracture toughness of the material analysis aiming the safety of the turbine shaft before the break. 

Fracture toughness calculations based on the strength analysis in the critical cross section consider:
- the most critical operating conditions and
- the most critical crack position and way of the crack front propagation. 

Such approach ensures maximum safety by analysis and interpretation of the results. 

The complete fracture toughness analysis includes:

a) fracture resistance of the material analysis regarding the fracture due to fatigue and
b) integrity assessment of turbine shaft from the initial condition to the critical crack length formation, regarding the maximum of allowed loading and maximum of operating loading. 
Analysis under a) is based on the experimental determination of the material resistance toward crack propagation under fatigue, where the standard fracture toughness specimens have to be made from the same material as the shaft, according to the norm ASTM 647-99. 

Analysis under b) founds on the mechanical properties of the shaft material obtained by experiment. This means the determination of the tensile mechanical properties according to the DIN 50125 and Charpy impact toughness (DIN 50115) as well as fracture toughness determination. Fracture toughness is the property of the material to resist after the hardening and plastification to the crack initiation, crack formation from the notch or crack appearing in the regions of stress concentration. 
The fracture toughness has to be determined according to the standards: 

- ASTM E-399 (1( for brittle materials, where parameter KIC has to be founded and
- ASTM E-1290 (2( or BS 7448 (3( for ductile materials characterised by JIC and CTOD parameters.
It is possible from experimental results to determine lower bound of fracture toughness, critical crack value and maximal allowed loading with some of procedures for structural integrity assessment (SINTAP, EPRI, R6, WES 2805). 

An extent experimental analysis is sometime difficult or impossible to perform and therefore SINTAP procedure [6] in such a case foreseen the component integrity assessment based on the minimal number of entry data: yield strength Re and impact toughness Kv at the operating temperature. Hence, the carrying capacity and the fracture behaviour by limit loading could be estimated, but not the material resistance to the fatigue collapse. 
An analysis based on the minimum of input data includes the determination of:
- maximal overloading of turbine shaft in initial condition without crack,

- variation of allowable limit load with reducing of bearing cross section caused by crack extension,

- impact and fracture toughness of material, which ensures the ductile collapse of turbine shaft.

2.
Analysis of input data
2.1 
Loading data and material mechanical properties

An analysis performed in this work is subjected to the hydro power plant VUHRED, Slovenia. All turbine shaft loading conditions used in this research have been taken from the enclosed project documentation [5] and they are:

- axial tensile force FA=3674 kN,

- maximal torque moment Mt,max=2064 kNm and
- maximal short circuit moment Mks,tg=2827,7 kNm


Lowest obtained values of shaft material mechanical properties are taken from the supplier certificate and they are: 
- yield strength Re=276 MPa

- impact toughness Kv=12 J for ISO-V specimen at the temperature of O°C.

2.2 
Geometry of the turbine shaft with the considered crack
Critical transversal cross section of the shaft according to the documentation of the Litostroj E. I. Company [5] is located under the carrying bell, where the outer shaft diameter amounts 750 mm and the inner diameter is equal to 300 mm (Fig. 1). Stress and strength analyses show that highest stresses have been found on the shaft surface in the critical cross section. The crack initiated by limit condition of the stress concentration. 
Even the crack can propagate in the longitudinal direction; here will be considered only the transversal direction of the crack extension. Such concentric crack propagation from the shaft surface through the wall thickness presents most conservative way of the crack advancing. 
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Figure 1 a) The location of the critical cross section by turbine shaft [1]
                 b) Crack propagation through the thickness of the turbine shaft
3.
SINTAP procedure on the level 0
SINTAP (Structural Integrity Assessment Procedure) procedure originates from two very similar procedures:

- R6, which was developed by British Energy and
- ETM, which was established at GKSS Research Centre in Geesthacht by Hamburg.
In this analysis R6 procedure will be used, based on the so-called FAD diagram (Failure Assessment Diagram) for assessing the allowable crack length. FAD concept for the estimation of the acceptance of the crack is based on the Failure Assessment Curve (FAC), which is drawn as the dependence between dimensionless loading Lr and function of the crack acceptance f (Lr). This function of the crack acceptance f (Lr) is limited by its cut-off value Lrmax in the region of plastic collapse. FAC curve is particularly defined corresponding to the level of SINTAP analysis. Due to the minimal number of input data in our case (yield strength Re and Charpy impact toughness Kv), the analysis will be made at the level »0« of SINTAP procedure. It is necessary to calculate the value of stress intensity factor KI, which is the function of both: crack length and loading level as well as the loading conditions of the structural component. 
Loading path in FAD diagram may be defined increasing the loading keeping the crack length as constant value or increasing the crack length by constant value of maximum operating load. First analysis is applied when the maximal carrying capacity of the shaft has to be determined and the second one when the fracture behaviour of the shaft during the exploitation has to be assessed (life cycle estimation). 
Loading path for the turbine shaft in both analyses is drawn as loading curve, which employs normalised value of stress intensity factor Kr for applied loading and normalised value of the loading Lr by the same loading.
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Measure of proximity to plastic yielding Lr is defined as the ratio of the applied load F to the limit load of the component FL or the ratio of the applied load giving rise to stresses and the stress by yield strength Y: 
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Limit loading Y is equals or to the strength of plasticity Re by tension loading either shear strength Y by torsion type of loading. Applied loading which induces the stress  is the sum of the common acting of the tensile and shear stresses.

A measured of the proximity to elastic fracture Kr , which is defined generally by
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where KI (a, ) is the stress intensity factor (SIF) of the defective component of interest and Kmat is the fracture toughness of the material, where the crack tip is located. SIF is depending on the magnitude of applied stress , crack length a and its position and shape as well as on the type of loading of the component. Kmat is the fracture toughness in terms of K and is equal to KIC for brittle fracture behaviour. At the SINTAP level »0« the value of Kmat should be determined from the empiric correlation between Charpy toughness and fracture toughness:
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where Kv is the Charpy impact toughness at the operating  temperature and B is the wall.thickness of the shaft B = (R2 - R1) / 2.

The fracture could be expected in the point where the loading path intersects the failure assessment curve f (Lr), what can be written in the form:
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For materials, which have not the continuous transition form an elastic to plastic behaviour, failure assessment curve for the crack acceptance should be determined as:
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Plastic collapse of the material with Lüders behaviour as is the shaft material in our case (CK 35 without heat treatment) is defined by maximal cut-off loading Lrmax as:
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3.1 
Fracture toughness calculation
Regarding two different types of loading on the turbine shaft, two components of SIF will appear: due to axial tensile force (FA) - KI and due to torque (M t) shear component of SIF - KIII. If the conditions of linear elastic fracture mechanics are valid (impact toughness of the material is lower than 28 J), both components of SIF could be added [4]:
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Analytical expressions for the stress intensity factors KI and KIII for the case of concentric crack in hollow cylinder, which is subjected to both axial force and torsion moment (the shaft diameters ratio amounts to R1 / R2=300 / 750 = X = 0,4) are given in the literature:
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where the normal and shear component of stress can be calculated from:
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Loading path Lr is defined by expression:
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Limit load solution for the analysed shaft according to the SINTAP procedure is defined as:
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where t is the wall-thickness of the shaft.
Applied load F resulted as the vector sum of the axial force FA=3674 kN and tangential force Ft: 
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where the second one can be determined from the equation:
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The pairs of values [L r, f (L r)] and [L  r max, f (L r max)] have been calculated from the equations (2) and (6) respectively and carried into the diagram for FAD concept (Fig. 2). Normalised value of Kr depends on the applied loading (FA, Mt) giving rise to stresses and . Its value can be calculated as the ratio of the K (a, ) (Eq. (8)) and Kmat (Kv) (Eq. (4)):
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By loading calculations the moment of torsion Mt increased from the value 0 to the maximum of operating loading Mks, tg or to the loading which induces the fracture of the shaft, while the axial force FA kept continuosly as the constant value. 

Figure 2 The determination of maximal carrying capacity of the shaft with constant circumferential transversal crack (a = 10 mm)
The loading path depicted also on Fig. 2 was plotted calculating the corresponding value of Kr for characteristic values of Lr using Eqs (13) and (17). According to the criteria given by Eq (5) the fracture of the structural component at the level »0« could be expected in the point where the loading path intersects the failure assessment line. Fig. 2 shows only one of the loading paths, where the maximal loading of the shaft cracked circumferentially in depth of 10 mm amounts Mt=7187,7 kNm. By varying the crack length the similar procedure could be performed to find the maximal loading by different limit conditions. These values are presented on Fig. 3 showing how the carrying capacity decreases by reducing the bearable cross section. 
Maximal shaft loading in initial condition (without crack) is equal Mt = 7344 kNm, what corresponds to the safety factor of 2,59. Traditional strength analysis (5( has been taken into consideration the stress concentration factor Kt = 3 in the critical section. From the Fig. 3 is obvious that an unsafe fracture appears when the crack attains the length of 116,5 mm, while the shaft will break when the crack length amounts to 120 mm due to self weight and weight of water which pressure the turbine. 

Figure 3 Carrying capacity variation due to the bearable cross section reduction
If the maximal operating loading keep constant by increasing crack length it is possible to draw alternative loading path. Starting point lies on the abscissa Lr and represents initial operating condition without crack (a = 0 and K (a,) = 0). In FAD diagram each point corresponds to the appropriate crack length by constant maximum loading. Such points mutually connected  form the loading path, which cross over the f (Lr) curve for the crack with length a = 116,5 mm, how is presented on Fig. 4. 
Figure 4 Variation of remained carrying capacity under maximal loading

Finally, it is needed to draw the relationship between earlier considered crack lengths and fracture toughness Kmat and Charpy impact toughness Kv, respectively to be able to prove does the material of the shaft satisfied minimum toughness requirements for ductile fracture. These relations are presented on the Figures 5 and 6.

Figure 5 The determination of needed fracture toughness in transversal direction which ensures the conditions for ductile fracture of shaft with critical crack length

Fig. 6 Assessment of needed impact toughness Kv in transversal direction obtained by correlation with fracture toughness Kmat according to the SINTAP procedure
4.
Results and discussion
If the crack in shaft subjected to fatigue propagates to its critical length, the shaft will be break unstable due to low impact toughness of material. It is shown using the SINTAP procedure that minimal impact toughness which ensures ductile fracture of the shaft cracked circumferentially in depth of 116,5 mm is equal to 22 J. 

The shaft in initial condition has the minimal toughness of 12 J at the temperature of 0°C and yield strength of Re=276 MPa by maximal operating loading and it is not suitable to be built in. Minimal toughness value of 20 J by 0°C should be enough to ductile fracture appear in shaft with critical crack length. Fracture mechanics tests according to the ASTM standards should be performed to estimate the resistance to fatigue and stable fracture enabling a complete assessment of the safe shaft operation. Obtained results will help to reliable assess the safety of turbine shaft in-service use and estimate its cycle life. 
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