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MODELING FRACTURE MECHANICS PARAMETERS OF CRACKED STRUCTURAL ELEMENTS UNDER THERMOMECHANICAL LOADS 
Katarina Maksimović1, Dragi Stamenković2, Slobodanka Boljanović3,  Mirko Maksimović4, Ivana Vasović5
Abstract: In this work, the computation procedure is performed to determine stress intensity factors for structures with surface crack under the influence of thermal loads. Structural components of aero engine turbine are the most important components. It operate at high temperature and under conditions of extreme environmental attack such as oxidation, corrosion and wear. During the service of turbine, components suffer from initiation and increasing tip cracks. These conditions can cause cracking of rotational components. The failure damage modes of turbine are classified in terms of main components as flow path parts, rotating such as rotor, groove, disk, and blade. Aero-engine turbine components such as disks and blades are susceptible to environmentally assisted cracking. Unlike fatigue crack growth, this involves crack growth under constant load. If the crack grows long enough, sudden failure can occur with catastrophic consequences. It is therefore desirable to identify the limiting crack size within fixings so that they can be inspected at regular intervals and removed from service before failure occurs. Three dimensional axi-symmetric finite element models were created to simulate a disc and the portion of a blade. The finite element method allowed the prediction of the point of crack initiation and the crack propagation using the orientations of the maximum principal stresses. Stress intensity factor (SIF) is the base parameter in strength analysis regarding fracture mechanics. For correct determination SIF in this paper, combining J-integral approach and FEM is used. J-integral is path independent integral around the crack tip. The stress intensity factor (SIF) for an embedded elliptical crack in a turbine rotor under thermal and centrifugal loading, for a semi-elliptical surface crack in a finite plate are determined by means of finite elements and J-integral method.
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1. INTRODUCTION

A description of a model which is developed to examine the thermal effect on fracture was presented. A circular hole with a radial crack, which was subjected to mechanical and thermal loads, was investigated numerically. The interaction of mechanical and thermal effects was correlated in terms of KIC. In the analytical work, a finite element method (ANSYS software code) was used based upon the variational principle and assumed displacement formulation. An eight-node distorted isoparametric element was used around the crack tip. The values of KI were calculated by the use of the J-integral and displacement method.

During the past four decades extensive research of fracture mechanics has greatly enhanced the understanding of structural failure. Today, fracture mechanics is not only of academic interest, but plays an increasingly important role in structural design. New specifications have been established to meet the requirement of fracture mechanics of airframes and power plant generation systems. Recently, a more stringent safety criterion, assuming a pre-existing flow in critical component, has been adopted to asses service life of aircraft. This emphasizes the significance of fracture mechanics as a tool for analysis.
______________________________________
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The concept of linear elastic fracture mechanics which lead to the plane strain fracture toughness property, KIC, have already been used in engineering applications [1]. The use of the J-integral and its critical value JC as fracture criterion has also been developed into elasto-plastic and fully plastic regimes [2]. Various other approaches, such as resistance curve (R-curve) [5], crack tip displacement (CTOD) [5], and equivalent energy method [7] have been proposed but lack the flexible analytical basis of the J-integral procedure. Mechanical loading, is not the only factor considered in the design of structure or structural components. Other possible situations may be caused by operational environments such as temperature, chemical reaction and irradiation have to be considered. In the operation of gas turbine engines, for example, thermal stresses can be as high as, or higher than the centrifugal stresses. The worst condition of the combinations of thermal, centrifugal and gas bending stresses at elevated temperatures result in high local stresses which can lead to cracking of the turbine blades and rotor disks. Thus, thermal effects should not be ignored.

The effect of thermal gradients across a crack has also been the subject of analytical studies. Using the finite element method (FEM) Ayres [1] illustrated the analytic procedure of evaluating surface cracks subjected to thermal shock. For the fairly complicated geometry and loading conditions in the specimens of this study, the finite element technique is used to calculate both the temperature distribution and the stress intensity factor. A number of works have dealt with crack problems.
The objective of the analytical work is to provide the relationship between the stress intensity factor and various mechanical and thermal load conditions. For the fairly complicated geometry and loading conditions in structural elements of this investigation, the finite element technique is used to calculate the temperature distribution and stress intensity factor.

2. FRACTURE MECHANICAL ANALYSIS OF DAMAGED STRUCTURAL COMPONENTS

To analyze damaged turbine structural components it is necessary to determine stress intensity factors (SIFs) under thermo-mechanical loads. SIFs can be obtained using various analytical, numerical, and experimental methods.

The SIF is the only parameter used to determine the intensity of the stress field near the crack tip. There is a critical value for SIF called the (plane strain) fracture toughness denoted as KIC. When KI is smaller than KIC, the crack does not grow. But, if KI is equal to KIC, the crack starts to grow. The fracture criterion in linear elastic fracture mechanics is thus given by

KI=KIC






(2-0)

KIC indicates the maximum value of stress intensity factor at the crack tip that the material can bear, beyond that, the crack will start to grow. Fracture toughness is a material property; it doesn't vary with a specimen's geometry or load applied.

Generally, the stress intensity factors are additive, provided different loading conditions induce the same mode of crack extension. Hence, the fracture condition of the interaction of mechanical and thermal loads can be:





(KI)mech.+ (KI)thermal=KI





(2-01)

where (KI)mech. Is the stress intensity factor due to mechanical load and (KI)thermal is the stress intensity factor due to temperature effect. In this study, a numerical investigation of temperature effect for different geometric aspects was considered. To analyze cracked structural components here ANSYS finite element software code [3]is used.

For the fairly complicated geometry and loading conditions the finite element technique is used to calculate the temperature distribution and the stress intensity factor. A number of works have dealt with crack problems [6-10].

Once a finite element solution has been obtained, the values of the stress intensity factor can be extracted from it. Three approaches to the calculation of the stress intensity are currently used;

(1) the direct method, 

(2) the indirect method and 

(3) J-integral method. 

The direct method is based on the use of specialized crack-tip elements that contain KI and KII directly as additional unknowns. This has been discussed by Benzley [10]. Benzley employed linear rectangular finite elements with supplementary singularity functions in the vicinity of crack tip. Barsoum [4] introduced a quarter/point isoparametric element to produce displacement proportional to the crack tip singularity function.
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In the indirect method, the values of stress intensity factor are calculated using the nodal displacements in the element around the crack tip that is considered by Barsoum [4], Fig. 1. Barsoum [4] also showed that a triangular quarter-point element, which is shown in Fig. 1, exhibit the r-1/2 singularity both on the boundary of the element and in the interior.
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Fig. 1. Four collapsed elements at crack tip
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In equation (2.1) G is the shear modulus, while k is (3-4n) for plane strain and (3-n)/(1+n) for plane stress.
The third alternative is the so-called „J-integral“ approach. The path-independent J-lineintegral which was proposed by Rice [6  ] is defined as
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                       (2.2)

where W is the elastic strain energy density, Г  is any contour about the crack tip shown in Figure 2, Ti and ui are the traction and displacement components along the contour and s is arch-length along the contour, x1 and x2 are the local coordinates such that x1 is along the crack.


[image: image6]
Fig. 2. Arbitrary contour and coordinate configuration
The J-integral is path dependent for cases which iclude thermal stress terms. To include thermal stress terms in this work the modified integral J* [5] is used in the next form:
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where µ and λ Lame`s constants, θ is the temperature and α is the coefficient of thermal expansion. If only mode I loading is considered, then equation (2.3) for plane stress condition reduces to:
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(2.7)

The values of KI for various thermo-mechanical problems were calculated, according to equations (2.1) and (2.7), and are presented in numerical validation. In this work J-integral approach has been selected for determination stress intensity factors of plates with surface crack under thermo-mechanical loads. The finite element method offers two advantages in the numerical evaluation of the J-integral: (1) No specialized idealization is required near crack tip, (2) A coarse mesh can be used to achieve an accurate solution. The J-integral is path dependent for cases which include residual, inertial or thermal stress terms or loading along the crack face.

3. NUMERICAL VALIDATION

The subject of this analysis is the impact of changes in thermal load, to the value of the stress intensity factors.

3.1. Field of skin exposed to thermal loads
In this example, the effects of the size of orifices in the field of the formwork with crack and the temperature gradient having a direction of propagation along the width of the formwork. They also analyzed the effects of the size of the hole on the value of the intensity factors under the influence of thermal load. The geometry of the sample (aluminum alloys), which was used in the analysis is shown in Figure 3, while the thermo-mechanical properties of the material are shown in Table 1.

Table 1
	Material
	Young module
(GPa)
	Poissons coefficient
	The coefficient of thermal expansion


(10-5/°C)
	Thermal conductivity

 (W/m°C)

	Aluminum 
	68,9
	0,33
	2,36
	167
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Fig. 3. Sheet with traction-free boundaries 
When creating models with different radii holes, was taken into account that the distance from the center hole to the top of the crack and equal amounts of 0.25W. The first model that we used in the analysis had the same value for the radius of the opening in the field of formwork and crack length, R = a = 0.125. For the second model the radius of the hole had the following value: R = 0.175w, while the length of the crack has a value = 0.075w. Since the load and the geometry of the sample symmetrical in relation to the h-axis (Figure 3), our analysis, we used only the upper surface of the model. Finite element mesh used in the analysis fields formwork with crack is shown in Figure 4.
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Fig. 4. Finite element mesh
In order to implement adequate and accurate thermal analysis, and later mechanical analysis, for the finite element mesh, we used a two-dimensional finite element type PLANE77 [3]. The element has eight nodes and only one degree of freedom, ie. the temperature at each node. The change of the temperature field along the side of the element has a square shape. After carrying out thermal analysis in the case where the radius of the shell plating opening, and the length of the crack the same, R = a = 0.125, the distribution of the temperature field is shown in Figure 5. The same analysis was conducted for the second case, ie fields formwork, when the radius R = 0.175w hole and the crack length a = 0.075w. Temperature distribution along the x-axis and the contour of the hole for both cases formwork field is shown in Figure 6. In the diagram we see that the temperature distribution around the hole for both cases, boxes formwork has a linear change. However, the temperature gradient is higher in case of larger fields sheet with a radius of holes (Fig. 6).
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Fig. 5. Distribution temperature field
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Fig. 6. Temperature distribution along the contur of hole for case 
R=a=0.125w and R=0.175w; a=0.075w

The obtained values ​​of the temperature field in the heat analysis were taken as input parameters for mechanical analysis fields sheet with initial crack. After conducting mechanical analysis yielded the stress and displacement. For a precise analysis of a singular stress field and strain in the top of the crack is used sixteen 8-node plane of the parabolic finite element with eight nodes. For accurate determination of the stress intensity factor around the tip of the crack 6 were used special-nodal singular finite element [4,7], (Fig. 7). Other elements that have been used in the analysis are square elements of the eight-node and planar strain state, PLANE82. After carrying out a mechanical analysis of the obtained amount of movement and the voltage calculated values ​​of J-integral, and the stress intensity factor (FIN).
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Fig. 7. Finite element mesh around the tip of the crack, more detailed view of the upper half of the model
In Figure 8 are shown the values of the stress intensity factor as a function of temperature gradient for different sized holes. Value of the stress intensity factor obtained based on the value of J-integral, equations (2.7) and the method of moving the opening of the crack. Value of the stress intensity factor obtained using the above techniques are approximate. Also, we note that the conditions for a + R = 0.25W = constant, the value of the stress intensity factor less for smaller sized aperture value.
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Fig. 8. The ratio of the stress intensity factor and the temperature gradient in the case of fields of sheet R = 0.125 and a = R = 0.175w, a = 0.075w
4. CONCLUSIONS

In this work a J-integral approach is used in conjunction with the finite element method for the determination of the stress intensity factor under the influence of thermo-mechanical loads. It should be noted that around the tip of the crack used special singular finite elements. Special singular finite elements are more specific for the stress intensity factor when compared to conventional finite elements. The combination of special singular finite element in conjunction with the J-integral represents a reliable procedure to determine the parameters of fracture mechanics, and the stress intensity factor under load effected by thermo-mechanical, which was the subject of this section. In this work, the computation procedure is performed to determine stress intensity factors for a thin plate structural element with a circular hole with a radial crack, which was subjected to thermal loads. The values of stress intensity factors were calculated by the use of the J-integral method. The stress intensity factor derived from the J-integral  method is less sensitive than that from displacement method, to the finite element mesh size. Therefore, a coarser mesh, less degrees of finite element mesh size.
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