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INFLUENCE OF THE STRESS STATE ON THE J-INTEGRAL VALUE BY FRACTURE TOUGHNESS SPECIMENS WITH MEDIUM THICKNESS

Kozak, D.; Kljajin, M. & Semenski, D.

Abstract: Numerical calculation of J-integral on BxB fracture toughness specimens with thickness of B=36 mm has been performed. For this thickness neither pure plane stress nor pure plane strain state assumption is not valid, because there prevails mixed state-of-stress. In that case, only solid finite element model of the specimen give us satisfied results. This paper shows that finite element solutions of J-integral for planes extracted from the 3-D model enable us nearest results to the experimental ones. However, it seems that for the structures with medium thickness plane strain state is more dominating, especially after initiation of the crack. 
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1. INTRODUCTION

Fracture mechanics approach to the structures where cracks may appear during production or exploitation (f. i. welded structures) becomes necessary today. To quantify fracture behavior some known parameters have to be used. One of the most applied is J-integral (Rice, 1966). This parameter could be used for linear-elastic as well as elasto-plastic material behavior. Most of conventional finite element (FE) packages (f.e. ABAQUS, ADINA; ANSYS etc.) have developed code for 2-D and/or 3-D J-integral calculation. However, 2-D finite element models demand assumption about the state-of-stress that govern in the specimen. This is not questionable by very thin structures where plane stress (PS) state prevails or by very thick structures with plane strain (PE) state. But, which state of stress is more appropriate for the structures with medium thickness? Three-dimensional effects near a crack tip in a ductile three-point bend specimen were investigated recently (Narasimhan & Rosakis, 1990). Plane stress vs. plain strain was also the topic of a large number of the papers in the past 10 years (Thaulow et al, 1997). Unfortunately, without unique and precise conclusion. Additional problem is the fact, that level of loading plays also the role by state-of-stress assignment. Finite element solutions of J-integral obtained by solid model are complex, because 3-D modeling of cracked structures is always connected to specific problems (e.g. crack faces modeling, boundary conditions setting, etc.). CPU time is significant longer than in 2-D calculations and the obtained results are much closer to reality. This paper analysis deviation in the J-integral estimation when we suppose PS state for the surface of the 36 mm thick specimen and PE in the middle of the specimen, respectively related to calculated J-integral from 3-D finite element model. 

2. J – INTEGRAL

The J-integral can be defined as a path-independent line integral that measures the strength of the singular stresses and strains near a crack tip. Its value should be approximate constant far-field as well as near-crack field. However, J-integral constancy may be questionable after crack initiation. Also, applying of the J-integral could be debatable if the structure composition is heterogeneous. Equation (1) shows an expression for J in  its  2-D form, where crack lies in the X - Y plane with x axis parallel to the crack:
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where  is any path surrounding the crack tip, W is strain energy density, ij is component stress, ui is displacement vector. In this work J-integral calculations were performed by writing a macro for ANSYS code (Swanson Analysis System Inc, 1996) based on virtual crack extension method. 

3. PLANE STRESS VS. PLANE STRAIN
Most of the classical solutions in fracture mechanics reduce the problem to two dimensions. That is, at least one of the principal stresses or strains is assumed to equal zero (PS or PE, respectively). In general, the conditions ahead of a crack are neither PS nor PE, but are three-dimensional. There are, however, limiting cases where a 2-D assumption is valid, or at least provides a good approximation. Material near the crack front is loaded to higher stress than the surrounding material. In the interior of the structure near the crack front, contraction is constrained by surrounded material. This constraint causes a triaxial state of stress near the crack tip: 
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so in the midplane (z = 0), PE conditions exist and z = 0. 

Material on the structure surface is in a state of plane stress (PS), however, because there are no stresses normal to the free surface (z = 0) and contraction can be expressed as:
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The transition from PE (at mid thickness) to PS (at the surface) depends on the plastic zone size relative to the structure thickness. Plane strain conditions exist at the boundary if the plastic zone is small compared to the thickness, but the stress state is predominantly plane stress if the plastic zone is of the same order as the thickness (Anderson, 1995). Although the stress state at the elastic-plastic boundary is predominantly PS when the plastic zone is of the order of half the structure thickness (or larger), a 3-D stress state may exist deep inside the plastic zone. With further plastic deformation, however, the level of stress triaxility at the crack tip relaxes. 

Fracture toughness specimens with medium thickness have significant transition region where state-of-stress is mixed. Three-dimensional effects could not be neglected. Pure PS conditions prevail just for small among of loading, but increasing the loading causes more hardened area around the crack, where PE state is closer to reality. In this case PE solution becomes nearer to 3-D solution.

4. FE MODEL OF THE FRACTURE SPECIMEN
Standard B x B fracture toughness specimen with thickness of B = 36 mm with surface crack (a/W=0,5) has been subjected to bending in three points (3PB). The material of the specimen is high strength low alloyed steel with E = 201351 MPa, Rp0,2=711 MPa and Rm= 838 MPa. During testing of the specimen some characteristic fracture parameters were recorded as a force F, load line displacement LLD, crack mouth opening displacement CMOD and crack tip opening displacement CTOD (Gubeljak, 1998). J-integral can be calculated from the experiment by:
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Here Uc presents energy absorbed by the specimen (area below the F-LLD curve), B·b is cross-sectional area and η is dimensionless constant (η = 2 for a deeply cracked plate in pure bending). 

The aim of this paper was to determine J-integral value by FE through 2-D and 3-D analysis and to compare obtained results with experimental one. Before J-integral calculation we have to check our finite element model. Numerically obtained characteristic displacements should not significant deviate from the measured values, because J-integral value depends directly on the stresses and strains values mapped on the path around the crack. Solid finite element model used for J-integral calculation is presented on the Fig. 1.
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Fig. 1. Solid FE model of 1/4 of fracture toughness specimen 

5. RESULTS WITH DISCUSSION
2-D J-integral calculations were performed supposing PS or PE conditions using 8-node isoparametric elements. Symmetry of the specimen has been taken into account. Solid FE model consists from 20-node 1116 elements and 5145 nodes. One quarter of force was divided on 9 layers, where the edge nodes are loaded with F/216 and mid-nodes with F/54 and F/108, respectively. Path for J-integral estimation cross over 4 nodes and it was the same for all models. It was no large difference in J-integral results up to the point of crack initiation (Fig. 2). After initiation PS state becomes less dominant in the specimen, so even for maximum load it exists no converged solution. Comparing J-integral values obtained from solid model and 2-D model with PE assumption, it is obviously more coincidence. One can conclude that PE state is more suitable assumption for the specimens with medium thickness after crack initiation.

	
[image: image6.wmf]0

100

200

300

400

500

0

30

60

90

F, kN

J-int, N/mm

PS state

PE state

3-D (average)




Fig. 2. J-integral changing for different loading levels and  

           different state of stresses 
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