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ABSTRACT

In this investigation a high strength low allowed steel (HSLA) with 700 MPa strength class was used as a base material. A butt welded joint with X grooves was produced with an overmatched metal with yield strength value greater for 22% than base material. Three-point bending Bx2B test specimens (thickness B=36 mm) were extracted from the welded joints. The straight crack front (a0=35,571 mm) crosses over different materials through the thickness of the specimen. 

Both, fracture tests and 3-D finite element modelling are performed. Regarding the symmetry of the specimen, only one half is modelled. The CTOD parameter of fracture toughness was calculated for each load up to the load at which stable crack growth occurs. The comparison between experimental and numerical values of CTOD (5) displacements is in good accordance. Principal stress y and Mises equivalent stress eq as well as plastic equivalent strain pl, eq in the moment of crack initiation have been presented for 10 layers through the thickness. Crack opening stress (x in this case) over the local fracture toughness value could be considered as the parameter which determinates the direction of crack front propagation. The results show that the presence of a low strength base metal contributes to the crack path deviation in the mid-thickness of the specimen. Both the crack path deviation and a higher toughness of base metal increase the critical fracture toughness value of the welded joint.
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1 INTRODUCTION
Heterogeneity of the materials in the joint on the macroscopic level appears by using of contemporary joining techniques, such as laser welding or electron beam welding [1]. This materials dissimilarity could be also intentional, as in the functionally graded materials application [2]. If the component composed from such different materials has defects, it should be assessed from the fracture mechanics point of view. Knowing of stress distribution could be very useful by calculation of fracture mechanics parameters within the SINTAP defect assessment procedure [3]. It helps also by numerical determination of the yield load solution [4]. In order to evaluate the fracture toughness and possible causes of fracture, the stress-strain field at cracks located in the joint must be understood [5]. An asymmetry of the stresses distribution in the vicinity of the crack tip could influence the crack path deviation from an original direction. Usual failure criterion by isotropic homogeneous material is that the crack grows in direction perpendicularly on the maximal principal stress. In multiphase material, the fracture criterion based on the ratio of the opening stress over the material toughness distributed in front of the crack tip, is proposed to determine the direction of crack propagation of mixed mode fracture problem in [6]. 
Therefore, the development of stress-strain state near the crack front by successive load increasing is very important for better understanding of whole fracture process. Experimental methods applied to follow the strain fields (f.e. object grating method) are very accurate, but limited only to the visible surface of the specimen [7], so the finite element method is more practical. Many factors influence the yielding in cracked welded components, not only the material in the vicinity of the crack tip concerning the direction of crack propagation [8]. However, aim of this paper is to show only how weld material yield strength overmatch affects the stress and strain fields considering a Bx2B three point bend specimen with X-weld structure cracked in the heat affected zone using 3D finite element calculations.
2 FRACTURE TOUGHNESS SPECIMENS TESTING
Bx2B three-point bend fracture test specimens (thickness B=36 mm) were extracted from the welded plate (Fig. 1). HSLA steel with almost 700 MPa strength class as a base material (BM) of the plate was used. The X-welded joint was produced with an overmatched metal with strength mismatch factor of M=1,22. Straight crack front with length of a0=35,571 mm passes over the overmatched weld metal (WM) near the surfaces, whilst in the middle of the specimen was located in the lower strength base metal (Fig. 2). Experimental CTOD (5) fracture toughness testing shown that after some amount of stable crack growth, unstable crack propagation occurred. This is why the finite element calculation has to be performed enabling us to get an insight into the state of stresses and deformations in the moment of stable crack growth onset. 
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3 FINITE ELEMENT MODELLING
Geometry of the weld with specified location of the crack is depicted on the Fig. 3. The finite element calculation was performed on a solid numerical model. Regarding the symmetry of the specimen, only one half is modelled. Standard 20-node structural solid element from the ANSYS library was used. Professional programs specialised for crack front modelling such as f.i. Zencrack were not applied. Free meshing technique was applied with the size of 100 m for the first fan of elements (Fig. 4). Nodes far for 2,5 mm from both sides of the crack tip should be foreseen to be able to calculate CTOD (5) parameter of fracture toughness for each load up to the load at which stable crack growth occurs. Total number of elements was about 6540 with 20250 nodes. Both materials in the joint were modelled as isotropic elastic-plastic with own yield laws. Heat affected zone (HAZ) was not modelled as particular material. 
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4 STRESS-STRAIN FIELDS IN THE VICINITY OF THE CRACK FRONT
Although the comparison between experimental and numerical values of CMOD displacements shows excellent accordance, the FE results for CTOD (5) are too stiff related to the experimentally measured displacements. This proves that it is very difficult to simulate the local fracture behaviour of the material as real. However, calculated results for displacements are generally in good correspondence with those measured by clip gauge. 

Stress y in the direction of force acting and Mises equivalent stress eq as well as plastic equivalent strain pl, eq in the moment of crack initiation have been presented for 10 layers through the thickness (Fig. 6). Also, the variation of plastic equivalent strain pl, eq during the load increasing is presented in Fig. 7. 
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5 DISCUSSION AND CONCLUSIONS

Effects of materials yield strength mismatch in the welded joint on the stress and strain distribution have been studied in the case of Bx2B fracture toughness specimen with the crack located in heat affected zone. The crack front passes over the different materials through the thickness of the specimen, what fairly complicate finite element analysis. 

The FE value of fracture toughness parameter CTOD (5), which depends on fracture behaviour of local material, is in relatively good accordance with those displacements measured by testing. However, FE results for global displacements such as LLD or CMOD compared to the same obtained experimentally are in much better agreement. 
Magnitude of y stress is significantly greater in the middle of the specimen, than on the surface, what is opposite to the effective stress eq. One can note also that higher stresses are located in the material with higher yield strength. An asymmetry of the stress and strain field characteristic for the materials dissimilarity occurred in the vicinity of the crack tip. Equivalent plastic strains spread to the softer base metal. It can be concluded that presence of a low strength base metal contributes to the crack path deviation in the mid-thickness of the specimen, what is proved experimentally also. Both the crack path deviation and a higher toughness of base metal increase the critical fracture toughness value of the welded joint.
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Figure 7: Spreading of equivalent plastic strain fields in the vicinity of the crack front as loading increases





Figure 6: Stress and strain fields near the crack tip in the moment of crack initiation
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Figure � SEQ Figure \* ARABIC �1�: Welded plate from which specimens have to be extracted





Figure 2: Bx2B fracture toughness specimen





Figure 4: FE mesh of the weld part





Figure 3: Geometry of the weld
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Figure 5: F-CTOD (5) diagram





� EMBED Excel.Chart.8 \s ���








_1207252841.doc






25,78



































60°







36







72







6,255







5












_1207494812.doc


ao







CMOD







F







WM







B = 36 mm







BM







W = 72 mm







(5







4 W












_1207514486.xls
Chart2

		0		0

		0.002044		0.0034233

		0.0076		0.0097694

		0.016316		0.0172037

		0.032428		0.028654

		0.05507		0.044377

		0.081725		0.061259

		0.10868		0.076587



EXP

FEM

DELTA 5, mm

Load, kN

DELTA 5 - AA2HAZ1

0

0

10.636

10.636

29.91

29.91

50.303

50.303

75.382

75.382

100.54

100.54

120.71

120.71

134.18

134.18



Sheet1

																čv.lijev. 22009				čv.lijev. 2489												21713-22314		2533-1753				21713-22314		2533-1753

																čv.des. 22610				čv.des. 1709		tlak, MPa				AA2haz1e - MKE						AA2haz1nd - MKE						AA2haz1nds - MKE

		LOAD, kN		kr.čv.,  N		međučv,  N		vrhovi,  N		VLL, mm		MKE		CMOD, mm		MKE		DELTA 5, mm		MKE				VLL, mm		CMOD, mm		DELTA 5, mm		VLL, mm		CMOD, mm		DELTA 5, mm		VLL, mm		CMOD, mm		DELTA 5, mm

		0.000		0.00		0.00		0.00		0.000000		0.000000		0.000000		0.000000		0.000000		0.000000		0		0		0		0								0		0		0

		10.636		88.63		354.53		177.27		0.110320		0.080900		0.045963		0.047647		0.002044		0.003430		126.619047619		0.082960		0.047628		0.003423								0.083		0.047629		0.0034233

		29.910		249.25		997.00		498.50		0.294930		0.228000		0.128730		0.134300		0.007600		0.009800		356.0714285714		0.233590		0.134171		0.009770								0.234		0.13417		0.0097694

		50.303		419.19		1676.77		838.38		0.456660		0.385000		0.219330		0.227400		0.016316		0.017237		598.8452380952		0.394530		0.227040		0.017206								0.395		0.22702		0.0172037

		75.382		628.18		2512.73		1256.37		0.670580		0.593000		0.341230		0.346470		0.032428		0.028806		897.4047619048		0.596900		0.344910		0.028567								0.597		0.34509		0.028654

		100.540		837.83		3351.33		1675.67		0.916440		0.826000		0.482530		0.477500		0.055070		0.044781		1196.9047619048		0.814138		0.473930		0.044239								0.815		0.47448		0.044377

		120.710		1005.92		4023.67		2011.83		1.153600		1.066000		0.626460		0.608060		0.081725		0.062238		1437.0238095238		1.020000		0.599160		0.060733								1.041		0.60138		0.061259

		134.180		1118.17		4472.67		2236.33		1.354400		1.283000		0.757000		0.722460		0.108680		0.078335		1597.380952381		1.205000		0.708200		0.076200		1.2		0.70546		0.073203		1.24		0.71073		0.076587

										AA2haz1		ao = 35,571 mm										tlak po čv. el. - desno od LL  2531-2540								kontr.zbr.

																						val1		val2		val3		val4

																						63.3095238095		189.9285714286		189.9285714286		63.3095238095		126.619047619

																						178.0357142857		534.1071428571		534.1071428571		178.0357142857		356.0714285714

																						299.4226190476		898.2678571429		898.2678571429		299.4226190476		598.8452380952

																						448.7023809524		1346.1071428571		1346.1071428571		448.7023809524		897.4047619048

																						598.4523809524		1795.3571428571		1795.3571428571		598.4523809524		1196.9047619048

																						718.5119047619		2155.5357142857		2155.5357142857		718.5119047619		1437.0238095238

																						798.6904761905		2396.0714285714		2396.0714285714		798.6904761905		1597.380952381

																						tlak po čv. el. - lijevo od LL  2231-2240								kontr.zbr.

																						val1		val2		val3		val4

																						189.9285714286		63.3095238095		63.3095238095		189.9285714286		126.619047619

																						534.1071428571		178.0357142857		178.0357142857		534.1071428571		356.0714285714

																						898.2678571429		299.4226190476		299.4226190476		898.2678571429		598.8452380952

																						1346.1071428571		448.7023809524		448.7023809524		1346.1071428571		897.4047619048

																						1795.3571428571		598.4523809524		598.4523809524		1795.3571428571		1196.9047619048

																						2155.5357142857		718.5119047619		718.5119047619		2155.5357142857		1437.0238095238

																						2396.0714285714		798.6904761905		798.6904761905		2396.0714285714		1597.380952381

																						Svaki element ima ploštinu gornje plohe 1,6666*1,8 mm

																						Svih deset elemenata po polu-debljini imaju ploštinu 21 mm2

																						Tlak u "K-stupcu" odnosno kontrolni zboj u "O-stupcu" pomnožen s 84

																						(21*4 zbog dva reda elementa i dvije poludebljine) daje silu u "A-stupcu"





Sheet1

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0



EXP

FEM

FEM-e

FEM-NDS

VLL, mm

Load, kN

VLL - AA2HAZ1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Sheet2

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



EXP

FEM

CMOD, mm

Load, kN

CMOD - AA2HAZ1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Sheet3

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



EXP

FEM

DELTA 5, mm

Load, kN

DELTA 5 - AA2HAZ1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		





		






_1207248021.doc


40







36







72












