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Abstract 
Assessing the structural integrity of a cracked weldment is significant in engineering. When cracks are detected during welding inspection, they must fit the mechanical resistance of the structure. Generally, fracture mechanics supplies the essential tools to examine cracked structures in order to determine a fracture criterion for loading conditions. This study explores the effect of residual stress (RS) and crack orientation on determining the stress intensity factor () in mode I for a welded joint using the extended finite element method (XFEM). This research consists of two parts. The first part is a 3D thermo-mechanical finite element (FE) analysis that is established to study the temperature history and the residual stress distribution of a welded joint. The second part is a 3D FE crack model that establishes two cases of cracks, longitudinal and transverse cracks, in order to calculate  and J-integral values at the middle surface of a thin butt joint.  is calculated for cracks under applied external stress and residual stress. The results demonstrate that the effect of the welding residual stress on  is either beneficial or detrimental, depending on the stress distribution and sign. Moreover, the results indicate the significance of RS and crack orientation on . From the simulation performed during the analysis, we show that the longitudinal crack in case (I) has higher  values than those in case (II) for the transverse crack. Finally, the finite element results are in good agreement with the analytical results.
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Introduction
 	Welding plays a major role in joining methods due to the manufacturing efficiency and the structural reliability []. However, the welding process induces different types of defects such as cracks and tension residual stresses. These defects can be detrimental to a structure, contributing to fatigue damage and stress corrosion cracks []. The combination of cracks and residual stresses is especially harmful to the structure. To estimate the integrity of a welded joint with respect to residual stress fields, it is necessary to determine their effects on the major parameters of the crack such as the stress intensity factor () using linear elastic fracture mechanics (LEFM) and the J-integral using elastic plastic fracture mechanics (EPFM) [].
The extended finite element method (XFEM) has developed as an excessive numerical technique for examining the crack propagation simulation. In recent years, XFEM has been the subject of considerable research as a powerful numerical procedure for the analysis of cracks []. Within the framework of thermo-elastic fracture, Duflot investigated the static case of thermo-elastic fracture by XFEM, which considered thermal boundary conditions with different crack faces for 2D and 3D problems []. Moreover, Zamani implemented the XFEM to model the effects of the mechanical load and the thermal shocks on a plate with a stationary crack []. Gadallah et al. modelled a 3D plate with a semi-elliptical surface crack. Through-thickness residual stresses were presented in two methods. First, the crack face traction solution was under the superposition theory. Second, 2D residual stress analysis results were applied and mapped to a crack FE model.  results were first compared with the Newman–Raju solution and they were expanded to welded models by comparing the mechanical loading and the actual residual stress distribution [].
Qiang et al. investigated through-thickness welding residual stress in thick butt-welded Q345qD steel plate through finite element analysis (FEA) and experimental studies. FEA and the weight function method were used to calculate  results for semi-elliptical surface cracks in a butt weld and the effect of the weld residual stress on  was observed []. Ferro et al. studied the influence of multi-pass welding on the residual stress field near the weld toe for a butt-welded joint. Furthermore, the influence of the welding RS on the fatigue and fracture properties of a welded steel bridge was examined using analytical and FEA methods []. 
Generally, XFEM is performed on a thermo-elastic fracture model of the welding thermal effect to study the temperature, stress, and fracture parameters (and J-integral) for a centre-cracked structure that is subject to a moving heating source. In this study, the effects of the welding residual stresses and the crack orientation on  and J-integral values for through cracks are studied using XFEM; the results are compared with the analytical solution.
Welding Residual Stress Analysis
Model and material definition
An ABAQUS code model is obtained for a butt-welded joint of two 304 stainless steel plates (200×100×2 mm), as shown in Figure 1. The arc welding is carried out along the long length with a constant welding speed of 2.5 mm/s; the convection heat transfer is 60×10–6 W/mm2‧K, the welding current 200 A, and voltage 25 V. The thermal and mechanical properties of 304 stainless steel for different temperatures are listed in Table 1.
[image: ]
[bookmark: _Ref31064021]Figure 1: Dimensions of the finite element model.
[bookmark: _Ref30863481]Table 1: Thermal and mechanical properties of 304 stainless steel [].
	Table 2: Thermal and mechanical properties for 304 stainless steel []
	Temperature (°C)
	Thermal conductivity (W/m.°C)
	Density
(kg/m3)
	Specific heat (J/kg.°C)
	Young’s modulus
(GPa)
	Yield stress
(MPa)
	Poisson’s ratio
	Thermal expansion coefficient (1/°C)

	0
	14.6
	7900
	0.462
	198.5
	265
	0.294
	1.70E-05

	100
	15.1
	7880
	0.496
	193
	218
	0.295
	1.74E-05

	200
	16.1
	7830
	0.512
	185
	186
	0.301
	1.80E-05

	300
	17.9
	7790
	0.525
	176
	170
	0.31
	1.86E-05

	400
	18
	7750
	0.54
	167
	155
	0.318
	1.91E-05

	600
	20.8
	7660
	0.577
	159
	149
	0.326
	1.96E-05

	800
	23.9
	7560
	0.604
	151
	91
	0.333
	2.02E-05

	1200
	32.2
	7370
	0.676
	60
	25
	0.339
	2.07E-05

	1300
	33.7
	7320
	0.692
	20
	21
	0.342
	2.11E-05

	1500
	120
	7320
	0.935
	10
	10
	0.388
	2.16E-05






Sequential Thermo-mechanical Analysis
The sequentially coupled thermal elastic–plastic model is obtained using the grouping of the ABAQUS code and DFLUX subroutine via FORTRAN to estimate the temperature distribution and the residual stresses in welded joints.
The thermo-mechanical analysis is carried out through thermal analysis followed by mechanical analysis, which uses the thermal analysis results as a load. Figure 2 illustrates the indirect finite element thermo-mechanical method. 
[image: ]
[bookmark: _Ref30977449]Figure 2: Flow chart for 3D thermo-mechanical finite element analysis.
The 3D-FE meshed model of a butt-welded plate is illustrated in Figure 3. A half model of the welded plate is simulated with symmetric boundary conditions along the weld centreline. The mesh design assumed that there is no separation between the plates and that the welding is performed without the filler metal. A refined mesh was implemented around the weld region to simulate the heat source model.
Regular linear diffusive heat transfer elements were used (DC3D8 in ABAQUS for 3D) in the thermal analysis. During the mechanical analysis, fully integrated linear elements, with additional incompatible bending modes (C3D8I in ABAQUS for 3D) took place.
[image: ]
[bookmark: _Ref30974004]Figure 3: Mesh details for the finite element model of a butt-welded plate.
Thermal analysis
Thermal analysis was performed on the transient thermal field that is induced in the material by the welding. Figure 4 illustrates Rosenthal’s moving heat source model and the fusion zone along the welding line [], which is used to study the behaviour of the temperature distribution. The temperature distribution is expressed as follows:
	
	
	[bookmark: T](1)



where is the initial temperature, is the heat rate value (J/s), is the thermal conductivity (W/m‧°C),  is the welding speed (m/s),is the thermal diffusivity (m2/s), and  denotes the moving coordinates that can be expressed as ( x swhere is the time period when the welding occurs.
[image: ]
[bookmark: _Ref30897033]Figure 4: Rosenthal’s moving heat source model.
The welding heat from a moving heat source is considered as an alternative form of circular surface heat source (Gaussian distributed heat source model). The heat flux q is expressed as follows:
	
	
	[bookmark: q](2)


where is the thermal efficiency of the welding process,  is the absolute power of the source (J/mm), = (v* I)/s where v is the arc voltage, I is the welding current, s is the welding speed, and b is the radius of the heat source.
In the welding simulation, to determine the temperature fields, thermal analysis is carried out using thermal boundary conditions based on the heat transfer theory, in which heat transfer occurs from the heat source to the weldment by conduction. The fundamental governing equation of the heat transfer becomes []
	
	+++Q =
	(3)


where is the thermal conductivity, T is the temperature, Q is the welding heat,  is the specific heat, andis the density. After the heat source passes, the weldment is cooled to room temperature by convection. Convection heat is defined as:
	
	
	[bookmark: qcon](4)


where is the convection heat,  is the convection heat transfer coefficient [W m–2 k–1],  is the weldment temperature, and is the surrounding temperature.
Mechanical analysis 
The mechanical analysis was carried out based on the values of the thermal–elastic–plastic equations. Through the welding process, the joint is strained as a result of the thermal effect. Hence, total strain ( estimated from the mechanical analysis is based on the assumption that total strain on the joint is the sum of the thermal strain (, elastic strain (, and plastic strain ( [,]. 

	
	
	(5)



The stress and the strain can be associated using generalised Hook’s law [].The stress–strain relation can be written as:
	
	
	(6)


where  is the stress increment, [ ] is the elastic and plastic stiffness matrices, is the thermal stiffness matrix, is the strain increment, and  is the temperature increment.
The mechanical boundary conditions must be forced to prevent rigid body motion. In the present work, two bottom points in the welding centreline are fixed in two directions to prevent rotation or displacement in all directions. However, tolerant deformations occur only due to the thermal cycle.
Finite Element Analysis of the Fracture Model
Weld cracks and residual stresses have serious and unsafe effects on the welding joint. To study the crack orientation behaviour in the residual stress fields, it is essential to determine the fracture parameters of the crack such as the stress intensity factors  and the J-integral in presence of the welding residual stresses [].
Crack Modelling

The weld residual stress distributions at every nodal point are calculated by a 3D thermo-mechanical nonlinear FEA of the un-cracked plate presented in Figure 1. Newly cracked plates were modelled under two cases to observe the effect of the residual stress on the weld cracks as shown in Figure 5. Case (I) represents a butt-joint with a central through-thickness crack 2a (perpendicular to the welding line). This is introduced in the selected location of the FEM computational domain in Figure 5(a). Case (II) represents a butt-joint with a longitudinal through-thickness crack 2a (in the direction of the welding line) as displayed in Figure 5(b). The analysis indicates that the residual stress distribution is mapped from the 3D thermo-mechanical FE model to the 3D FE crack model as the initial condition as presented in Figure 6. 
[image: ]
[bookmark: _Ref34102506]Figure 5: Loading and dimensions for the cracked joints under study, where 2a represents the crack: a) case (I): transverse crack and b) case (II): longitudinal crack.

[image: ]
[bookmark: _Ref31865594]Figure 6: Flow chart for the 3D crack analysis.
Loading and Boundary Conditions
Figure 7 depicts the loading and boundary conditions for a half-cracked plate with symmetric boundary conditions. For case (I), the external uniform mechanical stress xx (ext) = 150 MPa and it is applied on the top surface (AB). The displacement in the Z direction is fixed (Uz = 0) along the edge AD for the symmetric boundary conditions. In addition, the displacement along the bottom surface (DC) is fixed in all directions Ux = Uy = Uz = 0. In case (II), the mechanical stress and the boundary conditions are changed: zz (ext) = 150 MPa is applied on the surface BC, and Uz = 0 along the edge AD for symmetric boundary conditions, except for the crack area.
[image: ]
[bookmark: _Ref31126509]Figure 7: Boundary conditions and loading for the through-cracked thin plate.
Stress Intensity Factor Analysis ()
The stress intensity factor () was calculated for the butt joint, particularly for different cracks (longitudinal and transverse). For comparative purposes, five different half-crack lengths, 2, 4, 8, 12, 18 mm, were modelled, respectively. For each case, three load models were established: the residual stress, the applied tensile stress, and a combination of them. The analysis cases for the butt joint model are illustrated in Table 2.
[bookmark: _Ref34174628]Table 3: Conditions of the analysis for different models.
	Number
	Crack case
	Applied load

	1
	Case (I)
	Applied tensile load

	2
	Case (I)
	Residual stress

	3
	Case (I)
	Residual stress+ tensile load

	4
	Case (II)
	Applied tensile load

	5
	Case (II)
	Residual stress

	6
	Case (II)
	Residual stress+ tensile load



Calculation of  using the superposition method
When there are residual stresses in the materials, in LEFM, the effective is equivalent to the sum of  due to the external load and  due to the residual stresses according to the superposition method [] as follows:
	
	
	[bookmark: Ktotal](7)


Kext for the through-cracked finite plate can be calculated by the following relation []:
	
	
	[bookmark: kext](8)


where is the applied stress, W is the width of the welded plate, and a is the half-crack length.
Tada et al. [] used Green’s function to estimate the stress intensity factor  due to the longitudinal residual stress . 
	
	
	[bookmark: segx](9)


where  is the maximum tensile stress in the welding region, 2c is the average plastic tension zone around the weld, and z is the lateral distance from the weld line []. Once the residual stress distribution is stated by Eq. (9),  is expressed as follows:
	
	
	[bookmark: Krgr](10)


Validation of  by FEM
According to fracture mechanics theory,  is a function of the stress, the crack size, the dimensions of the structure, and the shape and orientation of the crack. There are a few techniques for estimating  using FEM, such as the crack tip displacements extrapolation, the J-integral, and the stress extrapolation technique [].
J-integral methods are widely used practices in FE software packages for determining the. However, the J-integral is no longer path-independent in the presence of the thermal strains. Consequently, the J-integral is not suitable for this analysis because it does not have constant values and it is dependent on the path []. In this study, a modified J-integral technique is used to evaluate the  values.
When the residual stresses are observed as secondary stresses, they do not contribute to the collapse of the plastic portion of the J-integral; they only contribute to the elastic portion []. The effect of the residual stresses can be combined into the J-integral as follows:
	
	
	[bookmark: Jtotal](11)


where  is the linear elastic J (small yielding zone) due to the external load and  is the fully plastic J due to the external load. Lei [] suggested a path-independent integral that can be applied to common crack problems with a combination of primary and secondary stresses. The modified J-integral can be written as follows:
	
	
	[bookmark: J2](12)


where V is the strain energy, V =  and , and  represent the stress, elastic strain, plastic strain, and displacement, respectively []. is the Kronecker delta. For the initial strain problems, the total strain can be expressed as follows:
	
	
	(13)


where  represent the elastic, plastic, and initial strains, respectively. x1 is the direction of the crack, ni is the unit vector normal to Γ, ds is the path length on the contour Γ, and A is the area surrounded by Γ []. 
In the LEFM approach [], the J-integral is used to analyse the stress intensity factor as follows:
	
	
	[bookmark: J16][bookmark: jJJ](14)




Results and Discussions
Welding Temperature History
The elastic stress–strain relation is not linear when the material is heated beyond its melting temperature. Therefore, the temperatures of the elements in the XFEM model must not exceed the higher limit of the solid–liquid temperature zone, because the elements are not included in the thermal stress calculation during the welding process.
Figure 8 shows the temperature distribution in the plane during the heating process. The recorded temperature after 1.4 s was approximately 1626 °C (Figure 8(a)). Subsequently, the temperature increased by approximately 5% to reach 1711 °C, 30 s after the start of the heating process (Figure 8(b)). This result is attributed to conduction heat transfer, in which the advancing zone is affected by the heat source. The temperature remained at a quasi-steady state for the rest of thewelding process, except at the plane end, where it increased by approximately 7% owing to a lack of conduction heat transfer (Figure 8(d)).

	[image: ]
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[bookmark: _Ref27209424]Figure 8: Temperature contour of the plane without cracks in the heating process: (a) t = 1.4 s, (b) t = 30 s, (c) t = 60 s, (d) 79.4 s t denotes the time after the heating process is started.
The cooling time was estimated after the completion of the welding process (i.e. in 80 s) and the removal of the heat source. The decrease in the temperature variance through the plane plate is related to heat convection (Figure 9(a)). After approximately 2000 s, the temperature gradually decreased to room temperature (Figure 9(b)).

	[image: ]
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[bookmark: _Ref27210167]Figure 9: Temperature contour of the plane during the cooling process: (a) t =119.5 s and (b) t = 2000 s; t denotes the time after the completion of the welding process.

For the case presented in Figure 8(c), the temperature histories of the four paths (1–4) were tracked from the starting edge of the plate, where the heat source was positioned at 150 mm from the plate edge after 60 s. Figure 10 plots the predicted temperatures. The four paths represent the temperature in the x–z plane. These results were obtained in 2D, as the third dimension was excessively small with respect to the other dimensions. The starting edge was still hot (≈200 ℃) for all paths when the heat source was positioned at 150 mm from the start of the heating process.
Furthermore, the temperature in the x direction along the EF path, 60 s after the start of the welding process is shown in Figure 11. The results indicate that the temperature decreased when the distance from the heat source increased significantly, owing to convection and conduction heat transfer. About 10 mm farther from the heat source, the plate had a comparatively lower temperature (≈85 ℃).
	[image: ]



[bookmark: _Ref27222937]Figure 10: Temperature history in the x–z plane.


[bookmark: _Ref40671685]Figure 11: Temperature history along the EF path.

Residual Stress Analysis Results
The difference between the thermal expansion and the contraction of the weld and base material is the main parameter that is affected by the welding residual stress. As demonstrated in Figure 12, the simulated longitudinal residual stresses (xx) on the middle surface are about 150 MPa and are located in the welding and the HAZs. As the distance from the welding centre line increases, the longitudinal tensile stresses gradually decrease and it is balanced by the compressive stress that is induced in the plates.
[bookmark: _GoBack]Figure 13 depicts the transverse residual stress zz on the middle surface in which the variation of the stress is small in the X direction except for the edges of the plate. Consequently, from the fracture mechanics viewpoint, only stresses in the central part of the plate are of importance where the transverse stress is considered to be constant. Considering the through-thickness stress, yy is neglected due to the small variation in stress. 

[bookmark: _Ref32871669]Figure 12: Longitudinal residual stress xx (MPa) along the AB path.

[bookmark: _Ref32871692]Figure 13: Transverse residual stress zz (MPa) along the CD path. 
Stress Intensity Factor  Results 
To check the validity of our results, the  values for the butt weld model for the different crack sizes for the two cases were calculated by ABAQUS FE analysis using a modified J-integral method; these results were compared with the analytical solution based on the weight function (superposition method ) as given in Eq. (7).
The XFEM model gives the modified J-integral of the crack; therefore, Kmod can be estimated from Eq. (14). The XFEM model outputs for the 20 modified J-integral contours proved that the modified J-integral result is independent on the path in the presence of the residual stress and a combination of the RS and the applied stress as presented in Figure S1 
[bookmark: _Hlk41398117]Table S1 summarises the calculated  value results. The  results fit within a variance of 1.19% and 12.5% between the analytical and FE results for cases (I) and (II), respectively. The results indicate that the XFEM results are in good agreement with the analytical solution. XFEM models that use the modified J-integral method are thus valid for determining a constant value for the stress intensity factorin the presence of residual stress.

Comparison of the  value under external stress only 
It can be observed from Figure S2 that the values of  increases with the increase in crack length (a/w) in cases (I) and (II). However, the values of  for the transverse crack are higher than the values for the longitudinal crack. This is due to the values of the RS, where xx in case (I) is larger than zz, which is considered to be constant along the welding line. There is good agreement between the analytical solution and the results of the FEA.

Comparison of the  value under a combination of residual and applied stress 
The relationship between the  values and the crack length for cases (I) and (II) with a combined residual and applied stress is illustrated in Figure S3.
The different variations in the amplitude of the  values of the transverse crack in Figure S3(a) is due to the nonlinearity of the stress distribution of the longitudinal RS xx. The tensile xx causes a substantial increase in  for a small crack length. This is located in the fusion zone or the HAZ;  then decreases in the far-field with an increasing crack length because the crack tip enters the compressive RS region. The variation of zz in thin plates has insignificant fluctuation values except when close to the plate’s edges. Thus, from the fracture mechanics point of view, only the stresses in the central part of the plate are of interest. Therefore, the stress values may be considered to be constant along the welding line in path CD. The effect of zz on  is small since the transverse residual stress is rather low as depicted in Figure S3(b). There is also a good agreement between the analytical and numerical results.

Conclusions
This study explores the effects of welding residual stresses and the crack orientation on  and J-integral values for through cracks by performing XFEM; the results were then compared with the analytical solution. Based on the achieved results in this study, it can be concluded that:
· In the presence of the RS field, the stress intensity factors and J-integral parameters have path-dependent plastic thermal strain and do not have constant results. Therefore, the J-integral method is not suitable for evaluating  due to the weld thermal RS. 
· The modified J-integral method considers the effects of the RS and it provides a path independent parameter. This parameter is qualified to study the crack behaviour under any type of stress, especially the thermal RS.  
· The RS and crack orientation have a noticeable effect on . It can be concluded that the effect of the welding RS on  is either beneficial or detrimental, depending on the stress sign and the distribution. In addition, zz is almost constant and it has the same sign along the welding line except along the edges of the joint, where  has an insignificant variation for the longitudinal crack.
· xx attends the tension–compression stress behaviour, which produces a higher  in the tensile region and  increases with increasing crack length. However, when the crack tip enters the compressive stress, the compressive stress offsets the contribution of the external load and it decreases .
· Since zz is small in comparison to xx,  is larger in case (I) than in case (II).
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Path 1	0	9.9999904632568359	19.999995827674866	29.999993741512299	39.999999105930328	59.999994933605194	74.999995529651642	90.074807405471802	100.18668323755264	120.18668651580811	130.18669188022614	139.18669521808624	144.18669044971466	146.18669450283051	147.18669652938843	149.24824237823486	150.36627650260925	151.36627852916718	152.3662805557251	153.36628258228302	154.36628460884094	155.36628663539886	160.36628186702728	170.37877440452576	180.39126694202423	200.3912627696991	163.96331787109375	165.20187377929687	172.40345764160156	186.81976318359375	205.24519348144531	251.32862854003906	296.32693481445312	356.79745483398437	408.926025390625	566.83685302734375	703.09625244140625	919.8897705078125	1152.759033203125	1315.53564453125	1404.828125	1543.1395263671875	1702.748046875	1549.6593017578125	1279.8289794921875	688.177001953125	348.88812255859375	181.84852600097656	20.708259582519531	15.019177436828613	15.102409362792969	15.509366035461426	Path 2	0	9.238535538315773	20.225459709763527	30.22545762360096	40.22546112537384	50.225459039211273	60.225456953048706	75.225457549095154	90.225458145141602	106.22546076774597	120.2254593372345	130.22546470165253	140.22547006607056	144.22546327114105	146.2254673242569	149.22547340393066	151.22547745704651	152.22547948360443	153.22548151016235	154.22548353672028	155.2254855632782	160.22548079490662	170.22548615932465	180.22549152374268	190.22549688816071	200.22550225257874	163.33261108398437	164.98703002929687	172.71768188476562	187.13621520996094	205.52906799316406	226.89605712890625	251.41253662109375	296.05511474609375	355.38192749023437	444.407958984375	560.99981689453125	691.24951171875	922.94439697265625	1087.9027099609375	1207.41650390625	1420.7552490234375	1286.8988037109375	878.658203125	520.88751220703125	288.26171875	158.64985656738281	20.302572250366211	14.969902992248535	15.041804313659668	15.197381973266602	15.451944351196289	Path 3	0	9.9999904632568359	19.999995827674866	29.999993741512299	39.999999105930328	49.999997019767761	59.999994933605194	69.999992847442627	79.999998211860657	89.99999612569809	99.999994039535522	109.99999940395355	119.99999731779099	129.99999523162842	140.00000059604645	148.00000190734863	149.00000393390656	150.11848509311676	151.23696625232697	152.23696827888489	153.23697030544281	155.23697435855865	160.23696959018707	170.2369749546051	180.23698031902313	190.23698568344116	200.236976146698	158.39143371582031	160.69644165039062	168.7698974609375	182.64501953125	200.11537170410156	220.23385620117187	243.04302978515625	269.17300415039062	299.55419921875	335.65969848632812	379.38290405273437	433.23486328125	500.32672119140625	585.7999267578125	680.65338134765625	564.39923095703125	494.02047729492187	412.09454345703125	319.599853515625	235.38626098632812	163.01097106933594	71.559951782226563	18.118532180786133	14.861971855163574	14.936836242675781	15.094425201416016	15.352401733398438	Path 4	0	9.9999904632568359	19.999995827674866	29.999993741512299	39.999999105930328	49.999997019767761	59.999994933605194	69.999992847442627	79.999998211860657	89.99999612569809	99.999994039535522	109.99999940395355	119.99999731779099	129.99999523162842	140.00000059604645	150.00000596046448	160.00001132488251	170.00001668930054	180.00002205371857	190.0000274181366	200.00001788139343	148.82498168945313	152.868896484375	161.445068359375	174.36064147949219	190.29209899902344	208.41619873046875	228.58676147460937	251.15473937988281	276.57876586914063	305.20233154296875	337.6934814453125	374.35595703125	413.504150390625	444.99301147460937	416.3740234375	142.49290466308594	16.415569305419922	14.784189224243164	14.861981391906738	15.021005630493164	15.281393051147461	Distance along centre line (mm)

Temperature (°C)


0	0.97859650850296021	1.9564814865589142	2.9322244226932526	3.9035528898239136	4.8678740859031677	5.8255642652511597	6.7876018583774567	7.7972151339054108	9.0000098571181297	10.671538300812244	1714.5753173828125	1620.4427490234375	1431.7237548828125	1170.8741455078125	839.6712646484375	617.002197265625	450.62063598632812	327.49114990234375	234.00732421875	153.68618774414062	85.848175048828125	Transverse distance from the welding centre line (mm) 

Temperature (° C)

Long.	0	0.86771429050713778	1.7988042673096061	2.7552309911698103	3.7151528522372246	4.6676322817802429	5.6007956154644489	6.5024425275623798	7.3449774645268917	8.0884285271167755	8.8087907060980797	10.229959152638912	11.802259832620621	13.826561160385609	17.843274399638176	21.860631182789803	25.877952575683594	29.894689098000526	33.910755068063736	37.926282733678818	41.941296309232712	45.95574364066124	49.969639629125595	156.37134399999999	154.481088	151.899744	150.34963200000001	150.15603200000001	150.76646400000001	151.32923199999999	151.81464	154.88281599999999	162.01411200000001	164.62006400000001	170.95228800000001	171.52793600000001	184.68731199999999	96.129480000000001	-120.810016	-187.69936000000001	-221.49904000000001	-205.59329600000001	-171.7088	-128.36995999999999	-29.096181999999999	20	Distance from the welding centre line (mm).

Longtudinal residual stress  xx (MPa)

0	4.9023219999999998	9.9733859999999996	14.940440000000001	19.913329999999998	24.893450000000001	29.88767	34.881929999999997	39.880920000000003	44.882579999999997	49.885710000000003	54.889189999999999	59.892890000000001	64.89676	69.900769999999994	80.151009999999999	85.154600000000002	90.15813	95.161199999999994	100.1643	105.1669	110.16970000000001	115.17230000000001	120.1754	125.1785	130.1824	135.18620000000001	140.1908	145.19569999999999	150.2011	155.20660000000001	159.2107	165.21709999999999	170.22049999999999	175.2225	180.22290000000001	185.684	190.23519999999999	195.32310000000001	200.54390000000001	-136.94872000000001	-181.486672	-89.471912000000003	-82.891512000000006	-63.161444000000003	-11.644753	37.019500000000001	57.956896	54.908352000000001	50.956000000000003	40.253999999999998	35.245800000000003	32.244399999999999	30.154409999999999	28.298400000000001	25.167000000000002	24.263999999999999	22.265000000000001	21.498200000000001	20.19126	21.1921	22.164000000000001	24.19	25.169969999999999	28.164000000000001	30.26	32.159999999999997	35.116	40.965000000000003	50.174599999999998	54.19	57.64	42.521368000000002	42.371259999999999	15.739236999999999	-30.070551999999999	-87.421031999999997	-132.172552	-170.79975999999999	-155.299904	Distance along the welding line (mm)

Transverse residual stress  zz (MPa)
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