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Abstract

:

Experimental tests were carried out to assess the fatigue strength of four types of welded joints, made of AH36 steel and used for ship structures. The joints differ for the presence of weld defects and for the thickness value. Fatigue tests were carried out applying axial cyclic loads at a frequency of 20 Hz and at a stress ratio R = 0.5. The temperature e increment of the specimen surface was detected during the load application by means of an infrared camera. The analysis of the thermographic images allowed the assessment of both the fatigue strength of the welded joints, applying the rapid thermographic method, and the S-N curve by the energy approach. Moreover, 3D computed tomography was used for the analysis of the defective welded joints.
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1. Introduction


A metallic specimen, subjected to fatigue loading, changes its temperature and the specimen heating can be considered as a fatigue indicator. Several thermal methods, based on the temperature increment during fatigue tests, were proposed in literature [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18] since 1980 for fatigue limit evaluation and S-N curve assessment. The thermographic method (TM) [13], based on the thermographic technique, allows for a reliable assessment of the fatigue strength and of the whole fatigue curve of materials, mechanical components and structural details by means of nonexcessive time-consuming tests. This method has already been applied successfully to assess the fatigue strength of welded joints [19,20,21,22,23].



There are several studies in literature about the application of approaches for the fatigue life prediction, whereas the defect influence on fatigue strength has been studied in only few papers, which generally regard the fatigue in very high cycle regimes. Defects significantly affect the fatigue life. The fatigue life of defective materials is generally predicted in literature by applying a fracture mechanics approach, based on the assumption that the size of the largest defect is the key feature controlling the fatigue life and that the defects are considered as the initial cracks. The fatigue life of A356 cast aluminum alloy containing defects was predicted using crack-growth models [24], which gave good predictions at both low and high stress levels. The prediction using maximum defect size obtained by extreme value statistic was also satisfactory. The influence of defect position on the fatigue strength of Al-Si alloy produced by selective laser melting was investigated using artificial defects in [25]. The results of this study highlighted the great sensitivity of the fatigue strength to the thickness of the bridge of material between the defect and the specimen surface, for the case of subsurface defects. An approach to predict fatigue life of 6061 aluminum alloy based on a simplified defect model was proposed in [26] according to the following steps: firstly, a prediction model of the stress concentration factor, due to the defects, was evaluated through the support vector regression algorithm by using the defect data at different fatigue loading stages, obtained by computed tomography (CT) analyses; then, the relationship between the stress concentration factor and the fatigue life was obtained by fitting the data.



Welded joints in structural elements contain defects (like porosity, cracks, undercut, lack of fusion, lack of penetration and solid inclusion) and it is practically inevitable to avoid them. Ship hull structures consist of plating connected to longitudinal and transverse members by welded joints, which are sites of high stress concentrations, and undergo fatigue loading, which, combined with weld defects, can cause the failure of the hull structures. The defect number and the size statistics of welded joints in ship hull construction were investigated by analyzing nondestructive technique (NDT) data collected from inspection of two ships and analyzed using the maximum likelihood estimate (MLE) [27]. It was found that hybrid laser-arc welding (HLAW) process has significantly better quality in terms of defect occurrence and, consequently, the fatigue strength compared to flux-cored arc welding (FCAW) and submerged arc welding (SAW).



This paper aims to assess the fatigue strength and life of AH36 butt welded joints in presence of defects, which were extracted from a real hull-plating. The predictions, obtained by means of TM and energy approach, were verified through the results of fatigue tests performed according to the traditional procedure.



The defectiveness of the investigated welded joints was analyzed using 3D CT. The CT technique has already been applied by the authors for analyzing the quality control of specimens, made of Iroko wood [28] and Iroko wood laminates [29] used for boat structures, as well as for non-destructive quality evaluation of specimens produced by wire arc additive manufacturing (WAAM) [30] and electron beam melting (EBM) [31] technologies. Nondestructive techniques have already been applied to find a correlation between mechanical strength of welded joints, in terms of defects distribution [32,33] and geometry [34,35].




2. Materials


The specimens without defects (“perfect” welds or type-C) were manufactured in the workshop by welding two plate strips, each 100 mm wide, with the same welding process used for the hull plating. The investigated joints were welded by FCAW (flux-cored arc welding), in flat position, on a ceramic backing bar. After manufacturing, the specimen edges were polished lengthwise in order to avoid fatigue crack initiation.



As for the specimens with defects (“imperfect” welds or type-NC), they were extracted from a real hull-plating, where the defects were detected by in situ X-ray analyses.



Four different types of butt-welded joints, made of AH36 steel, which is largely used in shipbuilding, have been analyzed:




	
type-C-1, butt joints without defect and thickness nominal value t = 5.5 mm;



	
type-NC-2, butt joints with defect and thickness nominal value t = 5.5 mm;



	
type-C-3, butt joints without defect and thickness nominal value t = 6.5 mm;



	
type-NC-4, butt joints with defect and thickness nominal value t = 6.5 mm.








The specimens have dimensions slightly different with the following average values: length (l) = 300 mm, wide (b) = 45 mm.



Table 1 reports the geometrical dimensions measured for the analyzed welded joints and the defect types for the specimens with defects (type-NC), detected by in situ X-ray analyses. The “Specimen ID”, shown in Table 1, is used to identify the different specimens.



The chemical composition and the mechanical properties of AH36 steel are reported in Table 2 and Table 3. In the same tables, the minimum and maximum values, required by the Italian Shipping Register (RINA) Classification Society for AH36 steel, are also reported.



The fatigue limit of AH36 butt welded joints without defects, similar to the investigated joints without defects (type-C), was obtained from 29 constant-amplitude fatigue tests carried out according to the traditional procedure, which is reported in another paper by the authors [23]. The value of the fatigue limit as expected with the S-N curve at 5 × 106 cycles ΔσeSN is equal to 157 MPa at the survival probabilities (PS) = 50% [23].



Defect Detection by Computed Tomography


Fatigue strength strongly depends on weld defects, so the specimens were investigated by means of scanning electron microscopy (SEM) and X-ray computed tomography (XCT). The latter scans were performed with a 300 μm focal spot size; voltage and current were set to 215 kV and 1.3 mA, respectively. A Cu beam filter having a thickness of 0.5 mm was put between the source and the sample. For the reconstruction, a voxel resolution of 62 μm × 62 μm × 62 μm was chosen, with a pixel resolution in tomogram of 1280 × 1280. The dataset was processes by VGStudio Max 2.0 (Volume Graphics GmbH, Heidelberg, Germany) and the rendering tools used for 3D reconstructions were X-rays and maximum projection. Both algorithms cast one ray per display pixel into the data set. The higher the integrated opacity of voxels along a ray, the brighter the corresponding pixel for the first one. The maximum intensity of the voxels along a ray determines the gray value of the corresponding pixel for the second rendering tool.



Computed tomography evaluation allowed the measurements of cumulative defects volume (V) and maximum defect size (DMAX) for some of the investigated specimens that were successively subjected to fatigue tests. The data are reported in Table 4.



Figure 1 shows the defect size distribution for a C-1 joint specimen which was considered as being without defects. Indeed, the cumulative defects volume was very low (0.06 mm3).



Defect evaluation was also carried out for three type-NC-2 joint specimens. Extensive defectiveness can be seen in Figure 2. The cumulative defects volume of specimen 766-2 was measured to be almost 1000 times higher than defectless specimens (5.74 mm3). It is worth mentioning that the pore clusters were evaluated for specimens 766-2 and 766-4; while for 766-3 specimens, gas cavities were found, mainly at the weld toe. The gas cavity revealed in specimen 766-4 is very severe, if compared to 766-2.



Different defect shape was evaluated for the NC-4 joint specimens, probably due to the higher thickness. Figure 3 and Figure 4 show a large defect distribution of elongated pores, generally called worm holes. As shown in Figure 4a, such defects have the shape of internal tunnels, parallel to the welding direction. The 3D reconstruction of the specimen 991-FM-2 allowed the detection of such defects as a series of voids at regular intervals across the weld length. Defect evaluation tool shows a color-bar related to the voids’ sizes. A very large defect has a volume of 5.76 mm3 and is shown in red. For specimens 991-FM-1 and 991-FM-2 the cumulative defects volume was 365.2 mm3 and 39.65 mm3, respectively.



In Figure 4b,c the tomogram of the specimen the cross-section of the 991-FM-2 specimen is depicted, which highlights that the detected worm holes are very superficial.





3. Methods


Fatigue tests were carried out by means of a servo-hydraulic testing machine (MTS 810) equipped with a 250 kN load cell. The tests were performed in accordance with the International Institute of Welding (IIW) recommendations [36], which require the application of axial fatigue loads with a stress ratio R = 0.5. The testing frequency was 20 Hz. According to the above-mentioned rapid thermographic method, tests at increasing loads were carried out by a stepwise succession (applied to the same specimen) of increasing stress ranges, starting from 100 MPa with steps of 20 MPa every 30,000 cycles.



In order to obtain a known homogenous value of emissivity, the specimens were painted with a black spray enamel. The thermograms were recorded every 25 s with a microbolometer infrared camera (Flyr System A40M, Danderyd, Sweden), with a thermal resolution lower than 0.08 °C. The infrared camera was located at a distance of 0.4 m to the specimen. A black panel was placed behind the specimen in order to get a greater thermal contrast between the specimen and environment temperatures. ThermaCAM Researcher Pro 2.10 software (FLIR Systems, Wilsonville, OR, USA) was used to analyze the thermographic images. Digitized images contained 320 × 240 pixels. By using area tools, both surface specimen and environment temperatures were plotted in real time to consider only the effect of the cyclic stress. The temperature increment (ΔT) of the hottest area of the specimen surface with respect to the temperature of the unloaded specimen was detected during the load application, and the environmental temperature increment was subtracted.



3.1. Rapid Thermographic Method


The thermographic method allows the evaluation of the fatigue limit as the highest stress value which does not produce a temperature increment.



By cyclically loading a specimen over the fatigue limit, a quick temperature increment can be detected on its surface (phase 1). Successively, a stabilization of the temperature is maintained near an asymptotic value (ΔTAS) (phase 2). When plastic deformations occur, the specimen failure occurs after few cycles, producing a sudden temperature increment (phase 3). The internal microstructural changes are the cause of such a temperature trend [37].



The fatigue limit can be theoretically evaluated by just one specimen through the “stepped loading procedure” or rapid thermographic method. The method consists of the application to the same specimen of a stepwise succession of increasing stress ranges at the same frequency. Research activities have highlighted that the asymptotic temperature ΔTAS is reached shortly with respect to the failure occurrence, so it is possible to consider the temperature increment ΔTAS reached at every loading step (Δσ). As a consequence, for every load step (Δσ), ΔTAS can be recorded.



Figure 5 and Figure 6 show the ΔT-N curves, obtained by two fatigue tests at increasing stress ranges, carried out on welded joints with defects (991-FM-2 specimen and 985-FR-1A specimen).



By plotting the stress range squared (Δσ2) vs. ΔTAS and performing a linear regression, the fatigue limit can be evaluated by the intersection of the regression straight line with the abscissa axis: this intersection corresponds to the highest stress range for which there is no temperature variation.



All the phases of the rapid thermographic method are reported in another paper by the authors [23] which describes the fatigue tests carried out on AH36 butt welded joints, similar to the investigated joints without defects (type-C). The predicted values of the fatigue limit are: 148, 155 and 159 MPa. They are very close to the value obtained according to the traditional procedure (157 MPa).




3.2. Energy Approach


The S-N curves are generally obtained from constant-amplitude fatigue tests, using the standard equation:


  Δ  σ m  N = C  



(1)







The experimental data in terms of log(N) and log(Δσ) are fitted using the following linear regression equation:


  log  ( N )  = m log  (  Δ σ  )  + log  ( C )   



(2)




and the parameters m and log(C) are obtained.



The median S-N curve, so obtained, is related to a survival probability Ps equal to 50%. In order to obtain an S-N curve associated with a different survival probability Ps, a Gaussian log-normal distribution of the variable log(N) is assumed. The design S-N curve refers to Ps equal to 97.7% and it is obtained shifting the median curve (Ps = 50%) by two standard deviations of log(N) in abscissa direction.



The energy approach allows the rapid prediction of the whole S-N curve, considering the amount of energy involved in the fatigue crack growth. The basic assumption of this approach is that the fatigue failure occurs with the achievement of a threshold value of the absorbed energy EC, which is proportional to the integral Φ of the ΔT-N curve until failure:


   E C  ∝ Φ =    ∫ o   N f         Δ T ( N ) d N            



(3)




where Nf is the number of cycles to failure. When a single stress range level is applied, under the assumption that the number of cycles of the phases 1 and 3 is negligible compared with that of phase 2, the integral Δσ can be simply evaluated as:


  Φ ≈ Δ  T  A S    N f   



(4)







The assessment of the integral Φ and the experimental evaluation of the asymptotic stabilized temperature (ΔTAS), corresponding to each applied stress range level (Δσ), allows the prediction of the fatigue life Nf by means of Equation (4). Finally, the S-N curve can be predicted on the basis of the pairs (Δσ,Nf) so obtained.



All the phases of the energy approach are reported in another paper of the authors [23]. The S-N curve parameters (m = 5.6 ± 0.2, log C = 18.9 ± 0.3) predicted by the energy approach for AH36 butt welded joints, similar to the investigated joints without defects (type-C), are very close to the values obtained by the traditional procedure (m = 5.6 ± 2.3, log C = 19.1 ± 5.3).





4. Results and Discussion


The experimental tests have given the following results for each joint type:




	
asymptotic temperature values (ΔTAS) relative to the corresponding applied stress range (Δσ);



	
ΔTAS-Δσ2 curves;



	
fatigue limit (ΔσeTM) (according to the thermographic method);



	
S-N curve predicted by the energy approach;



	
fatigue limit (ΔσeSN) (drawn from the predicted S-N curves at 5 × 106 cycles).








In the cyclically loaded specimens, failure generally took place in the weld zone with the crack initiating in proximity of the weld toe, where there are high stress concentrations. All the fracture zones showed the typical fatigue fracture surface.



4.1. Fatigue Prediction by Rapid Thermographic Method


In Figure 7, Figure 8, Figure 9 and Figure 10, for each joint type, the asymptotic temperature increment (ΔTAS) is directly related to the applied stress range squared (Δσ2). The experimental data, reported in the graphs, were interpolated with a linear function, and the fatigue limits (ΔσeTM) were determined according to the TM, by the intersections of the above-mentioned straight lines with the abscissa axis. In other words, the fatigue limit is defined as the highest Δσ corresponding to no temperature increase (ΔTAS = 0).



The stepwise succession of increasing stress ranges, applied to the specimen identified by the specimen ID 754-FM1, starts from 140 MPa instead of 100 MPa as in the other tests.



Table 5 shows the values of the fatigue limits (ΔσeTM) assessed resorting to the rapid thermographic method for each investigated joint.



The values of fatigue strength predicted for the type-C-1 joints are slightly lower than the fatigue strength values (157 MPa), obtained by 29 experimental tests carried out according to the traditional procedure [23] on welded joints similar to the investigated joints.



The analysis of the results confirms that there are more kinds of defects, so the type-NC-2 joints could be classified into three categories according to the type of defect: the 766-FM2 specimen (with presence of blowing) has the same fatigue strength of the type-C-1 joints, for the 766-FM3 e 766-FM4 specimens there is a reduction of the fatigue strength, that becomes significant for the 766-FMC specimen.



The low value of fatigue strength predicted by the rapid thermographic method for the 766-FM-C specimen (80 MPa) is confirmed by the presence of a significant defect in the weld zone clearly discernible in the fracture zone of the specimen as can be seen from the photos of Figure 11 and Figure 12.



Defects evaluation for 766-FM-2 specimen, revealed different results (Figure 13).



The analysis of the results, reported in Table 5, shows that the type-C-1 and -C-3 joints have similar fatigue strength values, so the thickness variation from 5.5 to 6.5 mm does not produce a significant variation of the fatigue strength.



The scattering of the data relative to the predicted values of fatigue strength is lower for the type-NC-4 joints, except for the 985-FM-1 specimen, which has the same fatigue strength of the type-C-3 joints.




4.2. S-N Curve Prediction by Energy Approach


The energy approach was not applied to the 754-FM1 specimen, because the test was interrupted before fracture for an improper setting of the test parameter (maximum limit of extension), and to the 754-FM2 specimen, which had a fracture for necking in a zone far from the weld zone.



The values, predicted by the energy approach, of the negative inverse slope m, the stress range at 2 × 106 cycles (fatigue class (FAT)) and the stress range at 5 × 106 cycles (fatigue limit (Δσe φTM)) are given for each type of joint in Table 6 with reference to 50 and 97.7% survival probabilities PS.



The S-N curves predicted for type-C-1 and -C-3 joints are similar confirming the fact that the slight variation in thickness is not significant and show a trend similar to that obtained by 29 experimental tests carried out according to the traditional procedure [23].



The values of fatigue strength, predicted by the energy approach and reported in Table 6, are similar to those predicted by the rapid thermographic method and reported in Table 5 for the type-C-1 and -C-3 joints, whereas the predictions are lower for the type-NC-2 and -NC-4 joints. This difference can be explained by the definition of the fatigue limit as extrapolation from the S-N curves at 5 × 106 cycles, which can be considered valid for “perfect” welds without defects.



Moreover, the energy approach confirms the value of fatigue limit predicted by the rapid thermographic method for the 985-FM1 specimen, which has a fatigue strength similar to that of the “perfect” welds: this joint has an S-N curve with a pattern similar to that of the type-C-3 joints and different than the other type-NC-4 joints. These joints have S-N curves with slopes similar for the joints identified by similar specimens (991-FM, 985-FR). This behavior can be explained by the fact that the variation of fatigue strength values between “imperfect” welded joints is probably due to the presence of defects that differ for typology, dimension, quantity and shape.




4.3. S-N Curves with m = 3 Predicted by Energy Approach


Energy approach was applied to the data relative to type-NC and -C joints and the data of both the types in order to predict the S-N curves considering a constant value of slope m = 3 and Ps = 95% according to the IIW recommendations [36]. Figure 14, Figure 15 and Figure 16 show the predicted S-N curves. The analyses of the S-N curves have given the following results:




	
the type-NC joints have lower value of FAT, equal to 64.7 MPa, and, as expected, higher scatter of experimental data (standard deviation = 0.3196 MPa);



	
the type-C joints have higher value of FAT, equal to 94.7 MPa, and lower scatter of experimental data (standard deviation = 0.1692 MPa);



	
considering the data for both the type-NC and -C joints, the following values are obtained, FAT = 71.5 MPa and standard deviation = 0.2950 MPa.









4.4. Defects Influence on Fatigue Strength


The cumulative defects volume and the maximum defect size, evaluated by CT analyses for some specimens (Table 4), were normalized with respect to the thickness of the welded joints. The worsening effect of defect volume on the fatigue strength of the investigated welded joints was evaluated correlating the defect parameters (normalized defects cumulative volume (VN) and normalized maximum defect size (DMAX,N)) with the values of the fatigue limit predicted using energy approach (ΔσeΦTM).



Figure 17 shows the values of ΔσeΦTM versus their VN. The experimental data were interpolated (R2 = 0.89) by a power relationship, which highlights the sharp decline in ΔσeΦTM value from 136 to 81 MPa for a VN increments from 0.01 to 6.1 mm3/mm. A fatigue strength decrement equal to about –55% is reached for VN increment equal to 56.18 mm3/mm.



Figure 18 shows the values of ΔσeΦTM vs. DMAX,N. The experimental data were interpolated (R2 = 0.87) by a linear relationship which highlights the reduction of ΔσeΦTM from 103 to 42 MPa for a DMAX increment from 0.22 to 0.86 mm. The value of ΔσeΦTM, obtained by the intersection of this straight line with the ordinate axis, is equal to about 129 MPa and corresponds to a specimen without defect. The predicted value is close to the values of ΔσeΦTM for type-C welded joints (Table 6). A fatigue strength decrement equal to about –55% is reached for the DMAX,N increment equal to 0.86 mm.



The specimen that exhibited the lowest fatigue strength (42 MPa) was 766-FM-C. The fracture surface was also analyzed by CT (Figure 19), which allowed the measurement of the defect causing crack initiation (see also Figure 11). The geometry of the defect, as shown in four different measurements, was correctly estimated by in situ X-ray radiography and can be classified as slag inclusion, having a different density from the steel constituting the specimen.





5. Conclusions


The experimental tests have allowed the assessment of the fatigue strength for the four types of investigated AH36 welded joints, which differ for the presence of weld defects and thickness value. In particular, the rapid thermographic method was applied for fatigue strength assessment and the energy approach for the S-N curve assessment, using the experimental data obtained for each specimen.



The results of the tests show that the investigated joints are not appreciably affected by the influence of thickness, which varies by only 5.5 to 6.5 mm.



The energy approach confirms the fatigue strength predictions of the rapid thermographic method for the “perfect” welds without significant and evident defects (type-C-1 and -C-3 joints), whereas it gives lower values of the fatigue strength predictions with respect to the predictions of the rapid thermographic method for the “imperfect” welds with defects (type-NC-2 and -NC-4 joints). This difference can be explained by the different definition of the fatigue limit in the two methods:




	
according to the rapid thermographic method, the fatigue limit corresponds to the highest stress range (Δσ) for which there is no temperature increase at any point of a cyclically loaded specimen; this definition is correlated to the physical phenomenon;



	
according to the energy approach, the fatigue limit is obtained by the S-N curve as the stress range at 5 × 106 cycles; this definition leads to an “agreement” which refers implicitly to pieces that somehow can be considered homogeneous (base material, welds without defects).








The values of fatigue strength predicted by the rapid thermographic method for the “perfect” joints (C-1 and C-3 type joints) vary between 107 and 137 MPa, with an average value of about 122 MPa.



The values of fatigue strength predicted by the rapid thermographic method for the “imperfect” joints (NC-2 and NC-4 type joints) vary between 80 and 131 MPa, with an average value of about 107 MPa.



From the analysis of the investigated “imperfect” welds, the results are that the nature of defects, and consequently their influence, is not homogeneous. There are more serious defects, significantly lowering the fatigue strength, and less serious defects that do not produce significant consequences.



The TM, based on the direct detection of the superficial temperature increment of the investigated joint, gives more realistic predictions and ad hoc indications, whereas, in order to obtain the S-N curve, the traditional procedure requires a lot of experimental tests carried out on welds with the same typology of defect (detected preliminarily by a non-destructive test). If welds with different types of defects are used in the fatigue tests, the obtained results are rather scattered; consequently, the S-N curve could somehow be too generic.



3D CT was used for the analysis of the defects inside the investigated welded joints. The fatigue limit values predicted using energy approach were related to the cumulative defects volume normalized with respect to the thickness of the joint, which was evaluated by CT analyses.
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Nomenclature




	f
	frequency (s−1)



	m
	inverse slope of the S-N curve in bi-logarithmic scale



	t
	thickness (mm)



	C
	constant term of the S-N curve in bi-logarithmic scale



	DMAX
	maximum defect size (mm)



	DMAX,N
	ratio between maximum defect size and specimen thickness



	Ec
	energy to failure per unit volume (J m−3)



	FAT
	fatigue class as expected with the S-N curve at 2 × 106 cycles (N mm−2)



	IIW
	International Institute of Welding



	N
	number of cycles



	Nf
	number of cycles to failure



	Ps
	survival probability



	R
	stress ratio



	RTM
	rapid thermographic method



	TM
	thermographic method



	V
	defects cumulative volume (mm3)



	VN
	ratio between defects cumulative volume and specimen thickness (mm3/mm)



	ΔT
	temperature increment (°C)



	ΔTAS
	asymptotic temperature increment (°C)



	Δσ
	stress range (N mm−2)



	ΔσeTM
	fatigue limit predicted by TM (N mm−2)



	ΔσeSN
	fatigue limit as expected with the S-N curve at 5 × 106 cycles (N mm−2)



	ΔσeΦTM
	fatigue limit predicted using energy approach (N mm−2)



	Φ
	thermal increment to failure (°C)
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Figure 1. Defect volume distribution for the specimen 754-4 (type-C-1 joint). 
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Figure 2. Defects evaluation for specimens of type-NC-2 joints: (a) specimen 766-FM-2; (b) specimen 766-FM-3 and (c) specimen 766-FM-4. 
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Figure 3. Defects evaluation for specimen 991-FM-1 (type-NC-4). Some along X-rays of the joint. 






Figure 3. Defects evaluation for specimen 991-FM-1 (type-NC-4). Some along X-rays of the joint.
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Figure 4. CT results for specimen 991-FM-2 (type-NC-4): (a) defect evaluation; (b,c) tomograms of the cross-section of the weld bead and (d) some along X-rays of the joint. 
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Figure 5. ΔT-N curve obtained by stepwise load (991-FM-2 specimen, type-NC-4). 
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Figure 6. ΔT-N curve obtained by stepwise load (985-FR-1A specimen, type-NC-4). 
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Figure 7. ΔTAS─Δσ2 curves for type-C-1 joints. 
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Figure 8. ΔTAS─Δσ2 curves for type-NC-2 joints. 
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Figure 9. ΔTAS─Δσ2 curves for type-C-3 joints. 
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Figure 10. ΔTAS─Δσ2 curves for type-NC-4 joints. 
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Figure 11. Fracture zone of the joint 766-FM-C. 
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Figure 12. Scanning electron microscopy (SEM) of defects in the fracture zone of the specimen 766-FM-C: (a) inclusions in the propagation area; (b) large void in the crack initiation site. 






Figure 12. Scanning electron microscopy (SEM) of defects in the fracture zone of the specimen 766-FM-C: (a) inclusions in the propagation area; (b) large void in the crack initiation site.



[image: Metals 11 00444 g012]







[image: Metals 11 00444 g013 550] 





Figure 13. SEM of defects in the fracture zone of the specimen 766-FM2: (a) inclusions; (b) worm holes and (c) void in the propagation area. 
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Figure 14. S-N curve with m = 3 for welded joints with defects (type-NC specimens). 
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Figure 15. S-N curve with m = 3 for welded joints without defects (type-C specimens). 
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Figure 16. S-N curve with m = 3 for welded joints with and without defects (type-C and -NC specimens, respectively). 






Figure 16. S-N curve with m = 3 for welded joints with and without defects (type-C and -NC specimens, respectively).
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Figure 17. Fatigue strength (ΔσeΦTM) vs. normalized defects cumulative volume (VN) (type-C-1, type-NC-2, type-NC-4). 
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Figure 18. Fatigue strength (ΔσeΦTM) vs. normalized maximum defect size (DMAX,N) (type-NC-2, type-NC-4). 






Figure 18. Fatigue strength (ΔσeΦTM) vs. normalized maximum defect size (DMAX,N) (type-NC-2, type-NC-4).



[image: Metals 11 00444 g018]







[image: Metals 11 00444 g019 550] 





Figure 19. Fracture surface reconstruction of the specimen 766-FM-C, where a large discontinuity caused a very low fatigue strength. 
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Table 1. Dimensions of the welded joints.






Table 1. Dimensions of the welded joints.





	Joint Type
	Specimen ID
	Width

b (mm)
	Thickness

t (mm)
	Cross-Sectional Area

A (mm2)
	Defect Type





	C-1
	754-FM-1
	46.8
	5.6
	262
	-



	C-1
	754-FM-2
	45.8
	5.5
	252
	-



	C-1
	754-FM-3
	39.0
	5.5
	215
	-



	C-1
	754-FM-4
	40.6
	5.6
	227
	-



	NC-2
	766-FM-C
	45.2
	5.6
	253
	slag inclusions



	NC-2
	766-FM-3
	39.0
	5.5
	215
	slag inclusions



	NC-2
	766-FM-4
	53.5
	5.5
	294
	slag inclusions, pores



	NC-2
	766-FM-2
	45.0
	5.5
	248
	pore clusters



	C-3
	985-FM-4
	42.7
	6.5
	278
	-



	C-3
	985-FM-3
	49.6
	6.7
	332
	-



	C-3
	985-FM-2
	47.0
	6.7
	315
	-



	NC-4
	991-FM-1
	40.0
	6.7
	268
	worm holes



	NC-4
	991-FM-2
	43.0
	6.7
	288
	worm holes



	NC-4
	985-FR-1A
	47.0
	6.7
	315
	slag inclusions



	NC-4
	985-FR-1B
	47.5
	6.7
	318
	slag inclusions



	NC-4
	985-FM-1
	43.6
	6.6
	288
	pores
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Table 2. Chemical composition of the AH36 steel (% weight).






Table 2. Chemical composition of the AH36 steel (% weight).
























	Content
	C
	Mn
	Si
	P
	S
	Cu
	Ni
	Cr
	Mo
	Al
	V
	Nb
	Ti
	N
	C Eq
	Fe





	%
	0.16
	1.43
	0.27
	0.012
	0.009
	0.04
	0.02
	0.02
	0.00
	0.044
	0.00
	0.00
	0.00
	0.005
	0.406
	balance



	min
	
	0.90
	
	
	
	
	
	
	
	0.015
	0.05
	0.02
	
	
	
	



	max
	0.18
	1.60
	0.50
	0.035
	0.035
	0.35
	0.40
	0.20
	0.08
	
	0.10
	0.05
	0.02
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Table 3. Mechanical properties of the AH36 steel.






Table 3. Mechanical properties of the AH36 steel.





	Yield Stress

σy (MPa)
	Rupture Stress

σr (MPa)
	Elongation

A5 (%)





	400
	545
	32



	355 (min)
	490/620 (min/max)
	21 (min)
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Table 4. Defect parameters evaluated by computed tomography (CT).






Table 4. Defect parameters evaluated by computed tomography (CT).





	Joint Type
	Specimen ID
	Defect Type by X-ray
	Maximum Defect Size by CT

DMAX (mm)
	Cumulative Volume by CT

V (mm3)





	C-1
	754-FM-4
	-
	-
	0.06



	NC-2
	766-FM-C
	slag inclusions
	4.72
	not available



	NC-2
	766-FM-3
	slag inclusions
	3.07
	23.82



	NC-2
	766-FM-4
	slag inclusions, pores
	2.64
	4.18



	NC-2
	766-FM-2
	pore clusters
	1.64
	5.74



	NC-4
	991-FM-1
	worm holes
	4.53
	365.20



	NC-4
	991-FM-2
	worm holes
	3.13
	39.65



	NC-4
	985-FR-1A
	slag inclusions
	1.46
	0.54



	NC-4
	985-FR-1B
	slag inclusions
	not available
	-



	NC-4
	985-FM-1
	pores
	not available
	-
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Table 5. Fatigue limits as derived from the rapid thermographic method.
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	Type Joint
	Specimen ID
	Thickness

t (mm)
	Fatigue Limit Predictions by RTM

ΔσeTM (MPa)





	C-1
	754-FM-1
	5.5
	126



	C-1
	754-FM-2
	5.5
	115



	C-1
	754-FM-3
	5.5
	119



	C-1
	754-FM-4
	5.5
	134



	NC-2
	766-FM-C
	5.5
	80



	NC-2
	766-FM-3
	5.5
	105



	NC-2
	766-FM-4
	5.5
	113



	NC-2
	766-FM-2
	5.5
	131



	C-3
	985-FM-4
	6.5
	107



	C-3
	985-FM-3
	6.5
	137



	C-3
	985-FM-2
	6.5
	115



	NC-4
	991-FM-1
	6.5
	109



	NC-4
	991-FM-2
	6.5
	110



	NC-4
	985-FR-1A
	6.5
	106



	NC-4
	985-FR-1B
	6.5
	99



	NC-4
	985-FM-1
	6.5
	121
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Table 6. S-N curve parameters predicted by energy approach.






Table 6. S-N curve parameters predicted by energy approach.





	Type Joint
	Specimen ID
	m
	log(C)

Ps = 50%
	FAT

Ps = 50%

(MPa)
	FAT

Ps = 97.7%

(MPa)
	ΔσeΦTM

Ps = 50%

(MPa)
	ΔσeΦTM

Ps = 97.7%

(MPa)
	Std.Dev.(log(N))





	C-1
	754-FM-3
	6.6
	20.36
	134
	128
	117
	111
	0.0737



	C-1
	754-FM-4
	9.3
	26.65
	150
	145
	136
	132
	0.0631



	NC-2
	766-FM-C
	2.3
	10.51
	62
	55
	42
	37
	0.0632



	NC-2
	766-FM-3
	3.8
	13.84
	97
	85
	76
	67
	0.1070



	NC-2
	766-FM-4
	4.5
	15.57
	118
	107
	96
	87
	0.0954



	NC-2
	766-FM2
	6.4
	19.57
	116
	108
	101
	93
	0.1054



	C-3
	985-FM-4
	4.4
	15.22
	113
	107
	91
	87
	0.0463



	C-3
	985-FM-3
	7.0
	21.98
	167
	151
	146
	133
	0.1500



	C-3
	985-FM-2
	6.3
	19.65
	133
	124
	115
	107
	0.0924



	NC-4
	991-FM-1
	4.2
	14.54
	94
	85
	75
	68
	0.0904



	NC-4
	991-FM-2
	4.2
	14.63
	101
	88
	81
	71
	0.1251



	NC-4
	985-FR-1A
	3.7
	14.21
	132
	115
	103
	90
	0.1089



	NC-4
	985-FR-1B
	2.8
	11.88
	100
	76
	72
	55
	0.1616



	NC-4
	985-FM-1
	5.7
	18.63
	150
	123
	127
	104
	0.2465
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