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Abstract

:

In this work, local properties such as hardness and fatigue crack grow rate in the heat-affected zone of four laser-welded butt joints in thin high-strength low-alloy steel were examined, so as to explain and predict fatigue lives at high stress levels through the fracture mechanics approach. The different welded series presented a similar fatigue crack growth rate in the heat-affected and fusion zones, but lower than base metal due to the higher hardness of the bainitic–martensitic microstructure verified in the welded series. The results showed that at high stress levels in the as-welded condition, the fatigue initiation stage can be neglected and assume some types of cracks, with an initial crack of 0.07 mm and appropriate fatigue crack growth rates, estimates of fatigue life close to the experimental results were obtained.
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1. Introduction


The fatigue behavior of steel welds has been widely studied, but there are still gaps in the knowledge of this complex subject due to several factors that affect the fatigue strength and even more so due to concerns related to thin thicknesses and unconventional welding processes. The weld quality, the residual stresses and the material, among others, are pointed out as the main factors that affect the fatigue strength [1,2]. It has been shown that weld quality control [3], or the use of post-weld treatments [4,5,6,7] in welded joints with high strength steels, increases the fatigue strength by reducing the severity of its inherent imperfections; this fact is recognized in design guides. However, when allowing the increase in fatigue assessment classes of welded joints (FAT), when the imperfections have been verified with nondestructive testing (NDT) or when an improvement method has been used [8], there is no differentiation in the increase according to the tensile strength of the materials. The foregoing has been explained in [9], due to the fact that the crack growth dominates the fatigue life of the welded joints and because the fatigue crack growth rate (FCGR) is insensitive to the mechanical strength of the material. However, as counterpart in [10], it was shown that when the weld quality is high, in high-strength steels for example, the fatigue strength is positively correlated to tensile strength.



The general effect of notches and residual stresses on fatigue strength of welded joints is well known as their combined effect was analyzed in various studies. However, in almost all works, thick plates and conventional welding processes were used [11,12,13,14]. Microstructural details such as grain size, phases and hardness also affect the fatigue behavior of the welded joints. The crack propagation generally occurs in the heat-affected zone (HAZ) and in the fusion zone (FZ) because the properties of these zones are usually different from base metal (BM). The use of local properties such as hardness and fatigue crack growth parameters can be useful to improve the analyses and predictions of fatigue strength [15,16,17].



The increase in the thickness of the plates in welded joints decreases the fatigue strength. For the same nominal stress, thicker welded plates have lower fatigue strength than thinner welded plates. In [18] it is explained that the above is due to the fact that the stress in the crack depends on the relationship between the crack depth and the thickness, this effect being greater in crack growth for thick plates than for thin plates. While in [9] it is pointed out that the effect of stress concentration on the weld toe is greater in a crack in a thick plate. A reduction factor is applied to fatigue strength if the thickness plates exceed 25 mm [8], however if the plates’ thickness is lower, there is no rule for the fatigue strength increase. In [19] the increase in fatigue limit due to the decrease in the thickness of the plate was estimated for thicknesses less than 25 mm as a function of the initial crack size. This work highlights that for thicknesses less than 6 mm, the opposite effect occurs when the initial crack size is greater than 0.3 mm.



The presence of defects acting as a fatigue pre-crack are the main reason to a substantial reduction in fatigue strength in welded joints. This determines that the initiation period can be neglected [8,18] and that fracture mechanics seem to be the appropriate approach to determine the fatigue life [9]. In various works where the assessment and prediction of fatigue life are based in fracture mechanics, the basic procedure takes as base the Paris law and the stress intensity factor (SIF) applied to imperfections in all ranges of stress levels. However, due to the small size of cracks or low stress levels, the initiation stage is also considered [19,20]. Additionally, refinements or variants to the Paris law are applied to predict or analyze the fatigue life of welded joints [21,22]. Based in fracture mechanics, Murakami [23] proposed an expression for fatigue limit predictions of materials containing small defects or cracks as a function of the hardness and the size of small defects; Åman et al. [24], in a recent work, modified the aforementioned expression in order to analyze the consequence of a small defect at the notch root.



To define the welded joint the use of imperfections previously described as semi-elliptical cracks, corner cracks and extended cracks is common practice, whereby the guides and standards that use the fracture mechanics approach contain information of crack growth parameters, recommendations about the crack sizes and the appropriate expressions for the calculation of SIFs and factors [8,25]. In the so-called IBES approach [26], based on fracture mechanics, it is observed that, among other aspects, the determination of fatigue strength is obtained statistically by considering the variation of weld bead along the weld axis as well as the local properties of the fusion zone (FZ) and heat-affected zone (HAZ).



As was previously mentioned, the influence of the main factors on fatigue strength and the application of fracture mechanics for welded joints with thin elements, is a topic that lacks information. This study started from a previous work [27] where the weld bead geometry, imperfections and weld quality level of welds were determined according to the ISO13919-1 standard [28]. In the present study the influence of welding parameters on fatigue crack growth rate (FCGR) of laser butt welds in thin plates of high-strength low-alloy steel were analyzed. The local properties for the FCGR were determined and used in order to predict the fatigue life through the failure analysis and fracture mechanics approach, disregarding the fatigue initiation period for fatigue life at high stress levels. The FCGR parameters were obtained through fatigue crack growth tests and complementary tests and analysis such as metallographic, hardness, crack closure and fractography were also performed.




2. Materials and Methods


HSLA Strenx® 700MCE steel plates, with a thickness of 3 mm, were used in order to perform butt-welded joints. This steel is composed of a fine-grain ferritic–bainitic microstructure. The chemical composition can be consulted in Table 1 and this material showed a yield strength of 808 MPa, a tensile strength of 838 MPa and 15% of elongation at failure [29].



Five series were welded using the parameters presented in Table 2. The series S1–S4 were welded with a single pass in one side of the plates (top side) while the S5 series was welded by applying two passes: one in each plates’ side (top and bottom side). The welding equipment used was a disk laser Trumpf TruDisk 2000 with laser maximum output of 2000 W, beam wavelength of 1020 ηm, beam parameter product of 2 mm-mrad, fiber diameter of 200 µm and focus diameter of 350 µm. The equipment was used in continuous mode and did not use filler material.



It is important to mention that in the S5 series the welding speed on the top side was different for each sample (1.75, 1.80, 1.90, 1.95 and 2.00 m/min) while the weld pass on the bottom side was constant for all samples (2.50 m/min). The heat inputs used in welding were chosen to achieve different hardnesses in the welded series, but at the same time were maintained at a low heat input to obtain small HAZs, low softening and similar tensile mechanical properties to the BM as shown in [29].



The fatigue crack growth tests were carried out in a Dartec hydraulic machine using the ASTM E647-13a standard [30] as a guideline. The FCGR rate determination for the BM and welded series was achieved with constant load range ∆P tests (∆K increasing) and M(T) specimens’ geometry was used. The samples’ geometry used in the FCGR test can be consulted in Figure 1. As is possible to see in Figure 1, pre-cracks were machined by electrical discharge machining (EDM) and were localized on the underfill (see Figure 2). The specimens were loaded perpendicularly to the weld direction at stress ratio R = 0, at room temperature and with 15 Hz of frequency. The FCGR tests were performed in three conditions: not welded (BM), excess weld removed and both sides removed.



The crack length was measured by optical observation through a travelling microscope (45×) with digital micrometers and the crack growth rates were calculated according to the 5-point incremental polynomial method, following the ASTM E647-13a standard [30]. Once the specimen had a minimum crack size of 1 mm, at intervals with crack size increments (∆a) of 0.25 mm, the number of cycles was registered. During the test, it was verified that the measurements of the lengths of the two cracks did not differ more than 1.25 mm. The stress intensity factor range (SIFR) was calculated according the expression that corresponds to the M (T) specimen given in [30]. The results were displayed as da/dN vs. ΔK curves, only for regime II of the Paris law, for each condition.



In order to consider the crack closure effect on the FCGR, at regular intervals during the crack growth the crack opening displacement (COD) between the two holes localized in the centerline of the specimen (see Figure 1) was recorded using a pin microgauge extensometer. These results were plotted in load vs. COD and the tangent point method was applied to determine the load for which the crack remains fully open, Pop [31].



S–N curves were obtained from dogbone-like shaped specimens with a rectangular cross section of 12.5 × 3 mm. The fatigue tests were performed in the same machine and with the same conditions where the FCGR tests were conducted.



The metallographic analysis was completed through polishing and etching the cross section of the samples. Afterwards, the samples were observed through an optical microscope Leica DM4000 M LED. The reagent used for the etching process was Nital at 2%. The Vickers hardness tests were performed using a Struers Type Duramin-1 microhardness tester, applying 0.5 kg over a 10 s period. Finally, the fatigue fracture surfaces were observed using a stereo microscope and the measurements of the defects were achieved using a profilometer and a microscope equipped with micrometers.




3. Results and Discussion


3.1. Welding Defects and Hardness


Figure 3 illustrates the macrograph analysis of the welded series, where a different morphology in each series was obtained. The main imperfections noted were: excess weld in the bottom side of the S1, S2 and S3 series and in the top side of the S4 and S5 series; undercuts at the weld root in the bottom side of the S1 and S3 series and underfill and porosity in all series. In [27] it was reported that the series presented quality levels B and D according to the ISO 13919-1 welding quality standard and the imperfection sizes and morphology can be considered as crack-like imperfections. More details about the weld profile and imperfections of the welded series can be found in the previous reference. Due to the S4 series not reaching full penetration it will be omitted in the next sections.



The fatigue cracks occurred in the FZ and the HAZ, for this reason the microstructure, hardness and morphology need to be examined in these zones. Figure 2 presents a representative example of metallographic analysis where Figure 2b corresponds to underfill defect, Figure 2c shows the toe of the weld root and Figure 2d illustrates an undercut defect. For the heat input range used in the present work, Figure 2b showed that the HAZ was divided into two important zones: softened ferritic–bainitic with fine grain (FG) and bainitic–martensitic with coarse grain (CG) as was found in [29]. Figure 2b also shows the macrostructure of the FZ and the BM.



According to the fracture analysis, the fatigue starts in the weld root and in undercuts located in the boundary between the columnar grains of the FZ and the CG, as well as in the underfill located in the columnar grains of the FZ but very close to the HAZ and in pores located in the FZ. If fatigue crack paths depart from defects as underfill, undercuts and weld root (toe), they could enter the FG that is generally a soft zone.



The microhardness presents similar profiles for the different series; a very small softening in the FGHAZ was verified as illustrated in Figure 4 with the hardness profiles of the S2 and S3 series. The hardness increased with the heat input decrease at the FZ and the CGHAZ, but the difference in hardness is minimal in the sites where the fatigue started. For the fatigue start locations, the approximated hardness values were: 335, 345, 350 and 370 HV for the welded series S1, S2, S3 and S5 respectively, and approximately 295 HV for the BM. This increase in hardness can be explained by the quick cooling in the FZ and CG which allowed the bainitic–martensitic microstructural transformation while the FG zone cool down slower modifying the BM microstructure to a softened ferritic–bainitic microstructure.




3.2. S–N Curves


The S–N curves obtained can be analyzed observing Figure 5. The BM presented higher fatigue strength than all the welded series due to a condition that was free of defects and free of stress concentration points. Generally speaking, all series presented a similar fatigue behavior, although the scatter is high and there is some difference in the fatigue limits of the welded series. In Table 3, the S–N parameters, log C and m of the mean curves and the fatigue limits are shown. The fatigue limits were assumed as the maximum stress range values reached by the specimens that exceeded two million cycles (run-outs).



Although each series presented several fatigue failure modes due to the presence of different imperfections in the top and bottom sides, as well as on the lateral side and inside the weld bead due to the presence of pores; a dominant failure mode, strongly related to the imperfection with the highest stress concentration factor, was observed for each series.




3.3. Fatigue Crack Growth


Figure 6 shows the FCGR found for each series using two specimens in which the notches were cut on the underfill of the weld beads, seeking to agree with the sites where the failure occurred in the fatigue testing. As can be seen for the S1, S2 and S3 series, the specimens that were smoothed on both sides (two-sides-removed condition) showed a slightly slower crack growth rate than specimens smoothed only on one side (excess-weld-removed condition). In the case of the S5 series, even though the two specimens were prepared as the other series, the initial equality and subsequent greater difference (from the dotted line in the S5 series) observed in the crack growth rates could be explained once the crack paths and fractured surfaces were examined. For the specimen with faster crack growth rate, it was found that the direction of the growth of the cracks gradually deviated from the FZ towards the BM and therefore the crack growth rate of the upper part of the curve correspond to the BM. In what concerns the specimen with a slower crack growth rate, the change in the slope was due to a large difference between the crack sizes (exceeding the limit for the test validity) as one of the crack fronts was affected by porosity while the other was not.




3.4. Crack Opening Displacement and Crack Closure


The ∆P-COD example curves of the welded series and the BM plotted in Figure 7, where the non-linear part of the curves were marked by the tangent points, illustrate a different behavior in relation to the crack closure phenomenon: the S1 and S5 series did not present crack closure, in the S2 series it was so minimal that in practice it can be considered null, while in the S3 series and in the BM this phenomenon was presented, but, in a different way. In the crack size range of 1–12 mm, for the BM, the load range at which the point of tangency occurred was approximately constant, meanwhile, for the S3 series, the load range increased and subsequently decreased.



Should the crack tip plasticity be assumed as the main cause of the crack closure, the behavior observed could be explained considering the hardness and ductility of the microstructures. The BM has low hardness and good ductility while the welded series had propagation paths in the HAZ and the FZ where the hardness was high and therefore the ductility was low. On other hand, it has been explained in [32] that due to the presence of residual tensile stresses, there is no crack closure. The particular behavior of the S3 series could be caused by the crack path that also crossed the FGHAZ (which is softer) since the weld bead size was smaller than in the other series, and there could be residual compressive stresses presents in this series that contribute to the crack closure as reported in [32].



According to the above results, and considering the average of the load ranges values ∆P where the tangent points were observed for the crack sizes from 1 to 12 mm, the crack opening stress range ∆Sop and the ∆Keff/∆K ratio were calculated for the BM and the S3 series. The results are respectively: 24.43 MPa, 0.82 and 15.94 MPa, 0.89; meanwhile for the series S1, S2 and S5, the values of ∆Sop were assumed equal to zero and therefore the ∆Keff/∆K ratio equal to one.



The crack growth rates in the function of the stress intensity factor range (SIFR), of the specimens from which the excess weld was removed and of the BM, are shown in Figure 8a. As can be seen, the S1, S2 and S3 series had practically the same crack growth rate, the S5 series had a slightly higher rate than the previous ones, while the BM had the highest crack growth rate due to having a lower hardness as was described previously. With the ∆Keff/∆K ratio already obtained, for the BM and welded series the effective SIFR, ∆Keff, was determined and the da/dN-∆Keff curves were redrawn (Figure 8b). Table 4 shows the parameters A and n of the Paris law for the welded series and the BM.



The results found for the welded series suggest that weld ripples, porosity, residual stress and the microstructure were factors that influenced the crack growth rate. In relation to weld ripples, even though the effect was very small, their size and shape can modify a more or less straight path to a zigzag one and therefore the propagation line [33]. Since the BM microstructure was constituted of ferrite–bainite, while the welded series basically constituted of mixtures of bainite–martensite [29], there is a clear effect of a decrease in the crack growth rate that can be attributed to the microstructure due to the higher proportion of bainite and the presence of martensite. This agrees with the works [34,35] where a retarding effect was reported in the growth of cracks due to the presence of hard phases such as martensite and bainite. Regarding porosity, this factor requires a better study since, as noted, only one of the cracks was affected by this factor. In summary, since it is recognized that the phenomenon of crack growth is more influenced by the bulk properties than by the surface properties, the microstructure, the hardness and residual stresses could affect the crack growth rate to a greater degree while the effect of weld ripples was minimal.




3.5. Effect of Imperfections at High Stress Levels


As already mentioned, the welded series presented several imperfections that can be considered as crack-like imperfections; there were fatigue beginnings at the weld root in the toe and in the undercuts, as well as in the underfill and pores. The fractured surfaces of all specimens at the stress level of 600 MPa were examined and it was found that the size, quantity and the location of imperfections are important to explain their fatigue lives, as described below with the specimens shown in Figure 9.



In Figure 9a–d, the specimens of all series in the as-welded condition show, as a principal characteristic, that the fatigue failure occurred covering the entire width of the specimens and the fatigue lives were similar with the exception of specimens of the S2 series, which had a shorter life. The latter is due to the fact that unlike the other series, where the starting points of fatigue were observed in cracks that grew semi-elliptically, in the S2 series, the growth of this type of crack was not evident and there was practically only one crack front growing in depth along the width of the specimens. A similar failure mode was reported in [36] where by the high density of undercuts, one straight-fronted crack was the cause of the great reduction in fatigue strength.



In Figure 9e,f, the factor that seems to influence the shorter life (29,910 cycles) of one of the two specimens of the S2 series in the bottom-side-removed condition is the location of the failure starts toward the corner and the principal fracture surface on the lateral side of the specimen. Meanwhile, although the specimen with the longest life (36,597 cycles), presents fatigue starts that cover almost the entire width of the specimen, it was possible to observe a small growth until it coalesced and then a single semi-elliptical crack grew to the fracture. This last fact marks the difference of this specimen with the others of lesser lives, see Figure 5.



In Figure 9g–j, the fatigue lives of these specimens increased considerably in relation to the previous specimens presenting large and semi-elliptical fatigue cracks located centrally. The differences observed in the fatigue lives between the two specimens in the bottom-side-removed condition are: the size and number of fatigue starts. The specimen with the longest life (91,815 cycles) had a single large visible start while the one with the shortest life (75,849 cycles) had several starts that were smaller that coalesced. However, it can be seen that the width after coalescence is greater than the width of the start of specimen with the longest life and there is also a little difference in the final aspect ratios (depth/length). The increase in the fatigue lives of the specimens presented in Figure 9i,j and the differences between them are explained in a similar way to the previous specimens: they are due to the fact that the size of the fatigue starts decreased significantly, which, as seen in the photographs, are a bit more difficult to identify despite the higher magnification. For these specimens it should be clarified that although the elimination of imperfections on both sides of the weld beads was verified through the microscope, the small imperfections that appear in the photographs may correspond to subsurface imperfections that did not disappear through the grinding applied to the specimens. In the work of [20] this issue was also reported.



In the last specimens of the S5 series shown in Figure 9k,l, it is relevant that once the imperfections on both sides of the weld beads were removed, the fatigue failure corresponded to pores; surface pores located on the lateral side for the specimen with shorter life (56,343 cycles) and internal pores for the specimen with longer life (207,400 cycles). The apparent scatter previously mentioned for these specimens is actually the effect of the location of the pores in the specimens, as reported in the literature for pores near the surface and for internal pores [37,38]. From the previous review on fractured surfaces, for the stress level examined, it can be inferred that in the fatigue life the type and shape of the imperfections are less important than the size, quantity and location, and there was a certain order in the fatigue lives of the specimens, from the lowest to the highest: a continuous very small surface imperfection along of the width of specimen; various surface imperfections covering the width of the specimens or imperfections near to the border that produce fatigue in the lateral side, but growing semi-elliptically; surface pores or pores near to the surface in the lateral side; one big or a few small surface imperfections that do not cover the width of the specimen, that growth as one semi-elliptical crack; a condition similar to the previous one but with very small imperfections and one or various internal imperfections (pores). It should also be noted that specimens from all welded series, conditions and type of imperfections (undercuts, underfill, excess weld and pores) were included in the analysis carried out.



In summary, for the as-welded condition, due to the crack-like imperfections present in the top and bottom sides of the weld beads, the fatigue starts increased at high stress levels as reported in [36,39,40], and the phenomena of coalescence and growth of cracks had a greater influence on the fatigue life of the welded series and therefore also the local stress concentration at underfill or excess weld can influence the crack propagation.




3.6. Fatigue Lives Predictions


The previous analysis showed for the specimens in the as-welded condition, that at high stress levels, due to the presence of small imperfections, several fatigue starts are activated and coalesce rapidly, presenting conditions to neglect the fatigue initiation stage and therefore for the application of the fracture mechanics approach. The general procedure consists, first, in identifying the failure modes of the specimens with characteristic types of cracks and subsequently estimating the fatigue lives, N, according to well-known relationships of Paris law and SIFR, ΔK:


  N =   ∫    a i     a f      da    A    Δ  K n     



(1)
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Figure 10a–d shows four fractured specimens of the as-welded condition with details of the fatigue starts and schemes of crack types associated to the failure modes. Therefore, for the S2 series, a continuous surface crack corresponds to a failure due to multiple small imperfections along the weld root, for the S1 series, semi-elliptical surface cracks correspond to the failure due to the undercuts and for the S3 series, a corner crack corresponds to a failure in the underfill near at the border of the specimen. Failure is assumed to occur when, from an initial crack size, the final crack size is reached that corresponds to a critical fracture condition. For the S1 series when the semi-elliptical cracks (in Figure 10b,c) grow from the initial aspect ratios, (ai/ci), until they coalesce and cover the entire width, allows the determination of the fatigue lives of the specimens. In the case of the S3 series, when the initial crack depth grows to the thickness of the specimen (Figure 10d) and for the S2 series specimens, from a very small initial crack depth to the depth as observed in the fractured surface (Figure 10a).



Table 5 contains geometric data of the cracks for five specimens (the four shown in Figure 10 and an additional specimen similar to the one shown in Figure 10a), parameters used to estimate the fatigue lives, the respective experimental results and the relations between the experimental lives and the corresponding estimated values, meanwhile, Table 6 corresponds to predictions. It should be clarified how the crack sizes shown in Table 5 and Table 6 were established: the estimates were measured on the fractured surfaces of the specimens (as illustrated in the Figure 10c,d), meanwhile, predictions are based on the sizes of the imperfections reported in [27]. In both cases, where applicable, the sizes are the mean values of the imperfections.



The following observations point out aspects of the crack sizes of each series. For the S2 series estimations, since there were multiple small imperfections along the width of the specimens, 12.5 mm was assumed as the initial and final lengths. Meanwhile for predictions, the final crack sizes, af and cf, were determined as described as follows. The crack depth af for the straight crack corresponding to the S2 series, was assumed as half the plate thickness (1.5 mm), as is recommended in [8], and the final crack length cf was assumed to be 12.5 mm, because it corresponded to an extended crack. The value, af of 3 mm in the S3 series, corresponds to the failure critical condition assumed for the corner crack, meanwhile, the value 4.81 mm, corresponds to the same aspect ratio a/c as in Table 5. The af = 0.96 mm and cf = 1.56 mm values, for the S1 series, were set considering that the critical condition occurs when the semi-elliptical cracks grow until their crack length ends meet and cover the width of the specimen as observed in Figure 10b,c. Therefore, based on the reported imperfections data [27]: the number of undercuts was 38 in 100 mm and the undercut average length size was 1.11 mm; four undercuts were located evenly spaced across the width (12.5 mm) of the specimen, this allowed the estimation of the 2cf value as 12.5/4 mm and assuming the same a/c relationship as in Table 5, the af = 0.96 value was obtained.



Due to the fact that fatigue lives are calculated by means of the parameters A and n of the da/dN-ΔK curves and initial crack sizes ai in Table 5 and Table 6 or, with ai = 0.1 mm (for all specimens) according to the recommendation in [8] or also used in [13], this generally underestimated the fatigue lives of the specimens. The initial crack size was slightly decreased to 0.07 mm (for all cases) and the parameters A*, n* were determined only with the first fifteen points using the same data of da/dN-ΔK curves. The previous adjustments are in line with the practical procedure that establishes the initial crack size, adapted from the S–N data, for its application with the da/dN-ΔK curve, as indicated in [26], where it is also pointed out that the initial crack size, rather than a physical size, is a model parameter and this could lead to limits of transferability to other component geometries. The adjustments can be justified due to the small sizes of the fatigue starts and growing cracks, and the thin thickness of the plate in the present work.



Due to the sensitivity of the initial crack value ai, for a better estimation of the fatigue life to final crack size af, ten steps were used in the integration between ai and af, where the first steps were of less crack increase than the last steps and the effect of the variation of crack aspect ratios a/c and a/t was also considered, assuming a linear relationship between these two. The previous assumption considers roughly what was reported in [41] for the growth of cracks with a large initial aspect ratio a/c as was the case of the crack aspect ratios found in the present work. The Y values and Mk factors displayed in Table 5 and Table 6 correspond to the average of the first five steps of the integration and were calculated with expressions from the literature, [8,25] was consulted for the Y value and [42] for the Mk factor. As can be seen in Table 5 and Table 6, the Mk factor that considers the effect of local stress concentration, due to the excess weld on cracks starting from the undercuts, had a small effect, mainly due to the small width of the weld beads. For the case of cracks starting from the underfill, the Mk factor were assumed equal to one. The Mk factor according to an expression in [42], considers the weld bead features: flank angle, attachment, excess-weld high and joint thickness.



As observed in Table 5, fatigue lives were generally underestimated, being less than 25%, although the relation between the experimental results and the predictions of the fatigue lives achieved in Table 6 can be considered acceptable for the data, parameters and assumptions used; the analysis showed that at high stress levels the appropriate values of parameters A, n and initial crack depth, ai, must be used with a correct assignment of the type of crack to a given failure mode, as long as the initiation and coalescence stages can really be neglected. For specimens of the S5 series there were no predictions of the fatigue life due to the FCGR not being appropriate, as was described in Section 3.3 and Section 3.4.





4. Conclusions


The effects of local properties, hardness and microstructure for four laser welded butt joints in thin HSLA steel were considered to explain fatigue crack growth behavior. Estimates and predictions of fatigue lives were also made. The main conclusions drawn are:




	
Although the differences were small, each welded series presented at the crack start and propagation sites (CGHAZ and FZ) had higher hardness than the BM. The hardness range for the welded series was 335–370 HV and the hardness for the BM was 295 HV;



	
The welded series presented similar FCGR rates in the HAZFZ, but lower than in the BM. This was due to lower hardness being present in the BM because it was verified as a bainitic–ferritic microstructure, while, in the welded series it was observed as a bainitic–martensitic microstructure in the CGHAZ and the FZ. Crack closure was observed only in the BM and in the S3 series, which can be attributed mainly to the crack tip plasticity for the BM and the effect of compressive residual stresses for the S3 series. The welding parameters did not influence in the FCGR rates;



	
At higher stress levels, fatigue life is strongly influenced by the quantity, size and location of the imperfections. The presence of crack-like imperfections located in critical positions, such as near to the lateral edge or several along the width of the specimen, favor the initiation and coalescence of cracks so that the fatigue initiation period can be neglected;



	
It has been shown that estimations and predictions of welded series’ fatigue life are very sensitive to the adjustment of the initial crack size and the crack growth rates, and to an adequate identification of imperfections and assumptions of a type of superficial crack.
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Figure 1. Specimen geometry used in FCGR tests, dimensions in mm. 
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Figure 2. Metallographic and morphologic analyses. (a) S1 series macrograph, (b) Metallographic analysis and underfill defect, (c) toe of weld root, (d) undercut defect. 
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Figure 3. Cross-sections macrographs of the welded series. 
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Figure 4. Hardness profiles of the welded series. (a) S2 series and (b) S3 series. 
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Figure 5. S–N curves. 
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Figure 6. Fatigue crack growth rate at Paris regime for series (a) S1, (b) S3, (c) S2 and (d) S5. 
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Figure 7. ∆P-COD example curves of each welded series and BM. 
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Figure 8. Fatigue crack growth rate at Paris regime. (a) da/dN-∆K and (b) da/dN-∆Keff. 
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Figure 9. Fractured surfaces of specimens at 600 MPa, from the shortest life (a) to the longest life (l). 
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Figure 10. Fatigue failure modes with details and corresponding types of cracks. (a) extended crack, (b) semi-elliptical multicracks (c) semi-elliptical crack and (d) corner crack. 
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Table 1. Chemical composition of base material (wt %).
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	C
	Mn
	Si
	P
	S
	Cr
	V
	Nb
	Ni
	Cu
	Al
	Mo
	Ti
	Co
	Fe





	0.07
	1.69
	0.01
	0.012
	0.006
	0.03
	0.02
	0.046
	0.04
	0.011
	0.044
	0.016
	0.117
	0.016
	balance
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Table 2. Welding parameters used in the experimental work.
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Series

	
Laser Power (kW)

	
Welding Speed (m/min)

	
Heat Input (J/mm)






	
S1

	
2.00

	
1.60

	
75.0




	
S2

	
1.75

	
1.60

	
65.6




	
S3

	
2.00

	
2.00

	
60.0




	
S4

	
1.75

	
2.00

	
52.5




	
S5

	
top side weld pass




	
1.75

	
1.75–2.00

	
52.5–60.0




	
bottom side weld pass




	
1.25

	
2.50

	
30.0
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Table 3. S–N curves parameters and fatigue limits.
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	Series
	linear Model
	log C
	m
	Fatigue Limits





	S1
	no rejected
	13.46
	3.23
	180



	S2
	no rejected
	16.21
	4.25
	270



	S3
	no rejected
	13.25
	3.12
	210



	S5
	no rejected
	13.47
	3.21
	215
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Table 4. A, n parameters of the FCGR 1 curves as a function of ∆Keff.
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	Series
	A
	n





	S1
	6 × 10−9
	2.9147



	S2
	1 × 10−8
	2.7374



	S3
	4 × 10−9
	3.0276



	S5
	2 × 10−8
	2.6565



	BM
	2 × 10−8
	2.9556







1 (da/dN in mm/cycle and ∆Keff in MPa m1/2).
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Table 5. Data and parameters for the estimation of the fatigue life.
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Series-Crack Type (Figure)

	
Crack Sizes

	
FCGR Parameters 1

	
Mk Factor

	
Y Value

	
Fatigue Life




	
ai, ci (mm)

	
af, cf (mm)

	
A*, n*

	
Experimental (Cycles)

	
Estimated (Cycles)

	
Ratio






	
S2-extended (Figure 10a)

	
0.02, 12.5

	
0.96, 12.5

	
2 × 10−9, 3.2017

	
1.08

	
1.13

	
22,922

	
20,792

	
1.10




	
S2-extended (Figure 10a)

	
0.02, 12.5

	
1.22, 12.5

	
2 × 10−9, 3.2017

	
1.08

	
1.13

	
26,225

	
21,043

	
1.25




	
S1-semi-elliptical (Figure 10b)

	
0.15, 0.46

	
1.62, 2.61

	
7 × 10−10, 3.5965

	
1.05

	
1.10

	
29,264

	
25,485

	
1.15




	
S1-semi-elliptical (Figure 10c)

	
0.10, 0.69

	
2.01, 4.83

	
7 × 10−10, 3.5965

	
1.01

	
1.01

	
34,127

	
38,642

	
0.88




	
S3-corner crack (Figure 10d)

	
0.21, 1.15

	
3.00, 4.81

	
6 × 10−11, 4.4175

	
1.00

	
1.15

	
33,762

	
35,065

	
0.96








1 (da/dN in mm/cycle and ∆K in MPa m1/2); * parameters calculated with 15 points of the corresponding curves of Figure 8.
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Table 6. Data and parameters for the predictions of the fatigue life.
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Series-Crack Type

	
Crack Sizes

	
Mk Factor

	
Y Value

	
Fatigue Life at 600 MPa




	
ai, ci (mm)

	
af, cf (mm)

	
Experimental (Cycles)

	
Predicted (Cycles)

	
Ratio






	
S1-semi-elliptical crack

	
0.04, 0.56

	
0.96, 1.56

	
1.12

	
1.10

	
29,264

	
23,239

	
1.26




	
S2-extended crack

	
0.02, 12.5

	
1.5, 12.5

	
1.06

	
1.15

	
26,225

	
21,487

	
1.22




	
S3-corner crack

	
0.15, 1.58

	
3.00, 4.81

	
1.00

	
1.21

	
33,762

	
29,904

	
1.13
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