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Abstract

:

Welded steel details are critical components from the aspect of fatigue. Additional fatigue resistance can be achieved by the High-Frequency Mechanical Impact (HFMI) treatment. This treatment increases the crack initiation period by improving the weld geometry, introducing compressive residual stresses, and increasing the weld toe’s hardness. The study presented in this paper is based on the development and calibration of an Initiation–Propagation-based Two-Stage Model (TSM), which is, by the combination of different methods, suitable to separately consider crack initiation and crack propagation. It is shown that a TSM is able to predict the fatigue life of as-welded and HFMI-treated welded steel details, which is proven by comparing the calculated results with the results of tests on similar details given in the literature. A parametric study of the TSM is conducted for different steel grades in order to investigate the influence of steel strength and HFMI parameters on fatigue lives of a welded steel detail with longitudinal attachment.
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1. Introduction


Fatigue in welded steel structures such as bridge structures, crane runway beams, offshore structures, wind energy supporting structures, etc. is a progressive and localised process of damage accumulation in a material due to cyclic stresses. The magnitude of cyclic stresses is often below the material yield strength. The fatigue life of steel structures consists of a crack initiation and crack propagation period. While unwelded details show more extended periods of crack initiation, in the welded details, the period of crack propagation has a dominant influence. More information on the fatigue phenomenon can be found in [1]. In welded structures, fatigue damage usually occurs in weld toes [2]. Welding affects the material properties, which can cause inhomogeneity within the welds, such as notches, pores, voids, etc. Weld represents a sudden change in the geometry of detail that causes high stress concentrations. Welding is performed by melting the base and additional material using concentrated heat, which causes residual stresses after cooling in the heat-affected zone.



One of the essential differences between welded and non-welded details is the influence of material strength on fatigue life. The fatigue life of unwelded details usually increases with the tensile strength of the material. However, this is not the case with welded joints in which the crack propagation rate from the initial notch does not depend on the steel quality of the base material [2]. The above-mentioned aspect significantly limits the application of high-strength steel.



There are several methods to increase the fatigue life of welded steel details. Fatigue damage can be avoided by applying details with lower-stress concentration factors or positioning welds in lower-stress areas of the structure. High-quality welds without voids and imperfections and full penetration welds can also increase fatigue life. Additionally, the solution to achieve additional fatigue resistance of welded steel details can be found in post-weld treatment (PWT) methods [3,4]. This study is related to the High-Frequency Mechanical Impact (HFMI) treatment. This treatment increases the fatigue life of welded details by improving the weld geometry, introducing favourable compressive residual stresses, and increasing the weld toe’s hardness [5]. HFMI treatment extends the crack initiation period of welded steel details [6]. This treatment will be also introduced in the new generation of European standards [7,8].



In practice, failures resulting from fatigue are avoided by ensuring that all welded joints within a structure to experience fatigue loading in service have adequate fatigue strengths. There are many methods in the literature for fatigue life assessment of welded steel structures [9,10]. The most common fatigue life assessment methods are S-N-based methods [10,11,12], which can be based on the Nominal stress approach, Hot Spot stress approach, or Effective Notch stress approach. Within these methods, classification of the welded details into specific detail categories is a prerequisite. Fatigue resistance of a welded detail is represented by the corresponding S-N curve obtained by laboratory cyclic fatigue tests. Fatigue strength is determined by a number of stress changes of certain stress amplitudes until detail failure. This simple method is suitable for engineering practices [11]. In the case of HFMI-improved welded steel details, the International Institute of Welding (IIW) also suggests S-N methods with corresponding S-N curves [4]. In S-N methods, surface conditions such as residual stresses and local hardness as the impacts of post-weld treatments on the fatigue life are usually not explicitly considered. S-N methods consider total fatigue life and cannot distinguish between the fatigue initiation and fatigue propagation periods. HFMI treatment extends the fatigue initiation period of a welded steel detail, so it would be appropriate to consider these two periods separately.



This study is based on the development and calibration of an Initiation-Propagation-based Two-Stage Model (TSM), which is, by the combination of different methods, suitable to consider both crack initiation and propagation separately [10,12,13,14,15]. It is investigated whether the developed Two-Stage Model (TSM) can appropriately predict the total fatigue life of as-welded (AW) and HFMI-treated welded steel details with longitudinal attachment under constant amplitude uniaxial nominal stresses. The TSM is applied and validated for fatigue life assessment of welded steel detail according to existing test data from the literature. Considering the influence of HFMI parameters, a parametric study was performed, and certain conclusions drawn.




2. Materials and Methods


2.1. High-Frequency Mechanical Impact (HFMI) Treatment


The High-Frequency Mechanical Impact treatment is a simple and effective group of post-weld treatment technologies increasingly used in civil engineering [16]. In some cases, it can be the only remaining solution when a sufficient fatigue resistance cannot be achieved with conventional design rules. In the HFMI treatment, the energy source under high frequency (>90 Hz) drives cylindrical indenters that oscillate and impact the weld toe. Such a process causes local plastic deformation of the material, and the positive effect is achieved due to the impact energy at every single impact. A detailed review of the HFMI treatment can be found in [6]. An example of untreated (AW) and treated (HFMI) welded steel detail can be seen in Figure 1.



The HFMI treatment provides a smoother transition between the weld face and the plate, and thus reduces the stress concentration. The HFMI treatment also introduces residual compressive stresses that reduce the unfavourable tensile residual stresses at the weld toe. Due to plastic deformations, hardening of the material locally increasing the material yield strength occurs as well. These three HFMI improvement parameters increase the fatigue life of the welded steel details [5,16,17,18]. Figure 2 represents the positive effect of HFMI treatment on the weld toe.



The main benefit of the HFMI treatment is the extension of the fatigue crack initiation period, as it removes imperfections within which the fatigue crack initiates. Unlike AW details, fatigue strength in HFMI-treated details depends on material strength, which significantly benefits high-strength steel applications. It must be highlighted that the HFMI treatment is only applicable if a fatigue crack occurs at the weld toe. Additionally, after the crack grows outside the zone of HFMI influence, the remaining fatigue life is like that of AW details.




2.2. Two-Stage Model (TSM)


2.2.1. General


The fatigue life of a structural detail consists of crack initiation and a crack propagation period. Use of the fatigue resistance curves does not distinguish between these two phases but observes the total fatigue life. The HFMI treatment extends the fatigue initiation period, so an accurate fatigue life assessment model should explicitly consider these stages. Two-Stage Initiation–Propagation Models (TSMs) are introduced to analyse initiation and propagation separately [10,12,13,14,15]. The transition between crack initiation and propagation is referred to as technical crack initiation at a certain crack depth (Figure 3) [10,12]. Considering HFMI improvement parameters (Figure 2), it is possible to estimate the fatigue life of AW and HFMI-treated steel details.



There are many methods for crack initiation period assessment, such as the fatigue notch factor [19,20,21], notch strain approaches [10,22,23], or the notch stress intensity factor [24,25]. The crack propagation period is generally modelled using Linear Elastic Fracture Mechanics (LEFM) [10,11,26], which provides the required number of stress cycles of a certain amplitude for a crack to propagate to a critical value when a failure occurs (Figure 3). In this research, for the crack initiation modelling, the notch strain (NS) approach is used. The NS approach is commonly applied in mechanical engineering, where many guidelines exist, but its application in structural engineering is still rare [14]. On the other hand, LEFM is usually applied in the assessment of existing structures, so its full potential for fatigue assessment of new welded joints has not yet been exploited [26].




2.2.2. Crack Initiation Period—Notch Strain Approach (NS)


The NS approach was proposed by Seeger et al. [22]. The fatigue life assessment consists of determining the stresses and strains at the weld toe in elastic–plastic conditions and using the analogy of the strain–life curve of the sample material (Φ = 6–8 mm) to determine the number of stress cycles to failure (Figure 4). An introduction to the notch strain approach can be found in [10].



If the welded detail is cyclically loaded, the stress-strain ratios in the σ-ε diagram start from the stress-strain curve due to static load to the stabilised state, which is usually established after 5–10% of the total fatigue life [14]. The stabilised ratio of cyclic stresses and strains in the elastic-plastic state is usually approximated by the Ramberg-Osgood expression [27]. In the elastic-plastic state, the total deformation consists of an elastic and a plastic component:


   ε a  =  ε  a , el   +  ε  a , pl   =    σ  local    E  +    (     σ  local      K ′     )    1 /  n ′    ,  



(1)




where εa is the total strain amplitude, εa,el is the elastic strain amplitude, εa,pl is the plastic strain amplitude, σlocal is the stress at weld toe, E is the modulus of elasticity, K′ is the cyclic strain hardening coefficient, n′ is the cyclic strain hardening exponent. K′ and n′ are values that can be obtained from the literature or experimental tests. The cyclic load forms the hysteresis loop, shown in Figure 5.



The maximum local stress and strain in the weld toe can be conservatively calculated using the notch stress and strain concentration factors. Stress and strain concentration factors in the elastic and elastic-plastic state are presented in Figure 6.



As the nominal stress increases, the stress concentration factor remains constant until the yield strength (fy). After yielding, the stress concentration factor decreases (Ktσ), and the strain concentration factor (Ktε) increases. This means that the stress is lower than the elastic stress, and the deformation is higher than the elastic deformation. To describe the nonlinear analysis by a linear model, Neuber’s expression is used [28]. For each elastic deformation in the σ-ε diagram of the material, Neuber’s expression that gives the energy balance in σ-ε diagram between the elastic stress and strain and the corresponding elastic–plastic stress and strain, as follows:


    (  K σ  ⋅  K ε  )   elastic   =   (  K σ  ⋅  K ε  )   plastic   .  



(2)







If    K t 2  =  K σ  ⋅  K ε   , and


   K σ  =    σ  max      σ n    ,  



(3)






   K ε  =    ε  max      ε n    =    ε  max     (  σ n  / E )   ,  



(4)




then it follows that:


   K t 2  =    ε  max      ε n    ⋅    σ  max      σ n    =    ε  max      σ n  / E   ⋅    σ  max      σ n    .  



(5)







Finally, the following Equation (6) can be written as:


       (   K t  ⋅  σ  max , nominal   +  σ  residual    )   2   E  =    (  σ ⋅ ε  )    max , local   .  



(6)




where σmax,local and εmax,local are maximal local stresses and strains in the weld toe. Kt is the elastic stress concentration factor. Thus, for given nominal stress and the stress concentration factor Kt, it is possible to calculate the stress and strain in the elastoplastic state. Equation (6) includes residual stress (σresidual) as the HFMI improvement parameter of fatigue life. The geometry change by HFMI treatment is taken into account by stress concentration factor Kt. To calculate the crack initiation period, it is necessary to calculate stresses and strains in the hysteresis loop (Figure 5). The Ramberg–Osgood Equations (1) and (6) give two equations with two unknowns, from which the maximum local stress in the weld notch σmax,local is calculated. This procedure provides the maximum stress at the weld toe in the elastic–plastic state:


       (   K t  ⋅  σ  max , nominal   +  σ  residual    )   2   E  =  σ  max , local    (     σ  max , local    E  +    (     σ  max , local      K ′     )    1 /  n ′     )  .  



(7)







The same procedure is applied for the calculation of the local stress amplitude Δσlocal:


      (  K t  ⋅ Δ  σ  nominal   )  2   E  =   ( Δ σ ⋅ Δ ε )   local   .  



(8)







After the load direction change, the branch of the hysteresis loop includes the Bauschinger effect and is followed by the σ-ε ratio, which is twice the values of deformation and stress concerning the initial σ-ε curve in the first load direction [29]. This is because when inversion of the load occurs, the element must deform twice as much as in the first direction of the load. This can be described by the expression:


    Δ ε  2  =   Δ σ   2 E   +    (    Δ σ   2  K ′     )    1 /  n ′    .  



(9)







Equations (8) and (9) are new systems of two equations with two unknowns. By including Equation (9) into (8), a new Equation (10) is obtained as follows:


       (   K t  ⋅ Δ  σ  nominal    )   2   E  = Δ  σ  local    (    Δ  σ  local    E  + 2 ⋅    (    Δ  σ  local     2  K ′     )    1 /  n ′     )  .  



(10)







By solving the system of equations, the local stress amplitude Δσlocal showed in Figure 5 can be obtained. Then, the local mean stress is:


   σ  mean , local   =  σ  max , local   −   Δ  σ  local    2  .  



(11)







Crack initiation is described by the strain-life curve, which includes elastic and plastic parts. The curve equation, according to Manson and Coffin, with the correction of the mean stress according to Morrow [15], is:


   ε a  =  ε  a , el   +  ε  a , pl   =    σ f ′  −  σ m   E     (  2  N i   )   b  +  ε f ′     (  2  N i   )   c  ,  



(12)




where σf′ is the fatigue strength coefficient, εf′ is the fatigue ductility coefficient, b is the fatigue strength exponent, c is the fatigue ductility exponent, σm is the mean stress, 2Ni is the number of cycles to crack initiation. The crack initiation period ends when the technical crack is initiated. There are many suggestions in the literature for technical crack size, such as ai = 0.5–0.8 mm [30] and ai = 0.25 mm, according to Lawrence et al. [10]. Hou et al. [31] recommend a crack of 0.25 mm.




2.2.3. Crack Propagation Period–Linear Elastic Fracture Mechanics (LEFM)


The crack propagation period Np is determined using Linear Elastic Fracture Mechanics [10]. The stress intensity factor describes the stress state near the crack tip caused by an external load:


  Δ K = Δ σ ⋅ Y ⋅  M k  ⋅   π ⋅ a   ,  



(13)




where Δσ is the stress range, Y is the correction factor depending on the crack geometry and Mk is the stress magnification factor due to the stress concentration at the crack tip. A crack starts to propagate if the stress intensity factor range ∆K exceeds the threshold stress intensity factor range ∆Kth. The Paris–Erdogan equation [32], which approximates the rate of crack growth under cyclic planar deformation conditions at the crack tip, is used to estimate the crack propagation period for fatigue loaded welded joints. The crack propagation perpendicular to the load direction is assumed. The Paris–Erdogan equation is:


    d a   d N   = C ⋅ Δ  K m  ,  



(14)




where a is the crack size, N is the number of stress cycles, C and m are experimentally determined material constants, and ΔK is the stress intensity factor range. The material constants m and C depend on the material’s microstructure, mean stress, environmental conditions, temperature, degree of corrosion, etc. The values of these constants and a list of literature where they can be found were collected in [10]. Figure 7 shows a typical crack propagation curve according to the Paris–Erdogan equation.



The crack growth process consists of slow propagation, stable and unstable crack propagation followed by failure. The Paris–Erdogan equation refers to the linear stable crack propagation. The crack propagation period is calculated by integrating the Paris–Erdogan equation:


   N p  =    ∫   a i     a c     d N    =    ∫   a i     a c      1  C ⋅ Δ  K m    d a    ,  



(15)




where N is the number of stress cycles from ai to ac. When the crack size reaches the critical value of acr, failure is assumed. The initial crack size is equal to the technical crack size ai at the end of the crack initiation period. By integrating the Paris–Erdogan equation over the crack size, the service life of the welded detail at fatigue can be calculated [10] as follows:


   N p  =    ∫   a i     a c       d a   C ⋅ Δ  K m       =    ∫   a i     a c       d a   C ⋅    (  Δ σ ⋅ Y ⋅  M k  ⋅   π ⋅ a    )   m       =  2  ( m − 2 ) ⋅ C ⋅ Δ  σ m  ⋅  π  m / 2     ⋅  [   1   a i  ( m − 2 ) / 2     −  1   a c   (  m − 2  )  / 2      ]   



(16)








2.2.4. Flowchart of the Two-Stage Model (TSM)


Figure 8 shows a flowchart of the TSM based on the procedures presented in previous sections for crack initiation period—the notch strain approach (NS) and crack propagation period—Linear Elastic Fracture Mechanics (LEFM).






3. Results and Discussion


3.1. Calibration of the TSM


3.1.1. General


This section investigates whether the Two-Stage Model (TSM) can appropriately predict the total fatigue life of AW and HFMI-treated welded steel details. Considering the influence of HFMI parameters, the TSM is applied and calibrated for fatigue life assessment of welded steel details according to data from available test results from the literature. The study is focused on welded detail with longitudinal attachment (Figure 1) under constant amplitude uniaxial nominal stresses.



For calibration purposes, a steel plate S690 with a thickness of 8 mm was assumed. HFMI parameters were taken from the literature, and the calculated fatigue life was validated by the fatigue test results given in the literature [33,34,35,36]. The TSM was calibrated for the AW and HFMI-treated conditions. After the TSM model calibration, a parametric analysis was performed. As mentioned before, the transition between fatigue crack initiation and propagation periods is defined by technical crack initiation. The findings in the literature [37,38] show that the technical crack starts to initiate at about 10% of the total fatigue life of the considered specimen for the AW condition. In the case of HFMI-treated details with high-strength steel S690, the crack initiation period can shift up to even 90% of a specimen’s total fatigue life [37]. For calibration purposes, the initial crack size was assumed to be 0.5 mm.




3.1.2. Material Parameters for NS Approach


The notch strain approach requires the definition of cyclic material parameters, which are determined from tests. Many researchers have developed correlations between fatigue properties of materials and monotonic tensile data [39]. The review of these correlations can be found in paper [39], where three methods are selected for estimating uniaxial fatigue properties for assessment of HFMI-treated details—Uniform Material Law (UML), Extended UML and the hardness method (HM). These correlations are useful considering the amount of time and effort required to obtain the cyclic material parameters. In the lack of expensive cyclic tests, these methods can be used to estimate variables for the notch strain approach.



Uniform material law (UML) is one of the most popular methods for the assessment of cyclic material parameters [10,15]. This method was proposed by Bäumel and Seeger [40]. This is a simple method, since material parameters can be estimated based on Young’s modulus and ultimate tensile strength [39]. Korkmaz [41] proposed Extended UML for higher-strength steels. The hardness method (HM) is a simple method for the estimation of strain–life curve parameters and only requires the Brinell hardness of the material and Young’s modulus. Both parameters are available or easily measurable by non-destructive tests. This method was proposed by Rossle and Fatemi [42] and provides good approximations of the strain–life curve. Selected methods for determining material parameters for a strain–life curve can include hardness as the HFMI improvement parameter either through local hardness change (HB) or indirectly through a local change of tensile strength (UML and Extended UML). Cyclic material parameters according to the described methods are shown in Table 1.



Calculations in this research show that UML, Extended UML and HM are in good agreement with test results from the literature for the AW condition [39]. As shown later, with the appropriate calibration of the fatigue strength exponent, b, and fatigue ductility exponent, c, HM is suitable both for AW and HFMI-treated conditions.




3.1.3. Material and Geometry Parameters for the LEFM Approach


The material parameters for the Paris–Erdogan equation are derived from crack propagation tests. For calibration within this research, the crack propagation approach material parameters are adopted as m = 3 and C = 3.5 × 10−12. The local stress magnification factor Mk(a) is calculated according to [26]. The parameter Y(a) is a function of crack size, but the average value of a parameter can be considered a constant if Y does not vary strongly [10,26]. For this calculation, it is assumed that Y = 1.12 [43]. The integration was performed by the stepwise integration of crack and cycle increments and by the parallel computing of Mk(a). The step increment was Δa = 0.01 mm. The calculations were performed with the initial crack that equals technical crack size ai = 0.50 mm, implemented at the maximum principal stress location. Various methods can determine the final crack size, but very often it is not necessary. The biggest portion of the fatigue propagation period is related to small cracks. For a steel plate thickness of 8 mm, it is insignificant whether a final crack size is chosen as 5 mm, 6 mm or 7 mm since there is only a negligible difference in the number of cycles. Accordingly, in this research, 5 mm is assumed as a final crack size.




3.1.4. HFMI Parameters for TSM


In this section, HFMI parameters are adopted from the literature. For longitudinal stiffener with 8 mm thickness in the AW condition, stress concentration factor is about Kt = 2.69–3.85 [44]. For the corresponding HFMI-treated detail, the stress concentration factor is about Kt = 1.92–2.17 [44].



In [45], the measured residual stress in AW condition for steel grade S355 is around 25 MPa, and for steel grades S690 and S960, it is around 200 MPa. In the same reference, for steel grade S700, the average value of residual stresses is around 470 MPa in the AW condition, and −200 (compression) for the HFMI-treated condition, with a scatter of ±150 MPa. Residual stresses for the AW condition in the longitudinal attachment for steel grade S700 [44] is around 340 MPa (tension), and for the HFMI-treated weld toe, it is around −180 MPa (compression). In [46], the compressive residual stress for steel grade S690 ranges from −540 and −654 MPa. For the HFMI-treated specimens of steel grade S960, residual stress values were between −600 MPa and −800 MPa. In [47], residual stresses at the surface range for steel grades S355 and S690 with values of −230 MPa to −270 and of −500 MPa to −610 MPa, respectively. It can be seen that there are big differences in data since some information such as welding procedure and other manufacturing conditions cannot be explicitly confirmed.



To quantify strain hardening (change in hardness) after HFMI treatment, microhardness measurements of the locations around the plastically deformed zone were performed. In [46], it is observed that a hardness increase occurs from 180 HV0.05 to 300 HV0.05 for fillet welds in the case of specimens from steel grade S355. In [47], a hardness increase up to 340 HV0.05 in a depth of around 1 mm was observed for steel grade S355J2 + N compared to a base material hardness of 209 HV0.05. In [46], for steel grade S690QL, the hardness in the AW condition is 250 HV0.05, and an increase from 300 HV0.05 to HV350 was observed. The mean value of measured hardness for S700 in the AW condition in a weld toe area is measured as HB = 230, and for the HFMI-treated condition, HB = 240 [44]. According to [48], the base material hardness for steel grade S690 is from HB228 to HB278. According to [49], the hardness increase is the greatest for low-strength material states with a hardness of around 200 HV0.05. For high-strength steels, the increase in hardness is not so significant. As presented in [47], there is only a slight hardness increase from 415 HV0.05 to 435 HV0.05 in the AW condition.




3.1.5. Results of the TSM


This section presents the calculated fatigue lives of longitudinal attachment with the TSM. Based on the literature survey in the previous section, for calibration purposes, the stress concentration factor value of Kt = 3.27 was adopted for the AW condition and Kt = 2.05 for the HFMI-treated condition. Residual stresses are assumed to be 340 MPa for the AW condition and −400 MPa for the HFMI-treated condition. The hardness value in the AW condition in a weld toe area is adopted as HB = 230, and for the HFMI-treated condition, it is HB = 240. The stress ratio is assumed to be R = 0.1. The general concept and ability of the TSM to calculate the fatigue life of longitudinal attachment welded steel detail in the AW condition and the HFMI-treated condition is validated in terms of a comparison of the model results, with test results provided in the literature. S800, S355 and 16Mn are different steel grades used in similar welded details, with plate thicknesses of t = 8 mm. The results are presented in Figure 9 and Figure 10.



In Figure 9 and Figure 10, the fatigue lives are given for different stress ranges. According to the TSM model for assumed parameters for AW and HFMI-treated conditions, the calculated fatigue lives for different stress ranges shows a good agreement with test results given in the literature.





3.2. Parametric Study


A parametric study of the Two-Stage Model (TSM) was performed for different steel grades in order to investigate the influence of steel strength and HFMI parameters on fatigue lives of a welded steel detail with longitudinal attachment. Within the parametric study, three steel grades, S355, S690 and S960, were chosen. As mentioned before, a wide range of different HFMI improvement parameters for every steel grade is provided in the literature. Consequently, for the purpose of parametric analysis, the most favourable and unfavourable improvement parameters combinations were adopted for corresponding steel grades (Table 2). For example, in the case of steel grade S355 and the AW condition, the most favourable combination will be the result of minimum values of stress concentration and residual stress and the maximum value of hardness. Analogously, the most unfavourable combination will be the result of maximum values of stress concentration and residual stress and the minimum value of hardness. Such combinations were adopted for both AW and HFMI conditions, resulting in the upper and lower bound of calculated fatigue lives.



The results of the parametric study are shown in Figure 11, Figure 12 and Figure 13, with the intervals of the fatigue lives according to the TSM between most favourable (Upper Bound—UB) and unfavourable (Lower Bound—LB) improvement parameters for the AW and HFMI-treated condition. The results are plotted for different steel grades in order to present the influence of steel strength on the fatigue lives of welded steel detail. AW and HFMI-treated conditions are plotted on the same diagram to show the increase in fatigue life for the HFMI-treated condition.



Results from Figure 10, Figure 11, Figure 12 and Figure 13 show a significant increase in calculated fatigue lives for HFMI-treated details in comparison to the AW condition. The HFMI method improves the geometry of the weld toe and thus reduces the stress concentration factor, which ensures longer fatigue life. As mentioned before, the HFMI method also modifies the residual stress state at the weld toe. It is able to introduce higher compressive residual stresses in high-strength steel, which has a significant influence on increasing the fatigue life. It is shown that HFMI-treated details for steel grade S960 (Figure 13) have much longer fatigue lives than the same detail made of steel grade S355 (Figure 10). To show the impact of steel quality more clearly, results for the HFMI-treated state (LB) are presented in Figure 14 for three steel grades. It can be seen that details with a steel grade of S690 have increased fatigue lives in relation to S355, but are considerably lower in relation to details made of steel S960.



Due to plastic deformation in the treatment zone, the HFMI treatment causes an increase in local hardness at the weld toe, leading to a local increase in tensile strength. It is shown in Table 2 that the HFMI treatment is significantly more effective in increasing the hardness in lower-strength steel grades. For steel S960, the increase in hardness is negligible. Besides that, Figure 12 shows that a HFMI-treated detail made of high-strength steel S960 has the longest fatigue life, proving that compressive residual stresses have the highest impact on the fatigue lives of HFMI-treated welded steel details.





4. Conclusions


This paper presents the development of a Two-Stage Model consisting of the strain–life approach and the crack propagation approach and its application for fatigue life assessment of AW and HFMI-treated welded steel details. The model is developed and calibrated for the longitudinal attachment detail for AW and HFMI-treated conditions. The results are validated with the test results given in the literature. It is shown that the Two-Stage Model is able to predict the fatigue life of welded steel details in AW and HFMI-treated conditions, which is proven by comparing the calculated results with the test results of similar details given in the literature. Parametric analysis of the Two-Stage Model shows that the HFMI-treated details made of high-strength steel grades have longer fatigue lives due to the introduction of larger compressive residual stresses for the same geometry. However, to develop a more reliable model, it is necessary to calibrate it with specific laboratory fatigue tests where HFMI improvement parameters will be measured on tested specimens.
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Figure 1. Untreated weld toe—AW (left) and treated weld toe—HFMI (right) on the specimen with longitudinal attachment. 






Figure 1. Untreated weld toe—AW (left) and treated weld toe—HFMI (right) on the specimen with longitudinal attachment.



[image: Metals 11 01318 g001]







[image: Metals 11 01318 g002 550] 





Figure 2. HFMI treatment of weld toe: (a) HFMI treatment (b) fatigue improvement parameters. 
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Figure 3. Crack size in relation to a number of stress cycles. 
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Figure 4. The concept of similarity for the “notch strain” approach. 
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Figure 5. Hysteresis loop in the weld notch. 
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Figure 6. Stress and strain concentration factors in the elastic and plastic state. 
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Figure 7. Typical crack propagation curve. 
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Figure 8. Flowchart of the TSM. 
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Figure 9. Results of calculated fatigue life for AW condition. 
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Figure 10. Results of calculated fatigue life for HFMI-treated condition. 
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Figure 11. Results of calculated fatigue life for S355 (AW and HFMI condition). 
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Figure 12. Results of calculated fatigue life for S690 (AW and HFMI condition). 
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Figure 13. Results of calculated fatigue life for S960 (AW and HFMI condition). 
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Figure 14. Results of calculated fatigue life for S355, S690 and S960 (HFMI condition, LB). 
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Table 1. Cyclic material parameters for strain–life curve.
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	Parameter
	UML [10]
	Extended UML [41]
	HM [42]





	K′
	1.61 fu
	σf’/(εf’)n′
	1.65 fu



	n′
	0.15
	b/c
	0.15



	σf’
	1.5 fu
	fu (1 + ψ)
	4.25 HB + 225



	εf’
	0.59 ψ
	0.58 ψ + 0.01
	1/E(0.32 (HB)2 − 487 (HB) + 191,000



	b
	−0.087
	−log (σf’/σE)/6
	−0.057 to −0.14



	σE *
	0.45 fu
	fu(0.32 + ψ)/6
	-



	c
	−0.58
	−0.58
	−0.39 to 1.04



	ψ **
	1.0 for (fu/E) ≤ 3 × 10−3

1.375 − 125 (fu/E) for (fu/E) > 3 × 10−3

and ≥0
	0.5(cos(π(fu − 400)/2200) + 1)
	-







* σE—technical endurance limit in terms of stress. ** ψ—dimensionless factor related to ultimate strength fu and elastic modulus E.
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Table 2. Adopted parameters for parametric analysis of TSM model.
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Steel Grade

	
S355

	
S690

	
S960






	
Parameter

	
Condition

	
min

	
max

	
min

	
max

	
min

	
max




	
Stress concentration

	
AW

	
2.6

	
4.0

	
2.6

	
4.0

	
2.6

	
4.0




	
HFMI

	
1.8

	
2.2

	
1.8

	
2.2

	
1.8

	
2.2




	
Residual stress

(at surface) (MPa)

	
AW

	
25

	
250

	
25

	
400

	
25

	
600




	
HFMI

	
−350

	
−200

	
−650

	
−400

	
−800

	
−600




	
Hardness

(at surface) (HB)

	
AW

	
146

	
187

	
230

	
240

	
320

	
320




	
HFMI

	
240

	
290

	
240

	
270

	
320

	
340
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