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Abstract

:

This paper uses a two-scale material modeling approach to investigate fatigue crack initiation and propagation of the material X10CrMoVNb9-1 (P91) under cyclic loading at room temperature. The Voronoi tessellation method was implemented to generate an artificial microstructure model at the microstructure level, and then, the finite element (FE) method was applied to identify different stress distributions. The stress distributions for multiple artificial microstructures was analyzed by using the physically based Tanaka–Mura model to estimate the number of cycles for crack initiation. Considering the prediction of macro-scale and long-term crack formation, the Paris law was utilized in this research. Experimental work on fatigue life with this material was performed, and good agreement was found with the results obtained in FE modeling. The number of cycles for fatigue crack propagation attains up to a maximum of 40% of the final fatigue lifetime with a typical value of 15% in many cases. This physically based two-scale technique significantly advances fatigue research, particularly in power plants, and paves the way for rapid and low-cost virtual material analysis and fatigue resistance analysis in the context of environmental fatigue applications.
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1. Introduction


Power plants have been generating massive quantities of electricity and refining raw materials into final products. The typical life span of a power plant is 402,960 h [1,2]. Low cycle fatigue stresses are imposed on machinery that operates at high temperatures and with some vibration due to its surroundings. Increasing a power plant’s operating temperature within the allowed range is a principal means of improving energy efficiency, but it requires remarkable structural integrity [3]. Monitoring structural integrity and detecting local failures are critical for ensuring that respective components remain fit for service. Understanding a material’s fatigue life under cyclic load is essential because structures can collapse under fatigue loading at loads lower than the material’s yield stress.



Numerous researchers [4,5] have examined the X10CrMoVNb9-1 P91 steel’s high-temperature crack development characteristics under constant load. Saad et al. investigated P91 materials to develop a constitutive viscoplasticity model capable of reproducing the mechanical behavior of power plant materials under thermomechanical fatigue conditions [6]. They discovered that viscoplasticity might be employed in predicting P91 steel behavior at temperatures ranging from 400 °C to 600 °C. Jinbiao et al. investigated the prediction of high-temperature fatigue crack onset in P91 steels [7]. They observed that high-angle grain boundaries were reinforced by 74% when they compared the fine-grain heat-affected zone alongside the coarse-grain heat-affected zone.



The accumulation of damage under cyclic loading is the key issue of fatigue, making it a nuanced phenomenon [8]. The fatigue life of engineering constructions is an intricate process with different phases. To simplify this procedure, engineering structure design often considers three superordinate phases: fracture initiation, fatigue crack propagation, and unstable crack growth. These phases are frequently evaluated separately. Figure 1 shows a graphic representation of the stage of the fatigue life cycle. Zhan investigated the fatigue behavior of TC4-TC11 titanium alloys through laser-melting deposition [9], while Huang et al. adopted a damage mechanics approach to examine the effects of overload on notched specimen fatigue, combining residual stress and plastic damage [10].



Several researchers [2,11,12,13] have employed the Tanaka–Mura model (TMM) as a modeling tool to determine the initiation of cracks. The concept was first presented by A. Brückner-Foit and X. Huang [14], who developed a computer model for the evolution of fracture due to fatigue in martensitic steels (F82H) using an updated version of the TMM. Brückner-Foit’s research focuses more on quantifying cycles than does Kramberger et al.’s [13] investigation into the segmental crack nucleation process. Mlikota and Schmauder et al. [15] used the improved TMM to establish multiscale modeling and simulation of the metal fatigue method. The researchers estimated the number of cycles needed for the ultimate fracture using a dual-scale and a multiscale framework to assess crack initiation and propagation. They successfully evaluated the simulation of crack initiation with experiments on various steel varieties, including AISI 1141, high-strength steel S960, and martensitic steel.



Santus et al. investigated the development of small metal cracks [16]. They discovered that crack development has three stages. The first stage is the microstructurally short crack (MSC) stage, which raises questions about the applicability of continuum mechanics when the crack dimension is equivalent to or less than the grain size. The second stage is the physically short crack (PSC) stage, in which the crack barely grows due to reduced closure and other influences. The final stage is the long crack (LC) stage, in which the crack continues to develop following the Paris law until it ultimately fractures.



Following Tanaka and Mura’s argument [17,18], a dislocation model that incorporates a double pile-up positioned on a single slip band effectively captures the inception phase of the crack. The interaction between forward and reverse loading results in fatigue, and over time, materials exhibit flaws, such as dislocations. As the cycles increase, new crystals show evidence of slip bands, and the existing bands widen, with some eventually evolving into short cracks. The slip band or slip lines initially appear in a few well-aligned crystals (grains) within the substructure as narrow and sharp lines. In most metals, the slip systems are numerous, and the active ones are oriented close to the planes with the maximum shear stress. When a force is applied in only one direction (uniaxial loading), the crack planes will always be angled at an estimated 45°.



The Paris law frequently illustrates the propagation of long cracks (as shown in Equation (1)). It develops a relationship with the stress intensity factor (SIF) K, which occurs at the crack’s tip during the steady crack growth duration and the fatigue crack growth rate, which is also known as FCGR or da/dN [19,20].


    d a  /  d N   = C   ( Δ K )  m   



(1)







The constants obtained via experimentation are C and m. The equation formally describes an experiment on the formation of fatigue cracks. An essential detail to recognize is that physical laws guide the development of fatigue cracks. The relationship between the crack growth rate (da/dN) and the stress intensity factor range (  Δ K  ) curve is where the Paris law is applied, as shown in Figure 2. The mechanism that causes the fracture to propagate is pushed by the crack driving force. This specific force is related to the value of the critical SIF   Δ  K  I c    .



In the microstructural study field, few investigations focus explicitly on the material X10CrMoVNb9-1 (P91) that analyze the initiation of short cracks in fatigue. The integration of the Voronoi tessellation (VT) technique with the TMM at the microstructure level, particularly for the P91 material, provides a novel approach to understanding the material’s fatigue behavior, particularly regarding crack initiation and propagation in elastic–plastic modeling [7]. The steps of crack initiation and propagation are different, which is why the entire fatigue lifetime needs to be understood and the evaluation of the crack initiation and growing processes needs to be compared through experiments. The physical TMM [11] determines how many cycles a single grain needs to start to microcrack. This analytical model is evaluated numerically and is based on the physical principles of dislocation movement. Three artificial microstructure models were created for this investigation using the VT technique at room temperature. Simulation findings will be reviewed and discussed for conclusions and recommendations.




2. Methodology


2.1. P91 Material


The P91 material is a corrosion-resistant steel, whose principal alloying components are approximately 0.1% carbon, 9.0% chromium, and 1.0% molybdenum. This structure includes micro-alloying components such as vanadium and niobium in addition to manganese and silicon. These substances produce MX thermally resistant carbides and carbonitride, particularly V (C,N) and Nb (C,N). At high temperatures, the high strength results from the interaction between these precipitates and dislocations in the matrix. P91 is typically utilized in its hardened state. M23C6 carbides stabilize the structure by locating themselves within grains and sub-grains [21,22,23]. The high chromium concentration of P91 is partly responsible for its excellent oxidation resistance. Through solid solution hardening, manganese and silicon contribute to an increase in mechanical strength. The chemical composition of the specifications and the investigated heat are detailed in Table 1.



Martensitic steel in its 9Cr-1Mo (P91) form is the substance used in this study, according to ASME Section II and the experimental results. Table 1 displays the material’s mechanical properties [24], and Table 2 displays its chemical composition [4].



Electron backscatter diffraction (EBSD) (Figure 3b) was performed to observe the crystallographic orientation and shape of the grains of the microstructure of P91. Three representative microstructures were used to obtain better fatigue crack initiation results, as in Figure 3c.




2.2. Experimental Procedure


The experimental approach was used to determine the number of fatigue cycles that X10CrMoVNb9-1 can withstand at room temperature. The specimens for the fatigue test were made of P91 steel (yield stress = 550 MPa; tensile strength = 690 MPa; elongation = 46%). Table 2 displays the chemical composition of the material. This steel is frequently used to create different structural components for power plants, such as superheaters and steam pipelines that can operate up to 600 °C. The samples were taken from a tube with a 57.0 mm diameter and 15.6 mm wall thickness.



The fatigue test was performed at ambient temperature and used constant strain and stress amplitudes. An Instron 8502, from INSTRON (Norwood, MA, USA), testing machine with additional parts for low-cycle testing at room temperature was used for these tests, Figure 4. The stress amplitude-controlled testing used four unique total stress amplitude levels, namely, 300, 425, 475, and 558 MPa. The parameters related to every fatigue test are listed in detail in Table 1. The loading frequency was held constant at 0.5 Hz across all experiments. Instantaneous loads were imposed on the specimens, and the consequent fatigue cycles were measured. The loading ratio (R) was set as −1 and the specimen dimensions as in Figure 5.



The procedure follows ASTM E606-04 standards for strain-controlled fatigue testing [25].




2.3. Modeling Fatigue via Elastic–Plastic Analysis


TMM helps to determine how many cycles are needed for cracks to start and grow in individual grains. The crack-initiation stress-number (S-N) of cycles curves estimate how many cycles a crack will last before it breaks. The material being investigated in this study, 9Cr-1Mo (P91), has a body-centered cubic crystal structure [26] and is commonly utilized when high temperatures are involved. The fatigue life curve was derived by assessing the number of cycles required for the initiation of short cracks across varying microstructures. An enhancement over previous studies is the incorporation of plasticity, better aligning the model’s characteristics with the real material properties. This adjustment is particularly relevant because it accounts for crack initiation, marking the onset of irreversible material deformation.



The deformation of the elastic–plastic model can be divided into an elastic part and an inelastic (plastic) part. This statement is written as Equation (2):


  F =  F  e l   •  F  p l    



(2)




where  F  is the total deformation gradient;    F  e l     is the fully recoverable part of the deformation at the point under consideration (     [   F  e l    ]    − 1     is the deformation that would occur if, after the deformation  F , inelastic responses were somehow prevented, but at the same time, the stress at the point was reduced to zero);    F  p l     is defined by    F  p l   =    [   F  e l    ]    − 1   • F   [27]. We consider the slip mechanisms in the microscale as a constitutive model for crystal plasticity. Consequently, the critical resolved shear stress (CRSS) is incorporated into the TMM equation.




2.4. Fatigue Crack Initiation Model


In 1981, Tanaka and Mura developed a dislocation model [18,19] that included a dual pile-up formation on a single slip plane to explain how cracks nucleate. The number of fatigue crack initiations needs to be determined before calculating the total number of cycles for fracture due to fatigue. Crack nucleation inside a single grain can be predicted using the TMM, as indicated in Equation (3):


   N g  =   8 G  W c    π ( 1 − v ) d   ( Δ  τ ¯  − 2 CRSS )  2     



(3)




where Ng is the number of cycles for fatigue crack initiation, G is the shear modulus, Wc is the specific fracture energy per unit area, v is the Poisson’s ratio, d is the length of the slip band,   Δ  τ ¯    is the average shear stress range on the slip band, and CRSS stands for critical resolved shear stress, which is the critical value of shear stress in the glide direction, whereby the dislocation movement can occur. Grain boundary dislocation pile-up is prevented if the resolved shear stress is smaller than the CRSS.




2.5. Fatigue Crack Propagation


The growth rate of prolonged fatigue cracks (stated as     d a  /  d N    ) at particular stress conditions for a wide range of technical alloys is generally defined by the Paris law [28], which is a widely recognized theory based on linear elastic fracture mechanics (LEFM):


    d a   d N   = C   ( Δ K )  m   



(4)




where     d a  /  d N     is the crack growth rate,   Δ K =  K  max   −  K  min     is the SIF range at the crack tip during stable crack growth, and C and m are (the Paris) constants of the material that can be inferred via fitting to experimental data or computed mathematically, respectively [29].



Figure 11 shows how the   a − N   curve can be utilized to determine the number of cycles needed for an LC to propagate,    N  p r o p    , spanning from the point at which crack initiation is complete,    a 0   , to the eventual failure point and    a f    of a specimen or component. This curve can be obtained by integrating a power-law equation, such as [30]:


  N ( a ) =  1 C     ∫   a 0     a f       d a     ( Δ K )  m        



(5)







In terms of the final failure, the   a − N   curve and fracture toughness,   Δ K  , have an impact such that    N  p r o p   = f ( N a ,  K  I c   )  . The Paris law and its amendments [31] should be noted as the sole set of criteria that can be used to determine the durability of structural components with early cracks.



A numerically based S-N (Wöhler) curve can be created by integrating the results from the TMM and the Paris law (Equations (1) and (3)), and it can be used to predict when the final failure can be expected to happen for various loading levels.




2.6. Physical Model


A physical model represents a real model of an object or system. It is designed to represent, simulate, or predict the behavior of the actual object or system in the real world. This model is applied when conducting experiments or gathering data would be impractical, costly, or impossible. Numerical simulations of crack initiation were carried out using ABAQUS [32], which included a plug-in for the TMM and VT, to specifically address micro-crack nucleation. The ABAQUS scripting interface is used by the Python code that invokes the graphical user interface [33]. The execution, in this case, consists of two parts: Python programming, which manages and directs the simulation procedure, and ABAQUS, which handles tasks such as pre-processing, solving the actual finite element (FE) problems, and post-processing (Figure 6).



Figure 6 depicts the algorithm for evaluating fatigue crack initiation. The initial stage involves the development of a polycrystalline microstructure. This process requires four main parameters in VT, namely, seeds, perturbation, grain size, and boundary. Seeds are starting points for the initiation of grain structure, perturbation is a slight displacement to these seeds to ensure randomness and mimic natural microstructure variations, grain size is the average size of the grains, and grain boundaries refer to the outline of the simulated microstructure and the interface between grains. The micro-model is derived based on VT to simulate the assembly of polycrystalline grains. Each grain’s displacement field in the micro-model, which collectively represents an infinite variety of orientations, is used to calculate the characteristics of the boundary interface. An auxiliary file is created with microcrack geometry, slip band, and slide segment properties for every grain. This model serves as the ground zero for the next phase of the crack initiation process.



The model is meshed using the Mesh module in ABAQUS, and the solver provides a database of displacements, strains, and stresses as outputs. The next microcrack in the micro-model can be predicted using a custom-developed routine (Python algorithm) using the shear stress magnitude on each segment. Grain boundaries—representing the grains within the microstructure—are said to have failed if a microcrack forms on an already present slip plane segment.



On the basis of the TMM in Equation (3), the average shear stress on a slip plane,   Δ  τ ¯   , must exceed twice the CRSS   ( Δ  τ ¯  − 2 C R S S )   value. This will ensure the activation of the necessary slip systems to identify the most vulnerable segments. The equation’s denominator   ( Δ  τ ¯  − 2 C R S S )   provides an indirect justification for this condition. The TMM predicts a slip plane segment fracture that satisfies the criterion and requires the fewest cycles for nucleation. After a new crack that starts at a particular place is added, the microstructural model is remeshed, and the evaluation under further cyclic loading is repeated until no more segments can be cracked.



The microscale model shown in Figure 3c is used to analyze the initiation of fatigue cracks [13]. This model shows that microcrack nucleation models can reliably forecast the beginnings of fatigue cracks. The VT technique creates an extensive microstructure before this model can be used. On the basis of the experimentally acquired EBSD image in Figure 3b, the microstructure of the submodels (M1, M2, and M3) was produced randomly, with an average grain size of 20 μm. X. Yang et al. [34] and Li et al. [35] similarly found 20 μm grain sizes for 9Cr-1Mo at different temperatures.



Representative volume elements (RVEs), which are produced using the VT approach, are a key component of the simulation model. A random orientation is assigned to each cell in the Voronoi structure. Each cell represents a prior martensite grain, which cause the random angles of the cells; thus, the crystal structure orientations in the plane are defined [13]. The Voronoi method correctly represents the average grain size of a material’s microstructure. The micro-models of this work typically comprise 104,501 distinct elements and an average of 199 grains. The 3D shell models possess a non-zero thickness and differ from their 2D equivalents in containing non-constant through-thickness stresses. This 3D shell submodel represents a layer of grains in the XY plane with a thickness equal to the average grain size (20 μm) (Figure 3c).




2.7. Evaluation of Short Crack Initiation Wöhler (S-N) Curve Utilizing Numerical Methods


The microstructural model estimates brief fatigue crack nucleation and propagation. Generating the micro-model for fatigue initiation analysis is crucial. This model is carefully placed at the area of maximal stress concentration where crack initiation is expected. In this work, 0.3 mm × 0.3 mm micro-models with an average grain size that mimics the initiation process were chosen. This scale was selected to balance computational feasibility with the model size that accurately represents physical crack initiation processes. These dimensions were enough to view the crack nucleation. Figure 3c shows the carefully designed artificial microstructure model based on the EBSD image. This scientific approach gives a granular view of material fatigue behavior, improving our understanding of crack initiation before propagation.



Although the micro-model is generated in 2D in Figure 3c, implementing the M3D4R elements makes the model a three-dimensional deformable shell mesh. This model uses membrane components and simplified integration techniques to reduce computational complexity. One common use of these elements is to model thin stiffening components within a continuum. These components usually act as reinforcing layers in various materials and structure systems.



The micro-models employed in this study exhibit orthotropic elastic–plasticity material properties, which allow an enriched understanding of material behavior, conforming to the requirements in Table 1. The incorporation of plastic properties within the microstructure model marks an enhancement over previous research [2]. This condition represents that the microstructure has direction-dependent properties toward the elastic region and undergoes plastic deformation. Equations (6) and (7) are used to obtain the elastic constants for cubic symmetry, which are then applied to the micro-models and are shown in Table 3. Notably, C44, as expressed in Equation (8), corresponds to the material’s shear modulus. The CRSS and the crack initiation energy (   W c   ) are the two material parameters included in the TMM, which was used in this study. According to earlier research [35], the    W c    value can be derived from the J-R curve as derived from experiments or from calculations of a CT specimen. The CRSS, set at 134.5 MPa for this study, was determined by experimental data, the specifics of which will be covered in a subsequent paper.




2.8. Geometry of the Macro-Models


Developing a thorough macro-scale model known as the global model for the specimen is required to create a numerical representation for analyzing crack propagation. This model has two purposes: first, to convey the stress amplitude and as a boundary condition to the microstructure model, and second, to aid in the precise computation of the SIF for crack propagation analysis. The critical SIF would be achieved by adjusting the seam crack length a on the model using the extended FE method (XFEM).



As demonstrated in Figure 7, the model utilized in this investigation is axisymmetric. Axisymmetric modeling is a type of FE analysis that can be performed within Abaqus under the presumption that the model’s geometry, material properties, and loading conditions are all symmetric about some central axis. This method is also called 2.5D and makes computing much more efficient by letting a rotational symmetric three-dimensional object be shown and studied as a cross-section in two dimensions. A study on mesh convergence guided the determination of mesh density.





3. Result and Discussion


On the basis of the EBSD image in Figure 3b, three separate micro-models mirroring a particular microstructure were chosen for the numerical investigation of fatigue crack initiation lifetime. These models were subjected to seven stress amplitudes at room temperature: 300, 350, 400, 425, 475, 524, and 558 MPa. Figure 4 depicts the experimental results obtained by the School of Mechanical Engineering at UiTM Shah Alam, Malaysia, serving as a premise for comparison with the simulated outcomes. The fatigue test with stress amplitudes of 350, 400, and 524 MPa was not conducted experimentally due to the limitation of specimens and to observe the pattern of the number of cycles from TMM. The grains subjected to the maximum stress levels, typically the weakest grains expected to initiate the first MSCs, were identified by using an Abaqus plug-in enhanced with the TMM. Figure 9b shows the microcrack model in which the shear stresses change between grains and within each grain due to the orientation of each grain and the load applied. The TMM Equation (3) indicates that this result means the first microcrack starts along the grain slip line with the shortest expected lifetime.



The average shear stress range (  Δ  τ ¯   ) on the slip line, obtained from the FE analysis, is a crucial input in this equation. The local stress field changes once the crack is initiated, making it less tight. The number of cycles required to initiate a new crack is subsequently recalculated for each grain and slip line in the microstructure. Similar to the case where the microstructure is unaffected, the subsequent MSC that needs the fewest cycles to start is found. Then, a crack appears in the RVE. The model was improved to support the sequential nucleation of cracks at the segmental level, which aligns with the improvement described in [12]. In each simulation step, only one slip line segment of a specific grain develops a crack. If a segment from one grain breaks in one stage, then a segment from another grain may probably crack in the next step at the same cycle number or at a higher one. For this change, the TMM equation had to be changed by changing the grain-breaking cycles (Ng) to segment-breaking cycles (Ns) and the slip line length (d) with the slip line segment length (ds) [36,37]. The model was remeshed after creating each segmental crack, and the process was then repeated.



For this investigation, each grain slip line was divided into four equal-sized segments. On the basis of the TMM equation, each MSC or segmental crack that forms in the micro-model has its length and number of life cycles. The crack growth rate is calculated by dividing these two output numbers. Figure 8b shows this crack growth rate when plotted against the number of cracked slip line segments. In all the studied cases, the crack growth rate oscillated and went down after a certain number of cycles. Figure 8b, which depicts the 300 MPa stress amplitude instance, shows this different behavior in action. In the example under discussion, the state of retardation is indicated by the decreasing and flattening trend of the crack growth rate at the end of the crack initiation period. Similar decreasing trends in small crack growth were documented by Newman et al. [38], as seen in Figure 8a at S1. In Figure 8a, the growth of PSC is represented by the dotted lines, which occur to the left of the LC growth curve, indicated by a solid line. The threshold for long crack growth is defined by the SIF range,   Δ  K  t h    . Values of   Δ K   below this threshold indicate regions where no crack growth is observed.



As depicted in Figure 8a, the data points indicate short crack growth declines in the number of cycles and merge with the LC curve at increased loading levels (S2 and S3), as described by Newman et al. [38]. This merging is an indication that the cracks have transitioned from the short crack initiation phase to the LC growth regime. Therefore, the completion of the crack initiation process can be precisely identified at the juncture where the short crack initiation data align with the LC curve, indicating that the behavior of the crack growth has entered the LC propagation stage. The proposed idea is that the crack had changed from the crack initiation stage to the LC growth phase when the crack growth rate reduced noticeably (Figure 9c). As a result, the total number of cycles required for crack initiation could be calculated by adding the cycles required for the nucleation of all segmental cracks until a discernible crack growth rate reduction was noticed. However, at a lower loading point (S1), short cracks may stop growing and not continue propagating to an LC because of the vast number of cycles with shallow da/dN magnitude. This condition causes the oscillation of the da/dN to follow the usual downward trend, as shown in Figure 8b. In Figure 8b, the case study conducted at a stress amplitude of 300 MPa demonstrates a flattening trend in the da/dN graph as it approaches the final data points, indicating crack retardation. The cumulative number of cycles associated with the crack initiation stage in the microstructural model can be determined from the aggregate number of cycles associated with the initiation of each segmental crack. The existence of flattened da/dN curves demonstrates crack retardation and marks the end of this stage. For the exact situation shown in Figure 8b, 1,477,326 cycles were cumulated. The pattern curve in Figure 8b shows periodic fluctuations in the fatigue crack growth rate, indicating that the crack interacts variably with the material’s microstructure. These interactions suggest that different regions of the grains possess a distinct resistance to crack propagation.



The micro-model shown in Figure 9b contains a nucleated MSC, in which the shear stress distribution field can also be recognized. The projected number of cycles needed to complete initiation is shown in Figure 9c on the basis of the above conditions. In this specific instance, 15,283 cycles are required for a stress level of 425 MPa at microstructure 2 (M2). Short cracks are defined as those having a depth of less than 1 mm, as stated by Anderson [30]. Most fatigue fractures remain in the short crack phase for the bulk of their lifetime. Thus, learning about the characteristics of these flaws is of great practical importance.



The model illustrates that cracks typically nucleate in a scattered manner according to the damage course, especially in grains with favorable orientations. According to the TMM, crack formation occurs within the grains when the conditions for microcrack nucleation are favorable. Existing crack segments tend to spread along the entire grain, thus causing localized stress relaxation and concentration at their ends. This condition makes it more likely that new cracks will form in the area. The total number of cycles,    N  i n i    , required for the entire crack initiation is equal to the cumulative sum of cycles required for all segmental cracks that form until the observed rate drop, as illustrated in Figure 9c.



As illustrated in Figure 10, a crack initiation Wöhler (S-N) curve has been generated to graphically depict the initiation phase of a fatigue crack under varied stress amplitudes. The curve is a significant improvement over the previous results in [2] due to the addition of plasticity to the global model and the microstructure models.



In the microstructure model, plastic deformation will happen when the material is stressed beyond its elastic limit, leading to crack nucleation. Considering plasticity is essential for understanding and predicting material fatigue under various high, medium, and low loads. The black curve demonstrates the average fatigue crack initiation from three different micro-models with similar grain size predictions for each data point. In the absence of experimental data of the 350, 400, and 524 MPa stress amplitudes, the TMM produced a result that aligned with the overall trend of the Wöhler curve. As seen in Table 4, more than a million cycles at a stress amplitude of 300 MPa occurred during the experiment. The average number of cycles over the three microstructures is 1,479,969, as obtained by the TMM equation, shown in Table 4.



LC propagation was examined using the LEFM parameter, the SIF K. The model presented in Figure 7 calculated this value using the Abaqus-built XFEM. Table 5 contains a part of the   Δ K   values calculated for different crack lengths under a 425 MPa cyclic load. The experimental value of critical SIF   185.5    MPa   m    was provided by Materialprüfungsanstalt, Universität Stuttgart [24].



As shown in Equation (4), incorporating the Paris law approach can estimate the number of cycles required for crack propagation to reach final failure. This procedure is dependent on the   Δ K   values determined in the previous phase. The blue line in Figure 11 is the outcome of this integration for a 425 MPa stress amplitude. In the micromechanical model, the final crack length is determined by summing up the projected lengths of individual crack segments identified in the grains. In order to accurately represent the transition from initiation to the propagation stage, the dimensions of the microstructural model were increased to 0.5 mm × 0.3 mm. Based on the micromechanical model’s dimensions of 0.3 mm × 0.3 mm and the extended microstructure model’s dimensions of 0.5 mm × 0.3 mm, the initial crack segment length is found to be very similar, namely, 0.21 mm and 0.19 mm, respectively. This accumulation marks the point transition from micro- to mesomechanical modeling. Within the mesomechanical scale model, the crack length begins at 0.21 mm. Table 5 shows the breakdown of the SIF at different crack lengths.



The critical SIF    K  I c     is determined to be   184.4    MPa   m    at the crack length of 1.3 mm, which is nearly close to the experimental value mentioned above. The number of cycles it would take for a crack initiation to propagate and cause failure is estimated by using the Paris law. Figure 11 depicts how this was accomplished by drawing a vertical line from the intersection of the   a − N   curve (the blue line) and the crack length,    a f  = 1  . 3   mm   . The total number of cycles (   N f   ) from both simulations is further explained in Figure 11, including fatigue crack initiation (   N  i n i , A v g .    ) and propagation (   N  p r o p    ).



Figure 12 shows an integrated graph exhibiting the stages of fatigue crack initiation (denoted in black curve), fatigue failure curve (depicted in a light blue curve), and the overall number of cycles resulting in fatigue failure as derived from experimental data (represented by red curve). Within statistical tolerances, a difference between 2.5% and 39.0% between the fatigue crack initiation period and propagation phase is acceptable. The apparent difference can be attributed to the stress amplitude applied at the micro and macroscale level; a higher stress amplitude has a pronounced effect on the difference of fatigue crack propagation and fatigue crack initiation. The importance of fatigue crack initiation over fatigue crack propagation in predicting the fatigue life of a material is a crucial finding of this study and has been known for a long time from the literature and for other materials. Short cracks behave very differently from longer cracks during fatigue loading. Another important detail to remember is that the crack initiation phase consumes most of the fatigue life [30]. Additional investigation into the CRSS value is significant to assess its impact on the onset of fatigue crack initiation in the P91 material.




4. Conclusions


On the basis of the experimental and numerical methods of estimating fatigue life using the TMM and the derivation of the Paris law, predicting fatigue life on the basis of crack initiation and propagation is promising. The following conclusions can be drawn from this work:




	
The dimensions of the specimen are in accordance with ASTM E6060-04 standards.



	
The local stress field within a component and the material’s qualities significantly impact the initiation and development of cracks along slip planes within polycrystalline materials.



	
The findings of this study are an improvement over earlier results [2] and have more realistic agreement with the Wöhler curve compared with experimental data in respect to the number of cycles. The enhancement is attributed to incorporating elastic–plastic parameters in the TMM, addressing the previously observed overestimation of cycles for short crack initiation, especially at higher stress levels in the case of neglecting additional continuum plasticity effects in the model.



	
This approach offers a way to enhance the durability and dependability of polycrystalline materials in various technical applications and improve the design of their constituent parts.



	
The TMM and an artificial microstructure model, in combination with VT, successfully define the fatigue crack initiation location.



	
The critical SIF    K  I c     can be determined using the 2.5D axisymmetric model. Subsequently, applying the Paris law equation facilitated the calculation of the number of cycles required for fatigue crack propagation. This research emphasizes the crucial roles of the TMM and Paris law in evaluating fatigue life cycles and paves the way for the analyses of fatigue life at elevated temperatures.



	
The TMM was applied to artificial microstructure models at high, medium, and low stress levels. Findings show that fatigue crack propagation affects up to 40% of the final lifetime, with a typical effect of around 15% in agreement with standard knowledge also for other materials.
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Figure 1. Life cycles of fatigue. 






Figure 1. Life cycles of fatigue.
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Figure 2.     d a  /  d N     vs.   Δ K   plot describing the three regions and influencing factors associated with crack growth rate. 
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Figure 3. Two-scale models illustrating macrostructure as a global model and 3D submodel (a), SEM and EBSD image (b), and three artificial microstructures (submodel) derived from EBSD image (c). 
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Figure 4. Specimen during the fatigue test. 
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Figure 5. (a): Sketch and dimension (unit in millimeters); (b): actual experimental fatigue specimen. 
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Figure 6. Algorithm for evaluating the number of initiation cycles during the crack initiation phase. 
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Figure 7. The 3D FE model, incorporating symmetrical boundary conditions, utilized to compute the SIF, K for varying crack lengths: (a) in unit MPa and (b) in unit mm. 
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Figure 8. (a) Fatigue crack growth for rate for short and long cracks (data from Ref. [38]); (b) fatigue crack growth rate in case of retardation for stress level 300 MPa (M1). 
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Figure 9. (a) Microstructure under a stress of 425 MPa; (b) microstructure depicting scattered crack initiation following 33 iterations; (c) fatigue crack growth rate plotted at 425 MPa stress amplitude. 
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Figure 10. Crack initiation Wöhler (S-N) curve for fatigue crack initiation. 
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Figure 11. Number of cycles of LC growth at 425 MPa. 
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Figure 12. Wöhler curve for fatigue initiation and failure of X10CrMoVNb9-1 (P91). 
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Table 1. Mechanical characteristics of P91 material at ambient temperature.






Table 1. Mechanical characteristics of P91 material at ambient temperature.





	Mechanical Properties (Data from Ref. [24])
	24 °C





	Shear modulus, G (MPa)
	78,986



	Poisson’s ratio, υ
	0.38



	Young’s modulus, E (MPa)
	218,000



	Yield stress (MPa)
	550



	Ultimate tensile stress (MPa)
	690










 





Table 2. Chemical composition of P91 steel in wt%.
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Chemical Composition in Mass (%) (Data from Ref. [4])






	

	
C

	
Si

	
Mn

	
P

	
S

	
Cr

	
Mo

	
Ti

	
V

	
Nb

	
Ni

	
N

	
Al




	
Minimum

	
0.09

	
0.26

	
0.37

	
0.15

	
0.0

	
0.88

	
0.91

	
0.01

	
0.20

	
0.08

	
0.08

	
0.44

	
0.01











 





Table 3. Elastic constants for cubic crystal structures applied in the micro-model to characterize the material behavior.






Table 3. Elastic constants for cubic crystal structures applied in the micro-model to characterize the material behavior.





	
Elastic Properties

	
Equation of Elastic Constant for Cubic Crystal

	
Value of Elastic Constant at 24 °C, MPa






	
C11 = C22 = C33

	
    C  11   =   E ( 1 − v )   ( 1 − v −  v 2  )     

	
(6)

	
408,092




	
C12 = C13 = C23

	
    C  12   =   E v   ( 1 − v − 2  v 2  )     

	
(7)

	
250,121




	
C44 = C55 = C66

	
    C  44   = G =   E v   2 ( 1 + v )     

	
(8)

	
78,986











 





Table 4. Number of fatigue crack initiation cycles for artificial microstructures and complete fracture from the experimental observation.
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Stress Amplitude (MPa)

	
Number of Cycles for Fatigue Crack Initiation

	
Number of Cycles for Complete Fracture

(Experimental Data at Room Temperature)




	
M1

	
M2

	
M3

	
Average






	
300

	
1,477,326

	
1,479,435

	
1,480,134

	
1,479,969

	
>1 million




	
350

	
266,628

	
277,132

	
276,872

	
273,544

	
Not provided




	
400

	
36,223

	
36,937

	
38,255

	
37,138

	
Not provided




	
425

	
15,033

	
15,283

	
15,761

	
15,359

	
20,944




	
475

	
1360

	
1396

	
1364

	
1373

	
2361




	
524

	
394

	
364

	
398

	
385

	
Not provided




	
558

	
194

	
210

	
213

	
206

	
356











 





Table 5. Critical SIF    K  I c     computed for different crack lengths under a 425 MPa stress amplitude.






Table 5. Critical SIF    K  I c     computed for different crack lengths under a 425 MPa stress amplitude.





	Crack Length, a (mm)
	0.21
	0.42
	0.44
	0.70
	0.90
	1.19
	1.28
	1.30
	1.301





	    K  I c   , MPa  m    
	49.93
	74.83
	77.07
	104.79
	127.66
	166.06
	181.61
	184.39
	185.84
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