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Abstract

:

In this study, the primary objective is to analyze fatigue crack propagation in linear elastic fracture mechanics using the SMART crack growth module in the ANSYS Workbench, employing the finite element method. The investigation encompasses several crucial steps, including the computation of stress intensity factors (SIFs), determination of crack paths, and estimation of remaining fatigue life. To thoroughly understand crack behavior under various loading conditions, a wide range of stress ratios, ranging from R = 0.1 to R = 0.9, is considered. The research findings highlight the significant impact of the stress ratio on the equivalent range of SIFs, fatigue life cycles, and distribution of deformation. As the stress ratio increases, there is a consistent reduction in the magnitude of the equivalent range of stress intensity factor. Additionally, a reciprocal relationship is observed between the level of X-directional deformation and the number of cycles to failure. This indicates that components experiencing lower levels of deformation tend to exhibit longer fatigue life cycles, as evidenced by the specimens studied. To verify the findings, the computational results are matched with the crack paths and fatigue life data obtained from both experimental and numerical sources available in the open literature. The extensive comparison carried out reveals a remarkable level of agreement between the computed outcomes and both the experimental and numerical results.
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1. Introduction


The assessment of fatigue analysis is of utmost importance in determining the structural integrity and long-term durability of diverse engineering components that experience cyclic loading. A thorough comprehension of the crack growth mechanisms under diverse loading conditions is crucial for the precise prediction of fatigue life and for ensuring the safe operation of critical structures [1,2,3]. In order to mitigate significant damage, it is crucial to calculate the three-dimensional fatigue crack growth (FCG) and determine the permissible lifespan of structures that have cracks. The stress ratio (R) is computed by comparing the minimum stress to the maximum stress experienced during each loading cycle. Based on experimental data, it has been observed that the FCG is significantly affected by both the stress ratio (R) and the range of SIFs [4,5]. The stress ratio (R) is a crucial parameter in fatigue analysis as it quantifies the ratio of the minimum stress to the maximum stress encountered during a loading cycle. This parameter plays a pivotal role in characterizing the loading conditions and exerts a notable influence on the fatigue behavior and lifespan of a component. The selection of an appropriate stress ratio is crucial as it significantly influences the fatigue life of a material or component. To accurately estimate fatigue crack growth, several factors need to be taken into account, including stress level, load frequency, load ratio, and material type.



The load ratio is a factor that exerts a noteworthy influence on the growth of fatigue cracks and exhibits a distinct effect on the occurrence of threshold behavior [6,7,8,9,10,11]. Furthermore, the range of stress intensity factors represents the disparity between the maximum and minimum stress intensity factors experienced during each loading cycle. These factors play a crucial role in determining the rate of fatigue crack growth and are vital considerations in evaluating the durability and structural integrity of materials subjected to cyclic loading [12,13,14]. In this context, the investigation of stress ratios, deformation levels, and stress intensity factors (SIFs) becomes imperative to comprehensively analyze the fatigue life of materials. The strong correlation between FCG and LEFM forms a fundamental framework for understanding and analyzing crack behavior in materials, specifically within the linear elastic regime [15,16]. In linear elastic fracture mechanics (LEFM), three commonly used criteria exist to analyze crack propagation: the Maximum Tangential Stress (MTS) Criterion, the Maximum Shear Stress Ratio (MSSR) Criterion, and the Extension of the Maximum Tangential Stress (Ex-MTS) Criterion. These criteria and their respective explanations can be found in detail in references [17,18]. Numerous numerical techniques have demonstrated success in modeling and simulating engineering challenges, particularly in the field of fracture mechanics, where finding optimal solutions can be difficult due to the singularity of the stress field near the crack tip. These techniques include the Extended Finite Element Method (XFEM) [19,20,21,22], Finite Element Method (FEM) [16,23,24,25], Discrete Element Method (DEM) [26,27,28], a mesh-free method [29], and Boundary Element Method (BEM) [30]. Numerous numerical methods have been proposed for analyzing the FCG in the modified compact tension specimen under constant amplitude loading conditions. Recent research conducted by Baptista et al. [31] has shown the effectiveness of artificial neural networks in predicting the path and life of FCG in different geometries of the MCTS. The study highlights the importance of incorporating additional experimental data to further improve the training process. Gomes and Miranda [32] conducted a study where they employed both the dual boundary element method and finite element method using two software tools, namely BemCracker2D and Quebra2D. These methods were utilized to simulate two-dimensional crack growth in the MCTS.



Fatigue crack growth analysis is of paramount importance in the field of structural engineering as it ensures the safety and reliability of diverse components and structures. Traditionally, fatigue crack growth analysis involved extensive physical testing, which could be both time-consuming and expensive; however, with advancements in numerical simulation techniques, engineers and researchers now have a powerful tool at their disposal to predict and analyze crack behavior in a more efficient and cost-effective manner. The utilization of numerical simulation, particularly with ANSYS Workbench 19.2, offers numerous advantages for FCG analysis. The software’s comprehensive capabilities, time and cost efficiency, ability to conduct parametric studies, validation and verification features, and its status as an industry standard make it a preferred choice for engineers and researchers in the field. Engineers can effectively improve the safety, reliability, and performance of structures subjected to fatigue loading conditions by leveraging the capabilities of ANSYS Workbench. This software platform offers a range of powerful tools and simulations that enable engineers to analyze, optimize, and predict the behavior of designs under fatigue conditions. While ANSYS Workbench [33,34,35,36,37,38,39] is a prominent software for FCG analysis, it is important to acknowledge that there are other software tools available in the field with their own unique strengths and areas of application. Examples of such software tools include ABAQUS [40,41], FRANC3D [42], ZENCRACK [43], COMSOL [44], BEASY [45], and NASTRAN [46]. Certainly, this article primarily emphasizes the importance of ANSYS Workbench in the FCG analysis. The main objective is to investigate the intricate relationship among stress ratios, stress intensity factors, and crack growth in the context of fatigue analysis. By conducting a comprehensive analysis of these factors, a deeper comprehension of the fatigue behavior of materials and components can be attained. The stress ratio range of 0.1 to 0.9 is selected because it represents a wider range of real-world loading conditions. The outcomes of this study will contribute to the advancement of more precise fatigue life prediction models and provide insights for designing and maintaining practices that guarantee structural integrity and reliability. The research gap in this study pertains to a lack of specific information regarding the existing knowledge and understanding of the relationship between the stress ratio and fatigue crack propagation within the framework of linear elastic fracture mechanics. This indicates a need for further investigation to address this knowledge gap and develop a more comprehensive understanding of how stress ratio influences the behavior of fatigue crack propagation.




2. Numerical Analysis Procedure


Among the prominent software tools available for FCG analysis, ANSYS Workbench has emerged as a versatile and powerful platform. Its capabilities extend beyond traditional finite element analysis, encompassing a wide range of functionalities specifically designed for fatigue analysis. To streamline the analysis process, an unstructured mesh strategy was utilized, reducing preprocessing time and enabling faster meshing. To accommodate crack propagation, the analysis employed Separating Morphing Adaptive and Remeshing Technology (SMART) meshing, utilizing higher-order SOLID187 tetrahedral elements. At each step of the analysis, automatic mesh updates were performed to accurately capture the changes in the crack front. This approach ensured that the mesh effectively adapted to the evolving crack geometry, enabling precise simulations of crack propagation behavior. The SIFs were determined using the interaction integral evaluation technique, which is a well-established and widely accepted approach in fracture mechanics. By utilizing the interaction integral evaluation method, this study ensures precise and robust analysis of the SIFs. In this study, the determination of the FCG angle was based on the widely used maximum tangential stress criterion. According to this theory, when isotropic materials are subjected to mixed-mode loading, the crack tends to propagate along a path perpendicular to the direction of the maximum tangential tensile stress. The tangential stresses in polar coordinates can be mathematically represented by the following expressions [47,48,49,50]:


     σ r  =  1    2 π r     cos ( θ / 2 )    K I  [ 1 +   sin  2  ( θ / 2 ) ] +  3 2   K  I I   sin θ − 2  K  I I   tan ( θ / 2 )        σ θ  =  1    2 π r     cos ( θ / 2 )    K I    cos  2  ( θ / 2 ) −  3 2   K  I I   sin θ        τ  r θ   =  1    2 π r       cos ( θ / 2 )  2     K I  sin θ +  K  I I   ( 3 cos θ − 1 )      



(1)




where    σ r    and    σ θ    denote the normal stress in the radial direction and tangential direction, respectively, and    τ  r θ     denotes the shear stress.



By solving   d  σ θ  / d θ = 0   for  θ , the result is expressed as follows:


   K I  sin θ +  K  I I     3 cos θ − 1   = 0  



(2)







From which the FCG angle in ANSYS is determined using the following formula:


  θ =   cos   − 1       3  K  I I  2  +  K I     K I 2  + 8  K  I I  2       K I 2  + 9  K  I I  2       



(3)




where symbols KI and KII represent the SIFs for the opening mode and in-plane shear mode, respectively.



The SMART crack growth tool in ANSYS incorporates the use of the equivalent SIF range (  Δ  K  e q    ) to predict fatigue life under mixed-mode loading. For correlating FCG with   Δ  K  e q    , a power law relationship was proposed by Tanaka [51] in the form of a modified Paris law formula as follows:


    d a   d N   = C   ( Δ  K  e q   )  m   



(4)




where a is the crack length, N represents the number of cycles, and C and m are the Paris constant and Paris exponent, respectively. The equivalent stress intensity formula can be expressed as follows [52,53]:


  Δ  K  e q   =  1 2  cos    θ 2      Δ  K I  ( 1 + cos θ ) − 3 Δ  K  I I   sin θ    



(5)




where


    Δ  K I  =  K I  max   −  K I  min   = ( 1 − R )  K I  max       Δ  K  I I   =  K  I I   max   −  K  I I   min   = ( 1 − R )  K  I I   max      



(6)




and R is the stress ratio.




3. Numerical Results and Discussions


Modified Compact Tension Specimen (MCTS)


A comprehensive analysis was conducted on a set of five compact tension specimens subjected to constant amplitude fatigue loading. The primary research objective was to investigate the influence of altering the position of the third hole on the crack growth path and the fatigue performance of the specimens. The first specimen was designated as the standard reference, providing a baseline for comparison. Meanwhile, the remaining four specimens were meticulously modified to systematically vary the position of the third hole to simulate mixed-mode FCG, as shown in Figure 1. These modifications were carried out with the aim of elucidating the intricate relationship between hole position and the specimens’ fatigue characteristics. By carefully manipulating the position of the third hole, the researchers sought to uncover any discernible effects on crack initiation, propagation, and ultimately, the overall fatigue life of the specimens. This rigorous examination of hole positioning aimed to provide valuable insights into the structural integrity and durability of compact tension specimens under constant amplitude fatigue loading conditions. A compact tension specimen (CTS) typically exhibits pure mode I fatigue crack growth (FCG) conditions; however, introducing a hole can result in crack deflection and the emergence of mixed-mode conditions. The center coordinates of the third hole in Figure 1 were adjusted, thereby altering the dimensions of this specimen. The adjustment was made based on the vertical distance, denoted as C, and the horizontal distance, denoted as k, as indicated on the right side of Figure 1. The presence of a hole in the specimen can have two different effects on the crack path. It can either attract the crack path, acting as a sink hole, or deflect the crack path, acting as a miss hole. The specific properties of the material can be found in Table 1 for SAE 1020 steel. The specimen was subjected to a maximum load of 10 kN, and a stress ratio (R) of 0.1 was applied individually to each hole.



The analytical solution for the standard compact tension specimen, as provided by [2,3], allows for the determination of the first mode stress intensity factor (SIF) for this particular geometry. The expression provided in the reference can be used to calculate the first mode of SIF, which can be expressed as follows:


   K I  =   P   Δ K  ¯    B  W     



(7)




where P is the load, B is the geometric thickness, W denotes the width, and     Δ K  ¯    is the normalized stress intensity factor, which is dependent on the ratio of crack length to specimen width (a/W).



It is expressed as follows:


    Δ K  ¯  =   2 +  a W      0.886 + 4.64    a W    − 13.32      a W     2        + 14.72      a W     3  − 5.6      a W     4     /       1 −  a W      3 / 2    



(8)




where a represents the crack length.



The mesh generated for CTS01 and CTS02 is depicted in Figure 2, with an element size of 0.5 mm. It is important to mention that the same element size of 0.5 mm was used for the mesh generation of the other three specimens as well. In the case of CTS01, the total number of elements was 189,235, and the total number of nodes was 292,639. As for CTS02–CTS05, the total number of elements increased to 212,514, and the total number of nodes reached 320,154. Before crack growth occurs, the concept of the sphere of influence is often used in ANSYS simulations to determine the region around the crack tip that requires mesh refinement. The sphere of influence represents the zone where the stress field is significantly affected by the presence of the crack. ANSYS Smart Crack Growth further enhances the simulation by automatically adapting the mesh during crack growth. It selectively refines the mesh in critical areas, such as the crack front and vicinity of the crack tip, based on predefined criteria like stress intensity factors. These ANSYS techniques improve the accuracy of stress and displacement calculations, capturing the effects of stress concentration and deformation near the crack.



Figure 3 shows the trajectory of crack propagation as determined through the numerical analysis conducted with ANSYS. The figure distinctly displays a straight crack trajectory, which is characteristic of pure mode I fracture mode. Moreover, the symmetric distribution of stresses and strains observed in the figure further confirms the consistent behavior of the crack growth in this mode.



Figure 4 shows a comparison between the computed results of the first mode of SIF and the analytical solution determined using Equation (2). The results demonstrate a substantial agreement between the two, indicating a high level of consistency.



Figure 5, Figure 6, Figure 7 and Figure 8 provide a comparative analysis of the current study’s results with experimental and numerical data obtained by other researchers. The present study results in Figure 5, Figure 7 and Figure 8 were compared to numerical data obtained from [54], numerical crack paths simulated using Dual boundary element software (Quebra2D) by Gomes and Miranda [32], and artificial neural network results obtained by Baptista et al. [31]. These figures illustrate the comparison between the different approaches for CT02, CT04, and CT05 cases; additionally, Figure 6 provides a comparative analysis of the estimated crack growth path in the present study, along with the experimental and numerical results using the extended finite element method by Lu et al. [55], and numerical results along with artificial neural network results obtained by Baptista et al. [31]. The depicted figures demonstrate the effectiveness of the modified CTS holes, which were intentionally designed to influence the direction of crack propagation. The predicted crack growth paths depicted in these figures demonstrate a close alignment with the experimental and numerical predictions. These findings indicate a strong correlation between the predicted crack growth paths and the observed behavior in both experimental and numerical analyses.



The results presented in Figure 9 depict the normalized stress intensity factor for specimens CTS02–CTS05. The data reveals that up to a crack length of 5 mm, specimens CTS02 and CTS04 exhibit similar values of the normalized SIF; however, beyond this threshold, CTS02 demonstrates a slightly higher value compared to CTS04. This discrepancy is evident in the observed shift in the crack growth direction behavior for these specific specimens. Furthermore, it is worth noting that the normalized stress intensity factor values for CTS05 are higher than those for CTS03. This disparity can be attributed to the fact that CTS05 is situated in closer proximity to the main hole. As a result, CTS05 experiences more significant stress concentrations, leading to elevated stress intensity factors compared to CTS03.



Figure 10 presents a comparison between the simulated fatigue life results obtained in the present study and the experimental results reported by Gomes and Miranda [32] for the four different MCTS geometries, namely CTS02, CTS03, CTS04, and CTS05. It is worth noting that the simulated fatigue crack growth (FCG) life, obtained using ANSYS, demonstrates an impressive level of agreement with the experimental results obtained by Gomes and Miranda in their study. This remarkable agreement can be observed in Figure 10, further validating the accuracy and reliability of the simulated FCG life predictions. The observed trend in the fatigue life cycles, as shown in Figure 10, provides further insights into the effects of hole position and crack growth behavior on the overall fatigue performance of the specimens. CTS05 exhibits the lowest number of cycles, indicating a significantly reduced fatigue life. The crack growth trajectory in CTS05 brings it in closer proximity to the hole, leading to accelerated crack propagation. As a result, the specimen experiences a higher stress concentration and is more prone to crack initiation and subsequent failure. The relatively shorter crack length of CTS05 further contributes to its lower fatigue life cycle, as the crack quickly propagates into the hole zone. With approximately 137,869 cycles, CTS05 demonstrates the most limited resistance to fatigue failure among the tested specimens. On the other hand, CTS04 performs better in terms of fatigue life compared to CTS05. It exhibits a higher number of cycles, approximately 240,000 cycles, before failure. While still influenced by the proximity to the hole, the crack growth trajectory for CTS04 allows for a slightly longer fatigue life. This suggests that the crack growth behavior and proximity to the hole have a less severe impact on fatigue life compared to CTS05. These findings highlight the critical role of hole position and crack growth behavior in determining the fatigue performance of the specimens. The results emphasize the need for careful consideration of geometric factors and crack propagation paths in structural designs to mitigate fatigue-related failures and ensure longer service life. The fatigue life cycle for CTS02 and CTS03 are approximately 342,000 and 345,000 cycles, respectively. This highlights the influence of hole position and crack growth behavior on the fatigue life cycle, with closer proximity to the hole resulting in a more rapid decrease in the number of cycles until failure.



Figure 11 and Figure 12 depict the constant amplitude equivalent stress intensity factor ranges obtained numerically using ANSYS for two configurations of the MCTS: CTS02 and CTS05. The stress ratios considered range from 0.1 to 1, with a total of ten simulations conducted. The stress ratios chosen for the present study ranged from 0.1 to 0.9 to intentionally avoid extensive crack closure. By utilizing stress ratios within this range, the study aimed to examine fatigue crack propagation under conditions where crack closure is still possible but expected to be less significant compared to a stress ratio of 1. This approach was adopted to obtain more precise insights into the crack behavior and fatigue life of the materials being studied, free from the predominant influence of crack closure observed at a stress ratio of 1. The data provided in these figures are valuable in understanding the relationship between the stress ratio and the equivalent range of SIFs in FCG. The presented data shows that an increase in the stress ratio leads to a decrease in the equivalent range of SIFs. This observation implies that crack propagation under higher stress ratios requires less energy compared to lower stress ratios to facilitate FCG. A thorough understanding of the relationship between stress ratio and stress intensity factors (SIFs) enables engineers to optimize the design and enhance the durability of structures, leading to improved performance and increased durability.



Fatigue failure poses a significant concern in engineering applications exposed to fatigue loading. A comprehensive understanding of the relationship between stress ratios and fatigue life cycles is crucial when designing reliable and durable components. The stress ratio significantly influences fatigue life cycles. This study focuses on the impact of varying stress ratios, ranging from 0.1 to 0.9 with a step of 0.1, on the fatigue life cycles of materials. By examining the effects of stress ratio variation, engineers can make informed decisions to enhance the reliability and longevity of various structures. By systematically varying the stress ratio from 0.1 to 0.9 with a step of 0.1, valuable insights can be gained into the changes in fatigue life cycles. As shown in Figure 13 and Figure 14 for CTS02 and CTS05, as the stress ratio increases from 0.5 to 0.9, there is a corresponding increase in the fatigue life cycles of the material. This indicates that higher stress ratios, such as R > 0.5, contribute to improved durability and a longer fatigue life under cyclic loading. The underlying mechanism driving this trend lies in the presence of compressive stress cycles. With higher stress ratios, there is a greater proportion of compressive stress cycles, which effectively mitigate the detrimental effects of tensile stress cycles. Compressive stresses retard crack initiation and slow down crack growth, thereby extending the fatigue life of the material. Consequently, increasing the stress ratio within this range enhances the material’s resistance to fatigue failure, necessitating a larger number of stress cycles to induce failure. In contrast, when the stress ratio is relatively low, such as R < 0.5, the minimum cyclic stress is significantly lower than the maximum cyclic stress. This results in tensile stress conditions dominating the load cycle. Under these conditions, crack growth is accelerated, and the fatigue life cycles are typically shorter compared to higher stress ratios. Understanding the relationship between stress ratios and fatigue life cycles holds significant implications for engineering design. Designers can optimize the fatigue performance and durability of structures by considering different stress ratios.



Figure 15 illustrates the X-directional deformation for CTS02–CTS05. The presence of directional deformation in this axis can significantly affect the behavior of crack growth under cyclic loading. When subjected to alternating stress levels, cracks have the potential to initiate and propagate. Higher levels of deformation in the X-direction intensify stress at crack tips, accelerating the crack growth rate. Factors such as stress concentration, material properties, and the presence of stress corrosion factors in the environment further influence the rate of crack propagation. Therefore, precise control and management of X-directional deformation become imperative to minimize crack growth and extend the fatigue life of components. The number of cycles to failure exhibits an inverse relationship with the level of X-directional deformation. Generally, higher deformation levels tend to reduce the number of cycles required for failure due to fatigue. As deformation increases, damage accumulation and crack growth progress more rapidly, consequently resulting in a shorter fatigue life.



On the other hand, lower levels of deformation correspond to a longer number of cycles to failure, indicating improved resistance to fatigue. Based on the X-directional deformation values depicted in Figure 15, it can be observed that CTS03 exhibits the lowest value, followed by CTS02, CTS05, and CTS04, respectively. This ordering of deformation values is inversely proportional to the fatigue life cycles, suggesting that components experiencing lower levels of deformation are likely to have longer fatigue life cycles observed for these specimens. Finally, ANSYS SMART crack growth has certain limitations, such as its ability to simulate fatigue crack growth only for materials that follow linear-elastic fracture mechanics. Additionally, its effective use requires significant expertise and experience, which may limit its accessibility to certain users.





4. Conclusions


Using ANSYS Workbench, this study delved into the influence of both the hole position relative to the crack tip and stress ratios on fatigue crack propagation. The analysis concentrated on evaluating fatigue life cycles and the equivalent range of stress intensity factors in a modified compact tension specimen, considering a range of stress ratios.



The investigation presented in this study led to the following significant conclusions:




	
The presence of a hole in the geometry has a direct influence on the crack, causing it to adjust its path in relation to the hole’s location. Consequently, the crack may either change its direction and propagate into the hole, or it might be momentarily diverted by the hole before continuing to grow until it moves away from the hole;



	
As the stress ratio increased, there was a corresponding decrease in the equivalent range of stress intensity factors;



	
Through varying the stress ratios from 0.1 to 0.9 with a step of 0.1, this study examined the influence of different loading conditions on the fatigue life cycles of materials. It was observed that reducing the stress ratio resulted in a decrease in fatigue life, indicating a shorter lifespan for materials subjected to cyclic loading;



	
By carefully incorporating stress ratios into both design and operational practices, it becomes possible to optimize fatigue performance and extend the lifespan of materials. The interplay between stress ratios and fatigue life cycles stands out as a vital consideration in engineering design;



	
The number of cycles to failure exhibits an inverse relationship with the level of X-directional deformation. This highlights the importance of managing and minimizing deformations to enhance fatigue resistance and longevity of components and structures.
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Figure 1. Geometrical representation of the MCTS. 
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Figure 2. Finite element generated meshes for CTS01 and CTS02. 
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Figure 3. Crack growth path for the standard CTS, CTS01. 
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Figure 4. First mode of SIF for CTS01. 
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Figure 5. Crack growth trajectory of CTS02: (a) present study, (b) experimental [54], (c) Quebra2D [32], and (d) artificial neural networks [31]. 
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Figure 6. Crack growth trajectory of CTS03: (a) present study, (b) experimental [54], (c) experimental [55], (d) XFEM [5], and (e) artificial neural networks [31]. 
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Figure 7. Crack growth trajectory of CTS04: (a) present study, (b) experimental [54], (c) Quebra2D [32], and (d) artificial neural networks [31]. 
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Figure 8. Crack growth trajectory of CTS05: (a) present study, (b) experimental [54], (c) Quebra2D [32], and (d) artificial neural networks [31]. 
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Figure 9. Results for normalized SIFs for different configurations of the MCTS. 
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Figure 10. Fatigue life cycle for different configurations of the MCTS, Experimental for CTS02–CTS05, Gomes and Miranda [32]. 
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Figure 11. Equivalent range of stress intensity factors for CTS02. 
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Figure 12. Equivalent range of stress intensity factors for CTS05. 
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Figure 13. Fatigue life cycles for CTS02 under different stress ratios. 
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Figure 14. Fatigue life cycles for CTS05 under different stress ratios. 
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Figure 15. X-directional deformation for CTS02–CTS05. 
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Table 1. Mechanical properties of specimens.
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	Property
	Value in Metric Unit





	Modulus of elasticity, E
	205 GPa



	Poisson’s ratio, υ
	0.29



	Yield strength, σy
	285 MPa



	Ultimate strength, σu
	491 MPa



	Paris’ law coefficient, C
	8.59 × 10−14



	Paris law exponent, m
	4.26
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