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Abstract

:

The integration of mesoscale modeling and macroscale experimentation has emerged as a promising approach for understanding and predicting the mechanical behavior and fatigue performance of fiber-reinforced polymer composites. In this work, the mean field homogenization technique is implemented to predict the fatigue performance of the carbon-fiber-reinforced polymer composites under cyclic loading conditions. To predict the number of fatigue cycles, Modified Gerber criteria are used with the stress-based Tsai–Hill failure indicator. Fatigue strength factor (α) and creep rupture strength factor (β) are experimentally evaluated and further implemented in a computational approach to predict fatigue life cycles of the composite. The effect of composite constituents, stress ratio, and loading direction are investigated in detail against the fatigue performance of the composite. Fatigue cycles are predicted at individual matrix and fiber levels at various stress ratios of 0.2, 0.4, 0.6, and 0.8 at different loading inclinations. The experimental results are compared with the mesoscale S–N curves.
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1. Introduction


Composite materials are significant in various fields due to their unique properties and numerous advantages over traditional materials. Composite materials are known for their exceptional strength-to-weight ratio [1]. They offer high strength and stiffness while being significantly lighter than traditional materials like metals. This property is crucial in aerospace, automotive, and sporting goods industries, where weight reduction is vital for performance, fuel efficiency, and cost savings [2,3]. Fiber composites are often used in applications subjected to cyclic loading or repeated stresses, such as aircraft wings, wind turbine blades, and automotive components. Fatigue failure can occur when the material experiences repetitive loading below the ultimate strength, leading to progressive damage accumulation and eventual failure. Understanding and mitigating fatigue failure is crucial for ensuring composite structures’ long-term performance and reliability [4]. Fatigue failure can significantly reduce fiber composite structure durability and service life. It can result in a loss of structural integrity, compromising the safety and functionality of the components. By considering fatigue-failure mechanisms and designing composite structures to withstand cyclic loading, engineers can enhance their durability, extend their service life, and reduce the risk of catastrophic failures. Fiber-reinforced polymer (FRP) composites exhibit various fatigue-failure mechanisms due to the complex interaction between fibers, matrix, and interfaces [5]. These mechanisms can lead to progressive damage accumulation and the eventual failure of the composite material. Some of the key fatigue-failure mechanisms in FRP composites are matrix cracking, debonding, fiber–matrix interface damage, fiber–matrix shear, and fiber failure [6,7]. Understanding and characterizing these fatigue-failure mechanisms is essential for accurately predicting the fatigue life and designing fatigue-resistant FRP composite structures. Various experimental techniques, computational models, and multiscale approaches are employed to study these mechanisms and develop effective strategies for improving the fatigue performance of FRP composites. Mesoscale fatigue analysis of fiber composites focuses on understanding the behavior of the material at an intermediate-length scale between the micro scale and the macro scale. Mesoscale fatigue analysis provides valuable insights into the damage mechanisms and failure modes that occur within the composite material [8]. Homogenization techniques are frequently used at the meso scale to determine the effective properties of materials with complex microstructures [9,10,11]. Homogenization refers to the process of determining the effective or averaged properties of the composite as a whole, based on the properties of its constituent materials and their spatial arrangement. Composite materials are typically composed of two or more distinct phases, such as fibers embedded in a matrix, and homogenization aims to provide a simplified representation of their behavior at a macroscopic level. Various mathematical and numerical techniques are employed for homogenization. These techniques can range from simple methods like the rule of mixtures (linear combination of properties based on volume fractions) to more complex methods like finite-element analysis (FEA) applied to representative volume elements (RVEs) [12,13,14].



Mesoscale fatigue analysis is often integrated into multiscale modeling approaches to capture the interaction between different-length scales. By linking mesoscale models with macroscale structural analysis, the effects of mesoscale damage mechanisms on the overall structural response can be assessed. This integration can provide a more comprehensive understanding of fatigue behavior, enabling more accurate predictions of fatigue life and structural integrity. Carbon-fiber composites are known for their high strength-to-weight ratio and are commonly used in various applications where lightweight and high-performance materials are required, such as the aerospace, automotive, and sporting goods industries [15]. However, like any other material, carbon-fiber composites are susceptible to fatigue failure when subject to cyclic loading. Mesoscale fatigue behavior in carbon-fiber composites is influenced by several factors, including composite architecture, fiber orientation, resin matrix properties, interfacial bonding, and manufacturing defects. At the mesoscale level, fatigue-damage mechanisms such as fiber–matrix debonding, fiber breakage, matrix cracking, and delamination between layers can occur. To characterize and predict the mesoscale fatigue behavior of carbon-fiber composites, researchers have used various experimental and computational techniques. These techniques include cyclic loading tests on representative composite specimens, non-destructive evaluation methods such as ultrasonic inspection, and numerical modeling using finite-element analysis (FEA) or multiscale modeling approaches [16,17]. Mesoscale fatigue of carbon-fiber composites refers to the fatigue behavior of these materials at the intermediate-length scale between the microscopic and macroscopic levels. It involves understanding the mechanisms and properties of carbon-fiber composites under cyclic loading conditions, which can lead to structural failure over time. Carbon-fiber composites are composed of carbon fibers embedded in a matrix material, typically polymer resin. The orientation and arrangement of these fibers play a crucial role in determining the composite’s mechanical properties and fatigue behavior. The high strength and stiffness of carbon fibers combined with the lightweight matrix result in excellent overall mechanical performance. However, cyclic loading can initiate and propagate fatigue cracks at the mesoscale level, leading to reduced strength and ultimately the failure of the composite structure. Several factors influence mesoscale fatigue behavior in carbon-fiber composites. The composite architecture, including fiber volume fraction, fiber orientation, and arrangement, affects the material’s load-transfer mechanisms and stress distribution. The properties of the matrix material, such as its stiffness, toughness, and resistance to fatigue crack growth, also impact the composite’s fatigue behavior. The interfacial bonding between the fibers and the matrix is critical for load transfer and preventing fiber–matrix debonding. During cyclic loading, various fatigue-damage mechanisms can occur at the mesoscale level. These mechanisms include fiber–matrix debonding, fiber breakage, matrix cracking, and delamination between layers [6]. Fiber–matrix debonding refers to the separation of the fibers from the matrix, which reduces load-transfer efficiency and leads to local stress concentrations. Fiber breakage occurs when the applied cyclic load exceeds the strength of individual fibers, resulting in a loss of load-carrying capacity. Matrix cracking refers to the formation of cracks within the matrix material due to cyclic loading, which can propagate and lead to significant damage. Delamination occurs when there is separation between adjacent layers of the composite, often at the interfaces, causing a reduction in overall structural integrity.



Brunbauer et al. developed a fatigue-life prediction method for carbon-fiber laminates using a finite-element solver. The predicted cyclic life was correlated with the experimental study and it was found that the software underestimated the experimental data [18]. Zhang et al. presented a meso model for the fatigue damage of fiber-reinforced composites, where the effect of stress ratio and off-axis fatigue behavior is considered. The results showed that the proposed fatigue model can accurately describe the fatigue life of unidirectional composite laminates [19]. Shokrieh et al. developed an energy method based on the fatigue model for a unidirectional polymer composite with constant amplitude tension–tension fatigue loading. Experimental data were used to verify the model, and results showed a good agreement with the fatigue model. The model is capable of predicting the fatigue life of unidirectional fiber composites at a positive stress ratio and various fiber orientation angles [20]. Huang et al. investigated the fatigue behavior of filament-wound carbon-fiber-reinforced composites with different lay-ups. The results showed that the stress ratio significantly affects the composites’ failure mechanism. An empirical model was developed that integrated the effect of stress ratio in the fatigue-damage parameter to find the fatigue life of the CFRP composites [21]. Xu et al. used the finite-element approach at the meso level for tension–tension fatigue of unidirectional composites. The matrix-dominated and fiber-dominated fatigue was separately considered. In the model fiber rupture, matrix crack was used as fatigue-failure criteria of the fiber-reinforced composites. The model was capable of estimating the tension–tension fatigue life of different composites [22]. To characterize and predict the mesoscale fatigue behavior of carbon-fiber composites, researchers employed a combination of experimental and computational techniques. Experimental tests, such as cyclic loading tests on representative composite specimens, provide valuable data on fatigue life, damage evolution, and failure modes. Computational models, such as finite-element analysis (FEA) or multiscale modeling approaches, simulate the stress distribution and damage progression within the composite, helping to understand the underlying mechanisms and predict fatigue life. By studying mesoscale fatigue behavior, researchers aim to understand the fundamental mechanisms that contribute to fatigue-damage accumulation in carbon-fiber composites. This knowledge aids in the development of more accurate predictive models, designing more durable composite structures, and optimizing manufacturing processes to enhance the fatigue resistance of carbon-fiber composites. It allows engineers to assess the long-term performance and reliability of composite components, ensuring their safe operation under cyclic loading conditions.



In the literature, it can be understood that mesoscale modeling is crucial to understanding the fatigue behavior of the composites. Ensuring a robust and well-integrated meso–macro structure helps enhance the durability and reliability of composites. This is particularly important in applications where the composite material is subjected to cyclic loading. In addition, meso–macro integration is much less explored in the literature, which could be crucial in obtaining accurate fatigue results for fiber-reinforced composites and helps engineers optimize the design and performance of carbon-fiber composite structures in realistic applications, ensuring their safety and reliability. Meso–macro integration is an ongoing area of research and development in composites. Continued advancements in the understanding and control of mesoscale properties can lead to innovative composite materials with novel properties and applications. The following are the specific objectives of the manuscript:




	
A robust and efficient multiscale (meso–macro) computational approach has been developed and implemented for fatigue performance prediction of carbon-fiber-reinforced polymer composite. The effect of composite constituents, stress ratio, and loading direction are investigated in detail against the fatigue performance of the composite.



	
Fatigue strength factor (α) and creep rupture strength factor (β) are experimentally evaluated and further implemented in a computational approach to predict fatigue-life cycles of a composite.



	
Interaction between fibers and matrix at the meso scale is analyzed against the damage initiation under cyclic loading conditions. S–N curves are obtained at stress ratios of 0.2, 0.4, 0.6, and 0.8 with loading inclination of 15°, 30°, 45°, and 60°.









2. Materials and Methods


The polyacrylonitrile-based long carbon-fiber PC402H was used as the reinforcing material. High-modulus (~240 GPa) carbon fibers were procured from Bhor Chemicals and Plastics Pvt. Ltd., Mumbai, India. Epichlorohydrin bisphenol-A epoxy resin with amine hardener was used as the matrix material and mixed in a ratio of 100:60.



The CFRPCs were manufactured using a vacuum-assisted resin infusion microwave curing process (VARIMC). The process is known for the manufacture of high-grade fiber composites with minimum defects [23,24]. Microwaves help in curing the composites uniformly with a high degree of cure, and vacuum (0.1 MPa) ensures high density by removing the entrapped air from the composites [25]. The composites were manufactured with carbon-fiber weight percentages of 45%, 55%, and 65%. The polytetrafluoroethylene (PTFE) mold and vacuum bagging material used was microwave transparent. Aluminum tape was used to avoid arcing in the microwave by proper masking of carbon fibers. A multimode commercial microwave applicator (Make: VB Ceramics, Chennai; Model: 700DEG) with constant microwave power of 360 W and fixed microwave frequency of 2.45 GHz was used. The temperature was monitored by an IR pyrometer mounted on the microwave applicator. Other details of the manufacturing of the CFRPCs are mentioned in Table 1.



The flow chart in Figure 1 illustrates the interaction between macro and meso scales in the investigation of fatigue behavior in carbon-fiber-reinforced polymer composites (CFRPCs). At the macro scale, experimental fatigue tests were conducted on CFRPCs with varying fiber mass fractions to gather data on their fatigue performance. The Goodman equation presents a linear relationship. If the exponent, denoted as “n”, takes a value of two, and the mean stress is normalized by the ultimate tensile strength, the equation transforms into the Gerber equation, which takes on a parabolic form. The Goodman equation has demonstrated remarkable effectiveness in addressing the impact of mean stress within the tension–tension quadrant. The Goodman equation is widely utilized to determine the fatigue design limit of metals when subject to tensile mean stress at various fatigue-life durations. Nevertheless, it is worth noting that certain investigations have indicated that the actual influence of mean stress lies somewhere between the predictions of the Goodman equation and the Gerber equation. In the Modified Gerber equation, the mean stress is normalized using the creep rupture strength instead of the static tensile strength and can proficiently present the mean stress effect during the cyclic loading [26,27]. Subsequently, Modified Gerber equation parameters, a common fatigue model for ductile materials, were determined based on the experimental results. These experimentally determined parameters, along with the composite properties, were then fed to the Digimat® 2022.4 software, a multiscale modeling tool that can simulate the mechanical behavior of composites. By utilizing the Modified Gerber criteria and the Tsai–Hill failure indicator, the software predicted fatigue cycles under different loading directions and stress ratios. Finite-element (FE) simulations were conducted to further analyze the composite’s behavior and obtain von Mises stress contours at various loading conditions. Finally, the predicted S–N (stress–number of cycles) curves were compared and validated against the experimental fatigue data to assess the models’ and simulations’ accuracy and reliability. This comprehensive approach helps researchers and engineers gain insight into the fatigue performance of CFRPCs under different conditions and optimize their design and usage in various practical applications.



2.1. Multiscale Fatigue Performance


2.1.1. Macro Scale


Tension–tension fatigue tests were conducted on an Instron 8802 hydraulic universal testing rig with an accuracy of ±0.2 kN. At least five samples with the same parameters were used for the fatigue test to ensure repeatability. The tension–tension fatigue behavior was analyzed in accordance with ASTM 3479 [28]. The strength of the composites decreases rapidly after relatively few cycles but remains approximately constant up to around 80% of fatigue life [29]. Therefore, 0.8 of the original strength is taken as the fatigue life. The load was first increased to reach the maximum stress, and subsequently, constant amplitude load was applied for an infinite number of cycles or until the failure of the composite. The ultimate tensile strength (UTS) of the CFRPCs was calculated, and its different percentage levels were used to plot the maximum stress (S) versus number of cycles (N) to failure (S–N) curve for tension–tension fatigue analysis. The experiments were carried out with a symmetric triangular waveform with a stress ratio (R) of 0, 0.2, 0.4, and 0.6 at a fixed frequency of 10 Hz. All the experiments were carried out at a controlled room temperature (22 ± 1 °C). Emry cloth was used as the interface between grips and the specimen in the serrated wedge grips to avoid the sudden fracture at the gripping portion of the composites according to the ASTM standard D3039 [30]. At least three tensile–tensile fatigue experiments were conducted at each stress ratio and at three different stress amplitudes. A total of 36 fatigue experiments were initially conducted to draw the constant life diagram, which was further used to find the fatigue parameters. Finally, experimental S–N curves were drawn at different stress ratios and loading inclinations, and were compared with the predicted fatigue life.



The fracture mechanisms of CFRPCs under cyclic loading were analyzed using scanning electron microscopy (SEM) (Make: FEI, USA, Model: NOVA, NANO SEM). Gold coating of 5 nm was placed on the surface of specimens to avoid the formation of an electrostatic charge cloud.




2.1.2. Macroscale Modeling


Carbon-fiber composites exhibit complex microstructures, where the individual fibers interact with the surrounding matrix at the meso scale, and these interactions collectively influence the overall mechanical behavior of the material at the macro scale. Mesoscale modeling is implemented to know the effect of fatigue loading on the individual constituent of the composite. The mean field homogenization technique is utilized to find the mesoscale S–N curves at constituent levels. Mean field homogenization provides a computationally efficient way to estimate the effective properties of complex materials with microstructural heterogeneities [31].



The Representative Volume Element (RVE) approach is employed to capture the mesoscale behavior of the composite. RVE models consider the unit cell structure containing fibers and matrix, allowing for the analysis of stress and strain distributions within the composite under cyclic loading. Mallick and Zhou [27] proposed a modified version of the well-known stress-based Gerber criteria, which considers the influence of mean stress on the fatigue strength of glass fiber-reinforced polyamide-66 composites. The non-dimensional equation for the Gerber equation was derived by expressing it in terms of ultimate tensile strength and incorporating fatigue strength factors (α) and creep rupture strength factor (β), as shown in Equation (1).


      σ   a     α   σ   u     +         σ   m     β   σ   u         2   = 1  



(1)







In the given equation, the parameters α and β are to be adjusted, while σm represents the mean stress, and σa and σu represent the stress amplitude and ultimate tensile strength, respectively. Normalizing the data by σu enables the unification of the data considering sample orientation and atmospheric conditions.



The parameters α and   β   are optimized to better fit the full database and take the power-law form, as shown in Equations (2a) and (2b).
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(2a)
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(2b)







Here, Nc is the number of fatigue cycles and     α   1    ,     α   2    ,     β   1    , and     β   2     are the constants to be determined by curve fitting.



The Modified Tsai–Hill criterion, proposed by Bernasconi et al. [32] and De Monte et al. [33], incorporates the Tsai–Hill criterion adapted for cyclic loading to predict fatigue failure and considers the influence of fiber orientation relative to the loading direction. The stress-based Tsai–Hill failure indicator was used in conjunction with Modified Gerber fatigue criteria. The criterion incorporates both normal and shear stresses to evaluate material failure. It is commonly used to predict failure modes such as fiber rupture, matrix cracking, or delamination in fiber-reinforced composites. The Tsai–Hill equation, which corresponds to Axis 1, is given by Equation (3).
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where   σ  ij denotes the component of the stress amplitude corresponding to the local axis system, and X, Y, and S denote the axial, in-plane, and shear stress amplitude at failure.



The Tsai–Hill criterion is an empirical failure criterion that predicts failure based on a linear combination of the material’s strength properties. The Tsai–Hill criterion compares the composite’s stress components to their respective strength values and calculates a failure index. Failure is predicted if the failure index exceeds a predefined threshold (usually set to 1).



The various loading directions of 15°, 30°, 45°, and 60° to the fiber axis were used for the fatigue analysis of the CFRPCs, as shown in Figure 2.






3. Results and Discussion


3.1. Modified Gerber Equation Parameters


The curves between normalized stress amplitude and normalized mean stress are shown in Figure 3 at various fiber mass fractions. The maximum number of cycles of 106 was considered during the cyclic loading of CFRPCs. As the fiber mass fraction increased, the normalized stress amplitude increased. The ultimate strength of the composites was experimentally determined at different fiber mass fractions. A total of four variations of the stress ratios of 0, 0.2, 0.4, and 0.6 were considered to plot the graph. The Modified Gerber equation was employed to predict fatigue failure once the adjusted α and β parameters were known, irrespective of orientation and atmospheric conditions. The behavior of α and β concerning the number of cycles to failure is depicted in the top right of Figure 3, Figure 4 and Figure 5. It was observed that α significantly decreased with increased cycles, while β showed minimal changes. For practical applications, α and β values can be determined for the desired lifetime, enabling the estimation of stress amplitudes (σa) and mean stresses (σm) using the Modified Gerber criteria. The increase in the fiber weight fraction of composites decreased the slope of strength factor α, while variation in β is found to be negligible. Furthermore, the constants     α   1    ,     α   2    ,     β   1    , and     β   2     of the Modified Gerber equation were determined by the curve fitting at fiber mass fractions of 45%, 55%, and 65%. The percentage decrease in the value of α1 and α2 is about 35.6% and 3.81% respectively, when fiber weight percentage is increased from 45% to 65%. There is a negligible increase of 0.08 and 0.1% in the value of β1 and β2, respectively. Therefore, increasing the fiber mass fraction in the CFRPCs resulted in increased fatigue strength factors, whereas the creep rupture factor has negligible variation.




3.2. Fatigue-Life Prediction


The fatigue-life model for composites under tensile loading has been investigated. S–N curves were obtained at stress ratios of 0.2, 0.4, 0.6, and 0.8 with loading inclinations of 15°, 30°, 45°, and 60°. The number of cycles was obtained at the epoxy and fiber-failure level. At 15° loading inclination, the experimental S–N curve resides near the predicted S–N curve at the epoxy failure indicator level. The experimental results have shown that with an increase in the loading angle, the number of fatigue cycles approaches the predicted S–N curve at the carbon-fiber level.



The fatigue analysis reveals interesting findings at a stress ratio of 0.2, demonstrating a notable pattern: the stress amplitude decreases as the load inclination increases, as shown in Figure 4. This suggests a relationship between load inclination and stress distribution. Intriguingly, when comparing these predictions to the experimental results at the same stress ratio, a remarkable similarity emerges, with the experimental data closely following the predicted curve. This alignment strongly indicates that failure occurs at the epoxy level. The failure mechanism at this stress ratio is attributed to matrix failure within the epoxy. The experienced stresses reach a critical threshold, causing the epoxy to deteriorate and ultimately fail. However, it is important to note that as the stress ratio increases beyond 0.2, a significant shift in the failure phenomenon occurs. The failure mode transitions from the epoxy level to the carbon-failure level, suggesting that the carbon material becomes the weak link in the structural integrity, succumbing to the heightened stress conditions. These insights provide valuable information for understanding the failure mechanisms and can aid in optimizing designs to enhance the durability and performance of the materials under different stress ratios.



Figure 5 shows, at 0.4 stress ratio, the maximum stress amplitude lowered down to nearly 100 at 15° load inclination. Experimental results reveal the proximity of the S–N curve with the epoxy-level failure criteria at lower load inclination. At 60° load inclination, the experimental S–N curve coincides with the fiber-failure indicator.



The fiber-failure indicator showed a remarkable resemblance to the experimental results, potentially attributed to the significant difference in extension between carbon fiber and epoxy. This variation in extension might explain why, at a stress ratio of 0.6, the dominance of fiber-related failures prevailed, as shown in Figure 6. The limited extension of carbon fiber, when compared to epoxy, likely contributed to this outcome.



The higher stress-ratio value of 0.8 resulted in composite failure at a low value of stress amplitude, as shown in Figure 7. The higher load inclination resulted in composite failure at a relatively lower stress amplitude and the experimental results are near the carbon-fiber failure indicator curve. At 60° load inclination, fewer than 100 cycles were sustained by the composites before failure. The higher stress ratio (R) means that the minimum stress is closer to the maximum stress in a loading cycle. In other words, the material spends a larger portion of its cycle at higher stress levels. Therefore, the composite failure existed at a much lower amplitude level [27].



In a fiber-reinforced composite material, the von Mises stress is a measure of the equivalent stress that represents the combined effect of normal and shear stresses on the material. The stress distribution in a fiber-reinforced composite depends on the loading direction with respect to the orientation of the fibers. At 0.2 stress ratio, von Mises stress contours are shown in Figure 8. The maximum stress was 254.223 MPa and decreased further with the increase in the loading angle. The decrease in von Mises stress may be attributed to the early failure of the composites. At the loading angle of 60° the von Mises stress reduced to 154.917, which is about a 39% decrease in stress as compared to the stress value at 15° loading.



In Figure 9, the values of von Mises stress at 0.4 stress ratio vary from 237.6 MPa to 140.567 MPa, when the loading angle increases from 15° to 60°. Higher loading inclination dominates the fiber fracture-based failure. When a fiber-reinforced composite is loaded at a lower loading inclination, the fiber properties dominate the stress distribution. The fibers carry most of the applied load, and the matrix primarily provides lateral support. The stress distribution is different when the loading inclination is increased in the fiber-reinforced composite. The fibers are not as effective at carrying the load in this direction, and the matrix bears most of the load [18].



The stress ratio significantly influences the von Mises stress in the composites. The stresses reduce to 220.163 MPa at a 0.6 stress ratio with a 15° loading direction, as shown in Figure 10. At 60° loading direction, the maximum von Mises stress is 127.68 MPa. The matrix binds the fibers together and transfers the loads to the fibers, which carry most of the mechanical stresses at higher loading inclinations.



The stress ratio of 0.8 will result in different von Mises stress levels depending on the loading direction, as shown in Figure 11. The matrix bears more load and the stress level decreases to 198.097 MPa at 15° loading direction. The behavior of fiber-reinforced composites is complex due to their anisotropic nature and the interaction between the fibers and the matrix. The stress ratio will influence how the fibers and matrix share the applied load in different directions, which, in turn, affects the overall von Mises stress distribution in the composite material.



A further fracture mechanism of the CFRPCs was analyzed by microstructure examination of the fractured composites using scanning electron microscopy, as shown in Figure 12. When a composite material fails due to fatigue, the fracture surfaces of both the fibers and the matrix can provide valuable information about the underlying failure mechanisms and the material’s fatigue behavior. Both fiber and matrix fractures were confirmed by microstructural analysis of fractured CFRPCs at various maximum stress levels. Fiber and matrix fracture failure mechanisms vary with the loading direction in fiber-reinforced composites. Lower loading inclination predominantly affects the fiber strength, whereas higher loading inclination affects the matrix strength. When the loading inclination is closer to the direction of the fibers, the fibers bear a greater portion of the applied load. Since fibers are typically stronger and stiffer than the matrix material, a lower loading inclination primarily affects the fiber strength. This means that the behavior of the fibers will influence the composite’s overall response more. As the loading inclination moves away from the fiber direction and becomes perpendicular to it, the fibers contribute less to carrying the load. Instead, the matrix material takes on a larger share of the load-bearing responsibility. Since the matrix material is generally weaker and less stiff than the fibers, a higher loading inclination has a greater impact on the matrix strength [34]. The micrograph reveals that the fractured surface in the case of debonding was matrix-dominated, as shown by imprints of fibers on the fractured surface. The clean and sharp lateral fractured surface indicated sudden failure of the fiber at 0.8 stress ratio with 60° loading inclination. The matrix fracture was seen at a lower stress ratio with a lower loading direction.





4. Conclusions


In conclusion, the integration of meso–macro multiscale analyses and experimentation has proven to be a valuable approach to understanding and predicting the mechanical behavior of fiber composites. By the combination of mesoscale modeling, the details of composites at constituent levels are captured, and a global representation of the material behavior is estimated at the macro scale. Therefore, a more comprehensive understanding of the material response has been achieved by multiscale analyses. The meso–macro analyses approach allows for the incorporation of various failure mechanisms and their interactions at different-length scales. This enables accurate predictions of the material’s fatigue life under different loading conditions. By considering the interaction between fibers and matrix at the meso scale, fatigue modeling provides a deeper understanding of the underlying failure mechanisms and damage initiation and propagation within the composite material. The integration of experimentation plays a crucial role in validating and calibrating the meso–macro models. Experimental testing provides essential data for characterizing the material properties, failure modes, and fatigue behavior. By comparing the model predictions with experimental results, the accuracy and reliability of the models can be assessed, and necessary adjustments can be made to improve their predictive capabilities. The following capabilities of the models are found:




	–

	
The model is capable of predicting the fatigue life at the matrix and reinforcement level.




	–

	
Fatigue life can be predicted at various stress-ratio levels.




	–

	
Fatigue can be predicted in different loading directions.









Overall, the combination of meso–macro multimodeling and experimentation has facilitated significant advancements in our understanding of fiber composite mechanical behavior. The integrated approach has the potential to drive further improvements in material design, optimization of composite structures, and prediction of their performance under various operational conditions. It also offers insights into the development of new composite materials with enhanced mechanical properties and increased durability.
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Figure 1. Flow chart for multiscale fatigue modeling. 
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Figure 2. The various fatigue loading directions of the CFRPCs. 
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Figure 3. Constant life diagram at fiber mass fraction of (a) 45%, (b) 55%, (c) 65%, and (d) parameters of the Modified Gerber equation. 
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Figure 4. Nominal stress amplitude vs. numbers of cycles to failure at loading angle (a) 15° (b) 30° (c) 45°, and (d) 60°, with a stress ratio of 0.2. 
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Figure 5. Nominal stress amplitude vs. numbers of cycles to failure at loading angle (a) 15° (b) 30° (c) 45°, and (d) 60°, with a stress ratio of 0.4. 
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Figure 6. Nominal stress amplitude vs. numbers of cycles to failure at loading angle (a) 15°, (b) 30°, (c) 45°, and (d) 60°, with a stress ratio of 0.6. 
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Figure 7. Nominal stress amplitude vs. numbers of cycles to failure at loading angle (a) 15°, (b) 30°, (c) 45°, and (d) 60°, with a stress ratio of 0.8. 
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Figure 8. Von Mises stress contours at 0.2 stress ratio with load inclinations (a) 15°, (b) 30°, (c) 45°, and (d) 60°. 
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Figure 9. Von Mises stress contours at 0.4 stress ratio with load inclinations (a) 15°, (b) 30°, (c) 45°, and (d) 60°. 
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Figure 10. Von Mises stress contours at 0.6 stress ratio with load inclinations (a) 15°, (b) 30°, (c) 45°, and (d) 60°. 
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Figure 11. Von Mises stress contours at 0.8 stress ratio with load inclinations (a) 15°, (b) 30°, (c) 45°, and (d) 60°. 
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Figure 12. SEM images under cyclic loading showing (a) fiber fracture, (b) fiber lateral fractured surface, (c) fiber debonding, and (d) matrix cracking. 
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Table 1. Properties of the CFRPCs at various fiber mass fractions.
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Properties

	
Fiber Mass Fraction




	
65%

	
55%

	
45%






	
Tensile Modulus (GPa)

	
92 ± 4.6

	
76 ± 3.1

	
54 ± 2.2




	
Axial Tensile Strength (MPa)

	
368 ± 13.8

	
306 ± 12.6

	
227 ± 9.2




	
In-Plane Tensile Strength (MPa)

	
44 ± 1.6

	
43 ± 1.2

	
41 ± 1.3




	
Shear Strength (MPa)

	
18 ± 0.6

	
16 ± 0.4

	
12 ± 0.4




	
Percentage Elongation

	
1.6 ± 0.05

	
2.0 ± 0.09

	
2.6 ± 0.11
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