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Abstract

:

As a popular technique, additive manufacturing (AM) has garnered extensive utilization in various engineering domains. Given that numerous AM metal components are exposed to fatigue loads, it is of significant importance to investigate the life prediction methodology. This study aims to investigate the high-cycle fatigue (HCF) behavior of AM AlSi10Mg, taking into account the influences of powder size and fatigue damage, and a novel ML-based approach for life prediction is presented. First, the damage-coupled constitutive model and fatigue damage model are derived, and the Particle Swarm Optimization method is employed for the material parameters’ calibration of M AlSi10Mg. Second, the numerical implementation of theoretical models is carried out via the development of a user-defined material subroutine. The predicted fatigue lives of AM AlSi10Mg with varying powder sizes fall within the triple error band, which verifies the numerical method and the calibrated material parameters. After that, the machine learning approach for HCF life prediction is presented, and the Random Forest (RF) and K-Nearest Neighbor (KNN) models are employed to predict the fatigue lives of AM AlSi10Mg. The RF model achieves a smaller MSE and a larger R2 value compared to the KNN model, signifying its superior performance in predicting the overall behavior of AM AlSi10Mg. Under the same maximum stress, a decrease in the stress ratio from 0.5 to −1 leads to a reduction in fatigue life for both powder sizes. As the powder size decreases, the rate of damage evolution accelerates, leading to shorter fatigue life.
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1. Introduction


Additive manufacturing (AM), also referred to as 3D printing, is a technique that entails building three-dimensional objects through the layer-by-layer application of material [1,2]. Unlike traditional manufacturing methods that typically involve subtractive processes such as cutting or drilling, the AM process enables the creation of intricate geometries [3,4,5,6] and bespoke parts that exhibit a remarkable degree of precision and accuracy [7]. As such, the additive manufacturing technique has gained widespread acceptance in the production of metal components that find application in the engineering domain, including but not limited to aerospace, medical, automotive, and construction sectors [8]. It is important to note that many components produced using AM are subjected to fatigue loads; it is thus important to study the life prediction method of AM metals.



As one of the most commonly used metals, AlSi10Mg has several advantages as a material for additive manufacturing, including a high strength-to-weight ratio, good corrosion resistance, and excellent thermal conductivity [9,10]. However, there are also some challenges associated with additively manufacturing AlSi10Mg, including porosity, residual stress, surface roughness, and post-processing [11,12], which can have significant impacts on the mechanical properties of AM AlSi10Mg. For porosity, Laursen et al. [13] conducted a study examining the correlation between ductility and porosity in AM AlSi10Mg. The researchers discovered that while sample porosity showed some association with ultimate tensile strength, yield strength, and modulus, the most prominent relationship was observed between porosity and ductility. Pascual A. et al. [14] analyzed the influence of porosity on the mechanical properties of AlSi10Mg, and found that the porosity defects concentrated stresses and promoted the final failure driven by both void growth and coalescence. In terms of residual stress, Tridello A. et al. [15] studied the effects of residual stresses on the very-high-cycle fatigue response of SLM AlSi10Mg, and found that the impact of residual stresses on the fatigue behavior became more significant as the size of the defects increases. Sausto F. et al. [16] observed that the residual stress field altered the effective stress ratio experienced during cyclic loading, thereby influencing the fatigue characteristics of L-PBF AlSi10Mg. Regarding the surface roughness, Du Plessis et al. [17] examined the impact of as-built surface roughness on fatigue failure in L-PBF AlSi10Mg, while Leon et al. [18] analyzed the influence of surface roughness on the corrosion fatigue performance of SLM AlSi10Mg. Considering post-processing, Bagherifard S. et al. [19] found that post-processed parts had better fatigue strength compared to conventional material, and Maleki E. et al. [20] investigated the fatigue behavior of notched L-PBF AlSi10Mg specimens following thermal and mechanical surface post-processing. As mentioned above, these factors can all affect the fatigue performance of AM AlSi10Mg, making fatigue life prediction a challenge.



Many methods, including the critical plane, energy-based approach, probabilistic method, non-local approach, damage mechanics, fracture mechanics, crystal plasticity, phase field, molecular dynamics, and machine learning models, have been successfully employed in fatigue life prediction. Each method has its own characteristics and drawbacks. Luo et al. [21] utilized a notch critical plane approach to predict the multiaxial fatigue life of metallic notched specimens, while Mahtabi et al. [22] proposed a modified energy-based approach for predicting the fatigue life of super-elastic NiTi. Liao et al. [23] developed a probabilistic framework to assess the fatigue life of notched components, taking into account size effects. Gao et al. [24] proposed a non-local approach for predicting the fatigue life of notched specimens, considering stress/strain gradient and elastic–plastic fatigue damage, and Zhan Z. [25] used a damage mechanics-based approach for the fatigue life calculation of AM titanium alloy specimens. Wang H. et al. [26] employed an elastic–plastic fracture mechanics method to evaluate fatigue crack initiation size, and Cao M, et al. [27] studied fatigue response with respect to pores in AM aluminum alloys by a crystal plasticity approach. Carrara P. et al. [28] developed a variational phase-field approach to study the fatigue behavior of brittle materials. Yasbolaghi R. et al. [29] analyzed the micro-structure of crack propagation at an atomistic scale by the molecular dynamics method. Liu S. et al. [30] developed a novel ANN method to estimate the fatigue life of aluminum alloy, and Gao T. et al. [31] proposed a new defect-based fatigue model combined with an optimized ML model to predict the HCF fatigue of casting alloys. In the fields of metal fatigue analysis in additive manufacturing, empirical approaches and phenomenological fatigue theory models have made contributions, yet they still face the challenge of low accuracy in fatigue life prediction. These methods typically rely on physical mechanisms and principles, depending on idealized and simplified models, while emphasizing the importance of causal logic in the research framework. However, in practical applications, it is quite challenging to comprehensively consider the coupled effects of multivariable factors, such as scale correlation, powder material characteristics, and manufacturing process parameters, within theoretical models. Conversely, strategies based on machine learning (ML) are founded upon the interrelationships among data. Not only can they handle vast amounts of data and learn from it to make predictions, but they can also discern the coupled impacts of various complex factors on the fatigue life of additively manufactured metal materials.



In this study, the investigation delves into the high-cycle fatigue characteristics of additively manufactured AlSi10Mg, taking into account the influences of powder size and fatigue damage. Furthermore, a machine learning-based methodology is introduced for life prediction. The manuscript is structured and organized as follows. Section 1 presents the current research progress of fatigue behavior of AM AlSi10Mg and life prediction methods. In Section 2, the damage-coupled constitutive model and fatigue damage model are derived, and the Particle Swarm Optimization method is utilized for calibrating the material parameters of theoretical models for AM AlSi10Mg. In Section 3, the numerical implementation of the theoretical models is accomplished through the creation of a user-defined material subroutine. The fatigue lives of AM AlSi10Mg with various powder sizes are predicted and compared with the experimental results. In Section 4, the machine learning approach for predicting high-cycle fatigue life is introduced, utilizing the Random Forest and K-Nearest Neighbor algorithms to estimate the fatigue lives of AM AlSi10Mg. Section 5 presents the main results and discussions.




2. Theoretical Model


2.1. Damage-Coupled Constitutive Model


The definition of the damage degree D of the representative volume element (RVE) in continuum damage mechanics (CDM) [32] is defined as the ratio of the defective cross-sectional area,     S   D    , to the total cross-sectional area, S, as follows:


   D =      S   D     S    



(1)







The elastic stress–strain relationship in the presence of damage is expressed as a coupled form:


    ε   i j   e   =   1 + ν   E         σ   i j     1 − D     −   ν   E         σ   k k     1 − D       δ   i j    



(2)




where     ε   i j   e     is the elastic strain, E is the elastic modulus,   ν   is Poisson’s ratio,     σ   i j     is the stress component, and     δ   i j     is the Kronecker delta.



The yield function in the presence of damage, combined with the plastic flow criterion [33], can be expressed as follows:


  F =         σ   i j     1 − D   −   α   i j       e q   −   σ   y    



(3)






      ε  ˙    i j   p   =   λ  ˙    ∂ F   ∂   σ   i j     =   3   2       λ  ˙    1 − D             σ   i j     1 − D   −   α   i j       d e v             σ   i j     1 − D   −   α   i j       e q      



(4)






    p  ˙  =    2   3       ε  ˙    i j   p       ε  ˙    i j   p    =     λ  ˙    1 − D    



(5)




where     ε   i j   p     is the plastic strain,     α   i j     is the back stress,     σ   y     represents the yield stress,     λ  ˙    is the plastic multiplier, and     p  ˙    is the cumulative plastic strain rate. The hardening equation coupled with damage is


    α   i j   =   ∑  k = 1   K      α   i j     k        



(6)






      α  ˙    i j   ( k )   =   1 − D       2   3     C   k       ε  ˙    i j   p   −   γ   k     α   i j     k       p  ˙     



(7)




in which K is the number of back stress components, and     C   k     and     γ   k     are the material parameters.




2.2. Fatigue Damage Model


The fatigue damage evolution model for uniaxial high-cycle fatigue, as presented in reference [34], is expressed as follows:


    D  ˙  =   d D   d   N   f     = a         σ   a     1 − n   σ   m         m       1 − D     − β    



(8)




where     σ   a     represents the stress amplitude and     σ   m    , a, β, m, and n are material parameters.



In the case of multiaxial high-cycle fatigue, the model for the evolution of fatigue damage is expressed as follows:


    D  ˙  =   d D   d   N   f     = a           σ   a     *     1 − n     σ   m     *         m       1 − D     − β    



(9)




where     σ   *     represents the damage equivalent stress.


    σ   *       σ   i j     =   σ   e q         2   3     1 + ν   + 3   1 − 2 ν           σ   H       σ   e q         2         1   2      



(10)






      σ   a     *   =   1   2     σ   *       σ   m a x   −   σ   m i n      



(11)






      σ   m     *   =   1   2     σ   *       σ   m a x   +   σ   m i n      



(12)




where     σ   H     is the hydrostatic stress,     σ   e q     is the equivalent stress, and ν is Poisson’s ratio.     σ   m a x     is the maximum stress and     σ   m i n     is the minimum stress. By performing the integration of Equation (8) from D = 0 to D = 1, we obtain the following result:


    N   f   =   1   a   1 + β             σ   a     1 − n   σ   m         − β    



(13)




where     N   f     is the number of loading cycles for crack initiation.





3. Numerical Simulation and Validation


3.1. Material Parameters’ Calibration


In the theoretical models, the material parameters are calibrated using Particle Swarm Optimization (PSO) [35,36], which is a computational optimization methodology inspired by the collective behavior of swarms of animals, exemplified by the harmonious patterns exhibited by flocks of birds or schools of fish. The PSO algorithm operates by deploying an assembly of particles that traverse through a search space, with each particle representing a potential solution to an optimization problem. Each particle in the swarm is assigned a definite position and a velocity, both of which are updated at every iteration based on the particle’s own best-known position and that of its neighboring particles. The objective of the algorithm is to gradually adjust the velocities of the particles, steering them towards better solutions and ultimately obtaining the global optimum of a given objective function. The specific implementation procedure of the PSO algorithm is outlined below.



	
Initialize the swarm by generating a population of particles randomly throughout the search space.



	
Evaluate the fitness of each particle in the swarm by computing the objective function for each particle.



	
Update the velocity and position of each particle based on its own best-known position and the best-known position of its neighboring particles.



	
Assess the fitness of each particle again according to the updated position.



	
Compare the fitness of each particle with its previous best-known position and update it if the new position is better.



	
Determine the best particle in the swarm based on its fitness value.



	
Repeat steps 3 to 6 until the stopping criterion is attained and output the best solution found by the algorithm.






In this paper, the static performance parameters of AM AlSi10Mg are calibrated using uniaxial tensile stress–strain data [37] through the utilization of the aforementioned PSO method. The objective function employed during the calibration process is the sum of squares of residuals between the experimental data points and the constitutive model, which is minimized. Table 1 presents the calibrated material parameters, while Figure 1 illustrates the comparison between the stress–strain data and the fitted constitutive model. Regarding the fatigue damage evolution model, calibration is required for four material parameters, namely α, β, m, and n, based on the fatigue test data under different cyclic loads [37]. Notably, for each particle size, the parameter calibration is carried out in segments, with the fatigue life set as the boundary at 107. Table 2 displays the four material parameters acquired through this process.




3.2. Numerical Implementation of Theoretical Model


The paper employs the ABAQUS platform to execute the above theoretical models via the development of a user-defined material subroutine (UMAT) [38]. By simulating the damage evolution under cyclic loading, the fatigue life of AM AlSi10Mg with different powder sizes is calculated. The implementation process is outlined in the subsequent steps.



	
Initialize the material constitutive parameters, the parameters for the damage evolution model, and the damage itself.



	
Update the elastic modulus based on the accumulated fatigue damage.



	
Calculate the stress–strain distribution at each integration point of the finite element model by employing the damage-coupled elasto-plastic constitutive model.



	
Determine the damage evolution rate and increment, and update the damage while utilizing the cycle-jumping method to reduce computational complexity. This method assumes that the damage evolution rate remains constant over a specific number of cycles.



	
Check whether the damage is greater than or equal to 1. If so, terminate the computation and consider the failure of the structural fatigue. Otherwise, return to step 2.







3.3. CDM-Based Numerical Results


Considering the axial symmetry of the AM AlSi10Mg fatigue specimen, a one-eighth FE (finite element) model, as shown in Figure 2a, is established for the numerical simulation. The fatigue loads are applied at the end of the FE model and the three symmetric constraints are applied on the corresponding symmetry plane, as shown in Figure 2b. Furthermore, verification of FE mesh independence is carried out to obtain the convergent results before the formal numerical simulation, and the minimum size of the FE mesh is 0.1 mm × 0.1 mm × 0.4 mm. Finally, the FE model of the AM AlSi10Mg specimen consists of 32,640 nodes and 29,309 C3D8 elements.



For the high-cycle-fatigue experiments, there are two kinds of powder sizes (20 μm and 50 μm) under three kinds of stress ratios (R = −1, 0, 0.5) and a wide stress range from 80 MPa to 280 MPa. For the AM AlSi10Mg specimen with the powder size of 20 μm under the fatigue loads of   R = 0 ,   S   m a x   = 79.92   M P a  , the distributions of von Mises stress and damage are shown in Figure 3. It is observed that the maximum stress and damage are located at the minimum cross-section, and the distribution pattern is basically consistent. Figure 4 is plotted for the variations in damage and elastic modulus against the number of cycles. We can see that the elastic modulus decreases slowly in the first half of fatigue life, while the elastic modulus quickly decreases in the last 20% of fatigue life, which is induced by the accumulated fatigue damage. In terms of the AM AlSi10Mg specimen with the powder size of 50 μm under the fatigue loads of   R = − 1 ,   S   m a x   = 92.81   M P a  , it is seen from Figure 5 and Figure 6 that the distributions of von Mises stress and damage, and the variations in damage and elastic modulus against the number of cycles are similar.



The predicted fatigue lives for the AM AlSi10Mg specimens with different powder sizes are shown in Figure 7. We can see that most of the predicted results are within the triple error band, which verifies the numerical method and the calibrated material parameters. Furthermore, it is observed that the predicted results are better for the powder size of 20 μm with the fatigue life longer than 107, and for the powder size of 50 μm with the fatigue life shorter than 107.





4. Machine Learning Approach for HCF Life Prediction


4.1. Data Pre-Processing


Data pre-processing [39] is an important step in machine learning that involves cleaning, transforming, and preparing the data for analysis. The quality of the data and how they are processed can have a significant impact on the accuracy and reliability of the machine learning model. Here are some common steps involved in data pre-processing for machine learning.



	
Data cleaning: This involves removing or correcting any errors or inconsistencies in the data, such as missing values, outliers, or duplicate records. Missing values can be handled by either removing the affected rows or replacing the missing values with a value, and outliers can be detected.



	
Data transformation: Data transformation encompasses the process of converting the data into a format that is well-suited for analysis by a machine learning algorithm, with the aim of reducing the dimensionality of the data.



	
Data splitting: The pre-processed data are typically split into two or more sets, with one set used for training the machine learning model and another set used for testing or validating the model. It helps to evaluate the performance of the model on unseen data and avoid overfitting.



	
Data normalization: Normalizing the data involves ensuring that the input data have zero mean and unit variance. It helps the machine learning algorithm converge faster and improves the accuracy of the predictions.







4.2. Machine Learning Models


4.2.1. RF (Random Forest)


RF (Random Forest) [40] regression is a machine learning algorithm employed for regression tasks, aiming to forecast continuous numerical values. RF regression presents numerous merits, encompassing resilience towards noise and outliers, the capability to handle non-linear relationships, the assessment of feature importance, and proficiency in managing high-dimensional data. Within RF regression, the algorithm constructs an ensemble of decision trees, wherein each tree is trained on a distinct subset of the data through a technique known as bootstrap aggregating or bagging.



During the training process, each decision tree is built by recursively splitting the data based on different feature attributes and thresholds. The splitting process aims to minimize the variance within each split while maximizing the differences between splits. The number of features considered for splitting at each node is typically a square root or a logarithm of the total number of features. Once the ensemble of decision trees is trained, the RF regression model predicts the output value by averaging the predictions of all the individual trees. The averaging process helps to reduce overfitting and provides a more robust and accurate prediction. The RF algorithm [41] for regression can be summarized as follows:




	
Data Preparation. Prepare the dataset by splitting it into input features and the target variable.



	
Bootstrap Aggregating. Generate multiple bootstrap samples from the original dataset by randomly sampling the data with replacement.



	
Decision Tree Training. Build a decision tree for each bootstrap sample. At each node of the tree, a subset of input features is randomly selected, and the best split is determined based on a criterion to maximize the differences between the splits.



	
Ensemble Creation. Combine the individual decision trees to create the Random Forest ensemble. Each tree in the ensemble independently predicts the target variable based on the input features.



	
Prediction. For a new input instance, pass it through each decision tree in the Random Forest ensemble. The final prediction is obtained by averaging the predictions from all the trees.









4.2.2. K-Nearest Neighbor (KNN)


K-Nearest Neighbor (KNN) [42,43] is a simple but effective machine learning algorithm used for predictions. One of the advantages of KNN is that it can handle complex decision boundaries and works well with non-linear data. It is a non-parametric algorithm, and the number of neighbors K is a hyperparameter that needs to be specified. Generally, larger values of K lead to smoother predictions, while smaller values of K lead to more complex and possibly overfitting predictions. The optimal value of K can be chosen using cross-validation techniques. For KNN regression, the algorithm computes the average or median of the target values of the K nearest neighbors. The algorithm of KNN regression is as follows.



	
Given a training dataset with features X and target values y, and a new data point x for which we want to predict the target value.



	
For each data point in the training set, compute the distance between the feature vectors of that point and the feature vector of the new data point x. The distance metric used can be Euclidean distance, Manhattan distance, or any other distance metric.



	
Select the K training data points that are closest to the new data point x based on the computed distances.



	
Compute the average or median of the target values of the K nearest neighbors. This value is used as the predicted target value for the new data point x.



	
Repeat the above steps for all the new data points for which we want to make predictions.








4.3. Evaluation Metrics of ML Prediction


These are some of the commonly used evaluation metrics for machine learning models. The choice of metric depends on the problem being solved, the type of data, and the goals of the analysis. In this study, two evaluation metrics, i.e., MSE (mean squared error) and R2 (R-squared), are employed. The value of R2 ranges from 0 to 1, with higher values indicating a better fit. The formulas for MSE and R2 are presented below.


  M S E ( N ,   N   p r e   ) =   1   m     ∑  k = 1   m    (   N   k   −   N   k   p r e     )   2      



(14)






    R   2   ( N ,   N   p r e   ) = 1 −     ∑  k = 1   m    (   N   k   −   N   k   p r e     )   2         ∑  k = 1   m    (   N   k   −   N   m e a n     )   2        



(15)




where     N   k     represents the experimental data,     N   k   p r e     is the predicted data,     N   m e a n     represents the mean value of the experimental results, and m is the number of samples in the dataset.





5. Results and Discussion


5.1. Predicted Fatigue Lives of AM AlSi10Mg by ML Models


Figure 8 displays a comparison between the predicted results and experimental data. It is seen that the majority of the predicted fatigue lives for AM AlSi10Mg obtained through the RF and KNN models fall within the triple error band. As shown in Figure 8a, for the fatigue life below 107, the RF model works better for the powder size of 50 μm than that of 20 μm. Meanwhile, when the fatigue life exceeds 107, the RF model performs better for the 20 μm powder size than the 50 μm powder size. Regarding the KNN-based predicted results, as shown in Figure 8b, it is noteworthy that only one predicted fatigue life for the 50 μm powder size falls outside the triple error band. In contrast, for the 20 μm powder size, the predicted results exhibit better performance when the fatigue life surpasses 107. The evaluation metrics for the ML and numerical model prediction are presented in Table 3, revealing that the RF model achieves the minimum MSE and the maximum R2 value compared to the KNN model and numerical model, indicating that the RF model works better for the overall predictive performance of AM AlSi10Mg. Furthermore, the overall prediction accuracy of the KNN model is higher than that of the numerical model.



The efficiency of the new approach can vary depending on several factors, including the complexity of the problem, the quality and quantity of data available, the choice of algorithms and models, and the computational resources utilized. One of the key advantages of machine learning is its ability to automate decision-making processes and extract patterns from large datasets that may be difficult or time-consuming to analyze. However, it is important to note that implementing machine learning successfully requires careful consideration and expertise. Acquiring high-quality, relevant, and diverse datasets is crucial for training accurate models. Additionally, choosing the appropriate algorithms and models that best suit the problem at hand is essential. Model selection depends on factors such as the nature of the data, the desired task, and available computational resources.



In terms of the future, the field of machine learning is expected to continue advancing rapidly. New algorithms and techniques are continuously developing to improve efficiency, interpretability, and generalization capabilities of machine learning models. Deep learning, a subfield of machine learning that focuses on neural networks with multiple layers, has seen tremendous progress in recent years, leading to breakthroughs in various domains. As the amount of available data continues to grow, and computational power becomes more accessible, machine learning models are likely to become even more powerful and capable of handling increasingly complex tasks.




5.2. Discussions


All data in this section are calculated using the CDM finite element numerical method, combined with the already calibrated parameters. In Section 5.2.1, the CDM finite element numerical method is employed to calculate the curves depicting the variation in fatigue life with maximum stress at different stress ratios within HCF and VHCF ranges for powder sizes of 20 μm and 50 μm. In Section 5.2.2, the CDM method is used to compute the curves representing the change in damage degree D and the damage evolution rate     D  ˙    versus cycle numbers under a certain stress level within the HCF range for powder sizes of 20 μm and 50 μm. Similarly, the curves of damage degree D and damage evolution rate     D  ˙    versus cycle numbers under a certain stress level within the VHCF range for powder sizes of 20 μm and 50 μm are calculated.



5.2.1. Influence of Stress Ratio and Maximum Stress on the Fatigue Life


As depicted in Figure 9a, it is evident that for fatigue lives below 107, the fatigue life associated with a powder size of 50 μm surpasses that of 20 μm under equivalent cyclic loads. Furthermore, under the same maximum stress, a decrease in stress ratio from 0.5 to −1 leads to a reduction in fatigue life for both powder sizes. Additionally, it is noteworthy that with an increase in maximum stress, the decline rate of fatigue life for the 50 μm powder size is more pronounced compared to that of 20 μm. Regarding fatigue lives exceeding 107, Figure 9b reveals that when the fatigue life is below 108, the fatigue behavior of the 20 μm powder size outperforms that of 50 μm. Conversely, for fatigue lives surpassing 109, the fatigue behavior of the 50 μm powder size proves superior to that of 20 μm.




5.2.2. Influence of Powder Size on the Damage Accumulation and Evolution Rate


For the fatigue load of R = −1 and σmax = 70 MPa with fatigue life smaller than 107, the variation in damage degree D versus the number of cycles is plotted in Figure 10a, and the damage rate     D  ˙    versus the number of cycles is plotted in Figure 10b. Notably, it is observed that as the powder size decreases, the rate of damage evolution accelerates, leading to a shorter fatigue life. Furthermore, for both powder sizes, the damage degree exhibits a gradual increase during the initial 60% of the fatigue life, followed by a rapid escalation during the remaining 40%. Towards the end of the fatigue life, the damage evolution rate experiences a sharp increase. In Figure 11, the variation in the damage degree D and the damage rate     D  ˙    against the number of cycles is presented for the fatigue load of R = 0 and σmax = 125 MPa, where the fatigue life exceeds 107. Evidently, the fatigue life demonstrates an upward trend with increasing powder size under the same fatigue loads. Moreover, for a powder size of 20 μm, the damage degree exhibits a gradual increase during the initial 30% of the fatigue life, followed by a rapid escalation during the subsequent 60%. Conversely, for a powder size of 50 μm, the damage degree shows a slow increase during the first 20% of the fatigue life, followed by a swift escalation during the final 80%. Notably, the damage extent experiences a sharp rise during the last 10% of the fatigue life for both powder sizes.






6. Conclusions


In this investigation, the HCF and VHCF behaviors of AM AlSi10Mg, taking into account the effects of powder size and fatigue damage, were scrutinized, and a novel machine learning (ML)-based methodology for life prediction was introduced.



The research yields a damage-coupled constitutive model and a fatigue damage model, with the Particle Swarm Optimization method deployed for calibrating the material parameters within the theoretical models of AM AlSi10Mg. These theoretical models were then numerically implemented through the development of a user-defined material subroutine. The resulting predictions for the fatigue life of AM AlSi10Mg, under various powder sizes, fall within the triple error band, which substantiates the numerical methodology and the calibrated material parameters.



Furthermore, a machine learning methodology for HCF life prediction was proposed, utilizing both Random Forest (RF) and K-Nearest Neighbors (KNN) models to predict the fatigue lives of AM AlSi10Mg. Comparatively, the RF model resulted in a smaller mean squared error (MSE) and a larger R-squared value, indicating superior overall predictive performance for AM AlSi10Mg.



Additionally, it was observed that under identical maximum stress, a decrease in stress ratio from 0.5 to −1 results in reduced fatigue life for both powder sizes. With a decrease in powder size, the rate of damage evolution accelerates, thus leading to a shorter fatigue life. For both powder sizes, the damage degree shows a gradual increase during the initial 60% of the fatigue life, followed by a rapid increase in the remaining 40%.



This study offers a fresh perspective and tools for understanding and predicting the HCF behavior of AM AlSi10Mg. Future research will focus on other influencing factors, such as the effects of heat treatment and stress state on the fatigue behavior of AM AlSi10Mg, as well as further optimization and enhancement of the prediction model’s performance.
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Figure 1. Stress–strain curve of AM AlSi10Mg with different powder sizes. 
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Figure 2. (a) One-eighth finite element model and (b) schematic diagram of boundary conditions. 
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Figure 3. For the AM AlSi10Mg specimen with the powder sizes of 20 μm under   R = 0   and     S   m a x   = 79.92   M P a  , (a) von Mises stress distribution and (b) damage distribution. 
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Figure 4. The variations in damage and elastic modulus against the number of cycles for the powder size of 20 μm. 
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Figure 5. For the AM AlSi10Mg specimen with the powder sizes of 50 μm under   R = − 1   and     S   m a x   = 92.81   M P a  , (a) von Mises stress distribution and (b) damage distribution. 
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Figure 6. The variations in damage and elastic modulus against the number of cycles for the powder size of 50 μm. 
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Figure 7. The predicted fatigue life versus experimental data for the AM AlSi10Mg specimen. 
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Figure 8. Variation in the predicted fatigue lives versus experimental data (a) by the RF model and (b) by the KNN model. 
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Figure 9. With different stress ratios (R = −1, 0, 0.5) and powder sizes (20 μm and 50 μm), the variation in the maximum stress versus fatigue life (a) shorter than 107 and (b) longer than 107. 
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Figure 10. With the fatigue load of R = −1 and σmax = 70 MPa for both powder sizes, (a) variation in the damage degree versus the number of cycles and (b) variation in the damage evolution rate versus the number of cycles. 
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Figure 11. With the fatigue load of R = 0 and σmax = 125 MPa for both powder sizes, (a) variation in the damage degree versus the number of cycles and (b) variation in the damage evolution rate versus the number of cycles. 
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Table 1. Static performance parameters of AM AlSi10Mg with different powder sizes.
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	Powder Size
	C1
	C2
	C3
	γ1
	γ2
	γ3





	20 μm
	10,000
	6569.42
	10,000
	983.25
	29.34
	983.25



	50 μm
	10,000
	6163
	9673.03
	4999.76
	29.06
	4671.39
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Table 2. Fatigue damage parameters of AM AlSi10Mg with different powder sizes.
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Powder Size/μm

	
Fatigue Life Range

	
α

	
β

	
n

	
m






	
20

	
<107

	
2.18 × 10−11

	
2.6

	
0.002284

	
2.20




	
≥107

	
2.83 × 10−14

	
2.6

	
0.000791

	
2.43




	
50

	
<107

	
4.56 × 10−11

	
1.5

	
0.000802

	
1.90




	
≥107

	
1.00 × 10−18

	
1.5

	
0.001996

	
4.72
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Table 3. Evaluation metrics of ML and numerical model prediction for AM AlSi10Mg.
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	RF Model
	KNN Model
	Numerical Model





	MSE
	0.19
	0.28
	0.34



	R2
	0.71
	0.63
	0.58
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