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Abstract

:

Laser deposition manufacturing (LDM) has drawn unprecedented attention for its advantages in manufacturing large-scale and complex metal components. During the process of LDM, a large thermal gradient is generated due to thermal cycling and heat accumulation. As a result, large residual stress and deformation are formed in the LDM metal components. Then, the dimensional accuracy of the metal components becomes poor. To achieve deformation control and increase dimensional accuracy, the deformation prediction of metal components is very meaningful and directional. However, the traditional thermoelastic–plastic method can only achieve deformation prediction for small-scale LDM metal components. Because of the low computational efficiency, it is extremely difficult to meet deformation prediction demand for large-scale metal components. Based on feature partitioning and the inherent strain method, a rapid deformation prediction method is proposed for large-scale metal components in this manuscript. Firstly, to solve the problem of poor consistency of formation quality due to the randomness of the partition process, the partitioning process was established according to typical geometric features. Secondly, the inherent strain values for different partitions were obtained by considering the effects of the extraction method, mesh size, equivalent value layer, and partition size on the inherent strain values. Then, using the inherent strain method, the deformation of large-scale components was predicted rapidly. Comparing the simulation results with the experimental results, the following conclusions were obtained. The deformation predicted by the method proposed in this manuscript is consistent with the deformations predicted using the traditional thermoelastic–plastic method and the experimental method. Significantly, applying the method proposed in this manuscript to predict the deformation of LDM metal components, computational efficiency is improved by 27.25 times compared with results using the conventional thermoelastic–plastic method.
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1. Introduction


Directed energy deposition (DED) [1] is an additive manufacturing process that creates parts layer by layer. LDM is a widely adopted DED technique used to manufacture large metal components with high accuracy. It involves using metal powder as the raw material and coaxial powder as a feature, where a high-power laser is used to melt and rapidly solidify the metal powder layer by layer, creating near-net-shape components [2]. However, during the printing process, the presence of a moving heat source leads to a high temperature gradient around the molten pool, resulting in residual stress and deformation in the manufactured components [3,4]. These issues can negatively impact the accuracy and quality of the final products [5]. Therefore, accurately predicting and controlling residual stresses and deformations is crucial for deformation control, shape optimization, and increased support.



Currently, there are two main methods used to predict residual stress and deformation: experimental measurement and numerical simulation [6,7]. Experimental measurements can provide accurate data but may cause damage to components, and the data obtained are often limited. For example, Claudia et al. measured the residual stresses of components using the drilling method, but this method caused destructive damage [8]. Chen et al. used neutron diffraction to measure residual stresses and deformation, but the measurements were restricted to the near-surface region of the specimens [9]. Experimental methods are not effective for predicting these properties in large, additive-manufactured components.



Numerical simulations can overcome the limitations of experimental measurements and provide more comprehensive results for stress and deformation analysis [10,11,12]. Denlinger et al. used the thermoelastic–plastic finite element method to study temperature and stress fields during the forming process and optimize process parameters to reduce deformation [13]. Andreas et al. used a thermoelastic–plastic model to simulate the temperature and deformation fields of a thin-walled structure and compared the predicted results with experimental data, showing good agreement [14]. Although the thermoelastic–plastic finite element method can accurately predict the distribution of residual stress and deformation, it is time-consuming and mainly applicable to small-scale models [15]. Meeting the deformation prediction needs of large, additive-manufactured components remains challenging.



The inherent strain method [16] is commonly used to predict residual stresses and deformations in metal welding. This method was first proposed by Ueda et al. in 1975 [17,18]. It replaces the entire complex welding process with representative values of inherent strain and calculates stress and deformation using elastic calculations. However, due to the differences between additive manufacturing and welding processes, modifications are needed to predict the deformation of additive components accurately. Liang et al. [19,20,21] modified the inherent strain method by studying the forming characteristics of additive manufacturing. They developed a method to extract and incorporate inherent strains into large-size structures, resulting in accurate deformation predictions with high computational efficiency. Chen et al. [22] further improved the method by extracting inherent strain from a thermoelastic–plastic model and using it to simulate large-size structures through finite element analysis. Tran et al. [23] explored the relationship between inherent strain values in small-scale and large-scale models, using the local-to-whole analysis method to predict the deformation of large and complex components.



In the established research, there are few studies on the inherent strain method in the field of additive manufacturing. Prediction methods for large additive components still need to be improved. Although the traditional partitioning method can predict the deformation of large components, the complexity of the process leads to low prediction efficiency. Building upon these advancements, this manuscript proposes a fast prediction method for the deformation of large additive components by combining feature partitioning and inherent strain methods. Using LDM technology, a component was divided into four typical feature partitions: − shape, + shape, T shape, and L shape. The influence of the strain extraction method, application method, equivalent value layer, and partition size on the average inherent strain was considered, and inherent strain sets for different feature partitions were established. Experimental verification was conducted to assess the accuracy of the deformation predictions. The deformation of large and complex additive components was predicted using the method proposed in this manuscript.




2. Typical Feature Partitioning and Modeling


2.1. Feature Partitioning


LDM is an in-situ metallurgical technique that employs a high-energy heat source to rapidly melt metal powders and solidify them. During the manufacturing process, the large temperature gradient results in residual stress formation in deposited components. The accumulation of residual stress becomes more pronounced with the increasing size of the components, potentially causing excessive deformation or even cracking. Partitioning is a key method utilized in LDM to mitigate residual stresses and minimize deformation. Figure 1 shows a typical large structural component.



With the development of additive manufacturing technology, metal additive manufacturing components entail challenges as large-scale, complex structures regarding configuration topology, structure–function integration, and gradient composite [24]. Traditional partitioning methods face some challenges such as lengthy preparation times for forming process documentation, limited portability across different components, and inadequate quality stability. In order to effectively deposit and manufacture large-scale metal components, a partitioning method based on typical geometric features is proposed in this paper. The typical geometric features were processed as − shape, + shape, T shape, and L shape. The traditional partitioning method and feature partitioning method are illustrated in Figure 2.




2.2. Finite Element Modeling


To rapidly predict the deformation of these typical feature additive components, ANSYS APDL (2020 R2) finite element software was utilized to establish finite element models for each typical feature partition, as shown in Figure 3. The finite element model employed an 8-node hexahedral SOLID185 element type with dimensions of 1 mm × 1 mm × 1 mm. The short-edge scanning strategy was employed for all element types (as shown in Figure 3), and the process parameters are presented in Table 1.




2.3. Heat Source Model and Material Parameters


Finite element software was employed to establish a finite element model for each feature partition. The thermoelastic–plasticity method was then used to simulate the temperature field, stress field, strain field, and deformation field during LDM. The heat source Q (rm) was implemented using the birth–death element method. The APDL subroutine was utilized to implement the moving heat source Q (r). The heat source model adopted the Gaussian body heat source, as illustrated in Figure 4. The heat source equation [25] is given by Q (r):


    Q   r   = Q   m     exp  ⁡    −     3   r   2       R   2          



(1)






    Q   m   = 2 A P / π   R   2    



(2)




where Q (m) represents the maximum energy density at the center of the heat source. A, P, R, and r represent the absorption rate, laser power, effective thermal radius of the laser beam, and radial distance of a surface point in the domain of the heat source axis, respectively.



The thermal analysis was governed by the transient heat conduction equation [26]:


  ρ c   ∂ T   ∂ t   =   ∂   ∂ x     λ   ∂ T   ∂ x     +   ∂   ∂ y     λ   ∂ T   ∂ y     +   ∂   ∂ z     λ   ∂ T   ∂ z     + ϕ  



(3)




where ρ is the density of the powder, c is the specific heat capacity, t is the time of heat transfer, T is the temperature, λ is the thermal conductivity of the powder, and ϕ is the inner heat source.



The initial condition could be expressed as


  T   x ,   y ,   z ,   0   =   T   0   ( x ,   y ,   z )  



(4)







The model accounted for the influence of the convection and radiation on the temperature field distribution, and the boundary conditions [27] were expressed as follows:


  K   ∂ T   ∂ n   +   h   c     T −   T   0     + β σ     T   4   −   T   0   4     = 0  



(5)




where T and n are the temperature and normal vector, respectively; hc is the thermal convection coefficient; β is the thermal radiation coefficient; and σ is the Stefan–Boltzmann constant, respectively.



Following the temperature field distribution obtained from the heat conduction simulation, the calculated results were inputted into the mechanical model for stress field analysis. The thermodynamic coupling calculations considered the temperature-dependent Young’s modulus, yield strength, and Poisson’s ratio. The thermophysical and thermodynamic parameters of Ti65 [28] titanium alloy with respect to temperature are presented in Table 2 and Table 3, respectively.





3. Inherent Strain Method


3.1. Inherent Strain Correction


The inherent strain method is commonly employed for the rapid prediction of stress and deformation for welded components. During the welding process, welding strain results from the combined effects of thermal strain, plastic strain, and phase strain. Thus, the inherent strain in a welded component is often expressed as the sum of these three components:


  ε =   ε   e   +   ε   p   +   ε   T    



(6)




where εe, εp, and εT represent the elastic, plastic, and thermal strain components, respectively.



LDM can be considered a multi-track, multi-layer welding process. Therefore, the inherent strain method can be used to predict the deformation of additive components. During the laser deposition, as the heat source moves, the molten pool rapidly cools and solidifies, experiencing significant contraction strains. The elastic strains in each deposited layer are influenced by changing constraint boundaries. Consequently, the original inherent strain theory needs to be modified to enhance the accuracy of deformation prediction for laser-deposited manufactured components. In this study, the intermediate state and steady state were selected to consider the effect of elastic strains that were not fully released during the deposition process due to the evolution of constraint boundaries. The thermoelastic–plastic method was employed to investigate the variation patterns of elastic strains and plastic strains at different moments in the single-pass, double-layer deposition model, as shown in Figure 5. The intermediate state occurred just after the heat source had passed and the compressive strain had reached its maximum value. The steady state was defined as the state when the deposited component was cooled to room temperature. The expression for the corrected inherent strain is given by the following equation:


    ε   I n   =   ε     t   1     P l a s t i c   +   ε     t   1     E l a s t i c   −   ε     t   2     E l a s t i c   =   ε     t   1     T o t a l   −   ε     t   2     E l a s t i c    



(7)




where t1 represents the intermediate state; t2 represents the steady state; εIn represents the inherent strain;     ε     t   1     P l a s t i c    ,     ε     t   1     E l a s t i c    , and     ε     t   1     T o t a l     represent the plastic strain, elastic strain, and total strain of the intermediate state, respectively; and     ε     t   2     E l a s t i c     represents the elastic strain at the steady state.




3.2. The Deformation Prediction Method Based on the Inherent Strain


The thermoelastic–plastic method was employed to simulate the strain field distribution of each feature partition and determine the inherent strain value of the corresponding partition. This inherent strain value was then converted into a material parameter that could be applied to the simulation model. By controlling the temperature difference, material shrinkage in different directions was replicated to simulate the thermal deformation shrinkage process. The one-time thermal analysis enabled rapid deformation prediction. The conversion relationship between the inherent strain and each anisotropic thermal expansion coefficient of the material is represented by the following equation:


    α   i   =   ε   i   / Δ T   , i = x , y , z  



(8)




where αi represents the equivalent coefficient of thermal expansion, εi denotes the equivalent inherent strain in the ith direction in the Cartesian coordinate system, and ΔT indicates the amount of temperature change (−1 K in this paper).



When predicting the deformation of complex components with multiple feature partitions, the birth–death unit method is utilized to sequentially activate each feature partition of the additive component layer by layer, simulating the cumulative manufacturing process of LDM, obtaining the deformation results of the complex additive components through thermal analysis. Figure 6 illustrates the simulation flow of the LDM inherent strain method.




3.3. Inherent Strain Extraction


During the mechanical analysis, there were six strain components. However, when using the inherent strain method to predict deformation, this study disregarded the impact of shear strain components in three directions. This was mainly because the thickness of each deposited layer was significantly smaller than the dimensions of the model in the transverse and longitudinal directions. As a result, the influence of shear strain on the final deformation was negligible. So, it was ignored.



To verify the effect of the extraction method on the inherent strain values, thin-walled feature partition components were developed, as shown in Figure 3a. The total height of the model was 16 mm, with a single deposition layer thickness of 1 mm and 16 deposited layers. Both the substrate and deposition area consisted of Ti65 titanium alloy, with the substrate constrained by unilateral clamping. The thermoelastic–plastic method was employed to simulate the stress distribution, strain distribution, and deformation distribution of the thin-walled feature partition components during the LDM process.



The thermoelastic–plastic calculation provided the temperature distribution, stress distribution, strain distribution, and deformation distribution of the thin-walled feature partition components. Contour diagrams depicting the strain distribution of the thin-walled feature partition components after cooling for 500 s at the end of deposition are displayed in Figure 7. From the strain contour diagram, it can be observed that the strain values were uniformly distributed in the deposition direction after cooling, but they varied across the cross-section. Therefore, it was necessary to investigate the change in strain values on the cross-section of a single layer.



The second layer at the end of the deposition was selected to explore the change in strain values on the cross-section of a single layer. The strain distribution contour diagram of the thin-walled feature partition components in the second layer of the LDM process is presented in Figure 8. The contour diagram highlights the directional nature of the strain value distribution. The strain values at the edge of the deposited layer were small. To examine the effect of different extraction paths on the average inherent strain of the deposited layer, three extraction methods (as shown in Figure 9) were employed. The first method involved extracting all nodes along the middle line of the deposition direction and averaging the extracted values as the inherent strain value. The second method extracted the node strains from two horizontally and vertically aligned lines and took the average value as the extracted inherent strain value. The third method involved extracting all the node strains from a single layer and taking the average value as the final strain value. The strain values obtained from the three methods were then added to the model to obtain the final simulation results.



According to the three strain extraction methods, the average inherent strain of the sedimentary layer was determined. To assess the impact of different inherent strain values obtained from the extraction paths on the accuracy of deformation prediction, the thermoelastic–plastic method and the inherent strain method were separately employed to predict the deformation of the components in the same model. The predicted results were then compared, and the corresponding comparison curves are presented in Figure 10.



The results indicate that, at the constrained end, the deformation predicted by the three extraction methods aligned with the deformation obtained using the traditional method. Conversely, at the free end, the deformation predicted by the second extraction method exhibited a higher level of consistency with the results using the traditional method. The compared results showed a slight deviation. Analyzing the comparison curves of the deformation deviation for different extraction schemes in Figure 11 reveals that the distribution of the strain was directional. The first extraction method overlooked the impact of directionality on the value of the single-layer strain, resulting in significant differences in the deformation prediction results. On the other hand, the third extraction method captured all nodes through the previous cross-sectional strain contour. The effective strain value region was concentrated in the central area, with less coverage in the edge region of thermal accumulation, leading to fewer deformation results. Consequently, the second method (two transverse and two longitudinal paths) proved to be optimum for extracting the inherent strains.





4. Method Validation


4.1. Experimental Program


To verify the accuracy of deformation prediction for the additive components based on the inherent strain method, the deformation of different typical feature partitions was simulated using the thermoelastic–plastic method, the experimental method, and the inherent strain method. LDM of each typical feature partition was conducted using LDM-800 additive equipment. Argon was used as a protective gas during the deposition process. Figure 12 displays the experimental equipment and operational status. Ti65 spherical powder with an average particle size of 150 µm was used. During the deposition process, an internal temperature measurement of the substrate was taken using a K-type thermocouple with a diameter of 0.5 mm (indicated as red marked points in Figure 13). After the deposition was completed, a Hexagon coordinate measuring machine, model SF 4.5.4 with an accuracy of 10 µm, measured the deformation at the transverse and longitudinal centerline of the bottom surface of the substrate (indicated as black marked points in Figure 13). The same process parameters described in Section 2.2 were employed in both the experiments and the numerical simulations. During the experiments, the substrate was subject to one-sided clamping constraints.




4.2. Validation of Results


4.2.1. Heat Source Model Validation


This study developed a single-layer deposition model to investigate the morphology of the molten pool during the LDM process through numerical simulation and experimental methods. The melt width and depth of the melt pool obtained using both methods are illustrated in Figure 14. The dimensions of the melt pool morphology obtained from the experiment and simulation matched, indicating the accuracy of the heat source model proposed in this study.




4.2.2. Temperature Field Validation


To verify the accuracy of the finite element analysis method, this study adopted both the thermoelastic–plastic method and the experimental method to obtain the temperature change curve for each typical feature partition. As depicted in the temperature change curves in Figure 15, the temperature change patterns for different feature divisions aligned well with the experimental results. However, during cooling, the simulation temperature dropped faster than the observed temperature due to the use of a room temperature of 20 °C in the simulation process. This temperature difference created a higher temperature gradient, resulting in faster heat dissipation compared to the experimental environment.




4.2.3. Deformation Results Comparison


The thermoelastic–plastic method, inherent strain method, and experimental method were used to obtain the deformation results for the four thin-walled feature partitions. After 500 s of cooling at the end of the deposition, the contour diagram in Figure 16 shows the deformation field results of the four thin-walled feature partitions. The deformation trend of the four feature partitions was the same as the deformation contour diagram. The deformation of the four distinct shapes was more consistent with the experimental results. The substrate deformation comparison curve in Figure 17 shows that the deformation predicted by the inherent strain method was slightly greater than that predicted by the traditional method. This was because the inherent strain method did not consider the impact of the scanning strategy, which can result in slightly greater local distortion in the deposition area compared to what traditional methods predict. However, both simulation methods accurately predicted the distortion of the substrate and were in good agreement with the experimental results. This indicated that the inherent strain method accurately predicted the deformation of the additive components made by laser deposition.




4.2.4. Stress Results Comparison


The thermoelastic–plastic and inherent strain methods were used to obtain the stress fields of the four thin-walled feature partitions. After 500 s of cooling at the end of the deposition, the resultant contour diagrams of the stress fields of the four thin-walled feature partitions are shown in Figure 18. It can be observed from the stress contour diagram that the stress distribution trends of the four features were the same, and the magnitude of the equivalent stresses was also the same. The maximum stresses appeared in the connection area between the substrate and the deposition layer, and the stresses in the connection area predicted by the inherent strain method were slightly higher than those predicted by the conventional thermoelastic–plastic method. This was mainly because the effect of the scanning strategy on stresses was not considered.




4.2.5. Efficiency Comparison


To compare the computational efficiency of the thermoelastic–plasticity method with that of the inherent strain method, the simulation time for the four feature shapes is plotted in Figure 19. The inherent strain method could improve the computational efficiency of predicting the deformation of additive components by up to 20 times compared to the traditional thermoelastic–plasticity method, meeting the demand for the rapid prediction of the deformation of large additive components.






5. Analysis of Impact Factors


5.1. Mesh Size


To study the effect of mesh size on the strain value and computational efficiency of the additive component, a −-shaped, thin-walled, finite element model was established, as shown in Figure 20. Different mesh sizes of 0.5 mm × 0.5 mm × 0.5 mm, 1 mm × 1 mm × 1 mm, and 2 mm × 2 mm × 1 mm were used, and the thermoelastic–plasticity method was employed to study the stress, deformation, and computational efficiency of thin-walled components with different mesh sizes.



The thermoelastic–plastic method obtained the stress and deformation fields of the 16-layer, −-shaped, thin-walled feature partitions with different mesh sizes. After 500 s of cooling at the end of the deposition, the deformation field is shown in Figure 21, and the stress field is shown in Figure 22. From the contour diagrams, it can be observed that the deformation and stress distributions had very small differences among the three grid sizes, and the smaller the grid size, the more uniform the resultant contour diagrams. Therefore, the feature partition inherent strain extraction process could be numerically simulated using a 2 mm × 2 mm × 1 mm finite element model to improve computational efficiency.




5.2. Equivalence Layer


In the simulation of the LDM inherent strain method, multiple deposition layers from the actual LDM process were often combined into a single layer and activated simultaneously to enhance the calculation efficiency. However, thermal cycling in the deposition direction affected the inherent strain of deposition layers at different heights in the manufacturing of large and complex components, which contained several deposition layers. To investigate the variation relationship between inherent strain and deposited layer thickness, this study employed the thermoelastic–plastic method to calculate and obtain the strain distribution pattern of a 16-layer, −-shaped, thin-walled feature partition. The strain contour diagram of the −-shaped, thin-walled feature partition after 500 s of cooling at the end of deposition is depicted in Figure 23.



To predict the deformation of additive components using the inherent strain method, appropriate inherent strains needed to be applied to different deposition layers. While multiple deposition layers were typically consolidated into one layer to enhance computational efficiency, utilizing the average inherent strain could compromise the accuracy of the deformation prediction. Therefore, to improve the prediction accuracy of the inherent strain method, distinct inherent strain values were assigned to each layer to obtain more precise simulation results. Taking the 16-layer, −-shaped, thin-walled feature as an example, the average inherent strain values for each deposition layer were extracted, and the corresponding variation curves are plotted in Figure 24. It is evident that the strain values of the first four layers tended to first increase and then decrease, while the subsequent layers exhibited a tendency to stabilize. Hence, in the division of equivalent value layers, it was advisable to combine the first four layers to calculate the cumulative strain value and, similarly, to combine the last twelve layers. Accurate deformation prediction and improved computational efficiency could be ensured with this method.



To examine the influence of the multi-layer equivalent imposition method on deformation prediction accuracy, multi-layer identical superposition and layer-by-layer superposition are compared in this manuscript. The results of the deformation contour comparison for a 16-layer, −-shaped, thin-walled feature are shown in Figure 25. The deformation patterns obtained from both methods were found to be identical. These findings indicated that the multilayer equivalent application method did not impact the accuracy of deformation prediction. Therefore, a combination of the layer-by-layer application and multilayer equal application could be employed when predicting the deformation of additive components based on the inherent strain method.



To investigate the effect of temperature on strain values, the strain value of the center point of the second layer was extracted, and its corresponding temperature variation is illustrated in Figure 26. It can be observed that the strain value tended to stabilize when the temperature was below 1200 °C. Considering the inherent strain change curve (as shown in Figure 25), it is evident that during the deposition of the first four layers, each layer underwent significant changes of the inherent strain value. Therefore, the layer-by-layer method was utilized to predict deformation by applying the corresponding inherent strain consecutively. As the deposition process progressed, the deposited components reached thermal equilibrium, with the inherent strain value of each layer tending to be the same. To improve computational efficiency, layers with the same inherent strain value were merged into an equivalent layer, enabling the rapid prediction of deformation through simultaneous activation.




5.3. Dimensional Effects


To examine the impact of partition size on the average inherent strain of feature partitions, this study established a feature partition model, as shown in Figure 27, by keeping the constant value of the parameters W1, W2, and L2 and altering the value of the parameter L1. The length of a specific wall of the +-shaped feature, L1, was set to 30 mm, 40 mm, 50 mm, 60 mm, and 70 mm, respectively.



The thermoelastic–plastic method was utilized to determine the temperature, stress, strain, and deformation of +-shaped, thin-walled feature partitions with varying L1 lengths. After 500 s of cooling at the end of the deposition, the resultant contour diagrams of the +-shaped, thin-walled feature partitions with an L1 length of 60 mm are presented in Figure 28. The contour diagrams depicting the distribution of strains in the +-shaped, thin-walled feature partitions of other sizes are illustrated in Figure 29.



The inherent strain values in the X, Y, and Z directions of the +-shaped, thin-walled feature partitions with different L1 lengths were obtained using the strain extraction method. The strain values of the first four layers were extracted individually, while the last twelve layers were combined and extracted. The curve depicting the variation of strain values with respect to L1 length is shown in Figure 30.



The strain curve demonstrates that in the short-edge deposition along the X direction, the trend of strain values was similar for each layer. The X direction strain value and Y direction strain value exhibited contraction strain, while the Z direction experienced tensile strain. The magnitude of the X-direction strain value was significantly larger than that of the Y-direction strain value. Moreover, the total strain value across all three directions decreased as the L1 length increased and, as the distance increased, the strain value tended to stabilize.



To explore the effect of L2 size on strain value, W1, W2, and L1 remained unchanged while L2 was altered. The wall lengths of L2 of the +-shaped features were set as 30 mm, 40 mm, 50 mm, 60 mm, and 70 mm, respectively. Through thermoelastic–plastic method calculations, the temperature, stress, strain, and deformation fields of the +-shaped, thin-walled feature partitions with different L2 lengths were obtained. Contour diagrams illustrating the resultant distribution of the +-shaped, thin-walled feature partitions with an L2 length of 60 mm after 500 s of cooling at the end of deposition are provided in Figure 31. The strain distribution contour diagrams of the +-shaped, thin-walled feature partitions with other sizes are shown in Figure 32.



The inherent strain values in the X, Y, and Z directions of the +-shaped, thin-walled feature partitions with different L2 lengths were extracted using the strain extraction method. The strain values of the first four layers were extracted separately, while the last twelve layers were combined and extracted to obtain the strain value variation curve with respect to L2 length, as shown in Figure 33.



The strain curves indicate that during short-edge deposition along the X direction, the trend of the strain value in each layer was similar. The X and Y directions exhibited contraction strain, while the Z direction exhibited tensile strain. Moreover, the absolute value of the X direction strain was much larger than that of the Y direction strain. Additionally, the total value of the strain for all three directions decreased with increasing L2 length and, with greater distance, the strain value tended to stabilize.



L1, L2, and W2 were kept constant while only W1 was varied to investigate the impact of W1 size on strain values. The width of a wall of the +-shaped feature, W1, was set at 8 mm, 10 mm, 12 mm, 14 mm, and 16 mm, respectively. Using the thermoelastic–plastic method, the temperature, stress, strain, and deformation fields of the +-shaped, thin-walled feature partitions with different W1 widths were calculated. After 500 s of cooling at the end of the deposition, the resulting contour diagrams of the +-shaped, thin-walled feature partitions with a width W1 of 14 mm are displayed in Figure 34. The strain distribution contour diagrams of the +-shaped, thin-walled feature partitions with other sizes are presented in Figure 35.



The inherent strain values in the X, Y, and Z directions of the +-shaped, thin-walled feature partitions with different W1 widths were obtained through the previously mentioned strain extraction method. The strain values of the first four layers were extracted individually, while the last twelve layers were combined and extracted to generate the strain value variation curve with respect to W1 width, as illustrated in Figure 36.



Analysis of the strain curve reveals that during short-edge deposition along the X direction, the trend of the strain value in each layer was similar. The X and Y directions exhibited contraction strain, while the Z direction demonstrated tensile strain. Moreover, the absolute value of the strain value in the X direction was significantly larger than that in the Y direction. Overall, the total strain value in all three directions decreased with increasing W1 width, and, with further increases in width, the strain value tended to stabilize.



Similarly, L1, L2, and W1 remained constant, while W2 was varied to explore the influence of W2 size on strain values. The width W2 of a wall of the +-shaped feature was set at 8 mm, 10 mm, 12 mm, 14 mm, and 16 mm, respectively. By utilizing the thermoelastic–plastic method, the temperature, stress, strain, and deformation fields of the +-shaped, thin-walled feature partitions with different W2 widths were calculated. The resultant contour diagrams of the +-shaped, thin-walled feature partitions with a width W2 of 14 mm after 500 s of cooling at the end of deposition are illustrated in Figure 37. The strain distribution contour diagrams of the +-shaped, thin-walled feature partitions with other sizes are shown in Figure 38.



The inherent strain values in the X, Y, and Z directions of the +-shaped, thin-walled feature partitions with different W2 widths were obtained using the strain extraction method mentioned above. The strain values of the first four layers were extracted individually, while the last twelve layers were combined and extracted to generate the strain value variation curve with respect to W2 width, as depicted in Figure 39.



The strain curves demonstrate that during short-edge deposition along the X direction, the trend of the strain value in each layer was similar. The X and Y directions exhibited contraction strain, while the Z direction demonstrated tensile strain. Additionally, the absolute value of the strain value in the X direction was significantly larger than that in the Y direction. Overall, the total strain value in all three directions decreased with increasing W2 width, and, with further increases in width, the strain value tended to stabilize.




5.4. Characterization angle Impact Study


In addition to differences in partition sizes, there were variations in feature angles among different components. To investigate the effect of feature angle on the average inherent strain of feature partitions, this study established a feature partition model as depicted in Figure 40. The feature angle α of the + shape was set to 37°, 63°, 90°, 117°, and 143°, respectively.



Using the thermoelastic–plastic method, calculations were conducted to obtain the temperature, stress, strain, and deformation of the +-shaped, thin-walled feature partition with different feature angles. After 500 s of cooling at the end of the deposition, the resultant contour diagram of the +-shaped, thin-walled feature partition for a feature angle α of 63° is presented in Figure 41. The strain distribution contour diagrams of the +-shaped, thin-walled feature partitions with other sizes are displayed in Figure 42.



The inherent strain values in the X, Y, and Z directions of the +-shaped, thin-walled feature partitions with different feature angles were obtained using the strain extraction method. The strain values of the first four layers were extracted individually, while the last twelve layers were combined and extracted to plot the strain value change curve with respect to the feature angle, as illustrated in Figure 43.



Analysis of the strain curve reveals that the trend of strain values in each layer was similar: the X and Y directions exhibited contraction strain, while the Z direction demonstrated tensile strain. As the angle increased, the absolute values of the strain values in all three directions decreased and then increased.



The study presented in this manuscript allowed for the rapid prediction of deformation in large components using an inherent strain method based on feature partitioning. However, the method in this manuscript did not consider the effect of the scanning strategy on the results; thus, the results obtained were slightly larger than the actual results. In addition, this paper only discusses the effect of length, width, and angle on strain values and does not consider the deformation prediction of curved components. Further research is needed on the deformation prediction of curved components.





6. Deformation Prediction for Large and Complex Frame Beam Components


To demonstrate the advantages of feature partitioning and the inherent strain method in predicting deformation for large additive components manufactured through laser deposition, titanium frame beams with dimensions of 500 mm × 500 mm × 12 mm were investigated in this study. The finite element model of the titanium alloy frame beam is shown in Figure 44. The inherent strain method and the traditional thermoelastic–plastic method were employed to simulate the stress and deformation of the component during the LDM process. The feature partitioning of the typical frame beam is shown in Figure 45. The numerical simulation adopted the same method and material parameters as outlined in Section 2.2; the mesh size was set at 2 mm × 2 mm × 1 mm, and a one-sided fixed constraint was imposed during the simulation.



The stress field and deformation field of the titanium alloy frame beam were obtained using both the inherent strain method and the thermoelastic–plastic method. The resultant contour diagrams of the titanium alloy frame beam after 500 s of cooling at the end of the deposition are depicted in Figure 46 and Figure 47. The stress contour diagrams indicate that both methods predicted the same distribution pattern of residual stress for the component, including the region of maximum stress occurrence and the magnitude level of equivalent stress.



From Figure 47 and Figure 48, it is evident that the inherent strain method accurately predicted the deformation of the titanium alloy frame beam, with a maximum deformation error of 7.94%. In terms of computational efficiency, the inherent strain method required only 23.22 h of computation time, whereas the traditional method necessitated 632.78 h. The inherent strain method based on feature partitioning significantly enhances deformation prediction efficiency. It provides a new method for rapidly predicting the deformation of large additive components.




7. Conclusions


This manuscript proposed a rapid deformation prediction method based on feature partitioning and the inherent strain method. For large-scale, complex metal components, a feature partitioning method was established based on typical geometric features, including the − shape, + shape, T shape, and L shape. This method facilitated the portability of additive manufacturing partitioning process files. Considering the layer-by-layer stacking and shaping characteristics of LDM, the traditional inherent strain method was adapted. By studying the influence of different strain extraction methods on inherent strain, it was determined that the optimal extraction methods were two horizontal and two vertical methods. The accuracy of the proposed method was verified through validation experiments. Additionally, this study investigated the impact of factors such as mesh size, equivalent value layer, and feature size on the inherent strain value of the feature partition. The results demonstrate that mesh size has a minimal effect on inherent strain, with larger mesh sizes significantly improving the computational efficiency of the strain field. Furthermore, during the LDM process, the average inherent strain of the first four layers varied significantly, while subsequent layers showed less variation and tended towards constancy. Therefore, to efficiently predict deformation, the inherent strain was applied layer by layer for the first four layers and equivalently for the remaining layers. Investigation of the effect of feature size on inherent strain reveals that inherent strain values in the x, y, and z directions all increased with feature length and feature width. As the feature angle increased, the absolute values of the inherent strain values in all three directions decreased and then increased. Finally, the deformation prediction of large-scale, complex metal components was conducted using this method and the traditional thermoelastic–plastic method. The results demonstrate that the maximum deformation positions predicted by the different methods were the same. The deformation values were 18.65 mm and 20.13 mm, respectively. The deformation deviation was only 7.94%. The deformation prediction by the method proposed in this paper only took 23.22 h, whereas the traditional thermoelastic–plastic method required 632.78 h. The computational efficiency was improved by 27.25 times. The research results provide a novel method to predict the deformation of large-scale and complex metal components.
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Figure 1. Typical large-scale metal structure. 






Figure 1. Typical large-scale metal structure.
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Figure 2. Typical feature division. 






Figure 2. Typical feature division.
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Figure 3. Feature model mesh size and scanning strategy: (a) − shape, (b) + shape, (c) T shape, (d) L shape. 
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Figure 4. Gaussian body heat source model. 






Figure 4. Gaussian body heat source model.
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Figure 5. Distribution of elastic strain and plastic strain during the LDM process. 
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Figure 6. Deformation prediction schematic based on inherent strain method. 
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Figure 7. Resulting distribution of −-shape feature partitions: (a) temperature field, (b) stress field, (c) strain field, (d) deformation field. 
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Figure 8. Cross-sectional strain contour. 
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Figure 9. Strain extraction methods. 
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Figure 10. Deformation curve of the substrate. 






Figure 10. Deformation curve of the substrate.



[image: Mathematics 12 00898 g010]







[image: Mathematics 12 00898 g011] 





Figure 11. Deviation curve of the substrate deformation. 
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Figure 12. Experimental system: (a) experimental equipment and (b) experimental environment. 
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Figure 13. Temperature and displacement measurement points: (a) − shape, (b) + shape, (c) T shape, (d) L shape. 
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Figure 14. Melt pool morphology: (a) experimentally obtained melt pool morphology and (b) simulation of the melt pool morphology. 
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Figure 15. Comparison of experiment and simulation temperature results for four feature shapes: (a) − shape, (b) + shape, (c) T shape, (d) L shape. 
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Figure 16. Comparison of four feature deformation contours: (a) thermoelastic–plastic method, (b) inherent strain method, (c) experimental measurement. 
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Figure 17. Comparison of deformation curves of four feature substrates: (a) X direction and (b) Y direction. 
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Figure 18. Comparison of four feature stress contours: (a) thermoelastic–plastic method and (b) inherent strain method. 
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Figure 19. Comparison of simulation times between the traditional method and the inherent strain method: (a) thermoelastic–plastic method and (b) inherent strain method. 






Figure 19. Comparison of simulation times between the traditional method and the inherent strain method: (a) thermoelastic–plastic method and (b) inherent strain method.
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Figure 20. Mesh sizes: (a) 0.5 mm × 0.5 mm × 0.5 mm, (b) 1 mm × 1 mm × 1 mm, (c) 2 mm × 2 mm × 1 mm. 
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Figure 21. Deformation contour for different mesh sizes: (a) 0.5 mm × 0.5 mm × 0.5 mm, (b) 1 mm × 1 mm × 1 mm, (c) 2 mm × 2 mm × 1 mm. 
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Figure 22. Stress contour for different mesh sizes: (a) 0.5 mm × 0.5 mm × 0.5 mm, (b) 1 mm × 1 mm × 1 mm, (c) 2 mm × 2 mm × 1 mm. 
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Figure 23. Strain contour in the deposition direction. 
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Figure 24. Trend of strain values in different layers. 
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Figure 25. Comparison of the results of different adding methods: (a) direct addition and (b) layer-by-layer addition. 
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Figure 26. Trend of strain value with temperature during the deposition process. 
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Figure 27. Feature dimension schematic. 
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Figure 28. Resulting contour for L1 length of 60 mm: (a) temperature field, (b) stress field, (c) strain field, (d) deformation field. 
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Figure 29. Strain distribution contours with different lengths of L1. 
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Figure 30. Variation curves of strain values with L1 length for each layer: (a) X direction, (b) Y direction, (c) Z direction. 
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Figure 31. Resulting contour for L2 length of 60 mm: (a) temperature field, (b) stress field, (c) strain field, (d) deformation field. 
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Figure 32. Strain distribution contour for each size of L2. 
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Figure 33. Variation curves of strain values with L2 length for each layer; (a) X direction, (b) Y direction, (c) Z direction. 
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Figure 34. Resulting contour for W1 length of 14 mm: (a) temperature field, (b) stress field, (c) strain field, (d) deformation field. 






Figure 34. Resulting contour for W1 length of 14 mm: (a) temperature field, (b) stress field, (c) strain field, (d) deformation field.
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Figure 35. Strain distribution contour for each dimension of W1. 
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Figure 36. Variation curves of strain values with W1 width for each layer: (a) X direction, (b) Y direction, (c) Z direction. 
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Figure 37. Resulting contour for W2 length of 14 mm: (a) temperature field, (b) stress field, (c) strain field, (d) deformation field. 
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Figure 38. Strain distribution contour for each dimension of W2. 
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Figure 39. Variation curves of strain values with W2 width for each layer: (a) X direction, (b) Y direction, (c) Z direction. 






Figure 39. Variation curves of strain values with W2 width for each layer: (a) X direction, (b) Y direction, (c) Z direction.



[image: Mathematics 12 00898 g039]







[image: Mathematics 12 00898 g040] 





Figure 40. Feature angle dimension schematic. 
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Figure 41. Resulting contour for α angle of 63°: (a) temperature field, (b) stress field, (c) strain field, (d) deformation field. 
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Figure 42. Feature angle strain distribution contour. 
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Figure 43. Variation curves of strain values with α angle for each layer: (a) X direction, (b) Y direction, (c) Z direction. 
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Figure 44. Finite element model of typical frame beam. 
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Figure 45. Feature partitioning of typical frame beam. 
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Figure 46. Comparison of stress contour diagrams of titanium frame beams: (a) thermoelastic–plastic method and (b) inherent strain method. 
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Figure 47. Comparison of titanium alloy frame beam deformation contour: (a) thermoelastic–plastic method and (b) inherent strain method. 
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Figure 48. Substrate deformation curves for different prediction methods. 






Figure 48. Substrate deformation curves for different prediction methods.



[image: Mathematics 12 00898 g048]







 





Table 1. LDM process parameters.






Table 1. LDM process parameters.





	Process Parameter
	Laser Power
	Scan Speed
	Laser Spot Diameter
	Overlap Rate
	Convection Coefficient





	Value
	1700 W
	10 mm/s
	4 mm
	0.3
	40 W/(m2·K)










 





Table 2. Thermophysical parameters of Ti65 titanium alloy.
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Temperature

	
Density

	
Thermal Conductivity

	
Specific Heat

	
Thermal Expansion Coefficient




	
T/°C

	
Ρ/kg·m−3

	
λ/W·m−1·K−1

	
C/J·kg−1·K

	
α/10−6·K−1






	
100

	
4593

	
6.11

	
468.5

	
9.13




	
200

	
4593

	
6.89

	
475.8

	
9.25




	
300

	
4593

	
7.67

	
483.1

	
9.99




	
400

	
4593

	
8.46

	
490.4

	
10.5




	
500

	
4593

	
8.46

	
510.7

	
10.6




	
600

	
4593

	
11.11

	
531.3

	
10.8




	
700

	
4593

	
12

	
555.5

	
11.0




	
800

	
4593

	
12.92

	
580.1

	
11.3




	
900

	
4593

	
14.48

	
605.8

	
11.6




	
1300

	
4593

	
19.35

	
629.3

	
12.3




	
1650

	
4593

	
24.71

	
673.1

	
12.4











 





Table 3. Thermodynamic parameters of Ti65 titanium alloy.
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Temperature

	
Young’s Modulus

	
Yield Strength

	
Poisson’s Ratio




	
T/°C

	
E/MPa

	
G/MPa

	
μ






	
25

	
1230

	
451

	
0.37




	
100

	
1190

	
432

	
0.37




	
200

	
1140

	
411

	
0.39




	
300

	
1090

	
391

	
0.40
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