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Abstract

:

The layer-by-layer process of additive manufacturing (AM) is known to give rise to high thermal gradients in the built body resulting in the accumulation of high residual stresses. In the current study, a numerical investigation is conducted on the effect of residual stresses on the mechanical properties of IN718 triply periodic minimal surface (TPMS) lattices fabricated using the selective laser melting (SLM) process for different relative densities. The AM simulation of four different sheet- and ligament-based TPMS topologies, namely, Schwarz Primitive, Schoen Gyroid, Schoen IWP-S, and IWP-L, are performed using a sequentially coupled thermomechanical finite element model to evaluate the thermal histories and residual stress evolution throughout the SLM process. The finite element results are utilized to obtain the effective mechanical properties, such as elastic modulus, yield strength, and specific energy absorption (SEA), of the TPMS lattices while accounting for the residual stress field arising from the SLM process. The mechanical properties are correlated to relative density using the Gibson–Ashby power laws and reveal that the effect of the residual stresses on the elastic modulus of the as-built TPMS samples can be significant, especially for the Schwarz Primitive and Schoen-IWP-L TPMS topologies, when compared to the results without accounting for residual stresses. However, the effect of the residual stresses is less significant on yield strength and SEA of the TPMS samples. The work demonstrates a methodology for numerical simulations of the SLM process to quantify the influence of inherited residual stresses on the effective mechanical properties of complex TPMS topologies.
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1. Introduction


Over the past couple of decades, advancements in additive manufacturing (AM) have enabled the fabrication of complex lattice structures including the triply periodic minimal surface (TPMS) [1,2], but these structures are difficult to produce with conventional manufacturing methods due to the associated high cost and low efficiency [3]. TPMS structures are three-dimensional open-celled structures composed of one or more repeating unit cells in an orderly pattern [4]. These structures have a high specific strength and stiffness, and a high surface-area-to-volume ratio, which are features desired in many mechanical applications [5,6]. However, due to the sequential layer-by-layer nature of the selective laser melting (SLM) process, part of the heat is absorbed during melting of the powder layer and part of the heat is conducted to the already solidified layers below and through convection to the surroundings. This cyclic nature of thermal loads leads to a transient change in temperature. The steep thermal gradients induce a strain mismatch between the newly formed layers and pre-solidified layers beneath during heating and cooling cycles, resulting in the accumulation of residual stresses [7]. The inherited residual stresses in SLM are known to affect the dimensional accuracies and shape of the parts, contributing to crack formation and delamination of layers. Additionally, residual stress drastically affects the fatigue life and the loading capacity of the parts [8,9]. Hence, quantifying residual stresses arising from the SLM process is becoming more critical. Depending on the magnitude of the residual stresses and their effect, they can be classified as type I, II, or III residual stresses [10]. Type I residual stresses act over larger length scales, e.g., macroscale, due to nonuniform heating and cooling rates throughout the AM process, which can result in nonnegligible deformations. Type II stresses that act at the microstructural level, e.g., grain size level, can occur due to phase transformation in the material at the microscale, while type III stresses exist over atomic scales caused by dislocation and point defects. The focus of the current study is macroscopic residual stresses of type I. As the SLM process involves many process parameters, experimentally evaluating residual stresses is time-consuming [11,12], and hence, numerical analysis based on the finite element method (FEM) is an efficient way simulate the thermomechanical behavior and quantify the residual stresses during the SLM process. The most widely used thermomechanical approach is the indirect sequentially coupled analysis that is performed in two stages. First, a transient temperature field of the built part is simulated, and the temperature results are then used to perform the mechanical analysis. This method is computationally less expensive compared to fully coupled analysis in which the temperature and displacement degrees of freedom are solved simultaneously and updated for each time increment [13]. An indirect coupling approach has been successfully used to investigate the AM process to predict residual stress formations and geometric deformations to good accuracies [14,15,16,17,18,19].



Numerical methods based on finite element analysis (FEA) have been extensively used alongside experiments to investigate the mechanical properties of TPMS structures fabricated from the AM process [20,21,22,23,24]. Al-Rub et al. [25] used FEA to investigate the effective anisotropic elastic and plastic properties along with the deformation mechanism under different load combinations of Schoen’s IWP TPMS and proposed a cost-effective finite-element simulation framework for the IWP structural system. Al-Ketan et al. [26] studied the topology–property relationship of lattice structures based on the TPMS IWP minimal surfaces, and FEA was used to investigate the stiffness and strength of different relative densities of the TPMS structure along with experimental investigations. The work showed that the sheet-based IWP lattice structure exhibited high structural efficiency compared to other strut-based and skeletal-based lattice structures. Yang et al. [27] used a numerical approach to quantify the influence of various geometric factors such as surface thickness, sample size, and number of surface periods, etc., on the overall structural response of gyroid structures. Lee et al. [28] investigated the mechanical properties and deformation behavior under several different stress states of the Schwarz Primitive unit cell under periodic boundary conditions. Zheng et al. [29] using the finite volume method found that the mechanical properties are highly dependent on topological architectures of TPMS structures. Abueidda et al. [30] in their work predicted and compared the electrical/thermal conductivities, elastic properties, and anisotropies of different TPMS foams. Maskery et al. [31] used FEA to predict the stress distribution in polymer-based TPMSs under compressive loads with good agreement with experiments, and the investigation also indicated that the cell geometry played a key role in determining the deformation mechanism, failure modes, and the associated mechanical properties.



In general, FEA has been effectively used to investigate the elastic and plastic properties of TPMS structures; however, to the best of the authors knowledge, numerical thermomechanical analysis to quantify the effect of residual stresses inherited from the SLM process on the effective mechanical properties of TPMS structures is a topic not addressed in the literature. Hence, in this work, an FEA simulation scheme is proposed to evaluate the residual stresses from the SLM process and to quantify its influence on the effective mechanical properties of TPMS structures. Four different TPMS topologies are considered: Schwarz sheet-based Primitive, Schoen sheet-based Gyroid, Schoen sheet-based I-WP, and ligament-based I-WP (henceforth referred to P-S, G-S, IWP-S, and IWP-L, respectively). Inconel 718 (IN718), which is a commonly used grade for metallic 3D printing, is considered as the base material, and the effective mechanical properties from the thermomechanical simulations of the AM-built TPMS lattices are compared with their reference counterparts, i.e., lattices without residual stresses.




2. Modeling Framework


Figure 1 shows a schematic representation of the AM process with governing thermal conditions. Assuming a homogenous medium with isotropic thermal properties, e.g., no spatial change in thermal conductivity of the material, the transient temperature distribution T (x, y, z, t) throughout the workpiece during the SLM process is governed by the following three-dimensional thermal transient conduction equation:


  k  T     ∇ 2  T + Q = ρ    C p   T      ∂ T   ∂ t    



(1)




where Cp is the temperature-dependent specific heat capacity, ρ is the density, T is the temperature, t is the time, Q is the internal heat generation rate, and k is the temperature-dependent thermal conductivity of the isotropic material. The initial and final (e.g., cooling stage) thermal condition for temperature distribution throughout the powder bed is given by


   T   x , y , z , t = 0   =  T 0    ,   T   x , y , z , t = ∞   =  T 0    



(2)




where T0 = 22 °C corresponds to room temperature. The base of the substrate is preheated and subjected to a temperature of 100 °C during the build stage and is brought back to room temperature during the cooling phase. The boundary conditions for all other surfaces are assumed to be under heat loss to the surrounding gas by free air convection with a heat transfer coefficient, h = 1 × 10−5 W/mm2 °C.



The layer-by-layer formation during the SLM process gives rise to large thermal gradients in parts, which, in turn, leads to the accumulation of residual stress and strain during the solidification phase. The related stress and strain in the parts are associated with the following equation:


   σ  =  D     ε e     



(3)




where {σ} is the stress vector, [D] is the elasticity stiffness matrix, and {εe} is the elastic strain vector. Using a simplified elastic–plastic hardening model, {εe} can be expressed as:


     ε e    =  ε  −    ε p    −    ε t     



(4)




where ε is the total strain vector, {εp} is the plastic strain vector, and {εt} is the thermal strain vector. Using Equation (4) in Equation (3) may be written as follows:


   ε  =    D    − 1    σ  +    ε p    +    ε t     



(5)







For isotropic material, the above stress–strain relationship can be elaborated in Cartesian co-ordinates as follows [32]:


   ε x  =  1 E       σ x  −   v    σ y  +  σ z      +  ε x p  +  ε t   



(6)






   ε y  =  1 E       σ y  −   v    σ x  +  σ z      +  ε y p  +  ε t   



(7)






   ε z  =  1 E       σ z  −   v    σ x  +  σ y      +  ε z p  +  ε t   



(8)






   γ  x y   =      τ  x y     2 G   +  γ  x y  p    ,        γ  x z   =      τ  x z     2 G   +  γ  x z  p    ,        γ  y z   =      τ  y z     2 G   +  γ  y z  p   



(9)




where E is the elastic modulus; G is the shear modulus; ν is Poisson’s ratio;    τ  x y    ,    τ  x z    , and    τ  y z     are the shear stress components;    γ  x y    ,    γ  x z    , and    γ  y z     are the corresponding shear strain components. The thermal strain component arising due to volume change caused by temperature variations can be expressed as follows:


   ε t  =  α e  Δ T =  α e    T −  T  r e f      



(10)




where αe is the coefficient of thermal expansion, T is the instantaneous temperature, and Tref is the reference temperature with respect to time at t = 0. The deviator stresses according to the Prandtl–Reuss equation of plasticity can be represented as follows:


    d  ε x p        σ ′   x   =   d  ε y p        σ ′   y   =   d  ε z p        σ ′   z   =   d  γ  x y  p       τ  x y     =   d  γ  y z  p       τ  y z     =   d  γ  z x  p       τ  z x     = d λ  



(11)






     σ ′   x  =  σ x  −  σ m    ,                    σ ′   y  =  σ y  −  σ m    ,                      σ ′   z  =  σ z  −  σ m   



(12)




where σ′x, σ′y, and σ′z are the deviator stresses in the x, y, and z directions, respectively; dλ is the instant positive constant of proportionality. Σm refers to the mean stress, which can be evaluated as follows:


   σ m  =    σ x  +  σ y  +  σ z   3   



(13)







Substituting the values of    ε x p   ,    ε y p   ,    ε z p   , and    ε t    in Equations (6)–(9), the resultant equations can be stated as below in Equations (14)–(17):


   ε x  =  1 E     σ x  −   v    σ y  +  σ z      + ∫    σ ′   x  d λ +  α e  Δ T  



(14)






   ε y  =  1 E     σ y  −   v    σ x  +  σ z      + ∫    σ ′   y  d λ +  α e  Δ T  



(15)






   ε z  =  1 E     σ  z y   −   v    σ x  +  σ y      + ∫    σ ′   z  d λ +  α e  Δ T  



(16)






    γ  x y   =    τ  x y     2 G   + ∫    τ  x y   d λ   ,    γ  x z   =    τ  x z     2 G   + ∫    τ  x z   d λ ,      γ  y z   =    τ  y z     2 G   + ∫    τ  y z   d λ   



(17)







Finally, the Von Mises stress σm is computed as follows:


     σ m  =    1 2  [      σ x  −  σ y     2  +      σ y  −  σ z     2  +      σ z  −  σ x     2  + 6    τ  x y  2  +  τ  y z  2  +  τ  z x  2      ]  



(18)




where    σ x   ,    σ y   , and    σ z    are the x, y, and z components of stress, respectively.



2.1. Material


Temperature-dependent physical and thermal properties of Inconel 718 (IN718) including density ρ, specific heat Cp, and thermal conductivity k are used as input properties to perform the transient thermal analysis. For the transient mechanical analysis, the temperature-dependent elastic modulus E, yield strength σy, Poisson’s ratio ν, plastic tangent modulus ET, and coefficient of thermal expansion α are used.



The stress–strain curves of IN718 at various temperatures are shown Figure 2a, pertaining to stress normalized with the yield strength (σy0) at room temperature (T0). The evolution of the temperature-dependent thermal, physical, and mechanical properties is shown in Figure 2b,c, respectively, where the properties are normalized with their corresponding value at room temperature, and the temperature is normalized with the melting temperature value of IN718 (e.g., Tm = 1260 °C). The corresponding properties at room temperature for IN718 are provided in Table 1.




2.2. Design of Triply Periodic Minimum Surfaces (TPMS)


In TPMS structures, the mean curvature of a minimal surface is zero at every point and periodic in the three perpendicular directions. Table 2 provides the level-set approximations for the TPMS surfaces used in this work (P-S for Schwartz Primitive, G-S for Schoen Gyroid, and IWP for Schoen I-wrapped package) for generating the lattices in terms of local Cartesian coordinates, x, y, and z, and a specified level-set constant, c. A detailed design process for creating TPMS topologies was covered in the work by Al-Ketan and Abu Al-Rub [4]. Furthermore, Al-Ketan and Abu Al-Rub [34] developed a free software called MSLattice for generating TPMS-based lattices of either sheet-network type or ligament-network type. In sheet-network TPMS lattices, the level-set parameter c is set to zero such that the minimal surface splits the 3D space into two domains of equal volumes, and the relative density is varied through the thickening of the minimal surface, whereas, in ligament-network TPMS lattices, the level-set parameter c is used to control the proportion volumes of the two domains split by the minimal surface such that the smaller volume is solidified (e.g., for c = 0, the relative density is 50%). For this study, TPMS lattice structures shown in Figure 3 are investigated, where P-S, G-S, and IWP-S are sheet-based TPMS structures, while IWP-L is a ligament-based TPMS lattice. Three relative densities (  ρ ¯   = ρ/ρs) of values 10%, 20%, and 30% of the mentioned TPMS structure are considered for this study, where ρ is the apparent density of the lattice structure and ρs is the density of its base solid material. The 3 × 3 × 3 cell configuration is selected for this study based on the yield stress convergence studies performed using different cell configurations (e.g., 3 × 3 × 3, 4 × 4 × 4, 5 × 5 × 5, and 6 × 6 × 6) considered for the P-S (   ρ ¯  = 20 % )   lattice structure, with the method of evaluating yield strength as described in Section 2.4. As shown in Figure 4, the normalized yield stress value of different cell configurations is compared with that calculated from the equation by Lee et al. [28], which uses a unit cell P-S lattice structure with periodic boundary conditions and assumes the base material to be an isotropic solid with elastic modulus Es = 200 GPa, yield strength σs = 400 MPa, and Poisson’s ratio νs = 0.3. Although it is observed that a higher cell configuration of 6 × 6 × 6 gives a value closer to matching the results by Lee et al. [28], the time required to simulate such an AM build configuration will be very large and with only a marginal gain in accuracy. Hence, to reduce the overall computational time, the 3 × 3 × 3 cell configuration is used for simulating residual stresses of the TPMS structures as well as their effective mechanical properties, which is within a 2% agreement with the results in [28]. The TPMS lattices are designed using the MSLattice, Al-Ketan and Abu Al-Rub (Abu Dhabi, UAE) simulation tool [34].




2.3. Residual Stress Simulation


A nonlinear transient thermal analysis of the layer-by-layer buildup of the process is first performed to obtain the temperature histories during the melting and solidification stages. This is followed by a transient elastic–plastic mechanical analysis, where the transient temperature profile from the transient thermal analysis is used as input in the mechanical model. Ansys-WB [33] provides the multiphysics capability for performing such sequentially coupled thermomechanical analysis. The internal residual stress formation occurs during the cyclic heating and cooling due to the layer-by-layer nature of the SLM process and continually evolves during the process. The residual stress profile throughout the part is attained after the final cooling phase to room temperature (e.g., 22 °C). The baseplate removal option available in the simulation tool [33] is performed and the final residual stress state of the build is used as the initial stress profile for evaluating the effective mechanical properties of the TPMS samples.



The processing parameters used for performing the TPMS AM build simulation with IN718 material are as follows: the laser scan speed is 1200 mm/s, the powder layer thickness is 40 µm, and the preheat temperature of the IN718 base plate is set to 100 °C and switches to room temperature during the cooling phase after completion of the build, where build supports are not considered for this study. The simulation is performed on the four TPMS topologies considering three different relative densities, e.g.,   ρ ¯   = 10%, 20%, and 30%. The AM simulation tool performs a thermal analysis followed by a quasi-static elastic–plastic mechanical analysis. The thermal analysis records the temperature histories of elements activated layer-wise using the element birth and death technique until completion of the build and cooling to room temperature; this layer-wise activation is illustrated in Figure 5, e.g., the first element layer (highlighted in purple) is activated for deposition while the rest of the element layers above represent the material to be deposited and are to be activated in subsequent stages. The thermal histories are then used as input for mechanical analysis to evaluate the stresses by layer-wise activation in a similar pattern as in the thermal analysis, and the stress state at the cooling of the build is calculated. As modeling every physical layer of deposition is computationally expensive and impractical, a simplified lumped-layer approach is used in which activation of each finite element layer accounts for the deposition of several layers of actual metal powder at once [33]. Incorporating this approach, the TPMS lattice is modeled with hexahedral elements (e.g., HEX8) with an element layer height of 0.4 mm as per the size range (i.e., 10~20 times the powder layer) [33]; thus, for this work, a total build height of 30 mm will have 75 element activation layers corresponding to 750 physical layers of actual metal powder, where the base plate (50 mm × 50 mm × 10 mm) uses a coarser mesh size of 5 mm. The meshed models for the four TPMS lattice structures are shown in Figure 6, pertaining to relative density   ρ ¯   = 10%, with a total number of elements in the range of 250,000 to 600,000 for different relative densities of the TPMS lattice.



The various stages of build formation during the thermal analysis are consolidated and shown in Figure 7a–f pertaining to the P-S lattice structure (  ρ ¯   = 10%) through the built stage, e.g., build height zbh. The thermal analysis terminates after the cooling phase when the part cools to room temperature (22 °C). Similarly, layer-by-layer simulation is performed during transient structural analysis using temperature histories, and the final vector principal stress on the nodes is grouped and exported to be used as an input as pre-stress to evaluate the mechanical properties during tensile and compression loading simulation.




2.4. Mechanical Simulation


The final stress state evaluated from the AM simulation is imported as the initial residual stresses field for investigating the mechanical properties of the corresponding TPMS lattices under tensile and compressive loading. The mechanical properties of the TPMS are determined considering uniaxial tensile and compression loading in the build direction (z-direction). The finite element model uses a tetrahedral element with a mesh size of 0.25 mm from mesh convergence studies performed for estimating the yield strength of the configuration of the P-S (  ρ ¯   = 20%) lattice structure, and a bilinear elastic-plastic material model with linear plastic hardening is used for all mechanical simulations. Figure 8 shows the representation of the tensile and compression loading case and symmetric boundary conditions in the z-direction applied on the base plane for a P-S lattice structure. In the mechanical simulation, all six components of the stress tensor are mapped onto the nodes of the FE model as initial conditions. A displacement load in the z-direction is applied to the top surface of the lattice, with a magnitude of Δ = ±3 mm in tension or compression, respectively, which corresponds to a total normal average strain of 10%. This is applied via a remote reference point coupled to the top built surface [33]. The reaction force at the remote node is monitored to obtain the uniaxial stress–strain response during the loading of the TPMS lattices, where the uniaxial stress is defined as the ratio between the reaction force and the area of the TPMS lattice (30 mm × 30 mm). The yield strength is determined from the stress–strain response through the 0.2% offset strain method, whereas the elastic modulus in tension and compression is evaluated from the slope of the stress–strain curves in the elastic region. The uniaxial tensile and compression loading simulations are also performed incorporating the effect of the full-field residual stress profile imported from the AM simulation (c.f., Figure 10) and the results are compared with the case without residual stresses as the initial condition for all the TPMS lattices and relative densities.





3. Results and Discussion


To verify the modeling framework proposed herein and the residual stress results, the current simulation approach of layer-wise activation described in Section 2.3 is compared with a case of experimentally measured residual stress by An et al. [35] on a curved thin-walled plate, for which the details are presented in Appendix A.



For the TPMS lattice structures and for their three relative densities, the evolution of stresses for the total build height of the samples is shown in Figure 9. The stress is calculated by determining the reaction force of the constrained base nodes in the build direction (z-direction) over its projected base area (30 mm × 30 mm). This provides a measure of the level of the stress in the build direction, which, as can be seen in Figure 9, is compressive in nature during the build-up stage, with an increase in magnitude as the relative density increases. The stress level during the build-up stage is observed to be higher in G-S and IWP-S lattice structures as compared to P-S and IWP-L for the same densities. In Figure 10, which shows the Von Mises residual stress contours for all TPMS lattices at relative density   ρ ¯   =10%, the color contours are unified and used within the same limits for comparison purposes. As evident, the residual stress profiles differ for each TPMS, and hence, its effect on the effective mechanical properties will vary for each topology. It is also interesting to note that the residual stresses are nonuniformly distributed through the printing z-direction. The predicted stress values are higher in magnitudes than the initial yield stress of the material (e.g., 648 MPa). This is expected as the finite element model used in the current study does not consider the convective heat transfers in the molten pool; hence, computed peak temperatures and temperature gradients are slightly overestimated and consequently higher residual stress values are determined [36].



3.1. Stress–Strain Curves


The uniaxial tensile and compression stress–strain curves for all four TPMS lattices and the three relative densities considered are shown in Figure 11, Figure 12 and Figure 13, both for the cases with and without the incorporation of residual stress effects from the AM process. As can be seen for P-S in Figure 11a, Figure 12a and Figure 13a, the effect of the residual stress on both stiffness and onset of yielding is notable, especially under compression loading. This is attributed to the high level of residual stresses present in the P-S topology, as shown in Figure 10a, as compared to the G-S and IWP-S in Figure 10b,c, respectively. A similar trend in the influence of the residual stresses on the mechanical response can be observed in Figure 12d and Figure 13d for IWP-L, which is also attributed to the level of residual stresses associated with the IWP-L topology, as shown in Figure 10d. For all the sheet-based TPMS topologies, e.g., P-S, G-S, and IWP-S, subjected to compression loading, e.g., Figure 11a–c, softening is observed beyond the point of onset of yielding, especially for   ρ ¯   =10%, which is associated with localized deformation and buckling of the TPMS walls. This trend diminishes as   ρ ¯   increases; however, the difference in mechanical response between the compression and tension loading persists for all   ρ ¯  . At large deformations, e.g., strain values larger than 2%, it is observed that the mechanical response of all the TPMS topologies and for all relative densities is not affected by the presence of residual stress, neither for compression nor tension loading.




3.2. Effective Elastic Modulus and Yield Strength


The elastic modulus and yield strength of the different TPMS lattices for the three different densities considered are extracted from the stress–strain curves, for both tension and compression loading, with and without the residual stress effects. The Gibson–Ashby power law is used to correlate Young’s modulus E and yield strength σ to relative densities   ρ ¯   of TPMS structures and is given by the following equations [37];


  E /  E 0  =  C 1        ρ ¯    n   



(19)






  σ /  σ 0  =  C 2        ρ ¯    m   



(20)




where E0 and σ0 correspond to the Young’s modulus and yield strength of the solid base material at room temperature (e.g., see Table 1), while E and σ are the elastic modulus and yield strength of the lattice at a relative density   ρ ¯  , C1 and C2 are the scaling coefficients, and n and m are the scaling exponents of the fitting curves.



The normalized Young’s modulus (E/E0) and normalized yield strength (σ/σ0) values for different relative densities are shown in Figure 14 and Figure 15, respectively. The elastic modulus and yield strength of the lattice structures increase with the increase in relative densities for all TPMS structures, as expected. Considering the effect of residual stresses, e.g., Figure 14, the TPMS accounting for residual stresses shows a lower elastic modulus in the build z-direction compared with the reference TPMS without residual stresses. The effect of residual stress is most prominent on the sheet-based TPMS P-S in Figure 14a and the ligament-based IWP-L in Figure 14d. There is also a notable difference in stiffness under compression and tension loading. However, as seen in Figure 15, there is an insignificant effect of the residual stress on the yield strength in the build z-direction. Figure 16 and Figure 17 show the amount of reduction (%) in Young’s modulus due to the effect of residual stress in tensile and compressive loading, respectively. In tensile loading, the amount of reduction in elastic modulus due to residual stress is observed to be more prominent (>25%) in IWP-L for all relative densities, and for P-S structures, a reduction of more than 15% is observed at higher relative density, and the percentage reduction in elasticity was observed to be least in the case of IWP-S. For the compressive loading case, the reduction in elastic modulus is less prominent for IWP-L compared to in tensile loading and a very nominal reduction in elastic modulus is found in the case of G-S and IWP-S lattices due to residual stress. However, the P-S structure showed almost the same amount of reduction in elastic modulus compared to the tensile loading case. The power law coefficient and exponents of the scaling laws in Equations (19) and (20) for elastic modulus and yield strength for the four TPMS topologies are given in Table 3. The effect of the residual stress can be realized from the values of the fitting constant and exponent C1 and n, respectively, on the elastic modulus, and similarly for the effect of indicating distinctly different values, especially for the IWP-L topology. The nature of elastic deformation behaviors of the TPMS structures under tensile/compression loading can be best explained using the exponent value n of the power law in Equation (19) [38]. From the n exponent values of the respective TPMS in Table 3, in uniaxial tensile and compression loading, the sheet-based P-S, G-S, and IWP-S structures show a mixed mode of deformation (e.g., 1 < n < 2), although stretching may be more pronounced, while the ligament-based IWP-L lattice shows a predominantly bending behavior (n    ≥    2), indicating that deformation behavior is strongly related to the topology of the TPMS. These observations agree well with the behavior reported in the literature on TPMSs [26,39]. In addition, it can be observed that due to predominantly bending behavior, the IWP-L shows less mechanical stiffness and strength compared to the sheet-based TPMS of the same relative densities as indicated by the respective values of magnitude in Figure 14 and Figure 15.




3.3. SEA Simulation


The specific energy absorption (SEA) value is defined as the energy absorbed by a material under uniaxial compression, normalized by its density, and involves large deformation up to the point of densification of the lattice structure. The objective here is to investigate the effect of the residual stress on the SEA capacity. The SEA is expressed as


  SEA =  1  ρ ¯     ∫  0   ε D        σ   d ε  



(21)




where σ is the compressive stress, ε is the compressive strain, and εD is the densification strain. The full-scale FEA models of the two TPMS configurations shown in Figure 18 are subjected to compressive loads to investigate the SEA value with and without accounting for residual stresses for different relative densities. The lower rigid plate is fixed, whereas the upper rigid plate is given a prescribed total displacement of Δ = 15 mm, corresponding to a total compressive strain of 50% in the build z-direction. A general contact interaction is defined between the upper and lower rigid plates, and the TPMS lattice with a frictional coefficient of 0.1 and the self-contact between surfaces of the TPMS are assigned a friction coefficient of 0.2.



Figure 18 shows the equivalent plastic strain (PEEQ) for the P-S lattice for   ρ ¯   = 10% and 20%. The reaction force on the upper rigid plate is obtained from which the effective compressive stress over the lattice is determined for both the cases with and without residual stresses accounted for. As shown in Figure 19, there is a change in elastic modulus as observed in previous sections due to residual stress; however, beyond the yield region, the stress–strain response reveals that the effect of the residual stresses is insignificant on the SEA capacity of the lattice structure, and is found to be same as compared to the reference TPMS, e.g., without residual stresses.





4. Conclusions


The effective mechanical properties such as elastic modulus, yield strength, and SEA of four TPMS structures with varying relative densities (  ρ ¯   = 10%, 20% and 30%) are investigated considering the influence of residual stress evaluated from the SLM process through sequentially coupled thermomechanical simulations. When incorporating the residual stresses arising from the SLM process, the effective elastic modulus of all TPMS lattices in the build direction is lower in comparison with the reference TPMS in which the residual stresses are not accounted for. The decrease in stiffness is more prominent in sheet-based P-S and ligament-based IWP-L due to the higher accumulation of residual stress, and a stiffness reduction of more than 25% is observed in IWP-L. In addition, the fitting constant and exponent C1 and n, respectively, in the Gibson–Ashby power law show distinctly different values, especially for the IWP-L topology, indicating the influence of residual stress on the elastic modulus of the TPMS. The sheet-based TPMS (P-S, G-S, and IWP-S) with a relative density of 10% show softening behavior beyond the yield region in compression loading, while for higher densities of all TPMSs, the tensile and compression behaviors show consistent hardening. The influence of residual stresses on yield strength and SEA is insignificant in the build direction for all TPMSs, indicating that residual stresses have little effect beyond the yield region in both compression and tension loading.



The findings with regard to the variation in stiffness due to residual stress inherited from the SLM process are significant as stiffness is known to considerably affect the vibration and fatigue properties of parts and hence needs to be accounted for in any design process. Further investigations for the anisotropic behavior of the TPMS structures considering the loading in other directions, the effect of various scanning strategies and post-heat treatment procedures on residual stress mitigations in TPMS lattices, and its influence on mechanical properties may be undertaken.
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Appendix A. Verification of Residual Stresses


For verification of residual stress values obtained through the simulations in the current study, experimentally measured values from the published literature [35] are used. The referenced work uses the neutron diffraction method to measure the inherited residual stress in a curved thin-walled plate fabricated through a metallic LPBF process. Figure A1a shows the geometric dimensions of the build made of Inconel 625 (IN625) material grade deposited on a stainless-steel base plate. The example case selected for comparison is deposited in a vertical orientation with a powder layer thickness of 30 μm. The simulation model uses an element layer height of 0.3 mm as per the recommended size range mentioned in Section 2.3, and a coarse mesh size of 2 mm is used for the baseplate. The location of the residual stress measurement path (e.g., T1) is at mid-height of the build indicated by the red dotted line shown in Figure A1a. Figure A1b depicts the comparison of stress component σz in the build direction along path T1, with markedly good agreement between the simulation results and the experimental measurements.
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Figure A1. Sample used for comparison with current simulation study: (a) geometric dimension of the curve plate and stress measurement location (T1) indicated by red dotted line; (b) comparison of simulated residual stress component σz with experimental measurements from literature [35]. 
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Figure 1. Representation of the AM process with thermal conditions. 
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Figure 2. Normalized temperature-dependent properties for IN718: (a) stress–strain curves, (b) mechanical properties, and (c) thermal and physical properties. 
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Figure 3. TPMS unit cell topologies pertaining to, e.g., relative density of   ρ ¯   = 10, with unit cell dimensions of 10 mm × 10 mm × 10 mm. 
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Figure 4. Convergence study of normalized yield strength values for different cell configurations of P-S (   ρ ¯  = 20 % )   compared with calculated value from Lee et al. [28]. 
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Figure 5. The illustration shows the activation of the first layer of elements (highlighted in purple color) for deposition; the rest of the layers above are in the deactivated state representing the material to be deposited. 
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Figure 6. 3 × 3 × 3 cell configuration FEA models used for AM buildup simulation on an IN718 baseplate: (a) P-S (b) G-S (c) IWP-S, and (d) IWP-L. 
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Figure 7. Various stages of 3 × 3 × 3 AM buildup simulation for P-S (  ρ ¯   =10%) for build height: (a) zbh = 5 mm, (b) zbh = 10 mm, (c) zbh = 15 mm, (d) zbh = 20 mm, (e) zbh = 25 mm, and (f) zbh = 30 mm at completion of build. 
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Figure 8. FE model of P-S pertaining to   ρ ¯   = 10% with uniaxial loading and symmetric BC. 
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Figure 9. Stress evolution in build direction during the build height (30 mm) of TPMS for various relative densities: (a) PS, (b) G-S, (c) IWP-S, and (d) IWP-L. 
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Figure 10. Von Mises residual stress field in the TPMS lattices build of   ρ ¯   = 10%: (a) P-S, (b) G-S, (c) IWP-S, and (d) IWP-L. 
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Figure 11. The stress–strain curve for tension/compression loading for   ρ ¯   = 10% with and without residual stress: (a) P-S, (b) G-S, (c) IWP-S, and (d) IWP-L. 
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Figure 12. The stress–strain curve for tension/compression loading for   ρ ¯   = 20% with and without residual stress: (a) P-S, (b) G-S, (c) IWP-S, and (d) IWP-L. 
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Figure 13. The stress–strain curve for tension/compression loading for   ρ ¯   = 30% with and without residual stress: (a) P-S, (b) G-S, (c) IWP-S, and (d) IWP-L. 
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Figure 14. Effect of residual stresses on the normalized Young’s modulus (E/E0) with respect to relative density   ρ ¯  : (a) P-S, (b) G-S, (c) IWP-S, and (d) IWP-L. 
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Figure 15. Effect of residual stresses on the normalized yield strength (σ/σ0) with respect to relative density   ρ ¯  : (a) P-S, (b) G-S, (c) IWP-S, and (d) IWP-L. 
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Figure 16. The reduction in Young’s modulus in percentages for tensile loading for all TPMSs and their relative densities. 
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Figure 17. The reduction in Young’s modulus in percentages for compressive loading for all TPMSs and their relative densities. 






Figure 17. The reduction in Young’s modulus in percentages for compressive loading for all TPMSs and their relative densities.



[image: Metals 12 01344 g017]







[image: Metals 12 01344 g018 550] 





Figure 18. Equivalent plastic strain (PEEQ) contour plots at 50% deformation P-S with: (a)   ρ ¯   = 10% and (b)   ρ ¯   = 20%. 
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Figure 19. Stress–strain compression response for P-S lattice of   ρ ¯   = 10% and 20%, with and without the effect of residuals tresses. 
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Table 1. IN718 physical, mechanical, and thermal material properties at room temperature (T0) [33].
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	Property
	Value





	Density ρ0 (kg/m3)
	8220



	Specific heat Cp0 (J/kg °C)
	421



	Conductivity k0 (W/m °C)
	11.9



	Yield strength σ0 (MPa)
	648



	Poisson ratio ν0
	0.3



	Thermal expansion α0 (°/C)
	1.44 × 10−5



	Young’s modulus E0 (GPa)
	165
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Table 2. Level-set equation for P-S, G-S, and IWP [4], where x, y, and z are Cartesian coordinates, and c is the level-set constant that controls the thickness of TPMS surfaces.
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	TPMS
	Level-Set Equations





	P-S
	   cos x + cos y + cos z = c             



	G-S
	   sin x cos y + sin y cos z + sin z cos x =  c          



	IWP
	2 (  cos x cos y + cos y cos z + cos z cos x  )      − (  cos 2 x + cos 2 y + cos 2 z ) = c  
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Table 3. Scaling law parameters, normalized young’s modulus, and yield strength.
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P-S

	
Young’s Modulus

	
Yield Strength

	
G-S

	
Young’s Modulus

	
Yield Strength




	
C1

	
n

	
C2

	
m

	
C1

	
n

	
C2

	
m




	
Tension

	
0.34

	
1.45

	
0.76

	
1.33

	
Tension

	
0.29

	
1.33

	
0.68

	
1.29




	
Tension

(residual stress)

	
0.26

	
1.38

	
0.72

	
1.30

	
Tension

(residual stress)

	
0.22

	
1.25

	
0.67

	
1.29




	
Compression

	
0.34

	
1.47

	
0.74

	
1.36

	
Compression

	
0.29

	
1.35

	
0.60

	
1.20




	
Compression

(residual stress)

	
0.28

	
1.46

	
0.70

	
1.33

	
Compression

(residual stress)

	
0.27

	
1.32

	
0.60

	
1.20




	
Lee et al. [28]

	
0.61

	
1.57

	
0.79

	
1.36

	
Al-Ketan et al. [23]

	
0.51

	
1.38

	
0.44

	
1.24




	
IWP-S

	
Young’s Modulus

	
Yield Strength

	
IWP-L

	
Young’s Modulus

	
Yield Strength




	
C1

	
n

	
C2

	
m

	
C1

	
n

	
C2

	
m




	
Tension

	
0.36

	
1.27

	
0.76

	
1.20

	
Tension

	
0.72

	
2.41

	
1.26

	
2.13




	
Tension

(residual stress)

	
0.33

	
1.25

	
0.77

	
1.20

	
Tension

(residual stress)

	
0.51

	
2.40

	
1.27

	
2.13




	
Compression

	
0.38

	
1.33

	
0.75

	
1.20

	
Compression

	
0.72

	
2.43

	
1.27

	
2.13




	
Compression

(residual stress)

	
0.36

	
1.32

	
0.76

	
1.20

	
Compression

(residual stress)

	
0.61

	
2.41

	
1.23

	
2.11




	
Al-Ketan et al. [26]

	
0.79

	
1.48

	
0.69

	
1.24

	
Al-Ketan et al. [26]

	
1.28

	
2.64

	
1.05

	
2.14
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