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Abstract

:

Because their topological structures have certain crystallographic symmetry, there is anisotropy in triply periodic minimal surface (TPMS) porous structures. Anisotropy can affect the mechanical properties of porous structures; thus, it is necessary to research the anisotropy of TPMS structures. In this study, based on quaternionic three-dimensional rotation, TPMS structures were rotated around three crystal directions: [100], [110], and [111]. The mechanical anisotropy behaviors of TPMS porous structures, including gyroid, diamond, primitive, and I-graph-wrapped package (IWP) graph surfaces, were studied through finite element analysis (FEA). The FEA results show that the anisotropy of the IWP structure with rotation in the [110] direction was the most significant, and its relative elastic modulus increased by 275.33% when the IWP was rotated 60° in the [110] direction. These results indicate that the uniaxial compression performance of TPMS structures can be significantly improved by using structural anisotropy. However, it should be noted that due to this significant anisotropy, the performance of such structures will significantly decrease in specific directions. For example, after the primitive structure was rotated 60° in the [111] and [110] directions, its relative elastic modulus decreased by 72.66% and 77.6%, respectively. Therefore, it was necessary to reasonably consider the bearing capacity in fragile directions under complex working conditions. Based on the anisotropy of TPMS, gradient TPMS structures with three rotation angles were designed and manufactured using selective laser melting technology. The compressive results show that multi-peaks appeared in the primitive structure with gradient rotation in the [111] direction from 0° to 40°, and step-by-step behaviors were observed in the IWP structure with gradient rotation in the [110] direction from 0° to 60°. This result shows that the yielding platform can be enhanced using gradient rotation designation based on the anisotropy of TPMS porous structures.
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1. Introduction


Functionally graded materials (FGMs) feature changes in their material composition or structural characteristics. There are many FGMs in the biological structures of nature, such as bones [1], bamboo [2], hedgehog spines [3], and coral [4]. These FGMs have the characteristics of a light mass, high specific strength, and significant energy absorption, and they are the source of bionic designs for aerospace, biomedicine, radiators, electromagnetic fields, and acoustics. To imitate FGMs in nature, the structural characteristics of FGMs were analyzed and classified into six types: composition gradient, arrangement gradient, distribution gradient, dimension gradient, orientation gradient, and interface gradient structures [5].



The TPMS porous structure is one potential FGM structure that can be generated quickly using trigonometric functions [6]. The most common TPMS structures include gyroid, diamond, primitive, and IWP structures. The elastic modulus, yield strength, and plateau stress of a shell gyroid porous structure grow with increases in the number of circumferential cells or decreases in the number of radial cells under compression loading [7]. Cell type also has a significant effect on the compressive properties of porous structures. A Ti6Al4V lattice can be produced with an elastic modulus equivalent to that of real bone [8] by specifying different structural parameters, including cell type, support size, and porosity. In one study, the original opening diameter of the primitive structure was redefined, and two new structures were designed to compare with the new primitive lattice. It was found that the mechanical properties and energy absorption of the P-lattice structure with a small opening diameter structure were better than those of the other structures with larger opening sizes [9]. The measured mechanical properties and energy absorption capacity of Ti6Al4V gradient samples with different thicknesses show that the TPMS samples with constant thicknesses have suitable stiffness, strength, and energy absorption capacity, whereas graded thickness samples avoid large stress fluctuations, and their elastic moduli and cumulative energy absorption values are higher than those of the samples with constant thicknesses [10]. Using digital image correlation (DIC) technology, the compressive behavior of TPMSs was studied, and it was found that the mechanical properties of TPMS structures can be controlled using the gradient function [11].



According to an analysis of TPMS porous structures, the mechanical properties of TPMS porous structures are mainly related to their topological structure, porosity, thickness, element size, and gradient structures. Additionally, anisotropy also plays an important role in influencing the mechanical properties of porous structures [12], and it is necessary to take orientation direction into account when developing bone scaffolds. The anisotropic behavior of cubic and cellular porous structures on their energy absorption and compressive strength has been studied, and the results show that cellular porous structures have the highest energy absorption density in the first direction (the compression direction parallel to the struts) and the largest compressive strength in the second direction (where the structure was rotated 90° around the x-axis) [13]. The anisotropic behavior of gyroid structures was analyzed using the finite element method and simplified structural analysis method [14], demonstrating that the anisotropy of gyroid structures has a certain symmetrical relationship in its crystallography that corresponds to the symmetrical relationship of space groups in crystallography.



The strut-diamond, sheet-Schwartz D, and sheet-gyroid structures were rotated and investigated, and the mechanical properties of these three structures all showed dependence on orientation [15]. The intensity of the anisotropy of the strut-based architecture was higher than that of the sheet-based TPMS, which highlights the superior strength and advantageous isotropic mechanical properties of sheet-based TPMS architectures relative to strut-based architectures. The anisotropy of gyroid cellular structures can be observed by changing their geometric parameters [16], and it was found that structural anisotropy, porosity, and loading direction are the main factors affecting the anisotropic elastic response of gyroid cellular structures. The effective properties and 3D spatial representation of the normalized effective shear moduli of TPMS sheet-based foams were analyzed using finite element modeling [17], and the results show that the modulus of a TPMS structure is different in several directions. The anisotropic elastic behaviors of TPMS-based scaffolds were analyzed using a combination of the numerical homogenization method and the analytical analysis approach [18]. The analysis indicates that diamond, gyroid, and Fischer-Koch S topologies are three-fold rotationally symmetrical. The Schwarz P and F-RD topologies have cubic symmetry. Statistical analysis of the symmetrical relations between TPMS structures [19] and indicated that the space groups of gyroid, diamond, primitive, and IWP are I4132, Fd  3 ¯  m, P  m  3 ¯  m  , and I  m  3 ¯  m  , respectively. These four TPMS structures are all cubic crystal systems.



The direction with weaker strength will cause the structure to prioritize failure in this direction. Therefore, in research on partial structural design, it is necessary to avoid or weaken anisotropy as much as possible. As a design method with variable thickness, TPMS [20] was proposed to achieve elastic isotropy from homogeneous anisotropic constitutive materials, and the anisotropy of TPMS can be avoided using this method. Nevertheless, the anisotropy of TPMS can be applied to construct FGM with a rotation structure. Some biomaterials are composed of anisotropic basic structural units, such as fibers, sheets, and vascular bundles. By adjusting the direction of these basic structural units, the local characteristics of the structure can be further controlled. The mechanical properties of the wood show a negative correlation with the off-axis angle of microfibers [21]. As the off-axis angle increases, its stiffness, elastic modulus, and strength gradually decrease. Gradient-oriented structures are also common in various impact-resistant biomaterials, such as natural defense armor in beetles [22], pangolins [23], and fish scales [24], as well as offensive weapons for mantis shrimp [25]. The purpose of a gradient-oriented structure is to maximize damage to opponents while minimizing damage to the tissue itself by adjusting the direction of local structures. However, there is a lack of research on the gradient orientation based on TPMS design.



In this research, the anisotropic behavior of TPMS porous structures was studied by finite element analysis, including gyroid, diamond, primitive, and IWP. These TPMS porous structures were rotated around the directions of the [100], [111], and [110] axes at multiple angles, and the relationship between rotation angle and elastic modulus was established. Based on the anisotropy of TPMS, a design method for gradient rotation structures was proposed and manufactured via selective laser melting (SLM) technology, and the compressive behavior and energy absorption of TPMS structures with gradient rotation were analyzed.




2. Materials and Methods


2.1. Crystallographic Symmetry Relationship of TPMS


The common generation functions of gyroid, diamond, primitive, and IWP in this research are shown in Functions (1)~(4).


   F  G y r o i d   = sin ( 2 π x ) cos ( 2 π y ) + sin ( 2 π y ) cos ( 2 π z ) + sin ( 2 π z ) cos ( 2 π x ) − t  



(1)






    F  D i a m o n d   = sin ( 2 π x ) sin ( 2 π y ) sin ( 2 π z ) + sin ( 2 π x ) cos ( 2 π y ) cos ( 2 π z ) +    cos ( 2 π x ) sin ( 2 π y ) cos ( 2 π z ) + cos ( 2 π x ) cos ( 2 π y ) sin ( 2 π z ) − t   



(2)






   F  P r i m i t i v e   = cos ( 2 π x ) + cos ( 2 π y ) + cos ( 2 π z ) − t  



(3)






   F  I W P   = cos ( 2 π x ) cos ( 2 π y ) + cos ( 2 π y ) cos ( 2 π z ) + cos ( 2 π z ) cos ( 2 π x ) − t  



(4)







The pinch-off problem is an important defect of classic TPMS structures, leading to structural design problems and stress concentration [26], especially primitive and IWP. Based on previous research [27], the optimization functions of primitive and IWP are shown in Functions (5) and (6).


   F  P r i m i t i v e − o p i m i z a t i o n   = 10 × [ cos ( 2 π x ) + cos ( 2 π y ) + cos ( 2 π z ) ] − 5 ×  F  I W P   − t  



(5)






   F  I W P − o p t i m i z a t i o n   = 10 ×   cos ( 2 π x   cos ( 2 π y ) + cos ( 2 π y ) cos ( 2 π z ) + cos ( 2 π z ) cos ( 2 π x ) ] − 5 ×  F  p r i m i t i v e   − t  



(6)







The relevant literature [19,28] shows that the porous structure of TPMS has specific crystallographic symmetry relations, as listed in Table 1. All of the porosity of TPMS was set to 85%.



To study the anisotropy of TPMS, the TPMS can be rotated around an axis by fixing the compression direction, and the compressive mechanical properties of TPMS can be analyzed based on different rotation angles. The difficulty lies in how to parameterize the rotating structure of porous three-dimensional space. In this section, a method for the rotating operation of TPMS in three-dimensional space is proposed. Some codes in the structural design steps are described as follows.



2.1.1. Quaternion Construction


The concept of a quaternion was proposed by Hamilton, and its most important application in 3D computer graphics is to describe the rotation of 3D structures. In Euler’s theorem, the rotation of all three-dimensional structures can be expressed by a rotation vector and rotation angle. Thus, the concept of a quaternion is also constructed according to the rotation axis and rotation angle. The rotation axis here is set as vector v = (vx, vy, vz), the crystal orientation is set as [x y z], and the rotation angle is set as θ (right-hand rule rotation). The following is an example of a 20° rotation around the [111] crystal orientation to illustrate the calculation code for a quaternion.



The quaternion construction code of [111]-20° is as follows:




	
axis = [111]; %Rotation axis, the crystal orientation is the [111] direction



	
theta = 20; %Rotation angle is 20°



	
axis = axis./norm(axis);



	
q = [cosd(theta/2) sind(theta/2)*axis(1) sind(theta/2)*axis(2) sind(theta/2)*axis(3)]



	
%Quaternion calculation.









2.1.2. Calculation of the Rotation Matrix


According to the concept of quaternion, the rotation matrix of a three-dimensional structure is constructed. The rotation matrix is constructed by a quaternion code, as follows:


   R =         q ( 1 ) ^ 2 + q ( 2 ) ^ 2 − q ( 3 ) ^ 2   −   q ( 4 ) ^ 2       2 ∗ q ( 2 ) ∗ q ( 3 ) − 2 ∗ q ( 1 ) ∗ q ( 4 )       2 ∗ q ( 2 ) ∗ q ( 4 ) + 2 ∗ q ( 1 ) ∗ q ( 2 )         2 ∗ q ( 2 ) ∗ q ( 3 ) + 2 ∗ q ( 1 ) ∗ q ( 4 )       q ( 1 ) ^ 2 − q ( 2 ) ^ 2 + q ( 3 ) ^ 2 − q ( 4 ) ^ 2       2 ∗ q ( 3 ) ∗ q ( 4 ) − 2 ∗ q ( 1 ) ∗ q ( 2 )         2 ∗ q ( 2 ) ∗ q ( 4 ) − 2 ∗ q ( 1 ) ∗ q ( 3 )       2 ∗ q ( 3 ) ∗ q ( 4 ) + 2 ∗ q ( 1 ) ∗ q ( 2 )       q ( 1 ) ^ 2 − q ( 2 ) ^ 2 − q ( 3 ) ^ 2 + q ( 4 ) ^ 2         












2.1.3. Three-Dimensional Rotation Operation


The rotated point coordinate matrix is obtained by right-multiplying the structural point coordinates by the rotation matrix, as shown in the code below. Then, the rotated point coordinate matrix is substituted into the TPMS structure function to obtain the TPMS rotated 20° around the [111] crystal orientation.



Code:




	
x = x_ .* R(1,1) + y_ .* R(1,2) + z_ .* R(1,3);



	
y = x_ .* R(2,1) + y_ .* R(2,2) + z_ .* R(2,3);



	
z = x_ .* R(3,1) + y_ .* R(3,2) + z_ .* R(3,3);








Based on the above codes, we can construct TPMS structures that rotate around different crystal directions.





2.2. Crystallography Symmetry Analysis of TPMS


2.2.1. Gyroid


According to Table 1, the space group of the gyroid structure is I4132, and the space group number is 214. The symbol “I” indicates that the gyroid structure is a body-centered cubic lattice structure. The order for the space group is as follows: the first position represents the direction of the fundamental vector a, the second position represents the direction of the fundamental vector a + b + c, and the third position represents the direction of the fundamental vector a + b. That is, the first digit represents the direction of the fundamental vector [100], the second digit represents the direction of the fundamental vector [111], and the third digit represents the direction of the fundamental vector [110].



The symmetries of the gyroid are described below:




	(1)

	
The gyroid has a quadratic helical axis in the [100] direction, with     2 π  4    helical symmetry, which illustrates that the same structure can be obtained by rotating 90° around the [100] direction. Therefore, the [100] direction was set as the rotation axis, and the rotation angle was set as follows: 0°, 15°, 30°, 45°, 60°, 75°, and 90°.




	(2)

	
The gyroid has a third axis in the [111] direction, with     2 π  3    symmetry, which illustrates that the same structure can be obtained by rotating 120° around the [111] direction. Therefore, the rotation angle was set around the [111] direction as follows: 0°, 20°, 40°, 60°, 80°, 100°, and 120°.




	(3)

	
The gyroid has a second axis in the [110] direction and     2 π  2    symmetry, which illustrates that the same structure can be obtained by rotating 180° around the [110] direction. Therefore, the rotation angle was set around the [110] direction as follows: 0°, 30°, 60°, 90°, 120°, 150°, and 180°.









Based on the above analysis of the crystallographic symmetry of the gyroid and rotation operation code, the structures with different angles of rotation around different axes are designed for the study of the anisotropy of the gyroid.




2.2.2. Diamond


According to Table 1, the space group of the diamond structure is F  4 ¯  3m. Here, the symbol “F” indicates that the diamond structure is a face-centered cubic lattice. The symmetry of a diamond structure is described below:




	(1)

	
The diamond structure has a quartic inverted axis in the [100] direction and has the     2 π  4    inversional symmetry, which illustrates that the same structure can be obtained by rotating 90° around both the [100] direction and the reverse operation. Therefore, the rotation angle was set around the [100] direction as follows: 0°, 15°, 30°, 45°, 60°, 75°, and 90°.




	(2)

	
The diamond structure has a third axis in the [111] direction and     2 π  3    symmetry, which illustrates that the same structure can be obtained by rotating 120° around the [111] direction, followed by the reverse operation. Therefore, the rotation angle was set around the [111] direction as follows: 0°, 20°, 40°, 60°, 80°, 100°, and 120°.




	(3)

	
The diamond structure has a mirror symmetry plane m in the [110] direction, which means that the diamond has mirror symmetry. Additionally, mirror symmetry generally contains a quadratic axis; that is, it has the symmetry of     2 π  2   . This factor illustrates that the same structure can be obtained by rotating 180° around the [110] direction. The rotation angle was around the [110] direction as follows: 0°, 30°, 60°, 90°, 120°, 150°, and 180°.










2.2.3. Primitive


According to Table 1, the space group of the primitive structure is   P  4 m   3 ¯   2 m   , and the symbol “P” indicates that the primitive structure is a lattice with a simple cubic structure. The symmetry of the primitive is described below:




	(1)

	
The primitive has a quartic axis in the [100] direction, and its mirror symmetry plane is perpendicular to the fourth axis, which means the primitive has a mirror symmetry of     2 π  4   . This factor illustrates that the same structure can be obtained by rotating 90° around the [100] direction and using the mirror reflection operation. The rotation angle of the primitive was set around the [100] direction as follows: 0°, 15°, 30°, 45°, 60°, 75°, and 90°.




	(2)

	
The primitive has a third inverted axis in the [111] direction and     2 π  3    inversional symmetry. This factor illustrates that the same structure can be obtained by rotating 120° around the [111] direction and using the central inversion operation. The rotation angle of the primitive was set around the [111] direction as follows: 0°, 20°, 30°, 40°, 60°, 80°, 100°, and 120°.




	(3)

	
The primitive has a quadratic axis in the [110] direction, and its mirror symmetry plane is perpendicular to the secondary axis with     2 π  2    mirror symmetry. Therefore, the same structure can be obtained by rotating 180° around the [110] direction and performing the mirror reflection operation. The rotation angle of the primitive was set around the [110] direction as follows: 0°, 30°, 60°, 90°, 120°, 150°, and 180°.










2.2.4. IWP


According to Table 1, the space group of the IWP structure is I   4 m   3 ¯   2 m   , which is a cubic crystal system. The space group number is 229. Here, the symbol “I” indicates that the IWP structure is a body-centered cubic structure, and its symmetry is as follows:




	(1)

	
IWP has a quartic axis in the [100] direction, and the mirror symmetry plane is perpendicular to the fourth axis. Therefore, IWP has a     2 π  4    rotational mirror symmetry. The same structure can be obtained by rotating 90° around the [100] direction and performing the mirror reflection operation. The rotation angle of IWP was set around the [100] direction as follows: 0°, 15°, 30°, 45°, 60°, 75°, and 90°.




	(2)

	
IWP has a third inverted axis in the [111] direction and     2 π  3    inversional symmetry. Thus, the same structure can be obtained by rotating 120° around the [111] direction and performing the central inversion operation. The rotation angle of IWP was set around the [111] direction as follows: 0°, 20°, 30°, 40°, 60°, 80°, 100°, and 120°.




	(3)

	
IWP has a quadratic axis in the [110] direction, and its mirror symmetry plane is perpendicular to the quadratic axis with a mirror symmetry of     2 π  2   . Therefore, the same structure can be obtained by rotating 180° around the [110] direction and performing the mirror reflection operation. The rotation angle of IWP was set around the [110] direction as follows: 0°, 30°, 60°, 90°, 120°, 150°, and 180°.











2.3. Finite Element Analysis


The TPMS models were analyzed by Deform software. The unit size was set as 3 mm × 3 mm × 3 mm (L × W × H), and the element number was set as 3 × 3 × 3 (L × W × H). The minimum element size was 0.2 mm in meshing, and the element type was tetrahedron. The bottom plate and top plate were set as rigid. An elastic-plastic model was assigned to the TPMS structure, and the material’s properties were set as follows: elastic modulus of 187 GPa, Poisson’s ratio of 0.3, and yield strength of 458 MPa. The strain–stress data after the yielding stage are listed in Table 2.



The relative elastic modulus can be expressed as follows:


   E ∗  =    E  p o r o u s      E  s o l i d      



(7)








	
E*: relative elastic modulus of the porous structure.



	
Eporous: elastic modulus of the porous structure.



	
Esolid: elastic modulus of solid materials part.









2.4. Selective Laser Melting


The TPMS was produced by SLM technology (Dimetal-100H, produced by Laseradd Co., Ltd., Guangzhou, China). The processing parameters for SLM are shown in Table 3. The 316L stainless steel powder was supplied by Avimetal Powder Metallurgy Technology Co., Ltd., Beijing, China, and its particle size distribution is 15~53 μm (D10 = 18.5 μm, D50 = 34.5 μm, D90 = 52.7 μm). The chemical composition of 316L powder is shown in Table 4.




2.5. Mechanical Test


The compression test was carried out by a universal testing machine (CMT5105-100kN, SUST Co., Ltd., Zhuhai, China). Compressive speed was controlled at 1 mm/min, and the strain–stress curves of TPMS were obtained by this testing machine. The compression test and data analysis complied with the standard ISO13314:2011 [29].





3. Results and Discussion


3.1. Anisotropy of the Gyroid Structure


Pole diagrams of the relative elastic modulus of the gyroid and its rotation angle are shown in Figure 1.



The relative elastic modulus of the gyroid structure increases and then decreases as the rotation angle increases around the [100] axis. The relative elastic modulus reaches a maximum elastic modulus at 45°, as shown in Figure 1a. The elastic modulus of the gyroid with [100]-45° is 35% higher than that of the initial gyroid structure. After a 90° rotation, the relative elastic modulus of the gyroid with [100]-90° is close to that of the initial structure gyroid-[100]-0°, which verifies that the mechanical properties of the gyroid have     2 π  4    symmetry in the [100] direction. The polar diagrams of the relative elastic modulus of the gyroid are also described in [14], and the changing regulation of the gyroid in [100] is similar to that in our research. There is a direction in which the maximum elastic modulus exists, which is located at 45 degrees. The anisotropy of the gyroid also was illustrated as a color three-dimension map calculated by a Cauchy stiffness tensor [30], showing that the gyroid has high-intensity features on the eight vertices of the diagonal, corresponding to gyroid-[100]-45°.



The change in the relative elastic modulus of the gyroid structure as it rotates around [111] is shown in Figure 1b. As the rotation angle increases, the relative elastic modulus increases and then decreases, and the highest elastic modulus is at 60°. When the rotation angle increases from 0° to 60°, the relative elastic modulus of the gyroid increases from 0.00557 to 0.00831. The relative elastic modulus of gyroid-[111]-60° increases by 49.19% compared to the initial gyroid model. As the rotation angle increases from 60° to 120°, the relative elastic modulus of gyroid-[111]-120° is the same as the relative elastic modulus of gyroid-[100]-0°, indicating that the performance of the structure is consistent with that of the initial gyroid structure after 120° rotation around the [111] direction. Image analysis of the rotating 3D model also shows that the gyroid structure coincides with the initial structure after a rotation of 120°, which verifies that the elastic modulus of the gyroid structure has     2 π  3    symmetry in the [111] direction. The curve of mechanical properties of the polar graph is close to the axis of 60° symmetry, forming a symmetrical distribution.



Figure 1c shows the change in the relative elastic modulus of the gyroid structure after rotating at different angles around the [110] direction. The relative elastic modulus of the gyroid structure increases from 0.00557 to 0.01032 after rotating by 60° in the [110] direction. The relative elastic modulus of the gyroid-[110]-60° is 85.28% higher than that of the gyroid-[100]-0°, indicating that the anisotropy of rotation around the [110] crystal direction is significant. When the gyroid structure rotates 90° around the [110] direction, its relative elastic modulus decreases by 37.11% compared with that of the gyroid-[110]-60°. When gyroid rotates from 90° to 120° around the [110] direction, the relative elastic modulus of gyroid-[110]-120° is equal to the relative elastic modulus of gyroid-[110]-60°. Combined with the gyroid, which rotates from 0° to 180° in the [110] direction, the pole map shows symmetry with the 90° coordinate on the coordinate axis. Figure 2 shows the Von Mises stress cloud of the gyroid rotating at different angles around [110]. When the gyroid rotates to 60° around [110], the z-axis compression performance improves as the angle between the main load struts and the z-axis decreases, and the relative elastic modulus reaches its maximum value.




3.2. Anisotropy of the Diamond Structure


Pole diagrams of the relative elastic modulus of the diamond structure rotating around [100], [111], and [110] are shown in Figure 3. With an increase in the rotation angle around [100], the relative elastic modulus decreases to the minimum value of 0.00818 after rotating by 15°. Then, the relative elastic modulus begins to rise and reaches its maximum value of 0.012 after rotating 45°, as shown in Figure 3a. After 90° rotation, the relative elastic modulus is consistent with the initial relative elastic modulus. This result shows that the relative elastic modulus of the diamond structure is symmetric in the range of 0° to 90° along the 45° axis.



Figure 3b shows the relation between the relative elastic modulus E* of the diamond structure rotating around the axis [111] and the rotation angle, and the stress cloud is shown in Figure 4. The elastic modulus of the diamond structure rotates around the [111] axis, which increases first and then decreases, reaching its maximum value of 0.01609 at 60°, which is 87.09% higher than that of the initial diamond structure. The elastic modulus of the diamond structure is the same as the initial value of the elastic modulus after 120° of rotation around the [111] axis. This result indicates that the anisotropy of the diamond structure rotating around the [111] direction is significant and that the optimal unidirectional compression performance of the diamond structure can be obtained by using an appropriate angle rotation of 60°. This result demonstrates that the mechanical properties of the diamond structure have a symmetric distribution with 60° as the axis of symmetry. Comparing Figure 1b and Figure 3b shows that the change trends of the relative elastic modulus of the gyroid with rotation around the [111] direction are similar to the diamond structure. The relative elastic modulus first rises and then falls, and both structures reach their maximum values after rotating 60° around [111]. Combined with an analysis of crystal symmetry, both diamond and gyroid structures have     2 π  3    symmetry in the [111] direction, so their mechanical properties change similarly.



When the diamond structure rotates around [110] (Figure 3c), its relative elastic modulus first increases and then decreases; the minimum value is 0.01187 after rotating to 90°, and the maximum value is 0.01384 when rotating to 60°. The maximum value is increased by 60.93% compared to the initial value. After the diamond structure rotates 180° around [110], its relative elastic modulus is consistent with that of the initial structure, which verifies the     2 π  2    symmetry of the diamond structure rotated in the [110] direction.




3.3. Anisotropy of the Primitive Structure


The relative elastic modulus of the primitive structure rotating around [100], [111], and [110] is shown in Figure 5. As shown in Figure 5a, when the primitive structure rotates from 0° to 45° around [100], its relative elastic modulus decreases rapidly from 0.0109 to 0.0033. Compared to the modulus of the initial primitive, the relative elastic modulus decreases by 69.75%. When the rotation angle continues to increase, the relative elastic modulus also gradually increases. After a 90° rotation, the relative elastic modulus of primitive-[100]-90° is the same as that of the initial structure primitive-[100]-0°. This result verifies that primitive has     2 π  4    symmetry in the [100] direction. In primitive-[100]-0° and primitive-[100]-90°, the angle between the main bearing struts direction and the pressure loading direction is 0°. When the primitive structure rotates 45° around [100], the struts orientation of the main bearing force of the model is 45° to the direction of pressure loading, and the bearing performance is the lowest. The polar curve of elastic modulus is symmetrical with 45° as its axis, showing a symmetrical distribution of mechanical properties.



The relative elastic modulus of the primitive structure after rotating around the [111] at different angles is shown in Figure 5b. When the rotation angle of the primitive structure increases from 0° to 60°, the relative elastic modulus of the primitive structure gradually decreases and reaches its minimum value at 60°, decreasing from 0.0109 to 0.00298. The relative elastic modulus of primitive-[111]-60° decreases by 72.66% compared to the relative elastic modulus of primitive-[111]-0°. When the rotation angle continues to increase, the relative elastic modulus gradually increases from its minimum value. After rotating at 120°, the relative elastic modulus increases to a maximum value of 0.0109, which is consistent with the relative elastic modulus of primitive-[111]-0°. According to the above analysis, the anisotropy of the primitive structure is significant after rotation around [111] with symmetry of     2 π  3   . Additionally, the anisotropy of the primitive structure around the [100] and [111] crystals is opposite to that of the diamond structure. The primitive structure obtains its minimum value after rotating 45° and 60° around [100] and [111], respectively. The diamond structure achieves its maximum value after rotating 45° and 60° around [100] and [111], respectively. Compared to [100] and [110], the primitive-sheet in the [111] direction presented a higher Young’s modulus [31], which is different from the primitive-struts in our research. This difference may be caused by sheet-based and strut-based structures.



The relative elastic modulus changes of the primitive structure after rotation at different angles around [110] are shown in Figure 5c. When the primitive structure rotates 60° and 120° around [110], the relative elastic modulus decreases from 0.0109 to 0.00244. Compared to the initial primitive structure, the relative elastic modulus of primitive-[110]-60° and primitive-[110]-120° decreases by 77.6%. According to the overall changes in the curves, the polar map presents an axisymmetric distribution with a vertical axis of symmetry. After rotating 180°, the relative elastic modulus of primitive-[110]-180°is consistent with the relative elastic modulus of primitive-[110]-0°. The above analysis shows that the anisotropy of the primitive structure rotating around the [110] crystal is very obvious. Combined with the analysis of the stress cloud in Figure 6, when the strain is 5%, the stress value of struts parallel to the stress direction of primitive-[110]-0° and primitive-[110]-180° is greater than the yield value. These positions represent the maximum stress in the whole stress cloud map. This result shows that the struts in porous structures have the best bearing performance when they are parallel to the force direction in the initial direction.




3.4. Anisotropy of the IWP Structure


The polar diagram of the relative elastic modulus of the IWP structure rotating around [100], [111], and [110] is shown in Figure 7. When the rotation angle increases, its relative elastic modulus increases first and then decreases. The relative elastic modulus reaches its maximum value after 45° rotation, as shown in Figure 7a. The relative elastic modulus of IWP-[100]-45° is 181.4% higher than that of IWP-[100]-0° and shows significant anisotropy. This result indicates that the mechanical properties of the initial structure of IWP can be improved along the [001] direction by rotating around the [100] axis. After the IWP structure is rotated 90° around [100], the relative elastic modulus of the structure is consistent with the initial relative elastic modulus of IWP. The relative elastic modulus of primary IWP-85% is 0.003 [32], and the relative elastic modulus of IWP-85% in our research is 0.006. The reason for this difference is that the IWP structure studied in this article is an optimized structure based on the modified Function (6).



In Figure 7b, after the IWP structure rotates 120° around the [111] direction, the relative elastic modulus of the IWP-[111]-120° and IWP-[111]-0° structures is consistent. This result verifies the     2 π  3    rotational symmetry of the IWP structure around the [111]. After the IWP structure rotates from 0° to 60° around the [111], the relative elastic modulus of IWP-[111]-60° increases by 180.56% compared to the initial structure of IWP. This improvement in mechanical properties is similar to IWP-[100]-45°.



Figure 7c presents a polar diagram of the relative elastic modulus variation of the IWP structure at different angles of rotation around [110]. Compared to Figure 1c and Figure 7c, the relative elastic modulus of the IWP structure changes at different angles around [110], which is similar to the gyroid structure. As the rotation angle increases from 0° to 60°, the relative elastic modulus also increases gradually. The maximum value is 0.02297 after rotation at 60°, which is 275.33% higher than the relative elastic modulus of the initial IWP structure (E* = 0.00612). This polar diagram uses the vertical axis as the axis of symmetry, with a rotation angle of 90°.



According to the stress analysis, as shown in Figure 8, the angle between the main bearing struts of IWP-[110]-60° and the stress direction is 3.8°, while the angle between the main bearing struts of IWP-[110]-0° and the stress direction is 45°. The results indicated that the smaller the off-axis angle, the higher the mechanical properties. After the IWP structure is rotated 180° around the [110] crystallographic direction, both the model and the relative elastic modulus are consistent with those of the initial model and the relative elastic modulus values of the IWP. This result shows that the performance of the IWP structure rotated around the [110] is significantly anisotropic, and it also shows that the IWP structure has     2 π  2    symmetry in the [110] rotation.




3.5. Gradient Rotation Structure


3.5.1. Design and Manufacturing of the Gradient Rotation Structure


According to the anisotropy of the relative elastic modulus of the primitive rotating around [111] crystal orientation, the gradient rotation primitive (GR-primitive) structure was designed. The structure is rotated around [111] crystal orientation by 0° (bottom layer), 20° (middle layer), and 40° (top layer), and then the rotated structures are combined. The porous layers are connected by a 1 mm thick plate. At the same time, an IWP structure with gradient rotation (GR-IWP) was designed. According to the anisotropy of IWP rotation around the [110] crystal direction, the structure is rotated 0° (top layer), 30° (middle layer), and 60° (bottom layer) around the [110] crystal orientation. The arrangement of GR-IWP is similar to that of GR-primitive. These gradient rotation structures were manufactured by SLM technology. The processing parameters are shown in Table 3, and the manufacturing results are shown in Figure 9. This rotation structure distribution is similar to the hierarchical structure of Arapaima gigas scales [33], which can enhance the scale’s ductility and toughness to prevent fracture.




3.5.2. Compressive Properties of the Gradient Rotation Structure


The compressive curves and energy absorption curves of the gradient rotation structures are shown in Figure 10, and the mechanical properties are shown in Table 5. The compression curve of the GR-primitive structure shows three obvious stress peaks. The first stress peak is 30.48 ± 1.40 MPa, the second stress peak is 39.93 ± 2.53 MPa, and the third stress peak is 47.37 ± 1.77 MPa. These three peaks indicate a progressively increasing relationship. Each peak value of GR-primitive corresponds to the compressive fracture strength of each layer of a porous structure. The mechanical properties of the primitive-[111]-40° structure are the weakest among the three layers of the rotating structure, so the first peak value of compressive stress corresponds to the compressive strength of the primitive-[111]-40° structure. The strongest structure is primitive-[111]-0°, corresponding to the third compressive stress peak of 47.37 ± 1.77 MPa, which is 55.4% higher than the first stress peak.



There is only one obvious stress peak (33.79 ± 2.76 MPa) in the compressive curve of the GR-IWP structure, as shown in Figure 10b. After this stress peak, the compressive curve drops significantly, indicating that a fracture occurs in the struts. However, the compression curve of the general IWP structure only has a long yield platform [34], and no fracture occurs. Therefore, structural rotation changes the compression failure mode of IWP. The stress–strain curves of GR-IWP show a step-by-step mode, which is a common mode in graded porous structures, including graded lattice structures [35], graded TPMS porous structures [36], and multi-material porous structures [37]. The appearance of the rising feature of the step is related to the mechanical properties of the IWP rotating structure of each layer. Combined with the anisotropic analysis of IWP rotation around the [110] crystals, the mechanical properties of IWP gradually increase with an increase in the rotation angle, thus showing the step-rise feature in the GR-IWP compression curve. The effective energy absorption of the GR-primitive structure is 12.85 ± 0.58 MJ/m3, which is 25.6% higher than that of the GR-IWP. The energy absorption of G-IWP-A and G-primitive-B with 85% porosity is 6.08 ± 0.19 MJ/m3 and 10.69 ± 0.78 MJ/m3 [27], respectively. These values are lower than the effective energy absorption of GR-IWP and GR-primitive. This comparison shows that the design of gradient rotation is superior to the design of gradient porosity in terms of energy absorption.



The elastic modulus of the GR-primitive structure is 1655.07 ± 93.16 MPa, which is between the elastic modulus of primitive-[111]-0° and primitive-[111]-20°. The elastic modulus of GR-IWP is 1285.41 ± 68.48 MPa, which is between the elastic modulus of IWP-[110]-0° and that of IWP-[110]-30°. The yield strength and effective energy absorption of GR-primitive were both larger than those of GR-IWP. This result demonstrates that properly designing the gradient rotation structure can change the internal mechanical property distribution of the structure. According to the simulation analysis of the primitive rotation around [111], the internal mechanical property distribution of the gradient rotation structure can be preliminarily predicted as follows. The relative elastic modulus of the GR-primitive structure is 2039.55 MPa, 1190.81 MPa, and 635.13 MPa from the lower layer to the upper layer. The GR-primitive structure forms a variable elastic modulus structure. Local positions with a lower elastic modulus give priority to yield deformation and absorb part of the energy. With a gradual increase in strain, the energy absorption value also increases gradually, as shown in Figure 10c. The gradient elastic modulus of the structure can slow the stress changes at both ends of the structure and show multiple stress peaks, which can protect the bottom inner structure.






4. Conclusions


In this study, rotational models of TPMS around [100], [110], and [111] were designed, and the mechanical anisotropic behaviors of the four types of TPMS were analyzed by finite element simulation. Based on the anisotropy of TPMS, gradient rotation structures were designed and studied. The main conclusions are as follows:




	(1)

	
The FEA simulation verified the crystallographic symmetry relationship of the gyroid, diamond, primitive, and IWP structures, which correspond to I4132, F  4 ¯  3m, P   4 m   3 ¯   2 m   , and I   4 m   3 ¯   2 m   , respectively. In particular, the anisotropy of the gyroid and diamond structures rotating around the [111] direction was found to be significant, with the highest relative elastic modulus obtained by rotating the structure 60°.




	(2)

	
The unidirectional compression performance of TPMS can be greatly improved through rotation around a specific orientation. However, it should be noted that due to the significant anisotropy, the performance of TPMS will significantly decrease in specific directions. Therefore, when designing structures under complex working conditions, it is necessary to reasonably consider the bearing capacity in the fragile direction.




	(3)

	
A gradient rotation structure was designed based on the anisotropic properties of TPMS. The compressive behavior of the gradient rotation structure was related to the rotation angle of struts and showed a step-by-step mode in GR-IWP and multi-peaks in GR-primitive. The design of the gradient rotation structure enhanced the energy absorption properties of TPMS.
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Figure 1. The polar diagram of relative elastic modulus of gyroid: (a) rotation around [100], (b) rotation around [111], and (c) rotation around [110]. 
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Figure 2. Stress cloud map of gyroid rotating around [110] (strain = 5%). 






Figure 2. Stress cloud map of gyroid rotating around [110] (strain = 5%).



[image: Coatings 13 01206 g002]







[image: Coatings 13 01206 g003 550] 





Figure 3. The polar diagram of relative elastic modulus of diamond: (a) rotation around [100], (b) rotation around [111], and (c) rotation around [110]. 
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Figure 4. Stress cloud of diamond rotating around [111] (strain = 5%). 
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Figure 5. The polar diagram of the relative elastic modulus of primitive: (a) rotation around [100], (b) rotation around [111], and (c) rotation around [110]. 
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Figure 6. Stress contour of primitive rotating around [110] (strain = 5%). 
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Figure 7. The polar diagram of the relative elastic modulus of IWP: (a) rotation around [100], (b) rotation around [111], and (c) rotation around [110]. 
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Figure 8. Stress contour of IWP rotating around [110] (strain = 5%). 
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Figure 9. TPMS porous structure with gradient rotation. 






Figure 9. TPMS porous structure with gradient rotation.



[image: Coatings 13 01206 g009]







[image: Coatings 13 01206 g010 550] 





Figure 10. Compressive curves of (a) GR-primitive, (b) GR-IWP, and energy absorption curves of (c) GR-primitive, (d) GR-IWP. 
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Table 1. Crystallographic symmetry relationship of TPMS.
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	TPMS
	Bravais Lattice
	Space Groups
	Axis of Symmetry





	Gyroid
	Body-centered cubic
	I4132
	    2 π  4   ,     2 π  3   ,     2 π  2   



	Diamond
	Face-centered cubic
	F  4 ¯  3m
	    2 π  4   ,     2 π  3   ,     2 π  2   



	Primitive
	Simple cubic
	P   4 m   3 ¯   2 m   
	    2 π  4   ,     2 π  3   ,     2 π  2   



	IWP
	Body-centered cubic
	I   4 m   3 ¯   2 m   
	    2 π  4   ,     2 π  3   ,     2 π  2   
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Table 2. Strain–stress data after yielding stage.
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	Strain after Yielding
	0
	0.00354
	0.01194
	0.02042
	0.03174
	0.04504
	0.06114
	0.08464
	0.1021
	0.12454





	Stress/MPa
	458.00
	475.27
	489.32
	507.76
	530.00
	552.24
	574.77
	611.36
	635.35
	668.13
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Table 3. The processing parameter for SLM.
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	Laser Power

(W)
	Scanning Speed

(mm/s)
	Layer Thickness

(mm)
	Scanning Space

(mm)





	180
	800
	0.03
	0.07
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Table 4. Chemical composition of 316L powder.
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	Element
	Fe
	Cr
	Ni
	Mo
	Mn
	Si
	P
	C
	S
	O





	Composition (wt.%)
	Bal.
	17.11
	10.63
	2.42
	0.88
	0.53
	0.01
	0.009
	0.003
	0.049
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Table 5. Compressive properties of gradient rotation porous structure.
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	Performance
	GR-Primitive
	GR-IWP





	Elasticity modulus
	1655.07 ± 93.16
	1285.41 ± 68.48



	Yield strength
	19.58 ± 1.07
	14.27 ± 1.18



	The first stress peak
	30.48 ± 1.40
	33.79 ± 2.76



	The second stress peak
	39.93 ± 2.53
	-



	The third stress peak
	47.37 ± 1.77
	-



	Effective energy absorption
	12.85 ± 0.58
	9.01 ± 0.39
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