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Abstract

:

This work comparatively studies the uniaxial compressive performances of three types of lattice materials, namely face-centre cube (FCC), edge-centre cube (ECC), and vertex cube (VC), which are separately generated by topology optimisation and crystal inspiration. High similarities are observed between the materials designed by these two methods. The effects of design method, cell topology, and relative density on deformation mode, mechanical properties, and energy absorption are numerically investigated and also fitted by the power law. The results illustrate that both topology-optimised and crystal-inspired lattices are mainly dominated by bending deformation mode. In terms of collapse strength and elastic modulus, VC lattice is stronger than FCC and ECC lattices because its struts are arranged along the loading direction. In addition, the collapse strength and elastic modulus of the topology-optimised FCC and ECC are close to those generated by crystal inspiration at lower relative density, but the topology-optimised FCC and ECC are obviously superior at a higher relative density. Overall, all topology-generated lattices outperform the corresponding crystal-guided lattice materials with regard to the toughness and energy absorption per unit volume.
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1. Introduction


As a mimic of nature cellular material, lattice material is designed with its unit cells arranged periodically along tessellation directions. Metallic lattice materials can provide excellent mechanical properties, e.g., ultra light weight, better durability, high specific strength and stiffness, and a superior energy absorption capability [1,2,3,4]. Methods for lattice material design can be generally classified into two categories, i.e., manual generation and mathematical generation [5].



Manual generation means designing a lattice material by using beams and trusses with joints modified to create seamless transitions between unit cell elements [5]. There are numerous manually designed lattice materials and some of them are inspired by crystal structures. Typical examples are simple cubic [6], diamond [7], face-centred cubic (FCC) [8], FCCZ (i.e., FCC with enhanced vertical struts) [9], body-centred cubic (BCC) [10], Kagome [11], F2BCC [12]; Gurtner-Durand [13], Octet-truss [14], Octahedron [13], Octahedron-cross [15], Octahedral [16], tetrakaidecahedron [13], rhombic dodecahedron [17], etc. Additive manufacturing (AM) technology can be employed to fabricate lattice materials [18]. Lozanovski et al. [19,20] numerically investigated the strut defects of lattice materials fabricated by the AM method, and a Monte Carlo simulation-based approach was proposed to predict the stiffness of a lattice material with defects.



The mathematical generation method utilises algorithms and constraints to create a lattice structure [5]. Examples of mathematically generated lattice materials are triply periodic minimal surfaces (TPMS) (e.g., skeletal-TPMS and sheet-TPMS lattices) [17,21,22], all face-centred cubic (AFCC) [23], FCC [1], edge-centre cube (ECC) [1], vertex cube (VC) [1], cuttlebone-like lattice (CLL) [24], etc.) The topology optimisation algorithm can also be used to determine the optimal material distribution for lightweight structure design.



Two common solutions for topology optimisation are the optimality criteria (OC) [25] and the Method of Moving Asymptotes (MMA) [26], and details are referred to [27]. Its applications on engineering structures are reviewed by Sigmund and Maute [28] and Kentli [29]. Topology optimisation methods based on discrete elements are the ground structure approach (GSA) [30], solid isotropic material with penalization (SIMP) method [31,32,33,34], homogenization method (HM) [35], evolutionary structural optimization (ESO) [36], level-set method (LSM) [37,38], and the hybrid cellular automata (HCA) algorithm [39]. In terms of lattice material design by topology optimisation, Hu et al. [24] proposed a CLL material that exhibited high compression-resistant capability. However, it can only suffer uniaxial loading rather than multiple loadings from triaxial directions. Xiao et al. [1] proposed three topology-optimised lattice materials, i.e., FCC, VC, and ECC, under three different loading modes, which were similar to manually designed lattices. Yang et al. [40] addressed four different lattice cells under various extreme loading modes, which expanded the library of structural metamaterials. However, the differences between topology-optimised and manually generated lattices have not been assessed.



In the present work, our objective is to systematically explore the similarities and differences of three types of lattice materials guided by two methods, i.e., topology optimisation and crystal inspiration. Section 2 presents the detailed design process and topological geometries, as well as the relationship between relative density and aspect ratio for crystal-inspired lattices. Finite element models are built in Section 3, and the results are presented in Section 4, including deformation modes, mechanical properties, and energy absorption. Finally, some meaningful conclusions are reported in Section 5.




2. Cell Architecture Design


2.1. Topology Optimisation Problem


In this study, two kinds of design methods, i.e., topology optimisation and crystal inspiration, are adopted to generate lattice cells. Topology optimisation is carried out in LS-TaSCTM by integrating with Ls-dyna® (LSTC, Livermore, CA, USA). The implicit algorithm is employed. The optimisation problem can be mathematically stated as follows:


   {      min     F  ( x )  = c  ( x )        s . t .      K   ( x )   u  =  f  ,        M  ( x )  /  M 0  ≤  M f  ,        0 <  x  m i n   ≤  x i  ≤ 1 ,   i = 1 … n        



(1)







The goal of the topology optimisation in Equation (1) is to minimise the compliance c(x). The design variable x, with 0 < xmin ≤ x ≤ 1 is known as relative density.  n  denotes the total number of design variables.   f   and   u   are, respectively, the vectors of nodal force and displacement, while    K   ( x )    is the structure stiffness matrix.    M 0    and   M  ( x )    represent the initial mass and the current mass of the design domain. A constraint is imposed on the mass fraction    M f   . The base material is a high-strength steel referred to Yang et al. [41], with the key parameters presented in Table 1. Three different loading conditions, i.e., face-centred loadings, edge-centred loadings and vertexes loadings, represented by arrows, are illustrated in Table 2. The magnitude of loadings (1 N) is well selected to make sure that the design domain only suffers elastic deformation and the loading points are fixed during the optimisation process. Increasing the value of loading may lead to different optimised cells and it may also cause a problem in designing structures with a high level of porosity [1]. The topology optimisation method is a hybrid cellular automata (HCA) algorithm [42], and the solid isotropic material with penalization (SIMP) model is adopted. Two termination conditions are used to stop the optimisation process: (i) the number of iterations exceeds the maximum number of iterations, or (ii) the change in the topology is smaller than the tolerance [43]. Corresponding optimal cells are also presented in Table 2.




2.2. Analogy with Crystal Structures


Crystal structures are favourable sources of inspiration in manual designs with struts and joints [44]. As shown in Figure 1, a simple cube (7.5 × 7.5 × 7.5 mm3) is composed of six faces, twelve edges, and eight vertexes. Therefore, three lattice materials can be generated by, respectively, connecting the face-centre points, edge-centre points, and vertexes. The obtained lattice materials are referred to as the face-centred cube (FCC), edge-centred cube (ECC), and vertex cube (VC), which is consistent with Xiao et al. [1].



To mathematically analyse a lattice material, the individual struts shown in Figure 2 are considered. The materials overlapping in joints are removed to calculate the actual volume occupied by the lattice material. It is assumed that the lattice is composed of several struts and each strut contains one cylinder and two cones. Thus, the relative density (  ρ ¯  ) of three cells can be obtained via Equations (3) and (4), respectively.


   ρ ¯  =  ρ L  /  ρ 0   



(2)






  FCC   and   ECC :    ρ ¯  = 3 π    (   d   l 1     )   2   (     2   2  −   5 d   6  l 1     )   



(3)






  VC :    ρ ¯  =   3 π  2     (   d   l 1     )   2   (   1 2  −  d  3  l 1     )   



(4)




where    ρ 0    and    ρ L    are the density of the base material and of the lattice material, respectively, d represents strut diameter, l1 is cube length, and d/l1 denotes the aspect ratio.



It should be mentioned that FCC and ECC share the same expression of relative density (Equation (3)). Figure 3 plots the curves showing the change in the relative density versus aspect ratio d/l1 given by Equations (3) and (4). Computer-aided design (CAD) predictions are also given in the same figure to properly validate the responses of both equations. As can be seen from Figure 3, good consistency is observed between theoretical and CAD predictions.




2.3. Numerical Results


Lattice materials derived from topology optimisation (labelled as -TO) and crystal inspiration (labelled as -CI) are presented in Table 2. The relative density of the generated cells varies in the interval [0.1, 0.3], which is comparable to that of aerogel, alumina nanolattices, and other ultralight materials [45]. The boundary surface of the final optimised topology of the lattice is fitted smoothly by using FreeCAD software (open source); thus, the geometry model of the lattice cell is obtained. High consistency is observed in geometry between topology-optimised and crystal-inspired materials, but the solutions provided by topology optimisation are generally non-uniform in terms of strut thickness and joint shape, unlike the regular topology of crystal-inspired cells. By increasing the relative density, walls are likely to be formed between neighbouring struts (see lattice materials with   ρ ¯   = 0.30). It should be mentioned that the FCC in this work is similar to the octahedral lattice in [5,46]. The ECC in this work is also named as octahedron in Gross et al. [13], and the VC in this work has the same cell topology as the cubic lattice in Mei et al. [2].





3. Finite Element Modelling


Finite element models are built in Ls-dyna® to predict the uniaxial compressive behaviour of the lattice materials. The geometry models of lattice materials are meshed into tetrahedral elements, which are constant stress solid elements. Instead of using periodic boundary conditions on a single unit cell, a 3 × 3 × 3 cell model with dimension of 22.5 × 22.5 × 22.5 mm3 is built. The influence of the number of cells on the elastic modulus of lattice material was numerically studied by Maskery et al. [47], and they found that the converged modulus of the 3 × 3 × 3 cell diamond lattice was just 1% below the upper bound of the theoretical elastic modulus. The FE model of FCC-TO is shown in Figure 4. The lattice materials are placed between two parallel plates, which are modelled as rigid bodies by *Mat.020_Mat_Rigid [48]. The bottom plate is fixed while the top plate impacts the specimen at a constant speed (10 m/s). “*Mat.024_Mat_Piecewise_Linear_Plasticity” [48] is selected to bilinearly approximate the stress–strain curve of elastic-plastic material in Table 1. The impact force is captured by using the *Automatic_Surface_To_Surface contact algorithm [48] applied among specimens and boundaries. In this algorithm, the stiffness of contact elements is penalised by a scale factor [48]. Mesh size is determined, as a result of a sensitivity analysis, as a compromise between accuracy and low computing time. Figure 5 plots the stress–strain curves of the FCC-TO sample calculated by various element sizes, i.e., 0.10~0.15 mm, 0.125~0.200 mm, 0.15~0.25 mm, 0.20~0.30 mm, and 0.25~0.35 mm. In Figure 5, convergence can be obtained when element size is equal to 0.125~0.200 mm. Therefore, this element size is employed for computation throughout this study, which means the main parts of the lattice have an element size of 0.200 mm, while other parts (e.g., joints) are characterised by a smaller element size, i.e., 0.125 mm. The finite element model has been validated by means of experimental results obtained for a body-centred-cubic (BCC) lattice made of 316L stainless steel, taken from [49]. As shown in Figure 5b, a good agreement is observed between experimental and numerical data. It should be noted that the simulation curve in Figure 5b is filtered by using Butterworth Filter with a frequency of 20,000 Hz. The frequency is carefully selected to filter the numerical perturbation while maintaining the characteristics of the stress–strain curve.




4. Results and Discussion


4.1. Deformation Modes


Table 3 reports the Von Mises stress distributions in lattice materials with a relative density of 0.10 up to 50% overall deformation. Generally, each layer of lattice materials collapses almost synchronously, although the middle layer deforms relatively faster than the top and bottom layers, which was also observed in sheet-IWP latice by Al-Ketan et al. [50]. There are strong stress concentrations occurring on some supporting struts and connecting joints for each lattice material. However, the level of equivalent stress is the lowest at the horizontal rods of VC-CI because these struts are orthogonal to the loading direction. The gap between the stresses of vertical and horizontal rods results in unstable deformation in VC-CI at a low relative density, which exhibits a failure band at  ε  = 0.35. Liu et al. [51] obtained microscopy images of local stress concentrations in VC-CI where slip bands and grain boundaries were found. Comparing the topology-guided and manually generated lattices, FCC-TO and ECC-TO exhibit highly similar deformation modes to the FCC-CI and ECC-CI. However, an obvious difference is found between VC-TO and VC-CI lattices (marked in Table 3) and no shear band is observed in the VC-TO lattice. Thus, the topology-optimised VC lattice undergoes a more stable deforming process.



To study the effect of relative density, the deformation features of lattice materials with a relative density ranging from 0.10 to 0.30 are carefully examined. The stress distributions are similar for a relative density higher than 0.20, although the higher the relative density, the higher the Von Mises stress due to the higher stiffness. Thus, the Von Mises stress distributions in the lattice materials with relative density of 0.20 are presented in Table 4. It can be found that lattice materials deform more uniformly and collectively at a higher relative density. In addition, the shear band disappears in the VC-CI lattice when its relative density is higher than 0.20.




4.2. Stress-Strain Curves


The stress-strain (σ-ε) curves extracted from the impact simulation on the designed lattice materials with various relative densities are shown in Figure 6. Additionally, the initial compression stage with   ε < 5 ‰   is enlarged. The stress and strain are calculated in accordance with the initial cross-sectional area and length of each specimen, respectively.



The curves are similar to those of common porous or cellular materials [52], which exhibit three ideal regimes under uniaxial compression, i.e., a pre-collapse regime (including the linear elastic stage), followed by a plateau regime with approximately constant stress and a final densification regime with steeply increasing stress. The linear elastic regime is characterized by elastic modulus (EL), which is driven by the bending or stretching for the inclined or vertical cell struts/walls, respectively [53]. The plateau regime due to the plastic hinges at sections or joints can be measured by plateau stress (σpl). The densification regime starts from a densification strain (εcd), where the individual cell strut/wall comes into contact with each other, and exhibits dramatically increasing strength [53].



The modulus EL is defined as the slope of the initial linear elastic region; the initial highest peak stress is defined as the strength σb; and the plateau stress σpl is calculated as the arithmetical mean of the stress at a strain interval between 20% and 40% according to ISO 13314: 2011 [54].


   σ  p l   =  1   ε 2  −  ε 1      ∫    ε 1     ε 2    σ  ( ε )  d ε ,  



(5)




where    ε 1    and    ε 2    equal 0.2 and 0.4, respectively.



The εcd is identified by using the energy absorption efficiency (η) method.


  η  ( ε )  =  1  σ  ( ε )      ∫  0 ε  σ  ( ε )  d ε .  



(6)







The onset of densification is given by using the following equation:


        d η  ( ε )    d ε    |    ε =  ε  c d     = 0 ,  



(7)




for which the   η  ( ε )    reaches a maximum on the   η  ( ε )  − ε   curve. For example, the   η  ( ε )    − ε curves of the FCC-TO lattices are depicted in Figure 7.



Figure 6 shows that the slopes and initial peak stresses of the σ-ε curves go up as the relative density increases and all the curves reach the maximum strength value at about 1‰~5‰ overall deformation. The plateau regime is steady at lower relative density. However, a nearly linear hardening phenomenon is observed in lattice materials with higher relative density due to an increasing stiffness and hardening effect of base material. With an increasing relative density, the onset of densification also occurs earlier, resulting in a decreasing εcd (Figure 7). Comparing the two lattice generation methods, topology-guided lattices generally produce higher σ-ε curves than manually generated structures. Specifically, the gap between TO- and CI- lattices is larger at a higher relative density, although the difference is not obvious at a lower relative density. This is because of the cell walls formed in topology-optimised lattices at high mass fraction, as shown in Table 2. In general, σpl of optimised structures is higher than that of manually designed structures, especially for FCC (see Table 5). However, three cases (i.e., ECC with    ρ ¯  ≈ 0.15  , VC with    ρ ¯  ≈ 0.15   and   0.20  ) are excepted, which may be attributed to the slightly lower relative density of topology-optimised lattices comparing with the corresponding crystal-inspired lattices. For example, the   ρ ¯   of VC-TO is 0.147, while that of corresponding VC-CI is 0.150 (see Figure 6).




4.3. Mechanical Properties and Energy Absorption


In general, the compressive strength and elastic modulus of lattice materials would increase if the relative density increases because there is a larger amount of material withstanding the impact force. This relationship could be fitted by a power law proposed by Gibson and Ashby [55]. The elastic Modulus, EL, and collapse strength, σb, scale with relative density,  ρ ¯  , according to the relationships:


     σ b     σ y    =  C 1     (  ρ ¯  )     n 1    ,  



(8)






     E L     E 0    =  C 2     (  ρ ¯  )     n 2    ,  



(9)




where n1 and n2 represent the structural bending/stretching dominated mode. For bending-dominated structures (e.g., body-centred lattice), n1 = 1.5, and n2 = 2; for stretching-dominated structures (e.g., Octet-truss lattice), both n1 and n2 are equal to 1. C1 and C2 are constants related to the lattice’s architecture as well as the base material properties.



The power law and simulation data are plotted in Figure 8, reflecting that the results of this study are fitted very well with the formulae. The coefficients of constant C (C1 and C2) and exponent n (n1 and n2) are tabulated in Table 6. It is noticed that the exponents, n1 and n2, of the as-designed lattice materials are respectively close to 1.50 and 1.70, which indicates a bending-dominated behaviour mixed with a light stretching mode. Montemayor and Greer [46] pointed out that the FCC lattice behaves as a bending-dominated structure due to the rotation between and within unit cells, although the unit cell is a stretching-dominated structure. This phenomenon can be observed in Table 3. Gross et al. [13] made it clear that the ECC lattice is also a bending-dominated structure. Compression tests were carried out on the VC-CI lattices by Mei et al. [2], where the power law with n1 = 1.5 and n2 = 2 was used to fit the experimental data.



Comparing the six bending-dominated structures in Figure 8a,b, it is predicted that VC lattices are stronger than ECC lattices, while ECC lattices are superior to FCC lattices. Additionally, the collapse strength and elastic modulus of FCC-TO and ECC-TO are close to those of FCC-CI and ECC-CI at lower relative density. However, the topology-optimised FCC and ECC obviously outperform the corresponding crystal-inspired structures at a higher relative density. Interestingly, the inverse phenomenon is found in VC lattices where the collapse strength and elastic modulus of VC-CI are higher than those of VC-TO.



The energy absorption ability, namely the energy absorbed per unit volume of cellular materials, is defined by the area under the stress-strain curve up to the densification strain.


   W V  =   ∫  0   ε  c d     σ  ( ε )  d ε  



(10)







Among which, the toughness (UT) is defined as the amount of energy per unit volume up to the strain of 0.25 [50].


   U T  =   ∫  0   ε a    σ  ( ε )  d ε ,      ε a  = 0.25  



(11)







The UT and WV are also be fitted by the power law.


   U T  =  C 3     (  ρ ¯  )     n 3     



(12)






   W V  =  C 4     (  ρ ¯  )     n 4     



(13)







As shown in Figure 8c,d, the toughness and energy absorption of all materials rise with an increasing relative density. The relationship among three kinds of lattice materials keeps as VC > FCC > ECC, and the differences become more distinct at a higher relative density. In addition, topology-optimised lattices are characterised by performances better than those of crystal-inspired lattices and the differences also become more distinct with an increasing relative density.



Engineering application generally requires that an energy absorber ought to absorb impact energy as much as possible while maintaining a low maximum stress [55]. Cellular material with high porosity produces low plateau stress; however, the quantity of absorbed energy may also be low. In contrast, a dense material is able to absorb a large amount of energy, but a high plateau stress may exceed the stress limitation [55]. The plot of energy absorption in Figure 8d misses the information of the maximum allowable stresses. Therefore, Figure 9 shows the diagrams of FCC-TO, ECC-TO, and VC-TO, in which the WV is plotted with respect to the stress (σ) to simplify the relationships of different compressive stages. The maximum allowable stress (σmax) under a certain energy absorption ability can also be obtained. This curve helps to find a cellular material that bears the required σmax by maximising the energy absorption capability [56]. An energy-efficient structure gives a high envelope. In Figure 9, VC-TO lattice is able to absorb more energy than others with the same allowable stress. For instance, if the σmax is 300 MPa, the values of WV for FCC-TO, ECC-TO, and VC-TO with    ρ ¯  = 0.196   are 64 MJ/m3, 47 MJ/m3, and 80 MJ/m3, respectively.





5. Conclusions


Three types of lattice materials, i.e., FCC, ECC, and VC, have been separately designed based on two different methods: topology optimisation and crystal inspiration. Numerical compression tests have been conducted to comparatively characterise their deformation modes, mechanical properties, and energy absorption capability. The main conclusions and contributions are summarised as follows:




	a)

	
Topology optimisation-guided lattice materials are highly similar to the corresponding crystal-inspired lattice materials, especially at a low relative density. The topology optimisation-guided lattice materials are generally non-uniform in terms of strut thickness and joints shape, while the crystal-inspired cells are uniform.




	b)

	
Formulae relating the relative density (  ρ ¯  ) and aspect ratio (d/l1) of crystal-inspired lattices are presented, which has been well validated by CAD predictions.




	c)

	
Comparing the topology-guided and manually generated structures, FCC-TO and ECC-TO exhibit a highly similar bending-dominated deformation mode to FCC-CI and ECC-CI, respectively. However, differences are found between VC-TO and VC-CI lattices. Shear band is observed in VC-CI structures at a low relative density while the VC-TO lattice deforms stably.




	d)

	
In terms of collapse strength and elastic modulus, the VC lattice is stronger than the FCC and ECC lattices because its struts are arranged along the loading direction. On the other hand, topology-generated lattices outperform the corresponding crystal-guided lattices in aspects of toughness and energy absorption per unit volume.
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Figure 1. Schematic illustration of manually designed lattice materials: (a) FCC (face-centre cube); (b) edge-centre cube (ECC); (c) vertex cube (VC). 
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Figure 2. Individual strut geometries of: (a) FCC and ECC; (b) VC. 
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Figure 3. Comparison of the relative density predicted by theory and the CAD model. 
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Figure 4. Finite element model of the FCC-TO with its unit cell enlarged. 
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Figure 5. (a) Effects of element size on the stress-strain curve of the FCC-TO lattice material; (b) validation of the modelling method by using experimental data reproduced from [49], copyright permission: Elsevier, 2020. 
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Figure 6. Stress-strain curves of lattice materials generated from two methods with various relative densities: (a) FCC; (b) ECC; (c) VC. 
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Figure 7. The   η  ( ε )  − ε   curves of FCC-TO lattices with various relative densities. 
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Figure 8. The relationship between the mechanical properties/energy absorption and relative density of lattice materials: (a) normalised collapse strength; (b) normalised elastic modulus; (c) toughness; (d) energy absorption per unit volume. 
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Figure 9. The energy absorption diagrams of topology-optimised lattice materials. 
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Table 1. Material properties of the base material, data from [41].
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	Density, ρ0/(kg·m−3)
	Young’s Modulus, E0/GPa
	Poisson’s Ratio, μ
	Tangent Modulus, Etan/MPa
	Yield Strength, σy/MPa
	Ultimate Strength σu/MPa





	7850
	206
	0.26
	517
	382
	482
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Table 2. Lattice materials with various relative densities generated from topology optimisation and crystal inspiration.
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	Lattice Material
	     ρ ¯  = 0.10    
	     ρ ¯  = 0.15    
	     ρ ¯  = 0.20    
	     ρ ¯  = 0.25    
	     ρ ¯  = 0.30    





	FCC-TO

 [image: Metals 10 00491 i001]
	 [image: Metals 10 00491 i002]
	 [image: Metals 10 00491 i003]
	 [image: Metals 10 00491 i004]
	 [image: Metals 10 00491 i005]
	 [image: Metals 10 00491 i006]



	ECC-TO

 [image: Metals 10 00491 i007]
	 [image: Metals 10 00491 i008]
	 [image: Metals 10 00491 i009]
	 [image: Metals 10 00491 i010]
	 [image: Metals 10 00491 i011]
	 [image: Metals 10 00491 i012]



	VC-TO

 [image: Metals 10 00491 i013]
	 [image: Metals 10 00491 i014]
	 [image: Metals 10 00491 i015]
	 [image: Metals 10 00491 i016]
	 [image: Metals 10 00491 i017]
	 [image: Metals 10 00491 i018]



	FCC-CI
	 [image: Metals 10 00491 i019]
	 [image: Metals 10 00491 i020]
	 [image: Metals 10 00491 i021]
	 [image: Metals 10 00491 i022]
	 [image: Metals 10 00491 i023]



	ECC-CI
	 [image: Metals 10 00491 i024]
	 [image: Metals 10 00491 i025]
	 [image: Metals 10 00491 i026]
	 [image: Metals 10 00491 i027]
	 [image: Metals 10 00491 i028]



	VC-CI
	 [image: Metals 10 00491 i029]
	 [image: Metals 10 00491 i030]
	 [image: Metals 10 00491 i031]
	 [image: Metals 10 00491 i032]
	 [image: Metals 10 00491 i033]
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Table 3. Deformation features of lattice materials with    ρ ¯  = 0.10   at different compressive strains.
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	Lattice Materials
	    ε = 0.015    
	    ε = 0.15    
	    ε = 0.35    
	    ε = 0.50    





	FCC-TO
	 [image: Metals 10 00491 i034]
	 [image: Metals 10 00491 i035]
	 [image: Metals 10 00491 i036]
	 [image: Metals 10 00491 i037]



	FCC-CI
	 [image: Metals 10 00491 i038]
	 [image: Metals 10 00491 i039]
	 [image: Metals 10 00491 i040]
	 [image: Metals 10 00491 i041]



	ECC-TO
	 [image: Metals 10 00491 i042]
	 [image: Metals 10 00491 i043]
	 [image: Metals 10 00491 i044]
	 [image: Metals 10 00491 i045]



	ECC-CI
	 [image: Metals 10 00491 i046]
	 [image: Metals 10 00491 i047]
	 [image: Metals 10 00491 i048]
	 [image: Metals 10 00491 i049]



	VC-TO
	 [image: Metals 10 00491 i050]
	 [image: Metals 10 00491 i051]
	 [image: Metals 10 00491 i052]
	 [image: Metals 10 00491 i053]



	VC-CI
	 [image: Metals 10 00491 i054]
	 [image: Metals 10 00491 i055]
	 [image: Metals 10 00491 i056]
	 [image: Metals 10 00491 i057]







It should be noted that the stress level related to the colour fringe of each figure in Table 3 and Table 4 varies to have a better visualisation. In general, the blue colour represents the lowest stress level, while the red colour denotes the highest stress level in each figure.
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Table 4. Deformation features of lattice materials with   ρ ¯   = 0.20 at different compressive strains.
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	Lattice Materials
	    ε = 0.015    
	    ε = 0.15    
	    ε = 0.35    
	    ε = 0.50    





	FCC-TO
	 [image: Metals 10 00491 i058]
	 [image: Metals 10 00491 i059]
	 [image: Metals 10 00491 i060]
	 [image: Metals 10 00491 i061]



	FCC-CI
	 [image: Metals 10 00491 i062]
	 [image: Metals 10 00491 i063]
	 [image: Metals 10 00491 i064]
	 [image: Metals 10 00491 i065]



	ECC-TO
	 [image: Metals 10 00491 i066]
	 [image: Metals 10 00491 i067]
	 [image: Metals 10 00491 i068]
	 [image: Metals 10 00491 i069]



	ECC-CI
	 [image: Metals 10 00491 i070]
	 [image: Metals 10 00491 i071]
	 [image: Metals 10 00491 i072]
	 [image: Metals 10 00491 i073]



	VC-TO
	 [image: Metals 10 00491 i074]
	 [image: Metals 10 00491 i075]
	 [image: Metals 10 00491 i076]
	 [image: Metals 10 00491 i077]



	VC-CI
	 [image: Metals 10 00491 i078]
	 [image: Metals 10 00491 i079]
	 [image: Metals 10 00491 i080]
	 [image: Metals 10 00491 i081]
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Table 5. Plateau stress, σpl/[MPa], of the as-designed lattice materials with various relative densities.
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	  Relative   Density ,    ρ ¯    [-]
	FCC-TO
	FCC-CI
	Difference
	ECC-TO
	ECC-CI
	Difference
	VC-TO
	VC-CI
	Difference





	0.10
	20.63
	15.59
	32.33%
	11.43
	10.70
	6.78%
	32.19
	28.36
	13.49%



	0.15
	33.69
	28.08
	19.98%
	18.45
	21.24
	−13.13%
	52.96
	60.08
	−11.84%



	0.20
	65.43
	45.05
	45.24%
	36.76
	34.16
	7.63%
	90.26
	93.16
	−3.12%



	0.25
	110.53
	69.13
	59.89%
	61.00
	52.64
	15.89%
	127.66
	124.92
	2.19%



	0.30
	156.75
	100.09
	56.60%
	86.66
	80.37
	7.82%
	190.38
	158.42
	20.18%










[image: Table] 





Table 6. Values of the parameters of the power laws used in fitting mechanical properties and energy absorption.
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Lattice Material

	
Collapse Strength, σb [MPa]

	
Elastic Modulus, EL [GPa]

	
Toughness, UT [MJ/m3]

	
Strain Energy, WV [MJ/m3]




	
C1

	
n1

	
C2

	
n2

	
C3

	
n3

	
C4

	
n4






	
FCC-TO

	
1.048

	
1.548

	
2.369

	
1.707

	
205.554

	
1.773

	
566.801

	
1.782




	
ECC-TO

	
1.165

	
1.482

	
2.807

	
1.611

	
154.456

	
1.849

	
354.951

	
1.849




	
VC-TO

	
1.242

	
1.453

	
3.512

	
1.691

	
147.402

	
1.438

	
884.025

	
1.719




	
FCC-CI

	
0.830

	
1.418

	
2.106

	
1.705

	
107.533

	
1.502

	
183.828

	
1.241




	
ECC-CI

	
0.935

	
1.397

	
2.613

	
1.603

	
103.767

	
1.625

	
126.143

	
1.230




	
VC-CI

	
1.250

	
1.353

	
3.614

	
1.608

	
105.342

	
1.292

	
499.610

	
1.449












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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