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Abstract

:

Additive manufacturing (AM) enables diversity in honeycomb structure configuration, which benefits optimization of the honeycomb structure. In the present study, we proposed two locally enhanced triangular honeycomb structures to improve in-plane compressive performance by avoiding diagonal fracture band. The compressive behaviors and failure mechanism of the original and enhanced triangular honeycomb structures made of 316L steel were studied by experiments and numerical simulations. The results show that the cell-enhanced triangular honeycomb structure and wall-enhanced triangular honeycomb structure possess significantly improved stiffness and peak load compared with the original structure. The fracture band along the diagonal direction of the triangular honeycomb structure is caused by buckling of the cell wall, which is related to its topologic structure. Stress distribution is an essential index reflecting the performance of a honeycomb structure. Uniform stress distribution makes the honeycomb structure fail layer by layer, and it can improve the peak load of the honeycomb structure. Defects such as unmelted metal particles and voids caused by AM processing weaken the strength and plasticity, and the resulting brittleness makes the honeycomb structure fall into pieces.
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1. Introduction


Honeycomb structures are widely used in aerospace, high-speed railway and vehicle engineering because their light weight and multifunctionality can meet the requirements of weight reduction and compactness [1,2,3]. In recent years, development of additive manufacturing (AM) has promoted structural improvement in the honeycomb structure [4,5,6,7], which is not limited to a structure with a unified unit cell of traditional hexagonal [8,9,10], square [11], circular [12], kagome [13] and triangular [14] shape, etc. To enhance the in-plane strength of the circular honeycomb, Liu et al. [15] proposed a novel structure composed of semi-periodic sinusoidal beams. The deformation behaviors were studied by the theoretical method and finite element analysis. Similar design ideas were also used to improve the crashworthiness and energy absorption performance of honeycomb structures, and the quadri-arc [16] and petal-shaped [17] elements were applied. Peng et al. [18] proposed a kind of honeycomb structure with a unit cell of two merged hexagons; the stiffness was enhanced, and the effective elastic thermoelastic properties of the honeycomb structure can be widely tunable by adjusting the microstructural geometry and constituent materials.



Hierarchical structures in nature have inspired people’s ideas regarding hierarchical design of the honeycomb structure [19,20,21,22]. The formal cell wall of a honeycomb structure can be replayed by the topology structure composed of a hexagon, triangle, etc., and the compressive strength and energy absorption of the hierarchical honeycomb structures are improved obviously [23,24,25,26]. Li et al. [27] designed a hierarchical triangular honeycomb structure with T-ribs to improve buckling resistance and plastic performance. Fan et al. [28] proposed a hierarchical rectangle tubular structure with three folding modes, including macro-cell folding, micro-cell folding and hybrid folding under crushing, and excellent energy absorption performance was achieved. Using smaller geometric cells instead of cell nodes in a honeycomb structure is also a design method of hierarchical structure. The hexagonal hierarchical honeycombs from first to fourth order were designed by Oftodeh et al. [29]; they found that the in-plane stiffness and strength were, respectively, two to eight times and two times higher than a regular honeycomb with the same density. Similar structures were also found to have better energy absorption and dynamic failure properties [30,31].



For metal AM honeycomb structures, the stiffness and strength properties are not only related to cell topology but also affected by the geometric defects and microstructure of metal [32]. Plessis et al. [33] performed a quasi-static compression test on the Ti6Al4V gyroid structures made by laser power bed fusion to analyze the effects of microporosity. It was found that a lack of fusion seriously endangers the compression performance, and there are cracks along the diagonals of the failed gyroid lattice samples, which results in ultimate failure. Poach et al. [34] pointed out that the surface roughness caused by the AM process influences the strength of the structure. The triangular honeycomb structure is one of the strongest, stiffest and toughest two-dimensional lattices [35]. However, it was found by experiment that the triangular honeycomb structure is easily destructed along the diagonal direction (fracture band) under in-plane compression [27]. In this paper, to improve the in-plane compression capacity, locally hierarchically enhanced triangular honeycomb structures were proposed, and the compression mechanical behaviors of the original and locally enhanced triangular honeycomb structures made of 316L steel by using selective laser melting (SLM) were studied. Both experiments and numerical simulations were performed to verify the efficiency of the locally enhanced structure and clarify the mechanism of the failure modes. The effects of manufacturing defects and the metallographic structure on the compressive behaviors of the triangular honeycomb structures were analyzed in detail.




2. Experiment


In order to avoid global failure due to local fracture bands under in-plane compression, cell-enhanced and wall-enhanced triangular honeycombs are designed at the first step. The schematic drawings of the triangular honeycomb structures are shown in Figure 1. For the 4 × 4 original triangular honeycomb, as shown in Figure 1a, the cell is an equilateral triangle with a side length l = 14 mm, and the thickness values of the wall and whole structure are b = 1.2 and t = 20 mm, respectively. The cell-enhanced triangular honeycomb is obtained by strengthening the cell on the diagonal of the original triangular honeycomb, as shown in Figure 1b. A small triangle is embedded in the original cell, and the three vertices of the small triangle are located at the midpoint of the three edges of the original cell, respectively, and the wall thickness of the small triangle equals to 1 mm. The wall-enhanced triangular honeycomb is obtained by upgrading the section of the cell wall to an I-beam or I-beam with one side, as shown in Figure 1c. The waist height of the I-beam section of the cell wall is the total thickness of the honeycomb material, which is 20 mm. The waist thickness of the I-beam section is the original thickness of the triangular cell wall, which is 1.2 mm. If the cells on both sides of the cell wall are strengthened, the foot width of the I-beam section of the cell wall is 3.2 mm and the foot thickness is 2 mm. If only one side of the cell wall is strengthened, the section of the cell wall is the I-beam with one side, and the foot width of the I-beam section is 2.2 mm.



The triangular honeycomb structures were all manufactured by the SLM using 316L steel. The SLM is printed along the thickness direction of the whole triangular honeycomb. The thickness of the printing layer is 0.03 mm, the printing speed is 1300 mm/s and the laser power is 370 W.



Quasi-static compression tests of the original triangular, cell-enhanced triangular and wall-enhanced triangular honeycomb structures were carried out by the universal testing machine with a velocity of 5 mm/min at room temperature. The compression tests were not stopped until the triangular honeycomb samples were compacted.




3. Finite Element Analysis


Finite element analysis (FEA) is performed on the original and locally enhanced triangular honeycomb structures. After element-independent checking, the FEA models of the triangular honeycomb structures are meshed by C3D8R, and the mesh size of 0.8 × 0.6 × 0.8 mm3 is selected. The final numbers of the element are 51,100, 212,400 and 363,328 for original, cell-enhanced and wall-enhanced triangular honeycomb structures, respectively. The material of the structure was defined as isotropic hardening during the simulation. The upper and lower surfaces of the triangular honeycomb structures each have a plate modelled by discrete rigidity. The displacement compression load is applied to the upper plate with a velocity of 5 mm/min, while the lower plate is completely fixed, as shown in Figure 2. The type of contacting is defined as general contact (coulomb friction contact), and the friction coefficient at the interfaces is set to be 0.3.



To obtain the properties of the base metal of the triangular honeycomb structures, the uniaxial tensile experiment of 316L steel manufactured by SLM combined with digital image correlation was carried out. The printing direction of the tensile specimen was along the thickness, and the printing parameters were the same as those of the triangular honeycomb structures. The obtained true stress–strain curve of 316L steel manufactured by SLM was shown in Figure 3a. The measured Young’s modulus, Poisson’s ratio and yield strength are 101.72 GPa, 0.3 and 384.61 MPa, respectively. In order to explore the property difference between traditional manufactured 316L and the SLM 316L, a tensile test of the traditional solid solution 316L steel was also performed, and the true stress–strain curve was shown in Figure 3b. The measured Young’s modulus, Poisson’s ratio and yield stress of the traditional 316L are 195.16 GPa, 0.3 and 511.27 MPa, respectively.



Figure 4 shows the fracture morphology of the 316L tensile specimens by scanning electron microscope (SEM). The fracture surface of the tensile specimen is a combination of ductile fracture and brittle fracture, as shown in Figure 4a. The microcosmic appearance in the red circle of Figure 4a is the same as that in Figure 4b, which are smaller dimples. The flat part outside the dimple is a brittle fracture, as shown in Figure 4b. It can also be observed from Figure 4a that there are many unmelted metal particles in the material.




4. Results and Discussion


4.1. Failure Morphology


The photographs during the deformation and failure process of the triangular honeycomb structures are shown in Figure 5. Figure 5a shows that excessive deformation for the original triangular honeycomb structure occurs at the vertical walls along about 30° to the horizontal direction when macroscopic compressive strain reaches 4%. When the compressive strain increases to 17%, the fracture band has been destroyed seriously, and the excessive deformed unit is completely broken at the node and middle of the wall. With the compression load continuing, a large amount of fracture and failure occur along 30° to the horizontal direction, and almost all the unit cells of the original triangular honeycomb structure are crushed as the compression strain reaches 69%. The individual cell walls of the cell-enhanced honeycomb structure excessively deform at 4% of the compression strain, as shown in Figure 5b. When the compression strain reaches 17%, the upper unit cells of the cell-enhanced structure crack at 30° to the horizontal direction. Subsequently, as the compression strain reaches 38%, a large number of cells are destroyed, except the middle part of the cell-enhanced structure. Figure 5c shows that the deformation of the wall-enhanced honeycomb structure at 4% strain is similar to that of the cell-enhanced honeycomb structure. When the compression strain increases more than 17%, the top half of the wall-enhanced honeycomb structure fails layer by layer. Then, the bottom and middle of the wall-enhanced honeycomb structure are gradually destroyed until the compression strain reaches 63%. Under the action of compression load, the three types of triangular honeycomb structures are all destroyed into fragments.



The simulated compression behaviors of the three triangular honeycomb structures are shown in Figure 6. The deformation behaviors of the three triangular honeycomb structures are all consistent with the experiments. For the original honeycomb structure, the deformation of the vertical walls at the direction of 30° from the horizontal direction leads to stress concentration in the corresponding position for 4% strain. When the strain equals 17%, the stress concentration transfers to the adjacent area after the final failure of the walls. Compared with the original structure, the deformed walls and the high stress area of the cell-enhanced triangular honeycomb structure are somewhat dispersed at 4% strain. The fracture band of the cell-enhanced triangular honeycomb structure is less concentrated than that of the original triangular honeycomb structure for 17% strain. There are few walls excessively deformed for the wall-enhanced triangular honeycomb structures, and the stress distribution is relatively uniform for 4% strain. After the failure of the upper cells, high stress is mainly located at the upper part of the specimen as the strain reaches 17%.




4.2. Stiffness and Strength


Figure 7 shows the tested load and displacement curves (F-Δ) of the original, cell-enhanced and wall-enhanced triangular honeycomb structures. The three load–displacement curves are similar, and they all start with a distinct linear elastic stage and then decrease from the first peak load, followed by several peaks and troughs. The occurrence time of the peak load is approximately the same as that of wall buckling. In the end, the curves rise sharply because of the compaction of the honeycomb structure. The compressive load–displacement curve can be divided into three characteristic regions: elastic-plastic region, fracture region and densification region, which can be verified by the results in the literature [36].



According to the compressive load–displacement curves as shown in Figure 7, the mechanical properties of the three honeycomb structures are listed in Table 1. The stiffness (  F / Δ  ) and peak load of the cell-enhanced structure are the largest, followed by those of the wall-enhanced structure and original structure.




4.3. Microstructure Analysis


The block specimens in the scanning plane direction removed from the honeycomb structure are processed by wire cutting technology. After the samples are embedded, the samples are pre-ground on the metallographic grinder with abrasive paper with grades of 180 #, 400 #, 800 #, 1200 # and 1500 #, respectively, and then polished with diamond polishing agents with particle sizes of 9 μm, 6 μm, 3 μm and 0.5 μm, respectively. Figure 8 shows the polished surface of the triangular honeycomb structure by SLM. It is clear that there are many void defects.



Figure 9a,b shows the microstructure of the triangular honeycomb structure in layer by layer forming direction observed by optical microscope. The scale-like fusion lines are clearly visible. The fine grains are distributed in fusion lines, and the size and morphology of the grains in different fusion lines are different. There are obvious epitaxial growth characteristics near the fusion line. During the process of SLM, the laser beam and gas are above the molten pool, and the former solidification layer is below. The molten pool solidifies from the solid substrate to the liquid molten pool due to quick heat transfer. The closer to the former solidification layer, the higher the temperature gradient. The grains always develop towards the fastest direction of heat dissipation so that the columnar crystals formed by SLM begin epitaxial growth along the fusion line [37]. At the same time, local remelting of the former solidified layer occurs near the fusion line, which leads to grain size larger than the center of the molten pool. Figure 9c shows the microstructure of traditional solid solution 316L, which is single-phase austenite, and the grain size is much larger than that of the 316L by SLM.




4.4. Discussion


On the basis of the above test results, it can be observed that the failure mode of the original triangular honeycomb structure may be material failure or local buckling. The theoretical method is used to analyze the mechanical properties of the triangular honeycomb structure.



According to the theory of Gibson [38], the equivalent elastic modulus of the original triangular honeycomb structure is


   E ¯  =  E s   ρ ¯   



(1)




where Es is the elastic modulus of the base materials,   ρ ¯   represents the relative density of the honeycomb structure, and it is 27.47% here.



Under the axial compressive load, if the axial stress of any cell wall reaches the yield strength σs, the honeycomb structure is deemed to have undergone material failure. The equivalent compressive strength of the material failure σm can be calculated by [27]


   σ m  =   E ¯    E s     σ s   



(2)




where the symbol σs, denotes the yield strength of the base material.



Then, the peak load of the material failure can be calculated by


   P m  =  σ m  ⋅ H t  



(3)







The local buckling of the honeycomb structure refers to the buckling of the cell wall according to the experimental and simulated results. The possible buckling mode is shown in Figure 10. The deformed vertical wall is regarded as a pole hinged at both ends, and the critical buckling load is


   P  cr   =    π 2   E s  I    l 2    =    π 2   E s  H  b 3    12  l 2     



(4)







For the original honeycomb structure, considering that the horizontal direction of the structure has five buckled cell walls, the peak load of the local buckling mode is


   P b  = 5  P  cr    



(5)







The calculated compressive strengths of the original honeycomb structure by Equation (3) (material failure) and Equation (5) (local buckling) are 111.99 kN and 73.68 kN, respectively. It is clear that local buckling occurs for the original honeycomb structure first because the calculated peak load by Equation (5) is closer to the experimental value. Based on the above analysis, buckling is the primary factor leading to fracture band for triangular honeycomb structures. Especially for the original honeycomb structure, the ratio of wall thickness to short side is less than 1/10, so the vertical wall at the 30° direction is easy to buckle under the specific topological structure. The strength improvement in the cell-enhanced triangular honeycomb structure and the wall-enhanced triangular honeycomb structure benefits from the reduction in wall buckling. It also indicates that the degree of stress concentration has an important influence on the performance of the triangular honeycomb structures, and the dispersed and lighter stress concentration will improve the performance of the triangular honeycomb structures. In other words, the uniform stress distribution is beneficial to improve the mechanical properties of the structure, which is consistent with the results in the literature [39].



According to Figure 3, both the yield strength and tensile strength of the 316L steel created by SLM in this paper are lower than those of the traditional solid solution 316L steel, which is contrary to the results in the literature [40]. It was mainly caused by the large number of defects, such as unmelted particles and voids, as shown in Figure 4 and Figure 8, and these unusual defects are caused by the manufacturing process in this paper. The elongation at the break of the 316L by SLM is only 11% of that for the traditional solid solution 316L, which means that the plasticity of the 316L by SLM is poor. The unmelted particles and voids reduce the plasticity and strength of the material; therefore, the fracture surface of the tensile specimen is flat, and there is no obvious necking, as shown in Figure 3a. For metals at room temperature, the finer the grains, the higher the strength and the better the plasticity. Although the grain size of the 316L steel created by SLM is small, as shown in Figure 9b, the manufactured defects have a great negative effect so that the strength and plasticity of the SLM 316L steel are lower than those of the traditional solid solution 316L.



Although the base metal manufactured by SLM in this paper is very brittle, for the original triangular honeycomb structure under the in-plane compression load, the appearance of the fracture band cannot be explained using the method that the shear stress in the direction of 45° to the load is the maximum. As the triangular honeycomb structure first undergoes local buckling, the brittleness of the base metal causes the honeycomb structure to disperse into fragments with continuous compression loading. To make the stress distribution of the structure more uniform is a general method to avoid fracture band and improve the strength of the honeycomb structure.





5. Conclusions


In this paper, two locally enhanced triangular honeycomb structures, namely cell-enhanced and wall-enhanced triangular honeycomb structures, were proposed to avoid diagonal fracture band failure. The in-plane compressive behaviors of the original and locally enhanced triangular honeycomb structures manufactured by SLM were investigated by the experiment and simulation. The failure mechanism of the triangular honeycomb structures was analyzed in detail. Based on this study, the following conclusions have been drawn:




	(1)

	
The cell-enhanced and wall-enhanced honeycomb structures possess higher stiffness and peak load than the original honeycomb structure, in which the peak load of the cell-enhanced structure is the largest. The peak load of the triangular honeycomb structure is related to the stress concentration. Uniform stress distribution is beneficial to improve the mechanical properties of the structure.




	(2)

	
The locally enhanced method can effectively optimize the diagonal fracture band failure of triangular honeycomb materials. The fracture band of the cell-enhanced triangular honeycomb structure under compressive load becomes more localized, while the wall-enhanced structure fails layer by layer.




	(3)

	
For the triangular honeycomb structure under in-plane compression, the appearance of the fracture band is caused by the buckling of the walls, which is related to the topological structure.




	(4)

	
The grain of SLM 316L steel is very fine, and the grain morphology in different scales is different. The unmelted particles and voids reduce the plasticity and strength of the SLM 316L steel greatly.
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Figure 1. The geometrical configuration of the triangular honeycomb, (a) original structure, (b) cell-enhanced structure, (c) wall-enhanced structure. 
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Figure 2. The boundary conditions of the finite element model. 
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Figure 3. The true stress–strain curve of the 316L steel, (a) manufactured by SLM, (b) manufactured by traditional method. 
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Figure 4. The SEM images of the fracture morphology for tensile specimens, (a) the scale of 100 microns, (b) the scale of 10 microns. 
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Figure 5. The deformation and failure process of (a) original triangular honeycomb structure, (b) cell-enhanced triangular honeycomb structure, (c) wall-enhanced triangular honeycomb structure. 
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Figure 6. The simulated compression behavior of (a) original triangular honeycomb structure, (b) cell-enhanced triangular honeycomb structure, (c) wall-enhanced triangular honeycomb structure. 
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Figure 7. Load (F) and displacement (∆) curves of the original, cell-enhanced and wall-enhanced triangular honeycomb structures by experiment. 
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Figure 8. The polished surface in scanning plane direction of triangular honeycomb structure observed by SLM. 
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Figure 9. The microstructure of the triangular honeycomb structure in layer by layer forming direction observed by optical microscope, (a) fusion lines, (b) grain of the 316L by SLM and (c) grain of the traditional 316L. 
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Figure 10. The simplified local buckling model. 
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Table 1. The mechanical properties of the original, cell-enhanced and wall-enhanced triangular honeycomb structures obtained by compression tests.
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	Stiffness (kN/mm)
	Peak Load (kN)





	Original structure
	55.367
	43.67



	Cell-enhanced structure
	65.77
	60.78



	Wall-enhanced structure
	57.56
	50.96
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