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Abstract

:

In this study, a Ti–6Al–4V alloy composite with uniaxial anisotropy and a hierarchical structure is fabricated using electron beam powder bed fusion, one of the additive manufacturing techniques that enable arbitrary fabrication, and subsequent heat treatment. The uniaxial anisotropic deformation behavior and mechanical properties such as Young’s modulus are obtained by introducing a unidirectional honeycomb structure. The main feature of this structure is that the unmelted powder retained in the pores of the honeycomb structure. After appropriate heat treatment at 1020 °C, necks are formed between the powder particles and between the powder particles and the honeycomb wall, enabling a stress transmission through the necks when the composite is loaded. This means that the powder part has been mechanically functionalized by the neck formation. As a result, a plateau region appears in the stress–strain curve. The stress transfer among the powder particles leads to the cooperative deformation of the composites, contributing to the excellent energy absorption capacity. Therefore, it is expected that the composite can be applied to bone plates on uniaxially oriented microstructures such as long bones owing to its excellent energy absorption capacity and low elasticity to unidirectionally suppress stress shielding.
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1. Introduction


During the deformation of natural structural materials consisting of complex hierarchical structures, such as bones, almost all natural creations perform the necessary mechanical functions for the required orientation [1]. By mimicking the structure of natural creations, it would be beneficial to introduce structural hierarchy and functional anisotropy into metallic materials as well, in order to make them more functional. Therefore, in the field of biomaterials and aeronautical materials, adaptation to complex and anisotropic stress distributions is required. For example, bone tissue forms an anisotropic microstructure that supports the in vivo three-dimensional stress field generated by daily living [2,3]. As this difference in anisotropy and mechanical properties between bone and metal leads to a bone loss [4] and degradation of bone quality of the surrounding bone [5], it is important to develop materials with bone-like anisotropy and mechanical properties for the development of superior medical devices [6,7,8]. In recent years, mechanical properties have been controlled by hierarchical structures using additive manufacturing, which is good at designing arbitrary shapes [9,10,11,12,13,14,15,16], and material surface treatment [17,18,19,20,21].



Our previous research achieved a Ti-based material with a hierarchical structure by powder/solid compositing using electron-beam powder bed fusion (EB-PBF) [11]. The introduction of the powder structure into a void of a porous structure exhibiting a low Young’s modulus, and the stress transmission between both structures by neck formation, contribute to both the low Young’s modulus and the excellent energy absorption capability. By further providing uniaxial anisotropy to the structure and arranging it in 3-D, it is expected that the structure can freely exhibit mechanical functions in various directions in a living body, where complicated stress distribution occurs. However, in the past powder/solid composites, a unidirectional pore was introduced in the solid structure, based on previous research on bone regeneration with unidirectional scaffolds [22,23,24], and its anisotropy has not yet been sufficiently evaluated.



In the case of in-plane compression of a unit cell with square prisms, as in our previous report, it is known that the mechanical properties are strongly dependent on the compression direction. In contrast, in the in-plane deformation of a structure with regular hexagonal columnar pores or honeycomb pores, the mechanical properties are isotropic [25]. Therefore, the preparation of a powder/solid composite structure with unidirectional honeycomb pores can be expected to produce structures exhibiting uniaxial anisotropy, low Young’s modulus, and high energy absorption capacity.



In this study, open-porous structures containing unidirectional honeycomb pores and powder/solid composite structures were fabricated using the EB-PBF technique. This study also attempted to elucidate the contribution of the introduction of unidirectional honeycomb pores to the deformation mechanism and anisotropy of mechanical properties, as well as the contribution of powder/solid composite structures to the deformation mechanism and uniaxial anisotropy.




2. Materials and Methods


The three-dimensional model of the honeycomb structure shown in Figure 1 was prepared using computer-aided design (CAD) software (SolidWorks, Dassault Systèmes SolidWorks Corp., Waltham, MA, USA). The external shape of each structure was 10 × 10 × 15 mm3. The four honeycomb pores could be arranged parallel to one side. The CAD model (Figure 1a) in which the honeycomb pores penetrate in the longitudinal direction was used to manufacture the honeycomb porous structure. The CAD model (Figure 1c) in which a thin plate was applied to the bottom to maintain the unmelted residual powder particles in the honeycomb pores was used to manufacture the honeycomb composite structure. Hereinafter, the structure produced based on the CAD model shown in Figure 1a is referred to as a porous specimen, and the structure produced based on the CAD model shown in Figure 1c is referred to as a composite specimen.



Based on these data, a three-dimensional structure was fabricated using an EB-PBF apparatus (Arcam Q10, ArcamAB, Mölndal, Sweden). To build the specimen, the same Ti–6Al–4V ELI alloy powder was used. The building direction was parallel to the honeycomb pore extension direction. The beam voltage, beam current, scan interval, layer thickness, and scan speed were 60 kV, 1.5 mA, 0.1 mm, 70 μm, and 100 mm/s, respectively. The porosity and powder packing ratio were calculated from the size and mass of the specimens. A theoretical density of 4.43 g/cm3 of Ti–6Al–4V ELI was used to derive both parameters.



The prepared specimens were heat-treated in an argon gas atmosphere using a box-type electric furnace (MBS 13–2040, Motoyama, Osaka, Japan). The heat treatment was performed at 1020 °C for 100 h to sufficiently promote neck formation between powder particles. After heat treatment, the samples were quenched in ice water.



To eliminate the difference in dimensions with respect to the compression axis described later, the sample was cut off at the top and bottom, and made into a cube of 10 mm each side. The non-destructive observation of the internal structure of the fabricated specimen, was conducted using a micro-focus X-ray CT apparatus (SMX-100CT, Shimadzu, Kyoto, Japan). The measurement conditions, namely the tube voltage, tube current, and resolution, were 100 kV, 25 mA, and 34.7 μm, respectively.



The constituent phases were identified using a wide-area X-ray diffractometer (X’Pert PRO, PANalytical, Almelo, The Netherlands). The X-ray source was Cu-Kα radiation, and X-ray diffraction (XRD) patterns were analyzed to determine the constituent phases. After electropolishing, the microstructure was observed using an optical microscope (DP-51, Olympus, Tokyo, Japan). In addition, scanning electron microscopy (SEM) (JSM-5600, JEOL, Tokyo, Japan) was used to observe the neck formation between the powder particles.



To evaluate the mechanical properties of these specimens, a quasi–static uniaxial compression test was conducted using a compression testing machine (AG-X, Shimadzu, Kyoto, Japan). Compression tests were performed in two directions: parallel and perpendicular to the pore extension direction (N = 3). A dial gauge was used to measure the strain during deformation, and the initial strain rate was 1.67 × 10−4 s−1. A contact strain gauge was used to precisely measure the Young’s modulus. The plateau stress was determined as the average stress value between 20 and 30% strain according to JIS H 7902:2016. Equation (1) was used to calculate the toughness (W) as an index of energy absorption, where e is the nominal strain, s is the nominal stress, and ed is the nominal strain at the densification of the samples. The method of deriving the densification strain was previously described [11].


  W =   ∫  0   e d    s  ( e )  d e  



(1)








3. Results


3.1. Densities and Microstructures of Specimens


Figure 1b,d shows the appearance of the porous and composite specimens fabricated using EB-PBF. Figure 2 shows μ-CT images of both specimens. The extended honeycomb pores in the building direction (Z-axis) is clearly seen in both the porous and composite specimens. As shown in Figure 2c,d, the unmelted powder is present inside the pores of the composite specimen, which can be determined from the fact that the gray value of the CT image is between that of pore and solid part. The relative densities of the porous and composite specimens were 49.4 ± 0.6% and 66.7 ± 0.9%, respectively, using the density of the Ti–6Al–4V alloy (4.43 g/cm3). From these densities, the packing density of the powder inside the pores was calculated to be 42.0 ± 1.8%.



Figure 3 shows the XRD pattern and an optical micrograph of the specimen after heat treatment. The XRD pattern (Figure 3a) indicates that the specimens consist of α (or α’) + β phases. An acicular α/α’ is observed in the optical micrograph taken in the plane parallel to the building direction (Figure 3b). Since the heat treatment was carried out at the temperature above the β to α transformation point of 900–950 °C [26,27], the traces of primary β-grains elongated along the building direction (Z-axis), which have been frequently observed in PBF-fabricated specimens [28,29,30], disappeared.



Heat treatment resulted in the formation of necks between the powder particles (Figure 4), and powder particles construct a three-dimensional network through the necks. Necks also formed between the solid part and the powder particles, resulting in a hierarchical structure consisting of macroscopic solid wall and powder parts, which are structurally connected to each other. This allows the powder part to exert mechanical functions by transferring stress through the neck.




3.2. Deformation Behaviors and Mechanical Properties of the Products


Figure 5a shows the stress-strain curves obtained by a uniaxial compression test of the porous specimen in the Y- and Z-directions. A significant anisotropy in deformation behavior is observed. Young’s modulus and 0.2% proof stress are significantly higher for compression in the Z-directions. When the porous specimen is compressed in the Y-direction perpendicular to the elongated pore, a characteristic oscillation in stress appears. Finally, the stress shows a rapid increase.



As shown in Figure 5b, the powder/solid composite specimen shows different deformation behavior from the porous specimen. The anisotropy in Young’s modulus and proof stress is similar to that of the porous specimen, however, the post yield deformation behavior is largely different from that of the porous specimen. Under the compression along Z-direction, the specimen does not reach a clear rupture and a plateau region of stress appears. When the composite specimen is compressed in the Y-direction, the stress oscillation seen in the porous specimen disappears and the stress increases continuously through a plateau-like region. Therefore, the heat-treated powder/solid composite acquired energy absorption capacity and fracture was avoided.



The mechanical properties obtained are listed in Table 1. Comparing the porous and composite specimens, the powder/solid structuring made moderate contribution to the Young’s modulus and proof stress, which resulted in somewhat isotropic properties, but greatly improved the toughness (energy absorption capacity).





4. Discussion


4.1. Effect of Powder/Solid Structuring on the Anisotropy Deformation Behavior of Porous Specimens with Unidirectional Honeycomb Pores


The deformation behavior of the porous specimen exhibited a pronounced dependence on the loading direction. When the specimen was compressed in the Z-direction, cracks formed on the diagonal of the wall along the maximum shear stress direction (data not shown). The porous specimens fractured after reaching the ultimate stress, with buckling of the internal solid wall.



In contrast, when the porous specimen was compressed in the Y-direction, local plastic deformation was observed. At the first stress drop, the wall locally deformed, and the aligned pores crushed along the direction of the maximum shear stress, which existed on the diagonal of the XY-plane (Figure 6b). Upon further strain, the adjacent layer of aligned pores crushed (Figure 6c,d). Eventually, the pores crushed completely, i.e., densification was achieved.



The period (strain) of the stress–strain curve predicted from pore diameter was 0.17 ± 0.01%. The measured period from the stress–strain curve (Figure 5a) is 0.15 ± 0.01, which well agrees with the estimated value. Therefore, the peculiar deformation behavior of the porous specimen when compressed in the Y-axis was considered to be caused by the crushing of the local pores as the deformation progressed. The contribution of partial pore crushing to such deformation behavior has been reported in Al foam and various honeycomb structures made by additive manufacturing [31,32,33,34].



The stress–strain curve of the porous honeycomb structure was completely changed by the powder/solid structuring. In the deformation of the composite specimen along the Y-axis, the stress did not show any decrease after yielding, but increased smoothly with the progress of deformation until final densification (Figure 5b). The wavy stress observed in the porous specimen was not observed. The local pore crush observed in the Y-axis compression of the porous specimen did not occur during deformation for the composite specimen. In the late stage of deformation, multiple shear zones were formed obliquely (Figure 6g,h), similar to the deformation of the porous specimens. In the powder/solid structure, the presence of necking between the powder particles and between the powder and solid parts contributed to the stress transfer. This indicates that the neck formation mechanically functionalized the powder part. To quantitatively evaluate the effect of the powder/solid structure on the reduction of deformation periodicity, stress distribution analysis during elastic deformation was conducted using the finite element method (FEM).



The CAD data shown in Figure 1a,b were used as an FEM model. The network structure of the powder particles was not reproduced in the model of the composite structure. A material with low Young’s modulus was assumed as the neck-formed powder part. The analysis software used was Femap with Nastran (Siemens, Munich, Germany) and a hexagonal mesh was used. The porous model had 464,572 nodes and 96,987 elements, whereas the composite model had 1,301,480 nodes and 244,406 elements. The bottom edge of the model was fully constrained, and the top edge was loaded. The mechanical properties of the solid walls of the honeycomb structure were set to a Young’s modulus of 110 GPa and a Poisson’s ratio of 0.3. The Young’s modulus of the neck-formed powder part (EPowder) was estimated by a rule of mixture in a parallel geometry, EComposite = ASolidESolid + APowderEPowder = EPorous + (1-ASolid)EPowder, using the Young’s moduli of porous (EPorous) and composite (EComposite) specimens, and the area fraction of solid wall (ASolid) and powder parts (1-ASolid) when compressed in the Z direction. The estimated modulus of the neck-formed powder part was 18.7 GPa, therefore, 20 GPa was used in the simulation.



The resulting von Mises stress distribution is shown in Figure 7. It is apparent that the stress distribution changes significantly, depending on the presence or absence of the networked powder structure. Although this analysis is about elastic deformation, the porous structure causes a local stress concentration at the inner side of the bend of the honeycomb walls (Figure 7a). In actual deformation, a shear zone passing through the stress concentration point may be formed, resulting in periodic deformation. However, in the composite structure, the stress concentration is relieved (Figure 7b) owing to the stress transfer between the powder and solid parts. Therefore, it is considered that the formation of the powder/solid structure resulted in a coordinated deformation of the entire structure and changed the deformation behavior. In other words, it can be inferred that the introduced powder structure not only exerts higher deformation stress than the porous structure, but also contributes to the loss of stress fluctuation by exerting stress transfer capability.




4.2. Influence of Honeycomb Pore Introduction and Powder/Solid Structuring on Anisotropy of Mechanical Properties


In general, the Young’s modulus and yield stress of the porous structure are expressed by Equation (2):


  X =  X 0    (  1 − ρ  )  k  ,  



(2)




where X is the mechanical property of the porous structure, X0 is the mechanical property of the bulk material, ρ is the porosity, and k is the stress concentration factor, which varies with the pore shape. The ideal relationship between the mechanical properties (Z-axis) of the honeycomb structure and porosity is expressed as Equation (3) because k = 1 when no stress concentration occurs at the wall when a load is applied. The Young’s modulus and proof stress vary linearly with the effective cross-sectional area, i.e., the porosity.


  X =  X 0   (  1 − ρ  )   



(3)







The theoretical values of Young’s modulus and proof stress of the porous structure derived from Equation (3) were 55.7 GPa and 404 MPa, respectively. These values were higher than the experimental values, probably because of the stress concentration on the porous specimen fabricated by EB-PBF. The cross-sectional image in Figure 2b shows that the surface roughness of the wall part is large, and micro voids are formed in the solid wall. It is considered that the micrometer-order defects described above caused stress concentration in the load-bearing solid wall, resulting in a decreased Young’s modulus and proof stress of the porous specimen compared to the theoretical values.



In the specimen fabricated in this study, it is difficult to derive the mechanical properties by applying theoretical equations because the number of honeycomb pores is small, and partially incomplete honeycomb pores are introduced by the solid wall structure. Therefore, the Young’s modulus was calculated using the FEM results shown earlier. The Young’s modulus, when compressed in the X- and Y-directions was 35.3 GPa and 32.9 GPa, respectively. These values are slightly higher than the experimental values. This may be because of the effect of the microdefects mentioned earlier. However, the values were close to the experimental values, although there were slight differences. Therefore, it was confirmed that the Young’s modulus could be controlled by the shape design of the unidirectional honeycomb pore. In addition, the FEM results show that the Young’s modulus is approximately 30 GPa in both the X- and Y-axes. This indicates that by introducing a porosity of more than 50%, a low Young’s modulus equivalent to that of the bone (10–30 GPa) [3] could be obtained. It can be concluded that the uniaxial anisotropy of the mechanical properties of this structure can be imparted by the introduction of regular hexagonal honeycomb pores.



Because powders are isotropically packed and the bearing capacity of necked powder particles depends on the size of the neck [33], the stress in the powder part of the honeycomb pores is independent of the compressive direction. Therefore, the uniaxial anisotropy of the plateau stress depends on the anisotropy of the stress required to deform the solid wall. As mentioned above, even in a composite specimen containing necked powder particles, the proof and plateau stresses in Z-direction are higher than those in Y-direction.



Although porous materials with unidirectional honeycomb pores have attracted attention as excellent materials for shock absorption, they do not exhibit their energy absorption capabilities in compression parallel to the pore-elongated direction. Therefore, periodic stress fluctuations with increasing strain are observed [35], as also represented in this study. Nevertheless, the honeycomb pore containing the powder/solid composite specimen fabricated in this study showed improved energy absorption capacity, as the deformation proceeded without an abrupt drop in the stress, even in the Y-axis deformation. In fact, the formation of the powder/solid structure improved the toughness by approximately 2.7-fold and 6.3-fold under the compression in Z- and Y-directions, respectively, and the suppression of stress concentration by the powder/solid structure formation is considered to have led to a significant improvement in toughness. Such an improvement in toughness by infilling the pores with secondary phases has been reported, for example, in the case of resin interpenetration into metallic lattice [36]. One of the originality of this work is that we fabricated a composite consisting of two phases from the same starting material. Since the neck-formed powder part can be obtained by an irradiation of a beam with low energy [37], it is possible to obtain an energy absorptive composite in one process of EB-PBF.



As a result, the formation of the honeycomb pore structure accompanied by the interconnected powder network, using EB-PPF and subsequent heat treatment, were shown to be very effective for the arbitrary control of mechanical properties with uniaxial anisotropy. In addition, it is expected that the three-dimensional arrangement of the honeycomb pore structures fabricated in this study will facilitate the design of medical materials that are required to respond to in vivo stress distribution. As PBF is a bottom-up approach using powder as raw material, it allows for the creation of flexible shapes, and custom-made implants that conform the shape to the patient’s skeleton have recently become an important topic [38,39]. The ability to control not only the external shape, but also the internal structure and the resulting mechanical properties will allow for customization regarding both external shape and function using PBF technology.





5. Conclusions


In this study, we designed a novel powder/solid composite with uniaxially anisotropic and hierarchical structure via EB-PBF and subsequent heat treatment. The unique feature of this composite is that the unmelted powder, which is normally removed, was retained inside the honeycomb pore and the powder was used to add new functionalities to the specimen. Heat treatment was carried out to connect the powder particles by neck formation to allow stress transfer between powder particles to functionalize the powder part as a load-bearing component. As a result, the composite with the necked powder part after heat treatment showed excellent energy absorption capacity, whereas the specimen before heat treatment did not. The use of powders in PBF can be a new strategy for imparting mechanical functionality to products.
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Figure 1. Three dimensional image of CAD model and pictures of specimen top surface for (a,b) porous specimen with elongated honeycomb pores and (c,d) powder/solid composite with un-melted powder particles within the pores (composite specimen). 
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Figure 2. μ-CT cross-section images for (a,b) porous specimen with elongated honeycomb pores and (c,d) powder/solid composite specimen with residual unmelted powder particles inside the pores. 
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Figure 3. (a) XRD pattern and (b) optical micrograph of longitudinal sections of the fabricated specimen after heat treatment. In (b), the vertical direction corresponds to the building direction. 
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Figure 4. SEM micrograph of the powder part after heat treatment. A three-dimensional network is constructed through the necks between the powder particles. 
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Figure 5. Orientation dependence of nominal stress–nominal strain curves in the Z- and Y-axis directions in compression at ambient temperature for (a) porous specimen and (b) composite specimen. 
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Figure 6. Compressive deformation behavior of (a–d) porous and (e–h) composite specimen. 
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Figure 7. von Misses stress distribution for (a) porous and (b) composite structure. 
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Table 1. Mechanical properties of porous and composite specimens fabricated by EB-PBF and subsequent heat treatment.
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Compressive Axis

	
Porous Specimen

	
Composite Specimen




	
Z-Direction

	
Y-Direction

	
Z-Direction

	
Y-Direction






	
Young’s modulus [GPa]

	
41.9 ± 9.3

	
28.9 ± 1.1

	
50.5 ± 3.9

	
38.1 ± 2.9




	
0.2% Proof stress [MPa]

	
326 ± 8

	
120 ± 13

	
368 ± 13

	
210 ± 20




	
Plateau stress [MPa]

	
-

	
-

	
629 ± 12

	
455 ± 26




	
Densification strain

	
-

	
-

	
0.40 ± 0.02

	
0.29 ± 0.00




	
Toughness [MPa]

	
85.8 ± 6.2

	
16.0 ± 1.8

	
231 ± 8

	
101 ± 12




	
Specific energy absorption [J/g]

	
19.4 ± 1.4

	
3.6 ± 0.4

	
52.1 ± 1.8

	
22.8 ± 0.1
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