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Abstract

:

The use of additive manufacturing technologies to produce lightweight or functional structures is widespread. Especially Ti6Al4V plays an important role in this development field and parts are manufactured and analyzed with the aim to characterize the mechanical properties of open-porous structures and to generate scaffolds with properties specific to their intended application. An SLM and an EBM process were used respectively to fabricate the Ti6Al4V single struts. For mechanical characterization, uniaxial compression tests and hardness measurements were conducted. Furthermore, the struts were manufactured in different orientations for the determination of the mechanical properties. Roughness measurements and a microscopic characterization of the struts were also carried out. Some parts were characterized following heat treatment (hot isostatic pressing). A functional correlation was found between the compressive strength and the slenderness ratio (λ) as well as the equivalent diameter (d) and the height (L) of EBM and SLM parts. Hardness investigations revealed considerable differences related to the microstructure. An influence of heat treatment as well as of orientation could be determined. In this work, we demonstrate the influence of the fabrication quality of single struts, the roughness and the microstructure on mechanical properties as a function of orientation.
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1. Introduction


The development of structures using modern AM (additive manufacturing) technologies is a steadily growing research field in recent years. Here, complex and weight-saving structures arouse special interest. One important goal is frequently the targeted dimensioning of mechanical properties.



The progress in additive manufacturing technology makes this more tangible. An essential prerequisite is to develop a better understanding of the technological contexts of additive manufacturing technologies.



Of strong interest is the relationship between the materials used, the process parameters, especially in the application field of open-porous load-bearing lattice structures, and their effects on mechanical properties. Other methods, in particular, electron beam melting (EBM), are widely used in addition to selective laser melting (SLM). Their suitability for the manufacture of components for applications with a bio-medical background has in many cases been confirmed [1,2,3].



Besides pure titanium and titanium alloys [4,5], pure tantalum [6,7] is also used as a material for the production of sufficiently resilient mechanical load-bearing elements.



Additive manufacturing and the three-dimensional design of components or structures using Ti6Al4V powder offer a wide range of unprecedented applications in medical technology thanks to their multifarious properties (biomedical compatibility, corrosion resistance, mechanical properties). The mechanical properties essentially define the suitability and successful application of mechanically optimized structures, such as bone substitutes, in biomedical fields [8,9,10].



The geometrical shape as well as the properties of the structures produced can be influenced directly through the manufacturing parameters [11,12,13] and through heat treatment [14,15].



In the development of open porous load-bearing structures, the orientation of the load-bearing rods and the load angle [16,17,18,19] as well as the relationship between elastic modulus and porosity play an important role [20,21].



Open porous load-bearing lattice structures consist of a regularly or irregularly composed form of geometrically describable individual elements. Here, simple lattice structures [22] play just as great a role as geometrically complicated forms (gyroid) [23]. Efforts to characterize the widespread lattice structures [24] range from studies of the mechanical properties to macroscopic and microscopic investigations.



The large number of research projects shows the high relevance of grid structures in engineering applications. The intention here is to create specific qualities by producing structures with a high degree of freedom, as for example in medical applications. The mechanical qualities again are the central consideration. The characterization of the relevant properties is carried out primarily on complete lattice structures [25], standard specimens [26,27] or on application models with a biomedical background [28,29,30].



The efforts of many research groups focus on the estimation of the mechanical properties using numeric methods. Labes et al. [31] developed a method for studying the structural response and failure process of open stainless steel 316 L lattice structures manufactured using SLM. They predicted the elastic modulus of several lattice structures with various strut ratios. To predict the quasi-static response and failure of different core lattice structures he used linear static and non-linear elasto-plastic analysis. Ahmadi et al. [32] present a new analytical solution and closed-form relationship for predicting mechanical properties, such as the elastic modulus and critical buckling load. To estimate the mechanical properties of the diamond lattice, they used an analytical solution based on the Euler–Bernoulli theory and an analytical solution based on the Timoshenko beam theory.



In addition to the estimation of the mechanical properties, work is focused on obtaining results and comparing them to predictions. Ushijima et al. [33] compared analytical and FE predictions of lattice structures with experimental results. To predict the initial stiffness and plastic collapse strength of lattice structures, he used beam elements as well as a BCC (body-centered cubic) unit cell topology. Suard et al. [34] presented a standardized method for predicting the mechanical response of lattice structures manufactured using EBM. Two equivalent diameters were defined to simulate the properties of the lattice structure while taking the manufacturing constraints into account. Deshpande et al. [35] discussed the mechanism of bending and stretching dominated architectures from cellular solids using experimental and theoretical techniques. Mazur et al. [36] theoretically predicted the deformation behavior of lattice structures in different cell topologies, cell sizes and cell numbers, and experimentally validated the results.



Lastly, the mechanical properties are experimentally determined, evaluated and compared between the test partners and relationships. McKown et al. [37] tested a range of metallic lattice structures to investigate their collapse behavior, failure mechanisms and strain-rate sensitivity.



In the present work are described the properties of the individual elements used for the formation of the lattice structures. The identification of properties was therefore carried out on elements that correspond to real geometric conditions as for the lattice structures. It is of major interest to determine the properties of individual bars integrated into specialized applications. This is particularly interesting for applications where the rods within a component show different orientations to the load (see Figure 1) and the structural parameters cannot be compared with typical scaffolds (as shown in the literature). Therefore, the strut elements are considered in this work. The strut elements form the basis for load-bearing porous structures. Variations in the geometry of the test specimen as well as in the manufacturing process can be excluded here. In addition to characterizing production quality and surface quality of the individual struts, selected mechanical properties were determined. The samples were manufactured using additive technologies with variations in dimension (variations in the height/diameter ratio) and also installation space orientation. Selective laser melting and electron beam melting were the two manufacturing processes used to provide the possibility to compare both methods. Furthermore, the directional dependencies can be represented with reference to the properties.



Previous works comparing the two manufacturing methods mentioned above refer to test specimens with geometric dimensions that greatly differ from those of the individual elements of the grid structures [38]. In addition, the focus is always placed on determining such properties that would presuppose tensile loading. Simonelli et al. [39] studied the tensile properties of SLM Ti6Al4V specimens in three directions consisting of 2000, 200 and 60 layers. Qiu et al. [40] examined the tensile properties of Ti6Al4V specimens in dimensions that are not relevant in small lattice structures. A load situation that often is of interest in biomedical applications is the pressure load (for example, in orthopedic cases). The present work therefore studies the mechanical properties of the manufactured test specimens under an applied pressure load.



The aim was to characterize the individual struts macroscopically, microscopically and mechanically. The results obtained shall be used to gain a better understanding of the behavior of the individual elements. The results can be transferred into medical applications. These primarily include the structural areas for implants constructed from grid elements.




2. Materials and Methods


2.1. Parts Design and Configuration


The specimens for mechanical testing within this study were designed using CAD software (PTC Creo, Version 2.0, Parametric Technology Corporation, Needham, MA, USA). The samples are shown in Figure 2. The single strut specimen consists of a base area and a top area. These areas are important as supports during part manufacturing and for reworking (face cutting to obtain two parallel surfaces) after additive manufacturing. In both areas, there are punched-out clearances to reduce the material fraction and the energy applied during manufacturing. The single struts are positioned between these two areas. All parts are designed with four symmetrically arranged single struts. For the determination of the mechanical characteristics in the compression test, the dimensions of the strut specimen were modified in two ways. The geometric parameters for the investigated strut specimen are listed in Table 1.




2.2. Fabrication of the Scaffolds via the SLM Process and the EBM Process


In this work, all parts were built via the SLM process and the EBM process. Figure 3 shows the experimental design. The aim of the experimental plan was to obtain the greatest possible information from the smallest possible number of tests. Figure 4 shows representative parts of the two manufacturing processes in association with building orientation.



Based on the datasets of the CAD samples, all scaffolds were fabricated via selective laser melting using titanium powder (Ti6Al4V) under an ultra-pure argon atmosphere. The powder complies with the requirements of ASTM F 67 and has a determined mean particle size of 43.5 µm. The parts were fabricated with the SLM 280 by SLM solutions GmbH, Lübeck, Germany, using a continuous-wave Ytterbium fiber laser. All parts were built using an identical energy density (J/mm³). The energy density E is defined by the following equation [41]:


   E =  P  v   ×   d × t     



(1)




where P is laser power, v is scan speed, d is hatch spacing and t is layer thickness.



All parts were built on a substrate plate with a support structure and in the same orientation. The samples were heat-treated under hot isostatic pressing conditions after fabrication and were subsequently removed from the substrate plate. The heat treatment was performed at 920 °C under a pressure of 1000 bar for a duration of 120 min under an argon atmosphere by Bodycote Hot Isostating Pressing, Bruxelles, Belgium. The support structures were removed mechanically by hand. One manufacturing series without heat treatment was removed from the substrate plate for a comparison with the EBM-manufactured parts.



The electron beam melting system A1 by Arcam AB, Mölndal, Sweden, was used to build the parts for compression testing and for comparing the values with the parts made by SLM. The process was carried out using Ti6Al4V powder from Arcam AB with a mean particle size of 70 µm. The chamber, where the powder is applied and melted, was evacuated until a pressure of 5 × 10−4 mbar was reached and a layer thickness of 50 µm was chosen. The process consisted of a preheat theme and a melt theme. The preheat theme sinters the powder prior to melting it for stability reasons [42]. A comparison with SLM of the process parameters (Table 2 and Table 3) is not easy since scan speed and beam current (i.e., beam power) change during the process due to various algorithms such as the thickness equation, turning point or speed function. However, an average energy density can be calculated for comparative reasons.




2.3. Measurements


A digital microscope—Keyence VHX 2000 (KEYENCE Deutschland GmbH; Neu-Isenburg, Germany,)—was used for the determination of the manufacturing quality, in particular, of the real cross section of the parts and of part dimension. For each orientation and diameter variation, the cross sections were measured. For this measurement, the struts from one part were removed and imbedded in resin. The surfaces were polished, and after a measurement, some µm from the sample were removed for a new measurement. This part was produced together with the parts intended for the pressure test. Every result for the cross sections consisted of 10 measurements. For a qualitative judgment, the external diameters as well as the inner diameter of a circle were determined in the cross section (Figure 5).



Surface quality measurements (Figure 6) were performed with a 3D digital laser-scanning microscope VK-X260 (KEYENCE Deutschland GmbH; Neu-Isenburg, Germany) according to ISO 25178. Ra, as the arithmetic average of the absolute values, and RZ, as the maximum height were determined, respectively, for the SLM and EBM parts in both orientations (0 and 45°). Measurements were carried out on all four struts of a part after manufacturing before the mechanical testing on the outside of the struts. At a measurement length of 4 mm, the λC used was 0.25 and the number of measurement lines was 9. The distance between the lines was 40 µm.



Representative samples were prepared to obtain information on the microstructure. Polished samples were etched by immersion in a mixture of 100 mL H2O, 3 mL HNO3 and 3 mL HF. The microstructures were examined under the digital microscope—Keyence VHX 2000.



In order to study the mechanical properties of the produced samples, two mechanical tests were performed:



(1) All scaffolds were mechanically tested via uniaxial compression according to DIN standard (DIN EN 50106). A universal testing machine (INSTRON E 10,000; Instron GmbH, Darmstadt, Germany) was used to conduct the mechanical testing. Compression testing of the samples was performed with a constant traverse velocity of 2 mm/min. The strain rate for the present results is approximately 1.6 × 10−2 s−1. All tests were performed under standard atmospheric conditions (24 °C, 50% rel. humidity). The parts were tested with the rods oriented perpendicular to the load direction. The top and bottom areas of the specimen were aligned parallel to the load bearing capacity. Values for load and displacement were continuously recorded during testing. All fabricated scaffolds were tested with five specimens until mechanical failure occurred.



Evaluation was always based on the cross section area A determined with the digital microscope and the maximum load F before the first fracture or decrease in load occurred.



Based on these data, the compression strength was determined as


   σ =    F A    



(2)







All determined strengths were considered with respect to the slenderness ratio λ. The slenderness ratio λ was determined as the quotient of the product of column effective length factor β times Length of the strut L and gyration radius i. The column effective length factor for all calculations was 0.5, equivalent to the Euler loading case 4.


   λ =     β × L  i    



(3)







The gyration radius i was calculated as root of the quotient of the geometrical moment of inertia I and the cross section area A.


   i =      I A      



(4)







Based on the strut cross section areas determined, the equivalent diameter (Figure 7) was used to calculate the gyration radius. The equivalent diameter matched the diameter of a comparable circular strut and was calculated from the results for the cross section areas determined with the digital microscope—Keyence VHX 2000.



(2) Vickers hardness HV 10 (according to DIN standard—DIN EN ISO 6507-1) was measured on both sites of the back and top areas of the specimen (Figure 8) using the hardness tester, Zwick 3212.002 (Zwick GmbH Co KG, Ulm, Germany). The parts were tested with a test load of 98.07 N within a test time of about 10 seconds. On average, 10 indents per surface were taken for each condition. Prior to the measurement of the back and top areas, the part was face cut (between 10 and 50 μm) to achieve a practical reference surface.




2.4. Statistical Analysis


All data are expressed as means ± standard deviation (SD). The association between the geometrical influences (length and diameter of the strut as well as the slenderness ratio λ) and the compression strength was assessed by linear regression. All statistical analyses were performed using SPSS, software version 22 for Windows (SPSS® Inc. Chicago, IL, USA). A two-sample t-test was performed to statistically examine significant differences between the means. This test was used for measuring the hardness of manufactured parts dependent on manufacturing type and heat-treatment variation. Moreover, the test was performed for determining the surface quality of SLM and EBM parts. Differences of p < 0.05 were considered as statistically significant.





3. Results and Discussion


In this study, parts were built using two additive manufacturing processes. To characterize the influence of the processes, of the orientation and of a heat treatment of the part on mechanical properties, the geometrical dimensions as well as the orientation in the building process was varied. The obtained results are presented and discussed in the following chapter.



3.1. Cross-Section Accuracy of Fabricated Struts


Table 4 lists the results of the manufactured and measured SLM- and EBM-processed parts. Figure 9 shows the estimated equivalent diameters and Figure 10 shows the inner and external diameters of the SLM and EBM parts in dependence on diameter and orientation.



All SLM parts have smaller equivalent diameters than the CAD target specifications. In all variants, the components from the SLM process are closer to the target specification than the EBM-manufactured parts. Although using a scaling factor to obtain the proper geometries in accordance to the CAD specifications, the EBM parts differ between 10% and 12% from the CAD data specifications in the zero degree orientation. In the 45-degree orientation, the deviation is 9% to 14%. SLM component deviations in the zero-degree orientation are between 4% and 5% while the deviations in the 45-degree orientation are between 0% and 3%. SLM components show minor deviations.



As shown in Figure 4, the additively manufactured struts deviate from the ideal circular shape. The measurements of the inner circle in the maximum permissible orientation as well as of the possible external circle diameter offer an interesting insight on manufacturing quality. The struts produced using SLM show smaller deviations than the EBM-manufactured struts. The 45-degree oriented samples are always larger than the 0-degree oriented samples. While the large outer cross-sections of the 0-degree oriented samples very slightly differ from the CAD data specifications, the differences from the desired values shown for the 45-degree oriented samples are significantly larger. The deviations of the outer diameters tend to be smaller with increasing nominal values. The supporting cross-sections also increasingly approach desired specification values with larger diameters. Large measurable diameters increasingly tend towards zero deviation. The deviations are process dependent and lead, in particular at 45 degrees, to an enhancement of the effect.



The deviation of the 45-degree oriented specimens from a circular shape as seen in Figure 4 leads to an increase in the outer diameter. The more pronounced splitting of the surface in the EBM process clearly reduces the coherently formed material area in the interior of the strut. Thus, while the values measured outside are closer to CAD data specifications than in the case of the SLM samples, the internal structures nevertheless deviate more measurably from the desired dimension.



Comparison of SLM Manufactured Parts with and without Heat Treatment


The fabrication accuracies determined in Section 3.1 were identified for the samples originating from the series named in Section 2.1. These were the heat-treated SLM samples and the EBM samples without heat treatment. The influence of heat treatment in combination with an effective pressure (HIP) on component accuracy was then determined (Figure 11). Compared were SLM specimens with diameters according to the design specification of 1.1 mm in the orientations 0° and 45°. Special emphasis was again placed on comparing post-treatments using heat and pressure (difference between HIP and No HIP).



A two-sample t-test was performed to statistically examine significant differences between the means. No statistically significant difference was determined when the results were compared. It can be concluded that the treatment of the SLM-produced samples with HIP treatment has no effect on the manufacturing precision of the manufactured items. The results listed in Section 3.1 (SLM with HIP) are transferable to the SLM-manufactured samples without HIP treatment. It also allows the conclusion that a HIP process has no influence on the stability of the diameter of the EBM samples.





3.2. Surface Quality


For the qualification of the outer as-built surface quality of the struts, a roughness measurement was carried out. The roughness values Ra and Rz were obtained, as shown in Figure 12.



The roughness Ra of SLM-manufactured (HIP and No HIP) parts was significantly (p < 0.001) lower in the 0° orientation than in the 45° orientation. The EBM parts showed the opposite behavior. Here, the Ra values in the 45° orientation are lower than in 0° orientation. As Suard et al. [34] have described, surface roughness and the resulting strut shape depend on the orientation during the building process. Whereas vertically oriented struts display uniform roughness values, a horizontal or oblique orientation leads to increased roughness. The reason is the energy flow into the powder bed. Due to this energy flow, powder particles repeatedly tend to adhere to the struts on the underside. This phenomenon causes deviations from the present geometry as well as porosity deviations. The effect of powder adhesion is also described in [43]. This phenomenon causes differences in the roughness as a function of the orientation. The SLM parts have a higher roughness Ra of the 45° oriented parts because particles adhere on the strut side facing the powder bed. On EBM parts, the same phenomenon leads to a lower roughness of the 45° oriented parts. The particles that adhere on the surface decrease the roughness because some unevenness gets filled.



Fox et al. [44] found in their work a shift between surfaces dominated by partially melted powder particles and surfaces dominated by material from the re-solidified melt track. With a decrease of the surface angle, the Ra value increased. A decreased surface angle is equivalent to the 45° in this work. The 0° orientation in this work means a higher surface angle. These results are consistent with the previous results of Triantaphyllou et al. [45] who found differences between upskin and downskin surfaces as well as the orientation angles. The differences in average roughness Ra found between the EBM and the SLM method are also confirmed here.



There is a significant difference between the SLM parts (HIP and No HIP) in the 0° orientation (p < 0.001). In production this difference, however, is likely to be within the accuracy fluctuations range. The roughness Ra of SLM-manufactured (HIP and No HIP) parts were significantly (p < 0.001) lower for the 0° orientation than for the EBM parts. In the 45° orientation, the roughness was only different between SLM HIP and EBM (SLM HIP < EBM; p < 0.05). These relationships are also seen for the roughness Rz.



The values obtained for SLM- and EBM-manufactured Ti6Al4V parts correspond to those from the literature. Accordingly, the SLM-parts show a far lower deviation from a theoretical smooth surface that can be considered an indicator for a stable and accurate manufacturing process. Besides powder size distribution, the layer thickness in the powder feed and the powder bed system, the laser beam diameter itself has an influence on surface roughness [13]. Higher roughness values of EBM parts are typically due to the process parameters. A smoother surface and therefore lower roughness is therefore possible through the optimization of process parameters.




3.3. Vickers Hardness


The hardness of parts manufactured in the 45° orientation were significantly (SLM-No HIP p < 0.05; EBM-No HIP p < 0.001) lower than in those manufactured in the 0° orientation. This correlation is not seen in the heat-treated SLM-manufactured parts. Heat treatment of the SLM-manufactured parts led to a significantly lower hardness (in both orientations p < 0.001). When SLM- and EBM-manufactured parts with no heat treatment were compared, the SLM parts had in both orientations a significantly (p < 0.001) lower hardness than the EBM parts. The results for hardness are shown in Figure 13.



The values determined for hardness correlate to values found in the literature [38,46,47]. By Song et al. [13] was shown that mechanical properties depend on the processing parameters. The determined value for hardness for a perfect SLM-manufactured part without heat treatment was 450 HV. Murr et al. [48] have shown the differences between the selective laser melting and the electron beam melting process and the influence on the mechanical properties, especially hardness. Hardness values for EBM-manufactured parts were found in the range of 410 to 427 HV. Wu et al. [49] investigated the positive effect of hot isostatic pressing on the improvement of the anisotropies of bending and impact properties. They found that hot isostatic pressing and building direction affect mechanical properties. While the as-built parts have a hardness of 41 and 42 HRC, the HIPed parts have a hardness of 34 HRC. In the work of Wu et al. the influence of the HIP process is greater than the orientation in the building process. The phase transformation of the α′-martensite to α + β structures is an essential reason for the differences in mechanical properties.



These results, show in comparison with each other, that a hardness typical for Ti6Al4V material and additively manufactured parts was achieved. In addition, this elucidates that, as a complementary measure, hardness measurement is excellently suited as a qualitative manufacturing control. Significant differences are caused mainly by the differences in the structure. The heat-treated parts consist predominantly of a microstructure with an α phase and a lamellar β phase (brighter than the α phase). The primary α phase was distributed along the prior β grain boundary. The structure is uniformly built and aligned parallel to the building direction (Figure 14) in the 0° orientation.



In the 45° orientation (x–z plane) as well in the 0° and 45° orientation (x–y plane), this alignment is not seen. It seems that all microstructural anisotropy was eliminated. The parts that did not receive any heat treatment after manufacture, showed a primarily acicular martensitic alpha (α′) and fine lamellar beta (β) microstructure. The β grains appear to be brighter and the α′ grains darker. This microstructure and its inhomogeneity was the result of fast heating and cooling during the process. The prevailing α′ grains grew almost parallel to the building direction. This is visible in both the 0° and 45° building directions. Parts with α′ grains in comparison to parts without α′ grains have a higher hardness. The higher hardness of the α′ phase as against the α + β structures is typical for this structure. The representative cross-section microstructures in Figure 14 confirm these relationships. The HIPed SLM parts show a uniform α + β structure with a clearly visible building orientation only in 0° orientation. The as-built parts, however, show a clearly oriented structure (in x–z plane and in x–y plane) with acicular martensite. The higher hardness of the 0° oriented parts is the result of the better and uniform orientation of the α′ grains (martensite). In the 45° oriented parts, the structure is more irregular. This leads to a smaller resistance to an applied compressive force, because the 0° oriented struts are vertical to the acting force. The force required to overcome the resistance is then greater.




3.4. Compressive Strength as a Function of Geometrical Parameter


All fabricated parts were tested until the maximum possible load was exceeded. The samples showed two types of failure behavior independent from the output quantity.



Figure 15 shows representative examples for failure behavior. In Table 5 are listed all tested samples that were considered for the evaluation of results.



The compression tests performed in this work on these specimens lead to the deformations as shown in Figure 15. As specified by the Maxwell criterion (M < 0), the occurring deformations are typical for flexure-dominated structures [36]. According to the literature, the stability failure of the rod-like elements that are present in the specimens under investigation can be explained by differing buckling behaviors (load cases). Load cases showing this are known. The deformations that have occurred here are clearly assignable to such known load cases. While Case 1 showing the typical deformation for symmetrical buckling, Case 2 is an example for antimetrical buckling. As described by Sattler [50], the path of the deformation is the curve of a parabola. The same buckling length coefficient that is of interest for determining the slenderness ratio applies in both cases. For the deformation pattern, similar results were found by Ushijima et al. [33] in their theoretical considerations of compressive properties. The stability failure in both the natural modes shown is characterized by an abrupt event.



Case 1: (long curve)


Here, the strain gradually and steadily increases, reaches a short plateau until it abruptly decreases. This can be caused by imperfections (due to quality deficiencies during manufacturing) that lead to a reduction in the stiffness.




Case 2: (steep abrupt decrease)


The strain increases and, after exceeding the stability limit, abruptly drops.



In Case 2 stability failure occurs at a higher stiffness level than in Case 1 (strain increase is steeper than in Case 1). The imperfections in Case 2 have a lower influence on stiffness (i.e., the stiffness based on the material-dependent elastic modulus and the manufacturing dependent property) until the stability limit is abruptly exceeded.



The failure types described occur independently of geometric variation and orientation in manufacturing. The required maximum loading to exceed stability and thus compressive strength remains similar. The established results provide evidence that regardless of geometrical considerations (different heights, diameters) and the method (EBM, SLM) the determined deformation behavior is characteristic of the specimens under investigation. It remains unclear how great the influences are that are caused by probable deviations of rod positions from the acting load (plane parallelism) or by production-related faults (e.g., the crossover between the base and top area of the rod). Just as interesting would be any functional associations between the orientation of the specimens tested and the level of influencing imperfections.



Figure 16 shows the relation between equivalent diameter and compression strength.



Both manufacturing systems in principle behave identically. Compression strength increases as expected with increasing equivalent diameters. SLM parts showed higher compression strength values than the EBM parts. While the difference between the orientations of the EBM-manufactured parts is not relevant, the difference in the SLM-manufactured parts is clearly visible.



A linear relationship was found between equivalent diameter and compression strength. EBM parts in both orientations showed a high correlation (0°—R2 = 0.977; 45°—R2 = 0.969). In contrast, the SLM parts in the 45° orientation showed a lower correlation (R2 = 0.846). The correlation in the 0° orientation is provided in the range of the EBM parts (R2 = 0.969).



As shown in Figure 10, it appears that the specific manufacturing accuracy of the struts (diameter) has an influence on the course of the results. EBM parts showed the same course in results, especially in the measured inner diameter. This area is the most important area for the acceptance of loading force. The values for 0° and 45° oriented parts are comparable. The SLM parts however show differences in the 0° and 45° orientation. The differences in the 45° orientation are greater than in 0° orientation. This provides clear information that the compression strength value is definitively affected by the area of the strut that can hold the acting force in a clear defined structure of a circle. This was compared to Suard et al. [34] who have described the influence of the diameter on mechanical properties. It confirms that strut orientation in the manufacturing process influences the formation of the surfaces and thus also the roughness. This increase in the roughness Ra of the SLM specimens leads to a reduction in the cross-section and thus to a low compressive strength.



Figure 17 showed the relation between height and compression strength.



SLM- and EBM-manufactured parts in principle showed an identical behavior. Compression strength decreased as expected with increasing height. SLM parts showed higher values for compression strength than the EBM parts. The differences between the orientations of the EBM-manufactured and SLM-manufactured parts are small.



A linear relationship was found between equivalent diameter and compression strength. EBM parts showed a high correlation in both orientations (0°—R2 = 0.976; 45°—R2 = 0.956). SLM parts also showed a high correlation in the tested orientation (0°—R2 = 0.922; 45°—R² = 0.982). The correlation of the SLM parts without heat treatment was within the range of all other parts (0°—R2 = 0.957; 45°—R2 = 0.987).



The differences between HIPed and No HIPed parts that affect the mechanical properties are well-known [40,46,51]. Especially HIPing leads to decreased strength. The reason is the transformation of martensite into α and β phases. The marginally lower strength is characteristic for the α + β phase. This correlation applies to the SLM parts. The difference between HIPed and No HIPed parts dwindles away with increasing height until it is gone.



Although the EBM samples achieved higher values in the hardening measurement, the compressive strength values are below the values for SLM samples. Here lies the reason for the significantly higher roughness RZ and Ra of the EBM parts. Kasperovich et al. [46] described that the rough “as-built” surface needs to be considered as crack initiator and that its lower strength has to be taken into account. This leads to lower compression strength of EBM parts compared to SLM parts without heat treatment.



The influence of the geometric conditions can be described very well by indicating the degree of slenderness λ (see Equation (3)). The correlation between the compressive strength and the slenderness ratio also revealed linear dependencies with high coefficients of determination of over 90% as shown in Figure 18 and Figure 19. The coefficients were lower only in two cases (45° oriented parts with variable d).



Compressive strength increased with a decreasing slenderness ratio for all tested variations. The slopes show, that the possible change in compressive strength by variations in the geometrical parameters (diameter or height) leads at least to the same result in the case of the HIPed parts. The results from the No HIPed parts differ clearly from the HIPed parts. Here is seen a more different behavior. Nevertheless, the relation between the obtained mechanical properties and the geometrical properties is well described with the linear relationships found.



These results show that the orientation of the part during the building process plays an important role in view of mechanical properties. The 45° oriented parts show by variation of the diameter a direct influence on the mechanical properties. The influence of a modification in the diameter is greater than a change in the height while retaining the same slenderness ratio. A good indicator for this are the different slopes in the correlations found. The influence of orientation on the microstructure and on the mechanical properties is known [19,25]. This influence also becomes clear here. With increases in the diameter, the proportion of the structure-oriented structural areas also grows. These obliquely oriented structural regions can absorb increasingly less load. For the 0° oriented samples, it is less important whether the diameter is increased or the height is varied.



The difference between the SLM parts (HIP and No HIP) is clearly caused by the microstructural difference. The HIPed parts have a uniform α + β structure with a lower hardness than the No HIPed structure with a martensitic fraction. This relationship is also seen for compression strength.



In the EBM parts, the compressive strength also increased with a decreasing slenderness ratio for all tested variations. Here is noteworthy that the 45° oriented samples behave similar. Regardless of whether the diameter or the height varies, the result is the same. However, differences are seen in the 0° oriented samples. Here, a change in the diameter has a greater effect on changes in the mechanical properties than a change in height. The EBM samples deviate more and more from the default (dCad) in their measured outer diameter (Figure 10). Since all EBM samples were produced without heat treatment, a direct comparison with the SLM samples (0° and 45°) is possible here. The EBM samples, though achieving higher values in the hardness measurements, have in comparison to the SLM parts (both without heat treatment) the lower compressive strength. The reason lies, as already explained, on the significantly higher roughness values RZ and Ra of the EBM parts. The crack initiation of the rough “as-built” surface leads to a lower compression strength of EBM parts.






4. Conclusions


The properties of single Ti6AL4V struts fabricated via SLM and EBM were examined experimentally for selected different geometrical dimensions. Two building orientations with variations in the height and diameter of the individual struts were integrated in the tests.



The following specific conclusions have been reached:

	
Cross-section accuracy of fabricated struts

	○

	
All manufactured struts deviate from the given diameter from CAD data.




	○

	
The SLM parts show a higher accuracy than the EBM parts.




	○

	
No geometric differences could be determined between the HIPed and NO HIPed SLM parts.









	
The values of roughness obtained for SLM- and EBM-manufactured Ti6Al4V parts correspond to those from the literature. The SLM parts have significantly lower Ra and RZ values in both orientations.



	
Different hardness values between EBM and SLM were determined and supported by their different respective microstructures. The No HIPed EBM parts showed the highest values for hardness. The HIPed SLM parts showed the lowest values according to microstructure. The hardness of the 45° oriented parts without heat treatment was significantly lower than of the 0° oriented parts. Heat-treated parts showed no differences in dependence on the orientation.



	
Based on tests under uniaxial loading conditions, the influence of strut orientation on compression strength was demonstrated.

	○

	
A functional correlation between compressive strength and slenderness ratio (λ) as well as between equivalent diameter (d) and height (L) of EBM and SLM parts could be established.




	○

	
Modifications in diameter lead to a larger influence on compressive strength than modifications in height.




	○

	
A strut orientation of 45 degrees leads to a moderate decrease in the compression strength of EBM and SLM parts.




	○

	
Both the microstructure and the cross-section accuracy of fabricated struts as well as roughness are responsible for differences in compressive strength.




	○

	
The specimens produced show 2 types of stability failure—symmetric and antimetric buckling—at the same compressive strength levels.














In our work, we could demonstrate the importance of the exact fabrication and what influence the quality of a single strut has on mechanical properties. The results are strongly affected by the microstructure and the roughness of struts. Hardness and compressive strength exactly confirm the dependence of material behavior as a function of orientation. Orientation is a crucial determining fundamental analysis factor of mechanical characteristics and thus forms, taking into consideration geometrical influences, an essential basis for the constructive design of medical-engineering applications in which rod structures are used. The results obtained the influence of the slenderness ratio and especially the influence of the diameter on the mechanical properties provides an excellent basis for a transfer into medical applications. The knowledge gained from the comparisons of the EBM- and SLM-manufactured single struts can be practically applied to problems in the field of additive manufactured parts.



Of special interest are the influences that resulted in the different failure types of the specimens. Both the influences from specimen orientation during mechanical testing as well as from production-caused inhomogeneities need to be regarded separately in future.



Besides compressive stresses, results from bend loading also need to be taken into consideration both in static as well as vibration tests. The results brought forward here represent only a part of the necessary information required for the translation into medical applications.
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Figure 1. Exemplary representation of part of a pelvis with an acetabular cup. The surface is provided with a load bearing porous structure. The load bearing structure consists of a layer of repeating structural elements. The smallest element in any case is the rod. 
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Figure 2. Structural design of the single strut specimen. The test specimen consists of two parallel areas (base and top) and four single struts. The single struts are arranged at an angle of 90 degrees to the base and top area. The crossovers between the base and top area to the single strut are produced with a radius of 1 mm. 
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Figure 3. Overview of all manufactured parts as well as heat treatment conditions and orientation. Parts were built for compression testing (SLM (HIP) and EBM (No HIP) d- and l-constant; SLM (No HIP) d-constant and L1/d1), fabrication accuracy, determining cross section areas, hardness and roughness. 
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Figure 4. Samples respectively of the parts manufactured in the EBM and SLM process in both orientations—0° and 45°—after removal from the substrate plate and face cutting the top and base area of the test specimen as well as of characteristic cross-sectional areas. 






Figure 4. Samples respectively of the parts manufactured in the EBM and SLM process in both orientations—0° and 45°—after removal from the substrate plate and face cutting the top and base area of the test specimen as well as of characteristic cross-sectional areas.



[image: Metals 07 00091 g004]







[image: Metals 07 00091 g005 550] 





Figure 5. Sample of cross section area and the measured diameter inside the cross section area as inner diameter as well as the external diameter. In this picture is seen a 45° oriented SLM part. 
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Figure 6. Position for surface roughness measurements on all four struts. 
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Figure 7. Sample of cross section area and the measured area for the determination of the equivalent diameter. In this picture, a 0° oriented SLM part is seen. 
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Figure 8. Test specimen for hardness determination. Hardness was measured on both sides (n = 10 for each case and side). 
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Figure 9. Estimated equivalent diameters of SLM and EBM parts in dependence on diameter and orientation. Results are shown as mean values with the corresponding standard deviations (n = 10 for each design). 
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Figure 10. Measured external diameters and measured inner diameters for single struts. Results are shown as mean values with the corresponding standard deviations (n = 10 for each design). 
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Figure 11. Box plots of the measured equivalent diameters of SLM and EBM manufactured parts. Box plots give the median value, the interquartile range (IQR: interval between the 25th and 75th percentile, blue rectangle) and the extremum values (n = 10 measurements). 
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Figure 12. Box plots of the measured Ra and Rz values for the SLM- and EBM-manufactured parts. Box plots give the median value, the interquartile range (IQR: interval between the 25th and 75th percentile, blue rectangle) and the extremum values (n = 4 struts); statistical significance levels (* p < 0.05; *** p < 0.001). 
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Figure 13. Box plots of the measured hardness HV 10. Box plots give the median value, the interquartile range (IQR: interval between the 25th and 75th percentile, blue rectangle) and the extremum values (n = 40); statistical significance levels (* p < 0.05; *** p < 0.001). No significant differences from similar other possible manufacturing systems were revealed. 
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Figure 14. Overview about the microstructure of all manufactured parts in relation to the building orientation (0° and 45°) as well as to post-treatment conditions (heat treatment—HIP—hot isostatic pressing or No HIP). The arrow shows the building direction. 
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Figure 15. (a) Representative failure behavior of tested samples. Both samples show the same compression strength. (b) Strength–time curve representing the two kinds of failure behavior. Both samples exhibit the same compression strength. 
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Figure 16. Relation between equivalent diameter and compressive strength for SLM parts (HIP) and EBM parts (No HIP) in the orientations 0° and 45°. 
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Figure 17. Relation between height and compressive strength for SLM parts (HIP) and EBM parts (No HIP) in 0° and 45 ° orientation in comparison to SLM parts (No HIP) in 0° and 45° orientation 
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Figure 18. Correlation between compressive strength and slenderness ratio of SLM-manufactured parts. Results are shown as mean values with the corresponding standard deviations. For the linear regressions, the coefficient of determination is shown. 
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Figure 19. Correlation between compressive strength and slenderness ratio of EBM-manufactured parts. Results are shown as mean values with the corresponding standard deviations. For the linear regressions, the coefficient of determination is shown. 
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Table 1. Overview of the geometric parameters for the strut specimen. A first variation with constant diameter (d) and variable height and a second variation with constant height (L) and variable diameter were designed. All other parameters in both series were constant. All values were derived from CAD data and are given in mm.
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Variation 1

	
Variation 2






	
Height L (mm)

	
Height L (mm)




	
12

	
10

	
8

	
6

	
12




	
Diameter d (mm)

	
Diameter d (mm)




	
1.1

	
1.1

	
1.3

	
1.5

	
1.7
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Table 2. Overview of energy-relevant process parameters used to build all samples, SLM process.
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Parameter

	
Description

	
Unit

	
Process Parameter






	
P

	
Laser Power

	
W

	
275




	
v

	
Scan speed

	
mm/s

	
805




	
d

	
Hatch spacing

	
µm

	
120




	
t

	
Layer thickness

	
µm

	
50
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Table 3. Overview of the energy-relevant process parameters used to build all samples; EBM process.







Table 3. Overview of the energy-relevant process parameters used to build all samples; EBM process.







	
Parameter

	
Description

	
Unit

	
Process Parameter






	
P

	
Beam current

	
mA

	
~21




	
Acceleration voltage

	
kV

	
60




	
v

	
Scan speed

	
mm/s

	
~4530




	
d

	
Hatch spacing

	
µm

	
100




	
t

	
Layer thickness

	
µm

	
50
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Table 4. Results from determinations of the equivalent diameter (n = 10 for each part).







Table 4. Results from determinations of the equivalent diameter (n = 10 for each part).







	
dCAD–Orientation

	
EBM (μm)

	
SLM (μm)






	
1.1 mm 0°

	
995 ± 7

	
1057 ± 7




	
1.1 mm 45°

	
949 ± 14

	
1063 ± 14




	
1.3 mm 0°

	
1148 ± 48

	
1235 ± 17




	
1.3 mm 45°

	
1155 ± 30

	
1299 ± 16




	
1.5 mm 0°

	
1314 ± 32

	
1436 ± 22




	
1.5 mm 45°

	
1358 ± 47

	
1486 ± 8




	
1.7 mm 0°

	
1505 ± 21

	
1640 ± 9




	
1.7 mm 45°

	
1538 ± 38

	
1646 ± 10
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Table 5. Overview of the results from compression testing (compressive strength σ; n = 5 for each design) for all geometrical variations taking account of the orientation and slenderness ratio λ. The diameter d and height L are defined by CAD.







Table 5. Overview of the results from compression testing (compressive strength σ; n = 5 for each design) for all geometrical variations taking account of the orientation and slenderness ratio λ. The diameter d and height L are defined by CAD.







	
Dimension

	
SLM

HIP

0°

	
SLM

No HIP

0°

	
EBM

No HIP

0°

	
SLM

HIP

45°

	
SLM

No HIP

45°

	
EBM

No HIP

45°




	
dCAD (mm]

	
LCAD (mm]

	
σ (MPA)

	
λ

	
σ (MPA)

	
λ

	
σ (MPA)

	
λ

	
σ (MPA)

	
λ

	
σ (MPA)

	
λ

	
σ (MPA)

	
λ






	
1.7

	
12

	
925 ± 8

	
14.6 ± 0.1

	

	
811 ± 37

	
15.6 ± 0.1

	
947 ± 18

	
14.6 ± 0.1

	

	
838 ± 25

	
15.4 ± 0.1




	
1.5

	
860 ± 11

	
16.7 ± 0.1

	
722 ± 37

	
17.8 ± 0.1

	
821 ± 22

	
16.2 ± 0.2

	
741 ± 40

	
17.4 ± 0.1




	
1.3

	
838 ± 32

	
19.4 ± 0.1

	
629 ± 23

	
20.3 ± 0.2

	
793 ± 59

	
18.5 ± 0.1

	
634 ± 29

	
20.3 ± 0.1




	
1.1

	
12

	
787 ± 22

	
22.8 ± 0.1

	
773 ± 10

	
22.3 ± 0.1

	
597 ± 34

	
24.1 ± 0.2

	
748 ± 97

	
21.6 ± 0.1

	
711 ± 47

	
22.4 ± 0.1

	
588 ± 33

	
25.5 ± 0.1




	
10

	
795 ± 56

	
19.0 ± 0.1

	
832 ± 46

	
18.5 ± 0.1

	
658 ± 85

	
20.1 ± 0.2

	
791 ± 73

	
18.0 ± 0.1

	
841 ± 38

	
18.6 ± 0.1

	
645 ± 30

	
21.2 ± 0.1




	
8

	
900 ± 36

	
15.2 ± 0.1

	
1033 ± 56

	
14.3 ± 0.1

	
726 ± 41

	
16.1 ± 0.2

	
879 ± 28

	
14.4 ± 0.1

	
1053 ± 61

	
14.9 ± 0.1

	
739 ± 18

	
17.0 ± 0.1




	
6

	
961 ± 43

	
11.4 ± 0.1

	
1220 ± 18

	
10.8 ± 0.1

	
841 ± 39

	
12.1 ± 0.2

	
960 ± 28

	
10.8 ± 0.1

	
1169 ± 15

	
11.1 ± 0.1

	
891 ± 33

	
12.7 ± 0.1
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