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Abstract

:

Ti6Al4V alloy (Ti64) is a popular material used in the aerospace, medical, and automotive industries due to its excellent mechanical properties. Laser Powder Bed Fusion (LPBF) is a promising manufacturing technique that can produce complex and net-shaped components with comparable mechanical properties to those produced using conventional manufacturing techniques. However, during LPBF, the rapid cooling of the material can limit its ductility, making it difficult to achieve high levels of ductility while maintaining the required tensile strength for critical applications. To address this challenge, this study presents a novel approach to controlling the microstructure of Ti64 during LPBF by using a border design surrounding the main parts. It is hypothesized that the design induces in situ martensitic decomposition at different levels during the fabrication process, which can enhance the ductility of the material without compromising its tensile strength. To achieve this aim, a series of Ti64 samples were fabricated using LPBF with varying border designs, including those without borders and with gaps from 0.5 to 4 mm. The microstructure, composition, and mechanical properties of the Reference sample were compared with those of the samples fabricated with the surrounding border design. It was found that the latter had a more homogenized microstructure, a higher density, and improvements in both ductility and tensile strength. Moreover, it was discovered that the level of property improvement and martensitic transformation can be controlled by adjusting the gap space between the border and the main part, providing flexibility in the fabrication process. Overall, this study presents a promising approach for enhancing the mechanical properties of Ti64 produced via LPBF, making it more suitable for critical applications in various industries.
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1. Introduction


Titanium (Ti) and its alloys possess a wide range of properties that make them highly suitable for various applications. These properties include exceptional corrosion resistance, a high strength-to-weight ratio, and remarkable fracture toughness [1,2,3,4]. The aerospace and marine industries have long leveraged these properties to their advantage [1,5,6,7]. In addition, the biomedical field has shown a keen interest in titanium alloys due to their biocompatibility, as they can be used for producing hard tissue replacements and cardiovascular devices, thereby improving the quality of life for patients [1,8,9,10,11]. Among the titanium alloys, Ti6Al4V, also known as Ti64, is one of the most versatile and extensively used in these industries. This alloy not only exhibits the aforementioned properties but is also cost-effective while providing a performance comparable to that of other titanium alloys [12,13,14,15].



Although conventional methods such as casting, forging, and powder metallurgy can yield Ti64 components with comparable mechanical properties [16,17,18,19,20], they are often limited by restricted forging temperature ranges, deficient formability, high material and equipment costs, and inefficient machining times, making it difficult to fabricate complex geometries [21,22]. To address these challenges, Additive Manufacturing (AM) has emerged as a promising solution, allowing for the fabrication of near-net-shaped components using materials like Ti64 while still maintaining superior or comparable strength levels [23,24]. Among the AM techniques, Laser Powder Bed Fusion (LPBF) is particularly suitable for manufacturing complex 3D geometries requiring precision and has been extensively utilized for producing a variety of metallic materials [25,26,27,28,29], with Ti64 being a popular candidate [30,31,32,33,34]. LPBF has the capability to produce Ti64 components that exhibit a wide range of distinct crystallographic phases and microstructures, resulting in a more efficient and productive manufacturing process [22]. Given the growing popularity of LPBF as an AM method, numerous studies have been conducted to analyze the composition, microstructure, and mechanical properties of LPBF Ti64.



The field of LPBF Ti64 fabrication has been extensively researched, with multiple studies exploring ways to improve the mechanical properties of the produced components by adjusting the processing parameters. One example of such research is the study conducted by Khorasani et al. [35], which examined the correlation between the laser process parameters, density, and hardness of Ti64. The researchers found a direct correlation between the laser power and the hardness and density of the material, whereas they observed an inverse relationship between scanning speed and these properties. Maleki et al. [36] used a neural network model to optimize the process parameters and enhance the mechanical properties of Ti64. The analysis revealed that the laser process parameters had the same effect on yield and ultimate tensile strengths, with scanning speed having the most significant impact on the variation in yield and ultimate tensile strengths, followed by laser power and hatch spacing. In a study conducted by Plessis [37], the formation of defects in LPBF Ti64 was examined under the influence of process parameters. The study found that increasing laser power resulted in more keyhole formations, while higher scanning speeds offered a safer processing window for avoiding pore formation. However, despite these studies’ efforts to optimize the processing parameters for LPBF Ti64 fabrication, there are limits to adjusting the material’s properties due to the microstructure’s inability to change.



In recent years, attention has shifted toward techniques aimed at promoting the decomposition of needle-shaped α′ martensite and hence improving the final mechanical properties of LPBF-processed Ti64 [38,39,40,41,42]. For instance, Liu et al. [43] achieved improvements in both tensile strength and ductility of LPBF-processed Ti64 by tailoring the process parameters to limit α′ martensite formation. A similar study by Xu et al. [44] obtained in situ martensitic decomposition by fine-tuning the LPBF fabrication parameters, particularly the laser focal offset distance, resulting in strong and ductile Ti64 parts. Heat treatment has also been investigated as a way to promote decomposition and improve the mechanical properties of LPBF-fabricated Ti64 [45,46,47,48]. Nevertheless, this method has been found to be time-consuming and expensive and may even lead to a loss of strength for the part [45,47,49,50]. While the studies on promoting the decomposition of α′ martensite have shown improvements in the mechanical properties of LPBF-processed Ti64, they have required significant optimization of process parameters and machine-dependent variables using design-of-experiment approaches and trial-and-error attempts. Despite these efforts, the resulting level of improvement may not meet the set requirements of critical industries, indicating a need for further research in this area.



In our previous study on spatial heat transfer conditions during LPBF [51], we found that regions near the surfaces of fabricated parts experience more convection heat transfer, resulting in microstructural inhomogeneity. To address this issue, we designed a border surrounding the main part during LPBF in another study [52] to control heat transfer and achieve a more homogeneous microstructure and composition. Building upon this success, we conducted a new study to investigate the potential of this method for in situ martensitic transformation during LPBF of Ti64, with the goal of improving its mechanical properties, such as microhardness and ductility, without compromising ultimate tensile strength. This approach involves designing the border to mitigate undesirable convection heat transfer near the part surfaces, which could lead to in situ martensitic transformation, thereby improving the mechanical properties of the Ti64 parts. Our study aims to contribute to the development of LPBF processing techniques that can improve the mechanical properties of critical components used in various industries.




2. Fabrication and Experimental Procedure


2.1. Powder Preparation and Fabrication


In this study, gas-atomized Ti64 (grade 5) powder was obtained from EOS North America (Pflugerville, TX, USA) for sample fabrication. Prior to fabrication, the powder underwent particle size analysis using scanning electron microscopy (SEM), as shown in Figure 1. The SEM images were analyzed using Image J software [64 bit Java 8] to determine the distribution of the powder, revealing an average particle size of approximately 22 µm [53]. Moreover, the powder analysis indicated that the majority of the particles had a spherical shape, which is favorable for achieving a high packing density during LPBF processes [54,55]. The spherical shape of the powder particles can also improve flowability, reduce powder accumulation, and enhance uniformity during the powder deposition process, ultimately leading to improved mechanical properties of the fabricated parts [56,57].



The fabrication process was performed using an EOS M290 LPBF process printer (EOS GmbH, Electro Optical Systems, Krailling, Germany) with a 400 W Ytterbium fiber laser. The process parameters recommended by the manufacturer, including a laser power of 285 W, hatch distance of 110 µm, scanning speed of 960 mm/s, layer thickness of 40 µm, and stripes scanning strategy with a hatch angle of 67°, were applied for all the samples. The samples were fabricated in an argon atmosphere to prevent oxidation of the Ti64 powder. The temperature of the build plate was maintained at 80 °C during the fabrication process to reduce the thermal gradient within the first few layers. For samples surrounded by a border, both the main part and the border were laser scanned and fabricated at the same time as a single part. To ensure the effectiveness of the heat transfer control at the border, a standardized approach was adopted for all samples in the present study. The fabrication process involved first constructing the border for each sample, followed by the fabrication of the associated main part. This fabrication order was applied to ensure heat confinement inside the border and avoid lateral heat transfer that might occur in the absence of the border section. This consistent methodology was applied to maintain uniformity and accurately assess the impact of the border on heat transfer. The as-built specimens were removed from the building plate using a wire Electrical Discharge Machining (EDM) cutter (EDM Network, Inc., Sugar Grove, IL, USA). The fabricated samples that were developed both for microstructural analysis and tensile testing are shown in Figure 2.



For analyzing both the microstructure and mechanical response of the fabricated sample, two separate specimens were fabricated. Their design details are documented in Table 1 below. Also, the schematic of the dog-bone specimen for evaluating mechanical properties is shown in Figure 3.




2.2. Experimental Procedure


For microstructure analysis, the cubic samples were sectioned using a TECHCUT 5™ precision low-speed cutter (Allied High-Tech Products, Inc., Rancho Dominguez, CA, USA), with the cutting plane parallel to the build direction. An area of 3 by 3 mm at the center of the cutting section, close to the border, was used for microstructural analysis for all the samples. Scanning Electron Microscopy (SEM) was performed using a Hitachi S-3000 N variable pressure (Hitachi, Santa Clara, CA, USA). In addition to the porosity analysis, lath thickness analysis was performed using the SEM images. To ensure a robust analysis, at least ten images were selected for each sample to be processed using Image J (a commercially available image analysis software). The image processing includes the conversion of SEM images into RGB stack files and then adjusting the thresholding to generate the gray-scale images with clear contrast, from which α/α′ phases can be distinguished from the β phase. The average value reported by Image J was used for the comparison of α/α′ lath thickness between samples, with the standard deviation extracted from the whole data being included in the plot for all samples. To prepare the samples for SEM, they were first mounted into a mixture of epoxy resin and hardener, followed by grinding and polishing using an E-prep 4™ polisher (Allied High-Tech Products Inc., Rancho Dominguez, CA, USA). The grinding process was conducted using carbide (SiC) abrasive disks ranging from 180 to 1200 Grit sizes. The surface of the samples was checked for scratch patterns using magnifier lenses of a metallographic microscope XJP-H100 (Amscope, Irvine, CA, USA), and the grinding was repeated for each step until a uniform scratch pattern was achieved. The first polishing step was performed on a DiaMat polishing cloth with frequent addition of 1 µm diamond suspension droplets. For the final polishing step, 0.04 µm colloidal silica suspension was spread on a Red Final C polishing pad. After polishing, the samples were rinsed in Micro Organic Soap, cleaned using isopropyl alcohol, and finally dried via compressed air. Prior to microstructural tests, samples were etched for a few seconds using Kroll’s Reagent (1–3 mL HF, 2–6 mL HNO3, 100 mL water).



A Bruker D8 Advance X-ray diffractometer (Bruker Corporation, Madison, WI, USA) was used to perform compositional analysis of the samples. The Cu K-alpha X-ray source had a wavelength of 1.5406 Å, a current of 40 mA, and a voltage of 40 kV. Measurements were taken at room temperature with step intervals and scan speeds of 0.04° and 1 s/step, respectively, as 2θ varied between 30° and 70°. The volume fraction of each phase was calculated using Equation (1) [58], where Ai represents the total integrated area of each phase, and ∑Ai is the total area of all phases. XRD diffractograms were analyzed, and the integrated area of each phase was calculated using X’Pert HighScore Plus software (Malvern Panalytical Ltd., Westborough, MA, USA) equipped with ICDD PDF-2 databases (International Centre for Diffraction Data, Newtown Square, PA, USA).
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(1)







Vickers hardness measurements were taken at 10 marked locations along the build direction, and their average values were reported for all samples. The measurements were conducted using a LECO LM 300 AT Micro Hardness Tester (LECO, St. Joseph, MI, USA) with an indentation force of 1 kg, and the indentation was applied for 10 s in accordance with ASTM E92 standard [59].



The tensile tests were conducted using a Shimadzu EHF E-series (100 KN) machine equipped with a 4830 Servo Controller (Shimadzu Scientific Instruments, Inc., Missouri City, TX, USA) at a constant loading rate of 1.2 mm/min. For all the samples, the tensile test direction was perpendicular to the building direction. Digital image correlation (DIC) was employed to obtain full-field strain measurements and evaluate localized strains during the tests. A random, high-contrast speckle pattern of black micron-sized speckles on a white base coat was used for the DIC analysis. The specimen surface displacements and strains were calculated by tracking the light intensity patterns corresponding to the speckle pattern using a Grasshopper3 GS3-U3-23S6M CCD camera (FLIR Systems, Inc., Santa Barbara, CA, USA) with a pixel array of 1920 × 1200 pixels. The VIC-3D® correlation software (Correlated Solutions, Inc., Irmo, SC, USA) was used for image processing and correlation analysis. A region of interest covering the entire gauge length of the samples was selected for analysis, with a subset size and step size of 9 mm and 1 mm, respectively, to achieve the highest accuracy.





3. Results


3.1. Microstructure Analysis


3.1.1. Porosity Analysis


The level of residual porosity for all the samples was analyzed by examining SEM micrographs taken from 20 different areas of each sample. Figure 4 shows a representative SEM image for the Reference and Gap 0.5 samples, which, respectively, had the highest and lowest porosity values. Using data analysis, we calculated the average porosity percentage for all the samples, as shown in Figure 5. While there was relatively high variation among each sample, the average porosity percentage followed a general trend. Specifically, we observed an increase in the level of porosity with an increase in the gap distance between the sample and the border. However, regardless of the gap distance, the average rate of residual porosity was lower for all the samples fabricated with a border compared to that of the Reference sample. Notably, for the Gap 4.0 sample, some micrographs showed the formation of pores that were greater than the average porosity calculated for the Reference sample.



We also calculated the average pore size for all the samples, which is shown in Figure 6. Similar to the residual porosity, we found a general trend for the size. However, the average pore size for the Gap 0.5 sample was significantly smaller than all the samples, with only minor variation being observed for the rest of the samples fabricated with a border. Regardless of the gap distance, the Reference sample possessed the highest average pore size. Overall, the results suggest that the use of borders during the LPBF process can significantly reduce the occurrence of porosity and improve the quality of fabricated parts, with the optimal gap distance being 0.5 mm.




3.1.2. Phase Morphologies and Variations


The microstructure of the samples was examined in detail by capturing SEM images from 20 different regions of each sample. The resulting micrographs revealed that the morphology and proportion of the phases (i.e., α, α′, and β) varied to some extent between samples. The most significant variation was observed between the Reference and Gap 0.5 samples. The former mainly consisted of acicular α′ phase, whereas the latter contained a mixture of α + β basket-weave matrix, lamellar α, and acicular α′ (see Figure 7). The microstructure of the other samples fell between these two cases, with varying proportions of the different phases. Specifically, the Gap 1.0 and Gap 2.0 samples exhibited a greater prevalence of acicular-like α phase, with a reduction in the formation of the α + β matrix. Additionally, the microstructure of the Gap 3.0 and Gap 4.0 samples was similar to that of the Reference sample, as almost entirely acicular α′ morphology was observed for these samples.



The impact of the border gap on the size of the α/α′ phase formed in the samples was investigated by measuring the thickness of α/α′ lamellar/acicular instances in the SEM micrographs. Figure 8 presents the results, which indicate that the average thickness of α/α′ increased as the gap value decreased. Furthermore, the average lath thickness was higher for all samples fabricated with a border compared to the Reference sample. These results suggest that the border gap has a significant impact on the formation of the α/α′ phase and the microstructure of the samples.





3.2. Compositional Analysis


3.2.1. Energy Dispersive Spectroscopy (EDS) Analysis


Energy Dispersive Spectroscopy (EDS) analysis was used to compare the chemical composition of all samples. While this technique provides only semi-quantitative results and cannot offer high accuracy for the chemical composition of samples, it serves a comparative purpose among samples [60]. To ensure comprehensive analysis, 30 instances of the α lamellar/α′ acicular phase were selected for each sample, and the vanadium content was sleeted to be compared among samples. The results of the analysis are presented in Table 2, which shows that the vanadium percentage was lowest for the Gap 0.5 sample and increased as the gap value became larger. Conversely, the α/α′ needles in the Reference sample had the highest content of vanadium regardless of the gap size.




3.2.2. X-ray Diffraction (XRD) Analysis


Figure 9 illustrates the X-ray Diffraction (XRD) patterns of the Reference sample and parts fabricated with border, with the spectrographs displayed for the 2θ angles between 30 and 70°. The XRD patterns obtained from the samples showed similarity to those reported for Ti64 LPBF-processed specimens [61,62,63,64]. The dominant crystallographic phase in all the samples is the hexagonal close-packed (hcp) α/α′ phase, with minor peak(s) attributed to the β-Ti phase. It should be noted that the similar lattice constant and crystal system of α and α′ phases make them difficult to distinguish using XRD data [64,65]. Although the spectrographs for all the samples follow a similar pattern, a few differences exist between some of the samples. Comparing the position of the main α/α′ peak (around 2θ = 40.5°) for all the samples, the largest discrepancy is observed between the Reference and Gap 0.5 sample. Specifically, the peak for the Gap 0.5 sample is shifted toward lower angles compared to the Reference sample, with this difference decreasing as the gap value increases. Concerning the β phase peaks, a weak peak (at 2θ = 39.5°) was detected in the XRD patterns of the Reference, Gap 3.0, and Gap 4.0 samples, reflecting a low content of this phase. In contrast, the XRD pattern of Gap 0.5, Gap 1.0, and Gap 2.0 samples revealed a noticeable peak at 2θ = 39.5°, indicating a higher content of the β phase in these samples. Notably, the highest content of the β phase is expected for the Gap 0.5 sample, as indicated by the additional peak attributed to the β phase (at 2θ = 57.5°) present in its XRD pattern. Table 3 provides the β phase content of all the samples, determined via quantitative analysis of their XRD patterns.



To determine the range of variation in the size of the crystallite size (in this case, acicular α′ or ultrafine lamellar α) and lattice parameters among the samples, the full width at half maximum (FWHM) [45] corresponding to the dominant α/α′ peak (at 2θ = 40.5°) and the average ratio of c/a for the hcp structure were calculated. The Reference and Gap 0.5 samples were selected for analysis to demonstrate the range of variation. As shown in Table 4, the FWHM value for the Gap 0.5 sample was relatively lower, indicating a larger size of α/α′ phase for this sample compared to the Reference sample. However, there was no significant variation in the c/a ratio for any of the samples. This indicates that the deviation found in the XRD for the peak position of the samples was not significant and can be ignored [65,66].





3.3. Vickers Hardness Analysis


The microhardness of the samples was determined by measuring the Vickers Hardness (HV) at the interest region specified in the experimental procedure. Figure 10 shows the average HV value of ten indentations for all the samples. The results indicate a consistent trend in the hardness of the samples. As the gap value decreased from 4 to 0.5 mm, the hardness increased slightly from 389 to 403 HV. However, the Reference sample exhibited the lowest microhardness value of 388 HV, regardless of the variation observed in the hardness values of the specimens fabricated with border. The Vickers hardness values obtained in this study fall within the range reported in previous publications [65,67,68].




3.4. Mechanical Properties


The tensile testing involved the Reference sample, Gap 0.5, Gap 1.0, and Gap 2.0 samples, as shown in Figure 11. It is important to note that the microstructure and composition of Gap 3.0 and Gap 4.0 samples were similar to the Reference sample; hence, they were not tested. Although there was a minor variation in fracture strain values, the ultimate tensile strength (UTS) values differed significantly. Table 5 provides the UTS values and strain at fracture for each sample. The Gap 0.5 sample exhibited an improvement of about 15% and 9% in UTS and fracture strain, respectively, compared to the Reference sample. The other two samples fabricated with borders also showed slight increases in both parameters compared to the Reference sample. As confirmed also by the DIC analysis, the fracture mode was found ductile for all the samples.



The digital image correlation (DIC) technique was used to obtain a more detailed strain analysis of the samples. Specifically, the strain mapping corresponding to the last frame before fracture (100 ms before failure) was extracted for all samples. In Figure 12, the maximum local strain value and the location where the fracture was initiated are displayed. The maximum local strain value showed a similar trend to the fracture strain, meaning that the Gap 0.5 sample had the highest maximum local strain value, followed by the samples produced with border and the Reference sample. However, the range of variation was higher for the maximum local strain value. The Gap 0.5 sample experienced a maximum local strain that was about 30% higher than that of the Reference sample and considerably higher than that of the Gap 1.0 and Gap 2.0 samples. This information provides additional insight into the behavior of the samples during tensile testing and further supports the findings of the ultimate tensile strength and fracture strain results.





4. Discussion


The present study established that incorporating a border surrounding the main sample can effectively enhance the density level of LPBF-fabricated Ti64 samples. This was verified by SEM micrograph analysis, which demonstrated that reducing the gap size between the border and the main sample resulted in higher density and lower average pore size. The observed improvement in density was attributed to the longer maintenance of molten material at high temperatures, which facilitated the complete melting of powders. Interestingly, a longer period of maintaining material at elevated temperatures was achieved by reducing the gap size despite keeping the laser power constant for all samples. This finding aligns with previous studies that reported higher density for LPBF-built Ti64 samples with increased energy input while maintaining the same laser power [64,65,67,69]. Therefore, this study highlights the crucial role of optimizing process parameters, including gap size, in achieving high-quality LPBF-fabricated parts. Superior mechanical properties can be attained by eliminating residual porosity and reducing pore size, making it an important consideration to note [70,71].



The microstructure analysis of the samples revealed a change in the proportion of the α/α′ and β phases, with the largest variation observed between the Reference and Gap 0.5 samples. This change can be attributed to the cooling rate and the temperature at which the samples undergo cyclic heating and cooling processes. In particular, the presence of a border helps maintain a higher temperature for a longer duration during the LPBF process, facilitating the formation of the β phase. Such an effect is especially pronounced in the Gap 0.5 sample, where the border is closest to the sample, resulting in a slower cooling rate and higher temperature retention. This finding is consistent with previous research that has reported the formation of the β phase occurring at temperatures above 750 °C [72]. The formation of the α + β matrix in the microstructure of the Gap 0.5 sample is due to the precipitation of the β phase, which causes vanadium atoms to be expelled from the α′ phase, leading to nucleation of α along the boundaries of the α′ phase [44,68]. This is in contrast to the fully α′ microstructure observed in the Reference sample, which resulted from a higher solidification rate that was further away from equilibrium [65]. A more detailed explanation of the variation in phases among samples is provided in the following paragraphs, where the sample composition is discussed in more detail. Studies have shown that heating and cooling cycles with higher energy density lead to the coarsening of the α/α′ phases, particularly the acicular α′ phase [33,73,74,75]. The thickness of the α/α′ lath is also reported to increase significantly under heat treatment processes [76]. Research studies observed lath coarsening for Ti64 samples when the temperature was higher during heat treatment and closer to the β transus temperature [50,77,78,79]. These observations are in line with the coarsening of the α/α′ phases for the samples fabricated with a border. As the gap value between the sample and border reduces, the heat dissipation is minimized, which keeps the sample at a higher temperature during fabrication. This condition resembles what a sample undergoes during a heat treatment process and therefore supports the coarsening of the α/α′ lath for the samples surrounded by borders. It is a well-known fact that coarsening the α/α′ lath in Ti64 results in a higher level of ductility and improvement in fracture strain [64,80,81].



A comparison of the composition of the α/α′ phase spots in all samples revealed that the average weight percentage of vanadium decreased for the samples fabricated with a border. This finding indicates that the decrease in gap value led to a decrease in the proportion of the α′ phase, which contains a higher percentage of vanadium, and an increase in the proportion of the α phase, which contains a lower percentage of vanadium. This change in phase composition could be due to two stages of decomposition: the transformation of the β phase into α or α′ during the cooling stage [65,82] and the decomposition of the α′ phase into α + β due to the consecutive fabrication of layers [44,83,84]. These findings are discussed in more detail in the following paragraph. A study by Gong et al. [60] compared the microstructure of Ti64 samples processed by LPBF and electron beam melting (EBM) and found that keeping the temperature in the EBM process at a higher level (650–700 °C) facilitates the transformation of β to α phase, while the higher cooling rate experienced in the LPBF process results in the transformation to α′ phase. This is consistent with the results observed in the present study, where lower vanadium content (associated with α′ phase) was detected for samples fabricated with a border compared to the Reference sample. This suggests that by inducing a border surrounding the sample, the temperature is maintained at a higher level for a longer time, and the cooling rate is reduced, which resembles a heat treatment process to some extent, particularly for samples with lower gap sizes (Gap 0.5 and Gap 1.0 samples). Simonelli et al. [85] observed a variation in the composition of the Ti64 LPBF fabricated samples between areas with different building heights, where they used a long laser–powder interaction time and found higher fabricated layers to be rich in vanadium compared to the initially printed layers. This was attributed to the lower cooling rate applied to the initial layers, achieved by controlling the laser–material interaction time and maintaining the platform’s temperature. This cooling approach exhibits resemblances to the post-annealing heat treatment process, as it facilitates the decomposition of the initial martensitic phase observed predominantly during annealing, particularly for the initial layers. In another study on Ti64 [86], applying post-treatment (hot isostatic pressing) to samples resulted in a reduction in vanadium, as observed for the samples fabricated with a border in the present study. Although the range of variation seen in the current study is not as high as applying heat treatment processes, the trend confirms that an appropriate border design can control and achieve the desired level of variation. It should be noted that the formation of the α phase with a lower level of vanadium results in lower residual stress and higher ductility [64,85].



Upon comparing the XRD patterns of the samples, it was noticed that only Gap 0.5 possessed an additional peak corresponding to the β phase, indicating a higher content of the β phase compared to the other samples (Table 3). This suggests that repeated cooling and heating stages during layer-by-layer fabrication may have led to a decomposition of the α′ phase into α and β phases. This decomposition may have occurred via the transformation of α′ into (α + β) structure or directly into the β phase by heating above the β transus temperature (995 °C) and changing the hcp crystal into bcc [66]. However, based on the calculated unit cell parameters, there was no significant change in the c/a ratio for the samples, indicating that the transformation of α′ into β phase was not the main mechanism of decomposition. Rather, the decomposition of α′ into the (α + β) structure accounted for the main transformation. In a study by Xu et al. [44], the decomposition of the α′ phase during the LPBF process was investigated, and the effects of layer thickness, focal offset distance, and energy density on the transformation of this phase were reported. They found that increasing the energy density improved the in situ decomposition of α′ phase into ultrafine lamellar (α + β) structure. This is consistent with the findings of this study, where the Gap 0.5 sample, with the highest content of β phase and an α + β structure, was produced using a border to preserve the heat input at a higher level for a longer time. As the gap value increased, heat dissipation occurred at a higher level, resembling a lower energy density, resulting in a Full α′ structure found for the Gap 4.0 sample, similar to the Reference sample. A similar relationship between the energy density and FWHM value was reported for LPBF-fabricated Ti64 samples. Cepeda-Jiménez et al. [65] showed that the FWHM value reduced with an increase in energy density, attributed to the gradual transformation of the α′ phase into α and β phases under the effect of higher energy input. During the decomposition of the α′ phase, vanadium diffused into the matrix, resulting in the formation of α phase with a coarsened crystal structure, which was seen in the EDS results showing lower vanadium content for the Gap 0.5 sample. The reduction in FWHM value indicated the formation of a coarsened structure (α + β) induced by the border and preserved heat input at a higher level. Furthermore, the decomposition of α′ phase into α and β phases, as observed for the Gap 0.5 sample, led to a decrease in the level of lattice distortion and internal stresses [87,88], as evidenced by the shift in the position of the dominant peak toward lower values, indicating a reduction in strain and improvement in crystallinity [66]. This may have contributed to the outstanding mechanical properties, and higher ductility of the Ti64 LPBF-processed parts [44], as observed in the mechanical properties of the Gap 0.5 sample in this study.



The comparison of microhardness values for the samples revealed that those fabricated with borders had higher hardness, with the Gap 0.5 sample displaying the highest value. This finding aligns with previous studies on LPBF-fabricated Ti64 samples, where an increase in energy density led to a higher level of density and, in turn, a higher microhardness value [67]. Other studies have also shown that LPBF process parameter variations have a similar impact on both microhardness and density [35]. Therefore, it was expected that the samples with borders, which had a higher density level, would have a higher hardness value. However, it is important to consider the effect of α/α′ lath thickness on microhardness, as an increase in thickness typically results in a reduction in hardness [64]. In addition, in situ martensitic decomposition can also influence the hardness value. For example, studies have shown that heat-treated Ti64 samples with finer α grains, resulting from the in situ transformation of α′ to α phase, have improved hardness compared to fully martensitic as-built samples [76]. Additionally, a microstructure containing both α and α′ phases instead of a fully α′ phase has been found to increase the microhardness of Ti64 [68]. Taking these findings into account, the higher level of density and martensitic decomposition found in the samples fabricated with borders (specifically, the Gap 0.5 sample) exceeded the effect of lath thickening and resulted in an increase in the microhardness value.



The stress–strain curves of the samples indicate that the parts fabricated with border exhibit higher tensile strength and elongation compared to the Reference sample. The use of borders also results in more ductile behavior, as confirmed by DIC analysis, which showed a considerably higher local fracture strain for the Gap 0.5 sample. It is known that the mechanical properties of Ti64 depend on the thickness of its constituent phases, the level of defects, and the size of the α/α′ phases [50,68,89,90]. It is well-established that increasing the thickness of the α/α′ lath in Ti64 results in lower strength but higher ductility [44,64,76,91]. However, the effect on strength and ductility is not equal. In fact, Galarraga et al. [92] found that coarsening the α/α′ phases has a greater impact on improving ductility than reducing the ultimate tensile strength (UTS). Therefore, it can be inferred that the higher average thickness of α/α′ acicular/lamellar phases in the samples fabricated with border led to an improvement in ductility while having only a minor effect on UTS. In addition, to enhance the ductility of Ti64, it is crucial to reduce the occurrence and size of defects in the samples, especially the micro-pores that form at the interlayers, as they can ultimately result in microscopic cracks and catastrophic failure. These pores have a detrimental impact on the ductility of Ti64 and can lead to the formation of microscopic cracks, which ultimately result in failure [43,93,94]. This finding is supported by Yan et al. [79], who also attributed the enhancement of ductility in Ti64 LPBF-processed samples to the removal of internal defects. While previous studies have shown that the improvement in ductility of Ti64 resulted in a reduction in ultimate tensile strength (UTS) [41,50,64,68,90], in the current study, the use of borders surrounding the main sample resulted in improvements in both ductility and UTS. Of the factors affecting the mechanical properties of Ti64, variations in microstructure and crystal system resulting from phase changes have the most significant impact [90]. Improved ductility of Ti64 without sacrificing its strength can be achieved by controlling a microstructure that includes lamellar (α + β) [77,95]. In a previous study, an ultrafine lamellar (α + β) microstructure was achieved via in situ martensite decomposition, resulting in significantly better UTS and ductility compared to as-built LPBF fabricated samples [44]. In the current study, the use of borders surrounding the main sample led to the formation of thicker α/α′ acicular/lamellar phases and a lamellar (α + β) microstructure. While the former negatively impacted UTS, the latter increased strength. Despite some variation in lath thickness, the lamellar (α + β) microstructure ultimately outweighed the effect of lath size and resulted in superior mechanical properties for the samples fabricated with borders. Gap 0.5 had the highest elongation and strength among these samples. Additionally, a previous study by Zhou et al. [96] found that increasing energy density improves Ti64 strength, which aligns with the current study’s observation that the sample with the lowest gap value (experiencing higher temperature for a longer time) had the maximum UTS. The finer and higher proportion of (α + β) microstructure in this sample’s microstructure confirmed its superior mechanical properties (Figure 7b). In situ martensite decomposition can be achieved at 400 °C, but this phase transformation can be further facilitated by maintaining the sample at higher temperatures for a longer period [44], as observed in the current study. It is important to note that DIC results showed crack imitation, leading to fracture for all parts, started near the edges of the samples, but no specific trend was observed for the location of crack imitation among the samples.




5. Conclusions


In conclusion, the findings from this study highlight the significant impact of implementing cubic borders and adjusting the gap space in LPBF-processed Ti64 on the properties of the fabricated samples. The use of a border surrounding the main part was found to positively affect the density achieved during LPBF processing, resulting in higher density levels and smaller pore sizes as the gap space was reduced. Furthermore, the presence of a border surrounding the part was found to significantly influence the morphology and proportion of phases in the LPBF-processed Ti64 samples. In particular, while the Reference sample predominantly exhibited an acicular α′ phase, the Gap 0.5 sample displayed a mix of α and β phases in a basket-weave matrix, along with lamellar α in addition to the acicular α′ phase. The microstructure of other samples varied depending on the gap space, with the thickness of the α/α′ lath increasing as the gap value decreased. Additionally, a comparison of the spots associated with the α/α′ phases revealed that the samples fabricated with a border had a lower average weight percentage of vanadium, while the Reference sample had the highest level. Although the range of variation was limited, the observed trend suggested that adjusting the gap may potentially extend the variation range. XRD analysis confirmed that the Gap 0.5 sample had the highest amount of β phase, which was notably different from the fully martensitic microstructure observed in the Reference sample. The microstructure of the Gap 3.0 and 4.0 samples was similar to that of the Reference sample, while the Gap 1.0 and Gap 2.0 samples displayed a mix of martensitic and lamellar (α + β) microstructure, consistent with the observed amount of β phase. The microhardness measurements showed a slightly increasing trend as the gap value was reduced, with the Reference sample exhibiting the lowest value. It was observed that, for microhardness, the level of density and martensitic decomposition may play a more significant role than α/α′ lath thickening. Finally, the stress–strain curves of the samples revealed that the samples fabricated with a border exhibited higher tensile strength and ductility compared to the Reference sample. The more ductile behavior achieved via the implementation of borders was further confirmed by DIC (Digital Image Correlation) analysis, which showed a significantly higher local fracture strain for the Gap 0.5 sample.
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Figure 1. Characterization of EOS Ti64 Grade 5 powder via (a) SEM micrograph and (b) particle size distribution analysis. 
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Figure 2. LPBF-built samples designed for (a) microstructural analysis and (b) tensile testing. 
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Figure 3. Schematic representation of tensile samples used in this study. 
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Figure 4. Representative scanning electron microscopy (SEM) micrographs showing the distribution of pores for the (a) Reference and (b) Gap 0.5 samples. 
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Figure 5. Comparison of average porosity levels between samples fabricated with various gap distances between the sample and border and the Reference sample. 
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Figure 6. Examining the correlation between pore size and gap distance between the sample and border, as compared to the Reference sample. 
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Figure 7. The evolution of different phases in the (a) Reference and (b) Gap 0.5 samples was analyzed using SEM images. The Reference sample mainly consisted of the acicular α′ phase, while the Gap 0.5 sample contained a mixture of α + β basket-weave matrix, lamellar α, and acicular α′. 
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Figure 8. The comparison between border samples and the Reference sample reveals that the average thickness of α/α′ increases as the gap distance between the sample and border decreases. 
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Figure 9. X-ray Diffraction (XRD) spectrographs for the samples showing slight variations in the position of the main α/α′ peak. The largest discrepancy is observed between the Reference and Gap 0.5 samples. The β phase content is higher in the border samples, with the presence of an additional β phase peak at 2θ = 57.5° in the Gap 0.5 sample indicating its highest content. 
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Figure 10. The graph illustrates the variation in the average Vickers Hardness (HV) values plotted against the gap value. The results show a slight increase in microhardness as the gap value decreased from 4 to 0.5 mm. The Reference sample had the lowest microhardness value of 388 HV. 
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Figure 11. Stress–strain plots for the Reference sample, Gap 0.5, Gap 1.0, and Gap 2.0 samples in uniaxial tensile testing. Gap 0.5 sample showed an approximately 15% and 9% improvement in UTS and fracture strain, respectively, compared to the Reference sample. 
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Figure 12. The DIC strain mappings corresponding to the frame before fracture extracted for (a) Reference, (b) Gap 0.5, (c) Gap 1.0, and (d) Gap 2.0 sample. The Gap 0.5 sample experienced a maximum local strain approximately 30% higher than that of the Reference sample and significantly higher than that of the Gap 1.0 and Gap 2.0 samples. 
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Table 1. Geometry and dimensions of fabricated samples.
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	Sample Name
	Type of Geometry
	Sample Dimensions (mm)
	Border Dimensions/Thickness (mm)
	Gap between Sample and Border (mm)





	Ref. (Reference sample)
	Cubic
	9 × 9 × 9 (w × l × h) *
	-
	-



	Gap 0.5
	Cubic
	9 × 9 × 9 (w × l × h)
	9 × 2 (H × t) +
	0.5



	Gap 1.0
	Cubic
	9 × 9 × 9 (w × l × h)
	9 × 2 (H × t)
	1.0



	Gap 2.0
	Cubic
	9 × 9 × 9 (w × l × h)
	9 × 2 (H × t)
	2.0



	Gap 3.0
	Cubic
	9 × 9 × 9 (w × l × h)
	9 × 2 (H × t)
	3.0



	Gap 4.0
	Cubic
	9 × 9 × 9 (w × l × h)
	9 × 2 (H × t)
	4.0



	Ref. (Reference sample)
	Dog bone
	As depicted
	-
	-



	Gap 0.5
	Dog bone
	As depicted
	2 × 2 mm (H × t)
	0.5



	Gap 1.0
	Dog bone
	As depicted
	2 × 2 mm (H × t)
	1.0



	Gap 2.0
	Dog bone
	As depicted
	2 × 2 mm (H × t)
	2.0







* w, l, and h are the width, length, and height of the main sample, respectively. + H and t are the height and thickness of the border, respectively.













 





Table 2. Comparing vanadium composition in α/α′ phase: various samples. The vanadium percentage exhibited an increase with increasing gap value but remained lower compared to the Reference sample.
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	Sample
	V (Weight %)





	Reference
	4.62 ± 0.16



	Gap 0.5
	3.38 ± 0.17



	Gap 1.0
	4.11 ± 0.15



	Gap 2.0
	4.30 ± 0.22



	Gap 3.0
	4.40 ± 0.20



	Gap 4.0
	4.56 ± 0.20










 





Table 3. Quantitative analysis of the XRD patterns with their possible corresponding microstructure.
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	Sample
	Reference
	Gap 0.5
	Gap 1.0
	Gap 2.0
	Gap 3.0
	Gap 4.0





	β phase (%)
	0.23
	4.39
	2.18
	1.58
	0.86
	0.87



	Possible Structure
	Full α′
	α′ + fine

(α + β)
	α′ + lamellar

(α + β)
	α′ + lamellar

(α + β)
	Full α′
	Full α′










 





Table 4. Parameters calculated from the XRD patterns for the Reference and Gap 0.5 samples. FWHM for Gap 0.5 sample was lower, indicating larger α/α′ phase size than Reference sample. No significant c/a variation observed, so XRD peak position deviation can be ignored.
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	Sample/Parameter
	FWHM
	c/a





	Reference
	0.3936
	1.597



	Gap 0.5
	0.3149
	1.598










 





Table 5. Tensile test parameters extracted from the stress–strain plots of the samples.






Table 5. Tensile test parameters extracted from the stress–strain plots of the samples.





	Sample
	UTS (MPa)
	Fracture Strain (%)





	Reference
	1046.70
	6.48



	Gap 0.5
	1202.53
	7.07



	Gap 1.0
	1151.68
	6.92



	Gap 2.0
	1091.20
	6.68
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