Compositionally Graded Titanium to Aluminum Processed by Laser Powder Bed Fusion Process: Microstructure Evolution 
and Mechanical Properties
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Abstract
A compositionally graded Ti-Al alloy with a designed composition range from pure Ti to pure Al was successfully produced by a laser powder bed fusion (L-PBF) system equipped with two powder feeders. The compositionally graded Ti-Al profile is confirmed by scanning electron microscopy, X-ray diffraction analysis, electron backscatter diffraction microscopy, and transmission microscopy. The graded material is free of macro-horizontal cracks, but micro-cracks appear at the center of the sample. Varying the Ti and Al ratio along the build direction induces microstructural changes, transforming +-Ti into solid solution, creating intermetallics (Ti and Al), and yielding an Al phase with diverse morphologies. Additionally, the Ti-Al ratio’s influence on microstructure formation and phase evolution results in varying mechanical properties among the graded material’s layers. The results demonstrate that the L-PBF process can achieve continuous compositional grading of Ti-Al materials in a single run. Moreover, this study hold the potential to facilitate the design and production of numerous compositional variants for high entropy alloys and multi-materials, enabling future investigation into microstructural evolution, phase transformation, and physical and mechanical properties. 
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1. Introduction
Additive manufacturing (AM) technology employs a focused laser beam as an energy source to melt and blend materials through layer-by-layer deposition, effectively influencing the microstructure and properties of distinct sections within a single component. It offers a novel approach to fabricating multi-material and is currently the focus of significant research interest. In contrast to conventional methods, AM can achieve multi-material fabrication by in-situ alloying of two or more powders in a single-step manufacturing process. Moreover, AM to identify new material compositions are fast and can evaluate many compositions in single manufacturing with a few studied specimens. The rapid alloy development requires substantial characterization efforts to estimate phase and microstructural evolution. Property analysis is considered as the limiting factor for these high-throughput approaches. There are many kinds of AM methods, such as direct energy deposition (DED) [1], wire arc additive manufacturing (WAAM) [1-2], and laser powder deposition (LPD) [3]. These methods are popular for producing gradient materials, ranging from coatings to complex gradient parts. Recently, laser-powder bed fusion (L-PBF) process has gained increasing attention for its application in multi-materials gradient materials. This is because L-PBF process employs small powder size, laser spot, and layer thickness compared to other methods, enabling the fabrication of highly complex geometries with an acceptable accuracy [4]. However, the L-PBF system is limited to printing a part consisting of more than one material in a single part. Some studies tried to design a powder delivery mechanism for the L-PBF system to fabricate different materials in single-step manufacturing [5-7]. Those studies demonstrated the production of both vertical and horizontal metal graded materials were produced by the L-PBF process using a newly designed powder delivery system. It is possible to fabricate and study the compositionally graded materials prepared by L-PBF process. Moreover, our previous research achieved the successful preparation of functionally graded nickel-titanium (Ni-Ti) materials using the L-PBF process, with the composition ranging from 100%Ni to 100%Ti [8]. However, there is a necessity to comprehend the challenges and viability associated with creating novel gradient materials for additive manufacturing via L-PBF process. This includes exploring the relationship between composition, structure, and properties, alongside the fabrication of muti-materials components. Hence, this study aims to explore the feasibility and techniques for fabricating compositionally graded Ti-Al materials using the L-PBF process, focusing on the relationships between composition, microstructure, and mechanical properties.
A binary system of titanium (Ti) and aluminum (Al) was selected for the illustration. Both Ti alloys and Al alloys have their specific advantages, and their appropriate alloys are chosen based on the requirements of each application. Ti alloys excel in high-performance and high-temperature environments, whereas Al alloys provide lightweight solutions without compromising structural integrity [9-10]. The selection of the appropriate alloy depends on factors such as the specific aircraft component, operating conditions, weight considerations, and cost constraints. For example, TiAl alloy, which is composed of intermetallic compounds (namely γ-TiAl, Ti3Al (α2), and TiAl3) has been recently adopted to low-pressure turbine blades because of their high specific strength and light weight [11-13]. Ti and Al or TiAl materials that combine their respective beneficial properties are thus highly desirable. Therefore, compositionally graded Ti-Al opens up the possibility of designing and manufacturing components with customized properties, capitalizing on the distinctive attributes of both titanium and aluminum. Nevertheless, the fabrication of compositionally graded Ti-Al samples is quite difficult because of the two powders have different melting points, thermal conductivities and laser absorptivity. Furthermore, gradients from titanium to aluminum have been previously studied [2-3]. Wang et al. [2] successfully prepared gradient material samples from pure titanium to Ti-50Al (at%) via twin-wire arc additive manufacturing technology. The increase in Al content exhibited different phase proportions and grain sizes, and the highest hardness and tensile values existed in the single α2 field. Liu et al. [3] fabricated a Ti/Al intermetallic graded material by laser powder deposition and systematically elucidated its compositional variation, and microstructural evolution. The results demonstrated a gradual microstructural change influenced by alloying elements, including the formation of intermetallic phases. Several studies have fabrication of Ti-Al multi-materials via other processes such as LMD and DED [2-3]. Despite advances in AM technologies for multi-material fabrication, challenges remain in achieving optimal mechanical properties in compositionally graded materials, particularly in systems as complex as Ti-Al, due to their differing melting points and thermal properties. There has been little research on development of in-situ Ti-Al multi-materials by the L-PBF process. The proposed method provides an avenue for fundamental discovery of new materials and rapid processing parameters for a wide range of applications that rely on compositional grading using the L-PBF process. Furthermore, it is imperative to conduct a more detailed examination of impact of compositional variations on each region during the rapid solidification process. Understanding the distinctions in phase composition and morphology within a single part that give to diverse mechanical properties requires further elucidation. 
In this research demonstrated a strategy for the fabrication of compositionally graded Ti-Al. A simple object with a graded composition was formed by controlling the compositional gradient, starting from pure-Ti and pure-Al powders, by using the L-PBF process with two powder feeders. The L-PBF process that allows depositing all possible phases from binary systems in one process. The composition-dependent microstructural and mechanical property were observed. Scanning electron microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy (TEM) and other tests were undertaken to reveal the formation mechanism of compositionally graded Ti-Al materials. To verify the mechanical properties of graded Ti-Al material, microhardness and tensile properties at room temperature were investigated. 
2. Materials and Methods
2.1 Compositionally graded Ti-Al alloy building
 	Compositionally graded Ti-Al alloy was prepared by the L-PBF system (SLM 280HL: SLM Solutions, Germany) with two powder feeders. The settings of the L-PBF with two powder feeders were based on our previous work [8]. However, the first hopper consisted of pure Ti powder (TILOP-45: Osaka Titanium Technologies Co.,Ltd) with particle sizes in the range of 10-45 m, while the second hopper contained Al powder (A6061-40B5: Toyo Aluminium K.K.) with a 10-50 m size range, as shown in Fig. 1(a). A cylindrical sample with a diameter of 10 mm and a height of 16.5 mm was used to depositing the graded Ti-Al alloy (Fig. 1(b)). The Ti6Al4V substrate was continuously heated at 500oC, and the graded material was deposited on it (Fig. 1(a). The L-PBF processing parameters without laser power are a laser scanning speed of 800 mm/sec, hatch spacing of 100 m, and layer thickness of 30 m. Two scanning strategies, schematically, as shown in Fig. 1(b), were considered: island scan (samples 1 and 2) and 90o scan rotation (samples 3 and 4). The compositional gradient from pure Ti to pure Al throughout the height of the deposit (Fig. 1(b)) was accomplished by controlling the flow rate of the powders from each of the feeders. Therefore, the deposition began with pure Ti initially, serving as a support to build-up a height of 3 mm. The graded material deposition then commenced with pure Ti. Subsequently, the flow rate of Ti was reduced to 90%, and the second feeder, containing Al powder, was activated at a flow rate of 10% of the optimal value. Accordingly, the volume content of Ti was decreased from 100% to 0%, whereas the volume content of Al was increased from 0% to 100% in 10 steps. Each compositionally graded section consisted of 50 layers, resulting in a total deposited thickness of 1.5 mm. The laser power of each compositionally graded section was changed as presented in Table 2. The finished samples are shown in Fig.1(c).
2.2 Composition and microstructural characterization
	The deposited component was removed from the substrate and cut vertically (z deposition direction) with a wire cutting machine. The cut sample was mounted in resin using a hot mounting machine and was then mechanically polished. Following the cross-sectional surface, the microstructure, chemical composition and phase compositions through the deposition direction were analyzed by a JSM-6010 scanning electron microscope (JEOL) at an accelerating voltage of 20 kV, equipped with an energy dispersive X-ray detector (EDS), and a JSM-7001F electron back-scattered diffraction technique (EBSD: JEOL), using a step size of 0.2 m at 20 kV, respectively. A SmartLab micro-X-ray diffractometer system (Rigaku) with a beam pinhole collimator was used to reduce the K beam diameter to 500 µm, and was moved by remote control to analyze along the build direction at a distance of 1 mm.  Moreover, the detailed microstructure and diffraction patterns of each compositionally graded section was observed using a JEM-2800 transmission electron microscope (TEM; JEOL) and selective area electron diffraction (SAED). Specimens for TEM observation was prepared by a 1050 TEM Mill-ion milling system (Fischione Instruments). 
2.3 Microhardness and tensile test
The microhardness of the deposited samples was measured using a Matsuzawa AMT-7FS Vickers hardness tester, with a 100gf load and 15 s dwell time. Hardness point-mapping was computed with a 500 m spacing between points in both horizontal and vertical positions. An average of five horizontal data points per 500 m vertically distance (z direction) was used.
The tensile samples from the rectangular sample had dimensions of 30 mm height, 60 mm length and 10 mm width. The composition varied (form pure Ti to 10Al to 20Al) along the deposition direction (z-axis).  After that, the specimens were shaped into a dog bone configuration, with their geometric dimensions depicted in Fig. 2. The tensile tests were performed on an AGXTM-V2 (Shimadzu) tensile test machine at room temperature. The strain value was estimate by measuring the crosshead displacement of the specimens. 
3. Results and discussion
3.1 Integrity of the samples
The compositionally graded sample was created within the Ti-Al system. Fig. 3 shows the cross sections and microstructures of four compositionally graded samples. These samples were intentionally designed to have pure Ti on the left side and to become progressively richer in Al towards on the right side. As can be seen, the microstructures of the compositionally graded samples with different processing parameters vary. The four samples exhibit similar patterns, with a dense structure on the side that contains high Ti content. However, un-melted particles and lack of fusion are apparent on the side with high Al content side. Furthermore, microcracks were observed in the center of samples. Defects were observed in the region with high Al content, and these issues were attributed to specific the L-PBF process parameter, notably the lack of fusion, the presence of un-melted Ti particles, and balling, as shown in Fig. 4. Lack of fusion of Ti particles are attributable mainly to the lower penetration of laser energy as Al content increased, leading to a reduction in melt pool size and an increase in the un-melted particles. The laser energy was not enough to fully melt Ti powders in the Al-rich side and to ensure sufficient bonding between the scan tracks and/or layers. However, the substantial disparities in physical properties between Ti and Al powders underscore the necessity for well-designed process parameters. During deposition, a “wavy” build in the direction of stage movement is observed and overheating occurs when unsuitable energy density is applied. Particularly, Al has a low boiling point, a high vaporization tendency and low laser absorption, compared to Ti. Metal vaporization has significant effects on various aspects of the additive manufacturing process and the resulting material properties, including powder denudation, plume formation, spattering, lack of fusion, porosity, and the potential loss of elements [14-15]. The powder denudation and spatter redeposition may lead to uneven thickness of the powder layers. Moreover, the low laser absorptivity, together with the high thermal conductivity (237 W/mK [16]) of Al, caused significant difficulties in forming a stable laser melt pool for deposition of steel powder due to low absorbed laser energy and rapid heat dissipation. Excessive energy density can lead to overheating of the melt in the high Al content region, which, in turn, promotes balling, the entrapment of supersaturated gasses, spattering, and the generation of excessive thermal stresses [17-18]. The energy density was continuously decreased from pure Ti to pure Al sides, as shown in Table 1. However, the high energy density in Al-rich side resulted in increased circularity/sphericity of pores, aggravates balling and ultimately preventing fusion between layers. The effects of process parameters (e.g., laser power, scan speed, and powder layer thickness) impact the quality of the high-Al-content region during deposit process. 
There are microcracks at the center of the four samples. Both island scan samples show the long vertical cracks that appear in the overlapping zone (OZ) of the neighboring partitions, as shown in Fig. 5(a). The quantity of OZ in the island scan strategy exceeds that of the 90o rotation scan strategy (samples 3 and 4) within a single layer, which is consistent with the long vertical cracking in samples 1 and 2. These long vertical cracks occur due to regional melting and subsequent solidification and shrinkage between the opposing forces exerted by adjacent islands. Additionally, the evolution of residual stresses resulting from rapid heating and cooling contributed to the susceptibility of OZ to cracking [19]. Similarly, the OZ of the scanning partition was sensitive to cracking. The OZ rose with the increase in the numbers of scanning partition zones, resulting in the growth of the number, size, and density of cracks, as reported by Peng, et.al [19]. Apart from the long vertical cracks in the OZ, microcracks parallel to the building direction are present, as shown in Fig. 5(b) and 5(c). The dimensions of the crack morphologies appeared in the shape of interdendritic areas (or grain boundary) between the columnar crystals and the continuous lines extend for several micrometer along the interdendritic areas between the dendritic columnar crystals, as shown in Fig. 5(b). Moreover, the cracks are mainly short (20-200 μm in length) and are located at the center of melted pool (Fig. 5(c)). These cracks exhibit a growth direction parallel to forming direction, which could be the results of solidification cracking. The formation mechanism for internal interdendritic microcrack explained by the brittle/ductility mechanism of the columnar dendrites and the interdendritic accumulative strain in different mushy regions [20]. Generation of thermal stresses at the liquid films during the deposition process leads to the development of solidification cracks [21-22]. Al enrichment in the liquid can lead to the formation of a low melting point eutectic, resulting in increased the susceptibility to solidification cracking. Al contents above 20 at% may increase the cracking tendency in the graded Ti-Al material. Fig. 5(b) indicates the intergranular nature of solidification crack. It should be also emphasized that the composition-dependent solidification sequence is strongly related to the solidification cracking susceptibility in graded materials (will be explained later in section along section 3.2). The cracks density and cracks length profiles along the build direction is shown in Fig. 5(d). The result show that the cracking occurs and continue increasing and rose to a high value at the center of the sample, similar to those of compositional graded Ni-Ti materials of previous work [8]. The main factors of the cracking in the graded materials are explained by (i) the precipitation of various phases (inhomogeneity microstructure by intermetallic phases) and (ii) thermal and residual stress by cyclic heating and rapid cooling [8, 21-22]. 
3.2 Microstructure evolution
Fig. 6 shows the measured and designed chemical composition (at%) profiles along the build direction in sample 3 compared to a designed composition. The EDS results show that the Ti content (the green line) decreases, and the Al content (the red line) increases in stepwise gradient proportion along the deposited direction. This result demonstrates the successful fabrication of the part, even though there is a slight discrepancy in the distribution of the Ti and Al element compositions compared to the expected distribution. This deviation is attributed to the loss of elements during the melting process using a high-resolution laser, along with the influence of the remelting phenomenon [15]. Nevertheless, it’s important to note that the region between 60Al to pure Al are imperfect due to issues such as the un-melted powders, and the lack of fusion. Fig. 7 illustrates the X-ray diffraction (XRD) patterns of the pure Ti to 50Al regions in sample 3, providing insight into the phase composition within the graded material. The XRD patterns indicate the presence of different phases with different composition ratios according to a phase diagram of binary Ti-Al system drawn by Thermal-Calc software (Fig. 8). Detected phases are summarized in Table 2. The XRD patterns in Fig. 7 present only the -Ti (hcp) phase up to 5.7at%Al, while the XRD patterns of the gradient regions indicate the presence of other phases (2-Ti3Al (hexagonal), -TiAl (tetragonal), TiAl2 (tetragonal) and Al3Ti (tetragonal)). It is here noted that the formation of lath martensite (α′-Ti) during L-PBF has been often reported [23-24] because of the rapid cooling from the -Ti phase region at high temperatures. The -Ti (hcp) peaks indicate the presence of the  and/or α′-Ti phases because these phases have the same hcp structure, which will discussed later. With changing the Ti to Al ratio and adding layer along the build direction, constituted phases change as follows, /α′-Ti /α′-Ti +2-Ti3Al/α′-Ti +2-Ti3Al +-TiAl2-Ti3Al +-TiAl2-Ti3Al +-TiAl+TiAl2+Al3Ti. These microstructure formations will be discussed in next paragraphs.
The microstructure analysis and phase identification of the graded Ti-Al material were performed by EBSD and TEM analyses. In the initial region of graded material, where it is pure Ti, an columnar structure is observed along the build direction due to the high cooling rate inherent in the in AM process [25], as shown in Fig. 9(a1). The phase map of the pure Ti region consists mainly /α′-Ti (hcp) with a small amount of -Ti (bcc). Fig. 9(b1) shows the selected area electron diffraction (SAED) patterns of pure Ti region, obtained in TEM. The SAED pattern of the long strip shape corresponds to the -Ti (bcc) phase, while the matrix consists of equiaxed /α′-Ti (hcp) phase. With a change in the Ti to Al ratio to 10at%Al, the microstructure was modified compared to the previous region. This led to the formation of bimodal grain structure, characterized by combination of lath/lamellar and equiaxed grains (Fig. 9(a2)). A TEM analysis was performed on the thin lath /α′-Ti (less than 2 m thick) containing internal twins, as shown in Fig. 9(b2). The two mirrored SAED patterns of /α′-Ti with the coincidence of (010) diffraction spots, indicate the formation of (010) twin structure along the [11] zone axis. The Al, which is an  stabilizer, dissolve into the Ti matrix as a strong solid solution strengthener, which produce little change at the transformation temperature (β-transus: 885°C for pure Ti) from the hcp (α-Ti) to the bcc (β-Ti) structure of pure titanium when rapid heating and from bcc to hcp when rapid cooling [26]. At rapid cooling rates in L-PBF process, this diffusional transformation is possibly replaced by a martensitic transformation leading to the formation of lath martensite (α′-Ti). In addition, high residual stresses generated by the rapid cooling led to the formation of the α′-Ti phase with metastable structures. Due to the exceptionally high effective cooling rate in L-PBF, it was anticipated that the martensitic phase transformation would occur predominantly occur in the L-PBF-deposited specimen. The α′-Ti phase can transform to  phase during fabrication because of accumulated heat, which is dependent on fabrication conditions, i.e., process parameters [27]. The presence of laths in the 10Al region serves as evidence of this martensitic phase transformation. There are deformation twins and abundant dislocations inside the laths α/α′-Ti of the L-PBF-deposited specimen; these features are rarely formed through traditional cooling processes such as bulk solidification and water-quenching [28]. This unusual formation further demonstrates the large amount of local strain (or stress) caused by phase transformation during L-PBF. However, the α-Ti and α′-Ti phases exhibited a similar lathlike shape and have exactly the same hcp crystal structure.
Upon reaching 20at%Al region, there was a distinct change in the microstructure from 0 and 10at%Al regions. 2-Ti3Al precipitates were found in the 20at%Al region and the  phase transitioned to an equiaxed structure, as illustrated in Fig. 10(a). The resulting acicular α2 dispersions were then characterized using bright-field TEM image and SAED pattern taken for the [110] zone axis, as shown in Fig. 10(b). The crystallographic ordering of Al can appear and lead to precipitation of the α2 phase (Ti3Al, DO19 structure). When the increased Al concentration in Ti(Al) solid solution, 2-Ti3Al is expected to be precipitated from α-Ti supersaturate solid solutions with an orientation relationship:// , as shown in Fig. 10(c), according to the phase diagram of the Ti-Al system in Fig. 8. The microstructures and phase composition of the 30Al region are also investigated as shown in Fig. 11(a-b). It can be seen that there are two phases of γ-TiAl and 2-Ti3Al . In the EBSD results, as depicted in Fig. 11(a), the microstructure exhibits a combination of massive 2-Ti3Al and an acicular shape composed of 2-Ti3Al /-TiAl phases. The binary Ti-Al system (Fig. 8) corresponded to a composition field ranging from 30 to 65at%Al and usually consisted of a mixture of the 2-Ti3Al (D019) and -TiAl (L10) phases. The precipitation sequence for the -TiAl phase proceeds as follows: L-Ti+L-Ti+-Ti  -Ti  -Ti+-TiAl  2-Ti3Al + -TiAl. The phase transformation route in this study may be different from a conventional process because of rapid cooling. The details of the microstructures mentioned above can be clearly seen in the transmission electron micrographs shown in Fig. 11(b). The BF-TEM image and SAED pattern confirm the acicular shape when viewed along the [00] zone axis of the -TiAl phase. As the of Al content increases to 40at%, there is a notable coarsening of the massive 2-Ti3Al phase, and the acicular -TiAl phase transitions into the equiaxed -Ti with a small amount of Al3Ti, as shown in Fig. 12(a). The TEM images and SAED patterns in Fig. 12(b) indicated that the equiaxed grains corresponded to the -TiAl phase (in [10] zone axis), and some of the equiaxed grain were identified as Al3Ti. The results of the EBSD and TEM analyses confirmed the phases identified by the results of XRD. Similarly, 2-Ti3Al +-TiAl+ Al3Ti was found in the 50at%Al region, as shown in Fig. 13. Nevertheless, columnar  and Al3Ti continued to grow from the bottom to the center of the melt pool, while the amount of α2 phase decreased (Fig. 13(a)). As indicated by the TEM and SAED images in Fig. 13(b), in this region, both -TiAl and Al3Ti were observed as equiaxed grain. Likewise, in the 30-50at%Al regions of the wire arc AM titanium aluminide functionally graded material by Wang, et.al [2], α2 and γ phases were present. However, such a formation of equiaxed  and Al3Ti phases, as observed in present work, was not reported in their study. In equilibrium phase diagrams, Al3Ti is usually found in regions with more than 67at%Al content. However, in this study, Al3Ti was observed in 30at%Al region onward in non-equilibrium solidification by rapid solidification process. It was found that the Ti and Al powders are not fully melted and are not mixed well because of processing parameters. Consequently, certain areas exhibited a high concentration of Al. The formation of Al3Ti resulted from the diffusion of Ti elements into Al solid solution, potentially leading to the formation of the Al3Ti phase. This Al3Ti phase was found in two structure-types D022 (tetragonal)- and metastable L12 (cubic)-structures, which are likely to occur in rapid solidification process [28]. The microstructure at each Al amount region between pure Ti and 50Al region in the compositionally graded Ti-Al material are visually explained in a schematic diagram in Fig. 14. The gradient composition, coupled with the rapid cooling rate during the L-PFB solidification process, led to the development of an inhomogeneous microstructure in each region, characterized by diverse phases and morphologies. The variation in Ti to Al ratios contributed to the formation of brittle phases such as 2-Ti3Al intermetallic, as well as TiAl intermetallic, resembling the equilibrium phases outline in the phase diagram. However, the phase composition and morphology in the sample are influenced by the rapid cooling rate in L-PBF, which does not permit the attainment of full thermodynamic equilibrium. The heterogeneous structure, which transitions from columnar to equiaxed and includes lamellar (or acicular) features in each region, can be attributed to the rapid solidification rate, high thermal gradient, and the changing composition with decreasing melting temperature within each region. The changes in solidification conditions during deposition are responsible for the variations in grain morphology. The occurrence of various phase during solidification is a result of elemental segregation in the interdendritic regions along the build direction. This segregation is influenced by solidification conditions and the limitation of Al solute in the Ti solid solution, ultimately leading to the formation of intermetallic compounds in the gradient zone. The distinct microstructure in each region has an impact on the mechanical properties, which will be described in the section on mechanical properties. Nevertheless, the formation of various intermetallic phases in the gradient zone (the 30-40Al regions) correlates with the nucleation and the propagation of cracks in those regions. The liquid-to-solid and martensitic transformations are faster than the material relaxation response during solidification, which can cause cracks especially in brittle intermetallic compounds. In the gradient zone, the presence of various phases with differing solidification temperature and thermal expansion coefficients can influence the occurrence of cracking during solidification.
3.3 Mechanical properties
To assess the hardness variation throughout the build direction in the compositionally graded Ti-Al material, Vickers microhardness measurements were conducted, as shown in Fig.15. The results indicate a significant increase in hardness for each compositional graded component as the atomic percent of Al increase, i.e., increasing from 150 HV at the pure Ti region to 600 HV as peak hardness at the 30 and 40at%Al regions. The hardness values profile observed in the compositionally graded Ti-Al material is similar to that in a previous report [3], which produced the Ti/Al intermetallic graded material by using the LPD process. This similarity can be attributed to the presence of the brittle phases precipitating in the center of the sample. Like hardness distribution, the yield strength, which was obtained from the tensile tests tended to increase with increasing Al content, as shown in Fig. 16 and Table 3. The increase in hardness value and brittleness can be attributed to the presence of intermetallic compounds (The brittleness of these phases rank as follows: TiAl3>TiAl2>TiAl>Ti2Al5>Ti3Al [29]), as well as the reduction in grain size. In addition, varying morphology (acicular and equiaxed) of grains also played an important role in increasing the hardness. The lath morphology of  or α′-Ti phase in 10Al region exhibited higher hardness (380 HV) and yield strength (606±6.1 MPa) than that of equiaxed  phase in pure Ti regions (150 HV for hardness and 498 ±3.75 MPa for yield strength). Equiaxed grains of Ti often exhibit low strength and high ductility, whereas full lamellar grains exhibit high strength and low ductility [30]. In addition, the lath/lamellar regions contained a higher density of dislocations than the equiaxed regions, resulting in a more effective obstruction of dislocation motion during the deformation. In the same way, 20Al and 30Al regions also contained small acicular 2-Ti3Al and -TiAl (Fig. 10), resulting in increased hardness values. In compositionally graded Ti-Al material manufactured by LPBF from elementally blended powders, the hardness and yield strength are affected by the presence of many different phases. Fig. 17 summarizes the mechanical properties of compositionally graded Ti-Al materials by L-PBF and compares them to findings in other studies [2-3]. The hardness values for each composition ratio of compositionally graded Ti-Al materials by L-PBF is much higher than those of Ti-Al by WAAM [2], and Ti64/AlSi10Mg by LPD [3], as shown in Fig. 17(a). During rapid solidification of L-PBF process, brittle phases (2-Ti3Al and -TiAl) precipitated, leading to a hardness increase. In this case, relatively smaller lath and equiaxed grain morphologies of α/α′-Ti and 2-Ti3Al phases formed, and the microstructure were more inhomogeneous, which differs from finding in other studies [2-3]. Notably, the compositionally graded Ti-Al materials by L-PBF exhibited high yield stress and ultimate tensile strength as well as low elongation compared to the compositionally graded Ti-Al materials produced by WAAM at the lower Al content (Fig. 17(b)). The formation of complex intermetallic phases including α′-Ti, 2-Ti3Al, -TiAl, and Al3Ti can cause deterioration in the mechanical properties such as toughness. This diverse microstructure and phase composition, each with distinct mechanical properties, are valuable for future research in developing new functionally graded materials using AM.  This is particularly relevant for engineering applications where conflicting properties within single component are desired.


4. Conclusions
The goal of this study was to create a compositionally graded material from pure Ti to pure Al using the L-PBF process. The microstructure characterization showed various phases and morphologies in each region affected by the composition. The microstructure transition with increasing Al content was as follows: -Ti + -Ti → lath /α′-Ti → -Ti + acicular 2-Ti3Al → -Ti + acicular 2-Ti3Al + acicular -TiAl → equiaxed -TiAl + equiaxed Al3Ti. Cracking, most likely due to solidification issues, was observed at the 30-50at%Al regions. This cracking is attributed to the formation of the intermetallic phases and residual stress from rapid heating and cooling cycles. 
The microhardness of the graded material changed significantly due to the formation of intermetallic compounds (2-Ti3Al, -TiAl, and Al3Ti) as Al content was added. The formation of brittle intermetallic phases resulted in high hardness and high yield strength together with reduced ductility in the intermetallic regions. 
This foundational study highlights the importance of an integrated experimental approach to comprehend the microstructure transition in each region within this compositionally graded system spanning from Ti to Al. While not representing the optimal design for dissimilar materials, the approach presented here sets the stage for future innovation in terms of developing Ti-Al alloy graded materials via L-PBF. It is essential to identify the optimal process parameters window, in which there are many influential parameters, in the layer-by-layer deposition process prior to fabrication of compositionally graded Ti-Al material. Understanding all parameters’ effects and optimizing them are exceedingly challenging.  
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Fig. 1 Schematic diagram of (a) laser powder bed fusion process equipped with two powder feeders, (b) two types of compositionally graded Ti-Al specimens with different scan strategies, and (c) overall morphology of four samples.
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Fig. 2 Schematic diagram of tensile specimen deposition: (a) compositionally graded Ti-Al deposition sample size, (b) sampling location for cutting, and (c) geometric sizes of tensile specimens at room temperature.
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Fig. 3 Overview of microstructure of cross-section (X-Z plane) on compositionally graded Ti-Al materials: (a) sample 1 island scan, (b) sample 2 island scan, (c) sample 3 90o rotation, and (d) sample 4 90o rotation, respectively.
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Fig. 4 SEM image of defects appearing in the region with a high Al concentration (upper side)
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Fig. 5 SEM images show (a) overlapping zone of the island scan sample, (b) a microcrack appearing in the center of the melt pool confirming solidification cracking in the compositionally graded Ti-Al material, (c) a microcrack appearing in interdendritic region (d) crack density and length profiles of the compositionally graded Ti-Al material along the build direction.
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Fig. 6 Chemical composition (at%) through the build direction in the compositionally graded Ti-Al materials measured by EDS.
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Fig. 7 XRD pattern of compositionally graded Ti-Al material though pure Ti to 50Al.
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Fig. 8 Phase equilibria computed form TCTI3 database of binary Ti-Al system.
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Fig. 9 (a) EBSD analysis showing image quality (IQ) with an inverse pole figure (IPF) map together with a phase map, and (b) bright field (BF) TEM micrograph with SAED for (1) pure Ti and (2) 10Al regions.
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Fig. 10 (a) EBSD analysis showing image quality (IQ) with an inverse pole figure (IPF) map together with phase map, the bright field (BF) TEM micrograph of (b) acicular-2-Ti3Al with SAED, and (c) the orientation relationship of -Ti to 2-Ti3Al with SAED for the 20Al region.
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Fig. 11 (a) EBSD analysis showing image quality (IQ) with an inverse pole figure (IPF) map together with phase map, and (b) bright field (BF) TEM micrograph with SAED for the 30Al region.
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Fig. 12 (a) EBSD analysis showing image quality (IQ) with an inverse pole figure (IPF) map together with phase map, and (b) bright field (BF) TEM micrograph with SAED for the 40Al region.
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Fig. 13 (a) EBSD analysis showing image quality (IQ) with an inverse pole figure (IPF) map together with phase map, and (b) bright field (BF) TEM micrograph with SAED for the 50Al region.
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Fig. 14 Schematic diagram of microstructural change when altering the composition between Ti and Al from pure Ti to 50Al regions.
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Fig. 15 Hardness profile with composition profile of the compositionally graded Ti-Al material, measured across the build direction.
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Fig. 16 Tensile stress–strain curves of pure Ti, 10Al, and 20Al.
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Fig. 17 Summary of mechanical properties of compositionally graded Ti-Al materials with different additive manufacturing processes, showcasing when (a) hardness values and (b) yield strength vs %elongation. 
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Table 1 Process parameters of laser powder bed fusion system for compositionally graded Ti-Al materials
	Atomic Ratio
	Powder feed
	Layers
	Height
(mm)
	Island scan
	90o rotation

	Ti
	Al
	Ti
	Al
	
	
	Sample 1
	Sample 2
	Sample 3
	Sample 4

	1
	0
	0.8
	0
	50
	3
	120 W
	120 W
	120 W
	120 W

	1
	0
	0.4
	0
	100
	4.5
	120 W
	120 W
	120 W
	120 W

	0.9
	0.1
	0.37
	0.02
	150
	6
	120 W
	120 W
	120 W
	120 W

	0.8
	0.2
	0.33
	0.07
	200
	7.5
	120 W
	110 W
	120 W
	110 W

	0.7
	0.3
	0.3
	0.12
	250
	9
	120 W
	110 W
	120 W
	110 W

	0.6
	0.4
	0.26
	0.17
	300
	10.5
	110 W
	100 W
	110 W
	100 W

	0.5
	0.5
	0.22
	0.23
	350
	12
	110 W
	100W
	110 W
	100W

	0.4
	0.6
	0.18
	0.27
	400
	13.5
	110 W
	90 W
	110 W
	90 W

	0.3
	0.7
	0.13
	0.33
	450
	15
	110 W
	90 W
	110 W
	90 W

	0.2
	0.8
	0.09
	0.38
	500
	16.5
	100  W
	80 W
	100  W
	80 W

	0.1
	0.9
	0.05
	0.45
	550
	18
	100  W
	80 W
	100  W
	80 W

	0
	1
	0
	0.47
	600
	19.5
	100  W
	70 W
	100  W
	70 W



Table 2 XRD results in Fig. 7 for different positions (at%).
	Positions
	Possible phases

	Ti
	-Ti 

	2at%Al
	-Ti 

	5.7at%Al
	-Ti 

	12at%Al
	-Ti, 2-Ti3Al

	18.5at%Al
	-Ti, 2-Ti3Al, -TiAl

	22at%Al
	2-Ti3Al, -TiAl

	33.5at%Al
	2-Ti3Al, -TiAl

	41at%Al
	2-Ti3Al, -TiAl, TiAl2, Al3Ti, Al

	50at%Al
	-Ti, 2-Ti3Al, -TiAl, TiAl2, Al3Ti, Al



Table 3 Average Young’s modulus, ultimate tensile strength and yield strength from SS curve in Fig. 15 at the point of failure for the mechanical test coupons.
	Specimens
	Young's modulus (MPa)
	Ultimate tensile strength (MPa)
	Yield strength (MPa)

	Ti
	153±1.2
	498±3.7
	498 ±3.75

	10Al
	132±3.6
	651±5.5
	606±6.1

	20Al
	145±6.3
	787±15.5
	758±17
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