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Abstract

:

The semiconductor industry uses a physical vapor-deposition process, with a nickel-tantalum (NiTa) alloy-sputtering target, to apply an amorphous NiTa thin film layer between the magnetic soft underlayer and substrate of a heat-assisted magnetic-recording hard disk drive. Currently, the alloy-sputtering target is produced through a hot-pressing (HP) process followed by a hot isostatic pressing (HIP). In this study, we demonstrate a better process for producing the sputtering targets, using laser powder-bed fusion (L-PBF) followed by vacuum heat treatment (VHT), to produce alloy targets with superior microstructural characteristics that will produce better-quality thin films. We compare as-fabricated (just L-PBF) specimens with specimens produced by L-PBF and then annealed at different conditions. Where the as-fabricated specimens are characterized by columnar dendrites, annealing at 1275 °C for 4 h produces a uniform equiaxed grain microstructure and a uniformly dispersed fcc Ta precipitate. In addition, the average microhardness value is reduced from 725 ± 40 to 594 ± 26 HV0.2 and the maximum compressive residual stress is reduced from 180 ± 50 MPa to 20 ± 10 MPa as the result of dislocation elimination during the recovery and recrystallization process. Finally, due to microstructure recrystallization, the VHT-treated L-PBF NiTa specimens exhibit a smaller grain size (2.1 ± 0.2 µm) than the traditional HIP-treated HP specimens (6.0 ± 0.6 µm).
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1. Introduction


Nickel-tantalum (NiTa) thin films are extensively used by the semiconductor industry to enhance the adhesion and thermal properties of the magnetic soft underlayer in heat-assisted magnetic-recording (HAMR) hard disk drives, as reported by [1]. These thin films are produced by physical vapor deposition (PVD) with a NiTa-sputtering target. Currently, the sputtering-target manufacturers employ a hot-pressing (HP) process followed by a hot isostatic pressing (HIP) to form alloy powder into a dense and composition-homogenized structure [2,3]. However, the HIP treatment is time-consuming and tends to deform parts, resulting in significant cost and material loss. With the rapid growth of additive manufacturing (AM) technologies, it may be possible to adopt an AM technology to overcome existing manufacturing challenges.



Laser powder-bed fusion (L-PBF) is an AM process capable of fabricating complex metal parts with nearly full density, high dimensional precision, good mechanical properties and surface integrity, directly from metal powder [4,5]. Compared with traditional manufacturing technologies, L-PBF reduces production time, thereby significantly enhancing production efficiency. Much research has been conducted into the L-PBF of steel alloys [6,7], nickel superalloys [8,9,10], titanium alloys [11,12], and aluminum alloys [13,14,15], for aerospace, medical and automotive applications. Y. Zhou et al. [16] reported the mechanical properties, heat formation and lattice structure of NiTa binary intermetallic compounds. C. Zhou et al. [17] further investigated the microstructure and thermodynamic parameters of various phases in the as-cast NiTa system. To date, the research on NiTa alloys has focused only on metallurgical analyses of as-cast NiTa [16,17,18,19,20]. L-PBF fabrication of a NiTa alloy has never been investigated.



L-PBF of sputtering targets has great potential, as the process could use the same gas-atomized metal-powder feedstock as the current process, which would minimize the challenges and risks of technology integration into an existing production line, and due to the rapid heating and cooling rates during L-PBF, the microstructures obtained would be much finer. NiTa-sputtering targets made with the traditional process (HP follow by HIP) have an equiaxed grain structure with an average grain size of 6 ± 0.6 µm. If L-PBF could produce a finer microstructure in the sputtering target, it would allow the vaporized element to be more uniformly distributed on the surface of the disc substrate, and presumably increase the performance of the thin film applied on the disc substrate.



However, the final properties of parts fabricated by L-PBF remain difficult to control due to the formation of defects such as solidification cracks and porosity. One of the major challenges is the significant thermal gradients in regions adjacent to the heat-affected zone (HAZ) caused by rapid heating and cooling during L-PBF. The large thermal gradients in the HAZ lead to a mismatch of the coefficients of thermal expansion (CTE), that cause tensile stresses to develop across adjacent grains, resulting in the formation of solidification cracks [21]. Wang et al. [20] reported that NiTa alloy, a brittle binary bulk metallic glass, is prone to cracking under stress.



This study aims to present new data toward a better understanding of the influence of vacuum heat treatment on L-PBF-fabricated brittle metallic glass NiTa. Accordingly, in this work is an optimized L-PBF process for fabrication of NiTa alloy-sputtering targets; an optimized laser-scanning strategy to reduce the formation of defects; and a subsequent postprocess heat treatment to refine and homogenize the microstructure and to prevent accumulated thermal residual stresses from causing further crack propagation. Thirty-five NiTa alloy specimens were fabricated by L-PBF and then selectively vacuum-annealed to reduce residual stresses, as well as to homogenize and refine the microstructure. The microstructure of the specimens was characterized by optical microscopy (OM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The crystal orientation was analyzed under electron backscatter diffraction (EBSD), the microhardness was measured by Vickers microindentation, and the residual stress was investigated by X-ray diffraction (XRD). The effects of the vacuum heat treatment on the phase composition, microstructure, crystal orientation, residual stress and microhardness of the L-PBF-fabricated specimens are presented and discussed. Finally, we compare the microstructure, density and microhardness of specimens fabricated by L-PBF followed by VHT, and HP followed by HIP.




2. Experimental


2.1. Fabrication of NiTa Alloy Specimens


The composition of the NiTa alloy powder was 64 at.% Ni and 36 at.% Ta, produced using a vacuum induction-melting gas-atomization (VIGA) technique. The powder was graded with a laser-diffraction particle-size analyzer; the particle-size distribution ranged from 20    µ m    to 100    μ m    with a mean particle diameter of ~30 ± 5 μm. As shown in Figure 1, the NiTa powder particles had a smooth spherical shape, with a small number of satellites.



The Farsoon M271 laser-sintering system (Farsoon, Hunan, China) consists of an ytterbium fiber laser in an argon atmosphere. The platform temperature was set to 30 °C, with no preheating. By varying the operating conditions, the scanning parameters were evaluated parametrically. To obtain a fully dense structure with minimal voids and microcracks, the optimized parameters were found to be as follows: laser speed 200 mm/s, laser power 200 W, layer thickness 120 µm, hatch spacing 120 µm, and laser spot size 300 µm. The input energy density was estimated to be 69 J/mm3. These scanning parameters ensured the consistent fabrication of high-relative-density (~99.5%) parts. As shown in Figure 2, a rectangular JIS S45C steel building platform with an area of 275 × 275 mm2 was utilized to fabricate 35 NiTa cubes with dimensions of 5 × 5 × 5 mm3. As shown in Figure 3, the scanning strategy used a continuous beam mode and employed a zig-zag pattern at a 45° rotation angle with respect to the substrate plate. The pattern minimized the interference between the recoating blade and the boundary of each individual part.




2.2. Vacuum Heat Treatment


Five as-fabricated specimens were set aside to compare to the annealed specimens. The other thirty cubes were divided into sets of five and annealed at different temperatures and times, as summarized in Table 1, and then allowed to cool naturally within the furnace to room temperature. The specimens were annealed in sealed and evacuated quartz capsules (6 × 10−2 Pa) to minimize the effect of oxidation, because NiTa reacts with oxygen and nitrogen to form oxides and nitrides, respectively. The holding temperature was limited to well below 1394 °C which is the liquidus temperature for 64 at.% Ni and 36 at.% Ta, as reported by Okamoto et al. [22].




2.3. XRD for Chemistry Analysis


The as-fabricated specimens were removed from the base plate by a wire electric-discharge machine. Three as-fabricated specimens and three of each annealed case were examined by indexing the diffraction peaks measured by X-ray diffraction analysis. The surfaces of the transverse and sagittal planes of specimens were gently ground with SiC paper and polished using an alumina suspension. The XRD analysis used Cu-Kα radiation at 40 keV and a beam current of 30 mA. The XRD scan range was determined based on XRD analyses of the Ni-Ta system reported by Wang et al. [20]. The range of diffraction angle 2 θ  was varied from 35 °  to 50 °  with a step size of 0.02 °  and a scanning rate of 0.2 ° /min.




2.4. XRD Two-Tilt Method for Residual Stress Evaluation


Chen et al. [23] reported that the shift of maximum diffracted intensity peaks at various X-ray incident angles, the two-tilt method could accurately estimate the surface residual stress field. The lattice spacing of diffracted intensity from an X-ray diffraction spectrum is an average diffraction value for grains on the surface of the specimen. The residual stress was then estimated based on the calculation of the macrostrain on the surface of specimens, expressed as:


       ε  33  ′      ϕ ψ   =    d  ψ ϕ   −  d 0     d 0    =   1 + υ  E   σ ψ      sin ψ    2  −  υ E     σ  11   +  σ  22      



(1)







We determined the XRD scan range based on other XRD analyses of the Ni-Ta system [17,20]. The range of diffraction angle 2 θ  was varied from 42 °  to 46 °  with a step size of 0.01 °  and a scanning rate of 0.005 ° /s. Then, the residual stress on the surfaces of the specimens was determined as the distance between identical index peaks measured at different X-ray incident angles (0 °  to 10 °  and 20 ° ) on the transverse and sagittal planes of specimens.




2.5. Vickers Microindentation for Microhardness Analysis


Microhardness was measured with the Vickers microindentation method. For this study, the measuring surfaces of the as-fabricated specimens were gently ground with SiC paper and polished using an alumina suspension. As illustrated in Figure 4, measurements were taken along the dotted lines on the sagittal and transverse planes of specimens from each case. A load of 200 g-force (gf) with a loading time of 20 s was applied to the measurement point. The analysis was performed at regions without pores and cracks to mitigate their influence on the experimental results.




2.6. Microscopic and Metallurgical Characterization


The remaining two as-fabricated specimens and two of each annealed case were mounted in thermoset conductive phenolic compound. After metallographic preparation, the specimens were etched for 15 min in a Kroll etchant bath to reveal grain structures for OM and SEM analysis. For EBSD analysis, the specimens were vibration-polished with a colloidal silica suspension. The specimens were examined using a Hitachi SU5000 (Tokyo, Japan) and a JEOL JSM6610 SEM (Tokyo, Japan) using secondary electron and backscatter electron contrast (SE and BEC) imaging on the sagittal and transverse planes. EBSD was performed in a Hitachi S-3500 variable-pressure SEM with an Oxford EBSD system.



After OM and SEM analyses, one mounted specimen from each case was ion-milled with a focused ion beam on the top surface along the transverse plane, to acquire thin slices for further phase composition and crystallographic analysis by an HF 3300 ETEM (Hitachi, Tokyo, Japan) with energy-dispersive X-ray spectroscopy (EDX), and selected area electron-diffraction (SAED) setup.





3. Results


3.1. XRD Analysis


3.1.1. Phase Composition


Figure 5 compares XRD diffraction peaks of the as-fabricated specimen, NiTa powder and annealed specimens (cases 4 to 6). The XRD and microstructure analyses reveal that the crystalline structure of the primary phase, Ni2Ta, does not transform due to annealing. Figure 5b) shows that the as-fabricated L-PBF specimen has the same diffraction pattern as the NiTa powder. As shown in Figure 5c, both     Ni  2  Ta   and  μ -  NiTa   phases are identified through XRD analyses. Since the diffraction intensity of  μ -  NiTa   phase is small, the diffraction peaks for  μ -  NiTa   are not as apparent compared to those of the     Ni  2  Ta   phase. The broadening of the diffraction peak in annealed specimens is the result of grain refinement during the recrystallization process [24]. Compared with the standard lattice parameter for Ni2Ta, the primary phase constitution of the as-fabricated and annealed specimens are in agreement with the work of C. Zhou et al. [17]. However, the  μ -  NiTa   phase could not be clearly identified from the acquired XRD diffraction patterns. Thus, the as-fabricated and case 6 specimens were further examined under XRD, SEM and TEM to understand the effect of vacuum heat treatment on the constitution of the primary, secondary and eutectic phases of the L-PBF NiTa alloy.




3.1.2. Stress Evaluation


Due to the rapid heating and cooling of the molten pool during L-PBF, there is an accumulation of thermal residual stress, that heat treatment will relieve to prevent further propagation of microcracks. Figure 6 shows the surface residual stress of as-fabricated and annealed specimens as calculated from the XRD analysis using the two-tilt method. The data for the as-fabricated specimens show a much wider standard deviation than for the annealed specimens, due to the inhomogeneity of the columnar dendrite microstructure in the as-fabricated specimens.



Both the as-fabricated and annealed specimens show compressive stresses on both the transverse and sagittal planes. As the annealing temperature increases, the residual stress gradually decreases. The residual stresses in cases 4, 5 and 6 reduced to near zero after annealing, suggesting that the residual stresses are fully relieved, which creates a stress-free state, and that annealing for 4 h at 1275  ℃  is sufficient.





3.2. Comparison of Microhardness


Figure 7 presents the indented region on as-fabricated and annealed specimens. The contraction of the indented area (Areal) indicates the presence of compressive residual stress in the as-fabricated specimens. The observation aligns with the calculated residual stress from the XRD analysis. The annealed specimens have less contraction as the result of the annealing treatment.



As shown in Figure 8, the microhardness in cases 4, 5 and 6 are significantly reduced due to localized grain recrystallization. Compared to the case annealed under a shorter time (cases 2 and 4 for 1150 and 1220  ℃ ), an increase in annealing time to 4 h did not lead to a considerable reduction in microhardness of the specimens (for cases 3 and 5). This indicates that a much longer annealing duration is required to induce a further recrystallization process with an annealing temperature between 1150 and 1220  ℃ . Once complete recrystallization occurs in case 6, the microhardness of the specimens is further reduced on both the transverse and sagittal planes.



Figure 9 presents the comparison of the change in microhardness in L-PBF specimens of the as-fabricated and annealed specimens (case 6). The comparison shows that the microhardness values of specimens significantly reduced after annealing for 4 h at 1275  ℃ . The as-fabricated specimens have an average hardness (on the transverse plane) of 733 ± 41 HV0.2, while the annealed specimens have 594 ± 26 HV0.2. Most noticeably, in Figure 9c), a significant reduction of microhardness in the z-direction was measured. In addition, the microhardness of the as-fabricated specimen increases from 670 ± 15 to 730 ± 22 HV0.2 as the building height increases.




3.3. Microstructure of As-Fabricated NiTa


Figure 10 shows the inhomogeneously distributed coarse columnar dendrites which occur when metal experiences rapid solidification in processes such as L-PBF [25]. Figure 10a,b reveal columnar dendrites growing vertically from the center of the melt pool and across several melt-pool boundaries (highlighted with yellow lines) along the build direction of the specimen as a result of epitaxial growth [25]. Based on the measurement from twenty locations from four micrographs on two as-fabricated specimens, the as-fabricated specimens have columnar dendrites with an average length of 146 ± 30 µm and width of 3.5 ± 0.3 µm.




3.4. Effects of Vacuum Heat Treatment


The annealing conditions for cases 1, 2 and 3 did not result in the breakdown of columnar dendrites, as the columnar structure remained prevalent. In what follows, we focus on the specimens annealed at 1220  ℃  for 2 h (case 4), 1220  ℃  for 4 h (case 5), and at 1275  ℃  for 4 h (case 6). The densities of the annealed specimens in all cases remained the same as as-fabricated ones. Figure 11 is of case 4 and shows partially broken structures in the transverse and sagittal planes, obtained with annealing, as per case 4. Unlike cases 1, 2 and 3, the grain boundaries are broken, the columnar dendrites have shortened, smaller phases have formed, and precipitates can be seen in localized regions.



However, as shown in Figure 12, some of the columnar structures remain in specimens obtained with annealing, as per case 5. The result indicates that extending the duration of annealing from 2 to 4 h did not lead to considerable microstructural transformation. Figure 13 shows that case 6 has achieved a fully fine equiaxed Ni2Ta phase (bright area), a significant change from cases 4 and 5. The boundaries of columnar dendrites have been eliminated and the grains have grown larger due to recrystallization.



At higher magnification, Figure 14 shows dark spots that are angular in shape, and frequently located at interfaces between the primary and secondary phases. The dark spots range in size from 93 to 548 nm. The angular shapes rule out the possibility of gas-induced porosity, which would be spherical, thus confirming the formation of the precipitate.



From the residual stress, microhardness and microstructural analyses, we conclude that only the case 6 heat-treating condition is sufficient to promote complete recrystallization of the as-fabricated L-PBF NiTa specimens. Among all cases, only case 6 presents a uniform fine equiaxed grain microstructure, with the lowest residual stress, which is desirable for the sputtering-target disk application. Thus, in the remainder of the paper, we focus on comparing the crystallographic, and phase-composition analyses of as-fabricated and case 6 NiTa specimens.




3.5. Crystallographic Texture


To evaluate the influence of annealing on the orientation and texture of the grains, as-fabricated and case 6 specimens were examined under EBSD. In Figure 15a, the inverse-pole-figure map shows that the as-fabricated specimen has a microstructure dominated by elongated dendrites with preferred crystal orientation toward the <110> build direction. In contrast, case 6 exhibits a randomly oriented crystal structure after annealing. The measured average equivalent circle diameter of the equiaxed grains in the annealed specimens (case 6) is about 2.1 ± 0.2 µm. By comparison, the elongated columnar grains in the as-fabricated specimens are 146 ± 30 µm in length and 3.5 ± 0.3 µm in width.




3.6. Phase Composition and Crystallographic Analysis


According to the study conducted by C. Zhou et al. [17], the NiTa alloy used in this study is a two-phase metal alloy consisting of     Ni  2  Ta   as primary phase and     Ni  2  Ta + μ  -  NiTa   as eutectic phase. After annealing, the microstructure of an as-cast NiTa alloy reportedly transforms into two phases:   N  i 2  T a   and  μ -  NiTa  .



The NiTa powder and as-fabricated L-PBF NiTa were investigated under SEM-EDX and TEM-EDX to examine whether phase transformation occurs during L-PBF. As shown in Figure 16a, the NiTa powder has a dendritic structure. The dark region is identified as   N  i 2  T a   and the bright region is NiTa. TEM-EDX was used only to identify the composition of fine dendritic structure in the as-fabricated L-PBF NiTa. As shown in Figure 16b, the dendritic structure in the as-fabricated L-PBF NiTa consists of   N  i 2  T a   (dark region) and NiTa (bright region). The result indicates that no phase transformation occurred during L-PBF of NiTa, which agrees with the finding from the XRD analysis.



3.6.1. As-Fabricated Specimen


TEM-EDX analysis was carried out to analyze the phase composition of the fine dendritic structure of an as-fabricated specimen. Using EDX mapping, two distinct elements were identified on the sectioned surface: Ni (red) and Ta (green). As shown in Figure 17b, the qualitative elemental analysis reveals that the primary phase has a higher concentration of Ni. On the other hand, the Ta-rich region in green is the eutectic intermetallic phase.



Figure 17c shows the point EDX chemical composition analysis of the primary and intermetallic phases (the dark and bright regions), respectively. The primary phase, at the point of measurement, has 41.10 at.% Ta and 58.90 at.% Ni. An atomic ratio of 2 Ni to 1 Ta in the primary phase indicates a possible phase constitution of     Ni  2  Ta  . On the other hand, the secondary phase has a relatively higher concentration of Ta. However, the measured atomic concentration in the secondary intermetallic does not provide sufficient evidence to identify the exact phase constitution of a possible eutectic phase. Thus, a SAED crystallographic analysis was conducted on the as-fabricated specimen to identify the crystal structures and phase constitutions.



Figure 18a shows a high concentration of dislocations in the intermetallic phase of an as-fabricated specimen. As indicated in Figure 18c, the dislocations in the as-fabricated specimen have affected the diffraction of electrons, resulting in the streaks (highlighted in yellow) on the SAED spots pattern. Figure 18b,c show SAED patterns of the marked regions in the as-fabricated specimen. Figure 18b shows that the primary phase “A” has a tetragonal crystal structure with 0.29–0.32 nm d-spacing and I4mmm space group, which are similar to the space group and lattice structure of Ni2Ta reported by Y. Zhou et al. [16]. The clear spots appearing in Figure 18b indicate that the Ni2Ta has high crystallinity. These results confirm that the eutectic phase in the as-fabricated specimens consists of     Ni  2   Ta     +    μ  -  NiTa   because Figure 18c indicates the presence of both tetragonal Ni2Ta and rhombohedral NiTa in phase “B”.




3.6.2. Annealed Specimen (Case 6)


Figure 19 presents the SEM and SEM-EDX micrographs of a case 6 specimen. In Figure 19a, the newly formed phases are marked as primary and secondary. The point chemical analysis identifies a 2:1 atomic ratio of Ni and Ta in the primary phase, and thus     Ni  2  Ta  . The SEM-EDX analysis of case 6 shows a shift in the phase composition. In Figure 19b, the EDX map shows that precipitates are located near high concentrations of Ta, suggesting that the precipitates form due to the rejection of Ta from a saturated Ta-rich solution. However, further SAED crystallographic analysis will be required to validate the phase composition of the precipitate. The change in the phase composition is due to microstructure homogenization during high-temperature annealing, which causes the gradual disappearance of the eutectic phase [26]. Subsequently, the saturated solution recrystallizes into two distinct crystal structures,     Ni  2  Ta   and   NiTa  .



SAED analysis was performed to validate the crystal structure and phase composition of case 6 and precipitate. Figure 20b,c show SAED patterns of marked regions in the as-fabricated specimen. Figure 20b shows that phase “A” has a rhombohedral NiTa crystal structure; Figure 20c shows that the secondary phase “B” has a tetragonal Ni2Ta crystal structure. The recrystallization of the grain structure during annealing results in the elimination of dislocations. This phenomenon correlates to a significant reduction in the concentration of dislocations in Figure 20a and a reduction in the streaks in the secondary phase of case 6 in Figure 20c. The clear distinction of the crystal structure in the primary and secondary phases confirms that the eutectic phase has homogenized and transformed into     Ni  2  Ta   and   NiTa   during annealing.



Figure 21a shows a Ta precipitate embedded in the Ta-rich secondary phase. The SAED pattern shows the Ta precipitate to have a fcc crystal structure, 0.43 nm in the [   1 ¯  11  ] direction. This is interesting, as the most common form of Ta, known as the α phase, has a bbc crystal structure, as reported by Janish et al. [27], although the formation of fcc Ta structure in Ta thin films has also been reported by Denbigh et al. [28]. Shen et al. [29] pointed out that the small particles may exhibit lower potential energy and can become thermodynamically stable fcc crystal structures before melting.






4. Discussion


4.1. Residual Stress and Microhardness


The residual stress and microhardness analyses show higher residual stress and microhardness in the as-fabricated specimens than in the annealed specimens, which can be attributed to the presence of high dislocation density and the fine subgrain cellular structure, which creates a significant lattice-orientation mismatch between grains at grain boundaries, and pins the movement of dislocations at the boundaries. Large activation energy is needed to overcome the pinning force at the grain boundaries, which results in the strengthening of the overall structure [30]. The Ta precipitates also act to ‘lock’ grains within the microstructure, which inhibits their movement. During annealing, the formation of strengthening precipitates and the recovery and recrystallization processes usually occur simultaneously. The former enhances the strength and hardness but reduces the ductility, while the latter improves the ductility [31]. The recovery and recrystallization of fine subgrain cellular structure into equiaxed grains also causes rearrangement of grain boundaries, which in turn eliminates the pinning of dislocations at grain boundaries, which reduces the microhardness. As shown in Figure 6 and Figure 8, the effect of microstructural recrystallization overcomes the precipitation strength-hardening effect, leading to the decreases in residual stress and microhardness in cases 4, 5 and 6. The variation of the microhardness at various locations across the as-fabricated specimens is the result of microstructure inhomogeneity. By contrast, the microstructural homogenized case 6 has a more consistent microhardness in all directions.



Figure 9 presents the anisotropy of the microhardness in the x and y-directions, as well as between the transverse and sagittal planes of as-fabricated specimens. The anisotropy of the microhardness in the as-fabricated L-PBF NiTa specimens correlates to the directional anisotropy of mechanical properties in L-PBF parts reported by researchers [32,33,34,35]. The variation in microhardness value along the x and y-direction of as-fabricated specimens is the result of the orientation of grain structure caused by the zig-zag scanning strategy [32,33]. The anisotropy of microhardness between the sagittal and transverse planes of the as-fabricated specimen is owing to the anisotropy of columnar grains [34,35]. The change in the microhardness along the building height of the as-fabricated specimen can be explained by the continuing effect of the thermal cycles on the underlying printed layers during L-PBF. The repeated heating causes a short period of annealing effect to the existing layer, which leads to a stress-relieving and grain-coarsening effect that lowers microhardness values [36].




4.2. Microstructural Evolution


The columnar dendrites in the as-fabricated specimen, Figure 10, are due to the significant thermal gradient between the substrate and HAZ caused by rapid heat conduction from the melt pool to the baseplate [25]. A large thermal gradient in the HAZ also causes a CTE mismatch between the HAZ and the surrounding region, and introduces large tensile stress that results in the formation of solidification cracks near the melt-pool boundary [37]. Figure 15a shows that the as-fabricated specimen has a microstructure dominated by elongated dendrites with preferred crystal orientation in the <110> along the build direction. The preferentially oriented microstructure can be explained by the rapid cooling (103–105 °C/s) of the melt pool, where the heat of the melt pool is conducted towards the baseplate [38]. Meanwhile, the rapid solidification of the melt pool during L-PBF results in non-equilibrium solidification in the interdendritic zone [39]. The inhomogeneously distributed coarse columnar dendrites observed on the as-fabricated specimens are not acceptable for a sputtering-target application. Thus, annealing was conducted to recrystallize the columnar dendrite grains and to homogenize the microstructure.



After annealing, the microstructure (case 6) changes significantly, due to the high dislocation density at boundaries of columnar dendrites (and hence high stored energy) inside the L-PBF part, as a result of the high thermal gradients during rapid solidification [40]. At an annealing temperature of 1275 °C, which reaches the recovery and static recrystallization temperature of the NiTa, the high stored energy in the L-PBF specimen acts as the driving force to promote the recrystallization of columnar dendrites [40,41]. Meanwhile, the migration of columnar dendrite grain boundaries and the diffusion of elements across boundaries accelerate the elimination of dendritic and cellular structures [42]. Hence, the microstructure transforms greatly under annealing.



As shown in Figure 15b, case 6 exhibits a randomly oriented crystal structure after annealing. The change in crystallographic orientation of grains is the result of grain-boundary migration during recovery and recrystallization. Petryshynets et al. [43] described the crystal orientation of newly formed equiaxed grains as significantly influenced by the movement of dislocations until the structure becomes thermodynamically stable. The randomly oriented crystal structure is caused by the absence of an external force during vacuum heat treatment, such as a mechanical or magnetic force [44].



Figure 17a of an as-fabricated specimen, and Figure 14 of an annealed specimen, both show nanoscale spherical pores, suggesting the introduction of gas into the NiTa either during the production of the powder feedstock or during L-PBF, the gas that was then unable to escape before solidification [45]. Then, the annealing process allows the gas elements to nucleate, grow, and coalesce [46], especially because during high-temperature annealing the mobility of dissolved gas elements increases due to the addition of kinetic energy, and thus the high density of dislocations in the L-PBF NiTa provides easier diffusion paths for gas elements to coalesce. The size of the pores suggests that these are dissolved nitrogen molecules, and as L-PBF takes place in an argon-purged environment, we conclude that the nitrogen was introduced during atmospheric gas atomization.



Figure 14 and Figure 19a show that prolonged annealing at elevated temperature causes the rejection of an element from a saturated solution, leading to the formation of precipitates [47]. Supersaturation of the solution is the result of the rapid cooling during the L-PBF process. Due to the high energy level of an intermetallic compound, precipitates tend to preferentially form at phase interfaces to pin grain boundaries and to achieve thermal stability through kinetic stabilization [31]. Compared between cases 4, 5 and 6, the increased population of precipitate in case 6 is due to the higher annealing temperature, which allows more grains to be recrystallized but also provides more opportunities for excess elements to be rejected from the solution forming precipitates. The observation correlates to the work conducted by Prashanth et al. on annealed L-PBF Al-12Si alloy. They report that Si is rejected from supersaturated Al to form small Si precipitates that are pinned at the cellular boundaries [48].



Figure 21 shows the finding of fcc Ta precipitate, which is the product of the annealing of fine-grain structures in the L-PBF NiTa. During annealing, the fine-grain structure in the as-fabricated specimen constrains the formation of the precipitates, which limits the size of Ta precipitates to the nanometer scale. The size of the precipitates helps the fcc Ta phase to remain thermodynamically stable throughout annealing. Finally, from the microstructural and metallurgical analyses, we see that the Ta precipitates are uniformly distributed and so are likely to be homogenized in vaporized ion fume during PVD, and thus are unlikely to hinder PVD performance.





5. Comparison of Specimens Produced by L-PBF with VHT, and HP with HIP


Specimens produced by HP with HIP (HP + HIP) were provided by Solar Applied Materials Corp. Figure 22 presents SEM micrographs of specimens produced by L-PBF with VHT (L-PBF + VHT), case 6, and specimens produced by HP + HIP. The HP + HIP treated specimens were pressed under HP at 1050 °C for four hours and HIP treated under 150 MPa at 1275 °C for six hours. The L-PBF + VHT treated specimens have a much finer equiaxed secondary phase.



The measured cross-sectional average grain size of the L-PBF + VHT treated specimen is about 2.1 ± 0.2 µm with a relative density of 99.5%; the HP + HIP treated specimen is about 6 ± 0.6 µm with a relative density of 98%. Compared to HP, L-PBF has a much more rapid cooling rate, which results in the formation of a denser part with finer microstructure, and annealing refines or recrystallizes the fine dendrites into much smaller equiaxed grains. Note also that the HIP process causes significant deformation of the hot-pressed sputtering target, which results in an average of 10% material loss during post-processing. On the other hand, VHT would not deform the L-PBF sputtering target, allowing the component to be made near-net-shape and reducing material loss.



Zuback et al. [49] demonstrated a positive correlation between hardness and yield strength of AM alloys fabricated through L-PBF and direct energy-deposition methods. The L-PBF process tends to produce parts with fine grains due to the high solidification rate. Farshidianfar et al. [50] reported a correlation of cooling rate to grain size and microhardness, and an inverse relationship between microhardness and average grain diameter, resulting in the Hall-Petch effect.



The Hall-Petch relation was initially developed for equiaxed grains and demonstrates good agreement in materials with grain size less than hundreds of microns. The HP + HIP-treated specimen has an average microhardness of 556 ± 14 HV0.2, while the L-PBF + VHT-treated specimen has a higher microhardness of 594 ± 26 HV0.2. We also observe that specimens with finer grains have higher microhardness.



As stated by Dunlop et al. [51] and Sarkar et al. [52], the performance of the sputtering target during the PVD process is in correlation with the averaged grain size of the sputtering target. Their works showed that the surface uniformity of the deposited thin film has an inverse correlation with the average grain size of the sputtering target. When operating under the same PVD condition, a smaller averaged grain size in the sputtering target is shown to improve the uniformity of the thin film compared to the one with coarser grain. Since the hard-disk drive consists of multiple layers of thin films, changes in the surface uniformity of any thin film layer can influence the uniformity of the final layer (lubricant layer). The uniformity of the final layer has a significant influence on the recording density and the performance of the hard disk drive [53].



Thus, based on the facts discussed above, we deduce that the L-PBF + VHT specimen has a much higher yield strength and could produce better quality thin film than the ones produced by HP + HIP.




6. Conclusions


NiTa alloy specimens were fabricated with L-PBF and annealed with VHT. The microstructure evolution and residual stress obtained from different annealing conditions were investigated by optical microscopy, scanning electron microscopy, and X-ray diffraction.



The following are the conclusions of this study:




	
L-PBF NiTa specimens annealed below 1220 °C retained the columnar dendritic grains (length 146 ± 30 µm, width 3.5 ± 0.3 µm) of the as-fabricated L-PBF parts. At 1220 °C, partial grain refinement was initiated, where the columnar dendrite boundaries were partially broken in some regions. When annealed at 1275 °C, the columnar dendritic structure transformed into an equiaxed grain structure with an average size of 2.1 ± 0.2 µm. The rapid transformation of the grain structure at 1275 °C is the result of a recrystallization process driven by the high stored energy in the specimens, which accelerates grain-boundary migration and the diffusion of elements.



	
After annealing, the eutectic phase transformed into two phases: tetragonal Ni2Ta as a primary phase, and rhombohedral μ-NiTa as a secondary phase, with fcc Ta nanoscale precipitates that help stabilize the crystal structure.



	
After heat treatment, the maximum compressive residual stress in NiTa specimens dropped from 180 ± 50 MPa to 20 ± 10 MPa as a result of dislocation elimination due to recrystallization.



	
The L-PBF + VHT-treated specimens demonstrate a finer equiaxed secondary phase than HP + HIP-treated specimens, and as a result a higher microhardness than HP + HIP-treated specimens.



	
During VHT at 1220 °C, fcc Ta precipitates were distributed where columnar dendrite boundaries were broken. When annealed at 1275 °C, fcc Ta precipitates were dispersed more uniformly in the microstructure. Based on all the findings in this paper, this study recommends annealing at 1275 °C but for no more than 4 h, to minimize the formation of Ta precipitates.
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Figure 1. SEM micrograph of the NiTa powder used in this study. 
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Figure 2. As-fabricated cubes of NiTa. 
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Figure 3. L-PBF zig-zag scanning pattern at 45°. 
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Figure 4. (a) The locations of indentations for microhardness analysis and (b) the targeted planes of prepared specimens for XRD analysis. 
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Figure 5. X-ray diffraction analysis for (a) as-fabricated, (b) as-fabricated and NiTa powder and (c) as-fabricated and annealed specimens (cases 4 to 6). 
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Figure 6. Residual stress on the: (a) transverse plane, (b) sagittal plane. 
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Figure 7. Indentations of (a) as-fabricated and (b) annealed (case 6) specimens. Anominal is the area of the tip of indenter and Areal is the area of indented region. 
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Figure 8. Average microhardness of the specimens on transverse plane. 
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Figure 9. Comparison of microhardness between as-fabricated and annealed specimens (case 6) in the (a) x, (b) y and (c) z directions; (d) x, y and z directions. 
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Figure 10. Micrographs of as-fabricated NiTa alloy specimens under (a) an optical microscope on the sagittal plane, (b) SEM-BSE on the sagittal plane under 1000× magnification. 
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Figure 11. Microstructure of case 4 under (a) SEM-BSE on the transverse plane, and (b) SEM-BSE on the sagittal plane. 
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Figure 12. Microstructure of case 5 under (a) SEM-SE on the transverse plane, and (b) SEM-SE on the sagittal plane. 
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Figure 13. Microstructure of case 6 under (a) SEM-BSE on the transverse plane, and (b) SEM-BSE on the sagittal plane. 
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Figure 14. Formation of precipitates and gas holes in the microstructure of case 6 under (a) SEM-SE, (b) SEM-BSE and (c) point EDX analysis. 
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Figure 15. EBSD inverse-pole-figure maps of the (a) as-fabricated and (b) case 6 specimens on the sagittal plane. 
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Figure 16. (a) SEM micrograph of NiTa powder and (b) TEM micrograph of L-PBF NiTa. 
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Figure 17. EDX mapping for phase composition and distribution of the as-fabricated specimen: (a) STEM micrograph, (b) EDX map (c) point EDX analysis. 
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Figure 18. TEM micrographs of an as-fabricated specimen. (a) Low-magnification dark-field image; (b) SAED pattern of the primary phase “A” in the [   1 ¯  11  ] direction; (c) SAED pattern of the secondary phase “B” in the [   1 ¯  11   ] direction. 
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Figure 19. EDX mapping for phase composition and distribution of case 6: (a) SEM micrograph, (b) EDX map, (c) point EDX analysis. 
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Figure 20. TEM micrographs of an annealed specimen. (a) Low-magnification dark-field image; (b) SAED pattern of primary phase “A” in [   1 ¯  11  ] direction; (c) SAED pattern of secondary phase “B” in [   1 ¯  11   ] direction. 
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Figure 21. TEM micrographs of an annealed specimen. (a) Low-magnification dark-field image; (b) SAED pattern of precipitate “A” in [   1 ¯  11  ] direction. 
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Figure 22. SEM micrographs of NiTa alloy: (a,b) L-PBF + VHT (Case 6), and (c,d) HP + HIP. 
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Table 1. List of vacuum heat-treatment cases.
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	Case Number
	Holding Temperature (°C)
	Holding Time (hour)





	1
	864
	4



	2
	1150
	1.25



	3
	1150
	4



	4
	1220
	2



	5
	1220
	4



	6
	1275
	4
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