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Abstract

:

In this work, thick deposits of pure titanium (Ti), with a thickness of around 15 mm, were additively manufactured using high-pressure cold spraying. Nitrogen was employed as the process gas. Subsequently, the deposits were subjected to hot isostatic pressing (HIP). The HIP-treated Ti deposits were analyzed for their metallurgical and mechanical characteristics with the aim of exploring the viability of using cold spraying for the additive manufacturing of Ti components. Moreover, high-temperature cyclic oxidation testing was also performed on the HIP-treated Ti deposit to understand its stability at high temperatures. SEM/EDS showed a dense structure with marginal porosity for the HIP-treated Ti deposits, without any oxide formation, which was further confirmed via XRD analysis. An average microhardness of 214 HV was measured for the HIP-treated Ti deposits, which is close to that of the commercially available bulk titanium (202 HV). The high-temperature oxidation studies revealed that the cold-sprayed HIP-treated Ti has very good oxidation resistance, which could be attributed to the formation of protective titanium dioxide in its oxide scale.
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1. Introduction


Additive manufacturing (AM) is a process of creating three-dimensional standalone components, during which the component is manufactured by adding material in a layer-by-layer fashion, in contrast to conventional material subtraction processes. AM is one of the most significant developments in manufacturing technologies. AM has evolved as a promising technology for synthesizing specific and complex geometries with reasonable production volume and reduced production time [1]. Looking at the temporal evolution, selective laser sintering (SLS) evolved as the first metal-based additive manufacturing technology for a wide range of materials. Selective laser melting (SLM) was developed to eliminate the post-processing of SLS-fabricated components. In addition to laser-based processes, quite a few other techniques have been developed, such as electron beam melting and ultrasonic consolidation [2,3,4,5,6]. However, these techniques are yet to attract significant importance due to the inherent limitations like poor surface quality, low adhesion and low production volumes [7]. Cold spraying (CS) is a recent entrant to the list of thermal spray techniques. During thermal spraying, material in powder form is accelerated to high velocity under heated conditions to obtain a deposited coating layer, whereas during CS, mainly velocity is used to deposit the feedstock powders. Cold spraying is a solid-state high-strain-rate material deposition technique wherein powder feedstock (metallic or composite) in size range of 5–100 microns is entrained in the supersonic gas jet to form the coating and 3-D complex free-standing shapes through self-consolidation [8,9]. Metallurgical bonding and mechanical interlocking are the two mechanisms that play crucial roles in ensuring a durable and reliable bonding between the powder particles and the substrate. CS offers high flexibility regarding fabricating standalone shapes with significant productivity. Since the temperatures involved are low, thermal stresses are limited in the components synthesized using cold spraying [7,9,10]. The microstructure of the components manufactured is likely to be homogeneous and refined owing to high-strain plastic deformation and the absence of high temperature. Powder compaction is driven by high external pressure rather than high temperatures, which promotes the development of a highly dense and compact structure owing to increased inter-lamellar cohesion. Also, the problems arising due to a mismatch of thermal conductivity and melting temperature between different powder constituents are avoided [7,11].



In the context of additive manufacturing, the use of cold spraying is a recent advancement. The process appears to be promising; however, the applicability of the process for components of different metals such as Ni, Ti, and Mg and their respective alloys and superalloys at industrial scale such as for energy, aviation, oil and gas, locomotives, and healthcare sectors, is limited and less known. The production of titanium via conventional methods requires many resource-intensive processes, and its poor workability and reactivity make it difficult to machine, cast, and forge [12,13].



Commercially pure grades of titanium have ultimate strength in the range of 434 MPa, which is equivalent to low-grade steels; however, their density is relatively low. The grades are 60% denser than commonly used 6061-T6 aluminum alloy, however, with nearly double strength. Titanium has a high strength-to-density ratio, excellent creep and fatigue strengths at high temperatures, corrosion resistance at high temperatures, high osseointegration properties, and is both aqua regia and seawater corrosion-resistant. It has widespread applications in medical, nuclear, marine, aerospace and many more sectors. However, titanium powder with a particle size of less than 45 microns in the presence of oxygen is considered a flammability hazard as it is highly pyrophoric. It reacts with nitrogen and oxygen at relatively low temperatures. Therefore, it is very difficult to spray unless we provide a vacuum or inert gas shroud during thermal spray processes [14]. In this regard, the cold spray process provides the possibility of depositing Ti in a solid state. Therefore, in this study, cold spray technology has been used to create thick deposits of pure titanium, which were HIP treated. The manufactured deposits were characterized to assess the potentiality of the cold-spray-based additive manufacturing (CSAM) technology in developing industry-relevant real-life components of titanium and its alloys.




2. Methodology


A flow chart representing the experimental procedure adopted to develop and characterize thick Ti deposits using cold spray technology is shown in Figure 1. Pure titanium powder (Praxair Surface Technologies, Indianapolis, IN, USA), ranging in size from 11 to 45 µm, and having an irregular shape was employed as a feedstock material. Inconel 718 superalloy was employed as a substrate material. A cold spray system (Impact Innovations GmbH) was used to manufacture the thick titanium deposits. The system consists of a cold spray gun, cylinder pallets, a gas control unit, gas pressure regulators, a control console, a powder feeder and other associated peripherals. Two important components of the cold spray gun are a CD (convergent-divergent) nozzle and a gas preheating chamber. The nozzle has an exit diameter of 6 mm and a throat diameter of 2 mm. The barrel measures 100 mm in length from the throat to the exit. Nitrogen gas at 40 bar pressure was preheated at a temperature of 550 °C and supplied to the spray gun. Unheated nitrogen gas having more pressure (to prevent backflow of powder) is fed to the powder feeder for conveying the Ti powder particles to the spray gun. The distance between the nozzle exit and the substrate is called the standoff distance, which was kept at 30 mm. A robotic arm manipulated the cold spray gun to deposit multiple layers of titanium. Since titanium has a lower density and a hexagonal closed pack (HCP) crystal structure, it is exceedingly challenging to densify it during cold spraying; therefore, the manufactured deposits were processed under a hot isostatic press (HIP) at a temperature of 1650 °F (900 °C) and under a pressure of 15,000 psi (104 N/mm2) for 2 h to improve their properties. The cold-sprayed samples were prepared at General Electric (Bengaluru), India.



2.1. Microstructural Analyses


For microstructural analysis, surface, as well as sectioned samples, were prepared from the cold-sprayed deposits as per standard metallurgical procedures. The cross-sectional morphology was examined using a scanning electron microscope (SEM) (JEOL JSM-6610LV, JEOL Ltd., Tokyo, Japan) to comprehend the microstructure of the deposit and check the oxide inclusions, pores, and unmelted particles. The calculation of pore size distribution in all the samples was performed using the Image-J tool. Ten random SEM (greyscale) images were used in Image-J for the analysis. After converting SEM images to bmp-format, introducing and setting the scale to the software, binarization using thresholding procedure and analyzing the results, the pore size distribution was determined. Additionally, the density of the samples was calculated with the help of a density measurement kit based on the Archimedes principle (Mettler Toledo, MS-DNY-54, Zürich, Switzerland).



The specimens were examined using X-ray diffraction (XRD) (Analytical X-pert Pro, The Netherlands) in order to investigate the generation of different phases. Diffraction patterns were obtained using a diffractometer with a nickel filter set at a voltage having a value of 35 kV and a current of 20 mA with Cu-Kα radiation. The intensities were measured using a goniometer at a speed of 1°/min while the samples were scanned at a speed of 1 kcps in a 2θ range of 10 to 100°. The diffractometer was linked to X-Ray diffraction software, which generated “d” values for each peak for the identification of different phases.




2.2. Mechanical Properties’ Evaluation


A microhardness tester (Wilson, 402MVD, Chicago, IL, USA) with an applied load of 300 g and a dwell period of 10 s was used to investigate the variation in the cross-sectional microhardness of the deposit. Five consecutive lines of indents along the lateral direction to the interface (representative of different thickness values) were made, and the mean of ten values was considered along each line.



Quasistatic nanoindentation analysis was also performed, which is a standard technique used for the nanomechanical characterization of materials. A triboindenter (Hysitron, Inc., TI-950, Minneapolis, MN, USA) was utilized to measure the nanohardness and Young’s modulus of the manufactured Ti thick layer at the surface and along its thickness. With a 5 μm inter-indent space, 20 indents in the shape of a 5 × 4 matrix were formed. The average values of the elastic modulus and the hardness of the deposit were determined by performing three iterations of this experiment (a total of 60 indents for one sample). The test was conducted with a frequently applied Berkovich diamond tip indenter under a constant 1000 μN loading. The Berkovich indenter had an elastic modulus and a Poisson’s ratio of 1140 GPa and 0.07, respectively.



The tensile specimens were cut from the 15 mm thick Ti deposit using a wire cut-EDM and were tested using a universal tensile testing machine (FIE, UTES 40, Kolhapur, Maharashtra, India). The specimens were dog-bone-shaped (as per ASTM standard E8), each measuring 25 mm gauge length, 10 mm width, and 1 mm thickness. The specimens were subjected to tensile testing using a load cell with a maximum capacity of 20 kN and a low strain rate of 0.02 mm/min. Additionally, a shear test was carried out on the same machine in accordance with ASTM D906-98 standards to determine the adhesion/shear strengths of the layers that were deposited. The specimens were also micro-tensile tested on a micro-tensile testing attachment (Kammrath Weiss GmBH, Schwerte, Germany) in SEM. For this purpose, dog-bone-shaped specimens (according to ASTM standard E8), each measuring 25 mm gauge length, 3 mm width, and 1 mm thickness, were cut using a wire-cut EDM. The specimens were strained at a crosshead speed of 0.5 mm/min with a load cell of 10 kN. The in situ microstructure changes were observed through SEM imaging. The in situ micrographs were taken at several stages, such as crack nucleation, propagation, and fracture.




2.3. High Temperature Cyclic Oxidation Study


Cyclic oxidation tests were carried out in a silicon carbide tube furnace at an elevated temperature of 900 °C. The furnace was calibrated to an accuracy of ±5 °C with a Platinum/Platinum-13% Rhodium thermocouple connected with a temperature indicator. After polishing the cold-sprayed samples, physical characteristics were precisely recorded using a Vernier caliper to calculate their total surface area. The measured specimens were then cleaned with isopropyl alcohol and dried with the help of hot air to eliminate any remaining moisture. Alumina boats were used to contain the prepared specimen during the experiment. The mass of the alumina boats utilized in the experiment was assumed to remain uniform during the cyclic oxidation test, as these boats were preheated to 1200 °C for 6 h. The boat containing the specimen was then placed inside the furnace’s hot zone, which was preheated to 900 °C. After one hour of holding in the furnace, the boat holding the specimen was removed and allowed to cool to room temperature for 20 min. The next step was to measure the mass of the boat and the sample; this completed one cycle. The mass change measurements also accounted for any scales that had fallen off the boat. The mass was measured using an electronic balance with a sensitivity of 10−3 g. After each cycle, visual observations were conducted regarding the color, luster, or any other physical characteristic of the oxide scales. The oxidation data were expressed in terms of mass change per surface area (g/mm2) versus the number of cycles.





3. Results and Discussion


3.1. Microstructural Analyses


SEM images of the Ti feedstock powder revealed an irregular morphology with an angular particle shape, as shown in Figure 2. The EDS examination of the powder revealed the existence of only the Ti phase (99.95%), as displayed in Figure 3, which was further confirmed via XRD investigation (Figure 4). The carbon traces in the EDS data could be attributed to the carbon tape used during analysis to avoid the charging effect of electrons. The XRD analysis revealed that the deposit exhibited a more pronounced peak broadening compared to the powder and interface regions, as depicted in Figure 4. This phenomenon could be attributed to the combined influence of strain and size effects in cold-sprayed HIP-treated pure titanium deposits. The strain and dislocation movements might vary the lattice spacing, resulting in peak broadening. The crystallite size decreased due to grain subdivision, dynamic recrystallization, and grain refinement. Smaller crystallites had a limited number of lattice planes contributing to the diffraction, resulting in broader diffraction peaks [15].



The optical micrographs of the cold-sprayed HIP-treated pure titanium deposit are represented in Figure 5. The deposit is found to have two different types of microstructures. A granular structure with spherical grains of (α + β phase of titanium) has been observed near the center of the deposit. However, a bunch of bush-like structures (Widmanstatten) has been observed near the interface, which was further identified (via XRD, SEM, and microhardness) as α-titanium.



SEM images of the developed Ti deposit are presented in Figure 6. It can be seen from Figure 6a that there is no gap at the interface, which indicates appropriate adhesion between the substrate and the first layer of the deposit. This information can be useful if one is interested in developing Ti deposits on IN718. There were no cracks found in the Ti coating deposit. However, micron-sized inter-particulate pores, as well as weakly bonded inter-particulate boundaries, were found. These imperfections, cavities, and pores could be the result of inadequate plastic deformation of powder particles during deposition. It is worth mentioning as a side note that these features are very important in medical prostheses, such as orthopedic or dental implants, to act as nucleation sites for the cells to proliferate, aiding in osseointegration. Osseointegration helps in improving prosthetics for amputees.



A white layer at the interface was also observed. A high-magnification SEM image shown in Figure 6d also shows a bunch of bush-like structures (Widmanstatten) near the interface, which were further characterized as α-titanium via XRD (Figure 3) and microhardness analysis). The EDS mappings (Figure 7) showed pure titanium on the deposit side and nickel, chromium, and iron on the substrate side. There was no oxide formation in the deposit during cold spraying and HIP processing, highlighting the capability of the used approach for the development of standalone pure titanium products. Moreover, no inter-diffusion across the Ti-layer and substrate material was observed. A microstructure comprising a variety of irregularly shaped particles and voids has been observed at the inter-particle boundaries. These voids were not noticeable in the un-etched sample (Figure 6a,b), while the mass loss due to attack by the etchant (Figure 6c,d) exposed the hidden pores. Therefore, it can be concluded that the un-etched surface can lead to the underestimation of porosity [16].



Figure 4 shows the XRD analysis of the developed HIP-treated Ti deposit near the interfacial area and inside the deposit performed by placing the sample in line with the mark of the XRD fixture, which indicates the sight of the XRD scan. XRD analysis of both areas indicates that no oxide phases were formed. This observation was also supported by the EDS analysis. This is a positive attribute regarding the development of pure-Ti products using the cold spraying process. Additionally, the absence of intermetallic phases at the interface proved that cold spraying (CS) is superior to conventional high-temperature additive manufacturing (AM) technologies in inhibiting the synthesis of brittle intermetallic phases at the multi-materials interface. The XRD analysis of the cold-sprayed HIP-treated deposit and the used powder showed the presence of both α- and β-titanium, while at the interface, only α-titanium peaks were observed. The presence of both the phases (α and β) in the titanium powder, as illustrated in Figure 4, was a result of the material’s unique phase diagram and the specific manufacturing processes used to produce the powder. At high temperatures (above the β transus temperature, typically around 882 °C or 1620°F), titanium exists in the β phase, which has a body-centered cubic (BCC) crystal structure. As the temperature decreases below the β transus, titanium undergoes a phase transformation to the α phase, which has a hexagonal close-packed (HCP) crystal structure. It is important to mention that the method used for making the feedstock titanium powder was atomization in this case. In this method, molten titanium is sprayed or atomized into fine droplets using high-pressure gas or other means. These droplets are rapidly cooled and solidified into powder particles. During the rapid cooling process, the material could become “frozen” in a metastable state, preserving both the α and β phases in the powder. This was because the cooling rate is so fast that the phase transformation from β to α may not have had time to complete before the particles solidified. The presence of only α-Ti peaks at the interface suggests that a transformation of β to α occurred in the titanium deposits. This transformation is often influenced by two main factors: rapid cooling from the β phase or α + β regions, which might have taken place after HIP, especially the interfacial region, which was closer to the substrate than the other part of the deposit, and plastic deformation during cold spraying, which induced this transformation. The fast cooling at the interface led to the formation of Widmanstatten-α laths. Moreover, the HIP treatment applied to the cold-sprayed Ti deposits resulted in the spheroidization of the colony microstructure within each β grain. This process produced a micro-duplex structure comprising primary α particles in a matrix of β grains/sub-grains. These β grains/sub-grains developed during the slow cooling of the deposit after HIP in contrast to the interfacial region. This is the reason for the α and β peaks in the case of the deposit, as depicted in Figure 4 [17,18].



The density for the cold-sprayed HIP-treated pure titanium sample was observed at 4.14 g/cc when determined using the Archimedes method, respectively. However, the density of the pure bulk Ti (manufactured through special casting machines) was measured as being 4.50 g/cc when determined using the aforesaid method. It is very challenging to produce a pore-free deposit of titanium powder using cold spraying (solid-state deposition) alone due to the irregularly shaped morphology of powder particles. Furthermore, owing to its low density and hexagonal closed-pack (HCP) crystal structure, it is very difficult to densify Ti [16]. Therefore, the HIP treatment of the thick Ti deposits has been performed to achieve a comparatively denser microstructure with a density approaching that of bulk Ti. An apparent surface porosity having a value of less than 1% has been achieved in a HIP-treated Ti deposit. However, pores with size variation from 3 to 10 µm have been observed in the deposit when measured using the Image-J analyzer. Relatively higher amounts of smaller pores (having a pore size ranging between 3 and 6 µm) have been observed as compared to that of larger pores (having a pore size range of 6–10 µm).




3.2. Mechanical Properties Evaluation


The microhardness plot (hardness v/s thickness) of the cold-sprayed HIP-treated pure titanium deposits is shown in Figure 8. The average microhardness of the Ti-layers is 214 HV, which is slightly higher than that of the commercially available bulk titanium (202 HV) [19]. The average microhardness value at the interface was observed as being 519 HV (at the white line observed in SEM images). This jump was observed because of the strain hardening of the substrate at the interfacial region due to the extremely high-velocity bombardment of the Ti particles. Additionally, it may be due to the presence of α phase, which has hexagonal close packing (HCP) compared to the β-phase possessing a body-centered cubic (BCC) crystal structure, leading to the greater hardness of the α phase compared to the β phase [19]. The transition elements in the substrate might have stabilized the α phase of titanium by lowering the β–α phase transition temperature during HIP treatment at 900 °C [20]. The XRD data (Figure 4) also established the stabilization of the α phase because β phase peaks were not seen in the XRD analysis at the interface [21].



Localized mechanical properties of the deposited titanium without the substrate were measured via nanoindentation. The load–displacement curve is depicted in Figure 9. The nanohardness was found to be 5.2 GPa. Young’s modulus of the sample was found to be 148 GPa in comparison to 105–115 GPa of the bulk titanium [22]. The magnitude of Young’s modulus was found to be higher because the applied stress needs to first overcome the residual compressive stresses owing to cold spraying and HIP treatment before straining the material. It may also be due to individual particle sampling in nanoindentation, which offers less in terms of contribution from pores/oxides [19].



The ultimate tensile strength (UTS) was found to be 384 MPa, with a total elongation of 6%, as represented in Figure 10. The UTS achieved in the present study is more than that achieved by Hussain et al., which was 247 ± 15 MPa for titanium deposit sprayed with a commercially available CGT system using nitrogen at 800 °C at 4.0 MPa. Additionally, the achieved UTS was near to the UTS of bulk titanium (434 MPa) [22]. This may be due to the HIP treatment of as-sprayed titanium, which led to lesser porosity and higher UTS. It is well known that the elongation can be augmented via the post-heat treatment routes available in the literature.



The shear strength between the first layer of the deposit and the substrate was found to be 26 MPa. This poor adhesion may be due to the formation of a hard face (α-titanium) near the interface. Additionally, the diffusion coefficient of HCP α-titanium is lower than the diffusion coefficient of BCC β-titanium due to the dense packing of atoms in HCP α-titanium [22]. This decreased diffusion and formation of the hard phase of HCP α-titanium at the interface might have led to poor metallurgical bonding at the interface. It is pertinent to mention that this lower shear strength is beneficial with regard to the AM aspect of cold spraying, as one has to remove the substrate in the case that a standalone structure of Ti is required to be manufactured.



Micro-tensile plot showing engineering stress versus engineering strain, along with the corresponding SEM images at various stages, is shown in Figure 11. A complete brittle nature of the fracture can be observed from the tensile curve. The ultimate tensile strength was found to be 462 MPa, with an elongation of 1.6% only. Moreover, micro-UTS was found to be higher than macro-UTS. It may be due to the polishing performed on the micro-tensile sample. A finely polished surface might have delayed the crack initiation, which led to higher yield strength and UTS. Young’s modulus achieved by micro-tensile (436 MPa) is higher than that achieved from a macro-tensile sample (281 MPa); however, it is very less than that observed during nanoindentation (143 GPa). The lower modulus in macro-tensile compared to micro-tensile analysis could be attributed to the polishing of samples required for micro-tensile for in situ analysis in SEM. It has been reported that the sprayed deposits have a significantly lower modulus often as compared to bulk material because of less compliance between the splats [23]. Moreover, higher values achieved through nanoindentation may be due to individual particle sampling, which offers less contribution from pores/oxides.



It was also observed during the in situ tensile testing that no cracks were nucleated (Figure 11a) till 399 MPa (Yield strength). The cracks started nucleating from the pore boundaries above the yield point, as represented in Figure 11b. Further, straining of the material led to the propagation of cracks through the splat boundaries. The cracks passed from pore to pore through the splat and grain boundaries (Figure 11c). The final fracture of the material showed a brittle nature (Figure 11d). An examination of the fractured surfaces of the deposited Ti sample was performed using SEM, which is shown in Figure 12. Despite the fact that some localized dimples were also visible, the fractography study does not provide any indications of distinctive features like cup and cone. These fractured surfaces are significantly similar to those found in powder metallurgy [12].




3.3. High Temperature Cyclic Oxidation Study


Cyclic oxidation was performed to evaluate the deposit’s sustainability under high-temperature conditions. The plot of the mass gain vs. number of cycles is represented in Figure 13. To ascertain the rate law for high-temperature cyclic oxidation of the sample, the square of mass gain vs. number of cycles plot is drawn as displayed in Figure 14. A parabolic relationship was observed to approximate the data. The parabolic rate constant of deposited Ti can be calculated as follows [24]:


(∆W)2 = Kp·t



(1)




where ∆W is the mass change per total surface area, Kp is the parabolic rate constant, and t is the oxidation time. The value of Kp for the cold-sprayed HIP-treated pure titanium sample is found to be 1.17 × 10−11 g2 mm−4 s−1, which describes the cyclic oxidation rate quantitatively. The magnitude of Kp was observed to be less than that of titanium specimens prepared via the powder metallurgy process assisted with inductive sintering (1.43 × 10−11 g2 mm−4 s−1) [25]. The mass of the cold-sprayed HIP-treated pure titanium sample was found to increase during the first 67th cycles. However, the mass of the sample stabilized after the 68th cycle. This mass stabilization effect is evident from the parabolic nature of the curve, as shown in Figure 13 [26]. No spallation was observed during the whole oxidation study. The mass change trend shows that the material could have good oxidation resistance during longer usage. That may be due to the forming of a protective layer of titanium oxide. However, no stabilization in mass gain was observed in the studies available in the literature, even after 1500 cycles of oxidation in air at a 700 °C temperature for pure bulk titanium [25]. This concretes that cold-sprayed HIP-treated pure titanium deposit is more advantageous for high-temperature applications.



The macrographs of one of the samples subjected to cyclic oxidation at high temperatures are presented in Figure 15. Overall, the scale was smooth and continuous without cracks, with no trend of scale spalling during the entire study. The sample at its initial stage was metallic in color with a shining surface due to fine polishing. After the first oxidation cycle, the whole surface became creamish in color, and gray spots started appearing after the 4th cycle with a cream color in the backdrop. These gray spots started increasing in size, and almost 80% of the surface became gray after the 27th cycle. Further, the gray shade became creamish, and the creamish color began changing to a light-yellow tone. Almost the whole surface of the sample turned light yellow towards the end of the high-temperature cyclic oxidation study carried out for 85 cycles. These color variations may be due to changes in the mineral form of titanium dioxide from anatase to rutile or vice versa during heating [27,28].



Cross-sectional optical images and microhardness analysis of the cold-sprayed HIP-treated pure titanium deposit subjected to high-temperature cyclic oxidation are represented in Figure 16a,b, respectively. High-temperature cyclic oxidation induced the development of a layered oxide structure through a complex interplay of oxidation and reduction cycles. This cyclic process led to the continuous growth of the oxide scale with each cycle, resulting in distinct layers. Moreover, diffusion and segregation of elements at the oxide–metal interface significantly influenced the composition and structure of the layers. Additionally, phase changes of the oxide layers in response to varying conditions and the intricate influence of microstructural features, such as grain boundaries, precipitates, and defects, were pivotal factors shaping the layered oxide structure. Understanding these phenomena was crucial for improving the performance and durability of materials in high-temperature environments, particularly in gas turbine components, heat exchangers, and other applications subjected to repeated thermal cycling in oxidizing atmospheres [29]. A cracked oxide scale of 400 µm thickness and an average microhardness of 818 HV was observed, which implies the critical scale thickness for spallation. The tremendous rise in the oxide scale microhardness is because of the mineral forms of titanium dioxide present in the oxide scale. Rutile and anatase phases were the mineral forms of titanium dioxide investigated through XRD analysis. These two mineral forms have body-centered tetragonal (BCT) crystalline structures, which have fewer active slip systems and hence high hardness and brittleness. The microhardness of the cold-sprayed HIP-treated Ti deposit was observed to be higher (775 HV) at the deposit-oxide scale interface (0 µm), which starts to decrease up to 500 µm deeper inside the deposit, attaining a microhardness of 202 HV. The microhardness value stabilized to an average value of 175 HV after 500 µm distance from the deposit–oxide scale interface. The variation in hardness may be due to comparatively higher oxygen concentration (enrichment of titanium with oxygen) in the outer layers than in the inner layers of the deposit. Therefore, from the obtained microhardness values and optical micrographs, it can be concluded that oxidation of titanium comprises both oxidation dissolution of the titanium near the interface and oxide scale formation.



Surface SEM analysis of the oxidized deposit is provided in Figure 17a. A crystalline structure can be seen, like a bunch of rods with variations in length. The development of a crystalline rod-like structure with varying lengths during high-temperature cyclic oxidation of titanium (Ti) arose from the influence of Ti’s hexagonal close-packed (HCP) crystal structure. The repeated oxidation–reduction cycles in an oxidizing environment facilitated the preferential growth of rutile titanium oxide (TiO2) along specific crystallographic directions, resulting in the formation of rod-like morphologies. This phenomenon was affected by crucial parameters such as temperature, oxygen concentration, and the number of oxidation cycles, which contributed to the observed variations in rod lengths. Additionally, microstructural features, including grain boundaries and defects, played a significant role by serving as preferential sites for oxide growth, thereby enhancing the diversity in rod lengths. A comprehensive understanding of these factors was essential for tailoring and optimizing the performance of titanium-based materials under high-temperature conditions, thus enabling advancements in various industrial applications [30]. EDS analysis with point spectrum and mapping showed the presence of titanium and oxides on the whole surface (Figure 17b and Figure 18, respectively). EDS square spectrum analysis (shown in Figure 17b) showed an 80% concentration of oxide and a 20% concentration of titanium on the surface. The presence of platinum in the EDS spectrum is due to the sputtering performed before the SEM/EDS analysis to make the oxide layer conductive for obtaining better results in SEM/EDS.



The X-ray diffractogram for the cold-sprayed HIP-treated pure titanium deposit subjected to high-temperature cyclic oxidation is displayed in Figure 19. It is evident from the XRD analysis that the cold-sprayed HIP-treated pure titanium sample developed a layer of titanium oxide TiO2 after high-temperature cyclic oxidation. Diffraction peaks observed were of TiO2 having a crystalline structure in the form of rutile and anatase, which are the two mineral forms of the crystalline structure of titanium dioxide [28]. Most of the peaks are rutile, and very few have an anatase structure. The formation and transformation of rutile and anatase phases during high-temperature cyclic oxidation were governed by a complex interplay of temperature-dependent thermodynamics, phase transition kinetics, and microstructural influences. Initially, rapid oxidation resulted in the thermodynamically favored rutile phase formation. Subsequent heating and cooling cycles induced fluctuations in temperature and oxygen concentration, impacting microstructure and stability. Lower temperatures promoted the kinetics-favorable transformation to metastable anatase, while higher temperatures reverted anatase to rutile due to equilibrium thermodynamics. Microstructural features, such as grain boundaries and defects, influenced phase nucleation and growth. Additionally, oxygen diffusion into the oxide scale during oxidation–reduction cycles significantly affected phase transformation kinetics, contributing to the observed phase changes [31]. Therefore, it may be concluded that initially (after 1st cycle) rutile structure of titanium dioxide was formed, which probably appeared creamish in color. After further heating cycles, it converted into anatase and appeared blackish after the 27th cycle. Further heating cycles may lead to the conversion of anatase to a rutile crystal structure of titanium dioxide. The rutile crystal is the most stable polymorph of TiO2 at all temperatures compared to metastable anatase. The color variation is due to a change in crystal structure having a difference in refractive index. Rutile has a higher refractive index (RI) when compared to anatase. Therefore, the scattering of light is relatively higher by the rutile phase, leading to creamish/yellow color, whereas anatase has comparatively lesser RI, scatters less light, and appears grayish. The rutile type of pigments is generally preferred over anatase because they scatter light more efficiently, are more stable, and are less likely to catalyze photodegradation [32]. Additionally, rutile can be converted into a titanium sponge through the Kroll process.



Summarizing the above discussion on oxidation behavior, it is concluded that the manufactured titanium deposit has a high oxidation resistance.





4. Conclusions


Cold spraying was successfully used to develop intermetallic-phase-free thick Ti deposits via the solid-state deposition of Ti-powder feedstock. Due to the low density and hexagonal close-packed crystal lattice structure of Ti, densification was performed on as-sprayed deposits through hot isostatic pressing. Macro-tensile testing was performed on HIP-treated Ti deposits, showing a UTS of 384 MPa, with a total elongation of 6% (comparable UTS to that of bulk Ti). HIP treatment led to lesser porosity and higher UTS. The micro-tensile test revealed brittle fractures, having some localized dimples with the nucleation of cracks initiating from pores and traveling through pores, splat, and grain boundaries. The formation of hard-phase α-titanium (HCP) was augmented via the presence of transition elements in the IN718 substrate by lowering the β–α phase transition temperature during HIP treatment. This not only increased the hardness at the deposit-substrate interface but also helped in removing the thick standalone deposits from the substrate. It can be concluded that the application of HIP treatment after cold spraying is helpful in fabricating industry-relevant standalone components, which have a requirement for a hardened surface with a softer core. Furthermore, the formation of a hard, protective oxide scale of titanium dioxide (rutile crystal structure) on the developed HIP-treated Ti helped in achieving very good high-temperature oxidation resistance. Therefore, the developed approach could be used to additively manufacture Ti standalone components for high-temperature applications such as nuclear, automobile, and aerospace.
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Figure 1. A flow chart representing the experimental procedure adopted to develop and characterize thick Ti deposits using cold spray technology. 
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Figure 2. SEM images of the feedstock titanium powder used for cold spray deposition: (a) low magnification; (b) high magnification. 
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Figure 3. EDS of the feedstock titanium powder used for cold spray deposition. 
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Figure 4. XRD data of the feedstock titanium powder, central region of the cold-sprayed HIP-treated pure Ti-deposit and at the interface of the deposited titanium layer and IN718 substrate. 
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Figure 5. Optical images of the cold-sprayed HIP-treated pure titanium deposit around the interface at (a) low magnification; (b) high magnification. 
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Figure 6. SEM images of the cold-sprayed HIP-treated pure titanium deposit without etching at (a) low and (b) high magnification and with etching at (c) low and (d) high magnification. 
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Figure 7. EDS mapping of the cold-sprayed HIP-treated pure titanium deposited on the IN718 substrate. 
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Figure 8. Cross–sectional microhardness analysis of the cold-sprayed HIP-treated pure titanium on IN718 substrate. 
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Figure 9. Load–displacement curve of the cold-sprayed HIP-treated pure titanium deposit obtained through nanoindentation. 
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Figure 10. Macro-tensile plot showing engineering stress versus engineering strain for the cold-sprayed HIP-treated pure titanium deposit. 
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Figure 11. Micro-tensile plot showing engineering stress versus engineering strain along with the in situ SEM-micrographs at various crack stages for the cold-sprayed HIP-treated pure titanium deposit. 
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Figure 12. Fractography analysis of the cold-sprayed HIP-treated pure titanium deposit after micro-tensile test at (a) lower and (b) higher magnification. 
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Figure 13. Mass gain per area versus number of cycles plot for the cold-sprayed HIP-treated pure titanium deposit subjected to cyclic oxidation in air at 900 °C. 
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Figure 14. Square of mass gain per area versus number of cycles plot for the cold-sprayed HIP-treated pure titanium deposit subjected to cyclic oxidation in air at 900 °C. 
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Figure 15. Macrographs of the cold-sprayed HIP-treated pure titanium deposit subjected to high-temperature cyclic oxidation in air at 900 °C. 
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Figure 16. (a) Cross–sectional optical micrograph; (b) cross-sectional microhardness analysis of the cold-sprayed HIP-treated pure titanium deposit subjected to high-temperature cyclic oxidation in air at 900 °C. 
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Figure 17. (a) Surface SEM micrographs; (b) EDS spectrum of the cold-sprayed HIP-treated pure titanium deposit subjected to high-temperature cyclic oxidation in air at 900 °C. 
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Figure 18. EDS mapping of the cold-sprayed HIP-treated pure titanium deposit subjected to high-temperature cyclic oxidation in air at 900 °C: (a) titanium; (b) oxygen. 
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Figure 19. XRD analysis of the cold-sprayed HIP-treated pure titanium deposit subjected to high-temperature cyclic oxidation in air at 900 °C. 
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