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Abstract:



The objective of this research is for Ti6Al4V alloy turnings, generated during the machining of implants, to produce powders for the fabrication of Ti base coating via the cold spray method. In order to decrease the cost of powder production and increase the recycling rate of the turnings, the hydrogenation-dehydrogenation (HDH) process has been utilised. The HDH process consists of the following sequence: surface conditioning of the turnings, hydrogenation, ball milling (for powder production), and dehydrogenation. Afterwards, the properties of the recycled powder were analysed via phase, chemical, and morphological examinations, and size and flowability measurements. Usability of the powder in additive manufacturing applications has been evaluated via examining the characteristics of the deposit produced from this powder by the cold spray method. In short, promising results were obtained regarding the potential of the recycled powders in additive manufacturing after making minor adjustments in the HDH process.
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1. Introduction


Ti6Al4V alloy (Ti, 6 wt. % Al, 4 wt. % V) is α + β phase titanium alloy, which occupies about 50% of the total titanium market [1,2]. It is very commonly used in aerospace, automotive, and medical industries, due to its high strength/weight ratio, corrosion resistance, biocompatibility, and low thermal expansion characteristics. Although Ti6Al4V alloy is a high-cost material it has a loss of about 70–80% as scrap while manufacturing of engineering components [3]. Owing to the high oxygen affinity, recovery of titanium-based scraps by re-melting is a difficult and costly process. Furthermore, re-melting may cause an imbalance in alloy composition. From this point of view recovery of titanium scraps in the form of powder by following the powder metallurgy route can be attractive especially for the recently-growing additive manufacturing market (such as 3D printing and cold-spray applications, etc.). Thus, powder metallurgy of Ti6Al4V alloy can be an alternative method either to use powder as the starting material or to recycle the new scrap which comes from semi-fabrication and manufacturing operations as the powder with improved purity [4,5].



The additive manufacturing industry has been growing very quickly in recent years and reached US$5.1 billion in 2015 [6]. This increasing trend requires more input material and new production methods fulfil the requirements for Ti6Al4V powders. There are many additive manufacturing technologies in the market and the main methods are stereolithography, selective laser sintering, direct metal laser sintering, fused deposition modelling, and 3D printing [7]. 3D printing has been improved with many ongoing studies and it is expected to be used more commonly in the future [8].



It has been documented that, owing to the high oxidation tendency of atomization, a titanium melt can be made under vacuum or inert gas atmosphere at high production costs by utilising special technologies, such as electrode induction melting gas atomization, vacuum arc melting and cold hearth melting, etc. [9]. As an alternative method hydrogenation/dehydrogenation (HDH) can be an economical option for the recycling of titanium based scraps [10]. The HDH method benefits from room temperature embrittlement of the hydrate and produces powder-sized hydrate which must be dehydrated to produce the final powder product. The balance pressure and the temperature of the system are the main parameters for hydride transformation. The typical reaction can be written as [image: ] and can be reversed by the balance pressure of hydrogen gas. If the pressure is above the equilibrium pressure, hydrogen atoms enter the lattice to form metal hydrate; if it is below that level, hydrogen atoms diffuse out from the metal to from hydrogen gas [8,9]. During the hydration, some hydrogen atoms (H) enter the crystal lattice under the critical temperature and pressure. Then, while cooling under room temperature, hydrogen atoms are diffused into the crystal lattice and occupy the tetrahedral sites [11]. When titanium-based scraps are of concern, this mostly occurs in the β-Ti phase, which has more hydrogen solubility than the α-Ti phase [10,11,12,13]. Enrichment of the material by hydrogen (hydrogenation) imposes embrittlement leading to fracturing under mechanical loads (i.e., during ball milling), subsequent dehydrogenation provides some ductility as the result of outward diffusion of hydrogen. After dehydrogenation, powders must be kept under the protective atmosphere because of the oxidation affinity of the titanium. There are many studies that sintered the hydrogenated powder and performed the dehydrogenation step after the final shape was given by sintering [2,14,15,16,17].



The current work aims to present the preliminary results of Ti6Al4V powder production via the HDH method. Powder characteristics are analysed and its performance as a coating material has been evaluated. This study presents an innovation beyond the state of the art which is based on the usage of recycled Ti6Al4V scrap as a material for coating and/or additive manufacturing.




2. Experimental Methodology


In this study turnings produced during manufacturing of Ti6Al4V–ELI (0.20 wt. % of oxygen) implants were used as the scrap. Figure 1 presents flow chart for production of Ti6Al4V powder, which starts with an etching process to clean and activate the surface of the turnings. The turnings were then hydrogenated to form a brittle titanium hydrate for easy milling down to a size of less than 100 μm. Then powders of Ti6Al4V were dehydrogenated as a final step. The produced powder is characterized at the end to evaluate the usability of the product for different targets. Additionally, deposition performance of the recycled powder was analysed by low-pressure cold spray equipment.


Figure 1. Experimental procedure of powder production via the HDH process.
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Acid cleaning of the turning was made in H2SO4:H2O solution (having a ratio of 1:6) to activate their surfaces by removing any organic or inorganic impurities. After washing with deionised water and drying at 60 °C for about 45 min turnings were placed into the chamber of the reactor for hydrogenation. Hydrogenation was performed under 2.5 bar hydrogen atmosphere and the turnings were heated at a rate of 400 °C/h up to about 700 °C. After reaching a peak temperature of 700 °C the reactor was switched off and the turnings were allowed to cool to room temperature in the reactor. Diffusion of hydrogen into the turnings (activation) started around 470 °C according to Figure 2, representing the applied hydrogenation process as a “temperature vs. time” plot. The activation can be observed by the increasing temperature with a higher rate. After switching off the reactor temperature remained at about 600 °C for a certain interval as a result of the exothermic reaction imposed by the diffusion of hydrogen atoms. Then hydrated turnings were milled at room temperature in the steel ball milling equipment (MM 301, Retsch GmbH, Haan, Germany) with the frequency of 20 s−1 for up to four minutes and sieved under 100 μm.


Figure 2. Temperature measurement time during hydrogenation of the Ti6Al4V turnings.
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The sieved powder was placed again in the same reactor for dehydrogenation under continuous vacuum. By the time, the system was cooled down under vacuum (1 mbar) to room temperature. Figure 3 presents the variation of temperature and pressure with respect to dehydrogenation duration. While the heating rate was gradually increasing to the peak temperature of about 700 °C pressure increased after 95 min as the result of the start of dehydrogenation. Pressure gradually increased for a duration of about 110 min, above which it sharply increased to over-pressure (1000 mbar is the detection limit of the unit) due to the high amount of hydrogen release. After switching off the reactor pressure sharply reduced while temperature gradually decreased. The dehydrogenised powder was taken out from the reactor in a glovebox with the oxygen concentration of <30 ppm. It was noticed that the powder was loosely sintered during the dehydrogenation process. Therefore, the dehydrated powder was milled once again in the steel-ball milling unit under an argon atmosphere. After a final sieving, the powder under 45 μm is sent for characterization.


Figure 3. Temperature measurement time during dehydrogenation of the hydrate powders.
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The recycled powder was characterized by the following methods: elemental analysis by atomic absorption (for Al, V, Fe) solid state infrared absorption (for oxygen) and thermal conductivity (for hydrogen), phase analysis by XRD (X-ray Diffraction, BrukerTM D8 Advance Series 35 kV 40 mA, Billerica, MA, USA), flowability measurement by AOR (angle of repose), morphology by SEM (scanning electron microscope, JEOLTM JCM-6000Plus NeoScope, Peabody, MA, USA) and particle size distribution by laser diffraction (Mastersizer 2000, Malvern Panalytical, Worcestershire, UK). Additionally, deposition efficiency of the powder on commercial purity titanium substrates by low pressure (600 kPa) cold gas dynamic spray equipment (Rusonic Model K201, Rus Sonic Technology, Arcadia, CA, USA) having a converging-diverging tubular nozzle was evaluated. Characteristics of the deposits were determined by SEM examinations and XRD analysis.




3. Results


Figure 4 and Figure 5 present the size distribution and morphology of the powder recycled from Ti6Al4V-ELI turnings, respectively. Fifty percent of the powder is under 13 μm and 90% is under 37 μm. The morphology of the particles is irregular, as expected, with the circularity of 0.72 ± 0.04 and the form factor of 1.42 ± 0.15 (max-axis/min-axis) [18]. The flowability of the powder was measured as 38.93 ± 1.55, which is accepted as “fair-aid not needed” or “some cohesiveness” [19].


Figure 4. Size distribution of Ti6Al4V particles synthesized by the HDH method.
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Figure 5. Electron microscopy picture of powder synthesized by the HDH method.
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The elemental composition of the powder is given in Table 1 along with the standard composition of Grade 5 and Grade 23 Ti6Al4V alloys. In general, the concentrations of the alloying elements are in an acceptable range according to the standards of ASTM B988-13 Grade 5, except the hydrogen content. Additionally, the average oxygen content of the dehydrogenated powder is slightly higher than that prescribed by ASTM B988-13 Grade 5. Moreover, oxygen and hydrogen contents of dehydrogenated powder are not in the range of Grade 23, which is called extra low interstitial (ELI).


Table 1. Elemental analysis of dehydrogenated powder and relevant standards.





	Sample
	Al

wt. %
	V

wt. %
	Fe

wt. %
	O

wt. %
	H

wt. %
	Ti

wt. %





	Dehydrogenated powder
	5.57 ± 0.6
	3.97 ± 0.5
	0.2 ± 0.09
	0.32 ± 0.15
	0.06 ± 0.03
	balance



	ASTM B265-15/B348-13/B381-13 Grade 23 [20,21,22]
	5.5–6.5
	3.5–4.5
	0.25 max
	0.13 max
	0.0125 max
	balance



	ASTM B988-13 Grade 5 [23]
	5.5–6.75
	3.5–4.5
	0.4 max
	0.3 max
	0.015 max
	balance









XRD patterns of the as-received turnings, and powders (in hydrogenised and dehydrogenised states) are shown in Figure 6. The turnings consisted of α and β-Ti phases as expected. On the XRD patterns of the powders peaks of titanium hydrides (in the form of TiH2 and TiH1.5) appeared. As compared to the hydrogenised state, dehydrogenation caused domination of α and β-Ti phase peaks along with peaks of titanium hydrides by considering the intensity ratios of the Ti peaks with those of TiH1.5 and TiH2. However, the applied dehydrogenation process did not completely remove titanium hydrides from the powders.


Figure 6. X-ray diffraction analysis of the raw material (a), after hydrogenation (b), and after dehydrogenation (c).
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In order to evaluate the deposition characteristics of the recycled powder, some attempts have been made by the cold spray method which is based on the acceleration of particles in a process gas over the supersonic velocity through the convergent-divergent type nozzle [24,25]. In this system, particles of the feedstock powder are deposited as they impact on the surface of the substrate [24]. The bonding of the cold sprayed powder is a result of the mechanical interlocking between cold sprayed particles and the substrate. Increasing of the coating thickness is provided by the deposition of the following particle on the previous ones. In this process air, argon, helium, or nitrogen can be used as the process gas. In terms of acceleration capability and applicability, helium is the most favourable for high deposition efficiency. On the other hand, air appears as the best option when the cost of the coating is of concern. For those reasons, helium and air have been chosen as the process gases in this study to evaluate the deposition characteristics of the recycled powder with the parameters listed in Table 2. It should be emphasized that recycled powder was not successfully deposited with the utilized low pressure cold spray equipment over commercial purity titanium (Cp-Ti) with air as the process gas, unlike He. This observation can be associated with approximately three times higher acceleration capability of helium as compared to that of air due to its low molecular weight [24]. In order to overcome this problem 3 wt. % Al has been added into the feedstock as a binder according to our experience when using air as the process gas [26]. Additionally, the traverse speed has been reduced five times to further assist the binding of the feedstock in air.


Table 2. Low-pressure coating parameters of cold spray process.





	Carrier Gas
	He
	Air





	Feedstock
	Recycled powder
	97 wt. % Recycled powder + 3 wt. % Al



	Gas pressures (bar)
	6
	6



	Traverse speed (mm/s)
	5
	1



	Number of pass
	3
	2



	Beam distance (mm)
	2
	2



	Standoff distance (cm)
	1
	1









A cross-section of the coatings deposited on the Cp-Ti substrate by cold spraying of the powder produced is shown in Figure 7. When He was used as the process gas powders were deposited on the substrate without remarkable discontinuities at the coating/substrate interface. However, a high amount of porosity was detected within the coating showing lower integration among powder particles. When air was used as the process gas successful deposition was not obtained unless addition of aluminium powder (at concentration of 3 wt. %) into the feedstock was done. Thus, Al acted as a binder for successful deposition of the powder on Cp-Ti (without noticeable porosities in the coating and discontinuities at the coating/substrate interface) when air was used as the process gas. In this respect, the dark coloured regions in the coating shown in Figure 7b were identified as Al particles by EDX (Energy-dispersive X-ray spectroscopy) analysis conducted during SEM surveys.


Figure 7. SEM micrographs of cold spray deposits produced by utilization of (a) He and (b) air as process gases (deposition parameters are listed in Table 3).


Table 3. Important dehydration parameters used in different researches.





	Sample
	Vacuum (Pa)
	Temperature (°C)
	Duration (Hour)





	Titanium rod [10]
	6.7 × 10−3
	700
	2



	Titanium sponge [36]
	10−2
	625
	3



	Titanium sponge [37]
	8 × 102
	700
	36
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XRD patterns of the deposits shown in Figure 7 are depicted in Figure 8. Peaks of TiH1.5 and Ti were detected on the XRD pattern of the deposit formed by using He as the process gas (Figure 8a). Since Al powder has been added into the feedstock, additional Al peaks appeared on the XRD pattern of the deposit produced by utilization of air as the process gas (Figure 8b). It should be noted that the peaks of TiH1.5 which were detected in the XRD pattern of the recycled powder (Figure 6c) also remained after the cold spray process.


Figure 8. X-ray diffraction patterns of the coatings deposited by using (a) He and (b) air as the process gas.
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4. Discussion


Ti6Al4V powder recycled from turnings via the HDH method have a mostly irregular morphology, which is also shown in this study. In spray-based deposition processes, like the cold spray method, irregular powders favour higher particle velocities than spherical ones because of their higher drag force [27,28,29,30]. In this respect, irregular powder particle morphology has some advantage on the final product of the cold-spray method [31]. In contrast, spherical particle morphology is more desirable than irregular ones for 3D printing, in terms of flowability requirements of the process [32,33,34]. Flowability is mostly related to the particle shape of the powder. Irregular shapes generally have lower flowability as compared to spherical ones. Although, the smaller-sized particles would have an acceptable flowability range, decreasing the particle size under the critical level could affect the productivity of the dehydrogenation process [34]. Apart from there being no special requirement of flowability for the cold spray process, the mean particle size, and the oxygen and nitrogen contents of the powder are more important factors for good coating properties and deposition efficiency [27]. When the average particle size is of concern, the HDH method provided an average particle size (d0.5) of 13.7 μm, which is within the acceptable range for almost every coating method and additive manufacturing processes [18]. The interstitials, such as oxygen and nitrogen in the powder, deteriorate the deposition efficiency by reducing the plastic deformation capacity of the Ti powders [35].



Even after dehydrogenation TiH1.5 still remains in the Ti6Al4V powder. This result matches with the research of Bhosle et al. [34], where they reported that the dehydrogenation occurs in a two-step process: [image: ]. The finer hydride particles contain lower hydrogen in the second hydride phase (TiHx) and they are thermally more stable at higher temperatures than the TiH2 phase, which may result in the remaining hydrates even after the dehydrogenation process. This is also caused by a poor vacuum setup. In Table 3 the parameters of vacuum, temperature, and duration are listed for successful dehydrogenation of titanium powder from previous study, suggesting that higher vacuum or longer duration would provide complete dehydrogenation of the powder obtained by recycling. Moreover, it should be noted that the XRD peaks shifted to lower angles as compared to that of the turnings due to the heavy deformation imposed during the ball milling process applied after hydrogenation. Additionally, the oxygen content of the recycled powder should be minimized according to the relevant standards [20,21,22,23]. The oxygen content is slightly higher than the desired range for the standard B265-15/B348-13/B381-13, but it is an acceptable range for the standard B988-13. After the HDH process, Ti6Al4V alloy powder should be within the chemistry limits of international standards and correspond to the industrial specification, which include medical, aerospace, and defence applications [12]. One of the important parameters to be considered to reduce the oxygen content is the vacuum level applied during the hydrogenation stage. Oxidation of very fine hydrate particles during milling can also be a source of oxygen due to very high surface area [36]. Therefore, it is suggested that adjusting the vacuum level and processing time of the dehydrogenation stage could also provide a solution for reducing the oxygen level of the recycled powder, which the process needs during dehydrogenation.



Deposition characteristic of the recycled powder have been analysed by using the low-pressure cold spray method. Usage of helium as a process gas generated a deposit with relatively high porosity content. It is possible to improve the quality by using high-pressure cold spray systems generating higher velocities as compared to low-pressure cold spray systems. Moreover, reducing the hydrogen and oxygen content of the recycled powder, which imposes brittleness, would lead to the generation of denser deposits even by utilizing air as the process gas (without the addition of Al powder). Irregular morphology of the recycled powder also affected the deposition capacity. Although these powders can reach higher velocity than spherical ones [29,31], it is not possible to have a dense coating because of the irregularity. In summary, the coating trials gave promising results about the usability of the Ti6Al4V powder recycled from scrap via the HDH process. However, some adjustments are necessary to increase the success of this powder in additive manufacturing processes.




5. Conclusions


The results of the current work can be summed up in the following points:

	
Morphology of the powders synthesized by the HDH method is irregular and perfect spherical shapes cannot be achieved. However, in the future the morphology of the powder can be changed by using an extra spheroidization process at the end.



	
The particle size of the recycled powder product is under 45 μm. The size distribution is suitable to use in both additive manufacturing and coating methods. The average particle size and range of powder could be changed by using different milling conditions according to the further process where the powder will be used.



	
The concentration of alloying elements, such as Al, V, and Fe, is in an acceptable range in terms of standards. However, the oxygen content of the final powder is near the acceptable limit of the Grade 5 standard, but this content could be reduced by using better vacuum conditions to reduce the air concentration in the reactor. Optimizing the particle size distribution and more effective dehydrogenation parameters could reduce the oxygen content. Furthermore, the hydrogen level is higher than the specified range (0.06 ± 0.03 wt. %) of the relevant standards due to the remaining hydrate phases in the powder. Therefore, the dehydrogenation procedure applied in this study must be improved (better vacuum, longer dehydrogenation time, optimized particle size range) to remove all hydrate phases.



	
Low pressure cold spray deposition studies revealed the potential of the powders obtained by the HDH process for coating. In order to evaluate the usability of this powder produced from turnings scrap, the characteristics of the deposits from this powder are being investigated and the results will be presented in a follow-up publication.
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