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Abstract

:

This study investigated the migration patterns of oxygen in the deoxidation process of Ti-48Al alloy scrap using electromagnetic levitation (EML) technology. Scanning electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) were employed to analyze the oxygen distribution patterns and migration path during EML. The refining process resulted in three types of oxygen migration: (1) escape from the lattice and evaporation in the form of AlO, Al2O; (2) formation of metal oxides and remaining in the alloy melt; (3) attachment to the quartz tube wall in the form of metal oxides such as Al2O3 and Cr2O3. The oxygen content of the scrap was dropped with a deoxidation ratio of 62%. It indicated that EML can greatly promote the migration and removal of oxygen elements in Ti-Al alloy scrap.
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1. Introduction


Titanium alloys are widely utilized in the chemical and aerospace industries, marine engineering, and a variety of other areas owing to their excellent characteristics, such as low weight, high specific strength, high temperature resistance, corrosion resistance, and outstanding antioxidant properties [1,2,3]. Particularly, titanium–aluminum (Ti-Al) alloys are considered to have great application prospects in the development of high-temperature structural materials for aerospace, defense, and automotive industries [4]. They need to withstand harsh operating conditions, including high temperatures, severe air friction, and cyclic oxidation [5], leading to a large amount of oxidized scrap during melting, processing, and subsequent operations. Due to its high affinity for Ti [6], oxygen tends to dissolve preferentially in the α phase of Ti alloys, thereby strengthening this phase [7]. In particular, the solubility limit of oxygen can reach 14 wt.% in the hexagonal α-Ti phase [8], making it extremely challenging to deoxidize from titanium scrap. The ideal and most economical method of utilizing Ti scrap is to melt it back into ingots. However, it is essential to reduce the oxygen content of titanium scrap before returning to smelting. Thus, investigations about simple and effective deoxidation methods for Ti-Al alloys and Ti alloy scrap are highly focused. At present, the deoxygenation techniques for Ti scrap include molten-salt electrochemical deoxidation [9], hydrogenation–dehydrogenation (HDH) [10], and the smelting deoxidation process [11,12]. Suzuki et al. [13,14] have explored the molten-salt electrolytic deoxidation method. Metallic Ca is obtained by electrolyzing CaO in molten salt, followed by calciothermically reducing TiO2 to form sponge Ti. This method has a lot of advantages, such as low process costs, minimal energy consumption, and high purity of the Ti sponge product. On the other hand, parasitic reactions result in a decrease in current efficiency, such as carbon precipitation during electrolysis. Then, the separation of the product from the electrolyte becomes challenging due to the structural issues in the electrolytic cell [15].



Su et al. [16] have used the HDH process to melt the Ti64 alloy, reducing its oxygen content from 0.12 to 0.028 wt.%. This process involves hydrogen atoms entering the lattice to form metal hydrides, followed by dehydrogenation under appropriate experimental conditions to yield Ti powder [17]. Although this method involves a short process flow and simple equipment, it presents difficulties in the complete removal of hydrogen during the dehydrogenation process, particularly for the scrap with a high oxygen content [18]. Bartosinski et al. [19,20] utilized a vacuum induction melting furnace to investigate the preparation of Ti-6Al-4V by aluminothermic reduction. This method resulted in a decrease in the oxygen content by 1500–3500 ppm and significantly lowered the production cost of Ti alloys. Despite these advancements, these challenges have to be overcome for the utilization of Ti scrap; for example, high oxygen content and the presence of numerous inclusions persist. Electromagnetic levitation (EML) technology, characterized by rapid surface renewal and vigorous internal stirring [21,22], can offer favorable kinetic conditions for volatilization and impurity removal, which can lead to an ideal metallurgical reaction process.



This study proposes the utilization of EML melting technology for deoxidation from titanium scrap, capitalizing on its advantages in strengthening metallurgy. To address the current limitations of conventional melting and deoxidation processes, such as sluggish diffusion of internal solute elements and restricted surface renewal frequency, the elemental migration process during the intensified deoxidation process was focused on in this study. Finally, the results from this work should aid in future adoptions of shorter and cost-effective processes in the utilization of oxygen-containing Ti scrap.




2. Materials and Methods


2.1. Materials


The raw material for this study is titanium scrap produced during the production processes of a factory, with Al scrap, Cr scrap, and TiO2 powder added. The prepared alloy was tested for its composition as Ti-48Al-2Cr (Ti: Al: Cr = 50: 48: 2 at.%; O 0.5 at.%). The Ti-48Al scrap was cut into samples weighing approximately 1.2 g each for the EML experiments. The argon gas used in the experiments was supplied by Guangruida Gas Co., Ltd., Kunming, China, with a purity of 99.999%.




2.2. Method


The procedure and experimental setup for the EML experiment are depicted in Figure 1. The equipment mainly consists of an electromagnetic levitation melting system, atmosphere control system, and camera detection system. Before activating the device, a stream of pure argon gas was supplied at a rate of 1.5 L/min (liters per minute) to remove air presented in the glass tube. The deoxygenation method performed on the Ti-Al alloy scrap using EML has three stages: preheating, levitation melting, and levitation refining. At the end of the refining process, the power current was gradually reduced to below 0.7 A and the melt precipitated and fell into the copper crucible and solidified. Afterwards, the power supply was turned off, and bubbled Ar gas was used as a cooling atmosphere until the scrap approached room temperature. To ensure the reliability of the experimental data, three repetitions of the experiment were carried out, and the elemental oxygen content was tested.



X-ray Diffraction (X’pert 3, Malvern-Panalytical Powder) was used to analyze the phase composition of the samples before and after EML. The variation in oxygen content was identified using an oxygen/nitrogen analyzer (HORIBA EMGA-830, Kyoto, Japan). The microstructure and element composition of the samples was detected using a scanning electron microscope (HITACHI SU8010, Tokyo, Japan) and via energy-dispersive X-ray spectroscopy (OXFORD ULTIM MAX400, Oxford, UK). Additionally, X-ray photoelectron spectroscopy (pHI5000 VERSAPROB-II, Tokyo, Japan) was used to study the changes in the valence states of oxygen and other elements during the removal process under EML.





3. Results and Discussion


3.1. Thermodynamic Analysis of Deoxygenation


The volatilization behavior of the Ti-Al alloys was investigated through the calculation of saturated vapor pressures of Ti, Al, and Cr at different temperatures using the Clausius–Clapeyron equation (C-C equation) [23]:


  l o g   P   i   *   = A   T   − 1   + B l o g T + C T + D  



(1)




where T (K) represents thermodynamic temperature,     P   i   *     denotes the saturated vapor pressure (Pa) of ideal metal at temperature T. The fixed values in the C-C equation at 2173 K are shown in Table 1.





 





Table 1. The C-C equation parameters for Ti, Al, and Cr in Ti-Al alloys at 2173 K [24,25].
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	Element
	A
	B
	C
	D





	Ti
	−24,914
	−2.52
	—
	20.832



	Al
	−16,450
	−1.023
	—
	14.48



	Cr
	−20,680
	−1.31
	—
	16.68








Figure 2 depicts the variation in saturation vapor pressure with temperature for the elements Ti, Al, and Cr in the Ti-Al alloys. At temperatures ranging from 0 to 1600 K, all the curves are approximately the same and converge to 0, suggesting that the Al, Ti, and Cr components are not easily volatilized under melting conditions of lower temperature. When the temperature exceeds 1600 K, the saturated vapor pressure of Al and Cr starts to increase exponentially, while Ti remains relatively constant; when it rises to 2173 K, the saturated vapor pressure of Al reaches 3313 Pa at this time, and Cr also reaches 619 Pa, while the Ti element remains at around 9 Pa. Ono et al. [26] categorized refractory metals based on the difficulty of deoxygenation, grouping them from I to IV according to the level of difficulty. The saturation vapor pressures of Ti and Ti oxides in group IV at a temperature of 1800 K are 5.2 × 10−3 Pa and 1.3 × 10−2 Pa, respectively. Therefore, it is highly unlikely for elemental oxygen to be removed through evaporation by combining it with Ti. Under identical thermal conditions, Cr and its oxides in group II have saturation vapor pressures of 9.6 Pa and 4.0 × 10−3 Pa, respectively. Metals in this group have low oxygen solubility and activity; deoxygenation is effective when Cr content is above a certain amount. However, the Cr content in the alloy matrix is much lower than that of the Ti and Al in this study; so, the impact of its volatilization on the oxygen content is currently not being taken into account.



Based on the relevant literature [27], two main forms in which oxygen can be removed through evaporation reactions in Ti-Al system are as follows:


  A l   l     i n   m o l t e n   T i A l   + O   i n   m o l t e n   T i A l   → A l O ( g ) ↑  



(2)






  2 A l   l     i n   m o l t e n   T i A l   + O   i n   m o l t e n   T i A l   →   A l   2   O ( g ) ↑  



(3)







This study covers a temperature range from 1973 to 2273 K [28,29]; the Gibbs free energy remains consistently negative and increases in magnitude with rising temperature. The result suggests that oxygen can be removed through the volatilization of Al in Ti-Al system, with reactions occurring more easily at higher temperatures.




3.2. Results of Deoxidation Experiments under Electromagnetic Levitation Conditions


The transfer behavior of impurity elements in the electromagnetic levitation refining process is significantly influenced by various EML conditions. Consequently, this study aimed to examine the effect of different melting time, temperature, and initial oxygen content on the removal efficiency of oxygen in Ti-Al alloys; the results are depicted in Figure 3. As depicted in Figure 3a, under the five melting times of 10 min, 20 min, 30 min, 40 min, and 50 min, the oxygen removal rate increases gradually from 10 min to 40 min and then decreases with longer melting times. The oxygen removal ratio at 40 min is 61.1%, significantly higher than at other melting times. Therefore, a levitation time of 40 min is suitable for the further experiments. Subsequently, as shown in Figure 3b, the experiments were conducted at five temperatures in the range of 1973–2373 K, with a levitation melting temperature of 2173 K exhibiting a remarkably high oxygen removal ratio of 61.3%. Ultimately, the experiments with varying initial oxygen contents were conducted at a temperature of 2173 K and levitation time of 40 min. The oxygen contents ranged from 0.25 at.% to 0.75 at.%, as illustrated in Figure 3c, which revealed that the highest oxygen removal ratio occurred at an initial oxygen content of 0.5 at.%. Consequently, it was determined that the optimal levitation parameters for a 61.3% deoxidation ratio are a temperature of 2173 K, levitation time of 40 min, and initial oxygen content of 0.5 at.%.




3.3. Results of the Changes in Elemental Distribution and Phase Composition during EML Experiments


The results of the elemental distribution of the original alloy samples and the specimen obtained under the optimum conditions are depicted in Figure 4. As can be seen in Figure 4, a uniform distribution of Ti, Al, and Cr elements is observed both before and after EML, while oxygen exhibits a radically different distribution. Figure 4a reveals that the elemental composition of the original alloy matrix predominantly comprises Ti and Al, with the presence of aggregated black striped substances on the surface. As seen in the SEM–EDS result for point S2 in Figure 4a, the Al and O element contents are determined to be 41.8 at.% and 57.6 at.%, respectively. Consequently, the inference drawn is that the black substance corresponds to Al2O3 [30]. As seen in Figure 4b, element surface scanning from the SEM image of the levitated sample was conducted, and a small amount of oxygen content was detected. The black striped substances were determined to be an oxide by the surface scanning results. Quantitative test by the oxygen/nitrogen analyzer revealed that the refined sample contained 0.258 at.% of oxygen elements, compared to 0.5 at.% in the initial sample. This indicates a significant reduction in oxygen content in the alloy after electromagnetic levitation melting. The EDS surface scan images show that the black striped substances are dissipated and become aggregated flakes and interconnections. EML resulted in the disappearance of microcracks on the sample’s surface, and the size and morphology of the black substance significantly improved. Combined with the thermodynamic calculations in the previous work, the impure oxygen notably decreased in levels and aggregated towards voids, and this may be the migration path of the oxygen removal process [31].



The SEM–EDS analysis verifies significant alterations in the existence form, distribution, and composition of the oxygen element in the alloy after EML levitation. Meanwhile, the samples were subjected to an X-ray diffraction (XRD) analysis to investigate changes in their phase composition; the results are depicted in Figure 5. The initial sample exhibited crystalline peaks at diffraction angles (2θ) at approximately 31.7°, 38.7°, 44.5°, 45.4°, and 65.5°, corresponding to characteristic peaks of the tetragonal crystal system in TiAl (space group P4/mmm (No.#123)). The crystalline peaks observed at approximately 36.1°, 41.2°, and 54.1° are attributed to the hexagonal crystal structure of Ti3Al (space group P63/mmc (No.#194)). The main diffraction peaks were observed at angles of 38.7° for the γ-TiAl phase and 41.2° for the α2-Ti3Al phase; it can be indicated the phase composition of the initial sample is the TiAl and Ti phase [32]. The refined sample exhibited crystalline peaks at diffraction angles (2θ) at approximately 26.4°, 36.1°, 38.9°, 41.2°, and 54.1°, corresponding to hexagonal crystal structure of Ti3Al. This confirms the sample is composed solely of Ti3Al phase. As shown in Table 2, the lattice parameters and axial ratio of the γ-TiAl phase decrease after EML, along with a reduction in the plane spacing of the main peak. The c/a ratio of the alloy sample decreased from 1.4416 to 0.8034 after levitation; when the oxygen content is less than 0.5 at.%, the c/a ratio decreases with decreasing oxygen content.




3.4. Analysis Results of Element Migration during EML Deoxidation Process


X-ray photoelectron spectroscopy (XPS) was used to examine the surface characteristics of the alloy elements in the initial sample, the refined sample, and the residual volatile substance on the tube wall. The results were used to determine the binding states of oxygen with different alloy elements and to explore the migration pattern of oxygen elements. Figure 6 illustrates the XPS survey spectra of the initial, refined, and tube wall-adhered samples. In the XPS survey spectra under three different conditions, distinct O1s, Ti2p, and Al2p characteristic peaks are observed in the initial sample, indicating the presence of O, Ti, and Al as the main elements in the initial sample. In the levitated sample’s survey spectrum, besides the presence of O1s, Ti2p, C1s, and Al2p, characteristic peaks of Cr2p are also evident. Based on the XPS survey spectra of the three samples, the elements Cr, Al, Ti, and O are detected at around 576 eV, 73 eV, 459 eV, and 530 eV, respectively. By analyzing the fine spectra of C1s and performing charge correction using a binding energy of 284.8 eV, the binding states of each element in the levitated alloy are further clarified.



Figure 7 presents the spectral analysis of Ti, Al, Cr, and O elements, and it reveals that in the XPS fine spectrum of Ti2p in the initial sample, two distinct peaks appear at 458.98 eV and 464.68 eV, corresponding to the spin–orbit split photoelectrons Ti2p3/2 and Ti2p1/2 of the Ti4+ chemical phase, respectively. This observation indicates the bonding of titanium with oxygen, attributed to Ti4+ within the TiO2 lattice. Similarly, in both the levitated and tube wall volatile substances, peaks corresponding to the spin–orbit split photoelectrons Ti2p3/2 and Ti2p1/2 of the Ti4+ chemical phase within the TiO2 lattice are observed at 458.88 eV, 464.58 eV and 458.86 eV, 464.56 eV, respectively. This indicates that the chemical state of titanium remains Ti4+ before and after the material processing. In the XPS fine spectrum of Al2p in the initial sample, two peaks appear at 72.28 eV and 74.58 eV, representing the characteristic XPS signals of Al (around 72 eV) and the binding peak of Al2O3. The proportions of these two peaks are 25.73% and 74.27%, respectively, indicating that Al mainly exists as Al2O3 in the initial sample, with some Al present as well. Similarly, peaks corresponding to Al and Al2O3 are detected in the levitated sample, with proportions of 37.79% and 62.21%, respectively. Compared to the initial sample, the relative content of Al in the levitated sample, in terms of Al, O, Ti, and Cr elements, is lower, decreasing from 32.88% to 12.24%. Furthermore, the overall spectrum confirms the lower total Al content in the refined sample, indicating a decrease in the content of both Al and Al2O3 after EML, which is due to the high vapor pressure of Al promoting the evaporation of Al2O3. In the tube wall volatile substances, peaks corresponding to Al and Al2O3 are also observed, with relative contents of 8.27% and 91.73% in the Al2p spectrum, indicating a higher content of Al2O3 adhering to the tube wall during the volatile process. Considering the low Cr content of only 1.0 at.% in the materials, the detected Cr content in both the initial sample and tube wall volatile substances is relatively low, while the peak intensity of Cr2p in the refined sample is higher, possibly due to the evaporation of other elements. In combination with the fine spectra, the relative content of Cr in terms of Al, O, Ti, and Cr elements is 3.04%, 10.47%, and 2.08%, respectively, and Cr exists in the form of Cr2O3 in all three materials.



In the fine spectra of O1s, oxygen elements are detected in the form of lattice oxygen (O Latt) and adsorbed oxygen (O ads) in both the initial, refined, and tube wall volatile samples. The relative elemental oxygen contents of each are 45.42%, 50.68%, and 42.8%, respectively. Furthermore, the relative contents of lattice oxygen are 32.58%, 25.99%, and 22.33%, respectively. The decrease in lattice oxygen corresponds to a decrease in the content of metal oxides on the alloy surface, while adsorbed oxygen can accelerate oxygen diffusion, thereby effectively improving the material’s electronic structure, geometric structure, and magnetic properties. To confirm the departure of lattice oxygen, this study conducted oxygen content detection before and after EML, revealing a decrease in oxygen content from 0.5 at.% to 0.29 at.%, indicating a reduction of 62% compared to before melting. This suggests that the high-temperature treatment of Ti-Al alloys using EML melting technology greatly promotes the migration of oxygen atoms.



As depicted in Figure 8, during the electromagnetic refining process of the Ti-Al alloy scrap, the migration modes of oxygen elements include the following three forms: (1) detachment from the crystal lattice to form AlO and Al2O and evaporation from the alloy melt; (2) formation of metal oxides remaining in the alloy melt; and (3) evaporation and adherence to the quartz tube wall as metal oxides.



The removal process of oxygen elements in Ti-Al alloys can be simplified into the following five steps:




	(1)

	
Oxygen atoms move into the melt boundary layer from the Ti-Al droplet interior.




	(2)

	
Oxygen atoms move through the melt boundary layer to the surface of Ti-Al droplets.




	(3)

	
Volatilization of oxygen atoms occurs at the gas–liquid interface.




	(4)

	
Oxygen atoms move through the gaseous boundary layer to the reaction chamber.




	(5)

	
Oxygen atoms condense on the glass wall or are extracted by a flowing gas system or vacuum system.











4. Conclusions


	(1)

	
The thermodynamic analysis of deoxidation indicated that oxygen in the Ti-Al system can be removed with the volatilization of aluminum, and the reaction is facilitated by increasing temperature. The deoxidation condition experiments revealed an optimal levitation temperature, time, and initial oxygen content of 2173 K, 40 min, and 0.5 at.%, resulting in an oxygen removal ratio of 62%.




	(2)

	
The impure oxygen in the alloy were significantly removed by EML, with a transition from a dispersed to a clustered distribution. The phase composition of the alloy changed from the TiAl and Ti3Al phases to a single Ti3Al phase. Furthermore, the lattice parameter c/a was reduced after EML.




	(3)

	
The refinement process of the Ti-48Al alloy scrap under EML can be divided into three forms of oxygen migration: (a) detachment from the crystal lattice to form AlO and Al2O, (b) formation of metal oxides remaining in the alloy melt, and (c) evaporation and adherence to the quartz tube wall as metal oxides.
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Figure 1. Schematic depiction of the EML system. 
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Figure 2. Temperature variation in saturation vapor pressure of Ti, Al, and Cr in Ti-Al alloys. 
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Figure 3. Results of deoxidation experiments under different electromagnetic levitation conditions: (a) melting time, (b) temperature, and (c) initial oxygen content. 
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Figure 4. The EDS detection images of the Ti-Al alloy (a) before EML and (b) under conditions of 2173 K for 40 min. 
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Figure 5. XRD images of the sample before and after EML. 
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Figure 6. The XPS survey spectra of the substances under three different conditions. 
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Figure 7. The XPS detection results for Ti, Al, Cr, and O elements. 
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Figure 8. Deoxidation process schematic of Ti-Al alloys under EML. 
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Table 2. The lattice parameters a, c, axial ratio (c/a), and interplanar spacing d of the sample before and after EML.
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Alloy

	
    a ( Å )    

	
    c ( Å )    

	
c/a

	
    d   ( Å )    




	
(110)

	
(201)

	
(110)






	
Initial sample: TiAl

	
2.8228

	
4.0693

	
1.4416

	
2.3172

	
2.3253

	
2.0031




	
Initial sample: Ti3Al

	
5.7347

	
4.6327

	
0.8078




	
Refined sample

	
5.7381

	
4.6101

	
0.8034

	
2.3070

	
2.1874

	
1.6906
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