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Abstract:



One of the major barriers limiting the suitability of TiAl intermetallic alloys for use in the demanding aircraft and automotive industries is their susceptibility to degradation as a result of oxidation at temperatures exceeding 760 °C. Paper presents the characteristics of resistance to cyclic oxidation at 950 °C for Ti–45Al–8Nb–0.5(B, C) alloy with and without protective coating obtained as a result of aluminizing using out of pack method. The characteristics of surface condition were determined by scanning electron microscope with EDS system, transmission electron microscope, and X-ray diffractometer. The favorable behavior of the Ti–45Al–8Nb–0.5(B, C) alloy with a protective coating under cyclic oxidation conditions is a result of a higher content of Al2O3 in the microstructure of the scale and the presence of Al and Nb-rich phases at the substrate interface, which probably constitue a barrier for oxidation process. The high temperature oxidation test revealed that aluminide coating was responsible for a remarkable improvement in the oxidation resistance.
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1. Introduction


Ordered intermetallic TiAl-based alloys are characterized by low density, high stiffness and relatively good strength, good creep and oxidation resistance, as well as low susceptibility to self-ignition. They belong to the new generation construction materials suitable for operating under temperatures in the range from 600 to 750 °C [1,2,3,4,5]. They can be successfully applied to the rotating components of modern aircraft engines (e.g., low pressure turbine blades and high pressure compressor blades), the moveable construction components of combustion engines (e.g., valves and turbocharger impellers), and as blades of gas turbines more commonly applied in power generation industry [1,2,3,4,5,6,7]. However, low ductility of intermetallic TiAl-based alloys at temperatures lower than 600 °C and lack of sufficient high temperature oxidation resistance above 750 °C are the main obstacles for a broader application of these materials [3,4,5,8].



Under high-temperature oxidation conditions, TiAl-based alloys do not form a protective Al2O3 scale that would be a barrier from further oxidation, but instead a mixture of TiO2 and Al2O3 is formed. Such a scale does not represent sufficient protective properties due to much higher kinetics of TiO2 growth and its lower adhesion to the surface [5,9,10]. The TiO2 grows rapidly due to considerably easier oxygen diffusion through its defected anion sublattice by vacancy mechanism in contrast to Al2O3 [8,9,10,11].



The oxidation rate of TiAl-based alloys can be lowered by additions such as niobium, tungsten, molybdenum, tantalum, chromium, hafnium, and silicon [4,5,9,11,12,13]. The most effective of the aforementioned elements is niobium, which, in addition to improving oxidation resistance, increases also the creep resistance and mechanical properties at room and elevated temperatures. Introduction of niobium (up to 10 at.%) to TiAl-based alloys leads to a decrease in their oxidation rate. The detailed mechanism of this niobium effect has not been fully explained. In Nb-doped alloys, the scale formed during high temperature oxidation contains (Ti,Nb)O2 instead of TiO2, in which part of the tetravalent Ti4+ cations are replaced by pentavalent Nb5+. Compared to TiO2, it is characterized by a lower oxygen vacancy density, and thus it is more compact and chemically uniform and, as a consequence, its protective properties are higher. The presence of niobium influences also the higher aluminum activity and lowers oxygen solubility in the alloy, as well as promoting the formation of a continuous protective layer of nitrides at the scale–metal interface and interlayers rich in niobium and other alloying components.



II generation TiAl-based alloys include i.a. Ti–48Al–2Cr–2Nb, which recently has been successfully applied for low pressure turbine blades in aircraft engines [5,6] and Ti–47Al–2W–0.5Si [14] cast alloy, whose operating temperature does not exceed 760 °C. The development of III generation TNB alloys resulted in temperature capabilities enhancement to 800–850 °C [3,5,13] owing to addition of niobium (up to 10 at.%). Increasing the acceptable operating temperature of TiAl-based alloys to 950 °C would significantly broaden their application as an alternative to expensive and heavy nickel superalloys; however, this improvement requires the usage of protective coatings [9,15,16,17,18,19,20,21,22].



The oxidation protection of TiAl-based alloys may be obtained by the application of coatings such as MCrAlY [17]; aluminide coatings based on Al-rich TiAl2 and TiAl3 phases [18]; silicon modified aluminide coatings; and Al2O3-, SiO2-, and CaTiO3-based coatings [19,20,21,22]. One of the most interesting ways to increase the high temperature resistance of the TiAl-based alloys is through the deposition of the Ni2Al3 layer, which, under high temperature oxidation conditions, forms a protective Al2O3 scale [23]. The deposition of coatings is performed using such methods as ion implantation, sputtering and magnetron sputtering, plasma spraying, slurry, sol-gel, Chemical Vapor Deposition and Physical Vapor Deposition (Arc-PVD and EB-PVD), and diffusion aluminizing using one of the oldest and most commonly applied pack cementation method, as well as the out of pack method [4,9,15,16,17,18,19,20,21,22,23,24,25].



The advantage of the out-of-pack aluminizing method is the fact that components are placed in a container, and thus they have no contact with the powder mixture. The specimens are heated in a retort or vacuum furnace. During the process of coating deposition, the container is filled by inert carrier gas, which allows the transference of coat-forming gases created during the process to coated material. The substantial profit of the out-of-pack method is lack of contact between the substrate material and powder, resulting in notable improvement of coating surface. The control of process, as well as purity, is considerably increased, compared to powder technologies. Furthermore, this method allows improvement of oxidation resistance due to the possibility of modification of aluminide coatings, as well as the fact that aluminide diffusion coatings may be modified by various elements [4,26].



The aim of the investigation was to characterize the cyclic oxidation resistance of the uncoated Ti–45Al–8Nb–0.5(B, C) alloy with the aluminide protective coating obtained by “out of pack” method.




2. Materials and Methods


The chemical composition of the investigated Ti–45Al–8Nb–0.5(B, C) alloy is presented in Table 1. This alloy represented a III generation of TiAl-based alloy and, compared to the most popular II generation alloys such as Ti–48Al–2Cr–2Nb and Ti–47Al–2W–0.5Si, it is characterized by an elevated strength and significantly higher creep and oxidation resistance with sufficient ductility and toughness.


Table 1. Chemical composition of researched alloy.


	Element
	Chemical Composition





	Al
	44.25 at.%



	Nb
	7.34 at.%



	B
	0.15 at.%



	C
	0.34 at.%



	O
	935 ppm



	N
	96 ppm



	H
	17 ppm



	Ti
	Balance









The investigated alloy was prepared from the commercial pure Ti (Grade 1), as well as Al, Nb, C, and B, which were added accordingly as Al-Nb master alloy, anthracite, and crystalline boron. The melting of TiAl-based alloy was performed in vacuum induction furnace using a special isostatic pressed graphite crucible [25,27,28]. Subsequently, alloy was cast into a graphite mold. The final cast had a form of an ingot with dimensions ϕ 45 mm and approx. 350 mm length. After 4 h of vacuum homogenizing treatment at temperature 1400 °C, the ingot was subjected to hot isostatic pressing (HIP) at 1260 °C and 170 MPa for 1 h under protection of highest purity argon.



Cylindrical test samples of ϕ 14 mm and 4 mm height were cut from ingot. The surface was covered by protective coating, obtained by out-of-pack aluminizng method, which was performed at Surface Engineering Laboratory in Institute of Materials Science at Silesian University of Technology. The aluminide coatings were brought at 900 °C for 5 h under Ar atmosphere. To evaluate the oxidation resistance of the bare and coated alloy, the cyclic oxidation test was conducted at the temperature of 950 °C, which is in accordance with the desired most rigorous operating conditions concerning this group of alloys. The first step in procedure was placement of test samples into the furnace with desired test temperature. Cyclic oxidation test was conducted for 100 cycles. Each cycle lasted 23 h at 950 °C, followed by 1 h air cooling to room temperature. The oxidation behavior in form of the curves of weight gain was determined via measuring the mass gain per area with 0.0001 g resolution, with every following cycle. The microstructure characterization was performed using microscopic observations (Nikon SMZ 745T, Tokyo, Japan) and scanning electron microscopy (Hitachi 3400N (Tokyo, Japan) with the Noran System 7 software v. 3.0). The samples designated for microstructure evaluation were mechanically polished and etched in solution composed of 30 mL of lactic acid, 15 mL of HNO3, and 5 mL of HF. The microstructural evaluation of alloy substrate, obtained coating and oxide scale, was performed on the cross section of samples. The JEOL JDX 7S diffractometer (JEOL, Tokyo, Japan) was used for the X-ray diffraction (XRD) analysis of coating layer in order to yield the phase composition of the obtained coating. The chemical composition of aluminized surface was determined via energy dispersive X-ray (EDX) spectrometry microanalysis. TEM investigation was performed on FEI TITAN 80–300 transmission electron microscope (FEI, Hillsboro, OR, USA). Specimens for TEM were prepared by means of ion beam thinning and twin jet polishing using a reagent containing 30 mL of HClO4, 175 mL of butony-ethanol, and 300 mL of CH3OH. Over the course of polishing, the maintained voltage value was 15 V.




3. Results and Discussion


Figure 1 presents the microstructure of researched Ti–45Al–8Nb–0.5(B, C) alloy after homogenizing and hot isostatic pressing. The microstructure of the investigated alloy in an initial state contains grains of the primary α phase, characterized by moderate size. Grains were composed of plate-shaped precipitates of α2-Ti3Al phase with hexagonal DO19 structure and γ-TiAl phases with tetragonal L10 structure, which were alternately arranged and characterized by interlamellar spacing of approx. 0.5 μm. Phase composition analysis performed by XRD revealed the prevalent content of the γ-TiAl phase in the duplex microstructure of the alloy (Figure 2). Transmission electron microscopy and electron diffraction investigations of the Ti–45Al–8Nb–0.5(B, C) disclosed the presence of fine Ti3AlC2 carbide precipitates of regular size (Figure 3) that are responsible for both solution and precipitate strengthening effect, and also Ti2B5 boride precipitates of irregular shape (Figure 4), as well as elongated Nb3B2 (Figure 5) that cause grain refinement.


Figure 1. Microstructure of the Ti–45Al–8Nb–0.5(B, C) alloy—initial state: (a) LM, (b) TEM.
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Figure 2. X-ray diffractogram of the Ti–45Al–8Nb–0.5(B, C) alloy—initial state.
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Figure 3. Ti3AlC2 phase precipitates in the Ti–45Al–8Nb–0.5(B, C) alloy: bright field (a), dark field (b), and electron diffraction (c).
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Figure 4. Ti2B5 phase precipitates in Ti–45Al–8Nb–0.5(B, C) alloy: bright field (a), dark field (b), and electron diffraction (c).
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Figure 5. Nb3B2 phase precipitates in the Ti-45Al-8Nb-0.5(B, C) alloy: bright field (a), dark field (b), and electron diffraction (c).
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During the diffusion aluminizing process, a compact protective coating was obtained on the Ti–45Al–8Nb–0.5(B, C) alloy. It is characterized by a uniform thickness of layer, which was approx. 8 μm (Figure 6). It was revealed that the coating consists of a single zone with fine grained structure and numerous fine precipitates on the grain boundaries of the matrix, which are not present in the substrate alloy (Figure 6). The distribution of the precipitates within the coating suggests that they inherit the orientation of the initial plate-like structure of the substrate alloy, which indicates inward diffusion of aluminum. The outer bright layer visible in Figure 6 is the Ni–P coating deposited in order to protect the aluminide coating during metallographic sample preparation. The line profiles illustrating the distribution of elements in the cross-section of the coating (Figure 7) indicate that in comparison to the substrate alloy, it is enriched in Al and depleted in Ti and Nb.


Figure 6. The microstructure (SEM) and chemical composition of the marked areas (points 1–4) in the diffusion aluminide coating on Ti–45Al–8Nb–0.5(B, C) alloy obtained using vapor aluminizing.
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Figure 7. Linear distribution of Al, Ti, and Nb of cross-section of Ti–45Al–8Nb–0.5(B, C) alloy modified aluminium coating.
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Quantitative analysis of chemical composition of the substrate alloy (point 2 in Figure 6) revealed that the Al/Ti content ratio is close to 1. However, the average content of aluminum in the aluminide coating (point 1 in Figure 6) is 17.5 at.% higher compared to the substrate, which indicates the aluminum to titanium content ratio is 2:1. As result, the substrate predominant phase is TiAl, while in the coating it is Al-rich Al2Ti phase. The niobium content in the coating is lower than in the substrate.



Detailed analysis of chemical composition of the precipitates present in the grain boundaries of the coating indicates that, compared to the matrix, they are characterized by a higher niobium and aluminum content and lower titanium content (points 3 and 4 in Figure 6).



X-ray diffraction phase composition analysis of the coating deposited on Ti–45Al–8Nb–0.5(B, C) alloy confirmed previous findings obtained using chemical composition microanalysis (Figure 8) and revealed the presence of three intermetallic phases from the Ti–Al system: predominant Al2Ti phase, relatively Al-poorer TiAl phase, and Al-rich Al3Ti phase. The correlation of the XRD and EDS results indicates the presence of Ti(Al,Nb)3 instead of Al3Ti phase in which the ratio of Ti content to Al + Nb content is 1:3 visible in the form of fine Nb-rich precipitates in Figure 6.


Figure 8. X-ray diffractograms of Ti–45Al–8Nb–0.5(B, C) alloy modified aluminium coating.
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The results of cyclic oxidation resistance test at 950 °C of the bare and coated Ti–45Al–8Nb–0.5(B, C) alloy obtained in 23 h cycles with 1 h cooling to room temperature are presented in Figure 9. Under cyclic oxidation conditions, the bare alloy undergoes an intensive mass increase within the first 9 cycles, which is caused by the growth of olive-colored scale on its surface. The mass change curve between 10 and 21 cycles is characterized by a typical effect of scale spallation and healing. More pronounced scale spallation leading to exposure of the substrate material increases the rate of degradation, and after 22 cycles a rapid mass loss of the alloy is observed. After 23 cycles, the mass of the alloy dropped below its initial value. In summary, the as-cast Ti–45Al–8Nb–0.5(B, C) alloy after homogenizing and hot isostatic pressing, exposed to oxidation under cyclic conditions at 950 °C, was characterized by a high mass growth followed by a rapid drop, high propensity for scale spallation, and a limited ability to heal. Compared to cast Ti–47Al–2W–0.5Si alloy, which was the subject of previous researches, the investigated alloy reveals slightly better oxidation resistance [25]. Although the addition of both tungsten and silicon improve the high-temperature oxidation resistance, under the same cyclic oxidation conditions, Ti–47Al–2W–0.5Si alloy revealed very high weight gain only until completion of seventh cycle. The reduction of alloy weight resulting from poor scale adhesion to the substrate, as well as fall-off effect, was observed starting from the tenth cycle. The number of cycles in case of investigated alloy was almost 2 times larger.


Figure 9. Mass change vs number of cycles at 950 °C for the bare and aluminium coated Ti–45Al–8Nb–0.5(B, C) alloy.
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The scale formed on the surface of the Ti–45Al–8Nb–0.5(B, C) alloy after 25 cycles at 950 °C is double layered, and each of the layers is characterized by a morphology typical for a mixture of different oxides (Figure 10). The thickness of the scale is between 20 and 30 µm. Chemical composition analysis of the bright areas 1, 2, and 4 marked in Figure 10 revealed an elevated content of titanium, while in the dark gray region marked as 3 the aluminum is predominant. Underneath the oxide scale there is a layer containing Nb-rich precipitates (point 5 in Figure 10) and Al-rich regions (point 6 in Figure 10). An elevated niobium content was also found in the middle zone of the scale (point 2 and 4 in Figure 10). The chemical composition of the alloy after 25 oxidation cycles at 950 °C (point 7 in Figure 10) did not differ from the chemical composition in the initial state (Figure 6).


Figure 10. The microstructure (SEM) and EDS results (point 1–7) of the oxide scale formed on Ti–45Al–8Nb–0.5(B, C) alloy during 25 cycles of isothermal oxidation at 950 °C.
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X-ray diffraction phase composition analysis revealed the presence of TiO2 as the dominant phase within the oxide scale (Figure 11). Also, the presence of Al2O3 and AlNbO4 was found. Moreover, low intensity peaks of TiN phase were also observed. The peaks from TiAl and Ti3Al originate from the substrate alloy. Correlation of the XRD results (Figure 11) with chemical composition microanalysis (Figure 10) indicates that TiO2 (rutile) is the predominant phase in the outer layer of the oxide scale, while Al2O3 was formed mostly at the metal-scale interface. Such a chemical composition of oxide scale, composed maily of TiO2 phase, did not act as a barrier for oxygen even with niobium addition, which seals the anion sublattice of TiO2.


Figure 11. X-ray diffractogram of the oxide scale formed on Ti–45Al–8Nb–0.5(B, C) alloy after 25 oxidation cycles at 950 °C.
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The application of diffusion aluminizing technology using out-of-pack method allowed for the formation, on a surface of Ti–45Al–8Nb–0.5(B, C) alloy, of a continuous and compact single layer of protective coating of approx. 8 µm of thickness and fine-grained microstructure. The obtained diffuse aluminide coating was characterized by good metallurgical qualities without concavities, pores, delaminations, or cracks.



A considerable mass gain was observed for the aluminized Ti–45Al–8Nb–0.5(B, C) alloy after the first cycle at 950 °C (Figure 9). After second and subsequent cycles, up to 40th cycle, the mass gain was stabilized and lower than that of bare alloy. The oxidation of the alloy with the protective coating is accompanied by a relatively high, although stable, mass growth, resulting in the formation of an adherent scale of significant thickness and compact structure without the propensity for spallation (during the first 40 cycles). The mass gain rate increased after the 40th cycle.



Oxidation curve analysis of investigated alloys and Ti–47Al–2W–0.5Si alloy [25], both of them with aluminide coating deposited by out-of-pack method, shows that isothermal oxidation kinetics in both cases are similar in the range of 60 cycles of the test. After that, the effect of scale growth in case of presented alloy is much higher. The mass gain after 100 cycles of aluminized Ti–45Al–8Nb–0.5(B, C) alloy, which is equivalent to 2300 h of oxidation, was 3.45 mg/cm2 (Figure 9). After 100 cycles, the unit weight gain for Ti–47Al–2W–0.5Si alloy with the coating deposited at the same conditions was approx. 1.7 mg/cm2 [25]. The aluminized Ti–45Al–8Nb–0.5(B, C) alloy did not undergo the breakdown effect after 100 cycles, while it was already observed for the bare alloy after 22 cycles. In both cases, the application of protective coating significantly affected the improvement in their resistance to cyclic oxidation within the entire investigated range.



Macroscopic investigations of the coated alloy revealed the presence of oxide islands marked by olive color (Figure 12). With each subsequent cycle, both the surface fraction of these regions, as well as their size, increased. These observations are in harmony with mass gain measurements (Figure 9).


Figure 12. The outer surface of the aluminized Ti–45Al–8Nb–0.5(B, C) alloy after cyclic isothermal oxidation at 950 °C.



[image: Coatings 08 00113 g012]






The depth of the continuous oxide scale on the surface of aluminized Ti–45Al–8Nb–0.5(B, C) after 100 cycles of oxidation at 950 °C is around 30 µm (Figure 13), and this is 3 times greater than in case of Ti–47Al–2W–0.5Si alloy aluminized under the same conditions [25]. The scale is multilayered and of complex structure. The outer layer of the scale is composed of large gray oxides rich in Ti (point 1 in Figure 13) that are present on a continuous and compact Al-rich oxide layer characterized by a dark gray contrast (point 2 in Figure 13). The thickest layer in the middle of the scale consists of Ti-rich bright gray oxides that also contain Al and Nb (point 3 in Figure 13). Between it and a thin Nb-rich layer (point 5 in Figure 13) at the scale-metal interface there are large, dark regions rich in Al of irregular shape (point 4 in Figure 13).


Figure 13. The microstructure (SEM) and EDS results of the oxide scale formed on aluminized Ti–45Al–8Nb–0.5(B, C) alloy during 100 cycles of isothermal oxidation at 950 °C.
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The ratio of Al content to the sum of Ti and Nb contents in the substrate is close to 1:1. It indicates that the predominant phase in the microstructure of the alloy is TiAl in form of a secondary solid solution containing Nb. The content of Al in the surface layer (points 6 and 7 in Figure 13) is significantly lower than in the initial state, which results in an intensive Al depletion during the cyclic oxidation test.



The changes in oxidation kinetics observed after 40 cycles, which are related to the formation of an undesired TiO2 oxide, do not cause a significant increase in the coating’s degradation process, which is the effect of a good adherence of the Al2O3 scale.



The results of X-ray diffraction phase identification of the oxide scale formed on the aluminized Ti–45Al–8Nb–0.5(B, C) alloy revealed its complex multiphase structure (Figure 14). The XRD pattern contains very strong peaks from TiO2, which is predominant in the oxide scale; strong peaks from Al2O3; relatively strong (considering the thickness of the scale) peaks from intermetallic phases γ-TiAl and α2-Ti3Al, which constitute the substrate alloy; and weak and single peaks from a complex Al2TiO5 oxide and TiN nitride. No peaks from phases that form the initial microstructure of the aluminide coating—such as Al2Ti and Al3Ti—were found (Figure 8). This proves that scale during cyclic oxidation forms at the expense of total and continuous depletion of the protective coating based on Al-rich phases without any signs of pitting corrosion. The obtained results indicate a complete depletion of the protective coating due to the formation of oxides such as Al2O3 and Al2TiO5. The presence of notable amounts of Al2O3 after 100 cycles of oxidation proves its dominant role in providing high oxidation resistance to the aluminized Ti–45Al–8Nb–0.5(B, C) alloy.


Figure 14. X-ray diffractogram of the oxide scale formed on aluminized Ti–45Al–8Nb–0.5(B, C) alloy after 100 oxidation cycles at 950 °C.
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4. Conclusions


	
The compact and tight aluminum coating produced by the “out of pack” method on the surface of the Ti–45Al–8Nb–0.5(B, C) alloy affects the significant improvement of resistance to cyclic oxidation at 950 °C.



	
The composition of coating consisting mainly of Al2Ti and Al3Ti phases guarantees production of compact, based on the Al2O3 scale in the oxidation process, which has no tendency to fall.



	
The increase in oxidation kinetics (after 50 cycles) is associated with the formation of undesired TiO2 oxide. This occurrence does not cause a significant increase in the coating’s degradation process, which is a result of tightness and good adherence of previously formed Al2O3 scale.



	
The favorable behavior of the Ti–45Al–8Nb–0.5(B, C) alloy with a protective coating under cyclic oxidation conditions is the result of a higher content of Al2O3 in the microstructure of the scale and the presence of Al and Nb-rich phases at the interface with the substrate, which are probably the barrier for the oxidation process.
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