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Abstract

:

This article explores the utilization of cathodic-arc deposition Cr-Al overlay coatings as oxidation protection for Ti-Al-Nb intermetallic alloys. The primary objective is to investigate PVD Al-Cr coatings deposited via cathodic-arc deposition without subsequent vacuum annealing. The microstructure, phase, and chemical composition of the coatings were characterized using scanning electron microscopy, energy-dispersive X-ray spectroscopy, and X-ray diffraction analysis. Isothermal exposure of samples in a laboratory air furnace was conducted, revealing the efficacy of Cr-Al coatings in protecting the Ti49-11Al-40Nb-1.5Zr-0.75V-0.75Mo-0.2Si (mass%) intermetallic alloy VTI-4 against oxidation. The findings highlight that the as-deposited coatings possess a layered structure and contain Al-Cr intermetallics. Post-exposure to the furnace without prior vacuum annealing results in coatings exhibiting a porous microstructure, raising concerns regarding oxidation protection. This investigation of Cr-Al coatings on a VTI-4 alloy substrate yields valuable insights into their nanolaminate structure and challenges associated with aluminum droplet fractions. The proposed additional vacuum heat treatment at 650 °C for 500 h effectively homogenizes the coating, leading to predominant Cr2Al and Ti-Al phases. Additionally, the formation of diffusion layers at the “coating–substrate” interface and the presence of oxide barriers contribute to the coatings’ heat resistance. Our research introduces possibilities for tailoring coating properties for specific high-temperature applications in aerospace, energy, or industrial contexts. Further refinement of the heat treatment process offers the potential for developing advanced coatings with enhanced performance characteristics.
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1. Introduction


Since the 2000s, Ti-Al alloys have attracted the attention of scientists, the aerospace industry, and internal combustion engine manufacturers due to their excellent high-temperature mechanical properties, good oxidation resistance, and relatively low density [1]. Ti -Al alloys can outperform Ti-based alloys and even some Ni-based superalloys in terms of specific strength and density [2,3]. Today, this group of intermetallic alloys is used for the manufacture of low-pressure turbine blades for jet engines and turbocharger rotors, as they are capable of operating in aggressive environments, especially for γ-TiAl alloys. However, the limits of the operating temperatures of unprotected alloys lie within 750–850 °C; above these values, bare Ti-Al alloys begin to form unprotected unstable oxide films of the TiO2 type [4,5]. This phenomenon necessitates the protection of Ti-Al alloys from oxidation to ensure their performance at 900 °C and above [6], as well as new alloys and methods for their production [7,8,9,10].



An active search for ways to solve this industrial problem began more than 30 years ago. At the moment, there are three main ways to protect Ti-Al alloys: the first one is the application of overlay coatings using various technologies such as cathodic-arc deposition or magnetron sputtering, the second is diffusion coatings, and the third is the so-called halogen effect [11,12]. In an overlay coating, the elements are deposited directly onto the substrate using different technologies, such as thermal spraying, or CVD or PVD processes. Diffusion coating consists of elements that diffuse into the substrate at elevated temperatures whereby a diffusion layer (interdiffusion can also occur) with a graded composition is formed. In the process named the ”halogen effect”, the substrate surface is first enriched with halogen at low temperatures before high-temperature exposure. During subsequent high-temperature exposure, the surface of the intermetallic Ti-Al alloy forms a protective alumina film on the coating surface.



Currently, various types of coatings and their combinations are being studied, the purpose of which is to protect the alloys under consideration from oxidation, such as the oxide coatings demonstrated in [13,14,15,16], intermetallic coatings explored in [17,18,19], as well as other methods to isolate alloy surfaces from aggressive environments described in [14,20,21]. Among other options, there is coating based on an Al-Cr system [22] that can be used for Ti-Al alloy protection.



In [23], a coating based on Ti-Al-Cr-Y/Zr was deposited using magnetron sputtering to protect Ti-48-2-2 (Ti-48Al-2Cr-2Nb at. %) and TNM-B1 (Ti-43.5Al-4Nb-1Mo-0.1B at. %) alloys during 1000 h of cyclic testing in air at temperatures ranging between 850 °C and 950 °C. The authors found that the Zr-containing coating on the TNM-B1 alloy proved to be less effective than the Y-containing layer. This probably occurred due to lower crack resistance during thermal cycling conditions. During a high-temperature oxidation protection test, the coatings showed a trend of depletion in chromium and aluminum due to mutual diffusion, which led to a change in their microstructure. The authors noticed that since the Ti-48-2-2 alloy contained 2 at. % Cr, chromium depletion was reduced for coatings deposited on this substrate material. The protective layer of thermally grown alumina overlay was stabilized in two ways: through the formation of a Ti(Cr,Al)2 Laves phase upon short-term exposure, and through the formation of an orthorhombic U-phase and a cubic Z-phase upon long-term exposure. In conclusion, the authors demonstrated that the Ti-Al-Cr-Y intermetallic coating deposited on the Ti-48-2-2 alloy had the best oxidative behavior under cyclic exposure conditions.



In [24], the authors suggested a novel method to achieve surface protection and grain boundary modification for Nd-Fe-B magnets by using an annealed Al-Cr PVD coating. Cr plays an important role in enhancing coating hardness and changing the diffusion process. Therefore, Cr was introduced into an Al coating via sputtering and deposition using Al-Cr targets on Nd-Fe-B magnets. A coating with Al70Cr30 composition had a significantly higher hardness of 784 ± 10 HV, while an as-deposited Al layer had only a 205 ± 4 HV hardness, the same trend was observed for the scratch-test results. Subsequent annealing at 550 °C was performed to ensure diffusion of the Al atoms into the grain boundaries of the magnets. The authors noticed good adhesion between the Al-Cr coating and Nd-Fe-B magnet. In terms of corrosion resistance, it was observed that the introduction of Cr to achieve Al70Cr30 coating composition can significantly enhance the corrosion protection of the annealed coating due to its densification effect on the coating by modifying the Al diffusion process. It was also shown that Al atoms diffused into the substrate during the annealing process through the grain boundaries. In conclusion, the authors concludes that Al-Cr coatings can be effective hard anti-corrosion coatings with coercivity enhancement that help optimize the performance/cost ratio of rare earth magnets.



In [25], an Al-Cr-based coating was obtained on the surface of a Ti2NbAl alloy using rf magnetron sputtering and double glow treatment by alternately depositing a layer of chromium and a layer of aluminum. The oxidation-resistant coating with an outer Al layer and inner Cr layer demonstrated good adhesion to the substrate due to the diffusion of Cr into the substrate and the interdiffusion between Cr and Al with the formation of an Al-Cr alloyed layer, which has great hardness. An acoustic emission curve, which was recorded using a scratch tester, indicated good bonding strength between Al/Cr coating and substrate. The morphology after the scratch test showed that the scratch was smooth without disbanding, and the depth and breadth of scratch were changed uniformly. The results of the oxidation study showed that such a coating provides this alloy with corrosion protection at a temperature of 900 °C. After the oxidation test, no cracks were observed on the sample with the Al/Cr coating. The mass gain of the Ti2NbAl alloy with the Al/Cr coating was less than that of the sample without an Al/Cr coating. The authors described the protection mechanism of the coating. After the thermal exposure coating demonstrated changes in the microstructure, a dense Al2O3 layer was formed on the coating surface, and Cr2O3 was produced under Al2O3 through the outward diffusion of Cr to protect the substrate during the isothermal oxidation tests. The process of titanium diffusion from the alloy into the outer layers of the coating was suppressed by the formation of intermetallic compounds of the Cr-Ti and Al-Ti systems. The elements’ inter-diffusion seemed to be the reason for the good bonding strength between coating and Ti2NbAl alloy.



The purpose of this work is to investigate overlay Cr-Al PVD coatings for Ti-Al alloy oxidation protection. Coatings were prepared using cathodic-arc deposition (Arc-PVD) without subsequent vacuum heat treatment. Using as-deposited coatings might be more attractive due to lower process costs, so vacuum treatment is not used in this work.




2. Materials and Methods


This study aimed to explore the application of Cr-Al coatings prepared via the cathodic-arc deposition (Arc-PVD) technique. Customized NNV-6.6-I1 equipment was used for coating deposition without subsequent annealing in a vacuum. This PVD system is equipped with two arc evaporators (chrome and aluminum cathodes) with pulsed cathode spot distribution without plasma filters and one thermionic cathode gas plasma source using non-self-sustained arc discharge, which was used for sample heating and deposition assistance.



This well-established method allows for the precise deposition of coatings on samples made of the Ti49-11Al-40Nb-1.Zr-0.75V-0.75Mo-0.2Si (mass%) VTI-4 Ti-Al alloy based on the orthorhombic Ti2NbAl titanium intermetallic alloy, a part of the Ti-11Al-40Nb group of alloys. Substrates with dimensions of 10 mm × 15 mm were ground using 1000-grade grinding paper and polished using 1-micrometer diamond suspension; then, they were ultrasonically cleaned in isopropyl alcohol before deposition.



During the deposition process, the samples underwent a carefully controlled procedure lasting 4 h. The first stage of process incorporated surface cleaning using gas discharge at an 800 V bias voltage and a 30 A non-self-sustained arc discharge current. After surface preparation, Al-Cr coatings with different parameters were deposited using cathodic-arc plasma source assistance with a 10 A discharge current. To ensure coating uniformity, the samples were rotated both on the table at a rotation speed of 1 rpm and around their axes at a speed of 20 rpm. These parameters were meticulously chosen to achieve optimal coating characteristics. The process parameters are presented in Table 1.



A Bruker D2 Phaser X-ray diffractometer was used for comprehensive analysis of the crystallographic structure of the coatings. The instrument was equipped with a highly sensitive solid-state position-sensitive LYNXEYE detector, and the DIFFRAC.SUITE software package 2020 allowed for the qualitative, quantitative, and full-profile analysis of diffraction patterns. The OriginLab Origin program was used to evaluate the X-ray diffraction patterns.



The structure of the coatings was investigated usinh a state-of-the-art Carl Zeiss Ultraplus ultra-high-resolution auto-emission scanning electron microscope (Carl Zeiss, Neubeuern, Germany) in BSE mode. The EDS analysis resolution was 0.3 µm, and the accelerating voltage was 15 kV. Cross-sectional BSE images of thin slices were obtained in the secondary electron mode, which allowed for a detailed look at the internal features and morphology of the coating. The samples were ground and polished with a 1 μm thick diamond slurry prior to microstructure examination.



The distribution of chemical elements throughout the coating thickness was meticulously assessed using the INCA Energy system, which seamlessly integrated with the aforementioned microscope, providing valuable insights into the chemical composition of the coatings.



To evaluate the performance of the coatings under extreme conditions, heat resistance tests were performed in an oxidizing environment (laboratory air). In a Nabertherm N15/65HA furnace, the coated samples were subjected to a rigorous 500 h holding time at 650 °C, which simulates the challenging conditions under which coatings can operate in real-world conditions.



At regular intervals of 200, 300, and 400 h, the coated samples underwent further examination through X-ray diffraction analysis and scanning electron microscopy. This allowed for a detailed observation of any structural changes, degradation, or failure mechanisms that may have occurred during the prolonged exposure to elevated temperatures.




3. Results and Discussion


3.1. Microstructure


Figure 1, Figure 2 and Figure 3 presented show detailed cross-sectional BSE images of the as-deposited Cr-Al coating. After deposition, the coating had a pronounced layered structure characterized by the presence of individual layers with a thickness of about 100 nm (Figure 1). This layer thickness was due to the chosen deposition mode, namely, the table rotation speed during coating deposition. However, despite the aesthetic appeal of such a layered structure, it raises concerns in terms of thermal and mechanical resistance, as it may not provide optimal protection for the bulk of the material [26,27,28,29,30].



To address this limitation, additional vacuum heat treatment is deemed necessary to enhance diffusion processes within the coating [30,31,32,33,34]. This strategic heat treatment promotes the intermixing of aluminum (Al) and chromium (Cr) atoms at the interfaces of the layered coating. As a result, diffusion-driven phenomena occur, leading to the formation of intermetallic phases within the coating.



The formation of intermetallic phases is of paramount importance as it introduces new microstructural features, significantly influencing the mechanical, thermal, and functional properties of the Al-Cr layered coatings. Consequently, understanding the role of diffusion in the behavior and performance of these coatings is crucial for optimizing their applications.



Moreover, heat treatment offers the opportunity to create structures within the coating with a tailorable set of properties [35,36,37,38,39]. By precisely controlling the heat treatment parameters, it becomes possible to form the desired properties of the coating, making it suitable for specific applications and environments.



In conclusion, the cross-sectional BSE images of the layered structure of the as-deposited Cr-Al coating reveal the presence of a distinct layered structure (see Figure 1). Therefore, additional vacuum heat treatment is necessary to enhance the diffusion processes and facilitate the formation of intermetallic phases. This diffusion-driven intermixing of Al and Cr atoms significantly impacts the microstructure and properties of the coating. Understanding these diffusion-based mechanisms is crucial in optimizing the behavior and performance of Al-Cr layered coatings, making them more suitable for oxidation protection applications in the realm of materials science and engineering.



The chemical composition analysis of the Cr-Al coating is summarized in Table 2. Despite the given gradients in the deposition mode, the aluminum content across the coating’s cross-section remains relatively constant. Similarly, the chromium content remains stable, except for the “coating–substrate” interface zone, where chromium diffuses into the alloy, as observed in zones S7 and S8.



Despite the gradients in metal content during the deposition process, the coating layers exhibit a remarkable difference in their chemical composition. Detailed energy-dispersive X-ray spectroscopy (EDS) analysis reveals that the coating consists of distinct alternating layers of intermetallic compounds, namely, Cr-Al, Cr5Al8 with 54.6% Cr and 45.4% Al, and Cr2Al with 80% Cr and 20% Al. These findings are consistent with the results obtained from the X-ray diffraction (XRD) analysis.



In Figure 2, the dark layers correspond to the intermetallic compound Cr5Al8, as observed in zone S4. Conversely, the light layers are attributed to intermetallic Cr2Al, identified in zones S1, S2, S3, and S6. Interestingly, the deposition process conditions lead to alternating cycles of aluminum enrichment and depletion within the deposited layers.



These observations suggest that during the coating deposition, specific conditions are established, allowing the individual layers to undergo successive cycles of aluminum enrichment and depletion. Such unique conditions contribute to the formation of alternating intermetallic compound layers with distinct chemical compositions. This phenomenon plays a pivotal role in determining the overall properties and performance of the Cr-Al coating.



The understanding of the chemical composition and layering in the coating provides crucial insights into the structure–property relationships and guides the optimization of the coating’s microstructure for tailored applications in various fields of materials science and engineering.



Figure 3 shows a macroscopic inclusion of a drop fraction from a chromium cathode (zone S2). It was probably the inclusions of these macro-particles that caused the loose and discontinuous structure of the coating after exposure in the furnace for 500 h. The EDS analysis results are presented in Table 3.



The results of BSE analysis reveal intriguing observations about the Cr-Al coating. Initially, after deposition, the coating exhibited a distinct layered structure. However, upon heating, the coating crystallized and underwent oxidation, leading to the development of numerous pores and discontinuities within its structure. Surprisingly, despite these imperfections, the coating demonstrated remarkable adhesion to the substrate and remained intact without peeling off or collapsing during the heating process.



Figure 4 depicts the coating’s evolution during heating, illustrating the disappearance of its layered structure. This phenomenon suggests that as a result of the heating process, homogenization of the intermetallic phases within the coating occurred. This homogenization is further supported by the reduction in the degree of inhomogeneity in the distribution of aluminum and chromium across the coating’s cross-section.



Interestingly, similar homogenization processes were reported in previous research involving bulk materials based on Ti-Al intermetallic phases. However, in this current study, the annealing was performed at a lower temperature but for an extended period (ranging from 200 to 500 h). This extended annealing duration allowed sufficient time for the intermetallic phases within the coating to reach a more uniform composition and distribution.



The nanolaminate structure of the coating’s layers also played a significant role in facilitating the homogenization process. The unique nanolaminate arrangement of the layers enhanced the diffusion rate of aluminum and chromium atoms, promoting their intermixing and homogenization.



After 200 h of exposure to the annealing process, a distinct double diffusion zone became evident in the coating. This zone further expanded in thickness after 500 h of exposure (Figure 5). As the annealing process progressed, the coating’s structure underwent gradual degradation, yet no macroscopic damage or failure was observed.



The ability of the coating to maintain its integrity despite undergoing crystallization, oxidation, and the presence of pores and discontinuities highlights its robustness and adhesion to the substrate. The homogenization of intermetallic phases and the formation of the double diffusion zone further add to the complexity of the coating’s microstructure, influencing its mechanical and thermal properties.



In conclusion, the results of the BSE analysis presented in Figure 5 provide valuable insights into the behavior of the Cr-Al coating during heating. The observed disappearance of the layered structure, homogenization of intermetallic phases, and formation of the double diffusion zone are crucial in understanding the coating’s response to thermal exposure. The coating’s ability to withstand these changes without macroscopic damage underscores its potential for various applications in the realm of materials science and engineering. Further research on the coating’s mechanical and thermal performance is essential to fully exploit its unique properties for practical applications.



After 500 h of testing, the Cr-Al coating structure exhibited significant porosity, although no macroscopic failures were evident. The analysis revealed the formation of two diffusion layers (spectra S8 and S9), along with the precipitation of Nb-Ti-Al (S10). Surprisingly, the distribution of chemical elements indicated the presence of oxygen throughout the coating cross-section due to non-uniformities and pores, contradicting previous findings [24]. However, no diffusion of oxygen into the alloy was detected, likely attributed to the presence of dense diffusion layers of Nb-Cr-Al-Ti (spectrum S8) and Ti-Nb-Al-Cr (spectrum S9). These layers acted as barriers, hindering oxygen diffusion, while containing titanium that diffused from the alloy. The distribution of the elements is presented in Table 4. Despite the observed porosity, the coating displayed promising resilience, with no detectable macroscopic failures, showcasing its potential for various applications in demanding environments. Further investigation into the coating’s microstructure and properties is essential to fully comprehend its behavior under prolonged testing conditions.



In general, our results correlate with those in Ref. [35], where a thermal treatment mode was selected to achieve optimal properties of the Elinvar alloy. It was demonstrated that the alloy’s structure was improved through the application of thermal stresses, as well as the formation and dissolution of intermetallic compounds during the thermal treatment process.




3.2. X-ray Diffraction Analysis


Figure 6, Figure 7 and Figure 8 show the results of the X-ray phase analysis of the coatings after deposition and during isothermal annealing. The shooting was carried out after 200, 300, 400, and 500 h. The scattering vector (1/Å) on the X-axis was calculated using the formula   Q = 4 × π / 1.54 × s i n ⁡ (   2 θ / 2   180 ∗ π   )  .



The diffraction pattern obtained from the as-deposited Cr-Al coating exhibits distinct reflections corresponding to the intermetallic phases present within the coating, characteristic of the Al-Cr system. Additionally, titanium reflections associated with the substrate material are also evident in the diffraction pattern due to the diffractometer operation mode. This suggests that the coating is composed of a combination of intermetallic phases from the Al-Cr system and the substrate material, which is primarily composed of titanium-containing phase Ti2AlNb.



Peak broadening in the diffraction pattern indicates that the coating has not undergone complete crystallization. This suggests that the crystalline structure of the coating is not fully formed, possibly due to the presence of defects (such as molten macro-parts), disordered regions, or incomplete atomic rearrangement during the coating process, because sample heating using a gas-plasma source was not enough to reach crystallization temperature.



Furthermore, the diffraction pattern shows multiple X-ray reflections in the coating, which can be attributed to its nanolayer structure, as observed in the electron microscopy results. The nanolayer structure of the coating results in multiple interfaces between the layers, leading to additional diffraction peaks. These peaks are a consequence of the periodic arrangement of the nanolayers and the diffraction of X-rays from each interface. It is worth noting that the coating’s thickness, composition, and micro stresses also might be reasons for such a peak pattern.



The combination of incomplete crystallization and the nanolayer structure in the coating introduces complexities in the diffraction pattern, making the analysis more intricate. Nonetheless, these characteristics provide valuable insights into the microstructural features of the Cr-Al coating, and they are crucial in understanding its properties and performance in various applications.



This study of coating behavior reveals interesting insights into the process of deposition and crystallization. Initially, after deposition, the coatings do not fully crystallize, but upon holding in the furnace, they undergo further transformation, leading to the formation of an Cr2Al intermetallic compound (See Figure 7 and Figure 8). This suggests that heat treatment plays a crucial role in achieving the desired crystalline structure and properties of the coatings.



One of the key aspects studied is the heat resistance of the coated samples. It was found that during the heat resistance testing, a mixture of Cr2O3-Al2O3 oxides forms within the coating. Surprisingly, this mixture exhibits excellent adhesion to the substrate and does not exfoliate, which are crucial properties for any effective coating. However, the coating shows a porous and uneven structure, which may be an area for further improvement.



The results obtained from the qualitative X-ray phase analysis align with those of the chemical energy-dispersive analysis, confirming the presence of chromium oxides as the predominant component of the coating. This finding is consistent with the chosen mode of coating deposition, where intentional emphasis was placed on the predominance of chromium.



Furthermore, the back-scattered electron microscopy (BSE) results corroborate the energy-dispersive X-ray spectroscopy (EDS) findings, reinforcing the accuracy and reliability of the experimental data. The combination of XRD, EDS, and BSE techniques provides a comprehensive understanding of the coating’s composition and structure.



Interestingly, this study also reveals that during annealing, not only do chromium and aluminum interact with each other to form Cr2Al, but aluminum also partially reacts with titanium, leading to the formation of a titanium–aluminum intermetallic compound TiAl. This observation highlights the complex chemical processes that take place during heat treatment and emphasizes the need for precise control over the parameters to achieve the desired coating properties.



The porous and uneven structure of the coating resulting from the interaction of chromium, aluminum, and oxygen may offer unique opportunities for specific applications. For instance, the porosity might enhance certain mechanical or catalytic properties, making the coating suitable for specific purposes where a high surface area is desirable.



The findings from this study pave the way for further research and optimization of the coating process. By understanding the mechanisms behind crystallization, phase formation, and interactions between different elements, researchers can fine-tune the deposition and heat treatment processes to tailor the coatings for specific applications.





4. Conclusions


The study of Cr-Al coatings deposited on a substrate made of a VTI-4 alloy of the Ti-11Al-40Nb system revealed a unique nanolaminate structure consisting of intermetallic compounds with two stoichiometries—Cr2Al and Cr5Al8. This layered structure poses both opportunities and challenges for coating applications, requiring further research and heat treatment.



To address the challenges posed by the presence of droplet aluminum fractions in the coating, additional vacuum heat treatment is proposed. The goal of this heat treatment is twofold: first, to reduce the destructive effects of the aluminum droplets, and second, to achieve a continuous and more homogenized structure in the coating.



The researchers have established that annealing the coating at a temperature of 650 °C for a duration of 500 h leads to the homogenization of intermetallic compounds. As a result, the predominant phases that form after annealing are Cr2Al and TiAl. This indicates that the heat treatment is effective in transforming the coating into a more desirable composition, with a reduced presence of the less desirable Cr5Al8 phase.



In addition, heat treatment under these conditions promotes the formation of two diffusion layers at the interface between the coating and the substrate. These diffusion layers contain different ratios of Nb, Cr, Ti, and Al, indicating the formation of complex chemical interactions at the interface. This is an important result because it indicates that heat treatment affects not only the coating itself, but also the composition and structure at the coating–substrate interface.



Furthermore, the formation of these diffusion layers, as well as the presence of Cr2O3 and Al2O3 oxides, is a barrier that prevents oxygen from penetrating into the substrate. This is a very important aspect indicating the high heat resistance of the developed coatings. resistance to oxygen penetration is very important as it ensures that the properties and integrity of the substrate are maintained, even at high temperatures.



In conclusion, this study of Cr-Al coatings on a VTI-4 alloy substrate provides valuable insights into their nanolaminate structure and the challenges associated with droplet aluminum fractions. The proposed additional vacuum heat treatment at 650 °C for 500 h successfully homogenizes the coating, forming predominant phases of Cr2Al and TiAl. The formation of diffusion layers at the “coating–substrate” interface and the presence of oxide barriers further contribute to the heat resistance of the coatings. This research opens up opportunities for tailoring coatings’ properties for specific applications in high-temperature environments, such as in aerospace, energy, or industrial settings. Further optimization and fine-tuning of the heat treatment process can lead to the development of even more advanced coatings with enhanced performance characteristics.
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Figure 1. BSE image of layered structure of as-deposited Cr-Al coating on Ti-11Al-40Nb alloy. 
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Figure 2. Chemical analysis of coating after deposition on Ti-11Al-40Nb alloy. 
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Figure 3. BSE image of Cr droplet in Cr-Al coating and the sites of EDS analysis. 
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Figure 4. Cr-Al coating on Ti-11Al-40Nb alloy after 200 (a), 300 (b), 400 (c), and 500 (d) hours of exposure in furnace. 
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Figure 5. BSE image of Al-Cr coating on Ti-11Al-40Nb alloy after oxidation at 650 °C for 500 h and the sites of EDS analysis. 
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Figure 6. XRD diffraction pattern of as-deposited Cr-Al on Ti-11Al-40Nb alloy, square root of intensity. 
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Figure 7. XRD patterns of Cr-Al coating on Ti-11Al-40Nb alloy after 200 and 300 h of exposure in furnace, square root of intensity. 
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Figure 8. XRD patterns of Cr-Al coating on Ti-11Al-40Nb alloy after 400 and 500 h of exposure in furnace, square root of intensity. 
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Table 1. Cr-Al coating deposition parameters.






Table 1. Cr-Al coating deposition parameters.





	Parameter
	Value





	Aluminum evaporator arc current
	50 to 65 A (stepped)



	Chromium evaporator arc current
	From 100 to 80 A

(estimated)



	Bias
	50 V



	Vacuum chamber pressure
	0.36 Pa










 





Table 2. EMF analysis results, wt. %.
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	Range
	Al
	Ti
	Cr
	Nb





	S1
	20.44
	1.21
	78.35
	



	S2
	18.03
	1.98
	79.99
	



	S3
	18.40
	2.00
	79.60
	



	S4
	37.54
	1.25
	61.21
	



	S5
	13.38
	13.11
	73.51
	



	S6
	25.83
	
	74.17
	



	S7
	13.41
	46.75
	
	39.84



	S8
	6.24
	39.89
	
	53.87



	S9
	11.18
	46.90
	
	41.92



	S10
	7.24
	33.47
	
	59.29










 





Table 3. EDS analysis results, wt. %.
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	Spectrum
	Al
	Ti
	Cr
	Nb





	S1
	18.75
	1.17
	80.08
	



	S2
	
	1.68
	98.32
	



	S3
	96.18
	
	3.82
	



	S4
	15.81
	4.18
	80.01
	



	S5
	16.00
	44.26
	
	39.74



	S6
	11.96
	46.80
	
	41.24



	S7
	9.50
	38.33
	
	52.17










 





Table 4. EDS analysis results of Al-Cr coating after oxidation at 650 °C for 500 h.
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	Range
	O
	Al
	Ti
	Cr
	Nb





	S1
	
	24.55
	
	65.05
	



	S2
	15.36
	20.83
	
	53.07
	



	S3
	8.95
	14.96
	
	61.54
	



	S4
	22.34
	21.30
	
	45.38
	



	S5
	
	7.00
	7.41
	60.60
	



	S6
	11.59
	14.63
	7.37
	53.99
	



	S7
	6.28
	19.12
	12.89
	52.88
	8.85



	S8
	
	23.27
	21.27
	23.71
	31.76



	S9
	
	28.75
	37.72
	1.94
	31.60



	S10
	
	20.68
	36.46
	
	42.86



	S11
	
	13.39
	46.59
	
	40.02



	S12
	
	9.44
	39.12
	
	51.44



	S13
	
	11.34
	49.96
	
	38.70







All results in weight%.
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