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Abstract The synergistic effects of alloy element Nb and enamel coating on the oxidation behavior of Ti3 Al-based alloys in open air at 750 ◦ C were studied in the present paper. The results showed that 17Nb alloyed Ti3 Al intermetallics showed better oxidation resistance due to the formation of a compact and adhesive TiO2 scale during oxidation. Enamel coating as a barrier could protect Ti3 AlNb alloys from oxidation. The coating kept intact and adhesive during discontinuous oxidation due to its good compatibility and matched thermal expansion coefficient with the substrates of Ti-based alloys. Nevertheless, the enamel coating might be degraded due to the rapid formation of Nb enriched sublayer and depletion layer at the interface of enamel/Ti3 Al–23Nb and enamel/Ti3 Al–27Nb. In addition, there existed detectable internal oxidation beneath the interface of enamel/Ti3 Al–xNb (x = 23 and 27 at.%) due to the inward diffusion of oxygen through the imperfect Nb enriched sublayer during discontinuous oxidation. © 2007 Elsevier B.V. All rights reserved. Keywords: Enamel coating; Nb effect; Oxidation behavior; Ti3 Al alloys



1. Introduction Ti3 Al-based alloys are promising high temperature light materials in the applications of aeronautics and astronautics due to their high specific strength and excellent superplasticity. However, the lack of oxidation resistance and oxygen contamination limit the technical application to temperatures much lower than that allowed by their mechanical properties. Alloying is one of efficient avenues of improving the ductility or oxidation resistance of Ti3 Al intermetallics [1–7]. However, it is generally difficult for implanting one element to improve both oxidation resistance and mechanical properties of the intermetallics. The oxidation resistance would be improved by alloying at the cost of mechanical properties. Fortunately, many reports show that Nb seems to be a versatile
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element for improving the mechanical properties [8–11], as well as the oxidation resistance of Ti3 Al-based intermetallics [1–5]. In addition, another favorable way to improve the longterm oxidation resistance of Ti-based alloys is the application of protective coatings. In recent years, following the track of the researches on aluminide [12–14], MCrAlY [15,16] and TiAlCr(Ag) [17–19] coatings, an economical and promising enamel coating was proposed to join the protective coatings family of Ti-based alloys [20–25]. The enamel coating could protect the Ti-based alloys against oxidation and corrosion attack due to its high thermal chemistry stability and matched thermal expansion coefficient with the substrates. In special, it is economically more attractive than those coatings produced by means of the PVD process, such as TiAlCr and MCrAlY [20]. However, in our previous research, the enamel coating seems to be harmful, other than beneficial, to the oxidation resistance of the Nb-containing TiAl alloys (TiAl–5 at.%Nb) at high temperatures [24]. Except for the factor of test temperature of 800 ◦ C, which is very close to that for enamel firing, the interfacial reactions of Nb with the oxides in enamel coating might play important role in the abnormal phenomenon.
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To further understand the synergistic effects of Nb and enamel coating on the oxidation behavior of Ti-based alloys, the oxidation behavior of Ti-based alloys with high Nb content (Ti–22Al–27Nb and Ti–22Al–23Nb(at.%)) and moderate Nb content (Ti–24Al–17Nb) with and without an enamel coating at 750 ◦ C in open air was evaluated in the present paper. 2. Experimental procedure Ti3 AlNb intermetallics were produced by melting high purity metals in an induction furnace with protective Ar2 atmosphere, following casting in a cylindrical mould. After the cast alloys were homogenized at 1000 ◦ C for 1 h, they were subsequently water quenched to room temperature. To compare with the previous results for enamel coated TiAl–5Nb intermetallics [24], three Ti3 Al alloys with moderate or high content Nb (Ti–24Al–17Nb, Ti–22Al–23Nb, Ti–22Al–27Nb) were selected in the present study. The alloys ingots were cut into 15 mm × 10 mm × 2.5 mm specimens by spark cutting and ground down to 600#-SiC sand paper. The nominal composition of enamel frit was SiO2 58.2, Al2 O3 6.3, ZrO2 5.3, ZnO 9.0, CaO 4.1, and others 17.0 (wt.%). The mixture of raw mineral materials was melted at 1450 ◦ C for about 10 h, and then the molten enamel was quenched in water to get frit. The enamel frit was milled for about 300 h with some additives to attain the expected properties of resulting coating. Then an enamel frit layer formed on the round angle substrates of Ti3 AlNb alloys, which were firstly sand blasted, using an air-spraying technology at room temperature. Thus, the enamel coating could form after vitrified for 30 min at 900 ◦ C in air. The detailed process of coating Ti3 AlNb alloys has been shown elsewhere [20]. The thickness of enamel coating was about 30 m. The Ti3 AlNb intermetallics with and without enamel coating were oxidized discontinuously at 750 ◦ C in open air for times up to 100 h. The specimens were cooled in air to room temperature after continuous oxidation at experimental temperature for every 10 or 20 h in a muffle furnace, and then weighed (the spalling scales included) using a balance with an accuracy of 10−4 g to characterize the oxidation kinetics. The specimens after oxidation were examined by means of scanning electron microscopy (SEM) equipped by energy dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD, room temperature, Cu K␣1) to characterize the surface morphologies and the oxide phases, and then mounted in epoxy resins, cross-sectioned, polished, and coated with a thin layer of conductive carbon to reveal the cross-sectional microstructures by SEM-EDS. 3. Results 3.1. Oxidation kinetics The oxidation kinetics of Ti3 AlNb intermetallics with and without enamel coating at 750 ◦ C in air were shown in Fig. 1. The results showed that Ti3 Al–17Nb showed the best oxidation resistance among the investigated alloys at 750 ◦ C. The mass



Fig. 1. the oxidation kinetics of Ti3 AlNb intermetallics without (a) and with (b) enamel coating at 750 ◦ C in air.



gain of the bare intermetallics increased with the content of Nb. During thermal exposure, the bare Ti3 Al intermetallics with high Nb content (23Nb and 27Nb) showed breakaway oxidation behavior. It indicated that enamel coating could significantly decrease the mass gain of Ti3 AlNb intermetallics during thermal exposure at 750 ◦ C by comparing the correlative oxidation kinetics in Fig. 1(a) and (b). The kinetics of enamel coated alloys followed approximately linear law which indicated that the oxidation process might be controlled by the inwards diffusion of oxygen through enamel coating with fixed thickness during oxidation. The slope difference of linear kinetics was correlated with the thickness of the enamel coating on different alloys, which would be discussed in the following section of this paper. 3.2. Morphologies and microstructures of bare alloys after oxidation After oxidation for 100 h at 750 ◦ C in air, the phase constituent of oxides on bare Ti3 AlNb intermetallics was identified by XRD analysis and the results were shown in Fig. 2. XRD results showed that the phases of oxide scale on bare Ti3 AlNb intermetallics were mainly composed by TiO2 during
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on the two alloys during oxidation. The high Nb content alloys showed breakaway oxidation behavior due to the formation of spalling, porous and unprotected TiO2 scales during oxidation. In addition, the EDS results showed that the oxides of Al and Nb were mixed in TiO2 . Nevertheless, the bare Ti3 Al-based alloys with moderate Nb content (17Nb) showed good oxidation resistance at 750 ◦ C in air. The surface of the specimen kept uniform after oxidation for 100 h (Fig. 3c). A compact, adhesive and protective oxides layer formed on Ti–24Al–17Nb (Fig. 4c). The EDS analysis showed that the oxides on Ti–24Al–17Nb were also mainly consisted of TiO2 . In addition, an Nb enriched sublayer formed beneath the oxides scale during oxidation. Fig. 2. Surface XRD patterns of Nb alloyed Ti3 Al intermetallics after oxidation at 750 ◦ C for 100 h.



3.3. Effects of enamel coating



oxidation. After oxidation for 100 h, there existed a small quantity of AlNbO4 in the oxide scales on high Nb content alloys (23Nb and 27Nb). Although no AlNbO4 could be detected on moderate Nb content alloy (Ti–24Al–17Nb), the formation of Nb6 O in the oxide scales indicated that Nb began to be oxidized at 750 ◦ C in air. In addition, no Al2 O3 could be detected on the oxide scales on Ti–24Al–17Nb after oxidation. An unknown ˚ (marked with open star) belongs diffraction peak at d = 2.222 A to neither nitrides nor oxides phases of Nb and Al. The surface morphologies and cross-sectional microstructures of the bare intermetallics after oxidation for 100 h at 750 ◦ C were shown in Figs. 3 and 4, respectively. The two high Nb content bare intermetallics (27Nb and 23Nb) suffered from heavy oxidation attack. The spalling and porous oxides scales formed



The cross-sectional microstructures of Ti3 AlNb-based intermetallics with enamel coatings after oxidation for 100 h at 750 ◦ C in air were shown in Fig. 5. The enamel coatings kept intact and adhesive to the substrate after oxidation for 100 h at 750 ◦ C in air. However, a thin interdiffusion and interaction layer could be identified at the interface between the coating and the substrate. Furthermore, there existed obviously internal reaction region with the depth of several 10 m after oxidation of high Nb content alloys for 100 h (Fig. 5a and b). The EDS analysis showed that detectable internal oxidation took place in the alloys with the depth of about 100 m beneath the interface of coating/alloy. The element distribution (shown in Fig. 6) across the enamel coated Ti–22Al–27Nb intermetallics after oxidation for 100 h was qualitatively identified by



Fig. 3. Surface morphologies of the bare 27Nb (a), 23Nb (b), and 17Nb (c) alloyed Ti3 Al intermetallics after oxidation for 100 h at 750 ◦ C in air.
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Fig. 4. Cross-sectional microstructures of the bare 27Nb (a), 23Nb (b), and 17Nb (c) alloyed Ti3 Al intemetallics after oxidation for 100 h at 750 ◦ C in air.



measuring those data points marked with plus signs in Fig. 5a using EDS. From Fig. 6, a small amount of Al and Ti diffused outwards into the enamel coating from the substrate and reacted with O at the interface during oxidation. Correspondingly, Si diffused



inwards into the substrate from enamel. The thickness of interdiffusion region of components between coating and alloy was about 10 m. In addition, there existed an Nb and Al enriched layer with the depth of about 10 m under the interface after oxidation. Interestedly, O could hardly be detected in the Nb–Al



Fig. 5. Cross-sectional microstructures of 27Nb (a), 23Nb (b), and 17Nb (c) alloyed Ti3 Al intermetallics with enamel coatings after oxidation for 100 h at 750 ◦ C in air.
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Fig. 6. The element distribution in enamel coated Ti–22Al–27Nb (Fig. 5a) after oxidation for 100 h at 750 ◦ C in air.



enriched layer under which an oxygen contamination layer with the thickness of about 60 m formed in Ti–22Al–27Nb intermetallics. 4. Discussion Ti3 Al alloys show poor oxidation resistance due to the formation of a porous and spalling TiO2 scale instead of a protective Al2 O3 layer during oxidation at high temperatures in open air. Many reports indicated that the oxidation resistance of Ti3 Al could be improved by alloying. In addition, among the alloying elements, Nb was a better candidate since it could improve not only the oxidation resistance but also the creep resistance and room temperature toughness of Ti-based alloys. The beneficial effects of Nb on the oxidation resistance were generally summarized as (1) decreasing oxygen vacancies and slowing diffusions of oxygen and metallic components in TiO2 by doping [1], (2) increasing the thermodynamic activity of Al relative to that of Ti to promote the formation of Al2 O3 [3,5] and (3) lowering the solubility of oxygen in the alloys to eliminate the internal oxidation [26]. However, the beneficial effects of Nb would be weakened once Nb began to be oxidized [27,28]. Thus, only the Ti3 Al alloys with moderate Nb content (10–15 at.%) showed the best oxidation resistance. The oxidation rate of the alloys would increase rapidly with Nb content above the critical content [27]. In the present study, the bare Ti3 Al intermetallics with high Nb content (23Nb and 27Nb) showed poor oxidation resistance due to the formation of porous and spalling oxides scales during oxidation. In addition, the existence of AlNbO4 indicated that Nb was completely oxidized and the resulting oxide Nb2 O5 (2AlNbO4 = Al2 O3 + Nb2 O5 ) was mixed with TiO2 . Thus, the bare high Nb content alloyed Ti3 Al showed breakaway oxidation due to the spallation of mixture oxides scales. However, the bare 17Nb alloyed Ti3 Al showed an optimal oxidation resistance due to the formation of an adhesive and denser TiO2 scale during oxidation at 750 ◦ C. In addition, a thin Nb enriched sublayer formed beneath the external scale. Then, the sublayer became an origin for Nb doping in TiO2 to improve the protectiveness of the external scale. The outward diffusion doping of Nb might improve the adhesion of external oxide scale to the substrate. Furthermore, the continuous Nb enriched sublayer could interrupt the diffusion of oxygen and metallic components as a barrier. Unfortunately, the formation of Nb6 O



indicated that Nb began to be oxidized. Moreover, no detectable protective Al2 O3 layer formed on this alloy during oxidation. Therefore, alloying would be limited for improving the protectiveness of alloys due to the oxidation of alloying elements during long-term oxidation. Coating should be a better way to protect Ti-based alloys from oxygen contamination and long-term oxidation. Recent studies showed that enamel coatings might be a kind of promising protective coatings for Ti-based alloys and intermetallics due to its high thermal chemical stability, compatibility and matched coefficient of thermal expansion with the substrates, as well as its attractive low cost and handling [20–25]. In our previous work, it was found that there existed heavy interfacial reactions between the enamel and the Nb-containing TiAl intermetallics (TiAl–5Nb), although the enamel coating could protect TiAl intermetallics from oxidation significantly [22,24]. It might be correlative to the increase of Al activity in TiAl by Nb alloying. In general, the oxygen partial pressure became extremely low at the interface between coating and substrate due to the equilibrium between the existed enamel coating and the alloy. Since, Al would be oxidized selectively under the condition of low oxygen partial pressure [29,30], an Al2 O3 enriched layer formed at the interface of enamel/TiAlNb by outward diffusion, oxidation, and reaction with oxides of enamel. Subsequently, the spallation would occur at the interface of enamel/Al2 O3 or Al2 O3 /TiAlNb due to the mismatched thermal expansion coefficient during discontinuous oxidation process. Then, TiAl–5Nb with enamel coating showed worse oxidation resistance that the bare alloy with the spallation of coating. Comparatively, the oxidation behavior of high and moderate content Nb alloyed Ti3 Al alloys without and with enamel coating at 750 ◦ C was investigated. As described above, no detectable Al2 O3 scale formed on bare Ti–24Al–17Nb, which should show the best oxidation resistance as mentioned by other authors. Therefore, the interfacial Al2 O3 enriched layer could not be formed so that the enamel coating could keep intact and adhesive to the substrate during discontinuous oxidation. Enamel coating could protect Ti3 AlNb alloys from oxidation attack at 750 ◦ C as a barrier to the diffusion of oxygen and metallic components. The oxidation rate of enamel-coated alloys would be controlled by the inward diffusion of oxygen through the coating with fixed thickness. Thus, because the thickness of enamel coating was the only controls parameter of oxidation rate, the slope difference of oxidation kinetics shown in Fig. 2b should be correlative to the thickness difference of enamel coatings on different alloys shown in Fig. 5 (27Nb < 17Nb < 23Nb). However, there still existed difference of the interfacial behavior between the enamel coating and Ti3 Al alloys with different Nb content. At the interface of enamel/Ti3 Al–17Nb, a denser mixture oxides layer (black arrow in Fig. 5c) formed at the side of enamel due to the outward diffusion and oxidation of metallic elements (Al and Ti), and the doping of Nb. Then, only slight internal oxidation could be observed. Moreover, the formation of thin interfacial interdiffusion layer would improve the adhesion of the coating to the substrate.
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Nevertheless, an obvious Nb enriched sublayer (black arrow in Fig. 5a and b) formed at the interface of enamel/Ti3 Al–(23, 27)Nb during oxidation. At the same time, a porous depletion layer formed beneath the Nb enriched layer due to the outward diffusion of metallic components. On the one hand, the Nbenriched sublayer could interrupt the inward diffusion of enamel components and oxygen, as well as the outward diffusion of alloying elements. Thus, an interfacial layer with low oxygen content formed. On the other hand, oxygen could diffuse inwards through the imperfect barrier layer and depletion layer during the discontinuous oxidation. As a result, internal oxidation would occur in the substrates of Ti3 Al–23Nb and Ti3 Al–27Nb during oxidation. In summary, the Ti3 Al alloys with moderate Nb content showed good oxidation resistance due to the selective oxidation of Al and the doping of Nb in external oxide scale. However, the enamel coating might be degraded due to the formation of internal oxides layer at the interface of enamel/TiAl–Nb, or the formation of Nb enriched layer and depletion layer with the increase of Nb in Ti3 Al alloys during discontinuous oxidation. 5. Conclusions The bare Ti–24Al–17Nb alloy showed better oxidation resistance than that of the other two alloys with higher Nb content. A compact and adhesive TiO2 scale, instead of spalling scale on high content Nb alloyed Ti3 Al, formed on Ti3 Al–17Nb during oxidation at 750 ◦ C. Enamel coating could protect the Ti3 Al–Nb alloys from oxidation at 750 ◦ C in open air. The oxidation rates of enamelcoated alloys were controlled by the inward diffusion of oxygen through the external enamel coating with fixed thickness. However, internal oxidation occurred beneath the interface of enamel/Ti3 Al–27Nb and enamel/Ti3 Al–23Nb during discontinuous oxidation. Acknowledgements This project was financially supported by the NSFC (no. 59625103), National High-tech Developing Program of China, and Korea Science & Engineering Foundation (KOSEF) grant funded by the Korea Government.
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