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Effect of an Enamel Coating on the Oxidation and Hot Corrosion Behavior of an HVOF-Sprayed Co–Ni–Cr–Al–Y Coating D. Xie,*† Y. Xiong,* and F. Wang* Receiûed July 17, 2002; reûised Noûember 23, 2002



The oxidation and hot-corrosion behaûior of a Co–Ni–Cr–Al–Y coating produced by high-ûelocity oxygen fuel (HVOF) with and without an enamel coating were inûestigated in air at 900°C and in molten 75 wt.% NaCl+25 wt.% Na2SO4 at 850°C. The results show that the enamel coating possesses excellent hot corrosion resistance in the molten salt, in comparison with the HVOFsprayed Co–Ni–Cr–Al–Y coating alone. In the hot-corrosion test, breakaway corrosion did not occur on the samples with the enamel coating and the composition of the enamel did not significantly change. The oxidation resistance of the Co–Ni–Cr–Al–Y coating, which had good adhesion, was also improûed by the enamel coating. KEY WORDS: enamel coating; HVOF coating; hot corrosion; isothermal oxidation.



INTRODUCTION The development of modern gas-turbine engines has been driven by the desire for ever greater efficiency and increased performance.1 Major increases in the power and efficiency of gas turbine engines can be achieved by raising the turbine operating temperature. This can be attained by improving the cooling path within the turbine components (such as blades or airfoils), developing new heat-resistant materials, applying coatings, or a combination of these. In fact, coatings are playing a significant role in *State Key Laboratory for Corrosion and Protection, Institute of Metal Research, Chinese Academy of Sciences, Wencui Road 62, Shenyang 110016, China. †To whom correspondence should be sent. Email: [email protected] 503 0030-770X兾03兾0600-0503兾0  2003 Plenum Publishing Corporation
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today’s military and gas turbine engines to extend the life or enhance the performance of components. About 75% of all the components in jet engines are coated.2 The role of the coating is to provide a metal-surface composition which will react with the environment to produce the most protective scale possible, by combining corrosion resistance with long-term stability, and resistance to cracking or spallation under the mechanical and thermal stresses induced during the operation of the component. The most common metallic coatings used in the hot section of turbine engines are M–Cr–Al–Y-type overlay coatings (where M denotes Ni,Co, or a combination thereof).2–4 These coatings have been studied extensively because of their proved performance for a variety of super-alloys for over two decades in different applications.5–7 In the last few years, a new thermal-spraying technology, high-velocity oxygen fuel (HVOF), has been developed and used to produce M–Cr–Al–Y coatings. Gas velocities of over 2000 m兾s are attained in this process, which cause the sprayed particles to be plastic rather than molten, thus reducing the flattening impact and preserving the powder microstructure in the coating.8 Oxidation of the sprayed material during flight is also reduced, since oxidation can occur only by relatively slow diffusion mechanisms. In spite of the plastic state, the high kinetic energy of the particles still allows some flattening by deformation and leads to lower residual tensile stresses in the coating.8,9 The oxidation rate of an HVOF M–Cr–Al–Y coating produced by deposition in air at high temperature is considerably lower than that of a vacuum plasma sprayed (VPS) coating. This has been attributed to the fact that the HVOF coating contains finely divided α -Al2O3 particles.10 The chromium content of this coating is high and the aluminum content is low. Therefore its hot-corrosion resistance in sulfate melts is excellent, but in molten salts containing NaCl the corrosion resistance is severely reduced.11 Another problem is that the tortuous networks of interconnected microcracks and pores which exist in the HVOF coating provide transport paths through the coating for oxygen or ions from the environment. There are reasons for believing that SiO2 coatings can provide a solution to both these problems. SiO2 has good hot salt-corrosion resistance,12 and its glassy nature should reduce the permeability of the coating to liquid and gaseous species. Therefore, this project was undertaken to determine whether enamel coatings, which consist mainly of SiO2, are beneficial when applied to HVOF coatings. EXPERIMENTAL PROCEDURES Specimen Preparation The coating system used in this study consisted of a HVOF-sprayed Co–Ni–Cr–Al–Y layer with an enamel coating. The nominal composition
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Table I. Chemical Composition of Enamel Powder (wt.%) SiO2



Al2O3



ZrO2



ZnO



B2O3



CaO



Na2O



MgO, NiO, CoO



58.26



7.98



5.29



9.00



4.66



3.66



3.40



Balance



Table II. Chemical Composition of K38G (wt.%) Ta



Cr



Co



Ti



Al



Mo



C



W



Nb



B



Ni



1.75



16.34



8.38



3.81



4.0



1.77



0.16



2.66



0.76



0.01



Balance



Table III. Deposition Conditions of a Ni–Co–Cr–Al–Y Coating by HVOF Barrel length Spray distance Substrate temperature Carrier gas Powder injection angle Combustion fuel O2 gas flow Fuel flow Powder flow



300 mm 380 mm 250°C N2 90° O2CAviation kerosene 1700 in3兾hr 26.5 L兾hr 76 g兾min



of the powder (45–75 µm) used in HVOF is 32Co–21Ni–Cr–8Al–0.5Y (wt.%). The nominal composition of enamel frit is shown in Table I. A cast K38G alloy with dimensions 20B10B3 mm was used as substrates. The chemical composition of K38G is shown in Table II. All substrates were polished with SiC paper up to 600 grit, followed by ultrasonic cleaning in acetone solution. Before HVOF spraying, K38G specimens were peened with glass; spraying conditions are summarized in Table III. After spraying, specimens were vacuum-heated at 1050°C for 2 hr. The enamel powders were then deposited on specimens and heated in air at 1000°C for 45 min.



Oxidation and Hot-Corrosion Tests Oxidation tests were established by exposing the specimens with coatings to air at 900°C, removed at regular intervals, and cooled in air. Hot-corrosion tests were carried out in air in melts of 75 wt.% NaClC25 wt.% Na2SO4 at 850°C. The specimens were completely immersed into the molten salts and be moved at regular intervals, cooled in air, cleaned in boiling water, and dried in hot air for mass measurements.
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Specimen Analysis All the specimens were weighed after fixed intervals using an analytical balance. The specimens were analyzed using X-ray diffraction (XRD), scanning-electron microscope (SEM) with energy-dispersive X-ray microanalysis (EDX), and electron-probe microanalysis (EPMA). RESULTS Figure 1 shows a cross section of the HVOF Co–Ni–Cr–Al–Y coating on K38G. Figure 2 shows the surface morphologies and cross section of HVOF Co–Ni–Cr–Al–Y coating on K38G alloy with enamel coating. The HVOF-sprayed coating displays a lamellar structure with dispersed oxide particles and porosities. The dark components are Al2O3 formed during spraying. X-ray diffraction analysis on the surface of the coatings show that the HVOF-sprayed Co–Ni–Cr–Al–Y coating consists mainly of NiAl, Co, and Cr phase (Fig. 3), which are uniformly distributed in the coating. It is clear that the enamel coating is dense and has good adhesion. EDX analysis indicated that Si, Zr are enriched in the white zone. Isothermal Oxidation Figure 4 illustrates the oxidation kinetics of specimens with different coatings in air at 900°C. Bare K38G alloy shows high mass gains. It can be



Fig. 1. Cross section of HVOF Co–Ni–Cr–Al–Y coating on K38G.
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Fig. 2. Morphologies of HVOF Co–Ni–Cr–Al–Y coating on K38G with enamel coating. (a) Surface; (b) cross section (arrow indicates the white zone rich in Si, Zr).



seen that the thick and porous scales on the cast alloy show heavy spallation. The discontinuous oxide scale contained a mixture of Cr2O3 and TiO2 ; Al oxide predominates in the inner layer.13 Clearly, the HVOFsprayed Co–Ni–Cr–Al–Y coating remarkably decreases the oxidation rate of K38G. Figure 5 shows the surface morphology and cross section of the HVOFsprayed Co–Ni–Cr–Al–Y coating on K38G alloy after oxidation in air at



Fig. 3. X-ray diffraction pattern of specimen with HVOF-sprayed Co–Ni–Cr–Al–Y coating after vacuum-heat treatment.
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Fig. 4. Oxidation kinetics of specimens in air at 900°C.



900°C for 100 hr. XRD results show the scale formed on the spraying coating consisted mainly ofθ -Al2O3. The oxidation resistance of the HVOF coating is improved by the enamel coating which showed good adhesion in air at 900°C. Figure 6 shows a cross section of the HVOF-sprayed Co–Ni–Cr–Al–Y coating on K38G with enamel coatings after oxidation in air at 900°C. No spallation in the enamel coating and oxide layer beneath it are found during the isothermal oxidation test.



Fig. 5. Cross section after oxidation in air at 900°C for 100 hr. (a) Surface; (b) cross section of HVOF Co–Ni–Cr–Al–Y coating on K38G.
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Fig. 6. Cross section of HVOF Co–Ni–Cr–Al–Y coating on K38G with enamel coating after oxidation in air at 900°C for 100 hr.



Hot Corrosion Figure 7 illustrates the corrosion kinetics of specimens in 75 wt.% NaClC25 wt.% Na2SO4 at 850°C. Comparison of mass-change data of



Fig. 7. Corrosion kinetics of specimens in 75 wt.% NaClC25 wt.% Na2SO4 at 850°C.
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K38G with and without the enamel coating provides evidence of the crucial role of the enamel on the hot-corrosion attack of the coating. For bare K38G alloy, significant mass gain is associated with rapid hot-corrosion attack of the alloy after 10 hr, followed by considerable mass loss due to oxide-scale spallation. The HVOF-sprayed Co–Ni–Cr–Al–Y coating can not improve its hot-corrosion resistance significantly. After 20-hr corrosion, considerable mass loss was observed. The enamel coating is very effective in decreasing the corrosion rate in the molten salts at 850°C. During the corrosion test, the enamel coating did not spall significantly even after 80 hr. Figure 8 shows a cross section of an HVOF-sprayed Co–Ni–Cr–Al–Y coating on K38G after 20 hr corrosion in the salt. The large surface of the coating is destroyed. Cr and Ni sulfide exist in the whole coating. Internal sulfides of Cr and Ni formed beneath the coating. This also can be seen from the EPMA results (Fig. 9). Figure 10 shows the surface morphology and cross section of the HVOF-sprayed Co–Ni–Cr–Al–Y coating with enamel coating on K38G after 40 hr corrosion in the salt. No oxide scale formed on the enamel coating during the hot corrosion test. An Al2O3 film formed at the interface between the enamel and HVOF Co–Ni–Cr–Al–Y coating. No sulfides of Cr or Ni present in the coating and substrate. This also can be seen from the EPMA results (Fig. 11).



Fig. 8. Cross section of HVOF Co–Ni–Cr–Al–Y coating on K38G corroded in 75 wt.% NaClC25 wt.% Na2SO4 at 850°C for 20 hr.
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Fig. 9. Cross section and element maps of HVOF Co–Ni–Cr–Al–Y coating on K38G after corrosion in 75 wt.% NaCl +25 wt.% Na2SO4 at 850°C for 20 hr.



Fig. 10. Morphologies after corrosion in 75 wt.% NaCl +25 wt.% Na2SO4 at 850°C for 40 hr. (a) surface; (b) cross section of HVOF Co–Ni–Cr–Al–Y coating on K38G with enamel coating.
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Fig. 11. Cross-section views and element mappings of HVOF Co–Ni–Cr–Al–Y coating on K38G alloy with enamel coating after corrosion in 75 wt.% NaCl +25 wt.% Na2SO4 at 850°C for 40 hr.



DISCUSSION High temperature-resistant coating systems have been developed in order to protect bulk materials against high temperature oxidation and hot corrosion. M–Cr–Al–Y overlay coatings formed via physical-vapor deposition or thermal-spray methods are increasingly used because of their oxygen resistance. This resistance is coupled with good ductility, especially in comparison with diffusion-aluminide coatings. At high temperatures the M– Cr–Al–Y coatings form a protective Al2O3 or Cr2O3 scale by interaction with the oxidizing atmosphere. The microstructure of the oxide scale depends on the composition of the coating, the manufacturing process and the working conditions. According to the study of Felix,14 an alloy with a chromium兾aluminum ratio (wt.%) greater than four forms mainly a Cr2O3 scale and less than four forms mainly an Al2O3 scale. The Cr兾Al ratio in the HVOF-sprayed Co–Ni–Cr–Al–Y coating is higher than 4, so the coating should be a chromia former. In fact, after
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oxidation at 900°C, the oxide scale on the coating is only θ -Al2O3 . It seems that the fine Al2O3 dispersion, which is formed during spraying, is beneficial to aluminum diffusion from the lattice to the surface and may act as sites for nucleation of alumina. Before oxidation, small α -Al2O3 particles are localized along the grain boundaries.10 These particles probably hinder the diffusion of Cr, Ni, and Co along the grain boundaries. However, the grainboundary diffusion coefficient for Al in Al2O3 is higher than the grainboundary diffusion coefficient for Cr, Ni, and Co in the same oxide.15 At 900°C, the consumption of Al in the coating is not very rapid. Under this condition, the oxide scale on the coatings surface consisted of θ -Al2O3 only. The HVOF-sprayed Co–Ni–Cr–Al–Y coating exhibits numerous attractive properties for high-temperature alloys because of its oxidation resistance. However insufficient hot-corrosion resistance might become a critical factor for the use of the coatings in an industrial environment containing NaCl. At the beginning of corrosion, Al2O3 formed on the HVOFsprayed coating acts as a barrier layer, by separating the substrate surface from the aggressive deposits. However, in the molten salts, it is possible that Al2O3 reacts with NaCl by the following reaction:16–17 2NaClCAl2O3C21O2 →2NaAlO2CCl2



(1)



The Cl2 produced is able to quickly penetrate the oxide scales along cracks or pores and react with Al in the coating . A volatile chloride is formed. AlC23Cl2 →AlCl3



(2)



The volatile chloride may diffuse outward through the cracks or pores to the outer surface. At the surface of the scales, the chloride may reoxidize.17,18 2AlCl3C23O2 →Al2O3C3Cl2



(3)



Cl2 is then regenerated and ready to rediffuse through the coating. In the process, Al is consumed and there is not enough Al in the Co–Ni–Cr–Al– Y coating to form Al2O3 scale on the surface. The O2− then permeates into the Co–Ni–Cr–Al–Y coating and reacted mainly with Cr to form Cr2O3. The Cr2O3 will be oxidized by O2 as follows:18,19 Cr2O3C2O2−C23O2 G2CrO2− 4



(4)



In the hot-corrosion test, the molten salts were colored yellow, indicating the presence of CrO2− 4 . Therefore, breakaway corrosion is caused by dissolution of Cr2O3 into CrO2− 4 by which process Cr2O3 loses its protectiveness after corrosion for 20 hr. The particular composition and structure of the enamel coating is the key factor in providing excellent hot corrosion resistance and oxidation
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resistance. Current results show that the enamel coating is very stable in the melts, which may have resulted from the low solubility of SiO2.12,20 Table II shows that there is about 60% SiO2 in the enamel coating. SiO2 cannot react with the ions under the test conditions from the viewpoint of thermodynamics.21 However, the enamel is first degraded in some locations, where NiO, Al2O3 , or CoO is enriched, because these oxides are relatively soluble in the molten salts. Pits may simultaneously initiate on these locations, and the inward-developing pits make the enamel coating nonuniform. Based on this mechanism, the enamel coating may dissolve after a long corrosion time. Therefore, we can expect that the solubility of enamel increases. The solubilities in the molten salts are considered to be the main reason for the change in corrosion kinetics of the enamel coating. The microstructure of the enamel coating is mainly glassy, which can resist ions penetrating through the coating. A dense enamel coating reduces − the diffusion of ions such as O2−, SO2− 4 , Cl through the coating. This was concluded from the microstructure changes in the enamel coating. After 40 hr in molten 75 wt.% NaClC25 wt.% Na2SO4 the whole surface area of the enamel coating was intact except for some pits on the surface (Fig. 10). No sulfides of Cr or Ni are present in the coating and substrate. The O2− in the salts can permeate through the degraded enamel, then react with the Al in the Co–Ni–Cr–Al–Y coating at the interface between the enamel and the coating. In addition, Al atoms diffusing toward the surface in the coating may also convert initially B2O3, ZnO, and NiO in the enamel coating to Al2O3 by virtue of the following displacement reactions. 2AlC3ZnOGAl2O3C3Zn



(5)



2AlCB2O3 GAl2O3C2B



(6)



2AlC3NiOGAl2O3C3Ni



(7)



Hence the Al2O3 film forms at the interface between the enamel and HVOF Co–Ni–Cr–Al–Y coating. Even after 80 hr, the sulfide is formed only in the area where the enamel coating was dissolved and disappeared. Considering the process of producing the enamel coating, the enamel powder has good wetting properties during firing on the sprayed coating, by which the enamel coating can not only form a chemical bond with the underlying coating but also seals the pores of the sprayed Co–Ni–Cr–Al–Y coating. During hot corrosion, the pores become a short path for diffusion of ions through the coating. Thus the coating, together with the substrate, are sulfuridized.22 The enamel layer is degraded by slow dissolution, while its chemical composition and dense microstructure are not changed. Once the enamel coating is completely dissolved, the underlying Co–Ni–Cr–Al–Y coating is attacked.
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CONCLUSION 1. The enamel coating possessed excellent hot-corrosion resistance in molten 75 wt.% NaCl +25 wt.% Na2SO4 at 850°C, in comparison with the uncoated HVOF-sprayed Co–Ni–Cr–Al–Y. After 80 hr, no corrosion attack beneath the enamel coating was detected. There was only a small change in the chemical composition of the coating, and only a small amount of ionic penetration had occurred. The degradation of the coating occurred by very slow dissolution. 2. In air at 900°C, the adhesion of the enamel coating and of the oxide formed on it was good, and the oxidation rate was significantly lower than that of the uncoated Co–Ni–Cr–Al–Y. No significant spallation of the enamel coating was found. ACKNOWLEDGMENTS This work was supported by the National Natural Science Foundation of China (NSFC) under grants Nos. 59971052 and 59625103. REFERENCES 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16.
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