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Abstract

Environmental barrier coatings are currently of intense interest for protection of silicon nitride components in gas turbine engine environments.  Solid-liquid displacement reactions are characterized by the penetration and reaction of molten metals with ceramics.  Various liquid metals, including Al, Sn-Zr, and Sn-Ti, were reacted with dense silicon nitride ceramics having a silicate surface layer.  Reactions between the two resulted in the formation of oxide surface coatings whose composition depend on the molten metal used.  Preliminary data indicate there was a reaction gradient extending from the surface coating into the silicon nitride base material.  
Introduction

Solid-liquid displacement reactions are an intriguing phenomenon that are characterized by the penetration and reaction of molten metals with ceramics.  In the ceramics area, these types of reactions have been known for many years and, recently, have been utilized to fabricate oxide matrix composites [1-11].  The driving force for the reactions are chemical thermodynamics; however, the reacting species must also have high enough diffusivities so that the reaction rates for the processes are sufficiently high.  Almost all of the published work on displacement reactions employ oxide ceramics and either molten aluminum or magnesium as the reacting species.  These molten metals have the unique combination of a high thermodynamic driving force for formation of the oxide and a low melting point for the metal.  An example of a typical displacement reaction is the formation of Al2O3-Si from exposure of solid SiO2 to molten Al.  

Over the past several years, silicon nitride materials have been developed that possess superior mechanical and physical properties.  However, it has been found that they are rapidly degraded in the gas turbine environments and conditions.  Oxidation of the surfaces occurs to form SiO2, which is then lost by erosion and/or volatilization.  Environmental barrier coatings (EBC’s) are being examined as a means to reduce this degradation.  At the present time, these are being produced by a variety of methods including chemical vapor deposition (CVD), physical vapor deposition (PVD), dip-coating with sol-gel solutions, and plasma spraying.  One of the major problems of the coatings applied by these methods has been adherence of the coatings to the substrate during exposure to the gas turbine environment coupled with thermal shock.  While the silicon nitride system is predominantly non-oxide, the exposed surfaces have an oxide layer (as SiO2 or Si(Al,Y)Ox) that is either native or is intentionally produced.  In addition, there is also a grain boundary phase that is an oxide-based system.  Adherent surface coatings should be produced by a displacement reaction between the surface oxide (and possibly the grain boundary phase) and a liquid metal.  

Al and Mg are good metals for displacement reactions because they meet the necessary criteria of favorable thermodynamics and reasonably high diffusivities.  Because of the low melting points, these reactions can be done at temperatures <1200°C, where Si3N4 is stable and the reaction rates can be controlled.  While other potentially reactive species for coating formation may have favorable thermodynamics and adequate diffusivity, the melting points are too high to work with them easily.  Such elements would include: Zr (M.P. – 1852°C) and Ti (M.P. – 1660°C).  One possible solution to using these elements is to use them in a solution.  Alloys can be made that have appreciable solubility of the desired reactive species and still melt at reasonable temperatures (<1000°C).  This approach has been used previously to form coatings on silicon nitride and silicon carbide ceramics using Sn as the solution element [12,13].  

Experimental Procedure

Samples of a dense sintered silicon nitride with a typical composition of Si3N4-6% Y2O3-2% Al2O3 were used.  The materials had densities of ≥98 % T. D. and were in the form of bars with machined surfaces and nominal dimensions of 3 X 4 X 50 mm.  Additional details of the fabrication can be found in Ref. 14.  Prior to displacement reaction, the bars were oxidized to form a silica-rich layer that could be converted during the reaction.  The samples were oxidized in air at 1370°C for periods of 15, 50 and 100 hours to produce various layer thicknesses.  Oxidation has been shown to improve the wetting between the silicon nitride and the molten metals [15-17].  

For the aluminum reaction, oxidized bars were immersed in molten aluminum contained in a alumina crucible at 1000°C for 100 minutes.  For the Sn-Zr and Sn-Ti reactions, Sn was prealloyed with 1 wt. % Zr (or Ti).  The displacement reactions with the silicon nitride were done for 100 minutes at 1000°C and contained in zirconia crucibles.  All reactions were carried out under a vacuum of <100 mTorr.  After reaction, the bars were removed from the metal simply by pulling them out of the molten liquid.  Any excess Al or Sn adhering to the exposed surface was removed by immersing the specimens in a 3N HCl solution for 2 hours.  The treatment was effective as evidenced by the fact that x-ray diffraction did not detect any residual Al or Sn on the surface after the acid treatment.   Characterization of the coatings consisted of x-ray diffraction (XRD), optical microscopy, scanning electron microscopy (SEM) and energy dispersive x-ray analysis (EDAX).  

Results and Discussion

Oxidation of Silicon Nitride to Form Silica-rich Layer - The samples were oxidized to form a silica-rich layer that could be converted to an alumina-rich coating.  From the literature, it is known that the oxidation is diffusion-controlled and follows a parabolic reaction rate.  The samples oxidized for periods of 15, 50 and 100 hours showed the average layer thickness to be 6.3, 9.1, and 12.3 µm, respectively.  XRD of the oxide layer revealed that Y2Si2O7 had been formed.  Microstructure characterization showed that in addition to the Y2Si2O7, a yttria-alumina phase and a silica-rich phase were also present.  A typical starting microstructure is shown in Fig. 1.  The Y2Si2O7 was predominantly located near the exposed surface and intermixed with the yttria-alumina phase.  The silica-rich phase was typically adjacent to the Si3N4.  It is also noted that porosity was present at the interface between the Si3N4 and the silica-rich layer due to nitrogen generation that occurs during oxidation.  All of these features and the relative phase distribution within the oxidized layer directly affected the final microstructure after the displacement reaction.  

Aluminum Displacement Reaction - To facilitate the aluminum displacement reaction, the oxidized bars were immersed in molten aluminum at either 800 or 1000°C for times of 25, 50, or 100 minutes.  A typical reaction layer microstructure is shown in Fig. 2.  As illustrated, the reaction products consisted of Al5Y3O12 (YAG), Al2O3, and sialon.  XRD confirmed the formation of these compounds with the sialon having an composition of approximately Si5AlON7.  The YAG phase was predominantly located at the exposed surface replacing the Y2Si2O7 and yttria-alumina phase in the as-oxidized samples.  The Al2O3 was present below the YAG phase and is the result of the Al reaction with the silica-rich phase.  The formation of the sialon is due to the reaction of the Al with the underlying Si3N4 material.  As expected, the extent of the reaction was dependent on the time and temperature of the exposure to the molten Al.  At 800°C, YAG was always observed, whereas distinct peaks for Al2O3 (by XRD) were detected only at the 100 minute exposure.  For the samples reacted at 1000°C, all of them showed the formation of YAG and Al2O3.  Sialon was observed only at the longer exposure times and higher temperatures.  

Displacement Reactions with Sn-Zr and Sn-Ti - The reactions with the oxidized silicon nitride bars and either Sn-Zr or Sn-Ti were carried out at 1000°C for 100 minutes.  With the Sn-Zr samples, XRD revealed the formation of ZrO2 and a phase that most closely resembles Zr0.92Y0.08O1.96 on the exposed surfaces.  On the other hand, a typical microstructure of the samples reacted in Sn-Ti is shown in Fig. 3.  XRD of these samples detected the presence of TiO2, however, the peaks were not very strong.  SiO2 was also observed and based on the difference in intensities, it was the major phase.  Additional characterization will be done, but initial results indicate the reaction with Ti is not as extensive as with either the Al or Sn-Zr melts.  

Conclusions

The results show that displacement reactions can be used to change the surface chemistry on Si3N4 ceramics to form a coating.  In the current work, it was found that preoxidation reactions to develop a silica-rich surface amenable to the displacement reaction, produces a unique microstructure of its own.  The microstructure is dependent on the sintering additives used for the particular Si3N4 and it would be expected that different additives will produce different oxidation microstructures.  In addition, the formation of porosity at the Si3N4-oxidation layer interface is not believed to desirable for long-term stability of any oxide coating.  Thus, it may be more beneficial to investigate other methods to produce dense, adherent, and uniform surface layers prior to employing the displacement reaction.  Alternatively, it may be better to perform the displacement reaction directly with the as-fabricated silicon nitride surfaces.  
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Fig. 1. Oxidized surface of Si3N4-6% Y2O3-2% Al2O3 showing formation of several distinct phases in the reaction layer.  
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Fig. 2. Surface of oxidized Si3N4-6% Y2O3-2% Al2O3 after exposure to molten aluminum.  Several phases were found including YAG (white phase), Al2O3 (just under white phase) and sialon. 
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Fig. 3. Surface of oxidized Si3N4-6% Y2O3-2% Al2O3 after exposure to molten Sn-Ti showing good wetting of the ceramic by the molten metal.  
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