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Abstract

:

The depletion of Pt in Pt-enriched bond coats due to inter-diffusion with superalloys has been a critical concern for the long-term oxidation resistance of thermal barrier coatings. This study investigated the diffusion behaviour of Pt between CMSX-4 superalloys and two commercial Pt-enriched bond coats comprising intermetallic γ′/γ-phase or β-phase, with the aim to understand the mechanism that leads to the depletion of Pt at high temperatures. The results demonstrated that the diffusion of Pt in superalloy disrupts its phase equilibrium, causes a significant lattice parameter misfit between the γ-phase and γ′-phase, and results in the formation of large γ′-grains with irregular shapes and random orientations. In addition, by using the Thermo-Calc software, Pt was found to have negative chemical interactions with both Al and Ta that stabilise Pt by decreasing its chemical activity. The depletion of Al due to the growth of Al2O3 scale during oxidation increases the activity of Pt and therefore accelerates the inwards depletion of Pt towards superalloys.
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1. Introduction


Thermal barrier coating systems (TBCs) are widely used in modern gas turbine engines to protect superalloy components. Typical TBCs consist of an oxidation-resistant metallic bond coat and a thermal insulated ceramic topcoat [1]. Electron-beam physical vapour deposition (EBPVD) or air plasma spray (APS) are usually used to deposit a Y2O3-stabilised ZrO2 (YSZ, typically 7 wt.%–8 wt.%) topcoat. Three prevalent types of bond coat are used in the aerospace industry: (I) the NiCoCrAlY system, (II) Pt-aluminide β-phase bond coat, and (III) Pt-diffused γ/γ′-phase bond coat [2]. When exposed to hot gases, an oxidation-resistant α-Al2O3 layer forms on the bond coat surface (also known as thermally grown oxide (TGO)) [3]. The adhesion of the TGO layer to the bond coat is crucial to the durability of TBCs during cyclic service, and this has been significantly improved by the addition of Pt because Pt can effectively inhibit the formation of defects (e.g., voids) and the segregation of detrimental impurity (e.g., sulphur) at the oxide/bond coat interface [4,5,6,7,8].



However, severe inter-diffusion between the bond coat and superalloy substrate at elevated temperatures makes it challenging to maintain a high concentration of Pt near the TGO/bond coat interface [8,9,10]. The oxidation resistance would be significantly undermined by the depletion of Pt, leading to the formation of interfacial cracks and premature TBCs failure [10,11]. As the most direct approach to solve this problem, a thicker Pt layer (>10 μm) is normally applied on the superalloy substrate during the industrial manufacturing process of bond coats to compensate for the inevitable depletion of Pt. Although this is achieved at the price of higher material costs (Pt), longer production times, and greater production costs based on the empirical method of trial and error, the priority is always to minimise the risk of the coatings’ premature failure and ensure the long-term TBC durability.



The inter-diffusion problem in β-NiAl and γ′-Ni3Al inter-metallic alloys has been previously studied [12,13,14,15,16,17,18,19,20,21] by a wide range of approaches—e.g., diffusion-couple experiments, thermodynamic calculations, and kinetic calculations. The focus of these studies was mainly on how Pt affects the interdiffusion of Al between bond coats and superalloys to explain the well-observed enhanced oxidation resistance of Pt-enriched bond coats. The experimental results demonstrated that the chemical activity of Al is inversely proportional to the Pt content in a Ni-Pt-Al alloy with a fixed Al content. In other words, Al remains more stable with a higher Pt content in the bond coats. The diffusion of Pt in Ni-based single-crystal superalloys is even more complicated if considering the compositional effect of more than ten alloying elements in Ni-based superalloys [22]. All these alloying elements could affect the chemical activity of Pt individually or synergistically in a positive or negative way to some extent. The lack of a theoretical basis (e.g., thermodynamic and kinetics) for the diffusion of Pt in multi-element material systems makes it even more difficult to find the optimum Pt content for manufacturers. It was reported that the diffusion of Pt into the CMSX-4 substrate induced a significant expansion of the unit cells [23]. As a result, a large biaxial compressive stress is generated which could promote the inwards diffusion of Pt normal to the substrate. In our recent work [24], the depletion of Pt was effectively mitigated in a single-phase Al-enriched γ′-phase coating that was fabricated on the CMSX-4 substrate by the selective γ-phase etching and a subsequent aluminizing process. This has also led to a significantly improved TGO lifetime compared to the industrial-standard dual-phase Pt-diffused γ/γ′ coatings. However, the mechanism behind this achievement, which controls the diffusion of Pt, remains to be revealed.



In this study, the diffusion behaviour of Pt in Pt/superalloy and bond coat/superalloy was systematically investigated, with a focus on the evolution of phase, microstructure, and composition. The mechanism controlling the diffusion behaviour of Pt was also discussed using the CALPHAD method (Computer Coupling of Phase Diagrams and Thermochemistry), aiming to clarify the compositional effect of superalloys on the diffusion of Pt. These findings will shed new light on the approaches to mitigating the depletion of Pt.




2. Materials and Methods


2.1. Sample Preparation


TBCs samples with an average width of 12 mm were sectioned from commercial high-pressure turbine blades comprising a CMSX-4 superalloy substrate, a 7 wt.%–8 wt.% YSZ EBPVD topcoat and two types of Pt-enriched inter-metallic bond coats (β-phase and γ/γ′-phase, respectively). More details on the sample preparation can be found in our previous work (see Figure 3.2 in thesis [25]). Samples were first pre-treated at 1150 °C for 1 h in laboratory air to relieve the residual stress that had been introduced during the coating deposition process and sample handling/sectioning. The TBCs samples were then subjected to an isothermal treatment at 1150 °C for 100 h in laboratory air (CMTM Furnace) and in a vacuum (1 × 10−5 mBar, Edwards Vacuum), respectively. Although it is difficult to completely remove oxygen in the current vacuum condition, the comparison between these two treatments can be used to reveal the oxidation effect on the Pt diffusion.




2.2. Characterization Methods


X-ray diffraction (XRD, Philips X’Pert, Eindhoven, The Netherlands, Cu Kα λ = 0.15405 nm) was used to measure phase compositions at an accelerating voltage of 40 kV and a current of 40 mA. TOPAS software (Bruker, Karlsruhe, Germany, 2005) was employed to calculate the lattice parameters using the Rietveld refinement method. To avoid the effect of the strong (200) texture of a single-crystal superalloy on the Rietveld refinement, a powder sample made of CMSX-4 γ′-cubes was prepared by long-term electrolyte etching to determine the lattice parameters. Cross-sectional microstructure was examined by scanning electron microscopy (SEM, Philip XL30, Eindhoven, The Netherlands). Crystallographic phases were identified by electron backscatter diffraction (EBSD, HKL Nordlys) on SEM (FEI Quanta 650, Lausanne, Switzerland). An electron probe micro-analyser (EPMA, Cameca, Gennevilliers, France, SX 100, at 20 kV, 100 nA current, 1 μm beam size, and 20 mS dwell time per pixel) was used to analyse the coating compositions on a cross-sectional area of 250 μm × 150 μm.




2.3. Thermodynamic Calculations


Thermo-Calc software (version 4.0) was used to calculate the Ni-Al-X ternary phase diagrams and the chemical activity of Pt and Al in the ternary system. The TCS Ni-based superalloys database (TCNi6) [26] was employed following the well-established CALPHAD technique [27]. The use of the Thermo-Calc software on nickel superalloys and bond coat systems for high-temperature applications has been validated by our previous works [28,29,30].





3. Results


3.1. Diffusion of Pt into Superalloy


The inwards diffusion of Pt towards superalloys is captured at the early stage of vacuum heat treatment (see Figure 1). An as-electroplated Pt layer on a CMSX-4 superalloy was treated in a vacuum at high temperatures for a very short duration: (A) at 950 °C for 1 min; (B) at 950 °C for 10 min; and (C) at 1150 °C for 10 min. The undulated diffusion front of Pt (dashed lines) indicates the inwards diffusion of Pt towards the superalloy. The original microstructure of CMSX-4 comprising regular and orderly γ′-cubes and γ-matrix was clearly disrupted by the inwards diffusion of Pt, and new Pt-enriched γ′-precipitates (bright areas) with irregular elongated grain microstructures were formed.



Figure 2 shows that the peak at (200) has a great intensity that even submerges the peak at (111). This strong (200) texture disappeared after Pt diffused into the CMSX-4 superalloy (see Figure 3), which indicates that the inwards diffusion of Pt destroyed its texture and resulted in the formation of new γ′-precipitates with random orientations. In Figure 3, CMSX-4 powder refers to the γ′-cubes that were extracted from the CMSX-4 superalloys by long-term electrolyte etching, and it has random orientations but the same lattice parameter as the CMSX-4 substrate. Significant peak shifts were observed after the vacuum heat treatment, which indicates huge changes in the lattice parameters. This is mainly caused by the enrichment of Pt in the superalloy, which would expand the unit cell and result in the peak shifting to the left. In addition, the double peaks at (111), (200), and (220) in the Pt-diffused bond coat confirm the uneven enrichment of Pt in γ′-phase and γ-phase.



After the vacuum heat treatment, the inwards diffusion of Pt changed the uniform composition of the CMSX-4 substrate (see Figure 4). Ni was depleted in the surface layer, which was substituted by Pt. The inwards diffusion of Pt induced a significant outwards diffusion of Al (Ti and Ta) from the substrate to the surface, which resulted in a depletion zone beneath the Pt-diffused layer. According to the EPMA mappings, the enrichment preference of each alloying element is listed in Table 1.




3.2. Diffusion of Pt in γ/γ′ Bond Coat/Superalloy


Figure 5 shows the phase and microstructural evolution of the Pt-diffused γ/γ′ bond coat during oxidation. The EBSD colour maps show the morphology and orientations of the grains in the Pt-diffused γ/γ′ bond coat. It is observed that the as-received Pt-enriched layer comprises large grains with irregular shapes and random orientations, while the CMSX-4 single-crystal superalloy underneath shows a single orientation. This agrees well with the XRD pattern obtained from the Pt-diffused bond coat surface, indicating that the enrichment of Pt destroyed the microstructure of the single-crystal superalloy and resulted in new precipitates with random orientations. These randomly orientated grains mainly consist of γ′-phase with a minor incorporation of γ-phase, and the size of these grains increases with the oxidation time. Based on the EBSD grain size analysis, the diameter of the grains increased from 2.2 ± 1.4 μm (as-received) to 5.5 ± 3.0 μm (40 h) and 5.8 ± 4.1 μm (100 h), respectively. The formation of these enlarged grains is accompanied by an enrichment of Pt and γ′-phase elements, including Al, Ti, and Ta. During oxidation, significant grain growth was observed stretching towards the substrate, and the average thickness of the Pt-diffused layer increased from 26 to 69 μm. In addition, crystal twinning (growth twin) was observed in some grains at the diffusion fronts. The formation of these growth twins indicates an interruption or change in the lattice during the grain growth.



Figure 6 shows the concentration profiles of Pt and Al on the cross-sections of the Pt-diffused γ/γ′ bond coat after 100 h heat treatments. The drop in the Pt peak near the TGO/bond coat interface indicates a significant inwards diffusion of Pt towards the substrate. The oxidation treatment greatly accelerates the inwards diffusion of Pt in comparison with that which had been treated in a vacuum. It is also observed that the diffusion of Al occurs in an opposite direction with Pt. An outwards diffusion of Al is seen after both heat treatments in which the Al content near the surface is even higher than the as-received bond coat, while Al is depleted in the substrate with a significant drop of Al from ~5.6 wt.% to ~4 wt.%.




3.3. Diffusion of Pt in β Bond Coat/Superalloy


Figure 7 shows the evolution of the phase and microstructure of the standard Pt-aluminide β bond coat after long-term diffusion and oxidation. As indicated by the EBSD phase maps, a coherent β-phase layer is observed in the as-received Pt-aluminide β bond coat, which remains the same after 100 h in a vacuum. After 100 h in air, the γ′-phase is observed segregating at the grain boundaries of β-phase. The formation of γ′-phase after oxidation is mainly caused by the depletion of Al due to the growth of Al2O3 scale and the inwards diffusion of Al towards superalloys. Detailed EPMA mappings can be found in Figure 8, and the concentration profiles of Pt and Al are plotted in Figure 9. A significant decrease in Al content is seen in the bond coat area from ~20 wt.% to ~15 wt.% after heat treatment in both air and vacuum, while an increase is also observed in the superalloy from ~5 wt.% to ~7 wt.%. This indicates an inwards diffusion of Al, which is exactly the opposite of that of Al in the Pt-diffused γ/γ′ bond coat (see Figure 6). In addition, the Pt content drops from ~40 wt.% to ~15 wt.% after both heat treatments, indicating an inward diffusion of Pt, which is accompanied by the similar diffusion of Al towards superalloy. In the as-received β bond coat, Pt is initially enriched in the outer β-phase layer near the TGO/bond coat interface, which also contains a significantly high content of Al. After 100 h in a vacuum, both Pt and Al are uniformly distributed in the β-phase. After 1150 °C 100 h in air, it is observed that Pt and Al are both enriched in β-phase rather than the γ′-phase, which indicates that Pt is relatively more stable in the β-phase than in the γ′-phase.



From the EPMA mappings, alloying elements also show distinctive enrichment preferences in the Pt-aluminide β bond coat, which are listed in Table 2. Cr and Co are uniformly enriched in β-phase in the same way as Pt and Al, but the content of Cr and Co is much lower than that of the superalloys. Ti and Ta are no longer co-enriched with Pt and Al. The enrichment of these alloying elements could also affect the diffusion of Pt in intermetallic phases; the mechanisms will be discussed by thermodynamic calculations.





4. Discussion


In an as-received CMSX-4 single-crystal superalloy after standard heat treatment (SHT), the γ/γ′ phase interface remains coherent with a cube-cube orientation relationship between the γ′ precipitates and γ matrix [31]. To keep the lowest interfacial energy, the coherency of the γ/γ′ phase interface is critically dependent on the lattice misfit δ between the γ-phase and γ′-phase, which is defined according to the following equation,


  δ = 2 ×  [     a    γ ′     −  a γ     a    γ ′     +  a γ     ]  .  



(1)







An increase in the magnitude of δ would induce the loss of coherency at the γ/γ′ interface, which would then lead to the coarsening of γ′-precipitates.



Since Pt has a larger atomic radius than Ni [32], the enrichment of Pt in γ′-Ni3Al by substituting Ni would therefore induce an expansion of the unit cell. It results in an increased lattice parameter of γ′-phase (Table 3). The lattice parameter of γ′-phase is 1.5% larger than the γ-phase, which will cause a significant lattice misfit and lead to loss of coherency at the interface between the γ-phase and γ′-phase. As a result, the γ′-cubes will coarsen and grow to minimise the interfacial energy by decreasing the phase interface.



The enrichment of Pt in CMSX-4 by substituting Ni would also induce a phase disequilibrium in thermodynamic stability, which results in a redistribution of the γ-phase and γ′-phase (see Figure 10). Based on the Thermo-Calc calculation, Pt-based superalloy refers to a new system, if we assume Ni atoms in the Ni-based superalloy are completely replaced by Pt atoms so that Pt has an equal atomic stoichiometric with Ni. From the curves, it is observed that the temperature for the phase inversion between the γ′-phase and γ-phase (i.e., the temperature when their phase fraction is the same) in the Pt-based superalloy has increased by over 200 °C. This huge difference in the dependency of temperature on the amount of γ′-phase between Pt-based and Ni-based superalloys will cause a disruptive impact on the phase equilibrium at high temperatures, leading to the formation of a higher content of the γ′-phase in the Pt-diffused layer at 1150 °C during vacuum heat treatment.



The diffusion of Pt in a metallic solid solution is mainly determined by its chemical potential μ, which can be expressed by thermodynamic activity a, which is equivalent to the ‘effective concentration’ of an alloying element in a solid solution.



Figure 11 shows the chemical activity of Pt in the Ni-Pt-Al ternary system at 1150 °C. as calculated by the Thermo-Calc software. It is observed that the Pt activity is lowest in β-phase with addition of 50 at.% Al, that when Pt content is 50 at.%, the Pt activity in β-phase is 1.28 × 10−6, which is one order of magnitude lower than γ′-phase (1.37 × 10−5) and two orders of magnitude lower than γ-phase (1.49 × 10−4). In other words, even though the Pt content in the three phases is the same as 50 at.%, the effective concentration of Pt in β-phase is one order of magnitude lower than γ′-phase and two orders of magnitude lower than γ-phase, which means the lowest tendency for the depletion of Pt in β-phase. Accordingly, Pt is most stable in the β-phase, less stable in the γ′-phase, and least stable in the γ-phase. On the other hand, the phase transformation from the γ′-phase to the γ-phase and from the β-phase to the γ′-phase, due to the depletion of Al, would result in both a higher activity of Pt and a large tendency to diffuse away. The depletion of Al normally occurs due to the growth of Al2O3 layer, which would therefore accelerate the depletion of Pt.



Other alloying elements may also determine the diffusion of Pt by affecting its chemical activity. Figure 12 shows the Ni-Al-X ternary phase diagrams at 1150 °C. According to the shape of the γ′-phase area, Co promotes the γ′-phase mainly by substitutions of Ni, while Ti and Ta promote the formation of the γ′-phase mainly by the substitution of Al. For Cr, a mixed behaviour is observed, which means that there is no preference for the substitute.



Figure 13 shows the effect of other alloying elements on the chemical activity of Pt in the β-PtX and γ′-Pt3X binary systems at 1150 °C. The chemical activity of Pt is significantly decreased by the addition of Al and Ta, which indicates a similar negative chemical interaction with Pt. Ta is also enriched in the γ′-phase in the Pt-diffused γ/γ′ bond coat, so it would further stabilise Pt in the γ′-phase by reducing the activity of Pt.




5. Conclusions


The diffusion of Pt in the CMSX-4 superalloys has caused significant changes in the phase, microstructure, and compositions. By substituting Ni atoms, the enrichment of Pt in the γ′-phase caused a lattice parameter misfit between the γ-phase and γ′-phase, which led to a severe coarsening of the γ′-phase and resulted in the formation of large γ′-grains with irregular shapes and random orientations. During oxidation, the depletion of Pt is more significant in the Pt-diffused γ/γ′ bond coat with an outwards diffusion of Al from superalloys to bond coats, in comparison with the Pt-aluminide β bond coat with an inwards diffusion of Al. Thermodynamic calculations reveal that Pt is most stable in the β-phase, less stable in the γ′-phase, and least stable in the γ-phase. Pt has negative chemical interactions with Al and Ta, which could stabilise Pt by decreasing its chemical activity. The depletion of Al due to the growth of Al2O3 scale during oxidation would increase the chemical activity of Pt and therefore accelerate the inwards depletion of Pt towards superalloys.
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Figure 1. BSE imaging of the cross-sections of an as-electroplated Pt layer on a CMSX-4 after heat treatment in a vacuum: (A) 950 °C + 1 min; (B) 950 °C + 10 min; and (C) 1150 °C + 10 min. 
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Figure 2. (A) XRD pattern of a CMSX-4 superalloy with a strong (200) texture, (B) (100) peak, (C) (111) peak, and (D) (300) peak. 






Figure 2. (A) XRD pattern of a CMSX-4 superalloy with a strong (200) texture, (B) (100) peak, (C) (111) peak, and (D) (300) peak.



[image: Coatings 11 00441 g002]







[image: Coatings 11 00441 g003 550] 





Figure 3. XRD patterns of (top) CMSX-4 powder (γ′-cubes); (middle) as-received Pt-diffused γ/γ′ bond coat; and (bottom) as-electroplated Pt layer. 
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Figure 4. BSE imaging and EPMA mappings of the cross-section of a Pt-diffused γ/γ′ bond coat. 
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Figure 5. BSE imaging and EBSD Euler colour mapping of the cross-section of a Pt-diffused γ/γ′ bond coat: (A) as-received; and (B) after oxidation at 1150 °C for 40 h (top) and 100 h (bottom). 
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Figure 6. Pt and Al concentrations on the cross-sections of Pt-diffused γ/γ′ bond coat. 
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Figure 7. BSE imaging (top) and EBSD phase mapping (bottom) of the Pt-aluminide β bond coat: (A) As-received; (B) 100 h in vacuum; (C) 100 h in air. 
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Figure 8. BSE imaging and EPMA mapping of the cross-section of the Pt-aluminide β-phase bond coat: (A) As-received; (B) 100 h in vacuum; (C) 100 h in air. 
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Figure 9. Pt and Al concentrations on the cross-sections of Pt-aluminide β bond coats. 
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Figure 10. Phase compositions of Ni-based and Pt-based superalloy as a function of temperature. 
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Figure 11. Chemical activity of Pt in the Ni-Pt-Al system at 1150 °C. 
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Figure 12. Ni-Al-X ternary phase diagrams (overlayed) at 1150 °C. 
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Figure 13. Chemical activity of Pt in the PtX and Pt3X binary systems at 1150 °C. 
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Table 1. Main phase and elements in the Pt-diffused γ/γ′ bond coat.






Table 1. Main phase and elements in the Pt-diffused γ/γ′ bond coat.





	γ′-Phase
	γ-Phase





	(Ni, Pt)3X (X = Al, Ti or Ta)
	Ni (Cr, Co, W, Re)
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Table 2. Main phase and elements in the Pt-aluminide β bond coat.






Table 2. Main phase and elements in the Pt-aluminide β bond coat.





	β-Phase
	Γ’-Phase
	γ-Phase





	(Pt, Ni, Cr, Co) Al
	Ni3X (X = Ti, Ta)
	Ni (W, Re, Cr, Co)
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Table 3. Lattice parameters a (Å) calculated from XRD patterns.






Table 3. Lattice parameters a (Å) calculated from XRD patterns.





	Sample
	a (Å)





	CMSX-4 superalloy
	3.594



	CMSX-4 (γ′-cubes)
	3.597



	As-electroplated Pt layer
	3.908



	Pt-diffused γ′/γ bond coat
	a(γ) = 3.643; a(γ′) = 3.698
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