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Abstract:



A 0.5 μm thick layer of rhodium was deposited on the CMSX 4 superalloy by the electroplating method. The rhodium-coated superalloy was hafnized and aluminized or only aluminized using the Chemical vapour deposition method. A comparison was made of the microstructure, phase composition, and oxidation resistance of three aluminide coatings: nonmodified (a), rhodium-modified (b), and rhodium- and hafnium-modified (c). All three coatings consisted of two layers: the additive layer and the interdiffusion layer. Rhodium-doped (rhodium- and hafnium-doped) β-NiAl phase was found in the additive layer of the rhodium-modified (rhodium- and hafnium-modified) aluminide coating. Topologically Closed-Pack (μ and σ) phases precipitated in the matrix of the interdiffusion layer. Rhodium also dissolved in the β-NiAl phase between the additive and interdiffusion layers, whereas Hf-rich particles precipitated in the (Ni,Rh)Al phase at the additive/interdiffusion layer interface in the rhodium- and hafnium-modified coating (c). The rhodium-modified aluminide coating (b) has better oxidation resistance than the nonmodified one (a), whereas the rhodium- and hafnium-modified aluminide coating (c) has better oxidation resistance than the rhodium-modified (b) and nonmodified (a) ones.
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1. Introduction


Extending the lifetime of turbine blades is a continuous problem for aircraft engine manufacturers. According to Beranoagirre et al. [1], turbine blades and compressor blades could be manufactured from γ-TiAl alloys, but high hardness and machining problems have limited their usage in the aerospace industry.



Developments in alloy design and reliable thermal barrier coating systems deposited on superalloys have been used to increase the lifetime of turbine blades. Nickel aluminide intermetallic coatings are used in the thermal barrier coatings between the ceramic topcoat and the superalloy substrate. The melting point of nickel aluminides is about 1640 °C, so aluminides are used as oxidation-resistant coatings with good thermal stability for high temperature applications [2]. The oxidation resistance of the uncoated and aluminized nickel-base single-crystal superalloy was investigated at 900 °C for 500 h [3]. The better oxidation resistance of coated superalloys was due to the phase transformation from θ-Al2O3 to α-Al2O3 with increasing oxidation time. The oxidation behavior of aluminized CM186LC single-crystal superalloy was also investigated between 900 °C and 1100 °C [4]. It was found that aluminide coatings improved the oxidation resistance of the superalloy. The mass gain of specimens after 100 h of oxidation decreased through phase transformation of θ-Al2O3 to α-Al2O3 and growth of stable α-Al2O3 oxide.



Aluminide coatings were produced on the Ni–18Fe–17 Cr superalloy and oxidized at 1000 °C for 200 h [5]. A dense and slow-growing α-Al2O3 oxide that protects the superalloy substrate from oxidation was found [5]. The aluminizing process greatly enhances the oxidation resistance of Hastelloy X at 1100 °C due to a dense and protective alumina layer formed during oxidation [6]. Although aluminide coatings contain enough aluminum to form aluminum oxide during oxidation, its adherence is poor [7]. Platinum modification improves aluminum oxide adherence to the coatings [7]. Benoist et al. [7] produced a platinum layer (5 and 10 μm thick) on the IN 100 and AM 1 superalloys using the electrodeposition method. Then, heat treatment was performed to enable platinum diffusion into the substrate, and aluminizing was then performed. Purvis et al. [8] produced a platinum layer (4, 7, 11 and 14 μm thick) on the IN 100, Mar 247, and PWA 1480 superalloys by electrodeposition and aluminizing was then performed. Wang et al. [9] produced a platinum layer (4–7 μm thick) on the Haynes 188 and WI-52 superalloys by electrodeposition. After the electroplating process, samples were heat treated in a vacuum at 1052 °C for 1 h. Then, aluminizing was performed. Zagula-Yavorska et al. [10] produced a platinum layer (3 and 7 μm thick) on the In 713 LC, In 625, and CMSX 4 superalloys by electrodeposition. Afterwards, the samples were diffusion-treated and aluminized. The microstructure and phase composition of platinum-modified aluminide coatings depend on platinum layer thickness as well as the methods and parameters of aluminizing [11]. The PtAl2, β-(Ni,Pt)Al, or β-(Ni,Pt)Al + PtAl2 phases may be formed [11]. The β-(Ni,Pt)Al phase coatings containing 15–20 wt % aluminum and 20–25 wt % platinum are less brittle than coatings consisting of β-(Ni,Pt)Al + PtAl2 phases [11].



Platinum improves the oxidation resistance of coatings via different mechanisms. Platinum lowers the activity of aluminum in nickel aluminide coatings. Gleeson et al. [12] suggested that platinum accumulates near the thermally grown oxide due to the selective oxidation of other elements. Then, the aluminum activity gradient is increased, and the flux of aluminum to the thermally grown oxide/intermetallic coating interface is increased as well. This phenomenon promotes alumina scale formation. Platinum reduces the speed of the oxide layer formation and favors formation of pure alumina oxide. Moreover, the NiAl phase is stabilized and NiAl–Ni3Al transformation is prevented [13]. According to Haynes et al. [14], platinum modification not only improves aluminum oxide adherence to the coatings during oxidation, but also decreases the harmful influence of sulfur and lowers the void content at the oxide/coating interface. According to Zagula-Yavorska et al. [10], platinum favors the formation of pure Al2O3 oxide, retards Al2O3 oxide spallation, and inhibits aluminide coating degradation. However, poor high cyclic fatigue performance of platinum-modified aluminide coatings requires replacing the platinum in the coatings by other metal [15]; for instance, hafnium. Research on hafnium-doped cast alloys has indicated that hafnium in β-NiAl and Ni–Pt aluminides reduces the parabolic rate constant of oxidation by a factor of ten and is more efficient than platinum [16]. Hafnium has a high affinity to oxygen [17]. The addition of a small hafnium content (<1 wt %) to the aluminide coatings causes the formation of pegs during oxidation, and thus improves the oxidation resistance of coated superalloys [18].



Rhodium addition to the hot-rolled Ni–8Cr–6Al alloys has been investigated as an alternative to platinum [19]. It was found that addition of 5 wt % rhodium to the Ni–8Cr–6Al alloy is approximately equivalent to 10 wt % platinum. Rhodium increases Al2O3 adherence to the Ni–8Cr–6Al alloy and improves its oxidation resistance. Rhodium-modified aluminide coatings show better oxidation resistance than nonmodified ones [20].



To improve the lifetime of aluminide coatings, rhodium- and hafnium-modified aluminide coatings need to be produced. Therefore, the aim of this paper was the analysis of the effect of rhodium and of rhodium and hafnium on the microstructure, phase composition, and oxidation resistance of aluminide coatings deposited on the CMSX 4 superalloy. The microstructure, phase composition, and oxidation resistance of rhodium-modified and rhodium- and hafnium-modified aluminide coatings were compared with nonmodified ones. Until now, such investigations have not been performed.




2. Experimental Procedure


The cylindrical samples made of CMSX 4 superalloy (monocrystal) were cut and ground up to SiC No 1000, degreased in ethanol, ultrasonically cleaned, and finally coated with a rhodium layer (0.5 μm thick). The chemical composition of the CMSX 4 superalloy is presented in Table 1. The rhodium layer was deposited using the electroplating method.



Table 1. Chemical composition of the CMSX 4 superalloy, wt %.







	
Ni

	
Cr

	
Mo

	
Nb

	
Ta

	
Al

	
Ti

	
Co

	
W

	
Hf

	
Re






	
61.7

	
6.5

	
0.6

	
-

	
6.5

	
5.6

	
1

	
9

	
6

	
0.1

	
3










The rhodium electroplating process was conducted in a bath of rhodium sulphate Rh2(SO4)3 (0.1 g/dm3) (Alchem, Rzeszow, Poland), sulphuric acid H2SO4 (0.15 g/dm3) (Alchem, Rzeszow, Poland), and selenium acid H2SeO4 (0.010g/dm3) (Alchem, Rzeszow, Poland) at 50 °C. The current density during the electroplating process was about 0.2 A/dm2. After electroplating, samples were cleaned in water heated to 70 °C.



Then, the aluminide coatings were deposited using the CVD equipment BPXPR0325S (IonBond Company, Olten, Switzerland) [21,22,23]. Aluminum chloride vapor (AlCl3) was produced in an external generator I (IonBond Company, Olten, Switzerland) at 330 °C as a result of hydrogen chloride flow (0.2 L/min) via aluminum granules. Then, AlCl3 was transported in a stream of hydrogen into the CVD reactor (IonBond Company, Olten, Switzerland), where samples were placed. Hafnium chloride vapor (HfCl3) was produced in an external generator II (IonBond Company, Olten, Switzerland) at about 400 °C as a result of hydrogen chloride flow via hafnium granules. Then, HfCl3 was transported in a stream of hydrogen gas into the CVD reactor.



The rhodium-coated samples were hafnized and aluminized by the CVD method in the following stages:

	
heating from room temperature up to 1040 °C;



	
hafnizing with aluminizing at 1040 °C for 360 min;



	
aluminizing at 1040 °C for 360 min;



	
cooling samples with the furnace.








Several samples were aluminized with pre-deposited rhodium layers by the CVD method at 1050 °C for 12 h.



Nonmodified aluminide coatings were also deposited. The rhodium-modified (b) as well as nonmodified (a) and hafnium- and rhodium-modified (c) aluminide coatings were oxidized in an air atmosphere at 1100 °C. Samples were placed in the furnace and heated to 1100 °C, then removed from the furnace after 20 h and cooled in the air atmosphere to room temperature. Specimens were weighed and inspected after each cycle of oxidation. Microstructure, chemical, and phase composition of coatings were determined using scanning electron microscopy (SEM) (Hitachi America, Ltd., Iowa City, IA, USA), energy dispersive spectroscopy (EDS) (Hitachi America, Ltd., Iowa City, IA, USA), and X-ray diffraction (XRD) (XTRa ARL, Waltham, MA, USA).




3. Results


3.1. Nonmodified Aluminide Coatings (a)


The surface of the nonmodified coating consists of polyhedral-shaped grains (Figure 1a). The grain size on the surface is about 6–20 µm. The core and grain boundary consist of nickel, aluminum, cobalt, and chromium (Figure 1b,c). The overall surface chemical composition is 51.0Al–44.7Ni–0.6Cr–3.7Co (atom %). This indicates the presence of the Al-rich β-NiAl phase. Microstructure analysis on the cross-section revealed that the coating is composed of two layers: an additive layer and an interdiffusion layer (Figure 2). The total coating’s thickness is about 30 µm (Figure 2a). The distribution of Ni and Al in the cross-section confirms the presence of the β-NiAl phase (Figure 2b). The NiAl phase peaks of nonmodified aluminide coatings are shifted to bigger diffraction angles in comparison with standard β-NiAl phase peaks (Figure 3 and Figure 4). This is probably due to incorporation of chromium and/or cobalt to the β-NiAl phase. The interdiffusion layer and the substrate/interdiffusion interface are rich in inclusions containing alloying elements. The analysis of the chemical composition of these phases suggests the presence of Topologically Closed-Pack μ and σ phases. TEM analysis confirmed the presence of μ and σ Topologically Closed-Pack phases [24].


Figure 1. Surface morphology (a), Energy Dispersive Spectrum EDS of grain core (b), and EDS spectrum of grain boundary (c) of the nonmodified aluminide coating.
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Figure 2. Microstructure (a) and elements’ distribution (b) on the cross-section of the nonmodified aluminide coating.
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Figure 3. X-ray diffraction (XRD) patterns of the nonmodified (a), rhodium-modified (b) and rhodium- and hafnium-modified (c) aluminide coatings.



[image: Metals 07 00548 g003]





Figure 4. XRD shifts of the NiAl (100) reflection of the nonmodified (a), rhodium-modified (b) and rhodium- and hafnium-modified (c) aluminide coatings.
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3.2. Rhodium-Modified Aluminide Coatings (b)


The surface of the rhodium-modified aluminide coating consists of polyhedral-shaped grains, similar to the nonmodified coating (a) (Figure 5a). Grain size on the surface is about 19–38 µm. The core and grain boundary consist of nickel, aluminum, cobalt, and chromium. Moreover, some rhodium peaks are visible (Figure 5b,c). The overall surface composition is 49.8Al–45.8Ni–0.7Cr–3.7Co (atom %). The rhodium content on the surface of the coating is smaller than 0.1 wt %. Such a chemical composition indicates that the rhodium-doped β-NiAl phase has formed. Microstructure analysis on the cross-section showed that the coating is composed of two layers: an additive layer and an interdiffusion layer (Figure 6a), like the nonmodified one (a). The total coating’s thickness is about 30 µm (Figure 6a). The EDS analysis on the cross-section showed that the top, additive layer is composed of the rhodium-doped β-NiAl (atom %: 44.0Al–2.6Cr–53.0Ni–0.4Rh). XRD surface analysis revealed that peaks of the β-NiAl phase are shifted to bigger diffraction angles in comparison with standard β-NiAl phase peaks (Figure 3 and Figure 4). This is probably due to incorporation of rhodium into the β-NiAl phase. Rhodium content between the additive and interdiffusion layers is low (2–5 atom %) (Figure 6b). No rhodium-rich particles were observed in the additive layer, only Kirkendall-like porosity and few particles of Topologically Closed-Pack phases (Figure 6a). Topologically Closed-Pack phases μ and σ containing refractory elements were also observed in the interdiffusion layer.


Figure 5. Surface morphology (a), EDS spectrum of grain core (b) and EDS spectrum of grain boundary (c) of the rhodium-modified aluminide coating.
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Figure 6. Microstructure (a) and elements’ distribution (b) on the cross-section of the rhodium-modified aluminide coating.
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3.3. Rhodium- and Hafnium-Modified Aluminide Coatings (c)


The surface of the rhodium- and hafnium-modified aluminide coating consists of polyhedral-shaped grains, similar to the nonmodified (a) and rhodium-modified (b) coatings (Figure 7a). Grain size on the surface is about 10–38 µm. The EDS analysis shows that the core and grain boundary consist of nickel, aluminum, cobalt, and chromium. Moreover, some rhodium and hafnium peaks are visible (Figure 7b,c). The overall surface composition is 48.1Al–46.6Ni–0.9Cr–4.4Co (atom %). The rhodium and hafnium content on the surface of the coating is less than 0.1 wt %. Microstructure analysis on the cross-section showed that, similarly to the nonmodified (a) and the rhodium-modified (b) coatings, the rhodium- and hafnium-modified (c) aluminide coating is composed of two layers: an additive one and an interdiffusion one (Figure 8a). The total coating’s thickness is about 30 μm (Figure 8a). The EDS analysis on the cross-section showed that the top, additive layer is composed of the rhodium- and hafnium-doped β-NiAl phase (atom %: 43.0Al–0.8Cr–56.0Ni–0.1Rh–0.1Hf). XRD surface analysis revealed that peaks of β-NiAl phase are shifted to bigger diffraction angles in comparison with standard β-NiAl phase peaks (Figure 3 and Figure 4). This is probably due to the incorporation of rhodium and hafnium into the β-NiAl. The rhodium content between the additive and interdiffusion layers is low (2–3 atom %). No rhodium-rich particles were observed in the additive layer, only Kirkendall-like porosity (Figure 8a). Bright, hafnium-rich precipitates were observed at the additive/interdiffusion layer interface (Figure 8b, Table 2). Topologically Closed-Pack phases μ and σ containing refractory elements are visible in the interdiffusion layer. The elements’ distribution on the cross-section of the coating indicates that hafnium is located at the additive/interdiffusion layer interface (Figure 9).


Figure 7. Surface morphology (a), EDS spectrum of grain core (b) and EDS spectrum of grain boundary (c) of the rhodium- and hafnium-modified aluminide coating.
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Figure 8. Microstructure on the cross-section of the rhodium- and hafnium-modified aluminide coating (a), hafnium-rich particles at the additive/interdiffusion layer interface (b).
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Figure 9. Elements’ distribution on the cross-section of the rhodium- and hafnium-modified aluminide coating.
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Table 2. Chemical composition of the hafnium-rich particles.







	
Elements Content, atom %






	
Al

	
Cr

	
Ni

	
Hf

	
Rh




	
39.1 ± 0.4

	
2.5 ± 0.1

	
54.1 ± 0.7

	
3.9 ± 0.3

	
0.4 ± 0.1










Both rhodium- (b) and rhodium-with-hafnium- (c) modified aluminide coatings show better oxidation resistance than the nonmodified one (a) (Figure 10).


Figure 10. Oxidation test results of the nonmodified (a), rhodium-modified (b), rhodium- and hafnium-modified (c) aluminide coatings.
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4. Discussion


The nonmodified aluminide coating’s formation is a result of two processes [22]:

	(1)

	
diffusion of nickel, cobalt, chromium, titanium and other superalloys’ elements from the substrate to the surface, leading to formation of the interdiffusion layer;




	(2)

	
reaction of nickel with aluminum supplied by the gas phase in the CVD process, and formation of the additive layer.









The total coating thickness includes two layers. Both of them consist of the β-NiAl phase. As the solubility of alloying elements in the β-NiAl phase is very low, these elements precipitate in Topologically Closed-Pack phases (μ and σ).



The rhodium content between the additive and interdiffusion layers is 5 atom %. According to the Al–Ni–Rh phase diagram, this is too low to form rhodium-rich precipitations (Figure 11). Therefore, rhodium dissolves in the β-NiAl phase. The radius of nickel and rhodium atoms is 135 pm, so rhodium atoms replace nickel atoms in the lattice of the β-NiAl phase and the (Ni,Rh)Al phase is formed. The β-NiAl (atom %: 52.5Al–42.8Ni–4.7Rh) phase was identified in the Ni–Al–Rh alloy after 67 h annealing at 1080 °C [25].


Figure 11. Al–Ni–Rh phase diagram at 1000 °C. Reproduced with permission from [25], published by Elsevier, 2007.
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The formation of the rhodium-modified aluminide coating (b) seems to take place in several steps:

	(1)

	
rhodium probably dissolves in γ + γ′ phases near the surface of the CMSX 4 alloy during heating of the alloy with a 0.5 μm rhodium layer at 1040 °C;




	(2)

	
aluminum—during aluminizing in the CVD process—arrives at the surface, where Rh is diluted by Ni. Since aluminum has more affinity to nickel than rhodium, it forms the (Ni,Rh)Al phase layer, similar to the case of the platinum-modified aluminide coating [7]. It is possible that the RhxNiy phase reacts with Al and a (Ni,Rh)Al phase is formed.









It seems that the (Ni,Rh)Al phase between the additive and interdiffusion layers is formed between the additive and interdiffusion layers in the hafnium- and rhodium-modified aluminide coating (c). The Hf-rich particle distribution at the additive/interdiffusion layer interface indicates that Hf deposition occurs at the beginning of the CVD process. The low hafnium diffusivity and solubility in the β-NiAl is reflected in the distribution of Hf-rich inclusions. They are situated at the additive/interdiffusion layer interface, which corresponds to the initial surface of the substrate. The diffusion activation energy of hafnium is higher than those of rhodium, nickel, and aluminum, but the diffusivity is lower [26]. Therefore, the location of Hf particles remains the same during the coating’s growth—only at the additive/interdiffusion layer interface. They do not diffuse to the interdiffusion layer nor to the surface of the coating. Similar results were also obtained by Wang et al. [27]. The Hf solubility limit in the β-NiAl phase is about 0.02 wt % (0.005 atom %) (on pure Ni substrate) or about 0.2 wt % (0.05 atom %) (on NiAl + Hf cast alloys), whereas on Ni-base superalloys it is 0.04–0.15 wt %. higher than on different superalloys [27].



The hafnium addition to the rhodium-modified aluminide coating does not change the coating’s formation mechanism. Nevertheless, the low hafnium solubility leads to Hf-rich particle precipitation in the (Ni,Rh)Al phase.



A small rhodium content in aluminide coatings (2–5 atom %) improves the oxidation resistance of the CMSX 4 superalloy. Nevertheless, the rhodium- and hafnium-modified aluminide coating (c) (with small rhodium and hafnium content) has better oxidation resistance than both the rhodium-modified (b) and nonmodified (a) aluminide coatings.




5. Conclusions


Rhodium-modified aluminide coatings were obtained through rhodium (0.5 μm thick layer) electroplating followed by CVD aluminizing. The rhodium- and hafnium-modified aluminide coatings were obtained through rhodium (0.5 μm thick layer) electroplating followed by CVD hafnizing with aluminizing. Nonmodified aluminide coatings were also deposited by CVD aluminizing. The performed investigations proved that:

	
The nonmodified (a), rhodium-modified (b), and rhodium- and hafnium-modified (c) aluminide coatings consist of two layers (additive and interdiffusion).



	
Rhodium-doped (rhodium- and hafnium-doped) β-NiAl phase was found in the additive layer of the rhodium-modified (rhodium- and hafnium-modified) aluminide coating.



	
Rhodium atoms replace nickel atoms in the lattice of the β-NiAl phase, and form the (Ni,Rh)Al phase between the additive and the interdiffusion layers.



	
Hf-rich particles precipitate in the (Ni,Rh)Al phase at the additive/interdiffusion layer interface in the rhodium- and hafnium-modified aluminide coating.



	
The rhodium-modified aluminide coating (b) has better oxidation resistance than the nonmodified one (a), whereas the rhodium- and hafnium-modified aluminide coating (c) has better oxidation resistance than the rhodium-modified (b) and nonmodified (a) coatings.
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