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Abstract
Cyclic oxidation behaviors of recycled Ni-base single-crystal superalloy PWA1484™ at 800 and 1100 °C were investigated to understand the effects of impurity S from scrapped turbine blades on the oxidation resistance of recycled blades. Two series of PWA1484™ alloy were prepared; alloys directly recycled from scrapped blades using either a conventional Al2O3 crucible or a CaO crucible for melting, and model alloys cast with intentionally added S varying between 6-88 ppm. PWA1484™ recycled through CaO crucibles showed improved cyclic and isothermal oxidation resistance at 1100 °C, compared with that recycled through an Al2O3 crucible, since calcium-aluminate slags can capture impurity S as CaS during melting. However, PWA1484™ recycled by Al2O3 crucible melting showed significant decrease in oxidation resistance at 800 °C. Microstructural and alloy chemistry analyses on two series of alloys suggested that increase in impurity S contents had accelerated the oxidation spallation rates at 1100 °C, while negative impacts such as degradation of oxide layer adhesiveness were limited for cyclic oxidation at 800 °C. These were due to differences in S distribution after oxidation; clear S segregation at the metal/oxide interface was detected at 1100 °C, while no segregation at the interface was observed at 800 °C. Furthermore, the slight changes in main alloying compositions through recycling process also affected the oxidation rate at both temperatures. Our findings show that not only the control of impurity S, but minor compositions adjustment of Al and Cr, which forms the protective oxide layers, are also important for recycling of scrapped blades.
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1 Introduction
Ni-base single crystal superalloys have excellent mechanical and environmental properties and are often used as high-pressure turbine components for jet engines and gas turbines. With the increase in demand for suppressing CO2 emissions, methods to improve the thermodynamic performance of the turbine systems are expected [1, 2]. The addition of expensive metals such as Re, Ru, Ta and W significantly improved the high temperature properties of the superalloys in the history of alloy development; however, because of increasing prices of these elements due to their expanded use, higher performance alloys are also expensive [3-5]. Therefore, cost-effective methods to recycle the used and scrapped turbine blades have advantages over raw materials if their high temperature properties are ensured. 
 When considering the recycling of the used turbine blades, impurities that contaminate the material during the operation need to be removed. Typical example of the impurity element is S, which is detrimental to the oxidation resistance of heat-resistant alloys including Ni-base superalloys and steels [6-9]. For oxidation at 1100 °C, where protective α-Al2O3 layer formation is dominant, the oxidation resistance of the Ni-base superalloys decreases drastically by the contamination of just few ppm of S [10-13]. This is due to the segregation of S at the metal/oxide interface, which drastically decreases the adhesion of the thermally grown Al2O3 layer [14-20], as proven from the interfacial evaluations such as nanoindentation [21]. The reason behind the decrease in adhesion is the existence of S as amorphous-like intermediate layers between the thermally grown Al2O3 layer and the Ni-base substrate [17, 22]. However, these studies focus on mainly the existence of S at a ppm level, and limited studies have focused on the effects of S contamination at a larger quantity (between tens to hundreds of ppm) which are expected during recycling [23-25]. 
The magnitude of S contamination and its effects on superalloy recycling have been carefully studied previously. One example is the ultra-low sulfur master-metal preparation process by Cannon-Muskegon, which uses 50% scrap material and 50% new material [26]. This method made it possible to produce commercial alloys with less than 1 ppm of S, meeting the strict S content criteria for aeroengine material grade. Another effective method is the direct and complete recycling of used turbine blades by utilizing CaO crucibles during the remelting process [25, 27, 28]. Stemming from the desulfurization process for molten iron [29-32], the direct recycling demonstrates that the CaO crucible reacts with the melt to form calcium-aluminate slags that then captures impurity S as CaS [33, 34]. The CaS product remains at the crucible surface trapped by the filter at the mold top, which thus removes S from the recycled alloy. This desulfurization process using CaO crucible improves both the mechanical properties and oxidation resistance of the superalloys [28, 35]. After the desulfurization by CaO crucible, very small residual Ca forms CaS inside the superalloy that traps S, which also contributes to improving the high temperature oxidation properties [17]. These CaS are found within the substrate of the alloys as stable compound, with the detection of ~10 ppm of Ca from the alloy. The formation of this compound occurs during the melting and/or the solidification of the alloy, where residual Ca from the CaO crucible enters the material and reacts with the remaining S within the alloy [36]. Therefore, when conducting the oxidation tests, the S remains within the alloy as CaS, limiting the interfacial S segregation. 
Getting back to the turbine blade application of Ni-base superalloys, operating temperatures of the engines and turbines exceeds 800 °C[37]. In detail, the exposed temperature of these turbine blades varies greatly, from around 500 °C at the platform, to as high as around 1100 °C at the blade tip [38]. The structure and compositions of oxide layers for these γ/γ′ type Ni-base superalloys for turbine blades are greatly influenced by their oxidation temperatures [39-42]. At 1100 °C, oxide scales are typically composed of protective α-Al2O3 on top of the substrate [43, 44]; however, this is not the case for lower oxidation temperatures. 
At 800 °C, internal oxidation may occur, and the types and processes of oxide formation differ depending on the composition [43, 45, 46]. Unlike at 1100 °C, non-protective metastable Al2O3 forms [43, 47]. Depending on the composition of the alloy, change in the morphology of the Al2O3 layer can occur at this temperature, affecting the oxidation kinetics[41, 48]. Surface finishes can also affect which types of oxide formation will occur; for example, at 815 °C, machined surfaces resulted in the external formation of Al2O3, while mirror polishing had Cr2O3-spinel-Al2O3 formation, which may lower the oxidation resistance of the alloys [45]. Therefore, understanding the effects of oxidation at different service temperatures is crucial for estimating component life and ensuring safety operation. However, studies on the oxidation of Ni-base superalloys at lower temperatures such as 800 °C is limited [9, 49-52], especially on the effects of impurity S. In addition, for the recycling purposes, impact of the direct and complete recycling of Ni-base single crystal superalloys on its oxidation resistance at lower temperatures (such as 800 °C), which the impurities may play role, has not been assessed previously.
In this context, the objective of this research is to evaluate the effects of impurity S contents on the oxidation resistance of recycled Ni-base single crystal superalloy PWA1484™ at 800 °C. Cyclic and isothermal oxidation tests were conducted at 800 °C on the PWA1484™ alloys with different amounts of impurity S, as well as alloys that were recycled using either Al2O3 or CaO crucibles for remelting. The activities of the oxide layer forming elements for each alloy are compared using thermodynamic simulations to understand the parameters affecting the oxidation resistance at tested temperatures 800 and 1100 °C. The locations of S after oxidation at each temperature were also analyzed, to understand its effects on the spallation of oxides. 

2 Experimental methods
2.1 Experimental materials
Experimental materials in this study are the same Ni-base single-crystal superalloy PWA1484™ samples used in the research done by Utada et al.[25, 28]. Two different series of materials for the recycled alloys were prepared; about 2 kg of scrapped PWA1484™ high pressure turbine blades were grit-blasted with #80 Al2O3 abrasive powders to remove the ceramic top coatings, and re-casted as single-crystal bars using either an Al2O3 crucible or a CaO crucible for vacuum induction melting. The original composition of the scrapped material before remelting is shown in Table 1. 
The difference of the composition between the nominal and the scrapped material is due to the NiCoCrAlY type metallic bond coating (presumably PWA1365-1) that was melted together with substrate and thus included in the re-casting process. Composition adjusting raw metals were added to the melt of the scrapped blade during the casting of two recycled materials: CA+Al2O3 and CA+CaO. Details of the composition adjustment are available in the previous study [28]. This procedure was intended to adjust composition of the scrap targeting toward the nominal composition. However, because on-the-fly chemistry analysis is unavailable in the experimental-scale casting furnace, composition adjustment was not perfectly accurate, resulting in the variations of major alloying elements. 
Single crystal PWA1484™ alloy samples with varying amounts of S were cast by melting the pure raw materials in an Al2O3 crucible. S was added as NiS to these materials during the melting, targeting the S content ranging from 0 ppm to 100 ppm by weight. In this study, these materials with different S content are referred to by the amount of S added (0 ppm S, 20 ppm S, and 100 ppm S). 
All single crystal materials were melted at 1600 °C using a directional solidification casting furnace with a withdrawal rate 200 mm/h, while keeping the furnace pressure under 6×10-2 Pa. Solution heat treatment was conducted at 1315 °C for 4 h, followed by primary aging treatment at 1080 °C for 4 h, and secondary aging treatment at 704 °C for 24 h. Chemical composition analyses were conducted on starting block of the materials after casting. The amounts of major alloying elements and minor elements such as Zr, Si, and Ca were obtained using inductively coupled plasma optical emission spectrometry (ICP-OES), while S was measured using combustion-infrared absorption. Table 1 shows the compositions of the PWA1484™ alloys used in this research. Both recycled materials have decreased Cr, Al, and Co contents, regardless of composition adjustment. 

Table 1 Compositions of the experimental materials obtained using chemical analyses (Ni bal.)
	
	Major alloying elements (top: at.%, bottom: wt.%)
	Minor elements
(ppm in weight)
	Type of crucible used

	Samples
	Co
	Cr
	Mo
	W
	Al
	Ta
	Hf
	Re
	S
	Ca
	Si
	Zr
	Y
	

	PWA1484™ nominal [53]
	10.6
	6.0
	1.3
	2.0
	12.9
	3.0
	0.03
	1.0
	-
	-
	-
	-
	-
	-

	
	10.0
	5.0
	2.0
	6.0
	5.6
	8.7
	0.1
	3.0
	
	
	
	
	
	

	Scrap material [28]
	10.4
	6.04
	1.21
	1.96
	12.8
	2.89
	0.03
	0.99
	9.7
	3.3
	898
	60
	3.3
	Al2O3

	
	9.85
	5.07
	1.88
	5.81
	5.58
	8.43
	0.10
	2.96
	
	
	
	
	
	

	CA+Al2O3 [28]
	10.4
	5.88
	1.24
	2.01
	12.6
	2.95
	0.04
	1.01
	9.5
	3.3
	767
	50
	7.4
	Al2O3

	
	9.85
	4.91
	1.91
	5.96
	5.45
	8.56
	0.11
	3.02
	
	
	
	
	
	

	CA+CaO [28]
	10.2
	5.31
	1.26
	2.12
	12.6
	3.07
	0.03
	1.0
	1.7
	5.5
	710
	78
	6.4
	CaO

	
	9.64
	4.41
	1.93
	6.21
	5.42
	8.88
	0.09
	3.16
	
	
	
	
	
	

	0 ppm S
	10.4
	5.73
	1.29
	2.01
	12.8
	3.04
	0.03
	1.00
	6
	-
	-
	10
	-
	Al2O3

	
	9.88
	4.78
	1.99
	5.93
	5.56
	8.82
	0.09
	3.00
	
	
	
	
	
	

	20 ppm S [25]
	10.6
	5.94
	1.31
	2.08
	12.9
	3.06
	0.03
	1.00
	18
	-
	-
	9
	-
	Al2O3

	
	10.00
	4.95
	2.02
	6.12
	5.58
	8.88
	0.09
	2.99
	
	
	
	
	
	

	100 ppm S [25]
	10.6
	5.84
	1.31
	2.09
	12.9
	3.07
	0.03
	1.00
	88
	-
	-
	8
	-
	Al2O3

	
	10.00
	4.87
	2.02
	6.17
	5.59
	8.89
	0.08
	2.99
	
	
	
	
	
	



2.2 Cyclic oxidation tests
 Cyclic oxidation tests were performed in air at 800 °C for 500 cycles and at 1100 °C for 100 cycles. Here, each cycle contained 1 h of heating and 1 h of cooling at room temperature, and the samples were weighed at the end of cooling cycles. The specimens were machined from the single-crystal bars as cylindrical samples with a diameter of 9 mm and a height of 5 mm, with the surface finished with Japan Industrial Standard (JIS) #600 SiC abrasive paper. Isothermal oxidation tests at 800 °C for 10 h and at 1100 °C for 1 h were performed on all materials for cross-sectional observations.

2.3 Microscopy characterizations
Microstructures of the isothermally oxidized PWA1484™ alloys oxidized at 800 °C and 1100 °C were observed using field emission scanning electron microscopy (FE-SEM, ZEISS Gemini300). The samples oxidized isothermally at 800 °C for 10 h and at 1100 °C for 1 h were embedded in resin and cut so that the cross-section can be observed. The surfaces of all samples were polished up to colloidal silica with a particle size of 0.05 μm. Cross-sectional secondary electron (SE) images of the isothermally oxidized PWA1484™ samples were taken at an acceleration voltage of 10 kV and probe size of 60 μm. The compositions of the oxide layers and substrate precipitates were analyzed using FE-SEM with energy dispersive x-ray spectrometry (SEM-EDS). Thickness of the oxide layers of the isothermally oxidized samples were measured using SE images obtained by FE-SEM, by drawing a line from interface to interface using the built-in software. The average of 5 points were taken from areas with the most oxide formation. For samples oxidized at 800 °C, internal oxide layers and the combination of internal and external oxide layers were measured. For 1100 °C, the thickness of the Al depletion zone was measured, which forms along with Al uptake by formation of the oxide layers. This was done to avoid underestimation of the oxide formation by spallation of oxide layers.
Time-Of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS, ZEISS) was used to analyze the S segregation of the 100 ppm S sample after the isothermal oxidation at 800 °C for 10 h and 1100 °C for 1 h. The top-view TOF-SIMS mappings of the oxide layers and the substrate were obtained using the following procedures. Ga primary ion beam (30 kV 700 pA) was used to detect positive secondary ions for Ni, Al, and Cr, and negative ions for S and O. 50 scans were accumulated for the sample oxidized at 800 °C for 10 h. The number of accumulated scans were reduced to 10 for the sample oxidized at 1100 °C for 1 h, to limit the effects of voids at the metal/oxide interface, which had grown extensively when the surface was continuously milled by the focused ion beam. The acquisition areas were 38.1 μm for the 800 °C sample and 11.4 μm for 1100 °C, and both samples were analyzed at a resolution of 512×512 pixels. 

3 Results
3.1 Cyclic oxidation tests
Figure 1 shows results of the cyclic oxidation test at (a) 800 °C and (b) 1100 °C for both recycled (white plots, dashed lines) and S added materials (colored plots, solid lines). Results of the tests at 1100 °C were re-plotted from the previous studies [25, 28], and the error bars represent standard deviation. For oxidation tests at 800 °C, the change in mass represents the growth of oxide layers. On the other hand, for 1100 °C, spallation of oxides occurs due to the large differences in thermal stress between oxide layer and alloy substrate; therefore, the change in mass represents the decrease in mass due to oxide spallation. 
Overall, CA+CaO sample (red square) showed the best oxidation resistance at both 800 °C and 1100 °C among all tested materials. Compared to CA+CaO sample, inferior oxidation resistance was observed for the CA+Al2O3 sample (black triangle) at 800 °C, although the same sample showed relatively good oxidation resistance at 1100 °C. The samples with different S content (blue circle: 0 ppm S, green triangle: 20 ppm S, and purple diamond: 100 ppm S) exhibited clear decreasing trend of oxidation resistance with increasing S content via enhanced spallation of the oxide layers at cyclic oxidation tests at 1100 °C. However, no clear correlation between the S content and the oxidation rates were observed during cyclic oxidation tests at 800 °C. 

[image: ]
Figure 1 Comparisons of cyclic oxidation tests conducted at (a) 800 °C and (b) 1100 °C. Results of the tests at 1100 °C were re-plotted from the previous studies [25, 28].

3.2 Structures of oxide layers after the isothermal oxidation tests
 To compare the morphology of the oxide layers and the oxidation rates, the cross-sections of the samples after isothermal oxidation tests at 800 °C for 10 h and at 1100 °C for 1 h were observed using FE-SEM, and corresponding micrographs are shown in Figures 2 (a-e) and Figures 3 (a-e), respectively. The white rectangles in Figures 2 and 3 (a,b,e) are regions where EDS maps of the major elements composing oxide layers in Figures 4 and 5 were taken. Note that the oxidation time for isothermal oxidation at 1100 °C was shorter compared to at 800 °C, to prevent excessive spallation of oxides before the observation. 
For each oxidation temperature, the compositions and orders of the oxide layers were the same throughout all the samples, disregarding thickness of internal and external oxide layers. For oxidation at 800 °C, internal Al2O3 and Al-Cr-O layers had formed, followed by external NiO layer on the top. For oxidation at 1100 °C, all samples formed external oxide layers of Al2O3, Cr-Al-O, and NiO, as seen from the EDS maps in Figures 4 (a-2, b-2, and c-2). Kirkendall voids were formed in CA+Al2O3 and S-added samples (see Figure 3(a)), but absent in CA+CaO sample, also proving its higher resistance to oxidation. AlN were also found in all samples oxidized at 1100 °C for 1 h.

[image: ]
Figure 2 SE images of the cross-sections of PWA1484™ samples (a) CA+Al2O3, (b) CA+CaO, (c) 0 ppm S, (d) 20 ppm S, and (e) 100 ppm S, all of which were isothermally oxidized at 800 °C for 10 h. The white rectangles represent the regions for EDS mappings shown in Figure 4.

[image: ]
Figure 3 SE images of the cross-sections of PWA1484™ alloys (a) CA+Al2O3, (b) CA+CaO, (c) 0 ppm S, (d) 20 ppm S, and (e) 100 ppm S addition, all of which were isothermally oxidized at 1100 °C for 1 h. The white rectangles represent the areas where EDS mappings were taken for Figure 4. The black arrows in (d-1) are pointing at examples of crack initiation sites where the enlarged images in (d-2) and (d-3) were taken. The white arrows pointing to the cracks at the interface are where the magnified images in (e-2) and (e-3) were taken. 

[image: ]
Figure 4 SE images and EDS elemental maps of O, Al, Cr, Ni for PWA1484™ samples (a) CA+Al2O3, (b) CA+CaO, and (c) 100 ppm S isothermally oxidized at 800 °C for 10 h.

[image: ]
Figure 5 SE images and EDS elemental maps of O, Al, Cr, Ni for PWA1484™ samples (a) CA+Al2O3, (b) CA+CaO, and (c) 100 ppm S isothermally oxidized at 1100 °C for 1 h.

TOF-SIMS was employed to qualitatively locate the impurity S after the oxidation tests. Figure 6 shows the SIMS image of the 100 ppm S sample oxidized at (a) 800 °C for 10 h and (b) 1100 °C for 1 h. The color bars represent the intensity, with the units being counts per extraction. For oxidation at 800 °C, clear internal Al and Cr oxides were observed, along with the external Ni oxides. The impurity S was found within both internal and external oxides; however, it mainly segregated inside the external NiO layer. No clear segregation of S was observed at the metal/oxide interface at this temperature. On the other hand, for oxidation at 1100 °C, S was detected at the metal/oxide interface, indicated by a white arrow. This agrees with our previous research, where we observed the S segregation at the metal/oxide interface in a Ni-base superalloy after oxidation test at 1100 °C, using both 3D atom probe tomography and STEM-EDS analyses [17, 36]. Formation of voids was observed at the metal/oxide interface as well, indicating the detrimental effects of S on the spallation of the protective Al2O3 layer. Nucleation and growth of AlN during the oxidation at 1100 °C were confirmed by the SIMS results as well (see Figure 6b). 

[image: ]
Figure 6 SE images and SIMS mappings of 32O, 16S, 27Al, 52Cr, and 57Ni obtained for 100 ppm S sample isothermally oxidized at (a) 800 °C 10 h and (b) 1100 °C 1 h. The color bars represent counts per extraction. The white arrows represent S segregations observed either within the layers or at the metal/oxide interface. 

3.3 Relationship between oxide layer thickness and S content
The thickness of oxide layers observed in the SE images in Figures 2 and 3 for isothermally oxidized samples were measured. The relationship between the S content and the thickness of oxide layers for 800 °C (internal oxidation: black squares, internal and external oxidation: red circles) and Al depletion zone for 1100 °C (blue triangles) are summarized and shown in Figure 7. Note that the error bars represent the standard deviation of the values obtained from 5 locations where the oxide growth seemed rapid. When comparing the growth of internal oxide layers at 800 °C, the CA+Al2O3 sample, with 9.5 ppm of S, has about 3 times thicker oxide layer compared to that of the CA+CaO sample, which only contains 1.7 ppm S. However, the thickness of the internal oxide layers was similar between the S added alloys, with the S contents ranging from 6 to 88 ppm and their thickness ranging between 5-7 µm. The slight increase in S content from 0 to ~6 ppm increases the oxidation rate of the alloys; however, when the S content exceeds ~6 ppm, the increase in the thickness of oxide layers is limited. For oxidation at 1100 °C, the increase in S content also increased the thickness of the Al depletion zones of the alloy, indicating an increase in the oxidation rate. This aligns with the AlN formation observed in Figures 3 and 6, where the increase in oxidation rates by the addition of S, the consumption of oxygen is high, resulting in relatively high activity of nitrogen[54]. The destruction of external scales is also known to result in the penetration and diffusion of nitrogen, leading to the internal formation of AlN[55], which is likely the case for this research. 
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Figure 7 Comparison of oxide layers and Al depletion zone thickness in relation to the S content of the alloys. The thickness of only the internal oxide layer and the combination of internal and external oxide layers were measured for samples oxidized at 800 °C for 10 h. The changes in the thickness of the Al depletion zone were measured for samples oxidized at 1100 °C for 1 h. Each measurement is an average of 5 points, obtained from areas with large oxide growth, and the error bars represent the standard deviation. 

4 Discussion
4.1 Effect of S segregation on oxide spallation at 800 °C and 1100 °C
Experimental results suggested that S segregation at the metal/oxide interface accelerated the spallation of the continuous Al2O3 layers during the cyclic tests at 1100 °C. Whereas no clear correlation between the S content and the cyclic oxidation rates were observed at 800 °C due to the limited S segregation at the metal/oxide interface. These differences in the relationship between S content and cyclic oxidation behaviors can be explained by the types of oxides and locations of S segregation, as seen in the schematic diagrams in Figure 8(a). For high temperatures, which refer to the temperature ranges in which protective external Al2O3 layers form, commonly found at the tip of the turbine blades, S segregates at the metal/oxide interface. On the other hand, for intermediate temperatures, which refer to the temperature ranges found at the platform of the turbine blades, internal Al2O3 and Cr2O3 layers form. S segregation can only be found within the NiO layers, and not at the metal/oxide interface.
One of the key factors for predicting oxidation kinetics for superalloys is the Gibbs free energy, which can often be calculated from the activities of oxide-forming elements such as Al[56]. According to Kawagishi et al., the activities of Al have clear correlation as to whether or not the material will form protective Al2O3 layer[57]. In their study, the activity ratio of Al and Ni were used for the evaluation, and the Al2O3 formation threshold has been defined as around 3.0×10-6. The same method was employed in the present study to compare calculated activities. The activity of Al and Ni were calculated using Thermo-Calc (TCNI12 v12.1 database) based on all compositions listed in Table 1. Note that due to the limited dataset for Ca, Zr, and Y, which hindered the calculations, the contents of these minor elements were not incorporated. However, it is important to note that small additions of elements such as Zr and Y are reported to improve the oxidation resistance of the Al2O3-forming Ni-base alloys at 1100 °C by formation of sulfides. [11, 58, 59] 
Al/Ni activity ratio calculated for all samples at temperatures ranging from 700 to 1200 °C, which is the same as the operating temperature range of turbine blades, are shown in Figure 8(b). The dotted line represents the threshold for the formation of protective Al2O3 defined in the literature [57, 60]. Fitted linear lines for the calculated activity ratio were also drawn for each type of material. At 800 °C, the activity ratio plots exist right below the threshold line, suggesting that protective Al2O3 layers will not form. However, the slight changes in the composition can alter this Al/Ni activity ratio, suggesting the need to carefully control the compositions at this temperature. On the other hand, activity ratios at 1100 °C are well above the threshold line, which is a clear indication for the formation of protective Al2O3 layers. The vertical dotted line is the estimated threshold where the transition from internal oxidation to protective, external Al2O3 formation occurs. These results align well with the oxide formation experimentally observed in this research. 
This trend also coincides well with the threshold obtained from the Wagner criteria[61]. The transition from internal oxidation to external oxidation will occur when the concentration of the oxide-forming element, in this case Al, exceeds the minimum critical concentration . This criterion is obtained from the equation below [39, 62]: 

 and  (= 25.575 cm3/mol) are the molar volumes of the alloy and oxide (in this case Al2O3), respectively, while  is the stoichiometric ratio of oxygen to solute atoms (1.5 for Al2O3).  (cm3/mol) was calculated using Thermo-Calc (TCNI12 v12.1 database) based on the nominal compositions listed in Table 1. The volume fraction of internal oxide, , was calculated using the equation proposed by Zhao et al.[63]:

The solubility of oxygen in the alloy (, mol fraction)[64], diffusivity of oxygen (, cm2/s) [64], and diffusivity of Al (, cm2/s)[65], were calculated using the same equations and assumptions made by Wo et al. [39]:



The calculated  was 6.5 at.% for 1000 °C and 16.2 at.% for 800 °C, respectively. Note that due to the temperature limitations in eq. (3-5), the calculations were conducted at 800 and 1000 °C. Since the nominal Al concentration for PWA1484™ alloy is 12.9 at.%, it does not exceed the minimum critical concentration of Al required for external oxidation at 800 °C, thus forming internal oxides at this temperature. On the other hand, at 1000 °C and likely at 1100 °C, this exceeds the threshold, therefore forming external oxides. 

[image: ]
Figure 8 (a) Schematic illustration of sulfur segregation location during protective-external and internal Al2O3 formation at high and intermediate temperatures, respectively. (b) Comparison of activity ratio of Al/Ni in relation to the temperatures calculated by Thermo-Calc (TCNI12 v12.1 database) from compositions shown at Table 1.

For oxidation at high temperatures such as 1100 °C, formation of continuous external Al2O3 is the key for improving the oxidation resistance of Ni-base superalloys[39, 66]. This is typically achieved by alloying at least 5 wt.% of Al [67-69], which is one of the key factors when adjusting alloy composition during the recycling of superalloys. Drastic oxide spallation and crack formation at the substrate/Al2O3 interface was observed at this temperature with increased S content, most likely because of the increase in magnitude of interfacial S segregation. Previous studies reported that interfacial S segregation is limited at 800 and 1100 °C, with the segregation peaking at around 900 °C [9, 49-51]. Nevertheless, various studies have proven the detrimental effects of S segregation on Ni-base superalloys during oxidation at 1100 °C, by weakening the adhesion of externally grown oxide layers [14, 16, 21, 22, 70]. More precisely, the suppression of few at.% of S segregation at the Al2O3/Ni-alloy substrate resulted in clear improvement in both cyclic oxidation tests and isothermal oxidation at 1100 °C [17, 36]. In the present study, S segregation was also confirmed at the metal/oxide interface by TOF-SIMS as presented in Figure 6(b). 
On the other hand, TOF-SIMS mapping in Figure 6(a) indicates that S exists within the oxide layers, especially inside the NiO, and no clear segregation at the metal/oxide interface for oxidation at 800 °C. This likely resulted in limiting the spallation of the oxide layers and suppressing the negative effects of S on the cyclic oxidation tests at this temperature. Lower temperatures typically result in slower diffusion rates [71]; therefore, the S segregation at the metal/oxide should be limited at 800 °C compared to that at 1100 °C. S is also known to segregate at free surfaces such as cavities than at intact metal/oxide interfaces [72]. In addition, for oxidation at 800 °C where oxide growth occurs by the internal diffusion of oxygen, as shown in Figure 8, the interface moves inward towards the alloy, incorporating the S within. This likely led to the integration of S in the oxide layers[10], especially at the cavities of NiO, as seen in the TOF-SIMS mapping in Figure 6(a). On the other hand, for oxidation at 1100 °C where oxidation occurs by the outward flux of cations, S should be located on the metal side, which was the case according to the TOF-SIMS mappings in Figure 6(b).
There are three other possible reasons for the differences in the effects of S for oxidations at 800 °C and 1100 °C: (1) The thermal stress during cyclic oxidation at the metal/oxide interface is greater at 1100 °C than at 800 °C, due to larger temperature changing range. Therefore, oxide spallation is easily promoted during cooling. (2) The Young’s moduli of the Al2O3 and Cr2O3 intrusions are lower compared to the external Al2O3 formed during oxidation at 1100 °C. For example, the Young’s moduli of sintered Al2O3 and Cr2O3 at room temperature are reported as around 386 GPa and 286 GPa, respectively [73]. The lower Young’s modulus can reduce the residual stress during cooling, which may prevent oxide spallation. (3) The difference in formation of these oxides, e.g. internal oxidations at 800 °C versus external oxidation at 1100 °C, may also affect the structure at the metal/oxide interface, which can result in differences in adhesion strength. 
Overall, the results suggest that the impurity S has different effects on the cyclic oxidation resistance of the materials tested in this study depending on the oxidation temperatures. This is crucial especially when considering the recycling of alloys for two reasons. First, recycled materials often contain few ppm of S and it is difficult to fully remove these impurities. Second, alloy composition can be altered by the conditions of the scrapped parts. Both factors potentially affect the environmental properties of the recycled materials. Alloy composition in industrial master metal production (e.g. 3-tonnes ingot production using CaO granules, replicating recycling [35] ) can be adjusted within the specification by on-the-fly chemical analysis, and hence it is not a critical problem at the industrial scale. The present study proved that suppressing S segregation at the metal/oxide interface by the usage of CaO crucibles [17], are beneficial for both high and intermediate oxidation temperatures. Based on our findings, it can be said that the current specifications that limit the S content for superalloys to be less than few ppm [37] is sufficient for the oxidation resistance of the platform, but not for the tip of both typical and recycled turbine blades. The recent desulfurization techniques which allow the S content to be reduced to less than 1 ppm [26] is more suitable when considering oxidation at high temperatures. 

4.2 Effect of major alloying element composition for oxidation at 800 °C and 1100 °C
Next, the effect of the changes in compositions in relation to the temperatures on the oxidation resistance will be discussed. Slight differences in composition were observed between the samples used in this study, due to (a) derivation in the composition adjustments and (b) the reaction between the melt and the CaO crucible used for the direct recycling [36]. To compare the effects of the variance in concentration of oxide-forming elements, Al and Cr, on the oxidation behaviors at different temperatures, activities of these elements were calculated. The activities were calculated at two temperatures (800 and 1100 °C) using Thermo-Calc (TCNI12 v12.1 database), by changing either the compositions of Al or Cr in exchange for the Ni content, while keeping the compositions of the major alloying elements the same as the nominal PWA1484™ (see Table 1). The calculated results are plotted in relation to the concentration each element in Figures 9(a, b). Here, the black plots represent the results obtained at 800 °C, while the white plots are the results at 1100 °C. Note that the solid and dashed lines are linear lines fitted for each temperature. The different shapes of the plots indicate the samples referred to in Table 1, where the square plots represent the recycled samples, while the triangular plots are the S-added samples. 
For oxidation at both 800 °C and 1100 °C, the slight changes in the composition of the alloys had significant effects on the activities of oxide-forming elements. As seen in Figures 9(a-1, a-2), the Cr activities changed significantly in relation to the composition at 800 °C, where the values had increased at a rate of 0.76 × 10-3 and 0.57 × 10-3 when increasing the Cr and Al contents, respectively. At 1100 °C, the Al activities had increased at a rate of 1.51 × 10-8 and 2.90 × 10-8 when increasing the Cr and Al contents, respectively. The results in Figure 8 suggest that the slight increase in both Al and Cr concentration by the recycling and composition adjustment processes, as well as the reaction between the melt and crucibles, had a mild trend of increasing both Al and Cr activities, thus the oxidation resistance.
In addition, the dominant element in terms of activity differs depending on the oxidation temperatures. The Cr activity was more susceptible to changes in concentration and had higher activities at lower oxidation temperatures. On the other hand, for Al activities, their values were higher and the rate at which the activities change in relation to both the Al and Cr concentration is faster at 1100 °C, as shown in Figures 9(b-1, b-2). This aligns with the different types of oxide formation; Cr2O3 forms faster at 800 °C, while continuous external formation of Al2O3 is dominant at 1100 °C [39, 60]. 
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Figure 9 Relationship between the amount of (1) Cr and (2) Al versus (a) Cr and (b) Al activity at 800 °C (black plots) and 1100 °C (white plots), calculated using Thermo-Calc (TCNI12 v12.1 database). 

4.3 Calculations of activities using Thermo-Calc
To understand the reasons for the differences in cyclic oxidation resistance for the recycled alloys in relation to the temperature, the activities of the Al and Cr were again compared. This time, the Al and Cr activities were calculated using the same method in section 4.1 and are plotted in Figures 10(a-c). The Al (white plots) and Cr (black plots) activities were compared between the two oxidation temperatures: (a, b) 800 °C and (c) 1100 °C, respectively, in relation to the average thickness of the oxide layers, observed in Figures 2 and 3. The thickness were measured for internal oxide layers (Figure 10(a)) and the combination of internal and external oxide layers (Figure 10(b)) for the samples isothermally oxidized at 800 °C for 10 h. As for the samples isothermally oxidized at 1100 °C for 1 h, the size of the Al depletion zone was measured and plotted in Figure 10(c). The error bars represent the standard deviation of the measured thickness of oxides and Al depletion zone. 
The increase in Al and Cr activities led to a general increase in oxidation rates, as seen from the increased values in thickness of oxides in Figures 10(a,b) for oxidation at 800 °C. As for oxidation at 1100 °C, the results in Figures 10(c-1, c-2) show that the increase in activities of Al and Cr resulted in increase in the Al depletion zone. Typically, when the contents and activities of Al and Cr are higher, the sample should rapidly form protective oxide scales, therefore, should show higher oxidation resistance[74]. However, for oxidation at 800 °C in this research, internal oxide layers that are non-protective had formed; therefore, the increase in Al and Cr contents led to increased amounts of oxide formation. This shows that for improving the oxidation resistance at lower temperatures, not only should the Al content/activities be altered during the composition adjustment process, but special care in controlling the Cr content and activities is required as well.
It is worth noting that Al and Cr activities at temperature ranges were also calculated using Thermo-Calc by changing only the amount of S and keeping the compositions of the major alloying elements the same. However, the Al and Cr activities did not change at any given temperatures. This indicates that the changes in activities seen in Figure 10 were due to the compositional changes in the major alloying elements, but the estimation does not fully account for the effects of impurity S, which should be considered in future work.
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Figure 10 Comparison of (1) Al (white plots) and (2) Cr (black plots) activities calculated by Thermo-Calc (TCNI12 v12.1 database) in relation to the average thickness of the oxide layers observed in Figures 2 and 3 for all PWA1484™ samples used in this study (recycled alloys: square plots, S added alloys: triangular plots). The measurements were conducted for (a) internal oxidation at 800 °C for 10 h, (b) internal and external oxidation at 800 °C for 10 h, and (c) Al depletion zone at 1100 °C for 1 h.

5 Conclusion
Scrapped high pressure turbine blades made from Ni-base single crystal superalloy PWA1484™ were previously recycled by remelting in CaO crucibles, the effective method for desulfurization and improving cyclic oxidation resistance at 1100 °C. To understand the effects of impurity S in scrapped turbine blades on the oxidation resistance of recycled blades, cyclic and isothermal oxidation tests were conducted at 800 and 1100 °C on various recycled and S-added PWA1484™ single crystal superalloy materials. The following conclusions have been established:
1. Among all tested materials, CA+CaO showed the highest oxidation resistance during cyclic oxidation at 1100 °C. The model alloys with intentional S addition showed clear decreasing trend in cyclic oxidation resistance with increasing S content at this temperature. The TOF-SIMS analysis showed clear signs of S segregation at the metal/oxide interface, which lowered the adhesion of oxide layers. Usage of CaO crucibles during recycling helped suppress the S segregation at the metal/oxide interface by capturing S as CaS, thus preventing the spallation of oxides. 
2. CA+CaO material also showed the highest oxidation resistance out of all experimental materials at 800 °C. However, CA+Al2O3 material showed significant decrease in resistance to cyclic and isothermal oxidation. For oxidation at 800 °C, no clear correlation between the impurity S and cyclic oxidation resistance were observed for samples with higher S contents (6 to 88 ppm). This is most likely due to the segregating locations of S after the exposure in an oxidation environment. S was found mostly within NiO oxide layer and no clear segregation of S was observed at the metal/oxide interface at 800 °C, therefore limiting the spallation of oxides during cyclic oxidation. 
3. The slight increase in the composition of the alloys, such as the increase in Cr content from 5.31 to 5.88 at. % by the different recycling and composition adjustment processes, had a trend of positive effect on the cyclic oxidation resistance at both temperatures. Clear changes in the activities of oxide-forming elements such as Al and Cr, calculated using Thermo-Calc, were observed by the minor differences in composition of the alloys. Therefore, special care in controlling the Al and Cr contents and its activities is necessary for the recycling of scrapped turbine blades, by taking into careful consideration the reactions between the crucible and melt during the remelting and composition adjustment processes.
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