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Abstract

:

Featured Application


Thermal barrier coating is applied to aviation turbines to protect the nickel-based superalloys from melting and thermal cycling.




Abstract


Durability of a thermal barrier coating (TBC) depends strongly on the type of mixed oxide in the thermally grown oxide (TGO) of a TBC. This study aims on discovering the effect of thermal stability in the TGO area containing mixed oxides. Two different bondcoats were studied using high-resolution transmission electron microscopy: high-velocity oxygen fuel (HVOF) and air-plasma spray (APS), under isothermal and thermal cyclic tests at 1400 °C. The HVOF bondcoats were intact until 1079 cycles. In comparison, APS failed at the early stage of thermal cycling at 10 cycles. The phase transformation of topcoat from tetragonal to the undesired monoclinic was observed, leading to TBC failure. The results showed that the presence of transient aluminas found in HVOF bondcoat helps in the slow growth of α-Al2O3. In contrast, the APS bondcoat does not contain transient aluminas and transforms quickly to α-Al2O3 along with spinel and other oxides. This fast growth of mixed oxides causes stress at the interface (topcoat and TGO) and severely affects the TBC durability leading to early failure. Therefore, the mixed oxide with transient aluminas slows down the quick transformation into alpha-aluminas, which provides high thermal stability for a high TBC durability.
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1. Introduction


Thermal barrier coatings (TBCs) have been applied to the high-temperature section of engines to improve the performance of the gas turbine engine. Typical TBCs contain a three-layered material system, consisting of (1) 6–8 wt.% of partially yttria-stabilized zirconia (PYSZ) topcoat deposited most commonly via an air-plasma spray (APS) process; (2) bondcoat to resist the oxidation of Ni-based superalloy substrates; and (3) a superalloy substrate (nickel or cobalt). Industrial turbines commonly operate at a turbine inlet temperature 1300 °C, and the aero-engines operate at 1400 °C [1]. Currently, Japan is working towards 1700 °C class high-efficiency gas turbines to enhance the combined cycle plant [2]. Although TBCs exposed to temperatures above 1200 °C are less resistant to oxidation and decrease their mechanical properties [3], they often face premature failure, undergoing a phase transformation supported by a 4–6% volume expansion combustion atmosphere [4]. The failure is due to the thermally grown oxide (TGO) layer which is formed between the metallic bondcoat and topcoat due to the oxidation of bondcoat at high temperatures.



The TGO layer can be protective and also harmful at the same time, depending on its thickness. A uniform and dense protective layer of stable Al2O3 can be beneficial to the system [5]. However, the high-temperature exposure causes high oxidation in the bondcoat leading to a thicker TGO layer causing volume expansion towards the topcoat above it and fails. Surprisingly, in TBC systems where the bondcoat has wholly transformed into oxide (thick TGO) under service, the topcoat is still intact. Thus, the ultimate reason for the failure is the mixed oxide content present in the TGO [6], and it gets even worse under cyclic thermal exposure.



Generally, after cooling during cyclic thermal exposure, TBCs frequently fail due to the compressive residual stress between the bondcoat and TGO accompanied by stress arising from TGO growth, causing spallation [7]. Spallation is the peeling of TBC, and it mainly happens due to the stresses with the growth of TGO and misfit stress at the bondcoat/topcoat interface. There are also other reasons for TBC spallation, such as calcium-magnesium-aluminum-silicon oxide systems, commonly known as CMAS [8], which will not be discussed in this article. This stress is due to the mixed oxides containing Al2O3, Cr2O3, Ni(Cr, Al)O2, Ni(Cr, Al), and NiO. Ni(Cr, Al)O2 and Ni(Cr, Al) are called as spinel. These mixed oxides with spinel and NiO forms segmented TGO (Al2O3) layer causes high tensile stress, leading to the separation of the ceramic layer from the bondcoat [9,10]. This is because oxygen diffusion through spinel and NiO is faster through Al2O3 [10]. A continuous TGO layer with low oxygen diffusivity and slow growth of Al2O3 can inhibit the permeation of Ni, Cr, Al, and O (delaying further bondcoat oxidation) [10]. However, the phase-type of aluminas formed in the TGO also influences the TBC durability.



A stable α-Al2O3|protects the bondcoat and ensures a stronger bond between the bondcoat and topcoat, promoting a slow growth rate due to the low diffusion rate of Oxygen through the TGO [11]. Non-alpha-alumina (γ, θ, and η) or also known as transient aluminas formation may lead to volumetric expansion or contraction and premature tensile cracking in the TGO, failing the TBC [12]. The transient aluminas continues to grow outward and transforms to the equilibrium α-Al2O3,|and the zone formation ceases when the transformation to α-Al2O3|occurs [13]. The TGO consists of inner (TGO/belowTGO) and outer layers (topcoat/TGO). Usually, the transient aluminas form at the inner layer, and the alpha-alumina with particles of Zr and Y are present at the outer layer. Kobayashi et al. reported that the quick phase transformation from γ-Al2O3|to α-Al2O3|might increase residual stress and eventually reduces the lifetime of TBC [14]. There are several ways for microstructural evaluation and thermal stability for TBCs.



In this regard, microstructural evaluation through scanning electron microscopy (SEM), X-ray diffraction, and energy dispersive spectroscopy (EDS) have traditionally been undertaken to examine the TBC failure by TGO spallation [15,16,17,18]. Although these methods offer benefits in understanding TBC failure, limitations in resolving the instruments, and specimen destruction during sample preparation impede these applications. During the past few decades, high-resolution transmission electron microscopy (HRTEM) has been used to study thermal stability directly or through in-situ experiments for TBCs [19].



However, HRTEM has been rarely used for thermal stability evaluation of TBCs, mainly due to the inconvenience in specimen preparation, since the region of interest needs to be intact and sufficiently thin to be observed through HRTEM [20,21]. Accordingly, the focused ion beam (FIB) technique has been employed for specimen preparation of HRTEM predominantly for specimens containing fragile interfaces such as TBC coated systems. Nevertheless, numerous research studies have been carried out on alternate ceramics aside from PYSZ with increased thermal stability in addition to initiating lower thermal conductivity [22,23,24]. For instance, co-doped zirconates with rare earth material such as lanthanum (La) exhibited high durability due to high fusion enthalpy [25]. La and gadolinium (Gd) combination in TBC possesses low thermal conductivity, low sintering rate, and high thermal stability up to 2300 °C [26].



Although numerous pieces of research have focused on rare earth-PYSZ topcoats, the compatible bondcoat remains a significant challenge, since the bondcoat also plays an essential role by providing extra adhesion of the topcoat to the substrate. Moreover, many processes have been employed to deposit bondcoat, such as APS, low-pressure plasma spray, and high-velocity oxygen fuel (HVOF) [27]. The APS technique is the most popular to form bondcoat due to its economic benefits; however, the HVOF process is more desirable to increase the working temperature and fuel performance in gas turbines and diesel engines [28,29]. According to Lu et al., more extended thermal durability was found in HVOF bondcoat than in the APS bondcoat due to lower equivalent stress at the TGO layer [28]. However, most HVOF bondcoating does not focus on the phase transformation of alumina in TGO and the stress-induced at the interface of topcoat and bondcoat simultaneously.



Therefore, this study investigates the thermal stability using lattice fringes (phase stability). Although this method has been employed in the literature to a certain extent, the study on the full area of TGO has not been investigated. As such, this study presents an evaluation of thermal stability on PYSZ topcoat at the entire area of TGO, starting from the TGO near the topcoat until reaching the bottom near the bondcoat. This study investigates the influence of bondcoat species at a temperature of 1400 °C for both isothermal and cyclic thermal exposure on the TBC’s lifetime of the rare earth–yttria-stabilized zirconia (RE-PYSZ) TBC system. Two types of bondcoats (APS and HVOF) were prepared for APS TBCs




2. Materials and Methods


The specimens were square-shaped, with dimensions of 60 mm × 60 mm × 6mm. Preparation of the samples was undertaken by applying different deposition techniques for the bondcoats, while identical deposition techniques for topcoats were involved in each case. The ceramic topcoat used was Y-5 wt.%, Zr-65 wt.%, La-0.15 wt.%, and Gd-0.1 wt.% deposited via the APS technique. The RE-PYSZ topcoat was prepared via the APS method employing nitrogen as the primary plasma gas, hydrogen as secondary plasma gas, and argon as the carrier gas with a powder feed rate of 55 g/min and a spraying distance of 90 mm. The bondcoat consisted of Ni-Cr-Al-Y elements generated by using APS and HVOF spraying systems, and the coatings were deposited on a Ni-base superalloy, Nimonic 263 (Nim263). The preparation parameters for APS and HVOF techniques were tabulated in Table 1. Besides, the repeatability of each analysis for both test conditions under isothermal and thermal cycling is three times per sample.



Both the APS and HVOF applied in this work were obtained from Flame Spray Technologies B.V., Duiven, the Netherlands, and using an MP-100 with robot manipulation of 6-axes ABB IRB2400/16. However, they use a different type of gun, whereas APS uses an F4-MB Plasma Gun with a 6 mm nozzle diameter, and HVOF uses a JP5000 Liquid Fuel Gun. The sample abbreviation of the TBC samples used in this work is listed in Table 2.



2.1. Isothermal Test


The samples were put into a furnace, which is kept at 150 °C and then a hot gas of 1400° C is flown over the sample continuously for 100 h. The specimens were then furnace cooled and removed once cooling was complete to prevent thermal shock.




2.2. Thermal Cycle Test


The tip of the flame was positioned in the middle of the specimen surface with the topcoat facing upwards. The rise of the specimen surface temperature was monitored through the temperature indicator shown in the control panel. When the temperature reached 1400 °C, the specimen was allowed to heat for five minutes. Upon that time, the cutting torch was shut off by closing the acetylene blowpipe valve, followed by closing the oxygen blowpipe valve. The pressurized air valve was then immediately opened to allow the specimens to cool down until reaching 100 °C. This entire process was counted as one cycle. The whole process was repeated for 5 cycles until the specimen failed. In other words, the thermal cycle test concluded when the condition of the specimen presented signs of failure. Figure 1 shows the process of TBC failure applying the thermal cycle test for (a) APS-bondcoat and (b) HVOF-bondcoat samples.




2.3. Characterization


The microstructural analysis was carried out using SEM equipped with EDS (JEOL JSM 6010 LA/LV, Universiti Tenaga Nasional, Kajang, Malaysia) and HRTEM (JEOL JEM-2100F, 200 kV, Universiti Putra Malaysia, Serdang, Malaysia) instruments. The thermal stability (phase analysis) and strain caused by thermal exposure were analyzed via HRTEM.




2.4. Sample Preparation for SEM and HRTEM


The specimens for SEM and HRTEM were prepared employing two steps: (1) cutting; and (2) grinding and polishing. Sample preparation for HRTEM was further conducted using in-situ FIB micromachining. The specimens were cross-sectioned to 20 mm × 5 mm × 5 mm to characterize using a manual milling machine and surface finishing process. Then rough grinding and polishing were conducted as showed in Figure S1. The FIB process included eight stages: (1) EDS mapping (location finding of the TBC interface with the topcoat, TGO, and bondcoat); (2) E-beam platinum deposition (to protect the top portion of the specimen and to mark the position of the target area); (3) I-beam platinum deposition (to protect the top part of the specimen and to mark the location of the target area); (4) bulk milling (high beam currents are used to mill large amounts of material away from the front and back of the region of interest); (5) J-cut (the bottom and right edge are cut free leaving just a small tab of material on the left side holding the lamellae); (6) lift-out (the easy lift needle is attached to the lamellae using Pt deposition, and the sample is lifted out of the bulk material); (7) mounting (lamellae is connected to the copper grid at 0° tilt), and (8) thinning (lamellae is thinned to < 100 nm). FIB process including all eight stages are shown in Figure S2.




2.5. Thermal Stability and Strain Measurement with HRTEM


The lamella obtained from FIB micromachining was observed through HRTEM. The thermal stability was examined by analyzing the phases of alumina in each area from the topcoat (near to TGO), TGO, and bondcoat (near to the TGO) through the lattice fringes.





3. Results


3.1. Microstructure and TGO Growth


Figure 2 shows the cracks and pores on the samples. At a high temperature of 1400 °C, the TGO layer of APS-bondcoat could not maintain a continuous TGO layer (Figure 3a,c,d) due to aluminum (Al) depletion and, consequently, forms more mixed oxide growth. On the other hand, the HVOF-bondcoat (Figure 3b,e) developed a continuous TGO, given it suffered less oxidation with thinner TGO growth. The continuous TGO layer, in this case, protected the bondcoat from further oxidation to form harmful mixed oxides and consequently improving its durability. SEM/EDS semi-quantitative analysis showed that the TGO of both bondcoats samples consisted of mixed oxide (Ni(Al, Cr)2O4) and zirconia (Zr) with a low concentration of chromium (Cr). According to previous studies [30,31], the composition of Ni with 13–16 wt.% and Cr < 10wt.% indicates spinel nickel aluminate (NiAl2O4), which occurs when Al and Cr have been consumed continuously below the detection threshold. At a lower Cr concentration (Cr < 10 wt.%), Ni reacts with Al2O3|to produce NiAl2O4.



The high mixed oxide thickness ratio confirms a high amount of spinel in the TGO layer of APS-bondcoat (Figure 4 and Table 3). Additionally, Al2O3 thickness ratio refers to the percentage of alumina thickness vs. mixed oxide thickness within an entire TGO thickness.




3.2. Thermal Stability


Phase changes following the temperature change determine whether the TBC system is stable in high-temperature operations. Here, phase changes were analyzed from lattice fringes via TEM. The corresponding lattice interplanar distance, d of the specimens is summarized in Table 4. Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16 show the EDS mapping and HRTEM images of the samples. The as-sprayed coatings are composed of tetragonal zirconia (t-ZrO2) (111). No TGO growth is observed at the interface since TGO only tends to grow at high temperatures.





4. Discussion


The invasive oxygen diffusion is denoted by the formation of pores (Figure 2a). The reaction among Al, Cr, Al2O3, O, Ni, and Zr is expressed in Equation (1).


  2  [  Al  ]  + 2  [  Cr  ]  +      Al   2   O 3  + 9  [ O ]  +  [  Ni  ]  +  [  Zr  ]  →   Al  2   O 3  +   Cr  2   O 3  +   NiAl  2   O 4  +   ZrO  2   



(1)







The segmented layer of TGO with a higher mixed oxide ratio promoted crack propagation, with cracks appearing at the mixed oxide/TBC interface for both bondcoats (Figure 2). Although the TGO growth in HVOF consisted of an Al2O3 layer and some mixed oxide clusters, the mixed oxide clusters were somewhat limited. The Al2O3 layer was very stable, remaining uniform and dense up to 1079 cycles with fewer cracks. Interestingly, the vertical cracks from the top coat of HVOF did not further propagate into the TGO layer. On the other hand, cracks formed within the porous mixed oxide (NiAl2O4) layer of APS-bondcoat made it less resistant to crack propagation (Figure 2a). Sample A100h (Figure 2a) shows that it started to fail by TBC spallation, whereas the HVOF-samples remained intact with slower growth of mixed oxide from samples H1h-H1000c, in which H1080c failed at 1080 cycles.



As shown in Figure 10 and Figure 12, there was no phase change in the coating for A100h and H100h, as both remained as t-ZrO2 with (110) and (002) planes, respectively. However, it is worth highlighting that the La-Gd-YSZ could withstand the high temperature of 1400 °C until 300 h in conducting the oxidation test with an intact structure. Although phase changes were observed for the A10c (Figure 14) and H1080c (Figure 16), in which the samples failed. The tetragonal phase has been changed to cubic and monoclinic-ZrO2 for A10c (111) and H1080c (111), respectively; H1080c has both a tetragonal and monoclinic structure of ZrO2. The phase changes from tetragonal to cubic or monoclinic upon cooling leads to a volume change of the coating and failure [19].



Although both topcoats of A10c (Figure 14) and H1080c (Figure 16) changed phases, APS-bondcoat failed under 10 cycles of thermal cycling, and HVOF-bondcoat failed at 1080 cycles. For A10c, the TBC spalled-off from the bondcoat and failed at an early stage, whereas H1080c failed (delamination on the surface of the topcoat) (Figure 1a) with an intact structure of the topcoat and bondcoat. This result, therefore, indicates that the type of bondcoats plays a significant role, given this different type of failure is mainly due to the TGO growth and its content that causes high stress and consequently leads to phase changes in the TBC. Besides that, δ-Al2O3 (013) was seen in the bondcoat near the coating of the as-sprayed samples (Figure 6 and Figure 8) denoting an unstable polymorph of Al2O3 due to the low-temperature condition.



Additionally, significant TGO growth was observed in the samples belonging to APS-bondcoats. Here, inconsistent or segmented TGO was found in A10c (Figure 14) with high mixed oxide content such as spinel (NiAl2O4) and nickel (Ni). According to Mohd Zulkifli et al., an inconsistent TGO layer leads to the formation of a cluster of mixed oxides (due to Al depletion) that may deteriorate the durability of TBCs [32,33]. On the other hand, stable α-Al2O3 was found in A100h (Figure 10), which indicates that δ-Al2O3, which was observed in the as-sprayed sample (Figure 6 and Figure 8), had altered its phase rapidly to α-Al2O3.



Additionally, a small trace of continuous Cr layer was observed in A100h (Figure 10). Given that Cr2O3 is brittle [34], an oxide can be seen growing below the α-Al2O3. Similarly, a small amount of Ni trace was also observed. Here, the presence of Al, Cr Ni, and O caused spinel to form. The low Cr content causes Ni to react with Al2O3 and O2 to produce spinel, as expressed in Equation (2).


Al2O3 + [O] + Ni → NiAl2O4



(2)







Although the presence of Ni was found at the bottom of the TGO almost near the bondcoat in A100h, the detrimental NiO was not found in the TGO, given that the presence of NiO indicates complete depletion of Al and Cr, which may lead to invasive oxygen diffusion that may cause failure [35,36]. The result reveals that A100h is in the process of failing/already failing, given the mixture of spinel and α-Al2O3.



Nevertheless, sample A10c (Figure 14) shows a clear image of spallation (visible crack) between the topcoat and the TGO. However, the structure of TGO1 is very dark, given the high amount of spinel within the layer. The EDS reveals that it consists of a high amount of Ni and Cr and a low amount of Al without the presence of O. A thin layer in the top area of TGO1 is shown to exhibit more intense Cr with the area below having more intense Ni with a meager amount of Al.



The result confirms the depletion of Al in the first layer (TGO1) (Figure 14c) since Al has been consumed continuously to below the detection threshold and consists only of spinel (0.5 nm). On the other hand, TGO2 (Figure 14d) shows a high percentage of Al and O and a low percentage of Cr, and the lattice fringe confirmed α-Al2O3 in TGO2. As such, the results indicate that the phase had quickly changed to alpha-alumina. Moreover, NiO (0.2452 nm) was also found. When Al was depleted, NiO started to form due to the invasive Oxygen after the substantial growth of NiAl2O4 (TGO1), as shown in the following equation:


[Ni] + [O] → NiO



(3)







Here, the thick TGO consisting of harmful mixed oxides caused high stress at the interface of topcoat/TGO and led to spallation and failure.



Contrastingly, HVOF-bondcoats (H100h and H1080c) of thinner and a continuous dense TGO layer, which acts as a protective layer to inhibit the formation of detrimental mixed oxides [37]. Sample H100h (Figure 12) shows transient aluminas of meta-stable phases (η and θ) in the TGO layer without spinel structures. The first layer of TGO (TGO1) consists of δ and θ aluminas with the presence of a low concentration of Cr2O3, while the second layer, also with a low level of Cr2O3, consists of η-Al2O3 with large square-shaped grains. Typically, areas where Cr2O3 develops, phase changes occur in the stages from meta-stable to α-Al2O3 [38]. Likewise, the formation of a low concentration of Cr2O3 at an early stage of oxidation gives an epitaxial template for the TGO that promotes the kinetics of phase transformation (meta-stable phases) [38,39]. Furthermore, Cr2O3 at the initial stage of oxidation on the surface of the bondcoat occurs because Cr2O3 grows more quickly than Al2O3 under oxidation given the lattice mismatch between Cr2O3 and Ni is higher compared to the lattice mismatch between Al2O3|and Ni [40,41]. The third layer (area without Cr2O3) is composed of α-Al2O3 with smaller grains.



Subsequently, the stage by stage phase transformation observed in H100h (Figure 12) the three significant different layers might lead to volume shrinkage from δ to α [41]. Here, the change in volume of the first and second layers causes pores to form between TGO1/TGO2 [42,43], while the decrease in volume in TGO3 (due to smaller grains) is attributed to the growth of smaller equiaxed α-Al2O3 grains at the expense of larger square-shaped η-Al2O3 above it. Further to that, the grain boundaries between the delta and theta aluminas are seen. Dissimilar to the APS-bondcoat (A100h) (Figure 10), which changes quickly to α-Al2O3 with a mixture of spinel, H100h (Figure 12) composes of transient aluminas that change phases stages having three different significant layers from the top to bottom of the TGO.



The transient alumina phases in HVOF are due to the content of aluminum in the as-sprayed sample (Figure 8) being high. Here, more Al is present to react with Oxygen, and thus, more alumina with different phases is found in HVOF-bondcoats. The low percentage of mixed oxide in H100h (Figure 12) suggests that Ni has not changed into NiO or spinel. Here, the formation of transient aluminas has a slow growth rate of mixed oxide to form spinel. Hence, the dense TGO with stable α-Al2O3, transient aluminas, and Cr2O3 offer excellent protection to inhibit oxygen diffusion at the interface and make the H100h serve as a suitable TBC with an intact structure.



Likewise, H1080c (Figure 16) consists of two layers of TGO (TGO1) and (TGO2) in which the observed TGO has a consistent thickness throughout the sample. A stable, dense α-Al2O3|at the TGO near the topcoat (TGO1) was also observed; however, the layer below the TGO is composed of a spinel structure. Aside from that, a visible crack is seen in the topcoat approaching the TGO from the stress induced by the phase change from tetragonal to monoclinic. Although there is a long vertical crack above the TGO, the dense α-Al2O3|shielded the layer partially from the diffusion of Oxygen from the topcoat and thus, protected the TBC from spallation (between the topcoat and the substrate) and remained intact. However, H1080c failed, given the high thermal cycle that caused more significant stress in the topcoat due to the phase change (t-m ZrO2). Since the dense α-Al2O3|shielded the layer partially, there is still inward diffusion from the topcoat leading to the formation of a spinel structure at TGO2 (below dense α-Al2O3). Thus, it caused the rapid creation of α-Al2O3|without the presence of transient aluminas and rapid formation to spinel.



Therefore, the result confirms that HVOF takes a longer time to form spinel by first forming transitional aluminas. While the study suggests that the thermal cycle of ~1079 is the average threshold value for HVOF while APS bondcoat has a lower threshold to withstand a repetitive heating and cooling process to resist a cyclic load at 1400 °C.



Indeed, these spinels lack capability in antioxidation [44]. The main reason for the formation of mixed oxide is the depletion of Al in bondcoat [45]. Besides that, NiO found in A10c (Figure 14) is also one of the main reasons for high compressive stress leading to TBC failure. Here, NiO’s increased formation quickly induces a high rate of stress, which is also supported by [44], suggesting that the parabolic rate constant for NiO is typically three orders of magnitude higher than that of the protective α-Al2O3. Hence, the expansion of the TGO layer exerts additional tension to the topcoat. As such, cracks start to propagate into interface when the intensity of the tension exceeds the cohesive strength of the PYSZ lamella.




5. Conclusions


In this study, oxidation and thermal-cycling tests were conducted to determine the thermal stability via HRTEM. Four types of TGO layers were found, including α-Al2O3, α-Al2O3 mixed with Cr2O3, transient aluminas, and spinel. Spinel was the most undesirable oxide since it is brittle and porous, thereby demonstrating weak adhesion to topcoat, mainly found in APS-bondcoats. The TGO of α-Al2O3 had excellent bonding to the topcoat. Simultaneously, the transient aluminas also exhibited strong adherence as it assisted in the prevention of quick α-Al2O3 transformation and the fast growth of mixed oxides. In the area where Cr2O3 developed, the phase changed in stages from meta-stable to alpha-alumina, whereas an area without Cr2O3 changed the phase directly to alpha-alumina. However, in APS-bondcoats, the phase quickly changed to alpha-alumina without the presence of transient aluminas, although at the same time, there were spinel and other oxides.



Therefore, this work suggests that most of the aluminum in APS-bondcoats had already started to oxidize during spraying, whereas in HVOF, since the content of Al in the as-sprayed sample was high, there was more aluminum to react with Oxygen during the operation. Thus, alumina of different phases with a dense structure and without a mixture of nickel oxide/spinel was found in HVOF. Likewise, the APS-bondcoat having a high concentration of mixed oxide led to the TBC’s early spalling due to the high compressive stress present at the interface. Meanwhile, the HVOF failed only at 1080 cycles, which had a higher thermal cyclic lifetime than APS due to the repetitive heating and cooling process by the thermal cycle process, causing the phase transformation of undesired monoclinic-PYSZ, leading to high tensile stress. In order to release the strain energy, cracks were formed in the topcoat, leading to delamination. As such, the results suggest that HVOF-bondcoat has more outstanding durability than APS-bondcoat, and it is more suitable when using rare earth topcoats.
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Figure 1. Process of TBC failure by thermal cycle test for (a) HVOF and (b) APS bondcoats. 
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Figure 2. SEM micrographs of isothermal (a) A100h, and (b) H100h and thermal cyclic test (c) A5c, (d) A10c, and (e) H1080c. 
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Figure 3. Wide view image of SEM micrograph, of isothermal (a) A100h, and (b) H100h and thermal cyclic test (c) A5c, (d) A10c, and (e) H1080c. 
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Figure 4. Mixed oxide ratio of APS-bondcoat and HVOF-bondcoat. 
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Figure 5. Cross-sectional microstructure and the corresponding EDS mapping of sample, A. 
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Figure 6. TEM micrograph of (a) TGO cross-sectional of sample A with interplanar distance and diffraction patterns at (b) topcoat, and (c) bondcoat. 
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Figure 7. Cross-sectional microstructure and the corresponding EDS mapping of sample, H. 
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Figure 8. TEM micrograph of (a) TGO cross-sectional of sample H with interplanar distance and diffraction patterns at (b) topcoat, and (c) boncoat. 
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Figure 9. Cross-sectional microstructure and the corresponding EDS mapping of sample, A100h. 
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Figure 10. TEM micrograph of (a) TGO cross-sectional of sample A100h with interplanar distance and diffraction patterns at (b) topcoat, (c) TGO1, and (d) TGO2. 
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Figure 11. Cross-sectional microstructure and the corresponding EDS mapping of sample, H100h. 
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Figure 12. TEM micrograph of (a) TGO cross-sectional of sample H100h with interplanar distance and diffraction patterns at (b) topcoat, (c) TGO1, and (d) TGO2. 






Figure 12. TEM micrograph of (a) TGO cross-sectional of sample H100h with interplanar distance and diffraction patterns at (b) topcoat, (c) TGO1, and (d) TGO2.



[image: Coatings 10 01206 g012]







[image: Coatings 10 01206 g013 550] 





Figure 13. Cross-sectional microstructure and the corresponding EDS mapping of sample, A10c. 
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Figure 14. TEM micrograph of (a) TGO cross-sectional of sample A10c with interplanar distance and diffraction patterns at (b) topcoat, (c) TGO1, and (d) TGO2. 
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Figure 15. Cross-sectional microstructure and the corresponding EDS mapping of sample, H1080c. 
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Figure 16. TEM micrograph of (a) TGO cross-sectional of sample H1080c with interplanar distance and diffraction patterns at (b) topcoat, (c) TGO1, and (d) TGO2. 
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Table 1. Preparation parameters for APS and HVOF techniques.
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	Parameter
	Unit
	APS
	HVOF





	Arc Current
	Amps
	575
	-



	Primary plasma gas, Nitrogen
	NLPM
	35
	-



	Primary plasma gas, Oxygen
	NLPM
	-
	800



	Secondary plasma gas, Hydrogen
	NLPM
	10
	-



	Carrier gas, Argon
	NLPM
	3.0
	9.0



	Powder feed rate
	g/min
	55
	-



	Spraying distance
	mm
	90
	-



	Stirrer
	% of max speed
	80
	-



	Fuel (Kerosene)
	Litre/hour
	-
	18



	Disc rotation
	% of max speed
	-
	8.0
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Table 2. TBC sample abbreviations.
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Temperature (°C)

	
Hours /Cycles

	
APS

	
HVOF






	
As-applied

	
-

	
A

	
H




	
1400 (Isothermal test)

	
100 h

	
A100h

	
H100h




	
1400 (Thermal cyclic test)

	
5 Cycles

	
A5c

	
H5c




	
10 Cycles

	
A10c

	
H10c




	
1080 Cycles (Until failed)

	
-

	
H1080c
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Table 3. Mixed oxides ratio of APS-bondcoat and HVOF-bondcoat.
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Tests

	

	
Al2O3 Thickness Ratio (%)

	
Mixed Oxide Ratio (%)




	
Samples

	
1

	
2

	
3

	
Average

	
1

	
2

	
3

	
Average






	
Isothermal

	
APS

	
19.40

	
21.89

	
20.90

	
20.73

	
1.32

	
0.32

	
0.43

	
0.69




	
APS-100

	
29.17

	
33.21

	
31.20

	
31.19

	
6.34

	
7.67

	
6.93

	
6.98




	
Thermal cycle

	
APS-5

	
43.22

	
44.51

	
42.56

	
43.43

	
21.34

	
19.23

	
23.45

	
21.34




	
APS-10

(failed)

	
58.38

	
61.54

	
63.45

	
61.12

	
25.34

	
26.72

	
24.36

	
25.47




	
Isothermal

	
HVOF

	
10.65

	
12.34

	
11.54

	
11.51

	
1.18

	
1.83

	
1.96

	
1.66




	
HVOF-100

	
24.32

	
26.74

	
25.62

	
25.56

	
4.43

	
4.56

	
4.55

	
4.51




	
Thermal cycle

	
HVOF-5

	
29.45

	
30.71

	
35.81

	
31.99

	
7.82

	
8.26

	
9.34

	
8.47




	
HVOF-10

	
38.94

	
39.68

	
38.77

	
39.13

	
10.34

	
11.28

	
11.54

	
11.05




	
HVOF-1080

(failed)

	
51.12

	
50.36

	
49.72

	
50.40

	
14.65

	
14.82

	
14.10

	
14.52
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Table 4. Lattice fringes of HRTEM with corresponding phases.
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	Sample
	Topcoat
	TGO
	Bondcoat





	A
	0.2988—t-ZrO2 (111)
	-
	0.361—Cr2O3 (012)

0.43 nm—δ Al2O3|(013)



	H
	0.2902—t-ZrO2 (112)
	-
	0.427 nm—δ Al2O3|(013)



	A100h
	0.2498—t-ZrO2 (110)
	0.258—ZrO2 (002)|0.348—α Al2O3|(012)

0.2096—α Al2O3|(113)

0.484—Spinel (110)

0.5—spinel

0.2095—Ni|(111)
	-



	H100h
	0.258—t-ZrO2 (002)
	0.438—δ Al2O3 (013)|0.451—θ Al2O3|(102)

0.245—δ Al2O3|(311)

0.234—α Al2O3(110)
	-



	A10c
	0.266—c-ZrO2 (111)
	0.5—Spinel

0.2—α Al2O3|(113)

0.4842—Spinel|0.2452—NiO (111)
	-



	H1080c
	0.3148—m-ZrO2|(111)
	0.2905—c-ZrO2|(111)|0.2338—α Al2O3|(110)

0.4919—spinel (110)
	-
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