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Abstract


Beneficial properties achieved by nanostructuring effects in materials have generated tremendous interests in applications in surface engineering, especially in thermal barrier coatings (TBC). Limitations in conventional TBC processing for gas turbines and aero-propulsion systems have been exposed during past decades when rapid progress was made in nano-structuring coating research and developments. The present work is a comprehensive review of the current state of progress in nanostructured TBC (Ntbc) in reference to its microstructure, damage progression, failure mechanisms and a wide range of properties. The review aims to address the comparative performance analysis between the nanostructured and conventional (microstructured) 6–8 wt.% yttrium stabilized zirconia (YSZ) TBC systems. Oxidation resistance and sintering behavior in two TBCs are considered as the central focus of discussion. A few schematics are used to represent major microstructural features and failure progression. A performance analysis is performed for standard 2-layer, as well as functionally graded multilayer, TBC systems. A comparison of TBC characteristics processed by plasma spray and vapor deposition techniques is also made as reference. Compared to the sea of R&D efforts made for conventional TBC (Ctbc), limited experimental studies on Ntbc offers conflicting data, and prediction modeling and computational research are scarce.
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1. Introduction


Economic gain and environment protection are two main drives that are in constant demand for substantial increase in the efficiency of industrial gas turbines and aero-propulsion systems. An increase in turbine inlet gas temperature (TIT) has proven to be the most-effective solution to achieve higher efficiency in gas turbines. However, the nickel-based superalloys commonly employed for turbine blades and vanes have a relatively lower melting point compared to ceramics. The superalloys are favored because of a number of desired mechanical properties, e.g., creep and fatigue strength and fracture toughness, though the oxidation and corrosion problems at high temperature are of great concern. The past few decades have seen widespread developments and applications of thermal barrier coatings (TBC) on gas turbine hot section hardware surfaces to reduce the heat flux and allow higher TIT [1,2,3,4]. TBCs have been well accepted as vital components for hot hardware in aeroengines and power turbines. Typical TBC-coated hardware for enhanced thermal insulation, environmental protection and life include blades, vanes, combustion liners, shrouds, transition ducts, etc. [5,6].



Partially stabilized 7%–8% YSZ TBC has been accepted as the industrial standard in gas turbine engines. Tetragonal zirconia in a metastable phase (t’-ZrO2) is considered ideal due to its low intrinsic thermal conductivity (~2.5 W/mK) and high fracture toughness (~3 MPa m1/2) [7,8,9]. This phase has a very slow transformation kinetics to the cubic and/or tetragonal phase up to 1200 °C and offers a long stable service life [5,10,11]. TBCs significantly reduce heat transfer from the hot gas to the metallic surface, reducing the surface temperature by 150 to 200 °C. With internal cooling channels on other side of substrate, higher temperature gradients up to 300 °C can be expected. Low thermal conductivity, high thermal expansion coefficients close to that of Ni-superalloy, phase stability and stability under thermal cycling, and low density are the most favorable properties for YSZ TBC systems. The thermal insulation effect of TBCs allows higher TIT into GTE, increasing both thermal efficiency and performance, reducing CO2 emission and fuel economy by around 8% to 15% [12,13,14].



The layered structure and layer interface profiles of a standard TBC system is displayed in Figure 1 and Figure 2. A schematic illustration of the microstructures of the top coat and different layers is shown in Figure 1a,b, while the SEM images of the layers after different thermal cycles are displayed in Figure 2a–d. Bond coat (BC) provides oxidation resistance and better adhesion [14,15,16]. BC also serves as a reservoir for aluminum, which combines with oxygen diffusing through porous TC to form oxidation-resistant alumina (α-Al2O3) at the BC–TC interface layer. α-Al2O3 is a reaction product of a TBC system during thermal exposure over time and is known as a thermally grown oxide (TGO) layer. The TGO formation rate at the interface between the BC and TC slows down with thermal exposure as Al supply declines. The TGO layer insulates as well as protects the substrate and BC from further oxidation. However, the constituents of BC depend on the applications of TBC, namely requirements for strength, oxidation resistance, durability, etc. TBCs are required to continue over a long operating life under harsh environments, e.g., thermal shock, corrosion, oxidation, erosion, etc. [12,13]. In spite of the beneficial effects of thin, dense TGO formation, its growth involves volume expansion and thus generates considerable residual stresses in TBC system. With the growth of TGO under thermal exposure, TGO layer thickness increases and the top ceramic layer undergoes degradation, causing the spallation of TC eventually [14,15,16].



Recently, a good number of potential advanced TBC materials have been proposed such as pyrochlore-structured La2Zr2O7, fluorite-structured La2Ce2O7, magnetoplumbite-type LnMgAl11O19 (Ln: La, Gd, Nd et al.) and perovskite-type BaZrO3 or SrZrO3 [17,18,19,20,21,22,23,24,25]. Novel ceramics like gadolinium zirconate (GdZ, Gd2Zr2O7) are promising candidates because of lower thermal conductivity, better sintering ability, higher melting point and phase stability. Despite these attractive properties, GdZ with a pyrochlore structure has a lower fracture toughness value of around 1 MPa·m1/2 as compared to that of YSZ (4 MPa·m1/2) and exhibits poor thermal cyclic durability [26,27,28]. Lanthanum zirconate (LaZ, La2Zr2O7) is another pyrochlore ceramic material consisting of the ZrO6 octahedra and La3+ ions at vacancies at the La3+, Zr4+ and O2− [29]. LaZ has high sintering resistance up to its melting point. The elastic modulus of LaZ is around 175 GPa. Low thermal expansion coefficient and poor toughness are the main factors that contribute to lower thermal cycling life. The thermal cycling life of GdZ and LaZ can be improved by incorporating a multi-layer system. The concept of the functionally graded material (FGM) has been well researched over the past decade to substitute for conventional 2-layer TBCs [28,29,30,31,32]. Besides FGMs, advancements with innovative concepts have progressed as an alternative solution to conventional APS TBC processing such as segmented crack coating [33] and suspension precursor coatings [34]. In hybrid-type multilayer TBC architectures, combinations of YSZ with pyrochlore LaZ and GdZ structures have shown promising results. LaZ coating exhibits a better bond coat oxidation resistance than YSZ. They also provide an effective protection from calcium magnesium alumino silicate (CMAS) attack and volcanic ash [29].



A different processing route, namely nanostructuring of standard TBC materials, has generated tremendous interests in industry and academia recently. Nanostructured thermal barrier coatings (Ntbc) have exhibited superior thermal insulation effect, strain compliance, low thermal conductivity and good thermomechanical properties over conventional TBCs (Ctbc) [17,35,36,37,38,39,40]. Nanotechnology has been successfully applied to modify the microstructure with porosity control in 7%–8% YSZ TBC. A large number of controlling features are associated with the behavior of plasma-sprayed TBC systems, namely porosity (volume, micro- and nano size), microcracks (size, morphology), voids and discontinuities, and grain size. A bimodal structure with a controlled porosity level is derived in plasma-sprayed Ntbc from the partial melting of agglomerated nanostructured particles [36]. The bimodal distribution of the mechanical properties results from a bimodal microstructure in Ntbc. A number of striking and beneficial differences can be achieved in Ntbc with respect to microstructures, physical, mechanical and thermo-mechanical properties, and durability as compared to those exhibited by Ctbc. The present work is a comprehensive review of the current state of research progress and development with nanostructured thermal barrier coatings (Ntbc) and remaining challenges. A comparative and critical analysis of the microstructures, including defects and a wide range of properties, aims to address the differences in damage and failure mechanisms between Ntbc and Ctbc systems. The work is confined to 6–8 wt.% YSZ TBC system, though nanostructuring effects in other functional coating and functionally graded systems are reported in the literature.




2. TBC Systems


The two-layered TBC system has remained the most-researched and most-popular system in power industries over the past few decades. This system is designed with an intermetallic bond coat (BC) layer with composition of MCrAlY (M being Ni, Cr and/or Co) in between the top coat (TC) and the metallic substrate, as illustrated in Figure 1 and Figure 2. MCrAlY overlay coating is also applied in other coating types, such as aluminized, Pt- modified aluminized and Pt-diffusion coatings. However, this review work focuses on MCrAlY- 6%–8% YSZ coating system only. R&D for a new generation of TBCs exhibiting improved performance in terms of insulation effects, durability and reliability has always remained a challenge, as traditional TBCs cannot always meet ever-increasing industrial demand. TBCs with low thermal conductivity, high thermal stability, excellent mechanical properties and longer life call for more in-depth research.



2.1. TBC Requirements


Key requirements in TBCs that form the basis of performance assessment are listed here. The comparative analysis and discussions in the following sections will be based on these parameters to comprehend the improvements and shortcomings in Ntbc and Ctbc systems [25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42].



	(1)

	
low thermal conductivity




	(2)

	
strong phase stability




	(3)

	
high resistance to sintering




	(4)

	
ability to operate in an oxidizing environment and resistance to oxidation




	(5)

	
resistance to thermal cycling and thermal shock




	(6)

	
chemical compatibility with the underlying metal and TGO




	(7)

	
high-temperature corrosion resistance




	(8)

	
strain compliance




	(9)

	
ability to reflect radiant heat from the hot gas




	(10)

	
longer durability




	(11)

	
higher adhesive strength and thermal insulation [42,43,44,45].








2.2. TBC Processing


A number of methods are developed to process conventional TBC and the major techniques include atmospheric plasma spraying (APS), electron beam-physical vapor deposition (EB-PVD), plasma spraying-physical vapor deposition (PS-PVD) and liquid feedstock plasma spray (LFPS). LFPS involves the deposition of ultrafine droplets of suspensions or solution precursors (typically nano- to sub-micron size) and permits the production of coatings with unique microstructures. Suspension plasma spraying (SPS) and solution precursor plasma spraying (SPPS) are two main variants of LFPS [41,42,43,44].



The APS process involves the injection of a powder into a plasma jet released by a plasma torch. Powders get accelerated, heated and melted inside the plasma jet and finally impacted onto the substrate. The sudden deceleration of the droplets causes pressure to build-up and forces the liquid to flow laterally. A lamellar microstructure is obtained by stacking splats during deposition, as illustrated schematically in Figure 1a. In the EB-PVD process, a high-energy electron beam melts and evaporates feedstock in a vacuum chamber, and the vapor then deposits onto a preheated substrate. Due to the vapor phase condensation and shadowing effect, columnar, quasi-single-crystal structured TBCs are formed [44]. The EBPVD microstructure is schematically represented in Figure 1b. The APS process enjoys great popularity due to its simplicity, low cost and high efficiency. Major differences in structure and characteristics of Ctbc processed by two most-popular methods, APS and EBPVD, are listed in Table 1. The performance of nanostructured TBC is discussed in later sections in reference to Table 1. APS-treated nano and conventional TBCs will remain at the center of all discussions and comparisons. As micron-sized feedstock is commonly used in conventional TBC, it is also referred as micron TBC as opposed to nano TBC. For clarifications, Figure 1 and Figure 2 display typical microstructures of different classes of 2-layer TBCs as explained earlier. Figure 1a–c shows the schematics highlighting all essential features, while Figure 2 shows the SEM images.





3. Nanostructured TBC


Nanostructuring effects in materials become significant with grain sizes less than 100 nanometers (nm) and are present in at least one orientation. The effects tend to exhibit unusual properties enhancing performance as compared to micron-size grain structured materials [54,55,56,57,58,59,60,61]. Nanoceramics demonstrated higher hardness and fracture toughness along with lower ductility and elastic modulus when compared to conventional ones. The last two decades have witnessed tremendous interests in the applications of nanostructuring technique in the areas of materials surface and coating. Numerous systematic studies have been undertaken to qualify and quantify the beneficial effects of nanostructured coatings over their conventional counterparts [57,58,59,60,61,62,63,64,65,66,67]. Special interests developed in the area of thermal barrier coatings in recent time to achieve superior performance in terms of thermal insulation, durability, strength and toughness than what are exhibited by conventional-grade TBC.



Nano-Processing


Two challenges were initially encountered in developing nanostructured TBCs deploying the conventional APS technique. The first issue was with the use of nano-size feedstock powders. Due to the low mass and high specific area of powders, inadequate inertia prevented them from being carried away with the plasma stream and deposited over the substrate. The nano-powder needs to be pre-synthesized to micron-sized agglomerates by spray-drying and partially sintering into micron-sized particles [12,59,60,61,62,63]. Secondly, in order to maintain the nanoscale effects in the coating, the conventional feedstock melting and solidification of droplets on substrate needed the modification of the APS process. The partial melting of the agglomerated particles by controlling the spray processing allows a bimodal coating structure in the as-sprayed condition. The coating results in a mixed bimodal structure consisting of micron-sized columnar grains and unmelted nanogranules [63,64]. The physical characteristics and thermomechanical response of the nanocoatings can be suitably modified by controlling the structure i.e., the size and distribution of the fully melted and resolidified micro region and partially melted nano regions [12]. In other words, during coating formation, the spray deposition of fully and partially molten particles proceeds and is followed by lateral spread, solidification and fast cooling [64,65,66]. Fully molten particle agglomerates give rise to lamellar shape (or lamellar zones), while semi-molten particles preserve the nanostructure (or nanozones). The density and grain size of the powders, in combination with the controlled spraying variables, determine the quality of the nanostructured coating.



The overall performance of TBC also depends on the BC quality, and it was reported earlier that the nanostructured cold-plasma-sprayed BC facilitates the formation of uniform oxide growth on its top [62,65,66]. Likewise, the relatively low elastic properties of Ntbc accommodate large strain for better stability and longer life. The bimodal features of YSZ partially stabilized zirconia nano-coatings with randomly distributed ummelted nano-particles as discussed offer better thermal insulation, reduced thermal conductivity, higher thermal expansion coefficients and thermal cycling life as compared to conventional TBCs [12,22,35,65,66,67,68,69,70,71,72,73,74,75,76,77]. In order to achieve significant nano-structuring effects in TBC, a wide distribution of nano-feedstock powder sizes offers a higher proportion of nano-zones. The following sections focus on a comparative analysis of Ntbc and Ctbc systems, considering a wide spectrum of characteristics, namely properties, microstructure, defects, sintering behavior, damage evolution, failure mechanism(s) and lifetime.





4. Microstructure


A great deal of studies devoted to microstructures in TBCs encompass its evolution, features and control. TBC performance is dictated by its properties, which largely depend on the underlying microstructure associated with various defects. A comparative analysis of microstructures in differently treated conditions is made in this section for both Ntbc and Ctbc systems. However, the Ntbc microstructure is discussed in greater details than the Ctbc structure. Significant microstructural features for the analysis and their measurements include



	(a)

	
phase composition of nanostructured zirconia powder as well as coatings measured by X-ray diffractometer




	(b)

	
morphology and the microstructure of powder feedstock and as-sprayed YSZ coatings measured by SEM.




	(c)

	
area fraction of molten and semi-molten areas and distribution obtained by image analysis of SEM images.







In TBCs, other microstructural features and effects of significance include porosity, microcracking, segmentation, residual stress control and post-spray thermal treatment [78,79,80,81,82,83,84,85,86,87,88].



4.1. Ctbc Microstructure


Ctbc 8YSZ coating microstructure is mainly composed of lamellar microstructure following the solidification of molten feedstock. In addition, Ctbc contains coarse cracks and pores. Essentially, the extent of melting in 8YSZ feedstocks is full and sufficient because of higher power, while melting is only partial in nanostructured 8YSZ feedstock. Conventional 8YSZ coatings can be regarded as fully molten lamellae, while nanostructured 8YSZ coatings demonstrate bi-modal microstructure [80]. A SEM study confirms that horizontal cracks in the form of a typical splat-on-splat structure characteristic of APS were observed in Ctbc [86]. In contrast, many more pinholes and microcracks can be observed in the conventional YSZ coating after air plasma spraying. In Ctbc, coarse porosities evolve from the incomplete melting of particles, pores arising out of the flattening of splats, gas entrapment and large pores associated with lamellar micro cracking.




4.2. Bimodal Ntbc


The microstructural features of Ntbc and their characteristics are first discussed. Nanostructured YSZ TBC is characterized by a bimodal microstructure as mentioned in an earlier section. The major components of as-sprayed microstructures of Ntbc by air plasma spray (APS) comprised [3,12,56,70,78,80]:




	(i)

	
Completely molten and resolidified YSZ particles with microcolumnar grain structure (matrix);




	(ii)

	
Partially molten porous nano size YSZ agglomerates (nanozones) that were embedded in the coating matrix;




	(iii)

	
A small fraction of unmelted particles.









Other features of bimodal microstructure include splats, microcracks and high-volume spheroidal pores. The nanozones are formed from porous nanostructured feedstock, which is partially melted (or unmelted) during plasma travel and deposition in the APS process. The structure is a porous one and offers excellent thermal insulation effect [12,56,60,61,62]. Partial melting helps developing porosities due to cluster agglomeration that acts as a barrier against heat transfer from the plasma jet to the inner core of the feedstock [12,81,82,83]. The porosity in the coating plays a marked role in controlling properties, and the porosity content in TBC depends on the extent of melting during spray deposition. Porosity is also present in the nanostructured bond coat. Additionally, the as-sprayed coating of Ntbc also contains a thin and uniform layer of alumina oxide. Nano feedstock has a smooth surface compared to conventional feedstock, which accounts for good flowability. In Ntbc, nano-zones are porous, and the feedstock is composed of nano-agglomeration. The internal structure of nanostructured 8YSZ feedstocks is compact, while it is porous for conventional 8YSZ feedstocks. [80]. SEM images confirmed a relatively dense structure with a majority of the cracks oriented in the vertical direction in the as-sprayed microstructures of nano TBC [12,81,82,83,84,86]. Narrow particle-size distribution in Ntbc is attributed to a denser structure.



4.2.1. Trimodal Structure


As opposed to the bimodal structure in Ntbc, the Ntbc microstructure has been described as trimodal to be more specific. [58,67,85]. The trimodal distribution consists of (a) laminar layers with columnar grains that are surrounded by (b) the semi-melted parts of the nanostructured powders and (c) some equiaxed grains at splat boundaries due to uniform nucleation (micro- and nanosized grains). Columnar grains form at splat boundaries due to heterogeneous nucleation and tend to be oriented along the direction of grain growth. Typically, columnar grain size ranges over 50 to 300 nm [80]. Nanostructured YSZ coating includes fewer pores, voids and microcracks because of the compactness of the nanostructure. In the nanostructured YSZ coating, the inhomogeneities and interconnected pores are relatively fewer and the existence of nanozones (containing nanoporosities and nanoparticles) in the nano-YSZ coating act as a strong barrier for oxygen infiltration into the TBC at elevated temperatures. Fewer pinholes or microcracks in the YSZ layer will result in lower oxygen penetration into TC at elevated temperatures [65,66,85].




4.2.2. Nanozone


Nanozones play a very active role in the overall improved performance of Ntbc. Nanozones refer to unmelted/partially melted powders within a coating. The structure of this zone resembles primary agglomerated nanostructured YSZ powders. This zone is filled with a large number of nano grains. Nanozones are able to arrest crack generation and propagations into the molten phase. Microcracking, as promoted by the thermal stress due to thermal expansion mismatch, is detrimental for any material. Nanozones help in enhancing fracture toughness and in turn offer resistance to thermal shock and more durability [36,59,86]. A controlled degree of the melting of nanostructured feedback controls the extent of nanozones in Ntbc and the porosity level. The increased compliance capability of the nanostructured coating and consequently, its better performance during thermal exposure is because of the extra source of porosity associated with the nanozones [84]. The percentage of nanozones embedded in the coating structure ranges from 20%–35%, with the majority of reports citing closer to 25% [12,55,69]. A high number of nanozones % (30–40) is recommended for abradable coatings, while a lower portion of nanozone (20%) content is preferable for TBC with low thermal conductivity, high structural integrity and resistance to the infiltration of oxygen and molten salts in severe working environments. The nanostructured areas with a low sintering rate is preferred to counteract the high-temperature densification of YSZ coatings [59].




4.2.3. Controlled Melting


The two most influential thermal spray parameters capable of controlling the melting process and the resulting nano-micro-structures in TBC processing are described earlier as plasma power and spray distance. The discussion was in the context of influencing elastic modulus and hardness in TBCs. The degree of melting is strongly related to the temperature distribution in the plasma jet and heat transfer to the porous agglomerates. Bimodal or trimodal structures of Ntbc coatings are composed of well-melted splats and partially melted/unmelted nanostructured areas [36]. The nanostructured areas are composed of loosely bound nanostructured particles with a size of around 100 nm. During processing, the hot plasma gas penetrates inside the agglomerated particles of the powder feedstock, melting their surface, while the core remains unmelted. The particle size is able to maintain nano range without grain growth because of the fast quenching of the splats, short travel time in the plasma jet and little heat transfer due to porosity. An increase of plasma current promoted the increase of the particle temperature, improving the melting degree and the density of the coatings. At constant spraying distance, better melting of particle agglomerates occurs with the plasma current increasing and so the nanozone areas and this effect promotes denser nanostructured coatings. On the other hand, at constant plasma power and with increasing spray distance, more melting can be expected because of longer travel time in the plasma jet, resulting in higher deposition efficiency and coating thickness [36]. The extent of melting finally determines the distribution of nanostructured areas, density and mechanical integrity of the coating. An optimum combination of spray parameters is essential, especially with respect to plasma current and torch-to-substrate distance.




4.2.4. Submicron vs. Nano Coating


The effects of particle-size distribution on the microstructural evolution in Ntbc, considering a submicron grain size of 150 to 580 nm and a nano grain size of 20 to 60 nm, was addressed by Y. Wang et al. [54]. The as-sprayed microstructure of the submicron coating is composed of lamellae structure and columnar grains within lamellas, inter-splat pores and cracks. The nanocoating microstructure on the other hand revealed loosely distributed unmelted particles maintaining the nanostructure of the feedstock in the recrystallization zone (splats). The fraction of unmelted particles in the nanocoating was rather small and around 13.3%, compared to the melted and resolidified columnar grains. The porosity content in both the submicron and nano coatings were found to be nearly similar, though the microcrack % was slightly higher. The submicron coating formed was dense and irregular. The as-sprayed nanostructured TBC microstructure with zirconia powders of 15 nm on stainless steel substrate showed molten (around 30%) and non-molten phases (around 70%). The non-molten phase appeared to be very loose, and the micro-pores between the micro-particles have sizes similar to those of nano-particles. The TEM image presents the grain size of the non-molten phase coating consisting of fine grains with sizes ranging mainly from 30 to 45 nm [68].





4.3. Porosity


Porosity, unmelted or partially melted particles and cracks are considered the intrinsic defects in Ntbc systems. The evolution of the porosity in the microstructure of TBCs is a natural phenomenon, and their size, shape and distribution play a significant role in controlling the behavior of the coatings. Porosity can have both beneficial and detrimental effects on performance, depending on the functionality of a TBC. The porosity level in microstructures is analyzed from SEM images by image analysis software. Porosities in TBCs processed under thermal spraying can be grouped as fine, with a size range of a hundred nanometers, and as coarse, with a size range of tens of microns [17]. However, in a nanostructured coating, besides these porosities, pores also occur inside nanozones. The trimodal distribution of pores during exposure at high temperature of TBCs helps increase durability under thermal shock and decrease the thermal diffusivity and elastic modulus of TBCs [12,17]. The volume % distribution of porosity in sintered Ntbc structure is displayed in Figure 3. A range of 10% to 25% porosity can be expected in sintered Ntbc that can exert a large influence on its behavior. The trend becomes steady within 50 h of thermal exposure.




4.4. Influence of Thermal Exposure


Limited studies on the sintering effect on porosity demonstrated that the densification process reduces the porosity level significantly due to sintering in both TBCs. Figure 3 demonstrates the trend in changing the porosity level in both TBCs because of the sintering effect. A not very orderly or consistent trend may be noticed. However, a generic tend shows that porosity tends to drop initially at a fast rate and then increase later at a much slower rate. This effect tends to increase the EM.



Thermal conductivity affects the strain tolerance behavior as discussed before [14]. In Ctbc, the drop in the porosity level reaches around 30% (from 16.2 to 11.4) over the first 200 h of thermal exposure at 1100 °C, followed by around a 10% drop over the next 400 h to a value of 10.2. In Ntbc, the densification kinetics is very high in the beginning, with a 54% drop in the porosity level within the first 100 h of sintering (10.9% to 5% porosity); thereafter the increase was small [14]. The densification response of two zones, i.e., nanozones and resolidified splats during sintering, appear to be quite different. Nanozones experience higher shrinkage during the sintering process and tend to open up pores and also increase the size of crack-like discontinuities present. The behavior of Ntbc towards the sintering due to thermal exposure is different from the Ctbc, as the porosity level is reduced first and then enhanced slightly. A continuous increase in the porosity level in nanostructured YSZ coatings is demonstrated when aged at 1400 °C. A comparison also revealed that the porosity content in Ntbc is 1.8 times larger than that of a conventional YSZ coating after 20 h of aging [10]. After 20 h at 1400 °C, the coarse porosity level of the nanostructured coating was 3.5 times higher than that of the conventional one.





5. Thermo-Mechanical Properties


A wide variety of factors involving thermal spray processing conditions, nano-micro feedstock powders and size distributions result in a wide range of microstructures and properties in TBCs [68]. The thermal and mechanical responses exhibited by both Ntbc and Ctbc microstructures under the influence of different heat treatments and thermal exposures are presented, analyzed and discussed in following sections.



5.1. Elastic Modulus and Hardness


Elastic modulus (EM) is of prime significance in the design of TBC system for hot turbine section components. For comparison and contrast, EM data for Ntbc and Ctbc systems are compiled from several sources, and Figure 4 displays the changes in EM as a function of thermal exposure. A few different trends, wide scattering and several inconsistencies in EM are observed and discussed here. The trend and the changes in general in EM of as-sprayed TBCs can be broadly divided into two stages, firstly, a short duration within 10 to 20 h when a steep hike in El takes place, and, secondly, a long period beyond the first stage when EM changes at a much slower rate and/or becomes nearly steady and constant. The first stage results from the accelerated sintering effect when large microstructural changes occur due to high driving force. In the second stage, the sintering effects gradually decline with time. However, in the second stage, various lines show positive, negative and first-positive-followed-by-negative slopes, as may be seen in Figure 4. Indentation measurements confirmed that the nanostructuring effects are maintained in the first stage and that a further increase in EM is caused by the densification of the structures in Ntbc [68]. In general, the Ntbc exhibits higher EM than Ctbc, though the opposite behavior may also be seen. Two lines showing negative slopes over 200 h are presented as straight lines due to a lack of data and may be somewhat misleading [20]. But there is a loss in EM compared to as-sprayed values due to sintering. However, a trend in EM showing a positive slope initially, followed by a negative slope, appears to be more logical for both TBC systems. The peak value of EM is closely associated with the saturated nano-micro-structured conditions. The changes in the values of El have been justified relating to various microstructural features.



A different measurement method based on density, porosity and elastic wave propagation through TBC indicated much lower EM for Ntbc than the same for Ctbc [12], as shown in Figure 4. Lower density and wave velocity for Ntbc justifies a lower value after 20 h of thermal exposure at 1400 °C. There are a number of interacting microstructural features that control the stiffness and hardness and that are responsible for higher oxidation resistance in Ntbc. These are TGO growth and spinel formation, increased density of microcracks, pore healing, densification, interlocking between splats [20]. Tendency to spinel formation in Ntbc is much lower than Ctbc.



Hardness (Hd) measurements demonstrated a sharp increase in the first stage of the sintering of Ntbc at 1200 °C, as EM shows around 40% increase within 10 h of thermal cycling, followed by additional 20% increase in the second stage over 190 h [68]. The same study indicated around 100% increase in EM in 7 wt.% Ntbc within 10 h, followed by only around 10% additional increase in next 500 h of thermal cycling at 1200 °C [55]. This behavior is shown in Figure 4. Both Hd. and EM in Ntbc results from the contributions of two phases, namely molten and non-/semi-molten phases. However, the net contribution of the non-/semi-molten part is relatively lower, as their proportion is lower. In addition, the EM and Hd. values of this phase are lower than the EM and Hd. Of non-semi molten phase as shown in Table 2. EM and Hd. data obtained for Ntbc show a bimodal distribution in their weibull plots, indicating the presence of two phases that are described as molten and non-molten. However, the weibull distribution is also lost due to healing effects with continued exposure [68].



5.1.1. Spray Parameters


Effects of spraying parameters on the nanomechanical properties are of practical importance. Spraying distance and plasma current are considered to be most influential during processing [36,65]. Mechanical properties tend to increase with increasing the plasma current and the spraying distance. Increasing the plasma current at constant spraying distance results in an average increase in EM is reported to be 9% and 30%, and the increase in hardness is around 13% and 60% as the structural transition occurs from nanoscale to microscale. The influence of the spraying distance is relatively less prominent. At a constant current value, for increasing values of torch–substrate distance, an average increase of 4% and 7% for EM and 3% and 34% for Hd. was reported due to the nanoscale-to-microscale change. Additionally, in the bimodal structure, the melted phase is characterized by higher stiffness and hardness in comparison with the partially melted area. The uncertainties associated with the values of the EM and Hd. of two Ntbc lie with the spray conditions. Additional uncertainty in EM and Hd. arises from the complexity of nano-structures, as shown in Table 2. The mechanical properties of two zones comprising the Ntbc involve a wide scattering in data, especially in the partially melted zone. The EM and Hd. values of the partially melted zone are substantially lower than the values for the melted/resolidified zone.



An increase of plasma power and spraying distance was able to produce denser coatings, with lower content of embedded nanostructures, which exhibited higher elastic modulus and hardness, as well as a lower wear rate [36].




5.1.2. Bimodal Distribution


EM and Hd. data for Ntbc follows a bimodal distribution, as represented by a weibull distribution with shape and scale parameters [88]. This is reported to be both for the melted and unmelted zones in the bimodal structure. However, EM and Hd. tend to exhibit lower values with increases in the indentation load, as a higher load involves greater volume with microstructural defects. The distribution and the scale-shape coefficients are useful for the prediction of properties. Lower values of Hd. or EM reflects the mechanical behavior of the partially molten/unmelted zone, as this zone is characterized by lower values and greater data scattering, as may be seen from Table 2. At a constant spray distance, increases in the plasma current increases the slope of the regression line with the increase of the melted zone of the sprayed feedstock. At a constant current level, the increase of the spray distance produces a different trend, which is consistent with the area fractions of the nanostructured area.





5.2. Bonding Strength


Bonding strength (BS) in nanocrystalline TBC (Ntbc) is reported to be higher than the micro-columnar grain TBC. Average bonding strength values are reported to be 42 ± 4 and 37 ± 3 MPa for Ntbc and Ctbc, respectively, from one source [20], while these are 42.05 and 23.65 MPa as reported by another source [27]. The Ntbc data from two sources are consistent, though there is a large difference for Ctbc. This difference has been attributed to the presence and distribution of cracks and their propagation path through the coating microstructure [59]. Cracks tend to find an easy and weak path to travel along splat boundaries in both the microstructures. However, in the Ntbc system, the splat boundaries are filled with nonmolten particles and nanozones that offer resistance to crack arrest and deflection. In the other case, in the absence of these obstacles, resistance is less in Ctbc and so is the bonding strength [89,90,91]. Crack propagation in bimodal structure is prevented by splat boundaries and unmelted particles, thereby improving the bonding strength. It is worth noting here that bonding strength in nanocrystalline titania coating is reported to be 2.4 times higher and 1.8 times higher for nanocrystalline alumina-titania coating as compared to their conventional counterparts. Inconsistency in BS values measured by ASTM tension method may be noticed as the measured bonding strength values is reported to be 8.9 ± 0.6 MPa and 6.7 ± 0.8 MPa, respectively, for micro-TBC (Ctbc) and nano-TBC. Coating-substrate interface cracking damage in the micron-coating is found to be dominant, while it is the cracking of the porous microstructure in the nano-coating. The lower values of BS here may be explained by the measurement method and the absence of a bond coat. Both coatings were deposited directly onto Ni3Al substrates by the APS method [91].




5.3. Thermal Behavior


5.3.1. Diffusivity, Conductivity and Expansion Coefficient


Thermal diffusivity (TD), conductivity and the thermal expansion coefficient (TEC) are important thermo-physical properties for TBC systems. The thermal insulation capability of TBCs is directly related to thermal conductivity and TD, while TEC mismatch between the substrate and TC is responsible for residual stress generation within TBCs. Thermal diffusivity reflects the heat-transfer ability of a material and high diffusivity means rapid heat conduction from the hot to the cold end. Thermal conductivity is related through density and the specific heat of a material. In as-sprayed state as well as the heat-treated structure, the diffusivity of Ctbc is around 60% higher than that of Ntbc [66,67]. Lower thermal diffusivity in Ntbc may be attributed to the increase of grain boundaries, micro pores and defective crystal structure [12,92]. Smaller micropores prevent an increase in thermal diffusivity because of greater interfaces and thus exhibi more effects on phonon scattering. The bimodal structures of Ntbc undergo a differential sintering process between the matrix and nanozones and prevent an increase in thermal diffusivity and EM over time.



All three properties, TD, thermal conductivity and TEC are directly linked to the service performance and life of TBCs. Nanostructured 8YSZ coatings have demonstrated lower thermal conductivity than conventional TBCs, especially for a temperature range higher than 1000 °C, as may be seen from Table 3. Moreover, nanostructured 8YSZ coatings have shown better thermal insulation capability, compared to conventional 8YSZ coatings when both are processed by APS. These thermo-physical properties are affected by the coating microstructures, which, in turn, are influenced by thermal spraying parameters and characteristics of feedstock [92,93]. Table 3 presents comparative data for three important thermal properties, namely thermal conductivity, TD and TEC and for two TBCs and for two temperatures (RT and 1200 °C). Both TBCs are fabricated with t’ YSZ phase.



Consistently, thermal diffusivity values of both nanostructured and conventional 8YSZ coatings are significantly lower at RT than the values measured at 1200 °C. At high temperature, the mode of heat conduction is mainly due to lattice vibration, i.e., phonon conduction. Moreover, TD and thermal conductivity for Ntbc is substantially smaller than Ctbc at both temperatures, and this has great merit in favor of Ntbc for any thermal insulation applications as TBC. In fact, there are many factors, such as grain size, grain boundary density and defects, to explain the lower thermal conductivity in Ntbc [92,93]. The low thermal conductivity of TBCs is largely due to phonon scattering with a mean spacing less than the intrinsic mean free path. In Ntbc, nano-sized grains additionally limit the mean free path of normal phonon modes, further lowering the thermal conductivity. Pores and cracks of different shapes and sizes in TBCs contribute immensely by impeding the heat flux by phonon scattering. Thermal conductivity almost drops by 60% due to this impact. The presence of such defects also cause a drop in TBC stiffness by 50% and lower residual stress to accommodate larger strain [7,94]. In addition, porosity also has a big impact on conductivity. The lower bulk density of the nanocrystalline YSZ TBC with more porosity also contributes to lower conductivity than TC in the Ctbc system. The thermal aging of all TBCs tends to enhance thermal conductivity irrespective of coating processing, and EBPVD coating offers more resistance against the increase in thermal conductivity. The TC of APS coating increases by 1.6 times after thermal aging at 1000 °C for 1000 h [95]. The thermal expansion coefficients are nearly similar for both room temperature and at 1200 °C for Ntbc and Ctbc, unlike TD and thermal conductivity.




5.3.2. Thermal Insulation Capacity


A good number of studies have demonstrated that Ntbc exhibits higher thermal insulation capacity compared to Ctbc. The presence of bimodal structure/nano-zones is primarily responsible for superior thermal insulation capability [70]. Other factors, such as lower thermal diffusivity and lower thermal conductivity in Ntbc as discussed earlier, support this desired capability in Ntbc [66,67]. Defect characteristics, especially the porosity, play a significant role in improved insulation in Ntbc. Finite element simulations of heat transfer under different pore shape, size, orientation and volume fraction in the APS TBC system demonstrated the significant roles of the porous structure [96,97,98,99]. The effective thermal conductivity in Ntbc is significantly lower and contributes to higher thermal insulation. Thermal insulation capacity was measured directly on intermetallic Ni3Al without BC for nano and micro TBCs of 150 microns thickness.



The temperature drop (∆T) across the coatings was measured to be 98 and 65 °C, respectively, for nano and micro TBCs at furnace temperature of 1200 °C [91]. A 50% higher capacity in Ntbc is attributed to a bimodal structure that consists of columnar grains and nanozones with intrinsic porosity. Partially molten nanozones help with reducing thermal conductivity and inducing horizontal microcracks to limit heat transfer [12,90]. Lavasani et al. measured the insulation capacity to be around 28 ± 4 and 80 ± 4 °C, respectively, for Ctbc and Ntbc in their as-sprayed conditions and at a furnace temperature of 1100 °C. TC and BC thickness in both cases are kept at around 350–400 microns and 100–150 microns. Effective and higher insulation capacity in Ntbc is attributed to a smaller grain size and lower porosity. Both of these factors largely contribute to phonon scattering and reduce the heat-conduction effects. However, the insulation effects for both Ntbc and Ctbc tend to decline after thermal exposure for 150 h, as ∆T factors are around 53 ± 5 and 13 ± 3 °C [87]. Differential sintering effects in two coating structures makes major differences. In Ntbc, nano pores are healed up to micro sizes, and the sintering rate in nanozones is higher than in splat regions, causing differences in insulation capacity.





5.4. Thermal Shock Resistance (TSR)


Thermal shock resistance is the property of a material that makes it resistant to sudden and rapid temperature changes. Materials having high thermal shock resistance properties are able to withstand wide temperature gradients. TBCs are subjected to thermal gradients arising out of a number of sources during service. Major sources may include active cooling from back side internal cooling, engine shut down causing faster cooling of the top surface, nonuniform heating and cooling, etc. [2]. Normally TSR behavior is measured by heating TBCs to a high temperature in a furnace, holding for 5–10 min and then dropping them in water to quench them. The steps are repeated or cycled until any damage at the surface or failure noticed. The number of repeated cycles until 10% to 20% spallation of the top surface is a measure of TSR. The number of cycles to failures in Ntbc has been observed to be 2 to 4 times lower than the same observed for Ctbc [12]. In one investigation, the number of cycles measured were 261 and 170 at failure, respectively, for conventional and nanoscale TBCs. A possible reason for the lower TSR in Ntbc could be the greater thermal effects leading to the accelerated instability of nanostructures. Nano grains and nanoparticles tend to become thermodynamically stable at higher temperature. Nano grains having lower activation energy grow to micron-sized grains, resulting in volume-contraction-assisted stress generation, which facilitates cracking in Ntbc. The other factor for smaller TSR in Ntbc is due to the thermal stress distributions at different zones being different. In the conventional type, this process is delayed, causing the enhancement of TSR [13,54,96,97]. As a result of a high densification rate at high temperature, larger voids tend to form in Ntbc to lower the thermal shock life. However, very limited research work on this important aspect has been documented until now, and contradictory results are also reported in the literatures without a proper explanations. More in-depth research on TSR is required on both crystalline and conventional thermal barrier coatings.




5.5. Thermal Fatigue Resistance (TFR)


As opposed to the thermal shock experienced by TBCs discussed in the previous section, TBCs are more likely to encounter thermal fatigue in an aero-propulsion system. TBCs encounter thermal fatigue during operation as temperature transition takes place slowly and repeatedly a large number of times. TBCs are subjected to thermal gradients in a number of ways [2]. Firstly, because of active cooling at the back of the TBC, the gradient is set up along the thickness direction. Secondly, along the surface direction, the gradient occurs due to non-uniformity in the heating–cooling process, in the hot components like combustion chambers. Thirdly, engine shut-off/starting can cause gradients. In addition to the thermal response, mechanical loading also imparts stress gradients across the thickness and cyclic nature of loading. Therefore, the response of TBCs to thermomechanical loading and stress gradients is the most important issue. The thermal cyclic fatigue test is carried out by raising the temperature of TBC to a high temperature (say 1200 °C) and holding it for a fixed period (say 1 h), then cooling to a low temperature (RT or 100 °C) and waiting for 10 min before beginning the next cycle. A pre-determined slow heating and cooling rate is normally adopted in TCF study.



The damage and ultimate failure in TBC systems under thermal fatigue occurs by the spallation of the top ceramic coat, and the resistance is measured by the number of cycles sustained by TBC for certain % (around 20%–30%) of surface spallation. The thermal cycling brings considerable changes in the microstructures in both forms of TBC, i.e., Ntbc and Ctbc because of sintering effects. Significant changes in microstructure that include formation and growth of TGO due to oxidation; changes in the shape, size and number of pores due to healing; crack initiation; growth and coalescences. Horizontal cracks generally form along the interfacial region between the TGO and the YSZ coat, but transverse crack gradually develop with continued sintering effects [5]. With a number of cycles around 700 and higher, cracks eventually spread inside the TGO and the YSZ coat, and a network of cracks form. The network is mainly responsible for delamination when little TBC life is expected. Cracks also form around the surface roughness crest during thermal cycling. The damage developed in the TBC with thermal cycling due to crack networking is also accompanied by a transformation in the microstructure. This eventually extends to the bond coat, top coat and the TGO region.



Between Ntbc and Ctbc, thermal fatigue resistance is reported to be more in Ctbc than in the other. A higher thermal cycle life in Ctbc was justified in terms of microstructure, cracking damage and elastic modulus difference between the two [98]. The average TCF life in Ntbc and Ctbc systems is measured to be around 580 and 1020 cycles, respectively, when the temperatures cycled between 100 and 1100 °C. The spallation damage begins around the edge/corner of the top coat in both systems at different cycles and the cycles are higher for Ctbc. Eventually, the damage spreads to other regions when delamination to spallation occur. The higher TCF resistance in Ctbc is justified with the higher number of cracks, lower crack growth rate and greater tendency to coalesce under the influence of thermal sintering. Adequate research work has not been carried out and documented yet on thermal fatigue resistance behavior in spite of its great practical significance for improved durability. More in-depth and systematic investigations involving the quantitative analysis of the size, shape and numbers of both pores and cracks in relation to the melted and unmelted regions are recommended for both Ntbc and Ctbc. A dense microstructure in high-purity nano TBC exhibits inferior performance during thermal cyclic fatigue tests compared to the standard TBC system, due to its lower strain tolerance [98]. Finite element analysis revealed significantly lower residual stress in both the axial and radial directions in Ntbc, respectively, by 67% and 73%, as compared to Ctbc. [61]. Lower residual stress has been attributed to the increased thermal cyclic stress in Ntbc, as confirmed for three temperatures, namely 1050, 1100 and 1150 °C.




5.6. Wear Resistance


The presence of nanozones in the bimodal structure of nanocrystalline YSZ TBC is primarily responsible for the high wear rate. Component failure mechanism by wear in TBCs has been explained by a combination of brittle fracture and abrasion. Wear degradation in TBCs mostly occurs by delamination and the fragmentation of particles from the surface. The presence of dense nanozones limits these phenomena. The brittle fracture is confined by the crack arrest effect, whereas the abrasive wear is reduced by the wear scars of the nanostructured coating [100]. Moderate wear resistance may be achieved in Ntbc when the nanozone volume is around 20%. Wear resistances in coatings can be achieved with relatively low nanozone volumes. The process parameters need to be suitably controlled to have low volume of nanozones in order to impart wear resistance [101,102].





6. Oxidation Resistance


The direct effect of thermal exposure of TBCs to high temperature is the oxidation when oxygen diffuses through the porous top ceramic coat to react with aluminum in BC and form alumina (Al2O3). The reaction product forms at the interface between the top coat and BC in the form of an additional layer termed the thermal-grown oxide (TGO), as illustrated in Figure 1 and Figure 2. TGO protects BC from degradation by way of further oxidation but creates harm to the TBC system because of generating residual stress and other effects. A small amount of Cr and Co oxides also form, along with alumina [7,98]. As oxidation is one of the main causes of the failure of TBCs, numerous experimental, analytical and computational studies have been undertaken on the conventional 2-layer TBC to understand the growth kinetics of TGO under isothermal and high-temperature cyclic exposures. This section explores the oxidation resistance behavior of Ntbc and Ctbc systems and analyzes the differences in the kinetics of TGO growth. Superior oxidation resistance in Ntbc has been well documented from numerous studies, in comparison to the oxidation behavior of Ctbc. The primary reasons for this include less oxygen diffusion through the nanozones, pores and fine-grained nanostructured YSZ [12,17,20,35]. TGO formation has a profound effect on the local stress development in TBC. There are three main causes for the nature (tensile or compressive), magnitude and distribution of residual stress, namely volume expansion, uneven TGO thickness and roughness due to inhomogeneous oxidation. The residual stress at the BC/TC interface is the most significant controlling factor to initiate damage and its accumulation, which eventually leads to the failure of the TBC by spallation. Among other damages formed due to TGO growth, microcrack formation is the ultimate damage formed at and around two interfaces, namely BC/TGO and TGO/TC in both the TBC systems [55,99,100,101,102,103]. Microcracks grow under the influence of residual stress with oxidation time, and the spallation of TC occurs, limiting the coating life.



6.1. TGO Kinetics


The TGO growth kinetic in TBC has immense influence on the spallation and estimation of life-span. Figure 5 displays the TGO thickness variations in Ntbc and Ctbc under different conditions as compiled from different sources. The data for Ctbc was obtained under thermal cycling at 1080 °C and for two different oxygen levels [32]. All other data collected are for isothermal exposures over different periods. All TGO data points are consistent, and the thickness values increase with the time of exposure. However, two important observations are, firstly, the slope of the lines are steep initially and reduces gradually; secondly, the TGO growth is smaller in Ntbc than the thickness in Ctbc for the same time and/or temperature of exposure. In different words, Ntbc has higher oxidation resistance than the same in Ctbc, as observed by a number of researchers, and the TGO growth kinetics decreases with continued oxidation. The other interesting point to be noted is the relatively lower oxidation kinetics (higher resistance) in compositionally graded TBC systems, as shown by lines 2 and 3 in Figure 5. Oxygen diffusion is restricted due to the presence of additional interfaces in FG systems. Other factors as discussed in this section are also applicable.



Nanostructured coatings being denser and packed with fewer pinholes and voids allow limited oxygen diffusion and are primarily responsible for better oxidation resistance than Ctbc. The structural stability of Ntbc is also far better than Ctbc [20,99,100,101,102,103,104]. Oxygen permeation in Ntbc is also controlled by other factors, namely a fine grain structure and finer particles. A continuous, uniform and thinner oxide layer forms in Ntbc, as opposed to the mixed inhomogeneous oxide formation in Ctbc [105]. Levels of Ni(Cr, Al)2O4 (spinel) and NiO on the surface of the Al2O3 layer in nano TBC systems was much lower compared to that of normal TBC systems during thermal exposure at 1150 °C. These two oxides play a detrimental role in causing crack nucleation and growth, reducing the life of the TBC in air [99].



The lower oxidation resistance of Ctbc is primarily responsible for the inhomogeneous distribution of open pores and microcracks and exhibits less adhesion between the top coat and BC. The progressive diffusion of Al in BC towards the interface between BC and TC takes place during oxidation to form TGO, causing Al depletion in the BC reservoir. A study revealed, a drop in wt.% Al from 7.6 (as-sprayed condition, zero cycle) to 4.66 to 3.60 at the lowermost layer of BC after thermal cycling of 1003 and 2010. The oxidation occurred in Ctbc at a temperature of 1010 °C. As the diffusion is a function of the concentration gradient, it is to be noted that, with the time of oxidation, the rate of TGO growth (measured by the TGO thickness) also decreases, as illustrated in Figure 5. Another study confirmed that the spallation of the top coat from BC occurred after 200 h and 260 h of oxidation, respectively, for Ctbc and Ntbc [20]. Figure 5 displays the TGO thickness variations in Ntbc and Ctbc as a function of isothermal oxidation in terms of hours at 1100 °C. Clearly, the extent of oxidation is higher at 600 h than at 200 h in both of the TBC systems. However, in Ctbc, TGO thickness is consistently and uniformly higher than the oxidation in Ntbc [17,20]. Unlike high-purity nano TBC, the observed cracks are of much higher length after 200 cycles compared to the as-sprayed state. A different investigation observed the oxide thickness to be 32% less in Ntbc as compared with the oxidation in Ctbc for the same isothermal oxidation time at 1000 °C. The first 24 h revealed a much faster TGO growth rate that gradually declines, following a parabolic relation. The higher oxidation rate in Ctbc is also attributed to the tendency for spinel formation, as diffusion through chromium is faster than dense alumina [67,99].



A recently published experimental study investigated the TGO growth in plasma-sprayed Ctbc under two environmental conditions, namely (a) in air and (b) in low-pressure oxygen [32]. The as-sprayed samples were vacuum heat-treated for 4 h at 1080 °C prior to thermal cycling. Each cycle consisted of 8–12 min ramping to 1080 °C for 45 min, followed by slow cooling to room temperature. After a desired number of thermal cycles, i.e., 10, 100 and 430, samples were sectioned, mounted and metallographically prepared. TGO thickness was measured using the SEM images of cross-sections by two methods, namely area-based and point-to-point [32]. TGO thickness measurement results under two environmental conditions are displayed in lines 6 and 7 in Figure 5 to compare with others’ results. The data points from different sources match fairly well and for both isothermal and thermal cycling conditions. However, it is worthwhile to mention here that the oxygen availability and pressure level during APS processing do not seem to have any noticeable influence on the oxidation characteristics.




6.2. Empirical Relationship


The TGO growth trend with thermal exposure is the most important parameter in the understanding and modeling of the TBC delamination process. A simplistic representation of the TGO growth is an unambiguous input for any quantitative modeling and for lifetime prediction. The oxidation growth behavior in TBC systems are well-represented by a parabolic relation as Ttgo = kp (t.)n, where kp and n are the oxidation coefficient and exponent; Ttgo is TGO thickness, and t is oxidation time [17,18,19]. A good approximation of n is reported to be 2.5, and values of kp are reported to be 1.977 × 10−17 and 1.6362 × 10−17 m2/s for Ctbc and Ntbc [28]. Keyvani et al. [19] obtained empirical relations for the conventional and nanostructured YSZ TBC exposed at 1100 °C as Ttgo = 0.5107 (t)0.4218 and Ttgo = 0.4217(t)0.4190, respectively.



Thermal exposure is rationalized with respect to time to failure (t/tf), while TGO growth (Ttgo) is found to have a linear relation with thermal cycling when both the parameters are rationalized, as discussed for two environmental conditions [32]. All data points for two classes of APS treatments fall close to each other to be represented by the empirical relation as: Ttgo/Tlayer = m(t/tf) + c. A three-stage TGO growth and parabolic function between the minimum TGO thickness and thermal cycling [30] are also presented where thickness change per cycle (Δh) is given by (h − h0) × Δt/2t, where h0 is the initial TGO thickness, and h is the TGO thickness at time t. Limited TGO data generated from the experimental investigation are plotted in two ways, as displayed in Figure 6a,b. Untreated TGO thickness tend to follow nonlinearity as a function of the time of thermal exposure, as shown in Figure 6a, for both the coatings considered in the work. The data points fit best with 2-degree polynomials for both coatings with R-square values close to one. It may be noted here that the coefficients of the square terms are very small, as may be seen in the fitted equations shown in Figure 6. A different explanation of the trend may also emerge with a closer look of the how the trend is made. It reveals that the first three points (up to 430 cycles) fit linearly, while the last part, i.e., 430, to the failure point of the plot follows a more nonlinear trend.





7. Degradation and Failure Mode


TBCs experience the most-severe working environments in gas turbine engine operations in terms of temperature and its gradient, nonuniformity in pressure and heating, oxidizing condition, hot corrosion, mechanical loadings, particle impact, etc. Early damages develop in TBCs and grow with service time, leading to eventual failure. The durability of TBCs is of great concern, and therefore, a proper assessment of the damage(s) and failure mechanisms involved in failures are of great importance. A great deal of experimental and simulation research on damage evolution and failure for Ctbc under gas turbine operation conditions have been conducted, and many theories and models have evolved. This section presents an account of the progressive deterioration in TBCs during the lifecycle and categorizes the dominant failure mechanisms involved in both groups of TBCs.



In general, interaction and interplay among several inter-dependent contributing factors occur during the thermal cycling of coated gas turbine components. The dominant factors include TEC mismatch among layers, BC oxidation, sintering effects, inter-diffusion [104,105,106,107], phase transformation, surface undulation and hot corrosion. Pre-existing defects and the interaction effects cause residual stresses to build up inside TBCs. Continued thermal cycling results in microcrack formation, growth and the spallation of the TBC [40,108,109].



Interrupted TCF tests demonstrated that cracks develop at or close to the TGO/TC interface in Ntbc. Cracks form during the deposition stage of processing and remain in the TC in the as-sprayed state. The preexisting cracks tend to grow slowly in the top coat and also towards the TGO/top coat interface. After 200 cycles, the extent of damage remained low, and the extent of damage increased rapidly after 400 cycles with the presence of several long cracks throughout the microstructure. These cracks further increased in length after 500 cycles (at 86% lifetime), and, at about 580 cycles, spallation had occurred [98]. In Ctbc, cracks are also present in the as-sprayed state like Ntbc. However, unlike high-purity nano TBC, the observed cracks were much longer after 200 cycles compared to the as-sprayed state. From 200 to 400 cycles, the crack lengths appeared to increase and thereafter, had a similar value until 860 cycles (with 85% lifetime). From 860 cycles, the crack lengths increased and caused final spallation at about 1020 cycles. Thin and continuous thermally grown oxide scale, along with lower amount of spinels is observed during the oxidation of Ntbc for 120 h. The TGO scale provides a strong barrier for oxygen diffusion into the TBC system at elevated temperatures. The extent of spinel formation and growth on the alumina oxide is less in nano-TBC system compared to normal TBC system [89]. Failure investigations reveal an almost similar type of mixed failure mechanisms in both TBCs i.e., partial failure in the top coat and partial failure in the TGO. The cracks propagated in the top coat and through the TGO. The top coat present between the valleys of the TGO was still retained.



7.1. Degradation Mode


Important degradation modes of air plasma sprayed TBC are discussed in this section. The failure of plasma-sprayed TBCs often occurs through the spalling of the ceramic layer near the ceramic/bond coat interface [17,56]. The spallation of the top coat occurs due to the microcrack initiation, growth and coalescence at or near the TGO/top coat interface. The stress generation in TBC due to various sources is the driving force for spallation failure [106,107,108,109,110,111,112,113,114,115].



	(i)

	
TEC mismatch and thermomechanical stress: Engine start-ups, load changes and shutdown cause thermal cycling. Adjacent layers in TBC systems are subjected to repeated stress fluctuations because of TEC mismatch. This stress cycling leads to microcrack initiation at and near the interface region. Microcracks are unevenly distributed and tend to extend both horizontally and vertically to cause the delamination of the coating [97,115,116].




	(ii)

	
TGO growth, roughness and stress: Experimental investigation confirmed uneven growth of TGO on the rough BC/TC interface during isothermal exposure at high temperatures. Exponential TGO growth at peaks and valleys, as well as around the thick TGO region, develops stresses of opposite natures to a large magnitude [117]. The stress situation due to TGO growth worsens in the presence of a temperature gradient due to TEC mismatch. Dong et al. demonstrated the significant decrease in thermal cycling life in APS Ctbc due to the formation and growth of TGO. The extent of TGO growth even affects the crack propagation path and mode along BC/TGO and/or TC/TGO interfaces. TGO thickness plays a significant role in shortening the TBC life. A critical thickness of TGO triggers the failure of TBCs by spallation. With oxidation, cracking occurs in the BC–TGO interface and TC to cause spallation in APS TBC. Finite element simulations confirmed the role of crack distribution on the stress level around TGO and thermal cyclic life [95]. The inhomogeneous temperature field revealed the uneven growth of the TGO layer with a rough surface. In other words, a rough interface leads to the uneven growth of TGO, and uneven growth leads to the increased roughness of TGO. The roughness of TBCs has a significant impact on stress distribution, the failure mechanism and service lifetime. Shen et al. demonstrated earlier the dependency of TGO thickness and the resulting residual stress on the roughness in the TBC peak and valley regions [118]. Large stress develops due to TEC mismatch, and TGO growth stress leads to delamination, different crack formation and failures in smooth EBPVD TBC and rough APS TBC [5,69].




	(iii)

	
Buckling: The residual stress distribution present in TBC reaches a level to cause the buckling of the top coat layer. This favors easy crack initiation and propagation, followed by the spallation of top layer.




	(iv)

	
Hot corrosion: The TBC system is exposed to various gases and solids during operation, such as CO2, SO2, molten salts like alkali and alkaline earth sulfates, chlorides and solid particles in the form of sand and fly ashes. Hot corrosion is a chemical reaction between the metal and molten salts in the hot oxidizing condition. Corrosive deposits can also seriously erode moving engine parts, including the compressor and turbine blades, thus reducing engine efficiency. Molten salts can solidify inside cooling passages, clogging the passages and reducing cooling airflow, increasing blade and vane operating temperatures and shortening the engine life. The degradation of TBC can also take place due to penetration of sulfide sediments and air sands.




	(v)

	
Mechanical damage by erosion: The particulate erosion of TBCs is caused by the action of sliding or the impact of solids, liquids or a combination of these elements. The mechanisms involve impingement, particle and materials variables. The impingement variables mainly consist of particle velocity, particle concentration and angle of incidence. The particle variables include particle shape, size etc. Materials variables involve material properties, such as hardness and porosity in TBCs [119].




	(vi)

	
Phase transformations: The phase transformation of BC near the TC–BC interface plays a dominant role in the degradation of interfacial adhesion. In particular, the co-existence of γ’ and martensitic phases, each having very different thermomechanical response under thermal exposure, can generate misfit stress in the TGO layer and ultimately cause early TBC spallation. In addition, the phase transformation behavior has been closely associated with the inherent chemistry of the bond coat and substrate. A complex phase transformation in t’ phase occurs to destabilize at high temperature exposure demonstrated earlier. The transformation occurs to yttrium rich c phase and yttrium poor t phase [22,97,120].




	(vii)

	
Sintering: Properties and microstructure of the top coat change during sintering process as discussed in details separately. Thermal conductivity and elastic modulus increases significantly [35,119]. Increased elastic modulus of the top coat due to sintering will reduce the strain tolerance of the coating and the coating life [99]. Porous YSZ becomes stiffer and less compliant because of sintering at a high temperature. Thermal shock during cooling can cause transverse cracking across the layer [5,120,121].




	(viii)

	
Mixed oxide: The high growth rate of mixed oxide is favored by the presence of discontinuous α-Al2O3 formation in the Ctbc at the BC/TC interface and due to Al depletion. The interfacial failure mechanism due to mixed oxide tends to be accelerated by easy crack initiation and propagation, as numerically demonstrated by Xu et al. [103].








7.2. Nanostrucured Ntbc


The failure mechanisms in Ntbc have not been studied as thoroughly and deeply as those in Ctbc. The dominant mechanisms are nearly similar in both cases in more than one way [118,119,120,121,122]. The sintering effects of the nanosized YSZ fraction in the Ntbc during high-temperature cyclic testing may be singled out for any significant difference [12]. The observed higher thermal cyclic life in Ntbc as compared to the Ctbc life is attributed to the sintering effects. Significant changes in the structure (healing of cracks and porosity, grain growth), chemistry and properties occur in the TC layer because of sintering effects [123]. Mechanisms that facilitate the formation of thin, dense and continuous TGO layer in Ntbc is also considered a contributing factor for higher resistance to failure. The microstructural changes following two-stage sintering mechanisms in Ntbc is captured schematically in Figure 7.



The change of crack path was attributed to the reduced stress concentration of the crack tip and compressive stress inside the unmelted nano-particles (UNPs). Therefore, the UNPs played a significant role in prolonging the lifetime of the nanostructured TBCs during thermal cycling. The reason was that these UNPs seriously affected the value and distribution of residual stress. The increase of UNPs effectively decreased the elastic modulus and residual stress of TC. However, once the UNPs was less than a certain range, the mechanical properties of TC decreased significantly and further shortened the lifetime of the TBCs during thermal cycling. Combined with the simulation and previous experimental results above, it was found that, when the UNPs were in a range of 20%–30%, the TBCs had superior thermal shock resistance [22].





8. Residual Stress


Residual stresses develop in TBCs due to a number of factors and are the most significant cause for premature failure, as discussed separately. The ultimate consequence of the evolution of residual stress results in early crack initiation and its subsequent growth, leading to final failure by top coat spallation. Several studies have demonstrated that the residual stress level in TBCs largely depends on the local microstructure and interface geometry. Differences in local microstructures, including porosity and microcrack size and distribution, build up during splat deposition, and this difference yields variations in residual stress, both in nature and magnitude [124]. It is worth noting that the first traces of stress build up in TBC during the coating deposition process. The rate of cooling during solidification after splat deposit induces variations in stress during coating processing, and, during these times, both kinds of porosities, namely interlamellar and globular pores, are created, affecting the stress level. Localized variations in geometry could change the hydrostatic stress over −0.25 to −2.0 GPa in oxide scale. The localized concentration of stress at distributed sites triggers crack nucleation under thermomechanical fatigue. Moreover, the local hydrostatic stress magnifies with scaling spallation. Stress building is also affected by TEC mismatch among layers, sintering effects of the ceramic layer, creep of the TGO layer, substrate geometry, etc. [1]. The stress state is also affected by the mechanical and physical properties of the layers. The failure mechanisms arising out of the residual stress distribution (in-built and/or arising out of thermo-cyclic conditions) in TBCs are cracks that lead to spallation and delamination and poor adhesion [125]. In Ntbc, the increase of unmelted nanoparticle content plays a decisive role in reducing the overall thermal stress [22].



Realistic prediction of the tensile residual stress due to TGO growth and the safe working life of TBC are a very important part of TBC design and maintenance. These stresses can lead to the initiation and propagation of cracks within the TBC and eventual spallation or delamination failure at the TGO interface [1]. Several mechanical and physical properties and TGO thickness are dependent on temperature and can significantly affect the stress state in TBCs [126]. A great deal of analytical and computational models have been proposed, and simulation studies have been performed to predict stress distributions in Ctbc systems considering TGO thickness, TEC mismatch, substrate geometry, TGO thickness, etc. However, such studies are limited in the case of Ntbc systems. The increase in the TGO thickness certainly results in the development of larger stresses.



The thermal mismatch stresses near the TGO layer occur during thermal cycling, which is due to the great differences in physical, thermal and mechanical properties of adjacent layers [97]. The damage and failure of TBCs are related to the mismatch of the thermal expansion coefficient. The cracks generated by the residual stress may nucleate and expand to the interface, which will affect the stress state in the TBCs. Residual stress in Ntbc is expected to be lower compared to Ctbc because of a number of factors. The tendency for TGO formation and growth as discussed earlier is lower, and so the TGO structure will be dense and compact [37,127,128,129]. Besides, Ntbc have fewer pinholes and voids that help in keeping the stress level lower. However, prolonged sintering and phase transformation from the tetragonal to the monoclinic phase contribute to increased residual stress with a change from tensile to compressive nature.




9. Sintering Resistance


Performance degradation of TBCs during service is of major concern. TBCs encounter high temperature over their working life and are sintered, causing considerable changes in the structures and properties of the as-sprayed conditions. Significant sintering effects result in microstructural evolution, densification, TGO growth, crack and pore healing, thermo-mechanical degradation, etc. [4,58,130,131,132]. This section aims at analyzing the significant differences in these effects observed in two TBCs. The sintering effects are primarily responsible for the differences in failure mechanisms and working life. In Ntbc, overall sintering effects tend to be counteracted because of the more complex bimodal structure and because of various regions responding differently to sintering. Nanozones in Ntbc respond to sintering at higher rates than the rate observed for the matrix [12,55]. The details of the microstructural analysis is in the earlier section. The bimodal structure consists of molten YSZ and resolidified regions as a matrix and unmelted YSZ particles and porosity as nanozones. A high driving force tends to result in faster sintering effects in nanozones. Faster shrinking induces coarse porosity within the coating structure. Other sintering effects in Ntbc include a grain size increase in the direction of the columnar structure [54,58,75]. The activation energy for this nanograin growth is reported to be 6.5 kJ/mol, as compared to a high value of 580 kJ/mol for bulk YSZ. The pores associated with the nanograins facilitate the grain growth at a lower activation energy when exposed to high temperature around 1100 °C. The failure of Ntbc due to the formation of coarse crack during sintering was also suggested by Lima et al. earlier [54]. Different sintering rates in different phases in Ntbc proved to be beneficial for higher sintering resistance and longer microstructural stability. A larger fraction of nanogranules in the deposited coating, with size less than 100 nm in Ntbc, was recommended for improved Ntbc microstructure [12,13]. The rates and extent of sintering effects in Ctbc are lower as compared to those observed for Ntbc when both TBCs were exposed to a high temperature of 1400 °C. The thermal diffusivity and El of Ntbc was reported to be significantly lower than for Ctbc due to sintering at 1400 °C for 20 h.



The sintering kinetics and effects over time has two distinct stages in Ntbc. In the accelerated sintering stage, the nanostructure of the TBC with nanograins persists up to a short duration (around 10 to 20 h), and this is followed by a long second stage when the nanostructure is mostly lost with continued sintering [70]. The first stage is characterized by a rapid increase in two important behaviors, i.e., in nano hardness and in El because of rapid densification. Changes in these two properties occur slightly. Most of the changes during the second sintering stage involve densification, grain growth and healing at slow to moderate rates. The bimodal distribution of the hardness and modulus data as found in the first stage will be lost in the second stage due to the loss of nanostructuring. The nanozones in Ntbc slow down the sintering effects and thus the degradation of properties and performance. A sharper increase in thermal conductivity during the first stage of sintering in Ntbc is also observed [55,68]. In APS-processed Ctbc, pores are present between successive layers of deposit (known as intersplat) and numerous microcracks are also present within each layer (known as intrasplat) [1]. Prolonged sintering healing of defects occurs. This degrades the quality of Ctbc because, as the El. increases, strain tolerance of top coat decreases, enhancing the tendency for spallation. Zhu and Miller reported the increase in El can be as high as 25% after 11 h of sintering at 949 °C [68].



A systematic investigation with lower YSZ content (3 and 5%YSZ) Ntbc revealed a significant increase in the porosity level after sintering at 1400 °C around nanostructured zones. Both densification and grain growth was also reported as mentioned in earlier paragraphs, though the 3%YSZ coating offered better sintering resistance than the other coating [15,88]. The sintering effects in Ntbc with stainless steel substrate and YSZ topcoat was studied earlier for different thermal exposures at 1200 °C. The nano grain size increased from 63 nm for the as-sprayed state to 208 nm for sintering at 200 h. However, there was no change in the tetragonal phase zirconia during annealing [68] over the sintering time. The size and density of pores declined drastically, and microcracks healed rapidly within the first 10 h of Ntbc processed by the APS method using electro-sprayed 8%YSZ nanostructured particles as feedstock powder. The porous bimodal structure made by nanosized YSZ particles exhibited higher sintering resistance, thermal insulation and phase stability compared to those from Ctbc. The coating measured the thermal conductivity of 0.70 W/mk, which is relatively lower, but this increased gradually to 1.29 W/mk with continued sintering at 1400 °C for 128 h [7].



Phase stability becomes an issue because of sintering at temperature over 1200 °C. Long sintering has another effect when martensitic phase (m-ZrO2) transformation occurs from the tetragonal to monoclinic phase. Around 5% to 7% volume change is accompanied by this transformation when residual stress builds up, causing cracking and the spallation of the top coat. In addition, this phase change is responsible for an increase in thermal conductivity, and a phase monoclinic has inherent higher conductivity [7,13,75,133]. Voids forming around the nanostructured zone reduce the accumulated stress. However, intersplat cracking during the decomposition process remains absent.




10. Crack Propagation and Failure


Reliability, stability and integrity are closely associated with the long-term performance of the thermal barrier coating system. The damage and ultimate failures of Ntbc are related to the crack nucleation and propagation, which originates from residual stress build-up from a large number of sources [17]. Again, the global and local microstructure and the properties control the crack initiation and propagation behavior. An in-depth understanding of the interrelation between the microstructure and the crack growth behavior of TBC is very important for the modeling for lifespan prediction. In Ntbc structure, cracks are distributed in the tensile stress zone of unmelted nano-particle (UNPs) regions with a complex microcrack network at their periphery [17]. A finite-element-based modeling of the UNP region in Ntbc structure attempts to relate the stress and crack propagation directions in and around UNP regions. The accumulation of nano-particles creates a complex tensile or shear stress environment around the initial stage. In the final stage, both the tensile stress and shear stress coexisted inside the UNPs [134,135,136]. The shear stress component tends to become more dominant on the longitudinal crack propagation behavior.



Figure 8 schematically represents the generic damage progression and failure process as envisaged for the tTBC system [56]. In as-sprayed TBCs, thin uniform TGO at the TC/BC interface is present and is followed by a network of fine microcracks in close TGO vicinity and within the crest of the TC and BC undulations. Microcracks gradually link up and grow in size with thermal cycling to separate at TGO/TC and BC/TGO and through TGO.



In contrast, in plasma-sprayed YSZ layers in Ctbc, cracks [5,85,137]:




	(i)

	
develop on top of the roughness crests (at the TGO/YSZ or TGO/ bond coat interface or within the TGO) and then propagate into the YSZ top coat, usually at off-peak locations where maximum tensile normal stresses are found [88]




	(ii)

	
propagate in the top coat through the opening of pre-existing microcracks above the interface. Crack growth is particularly accelerated once the TGO grows beyond a critical thickness threshold [13].









Cracking damages developed during TCF in Ntbc and Ctbc are schematically represented in Figure 8. Most frequently, cracks tend to propagate through the TGO as well as the top coat, and to a certain extent cracks propagate near the interface. Crack size vary widely from a few microns at nucleation to a few mm at failure [98].




11. Performance and Lifetime Modeling


A balanced bimodal structure in Ntbc contributes to the superior reliability in performance and excellent lifetime with respect to conventional TBCs. It has been widely reported that nanostructured TBCs are potentially promising to achieve higher thermal cycling lifetime [55]. However, in spite of considerable outstanding behavior exhibited, little attention has so far been paid in research towards the development of performance and lifetime prediction modeling for nanostructured TBCs. In an earlier section, a number of key parameters are listed for the degradation and failure in Ntbc, and an in-depth understanding of the interaction and interplay among them is most essential [35]. A few lifespan and behavior prediction modeling approach for thermal cycle fatigue proposed for the conventional type of TBC are briefly mentioned here:




	(i)

	
A model based on a modified Paris’ law using a so called “effective crack length” during thermal cycling. The life model makes use of a Paris’ law type equation to estimate the cycles to failure based on microcrack growth. The fitting parameters for Paris’ law were obtained from the experimentally measured crack lengths after the interruption of TCF tests at different cycles [104,138,139,140,141].




	(ii)

	
Wei et al. considered oxidation, creep and sintering in their finite-element-based life time model for predicting the life of conventional TBCs [142].




	(iii)

	
A lifetime prediction model based on residual stress and considering the characteristics of bond coat/TGO/top coat interfaces was proposed by Zhang et al. [143].




	(iv)

	
Vassen et al. proposed a life-prediction model integrating the crack growth with the energy-release rate criterion [110].




	(v)

	
A damage mechanics-based model under thermal loading conditions of a TBC was proposed by Busso et al. The failure is assumed to occur by a cleavage-type mechanism within the YSZ [144].










12. Conclusions


The following salient points emerge out of the review. In comparison to the sea of research on Ctbc, the limited work for Ntbc system reports conflicting and incomplete results, demanding more in-depth systematic research.



	
Nanostructured coatings being denser and packed with fewer pinholes, and voids allow limited oxygen diffusion. Bimodal (microcolumnar grain from well melted/resolidified splat + nanozones) high content of nanozones reduces the oxygen diffusion reducing the tendency for thermally grown oxide scale. The residual stress in Ntbc is expected to be lower compared to Ctbc because of thinner oxide and denser structure. Few schematics are made to illustrate differences in microstructural features.



	
A network of microcracks are distributed in the tensile stress zone of unmelted nanoparticle (UNP) regions at their periphery. The stress environment consisting of tensile and shear stress controls the accumulation and direction of crack propagation initially. However, finally, the shear component tends to become more dominant on the longitudinal crack propagation. Crack propagation in bimodal structure is prevented by splat boundaries and unmelted particles, thereby improving the bonding strength. Significant features in damage progression and failures in both TBCs are captured and represented schematically.



	
Thermal cyclic life improvement in nano structured FG TBC by 1.6 times is reported as compared to Ctbc. This increase in TCF life results from a combination of nanostructured feedstock and multiple graded layers. Significant differences in the oxidation mechanisms in FG Ntbc contributes to improved TCF life. Spinels and mixed oxide at a higher temperature reduces the number of cycles even for compositionally graded Ntbc. FG TBCs can decrease thermal expansion mismatch, and the presence of a thinner TGO layer at the alloy/ceramic interface reduces the residual stresses in TBCs, resulting in higher durability.



	
Different trends, wide scattering and several inconsistencies in elastic modulus in nano-coatings are observed. Early sintering (10 to 20 h yields a steep hike in modulus, and long sintering reduces the modulus. Nanostructuring effects is maintained in the first stage of sintering, and the densification of the structures dominates the final stage of sintering. In general, the Ntbc exhibit higher EM than Ctbc. The bimodal structure/nanozones in nano-TBC are responsible for superior thermal insulation capability. Other factors, such as lower thermal diffusivity and lower thermal conductivity in Ntbc, support this trend. Defect characteristics, especially the porosity, play a significant role for improved insulation in Ntbc.
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Figure 1. Schematic illustration of as-deposited YSZ microstructures of (a) APS micro (conventional) TBC. (b) EBPVD-processed TBC and (c) APS-nanostructured TBC. The essential features and various defects are displayed and labeled. Two layers (BC and TC) of the TBC arrangement are shown for (a,b) with a TGO layer in between, while only the top layer structure is shown for (c). 
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Figure 2. (a–d). SEM image of conventional 2-layer APS TBC displaying the structural layer arrangements of the substrate (S), BC, TC and TGO growth profile at the BC–TC interface after thermal cycling; (a) 10 cycles (b) 100 cycles (c) 430 cycles and (d) at failure around 1425 cycles [32]. Additionally, the thickness of different layers, TGO measurements and cracking around TGO are also evident. 
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Figure 3. Sintering effects on porosity level in Ctbc and Ntbc. Data collected from published sources are plotted only up to 150 h of sintering to highlight the trend [12,17,69,87]. N and C stand for Ntbc and Ctbc. The sintering temperature in °C is shown for each line. 
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Figure 4. Elastic modulus for thermally exposed Ctbc and Ntbc. Data collected from published sources are plotted only up to 200 h. of sintering to highlight the trend [12,20,55,68]. N and C stand for Ntbc and Ctbc. The sintering temperature in °C is shown for each line. No clear trend for the sintering temperature is observed. 
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Figure 5. TGO thickness change in Ntbc and Ctbc under different sintering (oxidation) conditions. L—layer, ML—multilayer, CG—compositionally graded, Low oxy—Oxygen low pressure. Data collected from published sources [17,19,20,32,57]. 
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Figure 6. (a) Nonlinearity trend for TGO thickness vs. time of exposure fitted with 2-degree polynomials; (b) linearity trend with parameterized data for TGO thickness and thermal exposure for both samples, M07 and M08 [32]. Sample designations refer to oxidation under low-oxygen partial pressure (pressure of about 0.27 Pa) and atmospheric-pressure conditions respectively. 
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Figure 7. Schematic representation of the major microstructural features in Ntbc after two stages of sintering; (a) first stage up to 20 h approximately and (b) second stage beyond 20 h. 
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Figure 8. Schematic illustration of the three stages of damage progression in TC microstructures leading to the failure of Ntbc. 
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Table 1. Key characteristics of APS- and EBPVD-processed TBC systems [19,20,21,22,23,41,42,43,44,45,46,47,48,49,50,51,52,53].
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	Parameter
	APS Processing
	EBPVD Processing





	Structure
	splat-like lamellar structure parallel to coating surface; typical grain size approximately 1–2 μm
	columnar grain structure vertical to substrate surface; equiaxed nanosize grains near BC/TC,

interface and columnar grains around 100–250 μm; high degree of crystallographic texture



	Strain tolerance
	lateral strain due to thermal mismatch among the layers is accommodated by the porous structure between the successive layers of splats
	better lateral strain accommodated by its columnar structures with gaps in between



	Interface roughness
	topcoat-scale interface is much rougher after thermal exposure
	higher strain compliance results in smoother and adhesive topcoat-scale interface



	Defects
	pores (micro and large globular type) and microcracks. Inter and intra splat gaps, intersplat boundary pores randomly distributed
	thru-thickness inter-columnar gaps, fine scale porosity,



	Thermal conductivity
	relatively lower thermal conductivity (0.7–0.9 W/mK) that rises to 1.5 W/mK due to sintering
	higher thermal conductivity 1.5–1.9 W/mK



	Erosion resistance
	relatively poor than EBPVD
	better than APS



	Nature and cost
	produces thick, porous coating on complex metallic substrate; Lower production cost
	thin dense coating, difficult to produce on complex objects and relatively expensive process



	Application
	simple operation accommodating wide ranging feedstock materials to yield high deposition rate
	somewhat complex operation and good for specialized applications



	Durability
	thermal cycling life is more than EBPVD
	generally provides longer thermal cycle lifetimes because of lower elastic modulus and higher thermal shock resistance










 





Table 2. Properties and characteristics of various zones in microstructures [36,65].
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	Mechanical Property
	Melted-Resolidified Zone
	Partially-Unmelted Zone





	Elastic modulus in GPa with scattering
	196 ± 29
	131 ± 61



	Hardness in GPa with scattering
	15.8 ± 2.3
	9.0 ± 7.8



	Relative scattering
	Less
	More



	Distribution
	Absence of characteristic distribution
	Weibull distribution










 





Table 3. Experimental data for Ntbc and Ctbc fabricated with t′ YSZ phase for two temperatures [92,93].
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TBC

	
Thermal Diffusivity

	
Thermal Conductivity

	
TEC




	
23 °C

	
1200 °C

	
23 °C

	
1200 °C

	
23 °C

	
1200 °C






	
Ntbc

	
0.0048

	
0.0007

	
1.22

	
0.40

	
9.2

	
10.55




	
Ctbc

	
0.0064

	
0.0025

	
1.53

	
0.85

	
8.56

	
10.52
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