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Abstract 

 

In the present study, the detailed evaluation of nanomechanical properties in terms of 

hardness and Young’s modulus of duplex and compositionally graded YSZ based thermal 

barrier coating (TBC) have been evaluated by nanoindentation technique. Duplex and 

compositionally graded TBCs have been fabricated by thermal spray deposition technique. 

As TBCs are commonly applied for high temperature protection, effect of isothermal 

treatment in air (at 900 °C and 1000 °C) on nanomechanical properties has also been 

evaluated. Finally, the mechanical properties have been correlated with characteristics of 

the coating. The hardness and Young’s modulus of the TBCs are found to increase with 

increased duration of thermal exposure. Modulus of resilience and resistance to plastic 

deformation of the duplex and compositionally graded TBC have also been evaluated at 

room temperature and with thermal exposure and discussed in details.  
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1. Introduction 

 

Thermal barrier coating usually consists of low thermal conductivity ceramics usually 

composed of 7- 8 wt% yttria stabilized zirconia (YSZ) deposited by plasma spraying onto 

the surface of bond coated (MCrAlY, where M= Co, Ni or both) superalloy substrates to 

protect it from high temperature degradation [1-3]. . The failure of of TBC system is caused 

by the stress generated because of (a) thermal expansion mismatch between the ceramic top 

coat and metallic bond coat or substrate and (b) growth of thermally grown oxide (TGO) 

layer formed on the surface of bond coat during service [4, 5]. The level of stress in the 

conventional TBC may be minimized by application of a functionally graded coating [6-9]. 

In the past, it was also reported that the compositionally graded thermal barrier coating 

fabricated by plasma spray deposition offered an improved oxidation resistance as 

compared to duplex coating by forming protective Al2O3 scales in the graded layers, whose 

growth rate is slower that the same formed in conventional TBC [10-12]. The change in 

mechanical properties of the ceramic coating in service affects the life time of the 

component [13]. In the past, several studies were conducted to evaluate the variation of 

mechanical properties of zirconia based thermal barrier coatings with isothermal aging at 

temperature ranging from 1000 °C to 1400 °C for 2 h to 200 h [14–20]. Furthermore, it was 

also concluded that the mechanical properties (hardness and Young’s modulus) of thermal 

barrier coating developed by plasma spray deposition technique were dependent on the 

microstructure of the TBC [21, 22]. A large variation in mechanical properties is usually 

noticed in the coated region due to formation of inhomogeneous microstructure [15, 23, 24, 

25]. The hardness and Young’s modulus values of EBPVD coated YSZ measured by 
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nanoindentation technique are found to vary from 3 GPa to 9 GPa and 80 GPa to 200 GPa , 

respectively [26]. It is also reported that the Young’s modulus of the ceramic top coat 

increases with increase in annealing time from 2 h to 200 h and temperature from 1100 °C 

to 1300 °C [18, 19, 23]. Alfano et al. [17] measured the hardness and Young’s modulus of 

plasma sprayed CeO2-Y2O3-ZrO2 based TBC with annealing time ranging from 2 h to 50 h 

at a constant temperature of 1315 °C. It is also concluded that improvement in mechanical 

properties with thermal exposure is attributed to decrease in porosity content in the coating 

due to sintering [17, 27]. The mechanical properties of the TBC due to hot corrosion are 

also reported by Afrasiabi et al. [16].  

In the present study, hardness and Young’s modulus of duplex and graded yttria 

stabilized zirconia (YSZ) based thermal barrier coatings are evaluated by nanoindentation 

technique in as-sprayed conditions and after thermal aging , and then correlated with their 

microstructure.  

 

2. Experimental 

Ni-based superalloys (Inconel 718) have been used as substrates for the development of 

duplex and compositionally graded TBCs by thermal spraying. Commercially available 

CoNiCrAlY alloy powder (Co-32Ni-21Cr-8Al-0.5Y in wt.%: MEC 9950AM) with particle 

size varying between 15 µm to 45 µm and 7 wt% Y2O3 stabilized ZrO2 (7YSZ) powder 

(Amperit 831.007) with particle size ranging between 15 µm to 85 µm have been used as 

the precursor powders for the fabrication of TBC. Figs. 1 (a, b) show the scanning electron 

micrographs of (a) YSZ and (b) CoNiCrAlY used as feedstock powders for coating. From 
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Figure 1 it may be noted that the morphology of both the feedstock powders is spherical in 

shape. The spherical shape of powder particles ensures better flowability during spraying 

operation. Figs. 2 (a, b) show the x-ray diffraction profiles of (a) YSZ and (b) CoNiCrAlY 

feedstock powders used for coating development. From Fig. 2a, it is evident that the YSZ 

powder contains single phase tetragonal zirconia (t –ZrO2) phase. Fig. 2b shows the 

presence of �' -Ni3Al and � –CoAl phases in � –Co matrix. The � –CoAl phase acts as an 

aluminum reservoir which helps in the formation of Al2O3 scales during high temperature 

aging of TBC. The bond coat has been developed on sand blasted Inconel 718 substrate by 

HVOF spraying technique. Followed by the development of bond coat, the top coat (8YSZ) 

is developed by plasma spray deposition. The details of the development of duplex TBC 

and compositionally graded TBC have been discussed elsewhere [12]. Followed by coating, 

the coated components are subjected to isothermal aging at 900 °C and 1000 °C in air. The 

characteristics of the thermal barrier coating in as-sprayed condition and after isothermal 

aging  are analyzed in terms of microstructure, phase and residual stress. The mechanical 

properties of the as-sprayed and the heat treated thermal barrier coatings are evaluated in 

terms of hardness, H and elastic modulus, E, by nanoindentation technique on both the top 

surface and along the cross-section. Nanoindentation tests are carried out using a 

nanoindenter (Hysitron-TI950 Triboindentor) with a Berkovich tip (tip radius < 150 nm) at 

a maximum load of 8 mN.  Hardness is calculated by using the following equation:  

C
A

P
H max=                                                     (1) 
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where, Pmax is the maximum load applied to the indenter and AC is the projected area 

between the indenter and the specimen which is given by: 

2

CC
5.24 hA ≈                                                (2) 

Where, hC is the contact depth expressed as [28]: 

S

P
hh max

maxC
ε−=                                                     (3) 

where, ε is the geometric constant with a value of 0.72  [28]. S is the stiffness measured by 

slope of the unloading curve and is given by: 

dh

dP
S =                                                                       (4) 

The reduced modulus, Er, obtained from the slope of initial portion of unloading curve, is 

given by the following equation [29]: 
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Where, β is a constant (β = 1.011 for a Vickers indenter [30]), Er is the reduced modulus, E 

and ν are the Young’s modulus and Poisson’s ratio (0.23 [9]) for the sample, and Ei and νi 
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are the Young’s modulus and Poisson’s ratio for the indenter (Ei = 1141 GPa and νi = 0.07) 

[31].  

 

3. Results and Discussion 

3.1. As-sprayed microstructural analysis 

Figs. 3 (a, b) show the scanning electron micrographs of the cross-section of the (a) as-

sprayed duplex TBC and the same (b) at high magnification.. Fig. 3a shows the presence of  

various microstructural defects (i.e. porosities, microcracks, and voids) in the  ceramic top 

coat which are heterogeneously distributed throughout the coating thickness. A high 

magnification view of the cross-sectional microstructure reveals the presence of globular 

porosities/voids, interlamellar porosities/cracks, and intralamellar microcracks in the 

microstructure of the coating as shown in Fig. 3b. The formation of globular porosities is 

due to incomplete melting or resolidification of molten particles. On the other hand, 

intralamellar microcracks are formed due to the residual stress relaxation of the individual 

splats. However, improper bonding between the splats due to difference in temperature of 

the splats during solidification are responsible for the formation of interlamellar 

porosities/cracks which is very effective in lowering thermal conductivity and mechanical 

properties (hardness and Young’s modulus) of TBC.  . Presence of micro as well as macro-

porosities is observed in the microstructure of the duplex thermal barrier coating. The 

macro-porosities have a negligible effect in lowering the mechanical properties of TBC.  

 Figs. 4 (a, b) show the scanning electron micrographs of the cross-section of the (a) 

isothermally aged duplex TBC in air at 1000 °C for 72 h and the same (b) at high 
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magnification. From Fig. 4a, it is observed that the microstructure of ceramic top coat also 

contains porosities, microcracks, and voids after high temperature aging. A thermally 

grown oxide (TGO) layer is formed at the interface between CoNiCrAlY bond coat and 

YSZ top coat as a result of oxidation of bond coat. Fig. 4b shows the presence of globular 

porosities/voids, interlamellar porosities/cracks, and intralamellar porosities in the 

microstructure.  A comparison between Fig. 3b and Fig. 4b indicates that the large 

porosities are unaffected by isothermal aging. On the other hand, bridging in fine 

microcracks are observed in the microstructure of aged coating which indicates sintering of 

TBC. The porosity content in ceramic top coat after isothermal aging has been significantly 

reduced as compared to the as-sprayed duplex TBC. The area fraction of porosities in as-

sprayed duplex TBC (plot 1) and the same after isothermal aging in air at 1000 °C for 72 h 

(plot 2) are calculated by image analysis which is shown in Fig. 5. The area fraction of 

porosities in as-sprayed duplex TBC is ~ 18.7 % and the same after thermal aging is ~ 8.8 

% (cf. Fig. 5). The significant reduction in the area fraction of porosities may be attributed 

to the sintering effect of the porous TBC. 

Figs. 6 (a, b) show the scanning electron micrographs of the cross-section of (a) as-

sprayed compositionally graded thermal barrier coating and the same (b) at high 

magnification. The gradual variation of metallic and ceramic constituents throughout its 

thickness is observed in compositionally graded TBC (cf. Figure 6a). In addition, there are 

also presence of various microstructural defects (globular porosities/voids, interlamellar 

porosities/cracks, and intralamellar porosities) in the microstructure of the  compositionally 

graded TBC(cf.  Fig. 6b). Porosities, voids, micro-cracks may be seen in the graded 



��

�

coating, the details of the same are reported elsewhere [12]. Apart from presence of the 

microstructural defects, formation of different phases is found in the graded microstructure. 

The energy dispersive x-ray spectroscopy (EDS) analysis shows that these are oxides of Al 

(Al2O3) and mixed oxides of Co, Ni, Cr, Al as labeled in Fig. 6b.  These oxides are formed 

due to oxidation of metallic elements present in the CoNiCrAlY alloy in a very high 

temperature environment  during plasma spraying.  

Figs. 7 (a, b) show the scanning electron micrographs of compositionally graded 

TBC after (a) isothermal aging at 1000 °C for 72 h and the same (b) at high magnification.. 

From Fig. 7a, it is observed that a thermally grown oxide (TGO) layer is developed at the 

bond coat –top coat interface due to oxidation of bond coat. The oxidation of metallic 

elements present in the graded regions is also observed. The EDS analysis of different 

phases confirm the presence of Al2O3 and mixed oxides of Co, Ni, Cr, Al which are 

confirmed by X-ray diffraction analysis (cf. Fig. 9).  

Fig. 8 shows the X-ray diffraction profiles of top surface of as-sprayed duplex TBC 

(plot 1) and the same after isothermal aging at 1000 °C for 72 h (plot 2). The presence of 

non-transformable tetragonal zirconia (t' –ZrO2) is confirmed from Fig. 8.  

Fig. 9 shows the X-ray diffraction profiles of top surface of 100% YSZ (plot 1), 70% 

YSZ + 30% CoNiCrAlY (plot 3), 50% YSZ + 50% CoNiCrAlY (plot 5), and 30% YSZ + 

70% CoNiCrAlY (plot 7) coatings in as-sprayed state and 100% YSZ (plot 2), 70% YSZ + 

30% CoNiCrAlY (plot 4), 50% YSZ + 50% CoNiCrAlY (plot 6), and 30% YSZ + 70% 

CoNiCrAlY (plot 8) coatings after isothermal aging at 1000 °C for 72 h. Comparing plot 1 

and plot 2, it may be noted that the there is no separate phase formation other than t' –ZrO2 
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in 100% YSZ layer.  From plot 3, plot 5, and plot 7, it is observed that apart from formation 

of t' –ZrO2 phase, � –Co phase is also found in the graded layers. With increase in 

CoNiCrAlY content in the graded layer, the intensity of � –Co phase increases, whereas, 

the intensity of t' –ZrO2 phase decreases. On the other hand, plot 4, plot 6, and plot 8 show 

the formation of different oxides of Al (Al2O3), Co (CoO), Ni and Al (NiAl2O4), Co and Al 

(CoAl2O4), Ni and Cr (NiCr2O4), and Co and Cr (CoCr2O4). The formation of various types 

of oxides depends on the free energy of formation of different oxides as well as the 

thermodynamic activity of elements for the formation of oxides. It has been reported that 

Al2O3 forms initially followed by formation of other oxides according to their free energy 

of formation and available chemical potential of the element.  Formation of these oxides is 

found to reduce the kinetics of oxidation of bond coat [12].  

3.2. Nanoindentation test 

 

Fig. 10 shows the typical load-displacement curves obtained on the cross-section of the as-

sprayed YSZ coating (plot 1) and the same after isothermal aging at 900 °C (plot 2) and 

1000 °C (plot 3) for 72 h. From Fig. 10, it is observed that the load-displacement curves 

depend on the temperature of isothermal aging. Decrease in the penetration depth of the 

indenter is observed with increase in the aging temperature. The shift in load-displacement 

curve for the aged surface in the left as compared to as-sprayed one is attributed to the 

growth of compressive residual stress during isothermal aging.  

Fig. 11 shows the Weibull plots of measured (a) reduced modulus and (b) hardness 

of the as-sprayed YSZ coating and the same after isothermal aging at 900 °C and 1000 °C 

for 72 h. From the Weibull plots for hardness and Young’s modulus, significant data 
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scattering is observed due to the presence of fine porosities and microcracks in the coating 

microstructure. These microstructural defects are responsible for lowering of hardness and 

Youngs modulus as compared to the bulk value. Plot of ln(-ln(1-P)) versus ln Er is used to 

obtain the mean value of the reduced modulus and Weibull modulus, where 

 0.5)/-( = NiP is the probability. Here, i is the rank and N is the total number of measured 

data. Similarly, ln(-ln(1-P)) versus ln H is plotted to obtain the mean value of the hardness 

and Weibull modulus. Table 1 summarizes the values of the Young’s modulus and Weibull 

modulus of the as-sprayed YSZ coating and the same after isothermal aging at 900 °C and 

1000 °C for 72 h. The Young’s modulus value depends on the temperature of aging as 

observed from the data presented in Table 1. The as-sprayed YSZ coating shows a Young’s 

modulus value of 155 GPa which increases to a value of 170.3 GPa and 183.6 GPa after 

isothermal aging at 900 °C and 1000 °C, respectively. Similarly, the as-sprayed YSZ 

coating shows a hardness value of 9.9 GPa which increases to 13.5 GPa and 13.9 GPa due 

to thermal aging at 900 °C and 1000 °C for 72 h, respectively. Hardness and Young’s 

modulus are affected by the presence of various microstructural defects in the locality of an 

indentation. The fine porosities (interlamellar porosities) and intralamellar microcracks (cf. 

4a) are responsible for decrease in hardness and Young’s modulus of the coating. Due to 

high temperature aging of coatings, the fine porosities and microcracks bridging occurs (cf. 

4b) which increases the Young’s modulus and hardness of TBC [17, 18].  From Table 1, it 

is also inferred that the Young’s modulus obtained in the present investigation shows a 

higher value as compared to the reported literature values. The measured Young’s modulus 

values of 93 GPa, 100 GPa, and 94 GPa are obtained for an indentation depth of ~ 2000 nm 
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whereas a depth up to ~ 300 nm is obtained in the present study. Similarly, Thompson et al. 

[18] reported a Young’s modulus value of 144.5 GPa with a maximum indentation load of 

100 mN. As the indentation depth is directly related to the applied indentation load, hence, 

the reported data on the hardness and Young’s modulous are probably taken at a higher 

applied load. The observed differences between the reported literature values and the same 

obtained in the present investigation are mainly attributed to the use of lower indentation 

load in the present study and the phenomenon of “Indentation size effect” [32]. The 

hardness and Young’s modulous value measured using the similar level of load for 

comparison are  not however, available in the literatures. Fig. 12 shows the Young’s 

modulus distribution in the as-sprayed compositionally graded TBC. From Fig. 12, it can 

be seen that the top layer (100% YSZ) shows lower value of Young’s modulus as compared 

to the underlying surface layers towards the bond coat –top coat interface. The Young’s 

modulus value in the near surface region of the TBC coated surface (near surface region) 

ranges from 58 GPa to 150 GPa measured at a maximum indentation load of 8 mN. The 

wide variation in Young’s modulus distribution in the coated zone is attributed to the 

presence of fine porosities and microcracks distributed non-uniformly on the surface. In the 

graded layer, Young’s modulus is found to vary from 151 to 224 GPa. The inhomogeneous 

Young’s modulus distribution in the graded regions is attributed to the random distribution 

of different phases in the graded layers and presence of different microstructural defects. 

The reported Young’s modulus values of YSZ are 80 GPa [19], 100 GPa [34] and 94 GPa 

[35] measured up to an indentation depth of ~ 2000 nm, 96 GPa [16] and 144 GPa [18] at 

an indentation load of 100 mN. The reported values of Young’s modulus of CoNiCrAlY 



���

�

bond coat and Al2O3 scales are~155 GPa measured up to an indentation depth of ~ 2000 nm 

[35] and 250 GPa measured at an indentation load of 100 mN after isothermal aging at 

1150 °C up to 10 h, respectively [19]. Taking into account the reported values and the 

observed values of Young’s modulus, it is assumed that Young’s modulus ranging from 

187 GPa to 224 GPa may be contributed by Al2O3 scales. The observed difference between 

the reported and the calculated values of Young’s modulus of Al2O3 scale may be attributed 

to the presence of microstructural defects as well as contribution from oxides other than 

Al2O3 (cf. Fig. 6b). Comparing the reported values of Young’s modulus and the Young’s 

modulus values obtained in the present investigation, it is observed that the Young’s 

modulus values ranging from 150 GPa to 187 GPa may be contributed by the CoNiCrAlY 

phase. In a similar manner, Young’s modulus values ranging from 58 GPa to 150 GPa may 

be contributed by the YSZ phase. From Fig. 12, it is observed that the Young’s modulus 

increases with increase in CoNrAlY content in the graded layers which is attributed to the 

presence of metallic CoNiCrAlY bond coat which has no intralamellar cracks in it (cf. Fig. 

6b).  

Fig. 13 shows the Young’s modulus distribution throughout the graded TBC after 

isothermal aging at 900 °C for 72 h. From Fig. 13, it is evident that the Young’s modulus is 

increased from as-sprayed state to the isothermally aged state. Increase in the Young’s 

modulus is due to oxidation of CoNiCrAlY and formation of oxides with a higher Young’s 

modulus. The increase in Young’s modulus with isothermal aging at 900 °C for 72 h may 

also be attributed to the densification of the microstructure.  As the mechanical properties 

(hardness and Young’s modulus) depends on the local microstructural defects near 
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indentation, the closure of fine porosities (interlamellar porosities) and intralamellar 

microcracks due to high temperature sintering leads to increase in Young’s modulus. It is 

reported that the Young’s modulus of Al2O3 scale is increased from 250 GPa to 350 GPa 

due to thermal aging at 1150 °C and also increases with increase in time of aging [19]. 

Hence, the Young’s modulus values ranging from 193 GPa to 212 GPa is contributed by 

the Al2O3 rich oxide scales formed in the graded regions. The difference between the 

observed and the reported Young’s modulus values may be attributed to the formation and 

growth other complex oxides (cf. Fig. 9) as well as presence of microcracks and fine 

porosities in the microstructure of the graded TBC. It is reported that the observed 

difference between the Young’s modulus of TGO (preferably Al2O3) and the bulk Al2O3 is 

due to the presence of fine microcracks in TGO [19]. It is also reported that the Young’s 

modulus of CoNiCrAlY is increased from 134-154 GPa to 202 - 216 GPa due to thermal 

aging at 1100 °C for 24 h which further increases with increase in time [36]. Hence, the 

Young’s modulus ranging from 174 to 193 GPa is contributed by the presence of 

CoNiCrAlY phase. It is also reported that Young’s modulus of YSZ varies with time from 

144 GPa to 177 GPa due to thermal aging at 1100 °C [23] and 135 GPa to 170 GPa due to 

thermal aging at 1150 °C [19]. Taking into account the presence of microstructural defects 

present in the locality of an indentation and the use of lower indentation load, it is assumed 

that the Young’s modulus varying from 61 GPa to 174 GPa is contributed from YSZ phase. 

The lower value of Young’s modulus in YSZ coated zone as compared to the same reported 

in the literature is due to the presence of fine microcracks in the coating cross-section (cf. 

Fig. 7b). Fig. 14 shows the Young’s modulus distribution throughout the graded TBC after 
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isothermal aging at 1000 °C for 72 h. From Fig. 14, it is evident that the Young’s modulus 

is significantly increased due to increase in the temperature of aging. Taking into account 

the reported values of Young’s modulus of aged Al2O3, CoNiCrAlY, and YSZ phases and 

the values obtained for graded TBC thermally aged at 900 °C for 72 h, it is thus assumed 

that the Young’s modulus varying from 234 GPa to 264 GPa is contributed by Al2O3, the 

Young’s modulus varying from 206 GPa to 234 GPa is contributed by CoNiCrAlY, and the 

Young’s modulus varying from 37 GPa to 206 GPa is contributed by YSZ after isothermal 

aging at 1000 °C for 72 h. The increase in the Young’s modulus value of YSZ may be 

attributed to the sealing of fine microcracks or porosities due to thermal aging. The use of 

lower indentation load and presence of different phases (Fig. 7b) as well as microstructural 

defects (Fig. 7b) are the reasons behind the difference between the reported values and the 

measured values obtained in the presence investigation From Fig. 8 to Fig. 10, it may be 

inferred that the Young’s modulus in the graded coating increases with increase in 

percentage of CoNiCrAlY in the graded layers, which is indeed beneficial in reducing 

residual thermal stress of the coating, especially after thermal aging.     

Table 2 shows the variation in the Young’s modulus values measured in as-sprayed 

graded top coat and the same isothermally aged at 900 °C and 1000 °C for 72 h determined 

by nanoindentation test. From Table 2, it is evident that the Young’s modulus in as-sprayed 

graded top coat varies between 59 GPa to 206 GPa. With increase in the temperature of 

isothermal aging, the Young’s modulus varies from 61 GPa to 212 GPa at 900 °C and 38 

GPa to 262 GPa at 1000 °C. The scattering in the Young’s modulus value is due to the 

presence of different types of microstructural defects as well as formation of different 
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oxides due to the presence of CoNiCrAlY alloy in the graded TBC. Similar variation in the 

data obtained for hardness is also found.  

Table 3 summarizes the modulus of resilience and plasticity index of as-sprayed 

duplex TBC and the same after isothermal aging at 900 °C and 1000 °C for 72 h, 

respectively. The modulus of resilience of duplex TBC increases from 35 MPa (in as-

sprayed state) to 68 MPa and 58 MPa due to isothermal aging at 900 °C and 1000 °C, 

respectively, for 72 h. Hence, it is apparent that the high temperature treatment of duplex 

TBC increases the resistance to plastic deformation. From Table 3, it is apparent that no 

trend in modulus of resilience  is observed which may be attributed to the heterogeneous 

distribution of fine microcracks and porosities in the coating cross-section and the use of 

lower indentation load. The nanoindenation gives the local properties which are directly 

related to the presence of volume defects in the vicinity or under the indenter tip. Hence, 

decrease in defects density due to isothermal aging increases the modulus of resilience. 

However, there is a decrease in plasticity index with thermal aging which decrease with 

increase in aging temperature.   

Table 4 shows the modulus of resilience and plasticity index of as-sprayed graded TBC 

and the same after isothermal aging at 900 °C and 1000 °C for 72 h determined by 

nanoindentation technique. From Table 4, it is observed that the modulus of resilience in 

as-sprayed 100% YSZ layer, 70% YSZ + 30% CoNiCrAlY, 50% YSZ + 50% CoNiCrAlY, 

and 30% YSZ + 70% CoNiCrAlY coatings are 35 MPa, 24 MPa, 13 MPa, and 34 MPa, 

respectively. The plasticity index in as-sprayed 100% YSZ layer, 70% YSZ + 30% 

CoNiCrAlY, 50% YSZ + 50% CoNiCrAlY, and 30% YSZ + 70% CoNiCrAlY coatings are 
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50.5%, 54.6%, 70.9%, and 66.4%, respectively. The composite layers show increase in 

plasticity index as compared to the 100% YSZ coating. However, the modulus of resilience 

in isothermally aged 100% YSZ, 70% YSZ + 30% CoNiCrAlY, 50% YSZ + 50% 

CoNiCrAlY, and 30% YSZ + 70% CoNiCrAlY coatings, at 900 °C for 72 h, are 59 MPa, 

32 MPa, 35 MPa, and 40 MPa, respectively. The modulus of resilience decreases due to 

addition of CoNiCrAlY in the coating, however, the variation of modulus of resilience by 

varying CoNiCrAlY content does not follow any specific trend. Hence, it is concluded that 

due to the presence of CoNiCrAlY content in the graded layer, the resistance to plastic 

deformation decreases. On the other hand, the plasticity index in the graded layers increases 

with addition of CoNiCrAlY content, though the variation of plasticity index with increase 

in CoNiCrAlY content does not follow any specific trend. Hence, though there is reduced 

elastic recovery due to the presence of metallic content in the graded layer, however, the 

effect of metallic content on the elastic recovery does not follow any trend. Presence of 

localized microstructural defects in aged coatings contributes to the nonlinear behavior of 

data. With further increase in isothermal aging temperature to 1000 °C, it is observed that 

the modulus of resilience in 100% YSZ, 70% YSZ + 30% CoNiCrAlY, 50% YSZ + 50% 

CoNiCrAlY, and 30% YSZ + 70% CoNiCrAlY layers are 58 MPa, 50 MPa, 38 MPa, and 

37 MPa, respectively. The modulus of resilience decreases with increase in CoNiCrAlY 

content in the graded layers. The observation suggests that the graded layer with increasing 

CoNiCrAlY content shows a lower resistance to plastic deformation. On the other hand, the 

plasticity index in the graded layers increases with increase in CoNiCrAlY content which 

suggests that the graded layer with a higher CoNiCrAlY content shows a lower elastic 
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recovery. Comparing the as-sprayed graded TBC and compositionally graded TBC after 

isothermal aging at 900 °C and 1000 °C for 72 h, it may be inferred that the modulus of 

resilience increases due to isothermal aging, i.e. the coating becomes more resistant to 

plastic deformation under the influence of isothermal aging.�

4. Conclusions 

In the present study, the hardness and Young’s modulus of the duplex as well as 

compositionally graded thermal barrier coating have been measured in details both in as-

sprayed state and after isothermal aging at temperatures ranging from 900 °C to 1000 °C 

for 72 h. From the detailed investigations, the following conclusions may be drawn: 

1. Various types of porosities and cracks are present in the microstructure of both the 

duplex and graded YSZ based thermal barrier coating. The extent of porosities and 

defect contents are found to decrease due to isothermal aging at high temperature. 

2. Nanoindentation of as-sprayed duplex TBC and isothermally exposed duplex TBC 

suggests that the Young’s modulus increases from 155 GPa in as-sprayed state to 170 

GPa and 183 GPa due to isothermal aging at 900 °C and 1000 °C (for 72 h), 

respectively. The hardness increases from 9.9 GPa in as-sprayed state to 13.5 GPa and 

13.9 GPa after isothermal aging at 900 °C and 1000 °C (for 72 h), respectively.  

3. The cross-sectional modulus mapping in as-sprayed compositionally graded coating 

and aged compositionally graded coating shows variation of Young’s modulus 

depending on percentage of CoNiCrAlY in the coating layers. The Young’s modulus 

was found to increase with depth from surface in as-sprayed state as well as after 

thermal aging at high temperature. 
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4. The resilience and plasticity index (%) are calculated for both the duplex and graded 

TBC in as-sprayed condition and after isothermal aging. It is observed that both for 

duplex and graded coating, resilience increases and plasticity index decreases due to 

thermal aging. Furthermore, the resilience decreases and plasticity index increases with 

addition of CoNiCrAlY content in the coating. 
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Table 1  

Young’s modulus and hardness values of as-sprayed YSZ top coat and the same after 

isothermal exposure at 900 °C and 1000 °C for 72 h measured by nanoindentation 

technique.�

 

Sample Young’s modulus, 

GPa 

Weibull 

modulus 

Hardness, GPa Weibull 

modulus 

As-sprayed YSZ top 

coat 

155
a
, 93

b
, 144.5

c
, 

100
d
, 94

e
  

3.45 9.9
a
, 5.8

b
, 8.7

c
, 

3.5-5.5
d
, 4.2

e
 

1.82 

Isothermal exposure 

of YSZ top coat at 

900 °C for 72 h 

170.3
 a
 7.93 13.5

 a
 2.94 

Isothermal exposure 

of YSZ top coat at 

1000 °C for 72 h 

183.6
 a
 6.94 13.9

 a
 4.03 

a- Present study; b- [33]; c- [18]; d- [34]; e- [35] 

Table 2  

Young’s modulus and hardness values of as-sprayed graded TBC and the same after 

isothermal aging at 900 °C and 1000 °C for 72 h measured by nanoindentation technique.�

 

Sample Young’s modulus, 

GPa 

Hardness, GPa 

As-sprayed graded  

TBC 

 

59 - 206 4.5 – 15.2 

Isothermal aging of graded TBC 

at 900 °C for 72 h 

 

61 - 212 2.6 – 17.7 

Isothermal aging of graded TBC 

at 1000 °C for 72 h 

38 - 262 1.2 – 19.1 

�
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Table 3 

Modulus of resilience and plasticity index in as-sprayed YSZ top coat and the same after 

isothermal aging at 900 °C and 1000 °C for 72 h measured by nanoindentation technique.�

 

Sample Modulus of 

resilience, MPa 

Plasticity 

index (%) 

As- sprayed YSZ top coat 

 

35 50.5 

Isothermal aging of YSZ top 

coat at 900 °C for 72 h 

68 42 

Isothermal aging of YSZ top 

coat at 1000 °C for 72 h 

58 

 

39.5 

 

 

Table 4 

Modulus of resilience and plasticity index of as-sprayed graded TBC and the same after 

isothermal aging at 900 °C and 1000 °C for 72 h measured by nanoindentation technique. 

 
Sample As-sprayed graded TBC Graded TBC after isothermal 

aging at 900 °C for 72 h  

Graded TBC after isothermal 

aging at 1000 °C for 72 h 

 Modulus of 

resilience, MPa 

Plasticity 

index (%)  

Modulus of 

resilience, MPa 

Plasticity 

index (%)  

Modulus of 

resilience, MPa 

Plasticity 

index (%)  

100% YSZ 

 

35 50.5 59 41.9 58 39.6 

70% YSZ + 30% 

CoNiCrAlY 

24 54.6 32 60.7 50 52.2 

50% YSZ + 50% 

CoNiCrAlY 

 

13 70.9 35 50.3 38 60.2 

30% YSZ + 70% 

CoNiCrAlY 

34 66.4 40 55 37 57.8 
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