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ABSTRACT – Nano-indentation is an important method 

to characterize mechanical properties of Thermal Barrier 

Coatings (TBCs). The physical investigation is very 

complicated with unknown properties and can’t reflect 

the real behavior during its functioning. The finite 

element simulation can help to study complex 

indentation problems to optimize coating microstructure 

improving its properties. The objective of the paper is to 

simulate nano-indentation to characterize mechanical 

properties such as stress distribution, contact friction and 

elastic/plastic response behavior on columnar 

microstructure with different indenter shapes (spherical, 

flat and conical). The simulation results will indicate the 

effect of friction coefficient (COFI), columnar friction 

(COFC) and the ratio of columnar gap to the width (R) on 

elastic/plastic response behavior and band formations. 

 

1. INTRODUCTION 

Thermal Barrier Coatings (TBCs) are advanced 

material system applied to exhaust nozzle of X-15 rocket, 

gas turbine and aero engines which plays a vital role to 

protect and allow them to operate at high inlet gas 

temperatures [1]. TBC is the multilayer structure 

consisting of superalloy substrate, metallic Bond Coat 

(BC) which provides mechanical bond and reduce 

thermal expansion mismatch, and ceramic Top Coat (TC) 

provides actual thermal barrier forming a thermal 

insulation layer and protects the component surface.  

Nano-indentation is an important method to 

characterize mechanical properties of TBCs. As the 

physical investigation is very complicated with many 

unknown properties and can’t reflect the real behavior 

during its functioning. Lugscheider et al. [2] used an 

indentation method to study mechanical properties of 

zirconia TBCs produced by EB-PVD. It was found that 

due to its columnar microstructure the grain and grain 

boundaries have different mechanical properties in 

perpendicular and parallel direction. Panich and Sun [3] 

studied nanoindentation of soft coating on the harder 

substrate with Finite Element Method. They found the 

relationship between impression depth and yield strength 

ratio with the change in radius of indenter tip. Chen et al. 

[4] studied elastic/plastic deformation behavior of 

columnar TBC using indentation model and found the 

effect of variation of friction coefficient, columnar 

friction and column width over the deformation grains.  

The objective of the paper is to simulate nano-

indentation to characterize mechanical properties such as 

stress distribution, contact friction and elastic/plastic 

response behavior on columnar microstructure produced 

with EB-PVD using different indenter shapes (spherical, 

flat and conical). The simulation results will indicate the 

effect of friction coefficient (COFI=0.05, 0.1, 0.5), 

columnar friction (COFC=0.05, 0.1, 0.5) and the ratio of 

columnar gap to the width (R=0.001, 0.002, 0.003) on 

elastic/plastic response behaviour and band formations. 

 

2. COMPUTATIONAL DETAILS 

To simplify FE analysis, the 3D model is reduced to 

2D axisymmetric in order to reduce the model size and 

computational time. The 2D asymmetric nonlinear 

contact model of columnar TBC is considered with half 

indenter (spherical with radius 200μm, flat with 100μm 

and inclination of 135°, and conical with 70.3°) as rigid 

body as shown in Figure 1 with substrate (Inconel 718) 

3mm, BC (NiCoCrAlY) 100μm and TC (7YSZ) 250μm 

thickness and the columnar width 30μm incorporated for 

indentation model using ABAQUS 2016. The material 

properties assigned to model is as shown in Table 1.  

 

 
Figure 1 Axi-symmetric indentation model. 

 

The model is assumed to be homogeneous and 

isotropic, material properties for substrate and BC is 

considered to be elastic/plastic and TC to be linear 

elastic. The indentation process is simulated in loading 

and unloading steps with certain displacement to indenter 

tip in –y direction (towards TBC) during loading and +y 

direction (original position) during unloading step. The 

bottom of the substrate is constrained as Uy=0 and axis 

of symmetry as Ux=0 with multi-point couple and tie 

constraint applied to the right side for the same 

displacement along the horizontal direction. The mesh 

element in indentation model consists of four-node 

quadrilateral axisymmetric with reduced integration 

(CAX4R). 

 

Table 1 Material properties used in model. 

Properties Substrate BC TC 

Elastic Modulus (GPa) 206 200 50 

Density (Kg/m3) 8190 7800 7650 

Poisson Ratio 0.30 0.36 0.25 

Yield Stress (MPa) 390 470 500 

 

3. RESULTS AND DISCUSSION 

Figure 2 shows the contour plots under different 

indenter shapes with impression depth (δ=50μm). As the 
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TC is considered to be linear elastic, the plastic 

deformation is neglected. When the Von-Mises stress 

induced in columnar grain reaches yield stress, crack is 

initiated. As for Figures 2(a1) & (a2), when the COFI and 

COFC are finite but small, the columnar grains exhibit 

‘kink’ and ‘shear’ bands with material flowing around the 

spherical and flat indenter producing ‘pile-up’ 

deformation as shown in Figure 2(c1) and (c2). For the 

same condition, under conical indenter, the columnar 

grains exhibit ‘shear’ bands with no ‘pile-up’ deformation 

as shown in Figure 2(a3) & (c3). As for Figure 2(b1 to 

b3), it can be seen when the R decreases with decreased 

in COFI and COFC, maximum compressive stress is 

induced at maximum loading step.  

Figure 3 shows load vs. displacement curve while 

loading and unloading step under spherical indenter with 

δ=50μm. Figure 3 (a) shows when the COFI, COFC are 

same, there is an increase in the corresponding load with 

a decrease in R. As the columnar gap is decreased the 

contact stress is increased. Similarly, when the R and 

COFI are same, there is an increase in the corresponding 

load with the increase in COFC as shown in Figure 3(b). 

Figure 3(c) shows when R and COFC are same, the 

corresponding load curve coincides and then deviate 

when δ is beyond 30μm with the increase in COFI. The 

same phenomenon is observed under the impression of 

flat and conical indenter only the corresponding load 

values are high for the flat and low for the conical 

indenter compared to the spherical indenter.  

 

 
Figure 2 Contour plots for Von-Mises, shear stress, and 

deformation under (a) spherical, (b) flat & (c) conical 

indenter for COFI=COFC=0.05 and R=0.001. 

 

 
Figure 3 Load vs. displacement curve under spherical indenter. 

 

4. CONCLUSIONS 

The effect of the friction coefficient and columnar 

friction plays a vital role affecting the elastic/plastic 

deformation behavior and band formations under the 

different indenter shapes. When the COFI and R are 

same, the COFC affects more on elastic recovery 

compared to COFI. The finite and small COFC will 

produce "pile up" phenomenon in the TBC. The change 

in R does not have a significant effect on elastic recovery. 

The effect of the indenter shape strongly affects the 

orientation and deformation pattern of kink and shear 

band formations. The comparison of indentation 

behavior under different indenter shapes with the 

variation of COFI, COFC, and R is listed in Table 2. 

 

Table 2 Comparison of indentation behavior under different indenter shapes. 

Indenter 

shapes 

Von- 

Mises 

Stress 

Kink (Z) & 

shear (S) 

band types  

Pile-up  

deformation  

Shear stress 

distribution 

Yield  

stress 

failure 

Load 

vs. 

displacement 

Contact area 

(indenter tip 

& TC) 

Spherical Low S & Z Medium Medium Late Medium Low 

Flat High S & Z High High Early High High 

Conical Medium S Low Low Medium Low Medium 
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