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Numerical and Experimental Analysis of Thermal Barrier Coatings
Delamination under Cyclic Thermal Loading
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ARTICLE INFORMATION ABSTRACT

Thermal Barrier Coatings (TBC) are used as thermal protective for components operating at high
temperature. These coatings normally have three layers of: ceramic top coat, thermally grown oxide and
the bond coat layer. Due to the manufacturing process and the special structure of a TBC system, failure
mechanisms of these coatings are affected by both thermal and mechanical loads introduced to the
coated part. In this paper delaminations of TBC layers subjected to the cyclic thermal loads have been
numerically and experimentally studied. A rectangular specimen made of Inconel 617 coated by air
plasma spray (APS) method was loaded in a specific design test setup with capability of simultaneously
applying a constant four point bending load and thermal cyclic loadings. The thermal cycles were
carried out until the coating was spalled out. The temperature of the specimen surfaces was measured
and recorded during the test. Finite elements modeling was also performed using ABAQUS to simulate
the the experiment. A cohesive zone model was used to simulate the top coat delamination. Finally,
using a trial and error approach on the cohesive properties, finite elements results have been adapted on
the experimental results and interfacial cohesive properties have been estimated.
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* Substrate

® Air Plasma Spraying (APS)

® Electron Beam Physical Vapour Deposition (EB-PVD)
" Vacuum Plasma Spray (VPS)

® Low-Pressure Plasma Spray (LPPS)

® High Velocity Oxy-Fuel (HVOF)
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Fig. 13 Traction-separation curve in general form
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Table. 1 Specific heat capacity, conductance and density of bond coat
(NiCoCrAlY) [17]

p I Tle K b, Tls  opgglpeadl  Tle
(kgm’) (°C)  (W/mK) (°C) Cp (JkgK)  (°C)
6189 24.9 43042 281 542.9 21.3
5664 300.3 5.9646 299.5 659.2 251.7
5844 500.3 6.9534 5004 712.1 499.6
6423 710.9 9.7197 700.5 738.5 698.6
6479 900.5  10.6836 899.9 757.5 901.1
6521 11009  13.1745 1100.0 746.9 1000.8
6590 1200.3  16.1223 1200.7 772.0 1198.8

s by Sz 5 Gl oy Syl Sed B2 Jeua
[18] (ZrO,-8wt%Y,03 (YSZ))
Table. 2 Specific heat capacity, conductance and density of top coat
(ZrO-8wt%Y,03 (YSZ)) [18]

p & K giile,  ohgsylmcad s Tl

(kg/m®) (W/mK) C, (JkgK) (°C)
4820 1.4998 455.60 25.00
4820 1.4998 516.14 126.85
4820 1.4998 568.08 326.85
4820 1.4998 595.67 526.85
4820 1.4998 616.77 726.85
4820 1.4998 635.44 926.85
4820 1.4998 652.48 1126.85
4820 1.4998 655.73 1156.85
4820 1.4998 719.84 1176.85

[19] (a-Al205) srnst sa¥ J&z 5 2l oy il byl 3 Jga

Table. 3 Specific heat capacity, conductance and density of oxide layer
(0-Al,05) [19]

p I K Ll DTSt Tl
(kg/m®) (W/mK) Cp (J/kgK) (°C)
3984 33.00 755 20
3943 11.40 1165 500
3891 7.22 1255 1000
3863 6.67 1285 1200
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Fig. 12 Schematic figure of applied thermal cycles on the top and
bottom walls of model
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Table. 4 Module of elasticity, Poisson’s ratio and thermal expansion coefficient of coating layers [11]

(G'Alzog) S 643}(

(NICoCrAlY) uige Givds

blasl oy St S Jse blail o o2 Sk Jgse blodl cope w2 S Jge z;é;
a (1°C) vl  E (MPa) a(1/°C)  Vvosds  E(MPa) a (1°C)  Vveosls,  E (MPa)

9.6800x10° 0.2 17500.0 5.0794x10°  0.27 380365 1.2358x10° 0.3189 151857 20
9.6748x10° 0.2 16340.9 5.9040x10°  0.27 369060 1.3041x10° 0.3271 150746 220
9.7058x10° 0.2 15181.8 6.7285x10°  0.27 361225 1.3912x10° 0.3343 145253 420
9.8098x10° 0.2 14022.7 7.5531x10°  0.27 351876 1.4970x10° 0.3409 132337 620
1.0024x10° 0.2 12863.6 8.3776x10°  0.27 336032 1.6217x10° 0.3466 108921 820
1.0384x10° 0.2 11704.5 0.2022x10°  0.27 308708 1.7652x10°  0.3515 71890 1020

Table. 5 Mechanical and thermal properties of substrate Inconel 617 [20]

[20] 617 oSl (hol sa¥ 5 (5> 5 (SeilSn olg> 5 Jguzr

Sz Sl sl s Sl cad)b Ll oo Oplsy oo S Jse Tle
» (kg/m?) K (W/mK) C, (I/kgK) a (1°C) v E (MPa) C)
8360 135 420 0.30 211000 25
8360 14.7 440 1.16x10° 0.30 206000 100
8360 17.7 490 1.31x10° 0.30 194000 300
8360 20.9 536 1.39x10° 0.30 181000 500
8360 23.9 586 1.48x10° 0.30 166000 700
8360 27.1 636 1.58x10° 0.30 149000 900
8360 28.7 662 1.63x10° 0.31 139000 1000
8360 - - 0.32 129000 1100
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Fig. 14 Picture provided by the Scanning Electron Microscope from
layers interface, without oxide layer formation
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Table. 6 Results of estimation of cohesive zone properties
T, (MPa) Ts (MPa)

56.5 28.25
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Fig. 15 Contour of Sy, Stress in first model at: (a) 20" cycle, (b) 35" cycle, (c) 50" cycle, (d) 64™ cycle
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