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FG-TBC for loads 5000-9000 pN
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Fig10. Stress in interface of thermal barrier coating (a) Dublex
(b) 3-layers FG- TBC
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Fig12. AFM image of Berkovich Nano-indentation perpendicular
on the top coat in thermal shocked FG-TBC
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Table4. Young's modulus and Hardness in thermal shocked 3- layer
FG-TBC

b oy Jooe Jasw
ol ogwly Sl S L
Olbigy  oigygyd  odigyeyd Al s
v v, E. Er

S Sl Jgoe
She i
H E

Volo¥ NANAY /YO ofo¥ Y FY \Vo fooo

\YIY O YEYIEY YO ofo¥ Y FY AR TNA BTN

VEIFA YoolSY /YD ofo¥ ARA! YYNA  #Qoo

Vo/a  VAY/AT /YO ofo¥ YA FY VPV Aeoo

VYIAY  Y¥o/VY  o/YO ofo¥ AR VA/7 Abee

VFIOF  YRVIYY  o/YO ofo¥ Y FY YAVIG Qoo

YIVA - AERAY o/YO ofo¥ Y)Y VeV QQeo

G polie b (Joud BB Gllas 0 00 dlone (S i e
ool g o e polie jo Sail gl [FA 5 Y] el LS ous
3979 9 L idey S350 (e 0 S Ele & Wilgi o0 00l (2135
LFa] sl g 10 o900 e sla Ll Jlois|

&9 ¢ SOl a8l ol wenST LSS Sl IS b 5o
i BliSe 3blie ;5 (JBwly o ) SV Jboj sla s
9 @Y ;o bs aY aw el ganaz s Sl s S
odgdzme (pl Ho i lawgie (goae e aiiee (g,lud L.JLc
sdalin LB A Jsaz 0 a5 asSlen ol JKubKe o/10)
o7 ol @l b o5 Gl jleand 5l Jol> mlis ool
3,13 09,9 2956 gy 4y A5 (5 S ol

lagerd lplu g sodonnlive snigy 8 fllace Joro Sl LI 53
S5y 2 Dl plamil 4 5l g Bdod g, (A s ead il
LEV] 5gs aimlgs o 55" Ll (A) 0y 59,5 o pgu o pelans

oot 48l,) Laslg, 3l oslitl L 5 lowle —g 5 e 5l esliul b
A dlre (xhaw &Y SO Jgde 5 (S Gaiod ) (R )
Jode 9 (e bawgio lade ual ol ()15 F Joazr yo @l
S Gbg (g9) AY GRS 9SS (Seyizr deule ;0 KL
S (o0 )18 osliiul 8590 ()~

GPilor PR 9 (ool S99y S pslal l oslitl b
oig a0 | ugs, ool 15 celad (slacS 5 ol g Ll oyugluss
O patuiin b (ool (6908 C9Smg S bl jl sliged b (s
WSS 50 (e Ses Fooe ey il (slad slas 5 sl
9 595 (59 oSy Sn polal 5l eslainl bl ol ools L
Cp5C, i€, Sbiwly a3 ol Glos 5 Jsbo e pslas (ls I3l 5
oolaiwl 3,50 i Slwlo ;¢ S 5 Job 5 Silie jlaio g ol yuses
el o 55D gz o gl 5 L3

o b3 gages GBile 5 € s % Sloges oy b
S ael wles cass 4y ool Lz o 5l oy g s dosls
ol b et WY S 0 o oo plis 1) abgs e loges VY
il Wole loss I Loe 5 (—*7\/5) b ol loesls 4 ons
5 oo hawgle polie I colaiul b cwl K /x) b Joleo ool
D9l (oo Cpetd Xl oo O Jgao 50 o dlore Kb Joe
Ay 15 el 00 )55 8 gz yo o plowl Elawlone gl
Slade (_Wﬁ ) ke b gl ol sas (315 513 Jolas b oy
S gy diged (219 by 0399e )3 X jeme bil) yo A
bgre Slosle @l 09d oo (et 0 S Y aw (5l
odd (§dz)s (Sl s ide (gg) 4V 0 GBS el @
O d b e Sliwlee gmlis 9 7 Joaz 10 00d Sad aY 4w
Gl 00l 5,155V Jaaz o CanSli il

nm

400.00

VVFY



VWES BT docio OFAA Jlo oyl DY 093 «pusS prol CSilSlo wnbies &y yui

Stz ()l e Gy (99 4 50 S e S Y Jgae Slomy 25 (5 250305l (612 0035598930 by 5l Bdos cnl 5o
00y S Y dus 0uls @L.’La&ob @Lﬁjo.x{b 0dy 0443 @)‘)""‘*"6"“&‘2’% 59
Table7. Measured stress on the top coat of thermal shocked 3- layer ob ol QT b lowbre & 5 dslin goae
FG-TBC
¥ -
lowo 31 2 e X Havg(GPa) E. (GPa) a i
FO/F7) ARYANY ATARZY YYA/AAY ofo\§ &

Eo
£

@S e liel g (sl dd gl 5 00399895 (93] gl dnlie 1A g 5"

Table8. Comparison of Nano-indentation test results and & " y = -57671x + 65/461
LAY ==
simulation results and result validation <& ‘ R2=0/9778
=
s (S3lwaned)O (oniy9,3950) 6 :
2 Agod : : : ‘
(M)é) (MPa) (MPa) § Jars ¥ Tiga¥ oJhicsd sl Joed
c 1/2(m 1/2)
VAAY o\ O) o[\ FA YSZ \ _FG
1 908 oig 9,993l 45 solsn C7° % crmibo alagly 1Y JS05
& Ao —F Y dw ouls (Guiuaz )8 (J )yl v ibgy (29) 4V zlale paw

. WDgui o0 O)lg 00y d g
sy S 3l eoliiul b b el e3g o] Bas o ol o T TR O T
Fig13. Relationships of P/c1.5 versus c0.5 under different thermal

= ORI 0% o BOF S R cycles when indented perpendicular on the top coating surface of

—sskiele Y ) eadalewdy i3l NICrAIY/YSZ thermal shocked 3- layer FG-TBC
@ goae Sldllas [LS jo (iagh opl 0 00d (gilwand WS

) 5 ion .. e
NIiCIAIY/YSZ 5yl o (idey oy28 Sladllas bl gl SO S s );J.f :;&’LA J&J" sl i 10 Jg

. - . . . SN DAY dw ol (gdudz> o

S Laasio | oo Jloel glodl jiil jog, @ ° -

i ? =2 J . < 7 : LJ’“"’?) ’ Table5. Average crack length in thermal shocked 3- layer
gy SaS 4 ] 40 oy Sed 5l b i syl le g FTBC

Sl 0igy9,850 (g 5l Bxdod (nl 5o Wb S ojll oy s

Al a8 )5 o e Iyl e e il H0 dilewn 1S (6 S o3Il C™ o xNmm’y C, C.  C  C c, P
P
c T - . - — (m) (pm)  (pm)  (um)  (pm)
ab T L Sllre Como 5 duslio goue @i b Job> b o e
Olgi oo Gtz ol 5l Jol> o325 5 (Sl gl ggome 5lals ofeoofy FYRe ¥/YExieT oYY XY oY ofY  fooo
03 0,L5l 15 8 ,lge 4 oo 0000 Y¥/of Y/vexye oo /Y oYF oYY oo
1 ofooo0pyo c,v o o ° ° oo
1545 05 o 5l Sl i a6 jlwdends 5| Lol s ) [o0of Ya/FA ¥/ 5Y ) IAF T\ & YA 1 R A o
. - ofooofY Y80 F/ov e o/ o¥F o/fY o/dF Aeeo
oo o 8y olej a8l L.'>'.’.)|)'> IS o 0as0 S g slodiges
| L L | | L |y ofocofl) Y olAS F/YExye oY oF oYY off Abeo
oSl A g Jlade )l 45l 03 o0 Y S ofo 0oV Y\Ne  alpvasT olaY offY oY oY Rees

9y @Y S o Jad) (Jgano a¥ 5 s ;o Bl YA T T i s v A a6e

Y dw ol (Gaax )0 a5 JSWLES VO 0 (lawly Y 7 gy VW A/ e AV oY oA ) Yeeeo

(YSZ / 50% NiCrALY- 50% YSZ 2 j5eels a¥ S jica Juad) S e i s, A 0 X il e gl 58 Jgia

S ides Juad) 4 T2 00 (63504 5O e 5O JlS..»L;lia/\/\ 9 0003 g Y dus odd (g,
9 4—»—‘3L’ w.:alf (YSZ/25% NiCrAlY- 75% YSZ b-:-.’.}}:ﬁls ‘*e.y Table6. Measuring results of X parameter in thermal shocked 3-
a ol cplaS cul sads CHleSS S i Jad jo i a8l layer FG-TBC

IS (oo SoS ()l s s yoe ol X E/H H _ (GPa) E_ (GPa) «

a8 ol Ol (st (39S S Soe T b Y
sk el oS 5 g S LSl g ) sad (asaz o by

ofoYo VAY VV/FYA YYA/AAY ofo\F

VIFY



[11] Zhu, L.-N., et al., Measurement of residual stresses
using nanoindentation method. Critical Reviews in Solid

State and Materials Sciences, 2015. 40(2): p. 77-89.

[12] Zhu, J., et al., Cross-sectional residual stresses in
thermal spray coatings measured by moir¢ interferometry
and nanoindentation technique. Journal of thermal spray

technology, 2012. 21(5): p. 810-817.

[13] Moradi, M. and E. Golchin, Investigation on the effects
of process parameters on laser percussion drilling using
finite element methodology; statistical modelling and
optimization. Latin American Journal of Solids and

Structures, 2017. 14(3): p. 464-484.
[14] Dean, J., G. Aldrich-Smith, and T. Clyne, Use of

nanoindentation to measure residual stresses in surface

layers. Acta Materialia, 2011. 59(7): p. 2749-2761.

[15] Alaboodi, A.S. and Z. Hussain, Finite element modeling
of nano-indentation technique to characterize thin film
coatings. Journal of King Saud University-Engineering

Sciences, 2019. 31(1): p. 61-69.

[16] Béker, M., Finite element simulation of interface cracks
in thermal barrier coatings. Computational Materials

Science, 2012. 64: p. 79-83.

[17]Li, B., etal., Design of thermal barrier coatings thickness
for gas turbine blade based on finite element analysis.

Mathematical Problems in Engineering, 2017. 2017.

[18] Wang, L., et al., Thermal shock behavior of 8YSZ and
double-ceramic-layer La2Zr207/8YSZ thermal barrier
coatings fabricated by atmospheric plasma spraying.
Ceramics International, 2012. 38(5): p. 3595-3606.

[19] Moradi, M., M. Ghoreishi, and A. Rahmani, Numerical
and experimental study of geometrical dimensions on
laser-TIG hybrid welding of stainless steel 1.4418.
Journal of Modern Processes in Manufacturing and
Production, 2016. 5(2): p. 21-31.

[20] Qiao, J.-H., et al., A 3D finite-difference model for the
effective thermal conductivity of thermal barrier coatings

produced by plasma spraying. International Journal of

thermal sciences, 2013. 65: p. 120-126.
[21] Khoddami, A., A. Sabour, and S. Hadavi, Microstructure

formation in thermally-sprayed duplex and functionally

Sl Seb Jlesl 5l g ol mhaw (o) ¥
WY Sl aw Gidigy o (Sad e a¥ g golas aS ol lis
Sl oad (unaz o sla b 4 Cond S fgewy Gble
Syl 33le5 (g3l il boasay cpl a5 el ool

1S 0iny9 896 (g 4 wilows (A5 (65503l @l ¥
‘_g)jo)‘..b‘ L )blé u’_u.ul...a R l; ol ‘f‘).la U’“"ﬁ) L U]
Al g gy olaial jo ye i

&=y g 2ibeo
[1]decnavdA ,aladneM .B dna ,abzdawS .L ,.M ,kyzcnamteH

senigne-orea ni sgnitaoc evitcetorp dna slairetam
dna slairetaM ni stnemeveihcA fo lanruoJ .noitacilppa

NAYYVY p (V)€Y Ve + Y onireenignE gnirutcafunaM

[2] Tamarin, Y., Protective coatings for turbine blades. 2002:

ASM international.

[3] Clarke, D.R. and S.R. Phillpot, Thermal barrier coating
materials. Materials today, 2005. 8(6): p. 22-29.

[4] Goswami, B., A.K. Ray, and S. Sahay, Thermal barrier
coating system for gas turbine application-A review. High

Temperature materials and processes, 2004. 23(2): p. 73-92.

[5] Smarsly, W. Coatings for advanced aero engine materials.

in 8 th HIPIMS Conference. 2009.

[6] VaBen, R., et al., Overview on advanced thermal barrier
coatings. Surface and Coatings Technology, 2010. 205(4):
p. 938-942.

[7] Hetmanczyk, M., L. Swadzba, and B. Mendala, Advanced
materials and protective coatings in aero-engines
application. Journal of Achievements in Materials and

Manufacturing Engineering, 2007. 24(1): p. 372-381.

[8] Karaoglanli, A., et al., Structure and durability evaluation
of YSZ+ Al1203 composite TBCs with APS and HVOF
bond coats under thermal cycling conditions. Surface and

Coatings Technology, 2011. 205: p. S369-S373.

[9] Chen, W., et al., TGO growth and crack propagation
in a thermal barrier coating. Journal of Thermal Spray
Technology, 2008. 17(5-6): p. 858.

[10] Xu, Z.-H. and X. Li, Residual stress determination
using nanoindentation technique, in Micro and nano
mechanical testing of materials and devices. 2008,

Springer. p. 136-150.

VIFF



VWES BT docio OFAA Jlo oyl DY 093 «pusS prol CSilSlo wnbies &y yui

Kadkhodapour, Micromechanics stress—strain behavior
prediction of dual phase steel considering plasticity and
grain boundaries debonding. Materials & Design, 2015.
68: p. 167-176.

[33] Langroudi, A.E., A brief review of nanoindentation
technique and its applications in hybrid nanocomposite
coatings. Int. J. Bio-Inorg. Hybd. Nanomat, 2013. 2(2):
p. 337-344.

[34] Liu, Y., Fracture toughness assessment of shales by

nanoindentation. 2015.

[35] Mao, W., et al., Evaluation of microhardness, fracture
toughness and residual stress in a thermal barrier coating
system: A modified Vickers indentation technique. Surface

and Coatings Technology, 2012. 206(21): p. 4455-4461.

[36] Zhao, X. and P. Xiao, Residual stresses in thermal
barrier coatings measured by photoluminescence
piezospectroscopy and indentation technique. Surface

and Coatings Technology, 2006. 201(3-4): p. 1124-1131.

[37] Meng, Q., et al., Influence of the residual stress on the
nanoindentation-evaluated hardness for zirconiumnitride
films. Surface and Coatings Technology, 2012. 206(14):
p- 3250-3257.

[38] Mahade, S., et al., Failure analysis of Gd2Zr207/
YSZ multi-layered thermal barrier coatings subjected to
thermal cyclic fatigue. Journal of Alloys and Compounds,

2016. 689: p. 1011-1019.

[39] Mohammadi, M., et al., Thermal shock properties
and microstructure investigation of LVPS and HVOF-
CoNiCrAlYSi coatings on the IN738LC superalloy,
Vacuum, 2013. 88: p.124-129.

[40] Moridi, A., M. Azadi, and G. Farrahi. Numerical
simulation of thermal barrier coating system under
thermo-mechanical loading. in Word Congress on
Engineering. 2011.

[41] Johari, A.D. and M.M. Rahman. A review of advance
thermal barrier coating architecture. in The 3rd National
Graduate Conference (Nat Grad 2015). Malaysia:

Universiti Tenaga Nasional, Putrajaya Campus. 2015.

[42] Jin, Z.-H. and R. Batra, Some basic fracture mechanics

AR

graded NiCrAlY/Yttria-Stabilized Zirconia coatings.

Surface and Coatings Technology, 2007. 201(12): p.
6019-6024.

[22] Watremetz, B., M. Baietto-Dubourg, and A. Lubrecht, 2D
thermo-mechanical contact simulations in a functionally
graded material: A multigrid-based approach. Tribology
international, 2007. 40(5): p. 754-762.

[23] Zhang, X., et al., Modeling of the residual stresses in
plasma-spraying functionally graded ZrO2/NiCoCrAlY
coatings using finite element method. Materials &

design, 2006. 27(4): p. 308-315.

[24] Saeedi, B., et al., Influence of the Thermal Barrier
Coatings Design on the Oxidation Behavior. Journal of

materials science & technology, 2009. 25(4): p. 499.
[25] Akbarpour, S., H. Motamedian, and A. Abedian.

Micromechanical FEM modeling of thermal stresses
in functionally graded materials. in 26th International

congress of the Aeronautical Sciences. 2008.

[26] Guo, L., et al., Preparation and hot corrosion behavior
of plasma sprayed nanostructured Gd2Zr207-LaPO4
thermal barrier coatings. Journal of Alloys and

Compounds, 2017. 698: p. 13-19.

[27] Béaker, M., Influence of material models on the stress
state in thermal barrier coating simulations. Surface and

Coatings Technology, 2014. 240: p. 301-310.

[28] Chen, H., etal., Design, preparation, and characterization
of graded YSZ/La2Zr207 thermal barrier coatings.
Journal of the American Ceramic Society, 2010. 93(6):
p. 1732-1740.

[29] Haynes International, I., https://www.haynesintl.com.
HASTELLOY ® X ALLOY. (1997).

[30] Wang, L., et al., Thermal shock behavior of 8YSZ and
double-ceramic-layer La2Zr207/8YSZ thermal barrier
coatings fabricated by atmospheric plasma spraying.

Ceramics International, 2012. 38(5): p. 3595-3606.

[31] Jiang, Y. and H. Fan, A micromechanics model for
predicting the stress—strain relations of filled elastomers.

Computational Materials Science, 2013. 67: p. 104-108.
[32] Hosseini-Toudeshky, H., B. Anbarlooie, and 1J.



[46] Khor, K. and Y. Gu, Thermal properties of plasma-
sprayed functionally graded thermal barrier coatings.
Thin Solid Films, 2000. 372(1-2): p. 104-113.

[47] Zhu, L.-N., et al., Measurement of residual stresses
using nanoindentation method. Critical Reviews in Solid

State and Materials Sciences, 2015. 40(2): p. 77-89.

[48] Marinis, A., et al., Fracture toughness of yttria-stabilized
zirconia sintered in conventional and microwave ovens. The

Journal of prosthetic dentistry, 2013. 109(3): p. 165-171.

[49] Baig, M., et al., Properties and residual stress distribution
of plasma sprayed magnesia stabilized zirconia thermal

barrier coatings. Ceramics International, 2014. 40(3): p.
4853-4868.

VVFF

concepts in functionally graded materials. Journal of the

Mechanics and Physics of Solids, 1996. 44(8): p. 1221-1235.

[43] Stathopoulos, V., et al., Design of functionally graded
multilayer thermal barrier coatings for gas turbine
application. Surface and Coatings Technology, 2016.
295: p. 20-28.

[44] MANUAL, O., Aircraft characteristics airport and
maintenance planning. Airbus.

[45] Afrasiabi, A., M. Saremi, and A. Kobayashi, A
comparative study on hot corrosion resistance of three
types of thermal barrier coatings: YSZ, YSZ+ AlI203
and YSZ/A1203. Materials Science and Engineering: A,
2008. 478(1-2): p. 264-269.



