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Fig. 1 NASA GRC mach 0.3 burner rig’
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Fatigue), TGF(Thermal Gradient Fatigue) . %
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4.1 TF(Thermal Fatigue) 24
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Y AEHMCALY/7YS2)oll Wil Fig. 2 o vheld

%“—1?% LT WHez TF APE SRS

ol 1 45 & B 7hdstn 7 FoA 15

T T WA A4S Ed A 475 3 b

5 F Fig 49 Zo] Ay :®ZE A7) ‘”454

Yo ﬁJr—éE}Oi NI
MC

A A5 2 AES e Aot Fig 5 &=
Table 1 & =¥ Al?é-ﬁd% o] &-3le] 1,100, 1,121C
2 1,151Te & A ANEs % A2
B=2A, A ﬂilﬁﬂ}%] 10 #3F w24 7F<E 83 40
v AT F 10 B d2ez wyhste 3A
= Y 9s Yehha
%E}. 1100c 1744 749500 3 ©] 1,151TC 2
A

Boat Heating
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Motor Counter
Controller

Fig. 2 Schematic diagram of cyclic oxidation apparatus®

. Kanthal
APM Tube
wire Specimen
_Specimen
Holder
Heating —
Element
-~ Weight

Fig. 3 Schematic illustration of thermal fatigue tester with
vertical furnace’

delaminated
top coating

subékate

Fig. 4 TBC failure after 475 times of thermal cycles®

Table 1 Typical composition of the different layers in the
DVC-TBC system9

Layer Material Composition (wt%)
13.5 Cr, 9.5 Co, 4.75 Ti,
3.8W,3.3 Al 2.7 Ta, 1.53
Substrate | GTD-ILL |\ 0 53 Fe, 0.09 C, 0,01
B, Bal. Ni
Bond Coat | APS NiCrAlY Ni22Cr10AI1Y
f:;g‘:t APS YSZ 8 Y,0; in ZrO,
700
800 1
2 500
é 400
§ 300 +
(% 200 +
100
04 T

1100 1121 1151
Temperature (C)

Fig. 5 Total cycles to failure for 1,1007C, 1,121 and
1,151C for DVC-TBC system. The number on
the bar is number of samples tested’

Table 2 TF test conditions'’

. - SPPS TBC & APS TBC(250 pm) on the
Specimen
bond-coated superalloy
Furnace | CM™ rapid temperature furnace
- 10 min heat-up from RT to 1,121°C
Thermal . .
Cvel - 40 min hold at 1,121°C
cle
Y - 10 min forced air quench
Failure |- When the TBC failure area reached 50 %
Criteria of the total area
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Fig. 6 SEM micrograph of a polished cross-section view
of a SPPS TBC showing vertical cracks'®

1200
£ Min 8 Ave BMax

1000
Thermal Cycle: RT to 1121°C(1 Hour)

800

600

400}~

Cycles to Failure

200

4]

APS DvC
Fig. 7 Thermal cyclic life of SPPS TBCs and

conventional TBCs'®

EB-PVD SPS

Fig. 8 Micrographs of the failed SPPS TBCs'

Table 2 &= % Th& TF Alg2] o2 A, Fig. 6
veld A3} 22 SPPS(Solution Precursor Plasma
Spraying) B S e AE WS vEtd Aol
o Fig. 7 2 1,I21T ZAANA 1 NS 1 FI)2
S W] AFEAAE BT vk FHol
714 -2 APS(Air Plasma Spraying)®} DVC(Dense
Vertically Cracked) W219] ZLX A 200 3 9]
ge) FHg AP ¢ F Qom, o2 TF B
Hel Aol we Aol 228 HAY &

=

Ak AA EH o= Af R @7 o

EAsel 9% TYEH 4T BAste LR}
EARIL AW, WIZE o §F TF PHoRE
29 % LETH #3& HAS] ol

4.2 TGF(Thermal Gradient Fatigue) 24

TGF W42 TF #Hale) &5 Fuj Z7o] ¥7}
" Relth &, AJHe ¥F WS JtEEH %’\M]
% W WZgoz AE T A 2
THE oyl @aeth TGF Al 8olE F2 Fig.
9 ¢} 7+& B8 Z(burner rig)7} AHE-E T Fig. 9 ol
A AEAS ‘ﬂﬂ°ﬂ o AY 7tEEH olm A

A FAde x5S FI BAHE d45E71E ¢
3 W€

Fig. 9 Thermal cycling test facility with natural gas
burner and hot TBC sample"'

Fig. 10 Failed specimen after thermal cycling on a burner

rig'2

Fig. 102 ¥ & 2 TGF Alde] AME-E A1gd
o2, 7HgAAA HAE FHe 9IS A
ghst7] 98 AlEHES HFEvE 7 EH AT

Table 3 & B2 1§ o]&3 TGF AE &=
FAZEL d& Jed Zelth d¥tg oz AlEH
9] FHLE+ Ho| 20| E(pyrometer)ol] 93, 2 A
9 2xE BA FA9 T+ AX A98 €
PE o] &3t SAHET} Table3 9 T3 7|EL A
2y g3 s%7t ol Auzks wolx v, A3
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A 7182 ¢v). Fig. 11 & Table 3 & Z7do] &
TGF A& 5 ¥32Z8 27 9 2A9 &% HzE
BoFE &Mi}«i Y BAN EAge] &%

7’4017} "“5% 4 g 2ok Fig 11 oM =z

= SESZ TF A&l vg) AlY
- o 4 9tk TGE A
AA B ICQI Zﬂfﬂr B} fApsitie Aol
UA R, b HE oAlel H %2l &HAo] oule

]
e
_{
L‘,
l
_19‘., u
HJ«O r.i

Table 3 TGF test conditions"”’

- Disk shaped Ni-base superalloy
Specimen | (® 30, t=3 mm)
- 120 pm NiCoCrAlY bond coat
1

A Gas Burner - Coal gas and oxygen

Tsurface 1 250 + 30 C
N Tsubstratc = 0965 £ 15 C

Temperature

- When 5 % area of the ceramic coating
Failure Criteria| was lost, the cycling was manually

stopped

1400

1200 ¢ Tsuﬂace
2 1000
g
2
E 800 +
@
.
£ 600}
@
-

400 -

200

[} b X
] 2

8 20
Time, min
Fig. 11 Thermal cycling procedure’
43 TGMF(Thermal Gradient Mechanical

Fatigue) 24

1 & Edel=+ 1,300C owe] ie
FraERle] 71E R AAE
& won, 3,600 rpm 7@5; 3
AX8E 34 B 23 439 329
EIHAT drop) & ‘@Z(ZH a5 2

¥ Z}(internal cooling) &2 Q13
A st S TGMF
A g2, A FA ZA 2= 8 oz

s

0 st AT ¢ e

122 TGF o H# £ o]
AR BEAE £ e
4 3 H¥EE A
o47F mie oEs] we
&

o
1>,
_O‘ —
X

T4
=
I
i
o
lo
—Ll

k

Figure 12 £ 1. Shi, et. al’ & AT FolA FF
P8 A¥HL o] &8 TGMF A8 T4 ekl
Zolt} Table 4 & TGMF A8 Z7-& A3 Aol
t}. Fig. 13 & 33 & Z(one flight) T AA EHH

Byol=e AZ7] HT &F(low cycle fatigue load)

e

Fig. 12 Schematic drawing of experimental setup in the
TGMF test’

1060

F 200
800

800

400 - - 100

Temperature, °C

\_._Nominal

Axial Stress

Nominal Axial Stress, MPa

0 1 2 3
Time, min
Fig. 13 Estimated temperature at the outer wall and axial
tensile force as a function of time for one typical

load®
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Table 4 TGMF test conditions®

- Nickel-based superalloy, IN 100 DS
Substrate - A hollow circular cylinder
(ID: 4 mm, OD: 8 mm)
- NiCoCrAlY(110 ym)
Bond Coat | (in wt%: 20Co, 21Cr, 12A], 0.15Y +Ni)
- Coating method : EB-PVD
- 7-8 YSZ(220 1m)
Top Coat | ¢ ating method : _EB-PVD
-Radiation furnace with 4 cylincrical
Thermal quartz lamps
Load - The maximum temp. : 1,000
- The minimum temp. : 100C
- By a constant air flow
Internal . .
Cooling - Th-e 1nl.et temperatuore of the internal
cooling air: about 270C
=g 3He §904 BHAUIE o8# 5
5 A T EAEAT. AEH 4 o, WE-
Wzt W& A¥HE !

HrEAQl Al HE2E WA Hy
=748 #EE] YEolth Fig. 14 = TF, TGF 2
TGMF Z3d gk AFAHAZA, 500 Aol ¥
9 Remy EWHY R&E BAFa Yo €7
M7t & Wer) BEaee Bdo] HHdA
FrAE I ot dFHE 239 S w=(TGF)

Exposed Spatled Exposed
Bond Coat | | Top Coat Bond Coat

T

Spalled
Top Coat

1o spall top coat
Fig. 14 Surfaces of the bond coat after 500 thermal
cycles: (A) TF; (B) TGF; (C) TGMF®

Aol FFo] DT BE Eulet HEE
28 FAo] A235E WE=TGMF) HAT F
o] 3Fo] Ag3te HWgon AHHAso] yE

s
5. TMF(Thermal Mechanical Fatigue) &4

51 EY0|=9 HES-2E o3 "

Figure 15 & B4 24 2 A4 Z£Z(normal
startup and shutdown cycle) 3toi Al 7h2einl A
L % (firing temperature)?} WEE RoF3 9t}
Fig. 15 o] UEhd AR H4F& AAEAM Ed o]
zo 2x 33 W3ich o)W Fig. 16 F o] &
A X9 WE Wt it Biol= EE -
Z9] HFH ASE Uiy Age] v 2ot
W=7 de-3ol oy whg &£xe Ao)e £
golze T "k HdA 2% FulE FAHsa
a7 g HAZHLE, Alo|FHe] MESHA B

==

Base Load
Acceleration Unload Ramp
o LLight-off 4
4 ™~ Load Ramp
g Full Speed
g No Load
£ "\ Full Speed
& No Load Fired
Warm-Up X Shutdown
Trlp/ &“«
: X 4 L * *
Startup ‘\' Shutdown
Time

Fig. 15 Turbine start/stop cycle-firing temperature
changes'

Fig. 16 First stage blade transient temperature
distribution'*
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Fired
Shutdown

Full Speed
No Load

o Q\x B

Metal
Temp.
N
Base Load
Ae
cceleratlon

Light Off
& Warm-Up

% Strain

Fig. 17 Bucket low cycle fatigue'*

In-Phase Out-Of-Phase
! /\/ ' \/\
t
£ £
\VaL AL
£ £
/’ AN
7 N

Fig. 18 TMF cycles"

Figure 17 & GE AF2] MS7001EA 7}2E{W 9] |
o Edol=dd g BY ks ® GA £3ielA
9 &8 A¥EEe ¥WEHE YEhd Foth ﬂﬂ
H#A(light-off)3} 7}4: A (acceleration) FoF
A A (leading edge) F-Holl AAEYU &H-
EAgst=d], oA FRelA F7 FAR
ol Hls) B gy bl Hel wet 9%
238 AAH7] ol

#Hoj —‘?LO} Zi(full load conditionyoll 5= E-dlo
Zrh Ha 2R REd dHEA £ HHL“
"“‘Eﬂe Trx]?'ﬂ-ﬂ] Hed, olds 44 4F
ol wrAlsta gl AEZE "ok olHE &¥

© 7h=HE 71F 0] qul(shutdown)fﬂl‘?i 9
o &, BgeAyrt ge & R0l nE
o e g wet 7—} FHo ] A 1
of uhet 1F3¥ ol ‘9"@0}71] At TEW}
gt HwEgge #Ae Edel= ¥4E T
gty "o uebd Edlelzolye $A 6

010

ox‘_‘YLJES‘L

Lo

L o

et

=

r_>rL
Eﬂ l‘-l Dh‘ Fﬂ O—%:a 010 04.4

2 X
®

~N

Fx

AN

%Ak(in-phase)¥ 4 -F(out-of-phase)o| 2He

Aarol EAEA Bk B3old EA OF
Az Ha WA 45" At He A
Lylolz ¥ REA vERE 4ol

ol@ 7tEA 4ESE Fevt Hi ¥A AF3
g AErh HE Adolw Euleolme] oF% U E
FHoiA e oHolg & 4 rh Fig. 182
T™F 9 B4 94 270¢ MNdA2qE vEh)
Fi 9

¢

18 9 oo
o ox B

52 AN FEO TMF A|H dhal 167
TMF A8 ¥rae 7ixgin] Bgojz=o Babal
% Ae mAlsly] AEg wpaol X] .

74A] 016%*“01 mEch We dakie] ©$ay
Ztdoe] fx e Ai A Apgx sEEt
= 25 278 XA YeiMe ¢k 1,000C 7t
219 whE 7}0:’ 2 Yzto] oHuR FEg s}

9 9 W7 FAs BRITE Holth oD )
¥ RS z7A07 Qs}d a7 250)

AE

289 ’\Tu%i("i & TMF Ald-& 79
A A gy Aok

TMF *]b"’«] } WA 7
H(resistance heating), B 7
ol23 7td ¥ FE7FE W2 (induction heating)©]
Abgdn dubzio g fxrtd Ao M Wo
AgE I ot 2w, dxu myge] AL A
Aol 3k T™MF A ZollA 7 A 8 & 7tE
A ol g3t AL 7Md 2 ¥ 27 |R
gm, #E AVIZE ol&dEE A HE &=
= maAw eFEHE wE vtd 9 Wt AtelE

o] 1]

47145 9§ 7}
7] Z¢ramp furnace)E

rx

2 olg] 7FEE oA fxrt A we
AN#He Fynt AT Fuo] BdE FHS AL
wgE g ok B8 fFurtd U AR A
£ AR} 7] & (electromagnetic flux)o] FEAjoTE -4
sta Ak Adel gawds LA wdd
wrgl, Hige ZAZREY A X(conduction)E
a4 7tgEh ol FS ®IEE &7 EAY
2ttt yolA o dAzyds Wil A

o] H& Aol At

B. Baufeld, et. al'® & ©]#g EAE 48]
18 7bd fx7bE 92 (indirect induction heating)
& ol gstel dabd Yol HEH APH U
TMF A8S HdEHo= $gstgr) o Wy

Fig. 19 o] WERd A3} o] AAF F571E =Y
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Alolo] YEF F Y (susceptoryS AX|sHe W
L2, susceptor 7t HEZFEA He) 1 AR MEE
3 AH-E susceptor 2H-E{2] HAl(heat radiation)E
T 7tEEHE Bl

i
. Susceptor :
e — IN!
and md N
— ~— | ]
j-4 o 1
.—-......; '% |-
L and F ' §
3] 5o £o I E
5@ £< 8 1 €
i@ 53 3 P
%. EE - 5T 3
£ — g :§
nd | !
JRSS— g | ¥
¢ ]
.—b e € }
o : !
L1
[ ] I
]
1
L}

Fig. 19 Schematic drawing of the heating set-up, where
the sample is heated indirectly by the induction
coil via the susceptor'®

Fig. 20 & susceptor & H&3% 7o} T8 ¢
2 A 950CTAN 2ERE FAT we gzH9
+%E £ ZAdolrh Susceptor & AMEE B¢
ANe #gHYY 227 2R 2% H& 120C
AE o AW, 234 & A9dE gzye

2571 100°C A% o ¥ile RE BoFm Qo

Baufeld, et. al'®& =8 :de] AL WAL
2N d3te 22 FHE 48 F dda 2us
St

dxatd H®ol AEE AFHS dEe] TMF
AEE w83 FE YA o2 43 49 Fig 14
o vebd WAolth o] W& Fig. 21 I Zo] 4
M MG E(quartz lamp)$}t ZHZte] BEZE AR
I Y B ¥ e A& (elliptical mirrors)E ©]-&3
Pa oz, ALY Aol ANHe ZHA oA
FzZ7t 7HEEHE 2 BAMge] AHY JFTHEE
AAE ANBAAE ol&Fa Yut ol &=
W F38 Ay URE B8 44 39
=& f¥E 2EFoRA 2HIE ol
T A9 &gteldslidendl® 36 e 774
(vents)e] HF# Jow WHAAANA &elol=v}
g3e o e wE AlHe @dzte] shwd R
ET AYREZE 4434 SddE A5 s WE

I A& AR AHelER golHE o
AE W Al LxE o wmEA YA

290 447 AW P TMF Aol o] Fof
A gled, ofdAA FHAE o $E o
7} oh$ Foke gl

Top Coat
" With Susceptor

1000 } Substrate

Top Coat
Without Susceptor

Temperature, °C
2
8

1

'

0 1000 2000 3000
Time, sec

Fig. 20 Comparison of the substrate temperature during a

[

temperature cycle with the temperature at the
topcoat surface, applying induction heating with
and without susceptor'®

ig. 21 Radiation heating system and sliders with

integrated air-cooling facility to simulate
thermoshock conditions'®

6. ZE

B m=dAe ZF2E Yol dxby 2%
o AFA il #&&HI e UYgE E¥=
Al £/ 29 dE AEbE AAEA
o Sl ME oA A AFAEE FHE UwD
Zlggo] FFan wvyga &4 Jle = 75
sty dAE myol ZHEd AFAS dde=
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