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Advances on the Sintering of Thermal Barrier Coatings
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Abstract: Gas turbine is the key technical equipment in the clean and efficient thermal power energy system, which is of
greal significance to ensure national energy security and national defense security. As the main technical parameter of gas
turbine, the turbine inlet temperature has reached 1500~ 1600 °C, which poses a severe challenge to the design and manu-
facture of high temperature blade of gas turbine. Therefore, a variety of technologies were used to improve the performance of
blades, such as the directional/single crystal forming technology of superalloy blade, film cooling technology and thermal
barrier coating (TBC) technology. Moreover, the TBC technology has attracted great attention due to low cost and a remark-
able thermal insulation effect. However, sintering occurs in the ceramic insulation layer during the long-term service of TBC
system in high temperature environment, which affects the thermal barrier effect and safety of the coating. Therefore, restrai-
ning the sintering phenomenon is the key technology to improve the service stability and life of TBC. Based on the above
background, the research progress on the TBC sintering was introduced on emphasis, including the sintering phenomenon
and characterization, mechanics models for sintering, structure design of sintering resistant TBC and the sintering resistance
evaluation. Finally, the future prospect and development directions of TBC technology were forecasted.
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Fig.2  Cross-sectional SEM images of plasma-spayed thermal barrier
[19], (

a) as-sprayed, (b) initial sintering stage

coating

K3 B THORMIRIR RS SUE AR ™ . (a) MRS HE
R, (b))l i 2R, (o) R sk
TEUPREE S, (d) BRESHUEIE 2 ) R 8O &

Fig. 3  Sintering neck formation of plasma-sprayed thermal barrier coat-

(2], (a) smooth splat surface in as-sprayed state, (b) sin-

ing
tering induced undulation of splat surface, (c¢) sintering neck
formation due to connection of surface undulation, (d) closure of

inter-splat microcrack

PEREE Y T a1, A5 B AR 1) A AR 2 Bl ) i
TR EFRRE A FLIFABR L, Allen %57 5 3 Hp 1 /N 1 JEE
BRI R, YA R B I 1000 CHE, P& A
LI L R A B B RRAIR . R AR LR R A, B A
WA T T R 29 200 °C, 2 WAL BR 4k 75 2 0w B
. Osorio 25PN 7E 1100 °C X 25 55 7 {14 1) P 14r J2 4%
TR IR 1700 h J5, ) 451 A B8 00 I 390 4 Oy B 3 1Y
Ve 2 FLIR BRAE PR 4 (& 4b) , I3 ad R 20 A7 & Bl Ek
WAL S 1452 I, Cernuschi 25" 3l i) R R ik 32
FE T HE 1250 °C 2R A3 200 h 5 (1938 2 FLAR 41 ith
LMMWABAT R, IR A HHE 7 B AR 5 EUG  rik
FAE T FLIABRAL 5L /NS . Yang %572 5 Ly 40
A HITE 1300 C 2R HAEH 200 h 5 500 h 5 (075 2+
BIT U FLIRER LIS

.
founded S
porosity

Pl 4 28 IR 9 SRR 2 AR SEM IR A (a) BER A,

(b) Bed )5 1]

Fig. 4  Cross-sectional SEM images of plasma-sprayed thermal barrier
coatingmo]; (a) as-sprayed, (b) intermediate/late sintering
stages

2.2 BREFROARSENFMEETL

ERERT, S8R MR RZEMEM R, &
Tbess 5 AR IR 2 ) 2 PE AR A8 Ak, AT DLE 2o B 4 =
TR B SR R B S S R AE
Cernuschi 2P X1 2 TE 1250 °C 43 B4R Ab 3 0, 5,
15, 50 F1200 h, Ji5 38 = i 25 kil it 7 OR 2 i s AR
PR LS I A )V AR, R BRRAE AT 15 h L ofpE A
MO HGETF & 32 GPa, BRI IELE, HE4h 200 h 5
5% 50 GPa, Thompson 25" £ 1000 ~ 1400 °C i 3t [l
WXTIRZIEAT 120 h A ELE, R BB PR R
TIE T HLB AR it e 45 ) AR R, R Ibe 2 5 ~
20 h PRI T m, SRS B, 2
PRERREAY | rh e R R R ) S AR, aniEl 5 T
7R, Choi Z£M1E 1316 CXHAZ 4RI AL HE 500 h, FIH
ARG O BRROR I . PRI DU A ko AR
T IRE AR R SR W7 LB B be b e I
HT AL A, 45 5 /R AT 20 h B4 SR iR )2 12 vk fe
SRR ] B3, 20~500 h FEWika T FE%%, Zhu 27
WFZE T B6E IR EE T (M 1080 °C . 1 100 C ) &2



858

Hh AR

39 %

PR R AT S AR, SRR MERE Y &Y
LR Z B AR S A, VR 2 T R T DA i A
TERT 11 h BRE5 B iR 2o W W s, 11~120 h
VI NS RN, Ly 55 SHME S 5] AL 2 FE
RUBSRE ZFL IR EAE 1200 CEFRAAEEE 0, 10 A150 h, i
I =S S A A B R AE T AR I 2 B S A B e
A PR PR A A, &5 SRR BH T 5 AR 43 A FL B % AT L
AR 2 B A o

REE T, FEFRURIARIRE SR A R IR

F IR AL TR 12 55 50 7 15 1) AR AR IR 2 b 4t i it p 3L
RESAFAPEAT Ry . Ahrens 55 R T JEU0T R T = 40 i
Ky, rBIAE T 1000, 1200 F1 1400 °C B 416 5 b ik
J2ABPEASL b SRl M 2R B e 4 e ) A S e TR, R
WIBELERT 10 h JE AR 5 R 1 22 A0 e 45 P i) v 3 b e
HE, R HEE TG, WK 6a il 6b BTN ; I
— BT T O ES A X R 2 S SRR S e, R IR
FLBR B A I 2 1 BT LA R A I S22 3 P A
SR R UK, NI TR 2 B A e RE. Ly
AT B X B 20 (Sg. APS) | H A {24 8L (M.

80— T T T
] APS) | FEAIR(CS SPS) Ml H L (VC SPS) 4 FlA R frl Ui
70 o, e Y Y by —T N %
= e 1400°C SRR AR T ORI IR R, R R RE 5 VA RAE T TR
S “F . e o o 1200 C ARG IR P By s SRR AT T R, RIIRZ
m - 1300°C N e S Ik NS 2k JEE T £t 4
g Op _ PR B 5 2R B e & ) TR AL 2 G RS A,
% 40 - I ] & 6¢ #1 6d i, AN, Mao 2 5 He 251420 23 W
g : ] YRS N .
2 3f o A . _A1200C ] TR ER PR S IR SC e ik, A N TR g R
L e B e A e
< M r N s RVSTION
b e 1 2.3 BEBROMERRASUETE
10 i ST Y PAVPA
g ] RAEFEE TR AR 2 PR A TR R )2
O T w0 s a0 o MZEER, ULEE RAFIRAGKRE. BEBRLE SR MR
Time (hours) ERREEERR AR, —BOR A B =R N R RS
B 5 SR TR ) BRI 2 A0 SR R4S I ] i e (e 1 G RASL FAF . Ritzer-Scheibe 25 7E 1100 °C %% )2
Fig. 5  Young’s modulus evolution of plasma-sprayed thermal barrier Aty b B 0, 100, 200 F1 300 h, S 35 8 S R S v ) A5
- S [35] N N N p .
coating with sintering time TARNREE N R B I R B 5 i ) v AL A, R
26 l“;O'C El IE'
” — . //('—"—:ooo c
— 1200 °C 104
20 /
8 —_—
_ :s & 1200 °C
il - o
& " 1woc & .
= 12 = 3
] @ -—
w10 3 /-/', 1400 °C
8 = J
z S DecrnEE T GPa| 01 [as-sprayed value (room temp.): 144 GPah |
2+ T T T T T 1 T T T T T T T T T 1
o 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
time {min] time [min]
100 . - T T
90| o so.aPs_Exp. —s0.APS R El 103 1d]
o] }EmE—Enn ;
70 4 VCSPS_Exp, ——VC SPS_Fit. ]
T 60
%W / . — R
E 8 )
% 0 /M‘/ §
g’ 303 E s
-] . L 0.1 e ¢ Sg. APS_Exp. —— Sg. APS_Fit.
|3 » = Mc. APS_Exp. —— Mc. APS_Fit.
] » CS SPS_Exp. —— CS SPS_Fit.
203 < 3 4 VC SPS_Exp.—— VC SPS_Fit. |
0.1 1 10 100 0.1 1 10 100
Isothermal Time @1200°C (h) Isothermal Time @1200°C (h)
B 6 45 TR AR 2 ) 2 B SR R AL 40 (a, o) BRMERERE, (b, d) KitE R
Fig. 6  Sintering induced mechanical properties in-situ evolution of plasma-sprayed thermal barrier coating at high temperature“g’m]:

(a, ¢) Young’s modulus, (b, d) viscosity



LERVE |

FASCEE : FRUR AL it i A PRSI R R 4 DR 5 i

859

BELEHT 100 h 4 FRIGIE B2 MAEJS 200 h 38 H05% 41
2%, N Ta iR, Tan %5 SR FREE A J5 200 5 T 25
£ 1200 CEFE N R )Z MRS R0 M, X 1200 €
AEIRPALBE 10 h IS LR B, AR T A2
B R IR Z LB R R PR T ROKOF | R E IR 2 ke
SEVEBEM A RGRRE . Ly DN R RIS AT FLBR S IR 2 S
B EEZALURZ AT 1200 CAFIRAALFL 0, 10 F150 h, &
OGN IR B T IS R B be b e ) B AL B, R

G B2 LR 4310 AT DABEAR IR JZ A 5 K F . Zhang
GO SO BT AN Z B E A, &
PR ALIR (>2. 8 wm®) 7E 1100 °C ZFiE#AE B 10 h
T JE A A BT IR B AR A | FF I /N RS LR 5 4
SAA AT RI M BN, Xie 51 5 Paul %
FIFRBRAS IR AR, A T & AR 250 IR )2 3T
RREGELE I A A fL R, & B & Nl U 2 be 4 i0F
2, W 7b fis

1,80 2
< |la] (]
E -~ 200°C v
£ -~ 400°C TE
g 1,60 B - 500°C E. 15+
c -5~ 1150°C >
: —. z
g 140 —= 3
H €
£ 3
© s
2 1,20 g 0.5 —— Low impurity (<0.1 wt%) |
% H &= High ALO (0.2 wt%)
£ .

e = T = 1400°C 8- - High SI0,(0.2 wt%)

1,00 0 1 n n

0 100 200 0 5 10 15 20
Heat treatment time at 1100°C (h) Time [h]

P17 A SR R 2 A R B B i ] AL 5 400 L () RIRIEHRIE , (b) R 44 5 3 bk

Fig. 7 Sintering induced thermal conductivity evolution of plasma-sprayed thermal barrier coating

(b) with different impurity content

HHT, SeFHpE IR 2 22k M B B b 245 i 1] 14 7 fL R
R R B R RAE TAEAIXT 40, Cernuschi %5 45 43
SEIRERE AT ST T 900 ~ 1300 °C 45 I B Ab Hi i 75 v o4
EIYECR B E AL, SPUAT 20 h IR ARG
BHEPERA R — B, WIE 8a Bz, Zhu %577 544140

05

o
a
&

o
b

°
&

o
@

o
~

Relative thermal diffusivity increase
°
R

os{ . /= ¥ T
01 Fitting 1000°C
——Fiting 1100°C
~ — -Fifting 1200°C
005 —— Fiting 1300°C
0
0 100000 200000 300000 400000 500000

Time/s

600000

(43, 46] (a) at different temperature,

TR TS P (A3 0 TR R R S IR, T
R TIEHGE N 64 W/em® MBS FERE Y, K E
3519990, 1100 F1 1320 C THLF, RIZ PG REfBeLE
Al TR AL LA, R BUET S h T SR 4k s fa] v b A
BE RIGEEaT %, WK 8b iR,
1.8 r T T T T T T
1.7

1.6

1320°C

1.5
1.4
1.3

Thermal conductivity, W/m K

40000 80000 120000

Time, seconds

P8 Beshn i i 4 B T BER IO AR E A S R F AL B 0 70 () BOBIDEIE, (b) ZDAMELIE T 5 2 ik

Fig. 8 Sintering induced thermal conductivity in-situ evolution of plasma-sprayed thermal barrier coating at high temperature

[34,37]

(a) laser flash method, (b) infrared pyrometer and thermocouple method
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Table 1 Experimental methods for the characterization of thermal
barrier coating’s sintering phenomenon
Technique Result
Scanning electron Microstructure
microscopy[]9_23‘ 26,281 (e. g. sintering neck, microcrack)
Transmission electron Microstructure
microscope[zz' 2.27.28] (¢ g. splat undulation, bridging)
Image analysist>® 3! Selective porosit
Structural 8 yst P y
characteri- Mercury intrusion ati .
A . [20, 31] Cumulative porosity
zation porosimetry =

[20]

Gas adsorption Specific surface area

Small angle neutron Surface orientation

scattering[zg] distribution

[20] =

Dilatometry Shrinkage

Cantilever, three-/four-point
[34-36, 38]

Young’s modulus,

bending fracture toughness
Uniaxial compression[m
Mechanical [36]

o Young’s modulus
Impluse excitation

characteri-
Jation Indentation - 371 Young’s modulus, hardness,
fracture toughness
Thermomechanical Young’s modulus,
analysis[”‘ 0] « viscosity
Laser flash[ > 3 43-451 »
Thermal
. Infrared pyrometer+ .
characteri- h er Thermal conductivity
. ermocouple
zation p

. 46, 47
Transient plane sourcel 4 47]

Note: * denotes possibility of in-situ test
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Fig. 9 Sintering model of plasma-sprayed thermal barrier coating

(¢) schematic of cylindrical model
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I, (a) coating composed of splats, (b) schematic of brick model,
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Table 2 Comparison of sintering models for plasma-sprayed thermal barrier coating
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Brick splat, variable sintering

Microstructure feature K
neck width

Applicable stage Not specified

L Surface energy and grain
Driving force
boundary energy

. L Mass conservation and energy
Evolution criterion . e
functional minimization

. L Microcrack healing/sintering neck
Behavior description . . . . e
flattening , coating shrinkage, stiffening

Sintering neck dimension,
Key parameters X
Young’s modulus

Advantage Reflection of diffusion mechanism
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stiffening, heat transfer through splat

Splat dimension, Young’s modulus,

Consideration of topological evolution
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Distributive sintering stress Equivalent sintering stress

Mass conservation and Mass conservation and

force balance topological invariation

Coating and pore shrinkage,
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thermal conductivity Young’s modulus, viscosity
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to fracture analyses
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Fig. 12 Design schematic, microstructure and porosity distribution of thermal barrier coating system with graded porosity in ceramic top

coat!3®] (a, d, g) Model-P with increasing porosity towards interface, (b, e, h) Model-N with increasing porosity towards sur-

face, (c, f, i) Model-H with uniformly distributed porosity
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