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Effect of High Toughness Transition Layer on the Performance of
Atmospheric Plasma Sprayed Thermal Barrier Coatings
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(Surface Engineering Research Institute, Chinese Academy of Agricultural Mechanization Sciences,
Beijing 100083, China)

Abstract: Ceramic coatings near the bond coating / top coating interface in nano-structured thermal barrier coatings deposited by
atmospheric plasma spray (APS) tend to initiate horizontal cracks under high temperature environment, and thus lead to the failure of
thermal barrier coatings. High toughness transition layers of 8YSZ are deposited by atmospheric plasma spray and supersonic
atmospheric plasma spray (SAPS). The results show that high toughness transition layers prepared by APS and SAPS improve the
adhesion of flattened splats and increase density of transition layer. Compared with conventional nano-structured 8YSZ coatings, the
toughness increases by 46% and 84%, respectively. High toughness transition layers increase the adhesive strength, thermal shock
resistance and gas thermal shock resistance of composite structured thermal barrier coatings. The coatings show the best thermal
shock resistance when the thickness of high toughness transition layer is 30~50 pum and deposited by SAPS. Moreover, compared
with conventional nano-structured coatings, the gas thermal shock resistance increases by 120% when the thickness of high toughness
transition layer is 10~30 um. Testing under temperature gradient, the final failure of thermal barrier coatings changes from peeling
off layer by layer in top coatings to spalling at the interface between top coating / bond coating. Through the design of high toughness
transition layers, the adhesive strength and service life of thermal barrier coatings is improved and its thermal insulation performance
is also considered.
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Fig. 1

Schematic design of coating structure with high toughness transition layer
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Table 1 High toughness transition layer design and YSZ coating preparation process parameters

Thickness of high Preparation

Spraying Powder feed Substrate

Serial number toughness layer / pm method Currents / A Voltage /V distance / mm rate / (g / min) temperature / 'C
CON-APS 0 APS 600 75 85 20 200-300
DCL-APS-1 10-30

DCL-APS-2 50-60 APS 600 72 85 20 500-600
DCL-APS-3 80-100

DCL-SAPS-1 10-30

DCL-SAPS-2 50-60 SAPS 420 140 110 30 200-300
DCL-SAPS-3 80-100
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Fig. 2 Microstructure of 8YSZ coatings prepared by different processes
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Fig. 3 Fracture morphology of YSZ coatings prepared by different processes
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Table 2 Mechanical properties of YSZ coatings with different structures

Serial number Hardness / GPa Elastic modulus / GPa Residual stress / MPa Fracture toughness / MPa \/m
CON-APS 14.17 182.747 —61.43 1.245
APS high toughness 13.733 161.16 -78.186 1.823
SAPS high toughness 13.444 178.275 —~79.498 2.289
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Fig. 7 Macroscopic morphology of thermal barrier coatings after gas thermal shock with different high toughness transition layers

Bl 8 Dy SR A LB 23 M (10 Bt A4 R v )
SUR) oy Ap N R AR L S TR TR S (AP
CON-APS ¥R JZAE R IX I o B AL e B e /=
SEARVEINS, WREE Rt BREGR
AL EAE RSN R T, SR b R R — D R
WHTEL B 8a Wik R, AL AL AR

«
L &
100 pm

(a) CON-APS failure zone

S"‘:‘:&J{»""@:)ﬁ\x\%, ‘h?f&"

(b) CON-APS transization zone

2~~3 pm., FERT ORIV DAL, B4 R I
RN, RIR)R SR D R L X
S 1] AR DCSRPR D LI, A T DX Py S A R 5
AN 2~3 um, EEXAKEHBEZREEN 15~
20 pm. 7EREYE X5 SRR IAL B B2 A AT
FEPAT TURIZR MR R 3L, REUR R 452K

100 um

100 um

(c) CON-APS failure zone edge

100 um

100 um

(d) (e) DCL-SAPS-I failure zone edge

K8 R TR o R AR bk = R R

Fig. 8 Microstructure of thermal barrier coatings after gas thermal shock failure



204 b =B X W L =

2022 4F

294 115 pm, AT CUAWAE Shap o i R b B e 2% 5
JEIRFNE, 45ty CON-APS 248 KA X I AN ]
SERPFFAETT AN, RAIPRR I, AR ERRE . FAN
NAVCECEERZAER T, FBEE /7 2 mhE
(B B S N P AR RGO AR AT g, AE R B2 N B
TERCTPAT TREE / Fh 2 S e, XL
TERLU A P B 2 P AR, - SR e g
SR G2 R, ABIR)E R BOR A SR I R 45
2/ RS IR E N . R SAPS il 4%
PRI IS, OG5 T RS R T e 2 A R
SUIAEFNY RS, P T B v I i
BRI P . 1B 8d AN 8e 4 H A5 10~30 um
Fer I I Y S R AR R S R R SO i, A
R E RBIEA Ny B 82 )2 IRl &5 )2 S T R )% A
T, ANAE SR X I 45 2 R Ak B A R A 10~
15 pm FEE L, TR 0 DRI o e X 3
FEARTE W 8b AT X . BT YR Z P Ay et
VPR | RS A AT, RA S
J2 IR R 2 I 2L e 45 46 2 R v iU
1T, {EF &2 56 AR T8 X RN P s 2 s #E XN, &
g 2 A B IEAIY TR ik, e 8d FiE 8e
LR E, RS 2 R A BT R B2
HRB, I SAPS il & (1 MR R R e T
FREEHE LR AR S I 2 2 R SR s e g, 4
il T ARSI R R N VR S B R RS R
T B30 (1 B 5 2 PR 0 R 3R 8 A R e S B0 P
BEAFNTR AR 2 I R I AR A B & Sy o
IR / Rha R AR TR, e
(R R I A W e A A 7

3 4Eip

(D FEFHHRIS RS, & a s AmEA AT
bR OGE TRk 2 A, A L s
M¥R)E, APS Rl SAPS 2 1) )1k 8YSZ M=)
W LB 7 il 1y 46%FH 84%.

(2) BA w8 2 ) FA R S A L R 4
Py SRR J2 10 45 65 5 P FH (T AGRE 1 RE SR 3R A S 2 4
IR I A T2 RN R R X A A i A
WIEEE AW R AN, (AR S
JEREIsE N, FARER S5 A B NPT AGE M RE
RSETH e 5 PR3, SAPS 145 1) i 1) 1k e
JERE ST G A R TR A U AAGE R R AL, B
REPE S RIE Hy 50~60 pm B, FARRIR 2 45 A g
FPTHAGE T B et

(3) 4 SAPS & I i W) ek 8 2 )R B2k 10~
30 um 1 50~60 pm B, A EGH HEE R R 2
A GBI AR T A dr o il 120%
1 65%. A MBI EAE Al R, Rk
T 3T Ay s 25 oot 2 T P W 8 )2 PR RS 2R S0 A
TR, B sl RS G dii AR 24 &
T R4 BRI SS GrRe IRIbiay R
71, ABERE RBOE AR I N B & SR R 45 )2 P
R S AR

(4) WIEEFTT E P2 % T8, A
HE AR 1 AR AR BRI TS T, W P T A
WRNERETERE .

2 % X W

[1] PADTURE N P, GELL M, JORDAN EH. Thermal barrier
coatings for gas-turbine engine applications[J]. Science,
2002, 296(5566): 280-284.

[2] CLARKE D R, OECHSNER M, PADTURE N P.
Thermal-barrier coatings for more efficient gas-turbine
engines[J]. MRS Bulletin, 2012, 37(10): 891-898.

[3] MEHBOOB G, LIU M J, XU T, et al. A review on failure
mechanism of thermal barrier coatings and strategies to
extend their lifetime[J]. Ceramics International, 2020,
46(7): 8497-8521.

[4] B, H70, XE, 5 SE TR LaZno,

PR 2 il b 4 A AT A [I]. b I R, 2020,
33(2): 119-126.
TANG Chunhua, LI Guangrong, LIU Meijun, et al.
Sintering-stiffening behavior of plasma sprayed La,Zr,0O,
thermal barrier coatings during high temperature exposure[J].
China Surface Engineering, 2020, 33(2): 119-126. (in
Chinese)

[5] MisRE&, 430/, %Il 45 LZO / 8YSZ XM & A

IRz CMAS [Pk RE[]. H E i TR, 2020,
33(1): 91-100.
YANG Lexin, LI Wensheng, AN Guosheng, et al.
Corrosion properties of LZO/8YSZ double ceramic
thermal barrier coatings[J]. China Surface Engineering,
2020, 33(1): 91-100. (in Chinese)

(6] 2=, JHZ, Eig}, 55 iRz TGO Fmb )

IIAT BERE AT TS TRE R[], RIEAR, 2021,
50(6): 138-147.
LI Shuai, DI Yuelan, WANG Haidou, et al. Progress on
stress distribution and crack propagation behavior at the
TGO interfaces of thermal barrier coatings[J]. Surface
Technology, 2021, 50(6): 138-147. (in Chinese)

(71 Eif, Y, X7, & MREREREUT N KK A7



5 6 1 2

S

J j%; itﬁ"’g:

¥

e IR I SR KA 1 T R AR R T R AR

205

[10]

[11]

[12]

[14]

[16]

B IECELRIT]. MRS N A, 2022, 16(1): 1-18.

WANG Sijia, XU Tong, LIU Meijun, et al. Failure
behavior and long-life design of thermal barrier coating: A
review[J]. Materials Research and Application, 2022,
16(1): 1-18. (in Chinese)

SCHLICHTING K W, PADTURE N P, JORDAN E H, et
al. Failure modes in plasma-sprayed thermal barrier
coatings[J]. Materials Science and Engineering: A, 2003,
342(1-2): 120-130.

EVANS A G MUMM D R, HUTCHINSON J W, et al.
Mechanisms controlling the durability of thermal barrier
coatings[J]. Progress in Materials Science, 2001, 46(5):
505-553.

WEI Z Y, CAI H N, LI C J. Comprehensive dynamic
failure mechanism of thermal barrier coatings based on a
novel crack propagation and TGO growth coupling
model[J]. 2018, 44(18):
22556-22566.

FROMMHERZ M, SCHOLZ A, OECHSNER M, et al.

Gadolinium zirconate / YSZ thermal barrier coatings:

Ceramics International,

Mixed-mode interfacial fracture toughness and sintering
behavior[J]. Surface and Coatings Technology, 2016, 286:
119-128.

GUO H B, VABEN R, STOVER D. Atmospheric plasma
thick with high

Surface and Coatings

sprayed thermal barrier coatings
segmentation crack density[J].
Technology, 2004, 186(3): 353-363.

CURRY N, JANIKOWSKI W, PALA Z, et al. Impact of
impurity content on the sintering resistance and phase
stability of dysprosia- and yttria-stabilized zirconia
thermal barrier coatings[J]. Journal of Thermal Spray
Technology, 2014, 23(1-2): 160-169.

CHEN D, WANG Q, LIU Y, et al. Investigation of ternary
rare earth oxide-doped YSZ and its high temperature
stability[J]. Journal of Alloys and Compounds, 2019, 806:
580-586.

BOBZIN K, ZHAO L, OTE M, et al. A highly porous
thermal barrier coating based on Gd,Os—Yb,05 co-doped
YSZ[J]. Surface and Coatings Technology, 2019, 366:
349-354.

VISWANATHAN V, DWIVEDI G, SAMPATH S.
Engineered multilayer thermal barrier coatings for
enhanced durability and functional performance[J].
Journal of the American Ceramic Society, 2014, 97(9):
2770-2778.

VISWANATHAN V, DWIVEDI G SAMPATH S.

[18]

[20]

[21]

[22]

(23]

(24]

[25]

Multilayer, multimaterial thermal barrier coating systems:
Design, synthesis, and performance assessment[J]. Journal
of the 2015, 98(6):
1769-1777.

KARGER M, VABEN R, STOVER D. Atmospheric

plasma sprayed thermal barrier coatings with high

American Ceramic Society,

segmentation crack densities: Spraying process,
microstructure and thermal cycling behavior[J]. Surface
and Coatings Technology, 2011, 206(1): 16-23.

LI CJ, LI'Y, YANG G J, et al. A novel plasma-sprayed
durable thermal barrier coating with a well-bonded YSZ
interlayer between porous YSZ and bond coat[J]. Journal
of Thermal Spray Technology, 2012, 21(3-4): 383-390.
LANCE M J, THIESING B P, HAYNES J A, et al. Effect
of APS flash bond coatings and curvature on TBC
performance on rod specimens[J]. Surface and Coatings
Technology, 2019, 378: 124940.

LANCE M J, THIESING B P, HAYNES J A, et al. The
effect of HVOF bond coating with APS flash coating on
TBC performance[J]. Oxidation of Metals, 2019, 91(5):
691-704.

BAI Y, ZHAO L, WANG Y, et al. Fragmentation of
in-flight particles and its influence on the microstructure
and mechanical property of YSZ coating deposited by
supersonic atmospheric plasma spraying[J]. Journal of
Alloys and Compounds, 2015, 632: 794-799.

KANG Y X, BAI Y, YUAN T, et al. Thermal cycling lives
of plasma sprayed YSZ based thermal barrier coatings in a
burner rig corrosion test[J].
Technology, 2017, 324: 307-317.
MAO W G, WAN J, DAI C Y, et al. Evaluation of

microhardness, fracture toughness and residual stress in a

Surface and Coatings

thermal barrier coating system: A modified Vickers

indentation  technique[J]. Surface and Coatings
Technology, 2012, 206(21): 4455-4461.

DWIVEDI G, VISWANATHAN V, SAMPATH S, et al.
Fracture toughness of plasma-sprayed thermal barrier
ceramics: influence of processing, microstructure, and
thermal aging[J]. The American Ceramic Society, 2014,

97(9): 2736-2744.

EFE Y. RuHE 5, 1992 Fld, Wit TR, 571
NP R o
E-mail: likang_liang@163.com

iy

GEfEE#ED, %, 1983 4EHAE, fiit, Wiotit. FEHIT A

BRI -
E-mail: 13811032088@139.com



