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1150 ‘C+ YSZJZJEE } 250 um i, 8IS ABE
HRSERMNFESBERES TV 6.6 5. H
BRI L, #i TBC H (158 S8 E 2 1 & TBC B s
IRAYERE . IEKIRJE A i A BOE 1%
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NEASWNSE R T ERIEIE, T EE R TR
TIAI R S At I8 I B R AU R RS A R D
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Table 1 Parameters of detonation gun spraying ['”

EEIE T NI A St e e itk ge 55 07 m, x1
FH %O B BRI TBC P& Z oM 45 e Az, 3t
T % TGO AE A HUAHE (1 52 Mo AL EE v A B . R Utk
N T SR E S TBC M TREAL N, A % B3t
— I U ER A WL R 7T

SCH R T WOL E S X APS il % TBC
BRI, b T i A Al AR
TGO A K S A M . B BOLES TBC 774
W ESIBIE. W TGO LK MG IEN, B4
P E IS TBC L sl AL BE -

1 I

A S8 R 2 2 K R N R A NiCoCrAlY (Amdry
365-2), Kift g 45~75 um. V& 2k K AT A
YSZ(METCO 204B-NS), #i1%°438~75 um. LLjN
TR~ Ad25.4 mmx3 mm 1] Inconel 738 /F Ay 344
MRE. B2 2 8 A 0 e M i B A (A M -4]1)
PAF, HBURSHWR 1R BIEBR G %58
JE I AR AL T BB RS eI ) SRR L, A
WEREEEMES ST . WEZRHE™ APS
(GP-80, JLIL)l#%, HBHRSHWE2 Prx. b
J& R G A0 #%(IPG YLS—4000) %1 15594 YSZ 2 1f
BATHOCE S AR, HEIFESHNEI Fn. Hik
75 2 B 1 BT R 1 IR A TBC(As-sprayed, AS-
TBC)Y # )% 4 TBC(Laser remelted, LR-TBC)& %t .

F 153 AS-TBC 5 LR-TBC ¥ A\ & b 4P it 4T
1100 C i A A 258, IS TE 237028 10 hy 25 hy
50 h 5100 h, FHESFFREREEHN 10 C/min.
RN A]T R B 3 PATAE R, TR (O
J40.1 mg, Mettler Toledo) 115 S AL I & ,

WIEWOMIEH S T0 3R A R A X 2R Reis

Coati Movement speed of Frequency/ C,H, flow rate/ O, flow rate/ Spray distance/
oatin

£ gun/(m-min™") Hz (L-min™") (L-min™") mm
NiCoCrAlY 10 4 20 5.5 180
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Table 2 Parameters of atmospheric plasma spraying!'”’

Coat Arc current/ Arc voltage/ Argon flow rate/ Hydrogen flow rate/  Spray distance/
oatin
& A A% (L-min™") (L-min™") mm
YSZ 650 60 60 5.5 80

£33 YSZEWOLEIBLZESH

Table 3 Parameters of laser remelting

Power/W Scanning speed/(mm-s ")

Overlap rate/% Spot diameter/mm

400 50

50 3

Remelted layer

( L Ceramic coating = e

‘ Laser beam
\» /

> APS) N\ J-----

YSZ YSZ

Bond coating —
(D-Gun)
NiCoCrAlY NiCoCrAlY

<+«——— Substrate ———>

In 738 In 738

(a) (b)

1 YSZIEREZERS

Fig. 1 YSZ TBC system: (a) As-sprayed TBC (AS-TBC); (b) Laser remelted TBC (LR-TBC)

I (EDS) 1414 #8712 7% (SEM, Quanta FEG 450)
FREL; K D/IMAX2500PC 7 X 5 28 7 5 X (XRD)
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[l AL B (8] TGO A= K J5 B2 5 g 68 2% L R 2 1y e o
K% 5 BT 814 (Image-Pro Plus 6.0), titHit5 10
5 /) — i 1) SEM 28 T 18 )P 24048

2 ZHhEITe

2.1 URRTSIRRAL SR

B’ 2 i N A AL BT AS-TBC 5 LR-TBC [ 031
3. 2@ W, AS-TBC HJE &) A (100+
20) um [ YSZ Mg & 2 . NiCoCrAlY % 4% )2 bL
Inconel 738 FEMARZ . FLAkTHI I FLBR 5 2 IR 4544 #
& APS il £ R JZ B B SLBYARRAE, DN AE IR I FR
BT IR S 1 PR R oK 1 4k L 200~600
m/sP ViR I I A i o 2 2 AR T W R ST R 1) HE
B, SRIE L 106~107 K/sPTRI VA K135 B s vt i

K72 ZHEZ AR Z AW R rd R, X22
AREEF = WRRIE;  [FIR, B IRk A 5
HER FEUZIRGE W Z =LY, MifEIR=ER
T, JXFPASTE A HE S WA e 5 fLI, 7S
YSZ F TR IE S 5.28 um, W 2(b) iR . %%
DRI 2 THIRELRS P 6835 1 1 A R 2 5 SR
fl AR, K2 TBC {4 F A i o

283k WO S AL B LR-TBC B 5 AS-TBC
HMFIMAR SEREEE, HYSZEREIFX EFEF
FIAFLBRE JZARGE R RFAE, T e X U] B R
s, mE2) iR, B, BOtERERT
YSZJZJFA IR TR, A R HRLRE AN
1.62 pm, XK K> S YSZ 25 A A ik
R, A B FHEm TBC Ml s Atk gg . thsh,
BT E A O R A R 1 R AN 5 A HIY, IR
YSZ JZZTH L T Bef8 £ 5 TBC R4S 25 BRI AR
g, i 2R, EEERSE, WOREEML
15 Wi % 2 FL IR 2 1 AS-TBC ) 13.20% B B4 %] LR-
TBC 1 4.20%, WK 3 s, X488 E A HE
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2 % structure 1
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In 738

E2 Z%A4LHT AS-TBC 5 LR-TBC M K54
Fig. 2

Microstructural morphologies of AS-TBC and LR-TBC before oxidation: (a), (b) Cross-section and surface

morphologies of AS-TBC, respectively; (c), (d) Cross-section and surface morphologies of LR-TBC, respectively
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Fig. 3 Ceramic coating porosity of AS-TBC and LR-TBC
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Fig. 4 XRD patterns of YSZ powder and coating before

and after laser remelted
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Fig. 5 Microstructural morphologies and element distributions of AS-TBC and LR-TBC after oxidation at 1100 ‘C for 10 h:
(a) Cross-section of AS-TBC; (b) Amplified TGO morphology in (a); (¢) EDS mapping image of (b); (d) Cross-section of LR-
TBC; (e) Amplified TGO morphology in (d); (f) EDS line-scan profile along green line marked in (e)
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BT eI I T A B B IT I 7 2RI e R AL
BE TV HOM. T, EMKE O & Z/A
HEERMEE. MAPEFEENEELRZT S
O* B =5(1675.7 kI/mol®),  H. TGO 4 i
HATHTE HAEBN A, X R0 B R Y
AL TSI, Rk, AP S 0Pk
A% ALO,, HITFEAUNEY:
2[Al]+3[0F—a-AlL 0, (1)

Sk FIE, BT AIREFE, EFEZER
ALO, (I X BL 73 ALIX, 0 & 5(b) 2L (0 ke 28 i
o MAELLAREZ LU FIIERT ALK, 4 Kl 5(c)
EDS & R B7n, KB SURA BN S Al
IR SRR, BRSPS K& B-NIAIP)
FAFTE

K 5(d) BT~ AZIT 10 h &AL ) LR-TBC #% i 1

Pio HESTLAEH, HEIFEAMAAHENER
RYAEAe, BASACRFFRS BCE B AR 1
%= AS-TBC B A MBI =R . [FIFE, 1E
LR-TBC W & JZ/% 42 J2 5 10 Ak H 00 58 6 BU% 1)
ALO, Z, HELEREXF2.39 um, WK 5e)finw.
UbAh, R R 2P B-NiAL S AH N B £ (137
ALX . XU 7EEM0~10 hfrBE, LR-TBCH)
TGO A KHRT K. B 5T~ A 5(e)H &k th sk
LI R, B2 ALO, 2 KIAEIZE 5 A
AL F 2 45 X 5 0~7.9 um. 7.9~10.3 pm & 10.3~
22.9 um X ¥, (EfFERERE, EREZEAME X
H10.7~4.4 um XIF), &4 /> EH -NiAl 5 ALO, 17
E. @a B St &l LRI, LR-
TBC &6 822 NI 7T AL X3k L R 2B T3 A
Ak, #E—F Ui LR-TBCLERT 10 h A LE R
AS-TBC [IHZ 5 5.

TERRIZ T . S5 K AH R (B 20 TBC AL
RBERHER) AP FED I ETIE T, 0755 B4
BEBERE TAMER. MERKNTCGOREE., &
Z I AL XI5 R = WA U], EEALRT
10h N, LR-TBC A#iA #HLL AS-TBC 15 £ O* 3
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LR R REEE NS S AN . BT EEH
J&» P2 TBC I B & 2 B B ) AR 2E 3 A I
IS T3 BUE 4L YSZ 2 N iZ AR AR . T 72
A 7 R IRAS R R E T SAMBE AR, R4 AS-
TBCAFEALIA . SR AR SEWRER N H A& A
Ti#IE, {H7E O 1E LR-TBC ] DLiE it & 44 J2 1 N
WHRG 5 EHHLFE EE LSRR EER
M2 5% 40 R B, 5 BUE AT 10 h (18 A A 2
f1, LR-TBC 2L KK TGO JEFE 5 F R A
HE

21100 Cmild A AL HEAT 2 25 hinF,  HAR AS-
TBC 5 LR-TBC 1] ALO, |2 & ¥ A Frd &K, 25l
i5%2.45 um 52.63 um, HAHLLELL 10 hif, AS-
TBC 5 LR-TBC ) TGO J& J& 3 g 73 73] 1% %] 56.05%
510.04%, Kl 6(a)s (a')Fizs, {Hi& AS-TBC ¥
TGO 4 K AE 10~25 h IS [A] B 4 AH EE LR-TBC Bt .
KFETEITREEAMUE, ATIBE AL AS-
TBC 5 LR-TBC " 43 3l 5 3Nk 5 ek 1) A [\
#o A dEd, RAFEZ. TGO 5
BEE = I RGRTELRL /JH, PLK I TGO A Kt 1%
(R A WA 202, S ER %) = A TNk
L, TEAS-TBCHY, IXEE/KFRLLU A K 3
JFIRGEMBE 526, MRRIGRTEK, XF
FITFAAEE YSZ Z4k8:59%3%; 1 H AS-TBC (3£
T IR B 2 B E AL I T e . R FIEE N
IO BRI, BRI AR S LRI RN, T
WINESBEEE. B, SRS EETEAS-
TBC 1 2HIE R #H . m#ELR-TBCH, HTE
A IHIPPIRA LS 3 H R LU 7L AS-TBC K1)
PSR, B RGN 4N LEME, MAZR
ARy, HHEIAKCF RO R, AFHORFFAE R
BUNRSE, BAIT A ERIEE, T H ) A
ARGHRD T AREESENEE. Fi, &

4 TBCHIP TTRALAMY P IY HURE (1100 T

Table 4 Diffusion coefficient of TBC elements in oxides*®!

SAE TR R R S B R W] B8 4%, LR-TBC [
TGO & BESMRE N o 88, 1EBEA 25 h (14840 5
Wi, P TBCHE KE AP S5 &N, Fr Lk,
(1) B-NIiALFH LG 10 h i) 2 25 9820, SEM HLET S [l
MEH 2 LT DA AT ALZ

41100 °C it B AL 2EAT ] 50 hivf, AS-TBC Y
LR-TBC [f] TGO JEZATI R S ILAF L3 JE 11 BB B0
K, wEl6d). (b")FTR, (2GR L2 m S
TN XA AP TBC ¥ C I RE s . B i)
ALO,JZ=, 1O KFHEE 14 & TR 1E a-ALO, ™
BREORAR, R4 FTRPY, FrRAB4 TBC %ML
B T T B . LR-TBC M & JZ2 18 75 35 2 8045
N G, RRRERE SRR A, LARRAD A RS
FERCIRA, R, 2350 h&bjE, LR-TBCfEW%
TREFBAR ISR R . 1 AS-TBC H fifi & S A [H]
MK, ARBEEEELEZ, FHALOERE
JEikF)3.04 pm, #id LR-TBC (] ALO, 2 )5 J¥ 2.85
um. JERS, PEZH TBC 1%hH: 2 1E SEM AL EF i 4
oL 7w R ALRE, WA 50 hE A,
PILHEEZ I AL TG R A KRR

241100 C & E L #E47 2] 100 hiFf, AS-TBC
TGO X3 2 3B 2 1) EE K F.(2.43 pm). R Z
B30 pm) B 54, S RIS $) 5,73 pum,
WE 6(c)fizn. I a ISR R, FEKX
HONR ARG ANME. XU T AN O A
R T AP E R ERRIOKT, A2 se
THFEENA MR R/ R EZ AT O™, FrlAFiE 2+

FINI*'. Co™ 5 Crof &y it & 1 ALO, &,
62 S8R, FHA R AR 4,

[Ni]+[O]—NiO )
[Co]+[O]—CoO 3)
2[Cr]+ 3[0}—Cr, 0, 4)

W, AN S EA I ALO,. Cr,0, 24k

Diffusion coefficient/(cm?-s™")

Element
a-AlL0, Cr,0, NiO Ni(ALCr),0,
0 3.236x107% 1.331x107% 4.294x107" 6.493x107"3
Al 2.175x10718 6.012x107"7 9.786x107"7 1.258x107'¢
Cr 5.711x107" 2.575x107! 5.321x1071 2.091x107"2
Ni 1.137x107"7 3.456x107"2 9.876x107"? 2.987x107"
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S N AE AR B AR A AT 4
AL O, +(Ni, Co)0—(Ni, Co)Al,O, (5)
Cr,0,+(Ni, Co)0—(Ni, Co)Cr,0, (6)

ERMAFEBGEIREF, TGO HJ5A 1) ALO,JZ
K25 e B F SO A WEFLIE,  WiE 6(c) i .
XHANTHEZEEE T ALO, JZ Py #
MR ARG A G2 LR, RS
E&RETERA AN BAERENT BRE,
mE4pR. Fik, RE\AREEMAY— B
WK, thAh, digREiE & A
PR & AR 251k, F Pilling-Bedworth ratio(PBR)>K
FAE™, NI Cov Cr K AVEALJE [ PBRAE I K
T 1™, RS PR, BB TGO H 8 AL I RF A=
K FEH TBC BB Z K. Ak )Z F 1R
AW, (1M EERGFFEY R, AT
TBC kA%

{H/2 LR-TBC ] TGO 25 #4233k 100 h =i b
JE SRR FF L — 1 ALO, 2, i 6(c”) s b3 45

&5 TBCHi#ZZEEILR M PBRM
Table 5 PBR of metallic elements in TBC bond coating!*"!

RFR. M ALO, 2R ARG K %2 4.66 um, {H
19 AS-TBC [A] ] TGO J& % [1) 81.33%. H HE 1]
j&, LR-TBC £ 100 h =i S AL 5 558 %A H Bl
REENY, VBRI E, LR-TBC
bt AS-TBC AL Z A, HAA 54 Pt il A Ak
PERE .

K7 B N5 1100 °C i 84K 100 h 5 AS-
TBC 5 LR-TBC K MM IEFi . K70 LUE 2,
AS-TBC 54 1 2 11 FLIF 45 Bk B B -2 S A F o
AW H AT, FEAF RS IRGER 5045
TERERT, mEAAIAE8.61 um, WIE 72N,
i H AS-TBC J5i A [ 2R 45 i th/E B AL FE P |l T
SMBIESHRGETE, BRI IMABIIRES . XA
NESAE AS-TBC R E AL . TGO Bld A K
Peft 7. HIKER, LR-TBC R EZA T
1100 C i 4k 100 h 5, J5EA R ZESHE AR
JIER T 2IMALAG RS, WE70)FiR. X
D 7RSS EIE, 143 LR-TBC RE

Oxides Ni—NiO Co—CoO Cr—Cr,0, Al—AlLO, Ni,Cr—NiCr,0,
PBR 1.65 1.86 2.07 1.28 2.05
25h 50h 100 h
O e e V] s o
.- - p | ~
gysz  Horizontal .2 8YSZ
& crack .
- A [
3 4N
&5 -
2 s
2 g A-‘l‘deple\tion g /’
T , b G| aEpne : ;
NiCoCrAlY | ,."‘- e e - . 4 d 2
N ";N':.‘..., "‘\\‘%. ‘ - Nfi’,c,m'? .NiCoCrAIY m.» ki 2
(@) : (b)) (©)
ol
m
=R
7 .
= g0 ; i
i S0 M Al depletion
1O R zone
2 . ‘..:‘:;1")“' > . ; . g
NiCoCrAlY ..‘ b NiCoCrAlY
6 AS-TBCH LR-TBC 3l 1100 CAS[EJ 4[] TGO X 38 (1 A O T 35

Fig. 6 Amplified TGO morphologies of AS-TBC and LR-TBC after oxidized at 1100 ‘C for different time: (a) AS-TBC, 25
h; (a") LR-TBC, 25 h;(b) AS-TBC, 50 h; (b') LR-TBC, 50 h;(c) AS-TBC, 100 h; (¢') LR-TBC, 100 h
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7 %3t 1100 CHAL 100 h 5 AS-TBC 5 LR-TBC /1) YSZ |2 & i floW I 3
Fig. 7 Surface microstructural morphologies of YSZ coating in AS-TBC and LR-TBC after oxidation at 1100 “C for 100 h:

(a) AS-TBC; (b) LR-TBC

TREFIRAKI TGO A Kl R . b, K%L S
# AS-TBC 5 LR-TBC ] YSZ /= 2% [ RS & A HL 4R
1o 22 /5 ¥ A BT K, 4 i iA #) 8.09 pm( 3 1R
53.22%, AS-TBC) 5 2.17 pm( 4 & 33.95%, LR-
TBC), WK 8 FiR~. WARBKMIIEIELE—DiEm,
AS-TBC 7E# /N5 56 1 72 b B o i AL R

2.3 AS-TBC 5 LR-TBC HIE Xa 1%

2314 1100 C &% 1k 100 h, AS-TBC 5 LR-
TBC A TH AR A 5 Am A«
Am=(m,—m,)/S (7
A: m, N TBCIRFE L AN [R] A A B 8] 5 145 5
my NIZ R A AT R G s S IR EE &I

10

[_IBefore oxidation
I After oxidation

Roughness of ceramic coating/um

LR-TBC
Sample
B8 % ALHl. /5 AS-TBC 5 LR-TBC ] YSZ = [l
Fig. 8 Surface roughness of YSZ coating in AS-TBC and
LR-TBC before and after oxidation
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TGO growth behaviors and high-temperature oxidation resistance
mechanism of thermal barrier coating after laser remelting

AN Guo-sheng" %, LI Wen-sheng' 2, FENG Li"?, CHENG Bo'?, LI Zi-yu?, ZHOU Lan’, WANG Zhi-ping’

(1. School of Materials Science and Engineering, Lanzhou University of Technology, Lanzhou 730050, China;
2. State Key Laboratory of Advanced Processing and Recycling of Non-ferrous Metal,
Lanzhou University of Technology, Lanzhou 730050, China;
3. School of Mechatronics Engineering, Lanzhou University of Technology, Lanzhou 730050, China)

Abstract: Laser remelting is an effective way to improve ceramic coating compactness of thermal barrier coatings
(TBC) and further decrease the channels of oxygen permeation. In this study, the TBC ceramic coating surface was
modified by laser remelting, then isothermal oxidation tests were performed at 1100 ‘C to investigate the influence
law of remelted layer on thermally grown oxide (TGO) of TBC, and clarify the mechanism of laser remelting on
improving the TBC high-temperature oxidation resistance. The results show that TGO thickness and oxidation
mass gain of the as-sprayed TBC (AS-TBC) and the laser remelted TBC (LR-TBC) increase with increasing
isothermal oxidation time. The remelted layer eliminates part of sprayed defects, decreases the surface roughness
of ceramic coating, and reduces the contact area between oxygen and TBC. The laser remelted ceramic coating
with high compactness is beneficial to splats healing, and the cracks in the remelted layer improve the strain
tolerance of the LR-TBC by narrowing and even healing. Thus, the permeated behaviors of oxygen through splats
and cracks to bond coating are inhibited in the LR-TBC, and the TGO growth is postponed at the middle and final
oxidation steps. That is contributed to TGO structure of the LR-TBC that keeps the single Al,O, layer until the end
of test. Ultimately, the parabolic oxidation rate (K ) of the LR-TBC is decreased by 9.00% compared with that of
the AS-TBC.

Key words: laser remelting; thermal barrier coating; thermally grown oxide; high-temperature oxidation
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