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Table 1 Composition of TP347HFG and NiCrBSi powder (wt%)

Element C Si Mn P B S Cr Ni Nb Fe
TP347HFG 0.094 0.48 0.84 0.029 <0.005 17.80 10.84 0.79 Bal.
NiCrBSi 0.28 3.36 1.95 8.57 Bal 2.14

Bl 1 NiCrBSi ¥y A5
Fig.1 Morphology of NiCrBSi powder

1-Laser beam, 2-Powder feeding direction, 3-Laser cladding head,
4-Direction of rotation, 5-TP347 tube, 6-Molten pool, 7-NiCrBSi
cladding layer

2 WO i) &t

Fig.2 Preparation process of laser cladding samples
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Fig.3 SEM image of as-cladded material

2RO R R BRI RO T B8R T
Bt . AT AR ST H A A RT3 R R A, e
L /)N (8 DX 3R L o 7 2 1A A 7 4 ot X3, 31X — )2
DX 35 B8 5 290 10 s it 54 B S5 L At K28R R K 1R X 35
X T M R S WO FARE A IR X 3, 3K — )2 X3 5
2915 ym. FEM RN BRI R R T oRY
BORAR T H BT 51 R Y, S0 FE BE 2008 25 pme SR, FEMIR
Qb 378 25 ST AN, AR M AL 280 B I 1) 5t R, (EU AT DA
FE o B LU ARHE TP347THFG AR 4 A5,
IFEE G X5 R EDS Al 45 3 X fh B et M) EEOAE
Nb LY. %8 LRk, 650 “C R 4% 2000 h, TP347HFG
B 52 2 S IR BE LN 25 pm, U5 W 7 JE A AL 1
RZ 2R ZYHUA 5 s BT =i R = AR T
B Nb AL«

K Fi EDS H1 EBSD X} ST 0 AH 73 A5 BEAT 7 4041, LA
A 3 H05 | 2 ARk . M 4a BT DL R I TE S THI
BT, RAE TR ER B IR . Fe.Ni.Cré§m &
PITE S A M P2 ARG . 78 S I L A U2
W R E LT Cr & 2380, Fe & &0 LS, 1%
[X 30T I BF P . b R B S (9 X 3G R A A
B RS. X R FEEBAL TG R S AR A B EAT EDS sl
R, G RN 2 FToR . 6% DX IR 5 S2 9 i for B L %
ARl 2 B B BT E HAIE] T C L RAFLE, [N %
mn A Cr & I B T REM G Cr & . R REX
BN TH MY B A, G FSAL ST.S2 A I 2 T BLC [
I A7AE , Z X 3K Cr 2 & B 0 T2 M 5 Cr & &, [AI I
FE ST SAL B R IE] T Nb. R C.BE LR SRS
RIS — g HER AR RE UL & BAFAE . SR AE SdRL N
HS3 W AL B, FEA AN ) B B B, X Ui BHTE 650 C
22342000 h 5 , RN I EA ORIR E s R Y EUT
Ao ERARAK . B dc TR I EBSD #0AH 43 A7 B v] LK
AR SR A 1) ST P2 AR T Nb AR A , (RN E AT
H T Cr,B #l o-CrFe #H , & EBSD H 3F AR A I £ C 147
1E , H45 6 & 4b 1 EDS Kl 20 1, 7T LLBAHf C B S50 &%

1} NiCrBSicoating

TP347HFG

30 um

B4 650 CJf% 2000 h 3444 X 4141
Fig.4 Microstructure in diffusion zone of substrates served at 650 °C for 2000 h: (a) microstructure and EDS line scanning result, (b) enlarged

view and EDS points, and (c) EBSD phases distribution
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Table 2 EDS results of points marked in Fig.4b (wt%)

Point B C Si Cr Ni Fe Nb

S1 10.00  7.77 039 2229 894 50.61
S2 1.35 6.86 0.43 2386 21.02 4499 149
S3 - 6.97 046 1746 1022 64.89
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Fig.5 Microstructure of substrates served at 750 °C for 2000 h: (a) microstructure and EDS line scanning result, (b) enlarged view, (c) substrate

away from the interface, and (d) EBSD phases distribution
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Intensity/cps

K6 850 “C 1% 2000 h [ 5EH12H 2R

Fig.6 Microstructure of substrates served at 850 °C for 2000 h: (a) microstructure and EDS line scanning result, (b) enlarged view;

(c) microstructure and (d) EBSD phases distribution in substrate away from the interface
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Fig.7 Microstructure of substrates served at 950 °C for 2000 h: (a) microstructure in diffusion zone, (b) EDS line scanning result, (c) enlarged

view, and (d) substrate away from the interface

TP347HFG " AEH B, CH &N 0.094wt%, KN FA
BRI S )2 SR FR S B CUIth” , iR iR A%
R AR KR B.C iR, M H SIS &
MU RS E AR, WORIE B iR 285 556 G
G4hA 1K VIR E T ER B R ] [ A s R
TAER R EECRER S SR SR T RS ER
I BRI SRR IR AR RS AGT, 2448 ISR T o 2 [ A TN 1A
R, 722 R AR I AR AE AR K (20~95 kI/mol) , % B AR i
JEl, A4S RN BRI T (9 BOE N 5 o 53— J7 T, 76 BLIKAR
W C Y BCRBUBE S FLR B R i 38 . R e/ 5|
FEC PR 7™ B S A IR AR DL R, C iR EEIVE R, BRI
B.CICEY HLH e, F, B (5 Beasdt— 5 in ) 5 ik
HH ) AR AT SRR TCER R B

1£ TP34THFG # L B ik #2 v, D 1 #0052
Cr,,C, MR, 3@ I N BRBR AL AT ARG 2 Nb, 75 i i
Rt AR, A HT AN ND,C, BEMX M, [l 52 T CL %
T B CryyC B 24528 S FbiT HA A 34 T AT v T A
eIt FE H TP347HFG &R AL 8 26, FF 4 TP347HFG 44
M ORE AR R IR R R4 R U AR M RERTY,
TP347HFG K [H XA 2 G HL T, X Fhsm A L & 4%
TEEAER, SR EE T C B Nb AR [, AT IS T
fi It Cry,C TR . SR1 » 24 £ TP34THFG 4N #4 3 I 4%
BNICBSiRE G, I TIREH I B.Cou R Pudy i, {F
A 5 10T T PR PR SR A R R P SR 5 S B C T
KRN, TR A Nb g K B C B Tt R #E,
A &R A 35 Cr B ALt = i . 7R Cr BN

WA TE ot &, N R 2 C B LR & &, A&
TR ML(C,B) T B4 DR R AE 5 S A B AT K
HE CriRAY) . BT AT T B, x W
il 7 750 “C (& 5b) .850 C (&l 6b) IRIZ G B2 52 i
FETH R AT AR AR 0 A T SR IR o X P S I
THI R 2

SR, B 5 IR AR FE T 22 950 °C L, U2 b
VRILHECBIR7IEE, X85S &R T &k & KR
M,,(C,B), (M=Cr. Fe. Mn) [{] 5 73 ¥ filt 1 % , i 418 A1 52
PIPNRIE 7T, 2435 B 5 F 900 °C , Fe,,(C,B), Al Fe,(C,B){E
WP SR AR . 5323 & T 700 Ca,M,,C
xR AR AT VR TR B2 1) M, C BT W, 2 A8 il 7 4
él;l:l:*@[S(%ﬂ]o

BEPFREFEREMSI RS E, Hiz KT
TP347HFG M H 1) Si 75 5, B AE S PR E T 9% 2000 h
Ja  WRAEFEM IR KO B SISO E . —J7iH
ATRES SiMR T RRECR, VR EE K. Bn—7
T, AR SCHR[33 4R IE , i Ik 1100 °C, A e SL L)
RS B AHIE T A 50 5 B A T SRR IE 1 Sie R
BRI E R i Si R R AE BT B % .

25 4 M1, F TP347THFG X A4 35 TH il i Ot 15 8
NiCrBSi i 2 & , 7 sl R ol 2 v, TR E 55k 2
G4 a, BT RAET LEEY B, X REFN
B.CZ: &858 7 TP347THFG AT H LR IR 747 4
A, BRAER T Nb [ [ B8 S . 43 B 2950 C s,
AT HH PR - B B A R A S 40 T e o



510 1

ot

FEE, BOLKETE NiCrBSi 182/ TP34THFG Rt T Hiont A 2H 23 % fili FiF 11 52 © 2559 .

Fig.9

I8 950 "CJA% 2000 h AT 14 ¥] SEM I F A1 EDS i 414
Fig.8 SEM image (a) and EDS element mapping (b—i) of precipitates served at 950 °C after 2000 h: (b) B, (c) Nb, (d) C, (e) Cr, (f) Mn, (g) Fe,
(h) Ni, and (i) Si
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Fig.10 Nano-hardness of Nb,C (a), NbB, (b), and Cr,,C, (c)

Wb

b o R T AR AT I B K K. 7E 650 C
B, i SR IS 2R, i AT IR 2975 0.6 pm.
B 5 U P B e, 750 C I, FAT A B AR G5 44, A
bt 650 CHY, f A i 1 —w JEE, 8 0.8~2.0 um.
850 ‘CHY, i S AU Al R ZE R AW AR, LR IR
£ 2~4 um. 950 “CH, A7 H A H % 22 Atk 7% Ay i kL 1)
gk, R JEFETTIA 8 pm.

UWIHT TR , C B A5 TG AE d W R AE 98k, IR 51 &
PIBT H o dit PN 52 204 I I AT HR R P AN T 38 o s L
FEAT G, ShORL PN E AT H R AR 1 BTR . TR
650 CHJ, XA REY HUX Ik P &6 2 7= A A s I T
2750 CH, F #0575 AT IR BE L) 35 pum s IR T
11 F1) 850 °CHY, 4L 51 L A AT HE IR FE R 132 pme 4
W5 — 2D T B 950 CHE, 3BT & & BT H R
IEFNZ1 310 pm, LS & AT AR BB B, R R

Corrosion pores

" Grain boundary -

3 il

PSR A58 RS EAR ECARIR I, B 0 . & AT
(TR FE R /N T 9 BT B9 BOR B, X 2 B2 i T4 1
5L & AT AR T b S B P RS

3.4 ERMREENAEREE

12 ffi 7~ 5 650~950 °C =i il % 2000 h 5 , 244
IR FEARA . FE il IR R, B A LR I T o, A
i THI BT AR B R A B R AR A . BRI, A v iR IR AR [
TP347HFG J & i 579 175~186 HV -

8 55 UL P T T s A R B R D AR v, R AEREAL
2234 650 °C 2000 h =i kA% G S b i 5 A 5 T Ak 2
—50 pum CFT LA RO AL B i B B N 254 HV s &0t
750 °C L2000 h = R A% FE . % A BT & Ok
299 HV,,. £ 850 C 2000 h iy AR S » 1% o B i
BN 417 BV, A EER G il K AR B i, A
AN 131%; £33 950 °C L2000 h % 17 B fx = Al B B 3

376 HV,, M H AR £8 ik it A 0 M A5 | /8, A 2 189

B 11 AR [l FA A B 2000 b T H A28 1k
Fig.11 Evolution of precipitations after 2000 h thermal exposure at 650 °C (a), 750 °C (b), 850 °C (c), and 950 °C (d)



25 RS WOLKSEE NICrBSIIR2/TP34THFG bt B4 Bt LA 45 23 % Hifi 5 [ 520 .« 2561 »

5510 1
430 —m—650 °C Interface N
a400F —e—750°C A

E —A—g850 °C v
% 350F —Y950°C
Q
=] v
2 300}
st °
S
5250} .
=

200 -

1 50 1 1 1 1
-1000 -800 -600 -400 -200 0
Depth in TP347HFG/pm

P12 il A% e 2 i P AR A

Fig.12 Microhardness distribution of substrate near the interface after

high temperature service

109%. E—150~—700 pm Y6 [l P , 38 A Bl 5 3 B2 1) T v
T TH i 23R A £ 950 “CARAE 2000 h &, % X 3800 & N
280~300 HV, .

A B IR AR AL 5 A AR A B DA 5%, AR B 3.3
(IR FE , B C 55 0 3 FE K IR IS AR A A9k, 51 ST
B S H SUR AR . — J7 T, 75 650~850 °C, B =
T IRAS IR FEE (R BG I , B A B 7 AR g AT M, (R T 57
TH] P 3 (A 52 3% 2 BRI 2, o AT R B ), 7=
AT BRALYI AL DL % o-CrFe 43 )@ [R14L &40, ki
AT T BRAC R o TR R, S Y M R
FENE R, A KEAE M, w11 R, 5l
BPY&E J0T 5 T B 30T (=50 ) (1) 56 44 0 P55 488 n . DR U 7 T
12 Fion g SR, i 26 1L P 1 s i T PR 30 366 A4 el 386 o o
R FEIL R 950 CHT, FEA R M R R A Vs AR PR AR
T AL 7R W, 51 o 0 BE WS B A% . 59— 7
T, 37 BT AL IR MT HE R P B R B O T s a3 0, 51 R 2
TE B e R FE IR AT, ST T e r A 2 R A

Tl A SRR X TR T R RE 2 SRR R
DIIE R — B IR R 2 N Dt R s A7 A2 R AL, £

KIP AR FE v, A A AR AL W] BE 5 d R
Filok A

4 %

1) 38 i B8 5% K6 )  EBSD . 44 K s R A% I 25 A L 1
1E, WOt K5 7 NiCrBSi i 2 5 TP347THFG I 8 = il IR 13
AR EAEY E, KPR EP B .CELRREET
TP347HFG iy 5t LA s N IR0 AE BT Y il 4 IR A3 0L 5 1)
Thr s AT R A TR AT B 2 ZN & Cr il ik
W\ o-CrFe, UL )2 & Nb W0l B 4k 70 o 2436 7% & ik 3
950 “CJ , At H H B 2 B sk A0 40 i A 3 o s At » 7 X 3k
PSR IRAESH T

2) B IR LT, YRR BRI, iR A E
I, 3 BRI R B PR 1120 pme

1950 C

RESHEMM EY B, 51 AR 2 X I 1
I Bt A T 5 AR v o Rl i B K, 850 "C RN, ST
BT e e i BE TR 3 417 HV,, 75 950 “C A% 5 » T34
A A AR S 12 DX 3R 82 AR 376 HLV, » FEAE LR )
B R AR v AR

SE R
[1] Shan Bo, Chen Jialu, Chen Suiyuan et al. Surface and Coatings
Technology[J], 2022, 433: 128117
[2] Liu Hao(Xll %), Gao Qiang( 5 5#), Hao Jingbin( 7 5%) ef al.
Rare Metal Materials and Engineering(¥i %= J& ML TFE)[J],
2022, 51(6): 2199
[3] Chen Suiyuan, Ni Lele, Zhang Youcai et al. Surface and Coatings
Technology[J], 2024, 478: 130468
[4] Yuuzou K. Coatings[J], 2016, 6(3): 34
[5] Wu Duoli, Yuan Ziyi, Liu Su et al. Coatings[J], 2020, 10(10):
1001
[6] Liu Shunv, Liu Zongde, Wang Yongtian et al. Corrosion Science
[J], 2014, 83: 396
[7] Bolelli G, Berger L M, Borner T et al. Wear[J], 2016, 358-359: 32
[8] Zhang Juanjuan( 7 48 4f). Analysis of Interfacial Diffusion
between Nikel Based Fluxing Alloy Coating and Steel Substrate(%5:
A E G SR E S WA AR R S SO 90) [D]. Shandong:
Qingdao University of Technology, 2017
[9] Yang Xiaofeng(#7l%1%). Inner Mongolia Electric Power Technology
(A AT, 2013, 1(4):115
[10] Otsubo F, Era H, Kishitake K. Journal of Thermal Spray
Technology[J], 2000, 9(2): 259
[11] Jiang Shan( L tl1), Kang Guangsheng( ff |~ 4). China New
Technology and New Products Magazine( F [ 31 357 AR #7 7= i)
[J],2013(9): 1
[12] Bolelli G, Lusvarghi L. Journal of Thermal Spray Technology[J],
2006, 15(4): 802
[13] Sakata K, Nakano K, Miyahara H et al. Journal of Thermal
Spray Technology[J], 2007, 16: 991
[14] Ramesh M R, Prakash S, Nath S K et al. Journal of Thermal
Spray Technology[J], 2011, 20: 992
[15] Matthews S, Berger L M. Journal of Alloys and Compounds[J],
2019, 770: 1078
[16] Zhang Ping(7k 1), Ke Kaixuan(f1]&LJi€), Chen Chenglong(: ik
JB) et al. Rare Metal Materials and Engineering(¥i 5 4= J& 4 %}
5 T[], 2022, 51(3): 997
[17] Yin Junjie, Liu Ming, Yan Junjie. Applied Thermal Engineering[J],
2022, 206: 118041
[18] Chen C, Zhou Z Q, Bollas M G. Energy Conversion and
Management[J], 2017, 145: 324
[19] Zou Jie(4B 7%), Sun Lan(#h =%), Zhang Hong(5K 5A) et al. Hot
Working Technology(# i 1. T.2)[J], 2019, 48(12): 116
[20] Sairam K, Sonber J K, Murthy T S R C et al. International
Journal of Refractory Metals and Hard Materials[J], 2014,
43:259

References



* 2562 ¢

W] B AELHS TR

554235

[21] Cui Xianru, Wang Jia, Wen Mao et al. Ceramics International[J],
2020, 46(7): 9854

[22] Lenda O B, Saad E, Tara A et al. Advances in Materials and
Processing Technologies[J], 2022, 8(4): 3859

[23] Wu Lailei, Wang Yachun, Yan Zhigang et al. Journal of Alloys
and Compounds[J], 2013, 561: 220

[24] Cao Jianchun(# & #%), Liu Chenglin(Xl| % %%), Gao Peng(# M%)
et al. Iron and Steel(E)[T], 2019, 54(6): 11

[25] Che C, Yan K, Ma S H et al. Materials at High Temperatures[J],
2022, 39(6): 572

[26] Ma Hong() 4T), He Xipeng(%: % l5), Zheng Fangping(# 3 ~F)
et al. Thermal Power Generation( # 71 J& W) [J], 2012, 41
(301): 46

Temperatures[J], 2017, 34(3): 149

[28] Hong C W, Heo Y U, Heo N H et al. Materials Characterization[J],
2016, 115: 71

[29] Shi Chongzhe( £ 5% #). Journal of Iron and Steel Research
International (SRR 757 4R)[I], 1998(1): 47

[30] Guo Zhihong, Xiao Furen, Lu Suling et al. Advances in
Materials Science and Engineering[J], 2016(1): 9807685

[31] Yu Ting, Chen Jie, Wen Yimeng et al. Applied Surface Science[J],
2021, 547: 149171

[32] Fu Hanguang, Li Zhenhua, Lei Yongping et al. Materials &
Design[J], 2009, 30(3): 885

[33] Tian Guangke, Bi Xiaofang. Surface and Coatings Technology[J],
2010, 204(8): 1295

[27] Wang W, Wang Z W, Li W S et al. Materials at High

Effect of Laser Cladding NiCrBSi Coating/TP347HFG Substrate Interdiffusion on
Substrate Microstructure and Microhardness

Li Yong, Chang Zhe, Xie Weiwei, Li Qing, Liu Fuguang
(Xi’an Thermal Power Research Institute Co., Ltd, Xi’an 710054, China)

Abstract: Laser cladding technique has been applied on power station boiler tube against high-temperature corrosion and wear. However, in
recent years, tube burst and cracking occurred frequently during long-term service after laser cladding. To explore the long-term service safety of
laser cladding NiCrBSi coating, TP347HFG tube with NiCrBSi coating was prepared with a laser cladding system. These tubes were heat treated
at 650, 750, 850, and 950 °C for 2000 h, separately. The influence of interdiffusion of elements between laser cladding NiCrBSi coating and
TP347HFG tube on substate microstructure and microhardness was studied, which could provide a theoretical basis for subsequent safety
evaluation. The evolution of microstructure and composition on the surface of TP347HFG were characterized by scanning electron microscope
and energy dispersive X-ray spectroscope. The microhardness changes of TP347HFG substrates were tested by a microhardness tester. The results
show that during the long-term service, the elements B and C in the coating diffuse into the TP347HFG substrate. In the substrate near the
interface, carbides and boride phases with high Cr contents are precipitated in the interior and boundary of grains. With the increase in service
temperature, the deeper the diffusion depth, the greater the size of the precipitation phases. The surface microhardness of the TP347HFG substrate
increases with the increase in service temperature. The microhardness of the boiler tube at 50 pm near the interface changes with the increase in
service temperature. The maximum hardness is 254, 299 and 417 HV , after high-temperature service at 650, 750 and 850 °C, respectively. The
microhardness of this position drops to 376 HV , after high-temperature service at 950 °C .
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