| $£48 % £ 10 H1/2021 &£ 5 B/ E it

T SOEULR S50 A 3 Stellite-6 12/

PP RE Be H:

P LEBF 52

%’J\%%LZ? %?%1’27 ?5&1,273*’ ZE;EH%LZ’ T%K'?ﬂ? %ﬁ%ﬁlﬂ’ %%ﬁél’z
WL Tl K A O S ) i BFAE B WEYL B 3100235
CHRTTL T RS MU T AR 2 B, #7TE BTN 310023
CYLIR I EAUR B A IR A B, 10958 M 2252005
VR T R A BRA A A w7 R AR I 750011

ME A B EOE IR (SLD) ML 31 (LO) PR B T 306 00 LH R 7E 17-4 PH R85 89 p9 R b+
Stellite-6 ¥ JZ  JF XT3 2 B RO AR LB S AIL 2647 20 . 45 2R R BT LC BOR B i 46 19 3R )2 7 b it A2 v R
A R B SR G 0T R L SLD AR B ] A A U R U R R RN Y UGB AL il T SLD HR B EOL BE
JE/NT LC AR B SLD H A 7 i 48 09 U J2 DR 47 T 06 B9 2K v 4 /0 B 480 & 28 2045 ) 3l 4 1A O 3 08 0k 2 1 R R
XF T SLD AR BTl g 9352 5 b by AR ABURL I8 P A T 5 B0 Jon T A b fe R 5 5 PR R B L T LC BOR B 4
HE . LN R SLD HR Pl & IR B R P PERE L T LC BRI il 4 2 2 19 B

RER  BOLEAR; BEBROCTIR BOBE B Stellite-6 )2 Ahh

hESES TN249; TG146.1

1 5 7

R 1R S Tl R 58 ML RE B 5% 3 0 B 0 1 2
— PRI L 2T R E 2 XEEMIEH. &
M PRFE LI AR T B 7608 28 V38 ThoA o i 2R 858 vp
TAE R AZ B0 7 FERAE T R O DL KoK
Wil oy 2[Rl VE L T EAR B B ARk ik e B &
A s FUAR S R R AR . B TR
A 0 R R AR . P R U 2 R A i R 2k T
HPR MR R —F A a k. mE e
Sl E WA EH I e E

Hir, Mt 2t Rt iR 2 M e £ 24
i Ni A £ Co A& M Fe A EM, Hop
Co 544 LHE Stellite-6 4 A BEA BT
i k| TR S 6T LA R T v L A B L BT N SRR
LM R B2 B B AR — T R
R P = WP ey -2yl L = R R G S AU

XEARER A

doi: 10.3788/CJL202148.1002118

Y57 (Laser Cladding, LO) VOGS 410 06 %
K B 2R B R DL R Bt U s A W TR A
RIS O N TN AR TR S B U R B AR
TR AR TR L 2 B AR ) T R R A AE A S
RN 3 it A5 ABUR RS2, S IR 2 A9 B U PE BE 5
WOLA 4 A FNHOG TR K ) 32 B A 3R T 2 I8
A FR A [R) R 5 ¥ WA S — B B TR R B RS I O 4
b SRS A TR U R 0 7 1L i vk AR AR
AL O R B S U P A R I VBN B, 3
X UTARA L S8 VAR P e ) B — 5 B9 2K R )
JEE VLA 98 AR (A0 Stellite-6) B3 72 1, i F
Ty A UKL 1) $BPEAZ TE B8 A BR S A7 A2 DT AR RCRAR
WESEEE MBS A ER G Wit R
Tl J2 ) 4 20 TR AT K % BT R T AR 4 Y
KA Z—,

B 3 % U FH (Supersonic Laser Deposition s
SLD) J& T 4F R & i B K 1Y — T ol B b4 RHIT AR O %

Wi HE: 2020-10-28; 1&E B EY: 2020-11-17; FHA BH . 2020-12-14
HE&WB.: HEARP¥R4 (51701182,52075495) v [ 1+ 5 Bl 2% 3 45 (2020T130263,2019M662103)

“ E-mail: 1ibo1011@zjut. edu. cn

1002118-1



48 % F 10 H1/2021 £ 5 A/RE#E

H g2 — Flols SO N 5 A B A R A ROEE A
il BEAR L AR AR A R AR L R
TR A M BLIR 2 T TH 3 B0 R ) O B, B iE
# B3 Ti6Al4V. diamond/Ni60, diamond/Cu.
WC/SS316L il WC/Cu £ b, 6 N b2 &
FIH SLD # AR g 20 il % T Stellite-6 ¥ )2 . 34 H
5 LC $ & Br il £ 69 Stellite-6 14 J2 8 17 XF H #F
g BRSE S R L SLD W 2 BRI 45 0
S LC TR 2B AR BAG SR A T 8 400 1 i LA S T v
A2 T8 it e 5 B AT & A7 SCER X SLD AT LC P A
e AR Fr i £ 19 Stellite-6 ¥ )2 BP0 0l BB 2 17 X
WY . bR T U2 M8k DL 6l 2 T2 LLAE, B N 4h
EHAEPURIRZMERE MR g R K T AL TR TR
O TAE. B AT A Sk, Pk iR 2 1k Be
5 L ROULEE Ay R L R A LB L I 4G S A
BRI R BN BT SLD 5 LC Mk
F AR TR AR B0 R BEAS [/, R L X 4 Fl B R T
STl 1Y Stellite-6 ¥ J2 78 SO0 R 4 Can 41 21 28
Fa Fa R R BT 45 A RN R B A ) T TR &S A E 22
S o T 3 2 S A SR 2 X LT AR e B AR s e, B
76 A SRR 1207 T 6 A i EL X PR AR T2

; %

B 1 AR AT B Stellite-6 B K B OB 5.

JIT ] B Y T S A A L T ) 22 5 E R AN B

R, A SCR H SLD f LC b 3 R7E 17-
4 PH ANEE N CE 8 FHAEORL 4K 09 2 i - i 2%
Stellite-6 ¥ )2, I M GHOULZH 20, 7 B 25 | oif 1k A5 &5 A
B 32 45 A R0 X LT AP P R AT VA L 38 xRk
TESLH 53 B » 48 7= PR O J2 AP PL R . AR SR F
98 TAEA B R A OUE B Uk U )2 By i 28 DL Sk
et LRI T2 M is 48 & .

2 SEYEAHRETE

2.1 ZIEHH

W2 B Stellite-6 #3232 , 8 3%
S 1 T A sk 1 s, LC A SLD
PRI H AR T2 ¥ R BB By oK, LC £ AR R H 19 #
HBLARTE R M 50~100 pm, Q0E 1 (a) FF 7R 5 SLD $%
AR ER T T R A R ORI o 2 A, R O SR R
RN R RS 5~20 pm, WA 1(b) fi
TR FERBEIE R 17-4 PH R 8F M, 462 15
mE 2 Prac, FEARSH 120 mm X 60 mm X
17 mm. il & 755 R LC #AR M SLD $ AR X Htk 17
FV5 ML NRAL B, SLD KAk 75 k47 BERD A0 B

0
(PO %

Fig. 1 Micromorphology of Stellite-6 powder required by different technologies. (a) LC technology; (b) SLD technology
F 1 Stellite6 AR M2 W5

Table 1 Chemical composition of Stellite-6 powder

Element Co Cr W C Ni Mo Fe Si Mn Others
Mass fraction /% Bal. 29. 00 4. 00 1. 20 3. 00 1.50 3.00 1. 10 1. 00 <1.0
#2174 PH AEEMEER A 1L il o
Table 2 Chemical composition of 17-4 PH stainless steel substrate
Element Fe Cr Ni Cu Si Mn

Mass fraction /% Bal. 17.00 4.00 4.00 1.00 1. 00
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Table 3 Process parameters of Stellite-6 coating prepared by SLD
N, N, Stand-off Powder Traverse Laser spot
) Laser Overlapping
Parameter pressure / temperature / distance / feeding rate/ speed/ diameter/
_ o power /kW rate/ %
MPa C mm (remin ") (mmes ) mm
Value 4 700 30 2.5 10 1.1 4 50

LCHARK MY SLD SARME M EOLAS . i SR A RBEEL ., IE M LC REH &
SAER MY T xR Stellite 6 W2 T LSEMER 4 iR,
Jra. LC ORI #id 25 SLD £ A [ . il #
F 4 LCH#l# Stellite-6 BZM T LB H
Table 4 Process parameters of Stellite-6 coating prepared by LC

Parameter Laser power/ kW Laser spot Traverse speed/ Power feeding Overlapping
diameter/ mm (mmes™ ") rate/ (gemin~ ') rate/ %
Value 1.6 4 7 13 50
2.3 BREEHSHERE [ | trensducer
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7l AT D D0 P 4 BT R hom
TR Ak b RE ST A I 5 B A s R test sample
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20 kHz, W1 45 0 9 50 pm. 0 9 B A K K
14 h, RS 200 1 h Ak s B ) 2 0 B4 il e
Euk+v?}§}§1&iiﬁﬁ %?ﬂz(ﬂ%ﬁﬁ 0.001 mg)ﬁ(% Fig. 4 Cavitation test equipment
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Table 5 Comparison of cavitation mass loss and cavitation
rate of Stellite-6 coatings prepared by LC
technology and SLD technology
Cumulative Cavitation
Cavitation mass loss/ mg rate/ (mg-hf' )
time/ h

LC SLD LC SLD

1 0.76 0. 80 0.76 0. 80

2 1.73 1. 57 0.97 0.77

3 4. 20 2.13 2.47 0. 56

4 7.12 2. 89 2.92 0.76

5 10. 15 3. 64 3.03 0.75

6 12.92 4.18 2.77 0.54

7 15. 87 4. 82 2.95 0. 64

8 18. 66 5.43 2.79 0.61

9 21.35 6.16 2.69 0.73

10 24.02 6. 88 2.67 0.72
11 26.57 7.60 2.65 0.72
12 29. 46 8.37 2.79 0.77
13 32.16 9.18 2.70 0. 81
14 34. 82 10. 23 2.66 1. 05
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Fig. 6 Surface macroscopic morphology of Stellite-6 coating at different cavitation time by different technologies. (a) 0 h;

(b) 1 h;(c) 3h; (d) 5h; (e) 7h; () 9h; (g)11h; (h)13h
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Fig. 7 Cross-section morphology and high magnification of Stellite-6 multi-channel lap coating prepared by different

technologies. (a) (b) LC technology; (c¢) (d) SLD technology
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Fig. 8 Elemental analysis of Stellite-6 coating/substrate interface prepared by different technologies. (a) LC technology;
(b) SLD technology
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Fig. 9 Nanoindentation test results of Stellite-6 coating prepared by LC technology and SLD technology. (a) Modulus

of elasticity; (b) hardness
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Fig. 10 Surface morphology of Stellite-6 coating prepared by L.C technology after different cavitation time.
(a) 7h; (b) 13 h
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Fig. 11 Surface morphology of Stellite-6 coating prepared by SLD technology after different cavitation time. (a) 7 h;
(b) 13 h
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Fig. 12 Porosity of Stellite-6 coating prepared by
SLD technology
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Abstract

Objective As the core part of energy conversion of industrial steam turbine, the blade plays an important role in the
safe operation of a steam turbine. However, the last stage blade usually suffers from cavitation, leading to severe
vibration, blade fracture, and other malignant events. Since cavitation usually starts from the blade surface, it is an
economic and effective method to prepare anti-cavitation coating on the blade surface by coating technology, which
has attracted significant attention. Cobalt-based alloy Stellite-6 is widely considered as one of the most ideal materials
for cavitation-resistant coating of steam turbine blades due to its good corrosion resistance, wear resistance, and
high-temperature resistance. Traditional coating technologies, such as laser cladding (LC) and thermal spraying,
have adverse thermally-induced effects, such as phase transformation, dilution, and decomposition. Supersonic laser
deposition (SLD) technology is a material deposition technology combining laser and cold spraying. It can realize the
deposition of high-strength materials (e. g., Stellite-6) while avoiding the adverse effects caused by massive heat
input. In this study, SLD and LC are employed to prepare Stellite-6 coating. The cavitation-resistant properties of
the two kinds of Stellite-6 coatings are evaluated. The underlying mechanisms are clarified based on microstructure,
dilution ratio, elastic modulus, and hardness. This study is expected to provide process support and theoretical
guidance for the fabrication and performance optimization of cavitation-resistant coating for steam turbine blades.

Methods Stellite-6 coating is prepared on 17-4 PH stainless steel through SLD and LC processes. The cavitation-
resistant properties of the two kinds of coatings are tested using an ultrasonic cavitation method according to ASTM
G32. The cavitation sample is assembled with the bottom of the ultrasonic horn through a thread connection. The
test medium is NaCl (the mass fraction is 3.5% ) solution and the constant temperature is 25 ‘C . During the test,
the coating side of the cavitation sample is immersed in the medium solution for 20 mm, the ultrasonic vibration
frequency is 20 kHz, and the peak-peak amplitude is 50 um. The duration of the cavitation test is 14 h. After every
1 h of cavitation, the sample is taken out, cleaned with alcohol, and dried. Then, the sample is weighed with an
electronic scale (accuracy of 0. 001 mg) three times to take the average value. Mass loss is recorded before
continuing the experiment. The cavitation-resistance is characterized by cavitation mass loss and cavitation rate.

Results and Discussions As shown in Table 1, in the first 2 h, Stellite-6 coatings prepared by LC and SLD
processes have similar cavitation mass loss and cavitation rate, which corresponds to the incubation stage of the
cavitation process, and the cavitation rate is slow (less than 1 mg/h). In the following stage, the cavitation mass
loss of the LC sample increased rapidly, and the cavitation rate increased rapidly and remained above 2 mg/h.
However, the cavitation mass loss of SLD sample increased slowly, and the cavitation rate remained at about
0.7 mg/h during the whole cavitation process and increased to more than 1 mg/h only when the cavitation time is
14 h.

The LC coating has a typical coarse cladding dendrite structure (Fig. 7 (b)), while the SLD coating retained the
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fine dendrite structure inside the deposited powder particles (Fig. 7 (d)), which is related to the laser energy input
during the two processes. The laser energy density is calculated to be 72.79 J/mm’® and 35.03 J/mm’ for LC and
SLD processes, respectively. The fine dendrite structure of the original powder particles remained in the SLD
coating due to lower heat input. It is reported that grain refinement is essential for improving the cavitation-
resistance of materials. Thus, the finer dendrite structure in SLD coating is responsible for its better cavitation-
resistance than LC coating.

As shown in Fig. 8 (a), the LC coating had severe element dilution of Fe from the substrate while Fe element
is almost not detected in SLD coating (Fig. 8 (b)). The Fe element from the substrate changes the original chemical
composition of the Stellite-6 alloy and affects its cavitation-resistance. The higher dilution degree of the LC coating is
responsible for its inferior cavitation-resistance compared to that of the SLD coating. SLD is a material deposition
process based on plastic deformation of powder and substrate. During the coating preparation process, the material
will undergo work-hardening; thus, its hardness is higher than that of LC coating (Fig.9), which is essential for
cavitation-resistance.

To investigate the cavitation mechanism of the Stellite-6 coating prepared through LC and SLD, the surface
morphology of the coating after different cavitation time is analyzed. The phase/grain boundary is the preferred
position of cavitation in the LC coating, indicating a uniform surface morphology (Fig.10). The pores between
particles are the initial position of cavitation in the SLD coating, indicating a non-uniform cavitation
process (Fig.11).

Conclusions In this study, the cavitation-resistant properties of Stellite-6 coatings prepared by SLD and LC
processes are compared. The reasons for the advantages and disadvantages of the two coatings are clarified from the
perspective of micro characteristics. Through the analysis of cavitation surface morphology, the differences in
cavitation mechanism between the two coatings are elucidated.

Due to the lower laser input energy density in the SLD process, the SLD coating has a finer dendrite structure
and a lower element dilution ratio than the LC coating. Besides, SLD is a powder deposition process based on
material plastic deformation, which induces a work-hardening effect. Thus, SLD coating has a higher hardness/
elastic modulus ratio than LC coating. These factors lead to better cavitation-resistance of SLD coating than LC
coating.

LC coating is formed through the material melting/re-solidification process, resulting in a typical dendrite
structure. The phase/grain boundary is the preferred position of cavitation in the LC coating, which shows a uniform
surface morphology. Since SLD relies on mechanical bonding instead of metallurgical bonding to fabricate coatings,
there will be pores between particles due to poor bonding. These pores are the initial position of cavitation in SLD
coating, showing a non-uniform cavitation process.

Key words laser technique; supersonic laser deposition; laser cladding; Stellite-6 coating; cavitation

OCIS codes 140.3390; 160.3900; 350.3390; 350.3850

1002118-11



