4553 % 5 114 7 T I Vol.53  No. 11
20254FE 11 A 25 11—29 11 Journal of Materials Engineering Nov. 2025 pp.11—29

SIARES LB B S, o, 55 ABERGUOKR S IRZ DTS RE [T ] PR T AR, 2025, 53(11) 1 11-29.
DENG Luwei, GONG Xue, WANG You, et al. Research progress in thermal sprayed nanostructured coatings[J].Journal of
Materials Engineering, 2025,53(11) : 11-29.

AR AR LR ERARERE

Research progress in thermal sprayed
nanostructured coatings

et e [REE MBI AR,

PR, R BRI

(1 MR TP R BB 5 TR B , W K€ 1500015

2 Ve BRALZS LR R s v e, R FH 1101365

3 MR Tl R KM BIESERE , FRJH 4500005

4 10T SR A, PR 110000)

DENG Luwei', GONG Xue'*, WANG You',JIA Jin',
ZHOU Feifei"?, WEI Fushuang',XIAO Fei'*,

ZHANG Xiaodong"

(1 School of Materials Science and Engineering, Harbin Institute
of Technology, Harbin 150001, China; 2 College of Aerospace
Engineering,, Shenyang Aerospace University , Shenyang 110136,
China; 3 Zhengzhou Research Institute , Harbin Institute of
Technology, Zhengzhou 450000, China ;4 Liaoning

Academy of Materials, Shenyang 110000, China)

T E o I B A G AR A 20 B R T 2 W A L ol b v YRR PR PRI T B SR L T v M B L R e R P RE . A
WU HARAE A B T B ) i — R AR ER T LU V238 FH T 2 Fh i e 28 10 SR 3R 4, AR v SRt M e . 4
IR AR U AR SR — UK R BRI AR L 1 AR AT RS 5 S IR ) 3 T 1) B 2 T B, 2 — I BB I AT U K 6L
b 5 T v i [ 907 28 4 A A s AR N IRAR T3 B U DR 28 o 3B A R AN AR AR A 7 A5, [R] A3 o 4 DK 5 o 1
TR H AR BB A5 76 AN OO0 R L VA4 P WS 0 A9 AR PR 1) S0 AH L I AN A 2R 4 4, DT AR A5 45 i T 7 12 BB ) 490 O &4 oy A i
TRURIZ , LA 25 Pl s iy b A QSR SR A T it 1) 45 P R AR BB oK o A SCTRTEEZRIAR T B N AR T JLAR R FE JAE 1 ) 45
A TR RIS BEILIA] (G KBS F TR T2 R FEBLIR | = A5 R Z5 AL T B BT ok i e e 22 K B R Rl 2 K ek MCrALX
BAUWRZ GRS WC-Co 524 8 P % I J2 UK AR S5 B BT BRI )2 45, 45 SRR W DR S5 40 R oK el P B Uk Uk 2 7
1o St e A A AT AR T RN TS . A T SSRGS R TR 2 R I N ROk B SR AR ARG i
IRBEIRAL A W54 SE R AT 28 B AT 5 R e PR RE A Al Ak Dy T e ik — 25 R 9 1A o

SRR : = iR A s ARG s AR s PR 5 IR )2

doi: 10.11868/}.issn.1001-4381.2023.000759  CSTR: 32421.14.j.issn.1001-4381.2023.000759

RESHES: TL214".6  XEFRIRES: A XEHS: 1001-4381(2025)11-0011-19

Abstract: Key components of high-end equipment are often exposed to harsh wear, corrosion or high-
temperature environments, thus requiring higher wear resistance, corrosion resistance and high-
temperature resistance. As one of the most promising surface engineering technologies at present, thermal
spraying technology can be widely applied to many key components of high-end equipment to achieve the
purpose of improving their surface performance. Nano thermal spraying technology is an important means to
effectively combine nanomaterials and thermal spraying technology to achieve material surface modification.
It is also an effective solution to extend the service life of aircraft, ships, and other high-end defense
equipment in extreme environments. Nanostructured powder re-granulation technologies enable precise
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control over the phase composition and microstructure of thermal spray feedstocks at the nano-micro scale.
This facilitates the fabrication of nanostructured coatings with tailored properties to meet diverse surface
performance requirements for critical components in advanced equipment. This paper briefly summarizes
the development status of nanostructured coatings with different functional orientations prepared by thermal
spraying at home and abroad in the recent decade, mainly including nanostructured wear-resistant and
corrosion-resistant ceramic coatings, nanostructured thermal barrier coatings, nanomodified MCrAlX alloy
coatings, nanomodified WC-Co based cermet coatings and nanostructured environmental barrier coatings,
etc. The results show that nanostructured and nanomodified thermal spray coatings have a very good
potential to be applied on key components of high-end equipments, which can be used to meet the various
surface properties required by key component of high-end equipment. key components of high-end
equipment have very broad application prospects. To realize the wide application of nanostructured
coatings, further research work needs to be carried out in the future in the areas of practical engineering
application research, marine environmental service, marine biofouling, advanced powder preparation
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technology research, and high-performance powder industrialization.

Key words: high-end equipment ; nanostructure ; nano-modification ; thermal spraying ; coating

mA, Tolk 25 Bl R E ) kR MLk 55 7E
il b H o A S A . SR, ML £ AR A R
B R BA SR AN T Z A0 ), ML TRY ) R A5 f) 45 R 4 L L L KT
SEFNA [] B A5 PR ot i b 5 o RS T, B4R
PEWIHFE T =0 2 — I R — PR RE IR, 2308020 1Y
PUBER AR o DU R T e A 28 K Tl b
B A A 1Y AR PR B T 20, e v i) AR R
JEE AN TR R 5 1 JEE 48 s 450 R A2 4 1) 8 D A 45 A0 ot 4 1
FH L I 8 00 35 £ 2k AR 3 5 i T e A )
J ] 2 3 3k 4 R i 2R A 1Y T A I i A IR Ak
H P AR BE S IR T A A R 38 5 SR 2 ek
PEROR B D) , WA Bf 4 0 < A3 5 SR 2 MR R
Vi Ry 5 320 B L R o i 2 B T 3 A A2 O BOR G B
AR FEVEEORFIEREOR 2 F RO g I Aeh E
S Tl Rk i [ AL ) 1 o Y R R A R 2 R R
HEAER

WA Sk A BRAN R 12 e MEROR |, iR St
HEAPRE  OCEEAG A A LA R . R TR X —
Jr 1A B 20 tH4d 80 AF AR E R KR I 5 BlE &
JEWCH B 2 R S v LR A T AR, R
IR S N € 9 I R TR e A W e B
R XS E— EHA R R RER AL IZ)Z R
A TR R AR 7 A" sl PR AP 7, e 7R 2K
A A} T 7R 37 1) 25 Bl M 3 By 20 i AR BRI
PR B A7 S AL Rl SIS R IR A
PER T At

T A I A A Tl 58l rh i FH AR 5 T3 () R T
TR ER R BB RS, B M 20 22 50 4R,
i T as & sh AL #9 #4532 (thermal barrier
coatings, TBCs) B/ IRJZE&MIRZ . W4, TR

FOR B R AR B T o e o 0 1 2 T 2 A G B
FRPES TS A GO H R R AR IR Z PR REE 2
SELLH A Z 0T 2 AP RE ORI, i T 0K AR R
CERANAN 3 SR S TTR A T VAN a2 STE Y S VAN S
BLHV MR 5 A OesE SEPERE , DL A SR 40 K
FrEHZE FITERE R DR b R 2 (bR R B VR 2
MZTRIVERE . BT RX AR, QKR TRAE ™4 T
VFZH T ARBTG5 ML % Bk |
2 05 1 BRI A T 1 o 9K 3R T AR Al 2 R 4 0K
BORG R LRSS A, B B AR PR bR AT 3
TET 2 KA B A KRR U B A B A B AR R S
T B AR A S B o PR B AR S S B K
FAh TR — PR TE | RO AT SE Y 05 1 (R0 Ok 6L
F5/NT 100 nm ORI BE B P T 3BT, TRy X 4t
R R TIURL AR 75 55 A Uk R I BIUBE o, AR DT AR A
FRA [F] L 23 35 ZE MR ROEHYIRBIRE B . N T ek
AN AN PR AN T I A TS, — s A Ko 1 SR 22 2R
B ) S 2 R, DA T A R T 44 K 45 R A AR
A B AR N 328 T A=, B EI gk ke 1 A KR AR B8 A T s e
A, BEF B B R R, T T BB R A 94 K 45 44 P g
SR e 2t M AR R 2 AE 20 T4 80 A AR Wy T
20 KM PR L A S 1 o R S ) B 5 L
I A e 245 A0 0 A b RS 7 R A5 & H AR A 2
TR HE B A R DUk 2 J8 T 8 R F) AT 4 R S5 R Y
TIOR A PR 1 72 o 38 0 R R AR A 35 17 9
P ALZUREE AR IR, T LA D0 5 Bl g R iR
BE AT B PEBE O S A TR 2 o e Ah  ARE R T2
FITR Z A 89 52 B 26, o n] A4 o] WRORE A 45 4
P, P4 AR )2 B PERE I XN T2, T
LA 3 3 2 5 o o S TR AR YU L A e A i



Ho3E 11

IR AR ES K TR JZ WS e 13

b, 5 RS HOR VG ECRI AT SE IR S5 R R B o L
KA T Wik (air plasma spray , APS) R 5], i F44
K28 ) 1A SR AR MORHAE W5 i b R rh Rl g RO h & Ok A
TR, NS K S5 R R IR DR BT Ok BRI R I
TREE A AR S A AR Rl AR s Rl 21
2, 3R R A %) FURE RO B S5 O LR 2 0 SR S
SR B AR A 9K S5 48, DT ZE IR )2 T IR Jax A
RIS HALE ) . 2RSS BT L B U J2 B SO0
5 AN R A e 15 0 )2 £ T MR ) 45 1) S

G K 235 K8 e )2 DR L 8 K 20 it A R 4R oK G LB Y
FERRAON T R B AR R B MERE . LA 8YSZ ABEIRZ N
), 76 FH P O 7 o A B R, S TR 2 A
Fo, 9K S5 1 1) 8Y SZ PR Ik J2 B IR A 38 OR
ZHUNTFLOW-m K ) H & A HE IR S aE v
HE (TG PRI BUR W A IR JZ ) 245 2) Ry fL
B (/NTF15%) JHE & A A (29 8.5 GPa) 5 i M5
H(56.9 MPa) | 5 B9 47 {45 45 50 B2 (15 A8 85 S 1
YA 25 5 5 B SR 45 MPa) 55 5 v 0 T s ol i (2
RGEIRIZN 345 GKEEH R 2 B IOW 45 Fa A [R]
TR 2 A5 . GRS Y OB TR S TSR A7
TEAR Z AR IE B 18 /NBORE (RSF /T 100 nm) L 41594
PRFF I GOKR LG, A FIF 52 5 U J2 i A 3 P A
WA SRR FIBTACRIRIZTN S i E R ZEZ T
UK AL BB A 2 BB A7 248, fLBR
B (/NT 10%) , P IE e #0458 5 1 B8 b 1 BB T
SRV R A R B R 1) H BRGSO TR A Y
K TR SEE 58, WARER TR R I TR R iR
JEFr 1],

KT AR AR O 2 — LA [F] Iy 1] /Y
ST RS, (0 AN 2T, AR SCERR T B P A I v

1400

il 5 45 N [R) D) RE (1) A0 K 25 ¥ 1 J2 10 R BCAR, 43+ 931)
AT DKL AE it B (ot Pl 28 U J2 K 5 R I
2 UK EE MCrAIX & 208 2 0K E0E WC-Co 3
&R BB R Z U R ORI A B IR 2SR 2R R
FA) B R R T 1 %) ] A

1 YREGHTEIHERE

PG, A L =40 2 — B RE VR AR TR S
1, 80 %0 B MLAR S 14 PR S i i e . 2014 4F, I
JE AR 2 R 21278 42.7C , AH 24 TR /A R 7K $H 1555
TCJE AR o v [ TR B A TR PR A A ok i
IR 2y b GDP 99.5% 1,

TE P ) 2R T 450 RS ok [m] )y 1, AR Ak B
BUWRZ R A ERPE . F S AR B B iR
R R AL ALOS-TIO, 1 ALO,-ZrO, B IR )2 .

1.1 KL ALOL-TIO, R E

RAEE 20 K, RN &I 5L 545
ALO,-TiO,(Mecto 130) B A il £ (1 JZ AH L, >R A0
KEG5H ALO,-TiO, K3 AR ] 28 1 U )2 256 Tif 5 PE fig 2
G E5H) ALOS-TIOWRIZ M S5 A 4T o [RIIH8 4ok
SERIA I T N RN A 2 0 1 AR S L AR
FER R R R R R AR BRIk
54 ALO,-TIOL IR JZ W B FARGE iz WE 58 48 T
il B AR ZER IR JZ P AT 07 58 AR 9K S5 IR 2 1F
FCHEABFFE AT LT I ok B Ay i S5

KW RI, QUK EEH ALOS-TiO, B B IR 21
SR T S T G AN BT PR M R A B A
Metcol30 1455 4544 ALO,-TiO G210 [/ 17 k3
FLUR 2 OR R FMYOKRE5 R 1R 2 (5808 1Y BB

1200 |

m-")

- 1000
800 |
600 |

400

Wear loss/(10-'2 kg-N

200

0

Short spraying distance | Low spraying intensity | Standard conditions |High spraying intensity

/=600 A,d=100 mm

=500 A,d=120 mm

=600 A,d=120 mm |/=700 A,d=120 mm

1 HERLIRIZE O (AL ) ARG F v 2 (S 80 I S Bt

Fig.1 Wear loss of conventional coating (gray column) and nanostructured coating (striped column)"*!



14 FHRLT A2

20254E 11 A

KX

7 Fsf AT 5 2 A1 D08 R AN [ J0Re o R M O O J2= 1)
VEORLIE AR AT AT T RIS, 48 H AR AR S0 v
TR Z i & TiO, XU A B i e J= o imiAE
KRR U2 R, TIO,39 50 70 HCfE 2 BRI [
JIt LA OKR S5 R U J2= AR e R J2 R S 1) = ) &4
3 R S G R R R

WIHTETIR , K54 ALO,-TIO. M & IR 2 LR &
PEREM AL TR AR IZE . AR R BTN B
TR AR T E SR ALO-TiO, 5| A At 2 v 3
SR LA AR AT EOmMAL L IR E SR PERE . A BT
T RO e BERZ A AR y-ALOs A
SR RGE Y a- ALOS™  [R) I 94 122 2 T & 2B ekt

1400

(@

1200 1132 1128 1189

1104 1050

V
i
o
S
=}

800
600 H
400 H
200 H

Hardness(HV)

0% 3% 6% 9% 12%
Mass fraction of graphene

HIE R R RMBUEE, B ERHER)Z
S0 VR A S SRR A B 2 SO T R Y 38 n
T 42727 DA SO 394 5 B 4 ok 56 e A e
I B Y 7 AT DA A P BB AR E 1Y a- ALO,-TIO,
Wy, A RE TR . WO b g T
ALO;-TiO, ¥ J2 2 1 i A 402K SiC AR ¥ J2 1 1
JE T S A A b PR X 0, O VR 2 T bR
B IRZ AR & T 29 5~6 45 . TEYR 5K ALO;-
TiO, i U J2 AT S8 10 A7 S5 075 8 e 40 K A8 LA
il U 2 2L OB TR B, B AR TR J2 FLBRR 3 ik
JERREEE , B O TR R M BRI s R Ge T HoA B
B 9 KA 1 34 5 o3 A R R 22 5 B R4 (Y B T
RENS B P TR 2 B A A (] 2)

35} (b)

30r 26.943
- 24512

20 20.308 18.581

15
10

32.970

Bonding strength/MPa

0% 3% 6% 9% 12%
Mass fraction of graphene

B2 A AA SIS ALO,-TIO RZBEE () MISE & HY (b) 5

Fig.2 Effect of adding graphene on hardness(a) and bonding strength(b) of nanostructured Al,O4-TiO, coatings
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Table 1  Properties of AL,O,-TiO, coatings

Coating Hardness(HV) Abrasion/(mm*-m ™) Bonding strength/MPa Reference
Conventional Al,03-13%TiO," 700-1000 0.18-0.23 10-25 [12-15,17,20-21,23]
Nanostructured ALO,-13%TiO, 800-3600 0.05-0.07 30-55 [12-21,23]

Laser remelted Al,O4-13%TiO, 1200-1800 0.04-0.06 [25-28]

Laser remelted ALO,-13% TiO,-nano SiC 1400-1900 0.02-0.04 [29-30]

Note:a-mass fraction, the same below
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Coating Hardness(HV) Thermal shock (800 °C) (cycling times) Porosity/ % Reference

Al,O, 700-1000 9-12 [12,34,38,40]

710, 550-800 13-15 [40,45]

Al,04-7Zr0O, 900-1100 110-130 5-14 [33-34,38-40,44-47]
ALO,-Zr0,-CeO, 1100-1400 180-200 3-7 [46-47]
ALOs7r0,-Y,0, 1100-1300 150-170 4-8 [48-50]
ALO4-7Z10,-Y,04-SiC 1200-1500 200-220 3.5-6 [51-52]
ALOs-Zr0,-TiO, 900-1100 4-7 [49,53-54]
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Fig.6 TEM image(a) and selected area electron(b) diffraction of columnar crystals in nanostructured 8YSZ coating' ")
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Fig.10 Top surface hardness (a) and hardness depth distribution (b) of WC-Co coatings in sprayed state and UNSM treatment
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