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WINZE 55.48 ym; JEZ BBLERD Y TiO,. £ 4040 7% TiO,. ALTiOs. NbyOs f2 Nb-Ti b &M, 44074 Y TiO, W fE Al
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e B B AR Rk, TR E S 4 TR A S5
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850 CHIEIAAAT . — Bt FAl, ALk
FRAERALL. 1F 650 CAE I A A R AR IR AL 5 Ak
AR 3528, {H 750, 850 °CIEFFEAL G Ak I
P AT REEKE ST RAE, FIHMOTE
T H AR Bk A & AT R Sk RO R R,
Cheng™lifi it Na,SiO; 1 KOH HiL A 44 2 il 4% AR
WIEEEE 7 AITINDMogsTagsZr & 4 i i Bt Ak
PEEE, TR Z ARG E 12.91 mg/em?, THIRALL I Z
## 8.67 mg/em?, PR AL RIS B

B (Nb) SEAE L m i . B Tl ik REAE f R I
BEIHEBR, AEBN T SN SR 2
M, NEAEEHEE (4 857 glem®) Z&E TH A
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BaERME S NiOs KE, &5 THRAE S EmEA
thEBE . 1smaeel Adam BI7E TC4 £k & 4 fd 1 3% i
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JS7 FH B4 5 LAt o

=

1 % I

SLIGKPRL A TiBAIAV (TCA) 4hEd, My JRE
¥ 9 Al 5.5%~6.75%, V 3.5%~4.5%, &N Ti. &
PIEIIN TR 20 mm>10 mm>2 mm kE, AR+ B
BREEH, BT OENEHAEE, BTEER. Ml
A B A TR AR AR R, AR AT s
%10 T {3 : Na,SiO; A 4 g/L, KOH A 4 g/L, NaAlO,
N 2g/L, (NaPO3)s A2 g/L. THERT 520V, #ii# 500
Hz, &7tk 50 %, AbFEESTE] 30 min, FIHEIAIEYERR
AR E 2 30 C o 49K Nb Kif22) 50 nm, Nb ¥ 7
WANO0, 1, 2, 4, 6, 8 g/L, 6 AHSZibFH XL, FIH
PHFEIEAEAK Nb Bl il 2% a2 B IR E
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W, X BRI, Al-Ka aY% 1486.6 eV) 73 HT 2 I 25
HLMFAGT (SX2-12-12A) i in#k 100 h, HEHEN
750 °C, [aIB% 10 h SR BSM-220.4 ¥ % KRR (g
& 0.1 mg), MEXFER R ERE, SEM W &R
Ja I Z R T 5.

2 #FHR51HE

2.1 SEM &k

ANE Nb WK FEERRZ RSB 1 s, BEE R
AN K Nb WRFERG N, =R MMALEAR T K,
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FLECE N, BEAE R, Nb kBN, 78 N2
Z 5 A R B FEUTAR 2k 1l 7, 1% ZE T FLs oE
AL E N . IR R AL 3 28, (1955 58

T8 LI R ) R A DUIUR 7 AR B K Ll s A, 4R
Kemid 2, RUUCRREREI M, A KERK <X
B, &R K EAE I, fERE
Wb R S AR THD MR A 6 P XA, 0 X Ak A
FECKI TS, Zad 2 g R, Nb A Nb,Os 33T
MUEZIX . KER 8g/L, BERFHALERNN, &
Z I Nb,Os VTR Z, MRZ I Z LS HILE
RECR, X RES SR 2 1 MERE

2.2 EDS 91k

AN [F) ) SR AT E B T R AR IR 1 s . )=
JtE M O. Na. AlL Siv K. Ti 1 Nb Ak, JEZEh
Na.K.Si >k 5 L 1 Na,SiO; F1 KOH, Si 4 % SiO,,
LIRS AR TR . O AR E P ALY, Ti
AR TiO,, Nb JG 3K A HEE 40K Nb Jitki, Al
K H BRI NaAlO,. Bl AR H 4Kk Nb ik &
B0, Nb Je &= BN OVEA IS, HAFE TIZ 2,
HouR G EMER AR ER Mg m. Si. K. Na.
Al TR EGREE, FHEMBOREE S, 6% 5EHd
MICER S RIEE. EDS LI KW, Nb juxmIEA
R AL, LB 0 700 B 348 o v 38 o o
2.3 [RE#&#m@

ANTA] Nb & B2 1l 2% 552 AT R 3, an il 2 o .
BE# Nb WREERIIN, FEZHIEEEM Nb By 0 g/l 1)
42.28 um HNZE Nb 3K N 8 g/L, Bl Nb 75 & 5at%f1) 55.48
pme Nb ¥KRFE 2 g/l I JEEJZIE AR 52.45 pm, G Nb B2
BAK, 49K Nb RiT{Edt T MAO MM, HiFALFE

1 N[ Nb ik B R 2 2R TSR
Fig.1 Surface morphologies of the coatings with different Nb concentrations: (a) 0 g/L, (b) 1 g/L, (c) 2 g/L, (d) 4 g/L, (e) 6 g/L, and
(f) 8g/L
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EEZHREHTEEERK, FEEEESN. BEE
Nb ¥R EEIZ SN, B2 Nb 3k NEZE, 2 E &
0. MEE B ERAS BRI BUE E AR, BUEE N 2.59 pm
W hn% 5.09 pm. MOREALAERYI, BEER DA,
b A AR G, BEEARJE, %K. B, £
R AR, H R T B W LR A B
B, SR, AN ERIEUE B 2 REAH R o TR

ANTA] Nb & B2 1) 2% 155 2 #8T EDS o & /A 45 S
Bl 3 fin. HITRAGRISE M, &AW, CIukEpk
LB B AMEEENE MY A A, X5 EDS
AR — 8 Nb &&= RN, H A2 R IEE &,
XEE 1 EDS MR R Nb Ju 3 M 2.40at% 3 hn 2
5.00at%—#(. EDS JuFR MK M, 492K Nb Boki gk A
2, 257 R AR R HAE KR 2
8150 3 AT AE L2 P AT
2.4 XRD #3471

ANTA] Nb & 5 1l % B8 2 1 XRD EHE Wi 4 Fis o
JEZ FE RS A (anatase-TiO,). 44047 (rutile-
TiOy)+ Al,TiOs. Nb,Os & Nb-Ti h&#24H . 0 g/L
HI& M ZE B &2 AR Tio,. &k Tio, fil AL TiOs
AR, XSGR RONE A E A —5, 40.161°
U E N Ti A, 1 g/l ZIE(E 5SS, G Nb iR EZ 3,
WV AR T By, ERAR T A A AT N, B R S A Y
e 1 g/l B2, XRD T DA% 3% B8R AT 5 344 Ti
U, 2~8 g/L KB )JZH, ZIE(ERA Ti-Al LA 4%
) TiAls, FHATHIEN 40.269° Nb 7EHINE LT FE
Rt NJEE, RN AEE TiNbg 1L &4, Nb 2 51K
AR RIS Ti RAENE I, R 5857 2,

Substrate S
Coating

Co atin g

Substrate Coating

Coating

Substrate

Substrate

DAL A EFAETIEZS . Z NbiRE 6g/L, &
LA TiO, WA EFE, NbOs UE(H b, AR ALY
I, FEZE P NbOs & &30, & 43 ngk Nb A Bl
TR AR B AT, X 5N CeO,. ZrO, 24k
WOk L% — B, Nb ¥ 8 g/L I, 52 Tio, AT
R, Ti %8 FH, Nb 88N, BEKEmA
Nb,Os K H ALY N T, X5 EDS 7 #rah B —5.
2.5 XPS 4k

k=53 HT XRD R v 17 7 55 AT 5 06 £ 4 R
AN, St Nb RN 6 g/l WRFEHEAT T XPS 43 #7,
SRR 5 fiTn. LU C 454 Rk 285.0 eV {E NS H 40 HT
M gE . BEEh O 1s. Ti2p. Nb3d. P2p. Si2p.
Al 2p JLERMHM. O 1s i 5a fizn, WEME A G5 6N
527.99 eV Xf B T Nb-OM, i {f B 454 HE N 528.95 eV,
X R TiO, (1) Ti-O 4. Ti2p 5 A Rean i 5b fiiw, IE{E A
ZE4RE Y 455.58 eV X Ti-Nb (b &40, i fl B 454
A% 461.33 eV X i TiO, i Ti-O #M7, Nb(3d) 45 2 fig i /&
5¢ fiT7n, A& 204.20 eV ¥ Nb-Ti tb- &4 Nb-O %,

R TREBIEFHEEHTTREANK

Table 1 Element content of the coatings under different
preparation conditions (at%)
Nb
concentration/ O Na Al Si K Ti Nb
git
0 34.00 220 2490 2190 4.60 11.80 O
1 34.66 1.83 2451 1943 240 12.85 2.40
2 3482 2.12 2436 17.92 4.19 13.46 3.13
4 32.08 1.80 2461 1426 4.01 18.94 4.30
6 33.36 2.01 25.28 1555 4.44 14.42 494
8 35.35 1.71 24.48 14.18 4.05 15.23 5.00

48.37 um 52.45 pm

Coaﬁhg Substrate

e
54.09 um 55.48 pm

Coafing Substrate

50 um

AN G I  Y== qpi i
Fig.2  Cross section morphologies of the coatings with different Nb concentrations: (a) 0 g/L, (b) 1 g/L, (c) 2 g/L,(d) 4 g/L, (e) 6 g/L,

and (f) 8 g/L
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XRD patterns of the coatings with different Nb

concentrations

ANTE Nb B2 R B2 EDS T 47 4
Fig.3 EDS element mappings of the coatings with different Nb concentrations: (a) 0 g/L, (b) 1 g/L, (c) 2 g/L, (d) 4 g/L, (e) 6 g/L,
and (f) 8 g/L

Nb,Os" ) Nb-O i Nb U 45 A fie A 206.89 eV,
5d f¥] P 2p 454664 130.55 eV, N P,Os i P-O 4.
Si 2p & fetnE 5e Fian, 99.05 eV (4 & Xt v T
Si0, 1 Si-0 4%, XRD 43 #r A th i P,0s H SiO,,
HONFE BAAELE T REZ P, & 5F o Al 2p, 4546k
71.3 eV Al TiOs f] Al-Ti-O 4. XPS 25 B8, fix
EREAMBEIBIER T &H No iRk EE, o+ Nb
FAAEIIEZAS A NbOs, Nb,Oy, Nb-Tifb& 4.
2.6 EREKMHE

ANTE] Nb 3 B i 25 2 R S8 A 3 0 2 i e ] 6
Fin. &k A A A 3R FE 100 h i 3 2 0 2
PEAIC, IXRH Nb GRS 7 EE P aiR st ae.
750 C, 100 h B AL , FARSA LI 5y 10.25 mglem?,
FEARLE AR R Ak Nb ik 0 g/L, MAO Ji
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Fig.5 XPS spectra of the sample with Nb concentration of 6 g/L: (a) O 1s, (b) Ti 2p, (c) Nb 3d, (d) P 2p, (e) Si 2p, and (f) Al 2p

EA SR T TCA Bk mimbia b, 100 h 1 H &
PR A 2.609 mg/cm®. B Nb iREEHE N, JijZ M &
BEERHEK. 2 6 g/lL 2RI G B
& 2.281 mglem?, 9K Nb #2512 m iR A,
XA Nb 45 558 1520 'C, HEa S mdtmitEaeil
S, ENEEE g TR M SRR . B XRD
SERR AN A4 B TiO, VB M I, L iRk AR e T B
BT TiO,. HILFRS, EDS S5 R EENT & P L &K
s T EME T, Sio ] T ER MRS SR AR
2 050 f o DRG] 5 1 2 76 v R SR pb ik
FEEA R mEprE Lt fe . 8 g/l 2 1 s il 3 &
B 6 g/l AT K, N 2.401 mg/em?, B AR o
N 34 B I oA DR 3 4 v 2 1 s i M i, TR ARL A
“CORAE” TRCELE IR E Nb B, Nb Jf AR sg 4t
ANIEZ, o MEERERE, FRZNMERASE R
=Tt

WA Pieraggi®™mE 7t , iR AL I W] 2 A 2k
PERUAE . FREORER RO UM . R 5 ae g5 R T
B, FRMEEME IR s s ah 1, AN

Am=k, 1 1)
X, Am AT RV AL I B, ORI ] kA2
FREAER. RS RWER 2 P, REFHEML
LA 2.8472x10° mg em? st FRAEE] Nb ¥k
FEH 6 g/L ] 6.3361x10° mg cm? s, &I Nb i A

ol e Ao ol
o v o w
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Fig.6  Oxidation kinetics of the coatings with different Nb

concentrations
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S Nb-Ti A EWYREAC T 2P b, X &
B TR 5 U Y Nb,Os A2 Nb-Ti 1b & A 2k st 7 2
AL, Hm T I s iR b A A M RE .

R2 TRBEFHFLIEHEMERR

Table 2  Oxidation rate of the samples with different
preparation conditions
Nb concentration Max mass gain Ko/ Correction

lgL* Img €m™ mg <m? s factor
Substrate 10.25 2.8472x107 1.55

0 2.609 7.2472x10°  0.0781

1 2.521 7.0028x10° 0.0833

2 2.448 6.6694x10° 0.161

4 2.411 6.6972x10°  0.0417

6 2.281 6.336110° 0.0885

8 2.401 6.8x10° 0.323

Bl 7 “RIF) Nb 5 il A 38 5 B2 ) SEM R
Fig.7 SEM images of the coatings with different Nb concentrations after high temperature treatment: (a) 0 g/L, (b) 1 g/L, (c) 2 g/L, and
(d) 4 g/L, (e) 6 g/L, (f) 8 g/L
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Microstructure and High Temperature Properties of Nb,Os/TiO, Coatings by
Micro-arc Oxidation

Guo Yupeng, Wei Zhenguo, Ding Qiwen, Lu Xiaofeng, Zhu Xiaolei
(School of Mechanical and Power Engineering, Nanjing Tech University, Nanjing 211816, China)

Abstract: To study the high temperature oxidation resistance of micro-arc oxidation coatings of Ti6Al4V titanium alloy, Nb,Os/TiO,
composite coatings were prepared by adding nano-Nb particles into sodium silicate electrolyte. The microstructure and phase composition
of the coatings were analyzed by scanning electron microscopy (SEM) and X-ray diffractometry (XRD). The results show that with the
increase in nano-Nb concentration, the micropores on the surface of the coatings increase in diameter and decrease in number. The content
of Nb increases to 5at%, the thickness of the coatings increases from 42.28 um to 55.48 um. The coatings are composed of anatase TiO,,
rutile TiOz, Al,TiOs, Nb,Os and Nb-Ti compounds while the peak value of rutile TiO, and Nb,Os gradually increase. The mass gain of the
sample decreases from 10.25 mg/cm? to 2.281 mg/cm? of the coatings with 6 g/L Nb concentration, the average oxidation rate decreases
from 2.8472x10"° mg ¢m™ s t0 6.3361x10° mg €m™ s™%. The crack number of the coatings decrease with increasing the Nb concentration,
which effectively improve the high temperature oxidation resistance of the coatings.

Key words: micro-arc oxidation; nano-niobium; microstructure; high temperature oxidation resistance

Corresponding author: Lu Xiaofeng, Ph. D., Professor, School of Mechanical and Power Engineering, Nanjing Tech University, Nanjing

211816, P. R. China, Tel: 0086-25-58139356, E-mail: xflu@njut.edu.cn


https://www.sciencedirect.com/journal/ceramics-international
https://www.sciencedirect.com/journal/ceramics-international
https://www.sciencedirect.com/journal/ceramics-international
http://www.electrochemsci.org/
http://www.electrochemsci.org/
http://www.electrochemsci.org/
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20140078&flag=1
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20140078&flag=1
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20140078&flag=1
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20140078&flag=1
https://www.sciencedirect.com/journal/corrosion-science
https://www.sciencedirect.com/journal/corrosion-science
https://www.sciencedirect.com/journal/corrosion-science
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20140078&flag=1
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20140078&flag=1
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20140078&flag=1
https://www.mdpi.com/journal/materials
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20140078&flag=1
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20140078&flag=1
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20140078&flag=1
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=20140078&flag=1
https://www.sciencedirect.com/journal/surface-and-coatings-technology
https://www.sciencedirect.com/journal/surface-and-coatings-technology
https://www.sciencedirect.com/science/article/pii/S1010603021003531#!
https://www.sciencedirect.com/science/article/pii/S1010603021003531#!
https://www.sciencedirect.com/science/article/pii/S1010603021003531#!
https://www.sciencedirect.com/science/article/pii/S0168583X13003352
https://www.sciencedirect.com/science/article/pii/S0168583X13003352
https://www.sciencedirect.com/science/article/pii/S0168583X13003352
https://www.sciencedirect.com/science/article/pii/S0168583X13003352
https://www.sciencedirect.com/science/article/pii/S0022231315302489
https://www.sciencedirect.com/journal/journal-of-nuclear-materials/
mailto:xflu@njut.edu.cn

