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ABSTRACT: Due to moderate density and ultra-high service temperature, Nb-Si-based alloy is one of the favorable competi-
tors for the next generation of engine blades and high-temperature hot end components, but the insufficient high-temperature
oxidation resistance of Nb-Si-based alloy limits its application. In this work, the research progress of alloying and silicide coat-
ings in Nb-Si-based alloys was mainly reviewed. On this basis, the effects of doped different alloying elements on silicide, anti-
oxidant phases and oxide films in Nb-Si-based alloys were reviewed in terms of improving the high-temperature oxidation ca-
pacity of silicide phase, promoting the formation of Al,0; and Cr,Nb to hinder the diffusion of oxygen atoms, and forming ox-
ides with particularly high adhesion with rare earth elements to prevent the shedding of oxide layers. In addition, the oxidation
resistance of Nb-Si-based alloys by reducing the viscosity of borosilicate and dense SiO, film was reviewed, and the effect of
elemental modified silicide coatings on improving the fluidity of SiO, was introduced. Finally, the research progress in this di-
rection was summarized, and its development prospects and main development directions were prospected.
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Fig.1 X-ray spectrum of elements after oxidation at 1 250 ‘C for 100 h: a) cross-sectional microstructure; b) O element;
c) Nb element; d) Si element; e) Ti element; f) Ge element; g) B element; h) Cr element; i) Al element; j) Hf element
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Fig.2 Sectional elemental X-ray mapping of 0.3Y alloy after oxidation at 1 250 C for2 h
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Tab.2 Effect of alloying elements on oxidation resistance of Nb-Si

Elements Mechanism of action
g;l11-12] Antioxidant activity increases with increasing Si content;
>30at.% generates NbSi,, improving antioxidant activity;
Til13-14) Reduce mid temperature antioxidant activity
Promote the precipitation of 3Nb,Os-TiO, phase and improve high-temperature oxidation resistance
Al Forming a dense Al,O; layer to improve oxidation resistance
Cr 116-17] Generate Cr,Nb phase with a content of>6at.%, improving antioxidant properties
Ge increases the coverage rate of SiO, and reduces the diffusion rate of oxygen atoms;
Gel!¥19 The formation of GeO, improves the thermal expansion matching between the substrate and the oxide
layer
Hft20-23 Increase the toughness of the oxide film to prevent cracking
w4 Oxide skin WOj; provides an attachment point for Nb,Os oxide skin, reducing oxygen atom diffusion
Mol?¥ MoO; phase evaporates, leaving a porous oxide film that reduces oxidation resistance
Rel?* Solid soluble in Nbss phase, improving antioxidant properties
Zr12628 Increased adhesion and density of the oxide film, improving antioxidant properties

Rare-earth elemen

( [29-31) Promote the formation of oxide films by Si atoms;

Forming highly adhesive oxides to reduce oxide layer detachment
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Tab.3 Preparation condition and oxidation life
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Coating type - - Oxidation life
Temperature/’C  Time/min
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SiO, I ZE B, AT AREAR 3~4 D Hrm g1,

Pi ZEMLE RS A B B T R E Nb-Si
HA4REEE T Mo-Si-B &2, Y BUZEM Sit
0 N1 S A TR A Y B e, B EX
“A(Mo, X)sSi; FI(Nb, X)sSi; ( X=Ti, Cr. Hf) PitHZEH
A T —Fhldt %) Boltzmann-Matano J7i%E3HE T Si oG
FUEEY HIX NP HREL, 200 1.0x107° m?/s,

Mo-Si-B 1521 Mo. Mo;Si F1 MosSiB, =4,
1E 500~600 C i3k, Si Fl B 3@ B i 7 25 5¢
B A R R ok W B R A AL Bl 2 O | BT
ey, BRI T, MoOs MYFa @ hREA%; 1
700 CLATF, JERL T MoO; %Ak e, FE IR T,
MoOs # %, Mo BT [A] ¥ ZEK I R LR, LA,
Bk PRk 1) 8 B S I T4 ] MoO; AR B 33 1Y Il 5
B, MImEmeERRER KL, 7 750 CLI L, B,0; #
Wk, BALT B &, WM TEETYE, 25 T
AALTEST, SRR ER BRI MoOs M R4
KANFE 1200~1300 C Fi#fTHA LR (JERUK B
X ), #4 B T4 T Mo-Si-B % 2 i Akt

Pang ZEUF9Y T Mo-Si-B 142 H WU 41 4 i A
VIRRAAT R, IR B, SR G &R MmUY Mo
WIZIERE R 180 um, Mo )24 A /D i 2 Lo
fL, B B Ml Si LK WLLZI N MoB 1 MoSi,, £
1250 ‘C %4k 100 h J5, TERZENEEIEN T —2iE
LLHCE PRI, R Si0, fiib & B,Os 4k, TEA L
JZLLTHTH T MoSi, #1 MosSi; #H, BB S
FARF NS T, WA MM AL, |k
BGJ5, JOURJZ IR 2R b B T R SO A 1 5 Sk
98.32 mg/cm? Fl 0.92 mg/cm’, Mo-Si-B & 278 & kit
FEPIE A T BUE A EE ( B,05-Si0, ) fRIM)Z,
$ETFT Nb-Si HA5 & mMbra b,

2.3 Mo-Si-Al & &

Yao Z5WR FAEES FHUA AR AE Nb-16Si-22Ti-
2Cr-2A1-2Hf BR G4 B T T Mo-40Si-40A1 IR )2,
)2 H Mo(Si, Al), tHF1 Mos(Si, Al); FHA R, anE 3 fr
TNo FEFER-URZFH XA R SME R Mos(Si, Al
A, WZEZNH Nb, Si. Al Ti Ml Cr 4 LAY ZR

PHUX . 7 1250 CF#E47 100 h A9 55E LS5,
ERERIH,  Mo-Si-Al IRZMRPAY Nb-Si 354 1)
B T RV EAL R AN 8.24 mg/em®, B)ZE B E
FEAR TR A & S b EeR, HA R ke %
A A S [ P S0E 4 171 A3 A5 1 NG 1

50 pm

K3 Wik Mo-Si-Al IR Z R HIIIE AN
7 SEM [E{£147)
Fig.3 Typical cross-sectional morphology
of Mo-Si-Al coating!*”]

25 TR H £ 1Y Mo-Si-Al 15 JZAEAEZLEL
AL, AR T S 8 2t U 2 R A TR B B 1B A B3
A4 IE EY . Yu SR A 3% Mo-
Si-Al RJZHEAT T ok, A4 T Mo-Si-Al
B2, 5 H % Mo-Si-B IR 2 AL, Y erekt
mh e UL — 2 Mo, #E W H B T
10%Si-10%A1-5%NaF-75%ALO; ( Fiit4r4k ) AT
£ Mo 2 [ . Mo-Si-Al 1R 2 A5 3 )2 :4MN2E Mo(Si,Al),
A5 )2 Mos(Si, Al 45 PIJZ AlsMos HHHl AlMo;
o BRI 25 R, Mo-Si-Al 721 ALtk
AUy, A2 e, 75 1250 C &1L 30 h ),
T Mo-Si-Al IR 2R B A7 AL s E o 4.32
mg/em?, AN E IR JE R B T R T B E N 76.68
mg/cm®, Mo-Si-Al Ik ZE M T a-ALO; fR I, &
FRR T ERE S PTE e

2.4 NbSL&E

NbSi, BA B AL, a5 . BRE = S, NbSh
VRIZRENS A AT Nb-Si A4 Y “pest” LG,
Li Py B h4 TIEE R 40 pm HBUHE W
NbSi, 1% )2, EDS &5 n, WREHM Si fl Nb JLH
RS, FERE NbSL IR EZ KA EZ, &A
A AR 2R R PR A Y NbsSis. £E 500 C B, NbSi,
W 2 AR R IR L S10, R 2 Sk 3 4 3 4K 4
b, TEALT 1000 CHF A K 4 “pest” BAL N o

NbSi, 2 CTE {4 7.3x10 %~11.79x10 * K",
Nb-Si A4 CTE K 7x10°~8x10 K", —



8 Kio#® B

T & 2023 4 10 H

FHIE K R BORILE, SBOR)Z BB T
2, Alam % P'¢E Nb-10Hf-1Ti-0.7Zr-0.5Ta- 0.5W ( Ji
B0 Wit FIS®UT NbSi,, AP, 7E NbSi,
WERHT T HESi, #, 7EIRANRZEZ RIE R T
NbsSi #HF1 NbSi, AHAL A PIAH X, JEEEEN 4 pm, 7E
1100 ‘CH1 1300 CF, fEAS AT T4 A A
TEAAACSLL, 250 R, AR ZNRAEm ST ALt
KiFHER . 76 1100 CHySFRAMMT T, TRZEiL
R B T AR ) AL B 3 EE N 360 mg/em?, 1A I
JZ AR B0 T AR ) ST 1 T N 3 mg/em?; 7E
1300 C T4 16 IRAMEI AL 15 min, 24 15 min
K VRIER) J5, WREAFEARE IR, B RN
R TRARM, NWEAERENSIL, #HmSE
B aPURTE R IEREAL

NbSi, 12 0] AR A BT S AL AR, {HE NbSi,
MFERAL R IE B T PUA L322 19 NbyOs #f1; NbSi,
5y 53R Nbss KRN, A Bt NbsSi; 41
NbSi, 5 Nb-Si BG4 MK REBORILES, 7R
4 h MEME SZEFTE, SEBORZRERR, Xk
i BRI T NS TR JZ IR o AR 222535 $E s Zr
Hf., Y Fl Ce SFI0 R UPE ] KiR$Em NbSi, 2t
AR,

Liu ST T Y,0; & i F 4400500 0%
0.5%. 1%. 2%. 3% ) X} NbSi, iRJZ R, 455%
B, AF Y,0; & HATR)ZEH NbSi, AHH NbsSis 4
Wl WIZEEERE Y,05 & A3 28 ST
Ja AR A3, 76 1250 CR4EAL 100 h 7, Y05 JF
HAECN 0.5%. 1%, 2% 3%MY NbSi, I )2 B4 fi F2
R 43N 2,33, 1.96, 2.05, 2.86 mg/ecm’,
M Y,0; BIEEDECH 1%, A4 RPTa btk ig
o FHEPIR IR T Si-Y,0, B2, Wik
B, ZIRIE NI NI NbSi, /2. NbsSis J2
H AR, Y TR FE LB RS AR A &,
L F P 1) 9032 7 3 D

Hf. Al SMErEfE iR 209 N Hh NbSiy A A
ALO; 1, Al JTERKEAETHZEP, i 1Hf, Al
U TC R IRIZ LR, %k 2 5 Rk ) 25
G, WIZTRDIEY HIO, 5 CeO, R AHLL,
B k25 e BT R AR, T s A OB DU R A
MgE-E5RE . MAh, A Hf. Al TR EESR
L S5REHF R T “AibEr”, | o]
DIBH IR 280y e | 3 R R AR R 50 2 0 52 s 422 fh
L PR A S . AALSERE, Al TR
P TEE L R R, AL 7E A AL i R o 2 1 Ah
PEIE T ALO;, A kKB TiO, #H. SiO, #HAN
ALO; FH4H 1% o BeAR G 47E 1250 C FIRHAAL 15
Je T ROEME R RS R, SRS A
BRI L HE, AL RIS IR EAE 178 1K
PEH I BRI L, 76 150 h KR EALERT%; 0

hn HE, Al TR RELYIR 2 40t 200 IRTEHA S
WA KRR, £ HE, Al STEBUER LY
WEA LAKIRAR T 1250 C R IR ILELE . fEES
TR TR AL B T 25 7, 28 TR S AL A i SR 4R T
TEREL, M R H B |AT, &7 A B R
71, SIEHEGY R, RASFEEYBEHD, 2 Fi
s, Hf, Al JCEBCHER LY 2 B A W G
bréafb.

Ge JCRUMEN NbSi, 12 1Y Ak i 215 I
SRR, e R Y U AL HLIG I S i Ak B vl LA
TERPLARARRE . Tk 5P RIS T 2%
16Si-5NaF-71A1,05-8Ge ( Jii & 43 %0 ) ¥y K DL FLTE
Nb-16Si-22Ti-17Cr-2A1-2Hf &4 L4 TIRE, 5240
JZH(Nb, X) (Si, Ge), FHALK, 1312 (Nb, X)s(Si, Ge)s
tH, Ge LR KEEETELEZT, 100 h, 1 250 CHY
AALSIREE IR, IRZEIAR . LR Z R Ge i
PERE A U J2 B A T R S5 4 4300 R 190.08
16.30, 5.42 mg/em?®, JOURJZHLAK Y T 16 B2 Ge X
PEREALPIR 2B 35 4500, Si Byt (HBEY
BEEMZE . RREY 8RRE S5 F )
WETHEZNAE; AT, BT Tio,
M4 B E B e, FrLL TiO, e iy s Bl % E 4k
FIPEFT, Si0, Fl GeO, ¥ TiO, fL [, GeO, [A]i X 1]
PLRRAIR Si0, MZEEE , AR I Ge Jo R v LR R TR
e

TE Nb-Si FE4 4 R K 8Si-8TiB,-5NaF- 79A1,05
(JERAYE) BHILE 1300 CF4EE 10 h A28 Siy
Bt LB, H &1 Si-BIRE RS 32 4N (Nb,X)Si,
HI(Nb,Ti)B, AH; HiH] 2 (Nb,X)Si, HAH; HJZN K&
(Ti,Nb)sSiy AHYRHL M T (Nb,X)Si, #. 7E 1250 C R4
1k 100h J5, Si-B ¥RJZ A7 AR Y AL BT i 1Y
2.39 mg/em®, Si-B ¥R JZ A A3 5 AR A 4 R
Si-B W)z EHA RIFmMbra btk 22 o HERm
FERLT AR R ER AR ) TiO, . CroOs 4 B A B0
AP I TE Nb-Si 44 Pk e LY 19 35
Erh, #hes ke R MErER PR AL, BITE 750 CAA
) “Pest” A4k, SRMIHCIERY Si-B )2 1T KA ve il

“Pest” Efk. 7 680~850 CHIAALIEREF, MfEAR
EEFIBURL TiO, AHE JefE iR 2R IMAE L, HE Ak
HEAT , AR R R T A K I O I AL,
T TiO,, Ml T Nb,Os AT, 4 T MRS E
Z LSS T, Bk T2 R7EPY

WFFE N 5T FE Nb #f I il TR mE Ak
JZ——NbSi,-Si, HiEARIZETE Si( N2 ). NbSi,
(EJZE ) A1 NbsSiy (M2 ). TEAE AL LIRS Rk
HTZERRERAEFRSOEMERE. &0t
40 h. 800 CHY%EALSG, EALZIEE(CH 8 pm, WR)ZH
f AR Y B S E ALl 3.72 mg/em®, Zad 20 h.
1000 CHAML)E, WRZERAILT-EEHBUEEN Si0, fi
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Oxide scale

10 pm
a 650 C-100 h

d 800 'C-100h

10 pm

10 pm
b 700 ‘C-100 h

et

TlOZ

SiO,

10 pm
¢ 750 ‘C-100 h

e 10 pm
e 850 'C-100 h

E 4 B uthEaALY R ETEA FRE T 4L 100 min J5 B 405

Fig.4 Cross-sectional images of B modified silicide coating after oxidation at different temperatures for 100 min

B, W EILZIERE R 15 um, FALJE 152 S T AR
(I N 7.28 mg/em’ s XEWRGURIZTLIKK
k3 Nb 7E 8 B i

251 T Nb-Si-Fe-Cr-Al 2, %3t 2 h.
1000 CHYE AL 5 , WL (AR LA AL ) Z R 1
T NbyOs, P THEAI R4k sz A K, Mg 7
FER B FL A AL YE . Hid Nb JCE M Si TR T &
Al FilE Cr BALPp9A i, XS bt vt 7 o i
T5 Nb FlSi s, M T AL B A Bt A AR
TR 2 BE Al B L E Cr Skl e
gL,

3 RE

HAS U PR 38 T 242 HE T Nb-Si & & H T
KB, &S HICR BT, TR AR T
et THUEABIE B, TS T T SR i 4 AL E
J1o FEALYITRIZEATE B T BUE R Sio, Wi, TEm
T Si0, BUESAHEA RIFATShTE, AT LATHER AL
MREREr, E—BARTHUENE T e T —10Uk
LA IR B K, eI Hh BT A A S 9 A Nb-Si
HEEeUriRzE, LR EEIRRE IR R,
{0 Z AP0 R A Bir R VR TBL] 4 15 2 — 25 Tl
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