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Overview of High Temperature Oxidation Resistance
Coatings on Refractory Metals
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( Aerospace Research Institute of Material & Processing Technology , Beijing 100076, China)

Abstract: The overview is about the development and trend of high temperature oxidation resistance coatings on refracto-
ry metals. Silicide coatings on Nb alloy have been using widely, as glass phase SiO, is formed at high temperature oxida-
tion environment. Re/Ir is considered as best material of high temperature oxidation resistance, and the life of Ir coating is
affected by thickness and compactness. In China, three generations materials used for 1 200 ~2 000 °C have been devel-
oped, including 1st generation NbHf alloy using silicide coating, 2nd generation NbW alloy using silicide coating and 3rd

generation Re using Ir coating. The 1st and 2st have been used to satellite and airships. Now engineering application study
of the Re/Irmaterial is proceeding. Short nozzle of Re/Ir has been tested, and the temperature of combustion chamber wall

reached 2 090 C ,
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Table 1

High temperature oxidation resistance coatings on refractory metals

Mechanism of

Performance of Coatings

Coatings oxidation resistance High temperature Heat hit Ablation Working temperature
Aluminide Dense oxides Good bad Good Below 1 200 C
Oxides Physical prevention Good bad Good One-off at 2 000 °C
Alloys Mixed oxides Good bad Good Several hours at 2 000 °C
Silicide $i0, Good Good Dﬁ‘igi‘:ﬁ r"e“ Below 1 650 C
Precious metals Physical prevention Good Good Good P‘Il:f“ 5 ;ggoocf’c
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Fig. 4 Critical Py, of several reactions at different temperature
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Table 2 AG and Critical PO, of several oxides at different temperature

1300 C 1 600 °C 1 800 C

AG/kJ + mol ™! Py,/Pa AG/kJ + mol ™! Py,/Pa AG/kJ + mol ™! Py,/Pa

Si0, -631.93 101598 -574.02 10 -1 -533.01 10 342

TiO, -655.95 10-'¢77 -600. 65 10-1-7 -561.92 10 %1

Si0 -573.50 10 %4

_ -15.81 _ -11.02

(2Si +0, =28i0) 466. 67 10 >12.24 10 (1727°C) (1727 C)

Si0 233 .05 15.49 104
(1/2Si +1/28i0, = Si0) 80.22 10 34.05 10 (1727C) (1727 C)

Nb, Os -492.02 1013 —444. 40 10°7% -413.83 10 >4

Cr, 0, —472.20 10 ~10-7 —417. 69 10 -6 - -
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FEW AT, FE NS, Nb, Cr, Ti B4y,
1100 Pa'h, X AE S Mk Jm 22 00 ] WL 3 W 8 R BE™
CHRBET AR R ERUNLIF, TR TR KL Si TR,
FEEHNNb, Cr, Ti gAY, XAUEY TR AT 50
T, Si JTRBAEKIEME . XF L 3#5 44 LB, 4#
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Table 3  Tests of oxidation resistance at different temperature
and air pressure
sample 1# 24 3# 44
P,./kPa 101. 322 101. 322 0.1 0.1
T/C 1 400 1 500 1 400 1500
t/min 10 10 10 10

CRRBET ARG O, ERA TR EE TR, B T SinERI
PFE. H _HKXWmEE AR B TIREB A #E RS
T LN, TCRATE ph ) PR AR R A S R S LR
FAFar XL, AR, “8157 IR ZEFF A AE 1 600
CTAET 10 hy POXEMEO T, AHFEJEEE R 8157 ik
JATEL 500 CF ARfir A it 8 ho IR ol s 1
Si AL SO RS, FETTINER 1 Si iR AE .
F4 #5AHAETERETESTER
Table 4 Factors for hot-wall microwave-transparency study

Elements, Atomic percentage/%

Sample
OK SiK TiK CrK NbL HfL Quantum
1*(middle) 64.0515.53 3.35 13.05 2.30 1.72 100
4* (middle) 70.96 0.00 3.95 3.76 19.62 1.71 100

i bRk, REALYIURZ DU BRI E Si0,
AUE, ERTE RS BECER, M AN B &, i
PTRZRBOWEm R REESFERT = H R T, AR
R BRI AE S T N R LR A R . FEi s
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Fig. 5 Morphology of samples after test at different temperature and air pressure
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T, EoE— BT SiO A i A Sy, T LA iR
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REALIUR 22 BTV N R 2 R )2, DL
E 9 RS12A Fik B Hi09 MoSi, H{t32, R512A & Sylava-
nia 2 B W B2, SR Si-20Cr - 5Ti Y,
K ORI be 45 3k W & T BB 45 & 4 C103 3K,
80 ~ 150 wmWiR 2B i e 1 371 C K Jy 100 h, it
%2 I FAAE Marquardt A &) A9 R —4D (490N, & 6a) %k
SML L, BTN T R A TR A AR 55
fit sl . tAh, RESAL EIEBHE T RS12E
(Si-Cr-Fe, [ 6b)' . Disil(Si-V-Cr-Ti) . Durak-KA(Si+
WD) iRE, WARRE . Wk, CVD IEE LR
Ml T2, FEVHTREGS, &F -5 HTHE
SFEHA S, BiRE Bk 1400 CLLF, Hafct
ANIE SN S E RN i N2

MoSi, ¥ 2 £ 24045 36 [E Y Durak-B(¥ i Cr, B) ¥R
JZFEE Wi () MoSi, ¥ )2, Durak-B R 4338 ik il 4 F
G 4aRm, 20 tHhal 60 4K & N H T ik % ik 55 i
FUABRAE & sh AL 4 2 W7 19 MoSi, ¥ 2k A CVD 5%
PVD JiRHHZ G B M T 64 TR A 4 (Nb521) £
I, #1800 CFHEAMAGA10~20 h, J"EZMATF T
B Al AR ALK T) o

FEEN, REALP IR 22 H w05 5 i ME— IR 2,
DI R A AL B T 258 BT 8157 ]2 “ 0567 1 J2 AR 2 .
“BISTIRIZM EZ WA Si-Cr-5Ti, RIBHEREE T2
WHETRB AR, HERKK 1600 CHEET Ha A
{&F 10 h, EZEPGKZE 1350 C FHEGAAETF 7 h, WA

TR DRI R R S HL (& 8a) , B AT CHfi i A 2
LR WS RSP, R R AT BT (0567 IRk
JRE I 815 IR R B AR A, A TERERE M 2 1 700 C
FAAMET 15 h, #UL4 1450 CHAEmAMKT 7 h,

* Propeliants MON. Hydrazinc
e Thrust 110 1bf

* Mixture Ratio 0.8

* Nozzle Area Ratio 150

* Inter Pressure 230 psia

* Chamber Pressure 100 psié
* Mass 9.2Ib

* Norninal Isp 315

LUK 1108

(a) (b)
6 mEAIR/Z LML (a) R-4D - 11 490N L Zh#L, (b)
R512E % sh#l
Fig. 6  Engines using silicide coatings: (a) R -4D - 11 490N engine
and(b) R512E engine

H7 PR SER N
Fig. 7 NbW alloy engine in Russia
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Fig. 8  Thrust chamber using silicide coatings: ( a)

“815” coating and(b) “056” coating
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Table 5

1 —erfe(
100

1 —erfe(
2 /3.14 x10 "e

Constant, deepness of diffusion and Ir failure time of

Re-100 um Ir in different Temperatures

Temperature/ - C‘nnstanZt of y ]')fe.ep'ness of Eailure
diffusion/m* -« s diffusion/ pm time/h
1 700 2.35 %1071 52(100 h) 365
1 800 3.33x10°"% 62 (100 h) 257
1 900 4.56x10°1 23(10 h) 188
2 000 6.08 x10° " 27(10 h) 141
2 100 7.91 x10 71 30(10 h) 108
2 200 1.01 x10~™ 34(10 h) 85
MY E L5, 1900 CF 10 h 5 20% Re 193" ik

WRIEZ) 0 23 pm, SRR (1 10) X HEAH 22 A48 K.
RIS HR A6 G/ ST B 4 69 Re/Tr 35l 7 910 56
Z52R (2000 CF A 7 h) R, FAAERCR 2250 (1
AR 141 h), X EZRw TR NIRRT LA
ANFORE RIRASTURRAE Re T, A ATk G0 47 1 30/ B9 1)
B, FLIASFSRRE (K 1a), 9 Re B4R (I 1 pRodt i 18 5
Jy—Jrin, Ir fE i T AEREE SRR, IR R
F(FE 11b), W4 Re Wy Bt 7 A M A0 LiRP
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Experimental Data 1 900 C ahr
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Fig. 10 Ir distribution in Re after diffusion 8 h at 1 900 C

BT k=R E R AR
Morphology of Ir before and after oxidation

Fig. 11

ik, BRI RRM, I ik)2 2 Re R HUA LY
E7al I L0503 I N T N A
GURERY, e RJES T — SR S BOE L, M H Y
195 A P I IR JZ IR, X N A SR U o A
T I
2.2.2 e kEERBEL

AT T e AR A B 4 A B R B A (P A
B(Ir), #fEJy = 77 3 A B Y PURh & & 4 )
FURFEER Re/Ir ffEJy 5

&1 MBB 22 /] T 20 it 22 80 4FALHHH| A2 Pv/Rh &
M E(E12), TIRIZEH, KRS 4I0R Rh 2
e A ek R LG AL Ay I OR, R RE R TR S &

etz W kAT 400 Z YK, BT Telecom 2, HIS-
PASAT, ORION, TURKSAT, GALILEO % TL & R%:, 3%
il PR RL(T 770 °C) i) = A 0 R B AN e
1700 C, PRI T A shHLIERER I — P HR .

12 10N $HEEHE T = k3L
Fig. 12 10N PtRh engine

Re/Ir #f 772 > B Wi FH 38 B o O 0 L & S
HIRHRHA 2, 490N % ZhALH vh H A Al 15 5] 322 ~ 325 s,
THFRE g B 5 330 s o eAh, Re/Ir #E T3 % O
TIRBEEHT, PITETs RbE B B AL, X RS AU EAE
B, EEA Re/Ir 4 7 W61 J7 040 T B Br 45 56 M
i, Marquardt 23 @] #F # /) R — 4D — 14 3 Hb 55 & 5l Bl
(K 13) R A Ultramet 2 &) ) CVD $ R il & Re/Ir #4552
%, TAEEERE 2200 °C, Hnp322s, 1999, 2000
AEJE I 2 OB T N T AR T AN R A 0 2 R AT A
601HP TR RS, EEMXZ TR b o#tiT T8
KR4 Re b= i i% Ir IR 2 MR Be = 0F ], JRiEAT T
WAEZZ, E3 T 11.45 h, fe@iEE 1900 C,

490-N High Performance NTO/MMH
Engine Area Ratio 286:1, Post Test
Delivered Vacuum Specific Impulse, 322 Sec.

4000F HOT FIRE

Aerojet Propulsion Division
Sacramento, California

Fl13  Re/Ir #kbe s K St
Fig. 13 Re/Ir engines
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FAT, wef ., 8, R0, HARSFE WA IT B Re/Ir
S L K Re/Ie-C/C HE 3 HE 5T, W% [ f) LEROS
208 K EhHLAE

FEl N B <55 J A RHIE g 2 BIF R D7 TR AP T 21 tiE 4
W1, BEFER G Re/Ie #4KL, FFARAE PU/Rh #1F_EIFREAH
KA WAL S T 205 B 983 A i <6/ AL 9D AR
Re/Iv ffE 1) 2= H0R F AT C H 4 J6 W0 ] 4 BE 1 (18] 14)
I 300 s s 4, 4 R mEE N2 090 C, R)E
SEhf. AEPERE A RTC 1A% 2 000 C R &AM AT 7h, 2
000 C 228 i FRFZ URHAME T 500 Yo 52 BT A% Ak L
HI, Re/Ir #E 7 38 2 1 TR AR DB UR IR AR B AL vh i L 4R
beas SMEE IR R B Re G BRE GIEHEAFR]
A, X5 E AN TR A I R T B 0 R — . HATE i3
I ST S0, A BEAE 2015 AR S B TR REDL A 4

3 ERNSRERARRE

] PAY s < s L BT 4B AR B S A I A 25 T 20 T4
70 AFEAR, 2R ada 40 ARG WRE] T AR, JE AL T M1 300 €

B 14 =HE SIS % Re/Ir bHBHE 548
Fig. 14 3rd engine Re/Ir short nozzle

#2000 CHARINEZE, ph—. =, “HKRE R
WIEEH TR G SR 8157 )2, —AUEH
THE G GBI 0567 2 MoSi, ¥)Z, =AU il
TG SR b AR BRI IR, S IRERRN
PEREUNZR 6 FT7K .

F6 ENEBERESENEUREGR

Table 6 High temperature oxidation resistance coatings on refractory metals of China

Generations Substrates Coatings Performance Service temperature/°C Applications
Ist NbHfalloy 815 coating 1oy u?lﬁs:l:hilt :6()1040<)Coa°éomhRT>600 1350 Sagﬁféhﬁﬁlsy
Ind NOW alloy 056 coating j‘;‘s;: hi]t :7010 605020(; 5mh RT=800 1 450 Satellites

NbW alloy - MoSiy coating @ ofs}:itaif Litl; 810 (;oog ilfo l;{'l‘zl 000 1600 Hot fire
3rd TaW alloy EZ::E:: Number ofsfllzt;f hnl : 8?07(;?) ?Cz?ohRTzl 000 1700 -

TaW alloy Ir coating v ber ofS t}::t ;hi:g?os;co 2°c1 Otohl;%TBI 000 1800 —

Re substrate Ir coating Static: 2000 °C =7 h; 2 000 Hot fire

Number of heat hit: 2 000 °C =700

HAr, EMET Re/Ie ffEJy s okl AR RS
T A A A A R, {ELER R AR AR 1 AT A A
—BiE R, G 3 A ORe/Ir A5 % 58K H
Gk PR BB A s @R E N EEAIT
i Te AR P 20 BT 5 Ol IR JZ 6 5T R B e
%o Bhxr LR, {5 AN RS 2 0, TR AR
L TSR o 2 T Bk ge i PR AR & — 1R
TUT7 58 . AUBHCEE i B S 1 2P ol el ST BB B I O 6
AL L 7 AU/ A5 B T I 200, 2 HEO, w4 5 /2 77
Fo ol EREARTOE, AET T R Re/
I 4y & TREAC R I A, g 4 i K 5 1, A
Tl — 0w Ve RE B L 4% R s HLAR A 0 i H R
A%

4 £ iE

(1) MEfS 42 8 F2 o IR0 A AL IR 2 2 B AUHE 5 25,
FEA AP RN 5 4 IR U SR AR B L 1 R AR K HF R BB
BAS T T2 R

(2) fEAL R )2 1 ML AU AR [ 41 R512A Fil MoSi,
W2, EHNmMe815” 0567 12, HEm Ryt Ak &
B DR A RE AR B S AR IR TR R DR S BUE 1Y Si0,
2, BRI AR SR s A, IS
SiO WA AL . Si0, AT KU J2 A S SR B 1) AN T 484 4
IR GO E S

(3) Re/Ir #48H2 B Aif 1 58 i =5 1 1= IR B Ak bk
RER, HITEALIREE M B 5 ZAKEE e 1) R 4 o G 4
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