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Table 1 Comparison of basic properties between refractory metals and nickel as well as iron” "

Element Méltit}g Densiz// Coefﬁcient ?f therr_l;al | Elastico modulus Crystal Reference
Point/'C (grem ™) expansion (25 C)/10° K (25 'C)/GPa structure
W 3410 19.35 4.6 411.1 BCC [3]
Re 3180 21.04 6.8 466.6 HCP [4]
Mo 2617 10.22 5.4 324.8 BCC [5]
Nb 2468 8.4 7.1 104.9 BCC [6]
Ta 2996 16.68 6.6 186.7 BCC [7]
A% 1887 6.1 8.3 127.6 BCC [8]
Ni 1453 8.9 13.3 199.5 FCC [9-10]
Fe 1535 7.86 12.3 1523 BCC [11]
(a) After 3 cycles at 1100 'C
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Fig. 1 Refractory metals oxidize seriously in atmosphere at high temperature: (a) Mo alloy™; (b) Nb alloy®
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Table 2 Types and applications of molybdenum alloys?*2*!
All ition of
oy Grades and composition o Application Reference
system commonly alloy
Mo-Zr TZM(Mo-0.5Ti- 0.08Zr--0.02C) Torpedo and rocket engines, aircraft leading edge rudders, nuclear [20-21]
TZC(Mo-0.3Zr-1.2Ti-0.2C) equipment radiation shields, industrial heat shields
Rocket engi 1 high t t 11
Mo-Hf HCM(Mo-1.1H£0.06C) ocket engine nozzles and nose cones, high temperature alloy [22-23]
isothermal forging die
Mo-Cu Mo-30Cu Electric contacts, electric.: vacgum materials, ayiaftion high 20, 23]
temperature materials, air rudders for missiles
Mo-W Mo-30W Gas rudder and guard plate of solid rocket motor [24-25]
Mo-Re Mo-41-50Re Thermocouple protective cover, heat reflection screen [26—-27]
Mo-Nb Mo-3Nb Launch plate in space thermionic reactor [21, 28]
R3O A SR AL R R
Table 3 Common types of niobium alloys and their operating temperatures™® ")
Alloy system Grades and composition of commonly alloy Operating temperature Reference
Nb-W 5BMII(Nb-5W-2Mo-1Zr) 1200-1650 C, 1800 C for short time [29]
Nb-Mo Nb-5Mo-15W-5Hf-4C 1200-1400 C [30-31]
Nb-Hf C103(Nb-10Hf-1Ti-0.5Zr) 1200-1400 C [32]
Nb-Ti Nb-37.7Ti-5Hf-5V-5Cr-5A1-2Sn-0.5Zr-0.1C 1200-1400 C [33]
Nb-Ti-Al Nb-38Ti-12Al-12Hf 1200 °C [34]
Nb-Si Nb-168Si-10Mo-15W 1250-1500 C [35-37]
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Table 4 Commonly used tantalum alloys and main applications?®**!!
Alloy . v
Grade and composition of commonly alloy Application Reference
system
ASTAR-811C (America Ta-8W-1Re-1Hf-0.025C .
T 1(1 (r;l\zfr?caaTa- SW- ;H H ) Hot end czmsronzﬁtesr ;)tf gl;edl;h;‘t:(; p;ocbe and its
. W vice, etc.
T-222 (America Ta-10W-2.5Hf-0.01C) powerg
. Combustion chamber of the Aji ft,
Taw Ta-12W, Ta-15W, Ta-20W (Russia) ombustion c. a@ er of the Ajina spacecraft, nose [39]
cone of the missile, aerospace nuclear power plant
Rocket nozzles, hot end parts of acrospace engines,
Ta-10W, Ta-7.5W, Ta-12W (China) diffusion walls of high-temperature pyrogens in the
nuclear industry, etc.
Ta-Nb Ta-3Nb-7.5V (Russia) Two-component liquid rocket engine [40]
Ta-Hf Ta-10Hf-5W (Russia) Nozzle of liquid rocket nozzle [41]
x5 WHEGEKEERNRAY
Table 5 Common tungsten alloys and main applicationst*® *’)
Alloy .. L
Grade and composition of commonly alloy Application Reference
system
Import casing and throat of solid rocket motor,
W-Cu W-Cu [46—47]
nozzle baffle of rocket motor
W-Ag W-Ag Missile nozzle [48]
W-20~28Re, W-Re-30Mo, . .
W-Re Space station and nuclear reactor materials [49]

W-3Re-0.1HfC, W-24Re-3.8ThO,
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Table 6 Common rhenium alloys and main applications™®" >
Alloy system Grade and composition of Application Reference
commonly alloy
Re-Au/Ag Re-Au/Ag Electrical contact material
Re-Pt Re-Pt Atomic energy reactor structural materials
Re-Pt Re-Pt High temperature and high strength parts of supersonic aircraft [0, 32]
Re-Sn Re-Sn Low-pressure oleic acid hydrogenation reaction alloy catalyst
Re-W Re25-W Space station nuclear reactor materials [51]
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Fig. 3 Oxidation resistance mechanism of Mo-Si-YSZ coating at 1725 'C
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[72]

Table 7 Types and preparation methods of high temperature oxidation resistant coatings on molybdenum alloys/® ¢! 8%
Coating type Grades or component Preparation method Research organization Reference
MoSi, Disi Fluidized bed Boeing
[60—61]
MoSi,+Nb PFR-6 Permeation Pfaudler
MoSiy+Ni L-7 Slurry permeation McDonnell-Douglas
w-2 Permeation Chromalloy
MoSi,+Cr . ..
Durak-MG Permeation Chromizing
Durak-B Permeation Chromizing
MoSi,+Cr,B .
w-3 Permeation Chromalloy
MoSi,+Cr, Al, B Vought II, IX Slurry permeation Chance Vought
Al-Cr-Si 20%A1-80% (55Cr+408Si-3Fe-1Al) Flame spraying Climax
Al-Si 88%Al1-12%Si Flame spraying NRC [80]
Al-Sn 90%(Sn-25A1)+10%MoAls Slurry dip coating or spraying Sylcor
Cr-Al,O; Ge300 Electroplating+spraying General Electric Company
Al 0, Rockide-A Flame spraying Norton
710, Rockide-A Flame spraying Norton
V4(0) Zp-74 Smearing+sintering Marquardt
Z10,-Glass - Melting (enamel) NBS
Cr-Glass - Melting (enamel) NBS
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Table 8 Oxidation resistant coatings of Nb alloy developed in the USA and their applications

[82-85]

Component Grade Property Practical application Reference

Si-20Cr-5Ti R512A  Effective protection for 1-4 h at 1650 C Apollo spacecraft engine, rocket engine

. . Effective protection more than 2 h at High-thrust rocket engines, high-speed
Si-20Ti-10M RS12C .

o © 1700 °C aircraft [82, 84]

. Hundreds of times without failure after F100 rocket engine, spacecraft between
S1-20Cr-20Fe RO1ZE thermal shock at 1400 °C heaven and earth

Al-Cr-Si LB-2 Protection life up to 24 h at 1204 °C Glide reentry vehicle parts [83, 85]
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Fig.4 Schematic diagram of preparation process of MoSi,-ReSi,-NbSi, coating on niobium alloy
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Fig. 5 High temperature oxidation properties of coating

systems on Ta substrate in literature!'®'*"}
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B Y Hf-Ta-Cr-B. Hf-Ta-Cr-Al. Hf-Ta-Ir-Al %5 &R 51
FEREG RS, 4k, ManLabs 2 77 Ta-10W
G4 EH% T AT 1650 CA A B ERPUELE
[ Sn-Al )2, FALETERLE SnO./Sn JHIEHI ALO;
FALE s RN TEAE A S 3R % 1 W/WShL, 2 &2,
I T B AR B TTIE 1980 CHY,

E LR R T2, PR TEAR
TN A IR A PR (4 R I 7T Bt e Sy
JHR T HAE SR PUEIREH R, o, iR
MR K T2 50 firil i 31 2 f oI U R 4% T
Ta-W &&4IRZE, HRIZTTTE 800~1900 ‘CH &k et
i, 7E 1900 CHAPUAMTFIE 10 h LB #GER
$o& 1000 kAR g oK AR IR JE A B Re A
B H AWK ) Ta-W % Si-Mo-YSZ 2 AT 7£ 1800 C
FrASPUEAL 10 h DL BRI ZE 1800 CHGEH drdid
200 YR30 5T AT AN SR FH S VR i+ e TR A b
FAREHEE SRR A EMERZ, BEER
KE. EREMYBUZ=)Z, 1700 C R SPiEk
Far ik 40 h BA_E, 1800 'C N B &AM HF ML A
8 h, fEEEE 1600 CHIHGESLIGH W IEHIZE 2000
PRI AR € 4 TR A 90 e SR FH R IR by 123k 15
(R A S SRR )2 R SizTas< MoSi,~ SiTa
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fE 9 h FEEIEZE 1800 CHIFESZIGTEIS 150 LA
J:[126—127]

24 BESHSERMENERE

W& iR PUE R E EEARERAIRE . Tt
EREIE. BAREMRZE. B, R
TR SRR IR, — A EHEMo). 15
(W)~ #5(HD). B5(Zr). $H(Ta). FNb)YZELR N E &t
WRZ, WOWREE R T e R MM oo R AT
et YRS G SRR ETT I E SR T E A Sk
FEAL IR 2 BT RN J2 /A Ak SR TR 1] WSi,—WsSis
AR EM L. LU SR A & RimH & 7
W-Si-Zr0,-Y,0; i )=, AMETEE ZrO, F1 ZrSiO,
MEIA AT Si0, B, WI7E 1700 °CEiBid 10 h BLE,
ZHANG ZUPNEit cvD 7 REM A E#l%& T
WSi, i )2, KR 2R ST WSi,—WsSis AR i 45
RETHETmR, JFR&RERZE R

IAESR, MR A AR B b 2
P S & S iR DU EAIR E HR I AR = 1)
IFGENE . SFEE T WHREI &1 HIB, S5 4t
10%~25% o-WB(Jii 5 73 80 I AEAE F A i |2 B
SRR AR PO, AT AR A A R R A
MR EEEXFHRBEE 7 —DiH TTRI
FLHT 56 B T8 A & 1 iR R E T
IO SR T A &S E R A Bk
YLLK RAC R Z A I RE, BERG RERESE T

£9 IrEEHI& 14

Table 9 Comparison of preparation methods of Ir coatings
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Bk LBk A SR AKARE TR E, H1E
1000 °C PA_b 55 4= BiedE R PE ReyO,, JLHAET BN S
AP aHIHEREAILE, BRABRE &AL RS
B 2 S S TGN, el T AR PR A A AR . R,
FIAE RAT 28088 2 S5 I R AT IS, PR 4B 3R 1D A6 A0TR
BIREY . HAl, BEEmmiRiiabinZ k)
BENE, HIREE =R E 2300 CHHAM R iR
PLEERE, 2200 C FIRBIE RN 1 X101
g/(cm-s)P,

BREKIR ZAE I 28 2 078, AFE S
DU BRSBTS . &R AP ST
AN QULY: & tITI T2t =K, DT b 4 e R
BOGESOMNES, g o Praysr i, £E. HA,
% 5 s [ SR AE SRR SR A 58 AL T4 5 KT,
EE BT I/Re MR RSN N A T Huk [R5 T
BEREERIESS F, AIfE 2200 C FESTAE 17 h A
RARI, R-4D-14 445N UL 490N B4R R S AL B
2 LR EIA 322~325 !PT RIE KR E I S AT AL T
RIERE, HEXUPEENEXRERH CVD fil%
ARSI AMEL, W O B I E T S bR AR IR A
[/ 2000 C, 15 2Bk E S W08 1 TAEAd 4y 47.6 ho
RRRAR B T2 50T Padb TR, M et st
KRR EERHE R R T T K&

[132-

142]

Coating .. Deposition
. . Deposition rate/ .
Preparation method thickness/ (ums ) temperature/ Coating performance Reference
um 3 C
DC magnetron
4 0.02 25 Rough it 132—-133
sputtering(DCMS) ough and porous surface [ ]
RF t
sputterrrilzi?glzg/IIIS) 4.5 1 25-800 Evenly dense, complete coverage [134]
Laser in@ced chemical 100 B 300-400 Inconsistent Fhickness, existence of [135]
deposition(LICD) micro-cracks
High d iti te but 1 internal
Electrodeposition(ED)  50-100 10-20 ~570 1601 deposttion rate but ‘arge mterna [136]
stress and many holes
Chemical vapor Uniform and dense but low deposition
i 10 1-2 700—-800 137-139
deposition(CVD) rate [ ]
Metal organic chemical . . .
5-50 0.00005-0.00694 500-600 F t a fi - 140
vapor deposition(MOCVD) 9 ine grains but a few micro-pores [140]
Pulsed 1 .
depzs?fion?fs’irD) ~0.1 - RT-400 Smooth surface, good crystallization [141]
High d ition effici d
Double glow plasma(DGP) ~ 5-50 2-20 800—1100 1611 depostion Hiciency, goo [142]

bonding strength
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Review and prospect of refractory metal alloys and
high temperature oxidation resistance coatings

CAI Zhen-yang"?, SHEN Hong-tai"*, LIU Sai-nan®, CHEN Yi-jie"*, PU Rong"?,
CAO Qin-xuan"?, ZHANG Bei'?, XIAO Lai-rongl’ 3 ZHAO Xiao-junl’ 3

(1. School of Material Science and Engineering, Central South University, Changsha 410083, China;
2. School of Minerals Processing and Bioengineering, Central South University, Changsha 410083, China;
3. Key Laboratory of Non-ferrous Metals Materials Science and Engineering, Ministry of Education,
Central South University, Changsha 410083, China)

Abstract: Due to high melting point, excellent mechanical properties and workability, refractory metals have been
become the attractive materials for modern industry and aerospace applications. However, the refractory metals always
exhibit rather poor oxidation resistance at high temperature. It has been proved that the method of coating is an effective
route to improve the oxidation/thermal resistance of refractory metals. This work reviews the designations and properties
of five kinds refractory metal alloys, including molybdenum (Mo), niobium (Nb), tantalum (Ta), tungsten (W) and
rhenium (Re). The common systems, preparation methods and high temperature oxidation resistance of these refractory
metal alloy coatings were summarized. It suggests that multiple composition design, gradient structure and advanced
preparation methods will be the direction of coating research and development, which is expected to gradually meet the
high-temperature protection requirements of all kinds of hot end parts of refractory metal alloy.

Key words: refractory metals; coating; oxidation; high temperature protection; silicide

Foundation item: Projects(51901252, U1637210) supported by the National Natural Science Foundation of China;
Project(GFZX0101040201) supported by National Science and Technology Major Project of China;
Projects(2020JJ5713, 2020JJ5737) supported by Hunan Natural Science Foundation of China

Received date: 2019-08-16; Accepted date: 2020-06-23

Corresponding author: XIAO Lai-rong; Tel: +86-731-88877499; E-mail: xiaolr@csu.edu.cn

ZHAO Xiao-jun; Tel: +86-731-88877499; E-mail: zhaoxj@csu.edu.cn
(miE FRLD)



