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Tablel Main deposition process of rhenium by chemical vapor deposition

Deposition

Deposition rate

Precursor Substrate temperature/'C Carrier gas Purity (or thickness) References

ReFs Mo 500-1000 H, High 0.07-0.20 pm/h [12]

ReFs ALO;3 1000-1500 H, High - [12]

ReFs Cu 200-800 H, High - [12]
HRe(CO)s Si, Si0, 130 H», Ar 30%C+0 - [12]
Rex(CO)o Graphite 500-700 - High 6 um [13]
Re,(CO)yo SiC, steel 350-550 H, High 3.3-7 pm [14]

ReCl Ar: 500 mL/min, Cl,:

. 'tS Mo 1150 1 mL/min; chlorination High 200 pm/h [15]

(in situ) temperature: 800 C
ReCl5
(prepared in Graphite 1200 ChL High 2000 um [16]
situ)

ReCls Mo, Ar: 700 mL/min, Cl,: 30-

(prepared in Graphite, 1080-1180 120 mL/min: chlorination High 8-36 um/h [17]

situ) C/SiC temperature: 630-760 ‘C

ReCls Clp: 30-120 mL/min,

(prepared in Graphite 1070-1220 Chlorination temperature: High 20-100 pm/h [18]

situ) 730-760 C

Sublimation t ture: .

ReCls Mo 1000-1300 u ‘mzazlo‘)gg%m!’cera ure High 100 um [19]

0 BRAE RGBS TR R T IO RE A, Glaski®*
Reaction Cases in (Cl2)  Chlorination Yangm%}fﬁ ReCls #77 fRVEAE 2R T 1200 C3R
chamber chamber 37 HALE . HA<002>ELAI ) Re ¥ )/Z Al Re 1 &
Rhenium SFERIIUIRRAE, JFESL T AT RES CVD Re A
Induction P B ) FEE R 55 BBk » Sherwood ™ & Bl CVD Re #ITH!
heatilng 73 1) T B ERREL AR s 5 M R AR 2% AR AR 1 U, IR
coi — p . N N

Mandrel, | | BT CVD Re 9725 H 38 8 J S OREE . Kim!"ILL4H
o o BeAk, RAII R, AR 800 T I
0 . g Sy 1150 C A fF T il & th BT Re 4, Re b
8 ] BHE B T B0 K7 11 9[000 LTHIAER & 2120 (B 2),
3 2 7 2000 K #4440 EE 4 h 5 CVD Re kB 5K K& 3),

Rotating (RIRE SR B BT AL R AR CVD Re ARHZEAT
A I -  WAHHORIBARE A CVD Re HFLS 7
holder ~ \_ —— (HCD Wit BT ERHT I B SRR T Re
RIS AL CVD Hl BRI . RGEHETT T Re ML

K1 Bl CVD 5 BB 3 B R & ]

Schematic of the apparatus for the CVD of rhenium!'”

Fig.1
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BT BA (002D @i THA E VTR S ZH 2R, AEx 3% R Ik
) 99.4%~99.9%);  [E B R K 19 ik iz [ A
RS CVD IR B B/ E A MR R R R BT
 Re B2, @I HBPIRIRE .. WTKAKRESETZS
B, SOl 7 RRIEARE Re RERBSVIR. IR
B C002) FEAREL A AR & CVD Re Hi<001>H a1 ff14F
4k ED Re HATH AP Jbats TS0
Yang™™ 'L ReCls R ARTIRAR, fEAHKEAR EUTRL Re #1
Bl RICHVIBIEE AN 1150~1200 C B, JUREREN
REH], TIREE S ReCls I EE 1.5 T * A
f&F 1100 ‘C, ReCls 534k Mo KRN, SEIRZER
BN LHUTBURE L 1300 CHE, YIRE#EZEE ReCls
o FEFI3E T FeA, 32 B2 B TR R R B B A T 3T
X3 ReCls IR TR

2 CVD Sk h=145e

2.1 TREF3EI & 5RAF 8958 5 R BT AL H
Re ELAR im0 AN = R 5m R A EE KL
VAR R R 5 5% R ) A R BEARFALE , AF IR S R A R

\ =

Fa N
5 ¥
" i 1 um

¥

-

K.

K2 TEETHREEKITHE CVD Re J& TEM & J X W )
SAED fEkf

Fig.2 TEM image (a) and corresponding SAED pattern (b) of
cross section perpendicular to the growth direction

through columnar CVD rhenium layer /')

K3 CVD Re BEH T SEM TE 31
Fig.3 SEM fracture morphologies of CVD Re at 2000 K for 4 h:

(a) as-deposited and (b) after annealing ™!

i AR ELE 7. CVD AT PM /2 #1 4% Re AR 2 Fh 325
FAR . 20 22 90 GEARLAK, T Re/Ir AR K BIHL
TS, EEEMAR (NASA) FIEH Lewis W7
rhy. TRW 28 (B3 A #E K Ultramet 23 &) S80I R LR X
CVD Re Fll 3 FIRRZS 1K PM Re W EHE 25 8 A0 0 ) 241
BEHEAT TR S X L pr P37 3 FuRES HOR R v &8k
SR FLELA A (RS MR (HIP) Al il e s

(PMD. [H Py B FAH T K2 B RERY%T CVD Re 1) 772
PEREHEAT T RGN AT 72 7007

JURAS R AT L6 4 1 Re MR =R SRSt

P o B IR IGHAE 51 T3 2 R H AR S AT AR
I, Re M 2 I A BRATTR 58 B2 (B /3 A VG 32, BH CVD Re
i) 663 MPa 2 %L Re ] 943 MPa A~%%, Re /£ 815 C
A 1371 CHF a8 R 7R R RIS . A
[F 7RI Re B4R 98 B2 {8 £ B0 Y6 1 N A2 A R 1,
Hil 2% TR TALHE SR Z 520 Re MR 122 B8 - AFE 2
RTLAE H, Ll Re By BA S e AR B A4 5
% .CVD Re f i Bz 58 % B 2. 5T PM Re 2 HIP Re.CVD
Re [A]H L %4 m K3 FE A, PM Re [ 7724 M RE AN ZE
AR A  BRAECMART 7T 1 AN R URUR BE 1 4% 1) CVD
Re 7EZ AT 1400~1800 C il NI J12EMRE (3K 3D,
ATLAKRIN, BEEDURREE M, CVD Re HIZ iR 50
AR HEAN B, T e iR e P UG B AR . TEVURRIR
N 1300 CHFHI#E) CVD Re 7£ 1800 °C i 5 & ik 5|
160.1 MPa, Z# T PM Re ] 116.8 MPa.
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Bl 4 AV R CVD Re £ K5
Fig.4 Surface morphologies of CVD Re at different deposition temperatures™®: (a, b) 1100 C, (¢, d) 1200 °C, and (e, f) 1300 °C

Mittendorfl™* WA gk~ i ) R 28 S 4 1 7 88
AN [ 7 5 1) 4 RV BRI 0 25 1 e 22 S 5 W 2R AE T
177 VAR . AN RS Il CVD Re MEHMEEA [FFE
FEE RS i e ANBEACH ], DRI L A A PR R P PR R
CVD Re Ff R0 H BRI BIEARTE, Wy D3R i 295145
AR, TSR B IR S REAE, W7 U LA i I 2
RNE, HEBEZPE. PMRe 5, H=EE 815 C
IR AR, 815 CLL BRA NP I, 1371 C
N, RS Re ik FEMAMRTTNIE TR, 5URE P38 v

FZE FIRAWIZL . HIP Re JAN B A& - 4R BLuKRIR T 11
TESR, Tt RN/ N SIBRCR 4544, KB HIP Re M5
oA PM MORLE AW, T A 5 T,
2.2 EIRETIHEE

IR A 2 R AR EEE AR 7 5, AT RE XA R
ren TAE 0 iR AR e v S A B R, R 4
HIH T CVD Re Ml PM Re 62 M REREDY. AN
1649 “C. N /12 27.56 MPa HISZ3& 2644 T, X 2 4~ CVD
Re Fl 4 /> PM Re #f 53T TGRS, MRS RIS

FT 2 TEAEFH SRV ARG
Table2 Tensile properties of rhenium prepared by different processes=>*

0.2% yield strength/MPa

Ultimate strength/MPa RT strain to

Process

RT 815 C 1371 °C RT 815 C 1371 C failure/%
CVD 307 400 345 688 484 456 21.9
CVD 284 390 267 698 445 290 19.4
CVD 310 358 200 674 430 367 16.7
CVD 297 317 193 663 440 344 19.0
CVD 403 308 197 722 432 377 17.6
RS 566 533 367 922 611 419 16.4
RS 591 516 370 943 612 443 17.2
HIP 236 254 180 911 562 216 17.2
HIP 232 264 191 916 498 252 18.5
PM 227 207 152 678 462 208 9.8
PM 207 221 145 758 482 202 13.2
%*3 AEIMIREH & CVD Re BT 114
Table3 Mechanical propertiesof CVD Re prepared at different deposition temper atures™
Deposition temperature/C
Testing temperature/'C 1100 1200 1300
UTS/MPa Ductility/% UTS/MPa Ductility/% UTS/MPa Ductility/%
25 741 23.6 739 322 738 22.5
1400 236.3 12 294 5.8 338.8 8
1600 >181.8* - 215 15.6 222.2 9.8
1600 >172.0* - 118.4 1.9 >176.3" -
1800 130.9 18 88 ) 160.1 11.4

*: the specimen was not broken but detached from the holding position
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2.3 THANH

EXF Re MEHAZASTENLH], BT AFFRE T AHRHE T
JefferyP i & 5 5 FOBR SR SR AT TSR, RILIEHK
KEBYVRTEAE S B T WIS &, TR BT D) AR T B i
ORISR RIZE i, IR H T B IRFE . Koeppel ™
WF5T 7 PM Re Ml CVD Re £ 7] 45 A2 LA TR 2641
(L ZAEE R RS F7- I ARAT Ay, 2 Rl 1) Re HE
IR i 35 B A AR (38 It Tk i TS ¥ PM Re HiBHL
TERFUE (0002) FEEZN, PURAZS CVD BRI H L EH
EC0002), (1011 ZMITIA LI H LR . K484 CVD
Re A HIL T F & FINUIREE & (B15), 1fii PM Re 1
A KINARERAHLR, AR FEARAG R 3 AR H A
MEE R HEAT R BE M7 . Kacher™!. Julian*'F1 Sabisch™®
K H EBSD HI TEM 73 #r#/f 55  PM Re £ 5[] 4 Al 47
I FE T, IR RS K E U & %
BN & . AR5 SRS BAE S d S RS A
K HEECA/NT 25°m, AREA T S RS mAS T
FEE R R 2R S ) SR Z R A

%4 TEBEHERNNBELER

Table 4 Creep strains of rhenium prepared by different
processes™
Sample Temperature/'C Stress/MPa Strain
CVD B-3 1649 27.56 0.22
CVD B4 1649 27.56 0.24
PM-2 1649 27.56 3.6
PM-3 1649 27.56 1.75
PM(Qual) 1649 27.56 1.17
PM-2N 1649 27.56 1.8

Note: creep time is 18 000 s

10 um

B 5 JAF CVD Re H 125 5 441

Fig.5 Deformation twinning in CVD rhenium!*’!
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WIETE 1100 CHIRm RS FIER 0.8 LMW, izie
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Fig.6 SEM morphology of a typical dendritic surface of CVD Re

[48]
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Fig.7 Hemispherical total emissivity (eq) of deposited CVD Re and
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Fig.8 Hemispherical total emissivity (ex) of polished CVD Re ¥
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il T Re/lr MEMSE, FFHAT T HIRERIE. BA
TERBHLB T W ] £ 2 e R S5 T T HUAS T
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Re/Ir chamber fabrication sequence
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Fig.9 Re/lIr fabrication sequence and chamber™
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K110 R-4D-14 7! 445 N mEREMAAZ HE AT Re/lr K ENHL
Fig.10 Model R-4D-14 445 N high performance liquid apogee Re/Ir

engine™”
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CVD il /N JR BRI 1) 3 4R J7%. CVD
Re MEFEA R 5 (1 iR 71 HERE, FEMTR S S5 =B A
BN AR SEERE T 2. (HEATEST CVD Re FIBFFURIRLH
IAFAE — BESCHE [v) U A fiff he
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Research Progress of Rhenium Prepared by Chemical Vapor Deposition

Hu Changyi, Hu Jinquan, Wei Yan, Wang Xian, Cai Hongzhong, Chen Li, Zhang Guixue, Gao Qingin
(State Key Laboratory of Advanced Technologies for Comprehensive Utilization of Platinum Metals,

Kunming Institute of Precious Metals, Kunming 650106, China)

Abstract: Rhenium is widely used as functional materials and ultrahigh temperature structural materials due to its excellent physical and
mechanical properties. A variety of methods have been applied to prepare rhenium materials, among which chemical vapor deposition
(CVD) is one of the main techniques. The reaction type, deposition condition and effect of rhenium by CVD were introduced in the present
paper. Then, the deposition dynamics, microstructure characteristics, mechanical properties and typical applications of CVD rhenium were
reviewed, and compared with those of powder metallurgical rhenium. Finally, several key issues which need to be solved were put forward,
and the research directions and application foreground was prospected.
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