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(chemical vapor deposition, CVD) Fll /& £ H yT 1 vk
(electrodeposition, ED) S, (H J# Fi ] £ H R 1 T 28
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N & HEARAEAE T L ok, 5% Re & Re & &R )2 T
BRE MRE SRR G . Kk, PRI T Re
MHEAGSHENSH S AREAEER L.

KRR & ) A HL AL 2% SR DT AR (metal-
organic chemical vapor deposition, MOCVD) I B, F W -4
P S A T AR ¥ Celectron beam-physics vapor deposition,
EB-PVD) TR 5 A BRI AN, SRR ER 5 o A 5] I A 4
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FPUEA B8 6T S22 4% (100 JE3 ol ) R . AR S0 3 Bl FA 2514 T Re
J Re G 4R AT & T AT 4708 , 45 T2 2400 Re
WIEH ISR RE ), FEXF 3 Fif] £ 07 V5 1 Ja SRt L 07
AT R .
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Table 1 Standard electrode potential for some common metal

ions and perrhenate ions (standard hydrogen electrode)

E/NV
fon Acidic Basic
Li(I) —-3.0401
K(I) -2.931
Na(I) -2.71
Mg(II) -2.372 —2.690
Al(IIT) —2.069 -2.33
Zn(II) -0.7618 —-1.249
Re(VID) 0.368 —0.584
Ag(D) 0.7996 0.342

TRy B pHAEX R 2 2 E B SR M s, 3 BRI A
MR 2 fome DUF X EAR R TR S B s 3 4~ &
BERZUR K] 25556 Re [ & & ik J2 4H 2R 465 19 1) 5 v M4 3
1T

2.1 ERIARR

Fink &8 NPT 58 & 01, 2EBRVE Btk DA S PR R
HI AT ] %% Re ¥R 2, FR A GE T I R AR FL i s i
Re (K AR PU pH VG (R 3227 . B tEBE A &, pH
H— P HI7E 3 LT BRER  BER « R 1A V) pH A Y Bl
B R R AR G 5 S AELE AT 7, B F AR R
PACPERC R, AT BN A R Tl RS AR R, DU
T S BRI 2 i g 2 T PR O PR S Rk A 2R pHL Y I AH
X, HAT A, PUAR 2444 S iR AN, 177 LA NaOH
= AR ) SRR R R pH VO B R RE B A  (E AR 2R
H— A7 AE Re PRI 2% o A, B0 FE s ) L%
Re ¥ )2 1) B A pH B ] , 98 800 P88 v, e £ pHL Y [
— AT

B AR TR 2 B L pH B K B TR R S R R
AR, I GO PR R SR BRI Z T F Y,

Vargas %52 3@ i 52 56 UF B , /£ NH,ReO,+NaOH
(pH=13 3 B /KR P L TAR Bk & — A 2 P R AR,
DUFH) N Re-ReO,-ReO, 1R AW, HI 21 /> kL HE A
BB D

TR+, B SO, VR FE 35 1, Re 134 J5 A% (A
HMe, TURR =) 11 v A Re FRSE AL P 6 A8+ 680 o 1D IR FE AT
ReO" ¥ FE f AR iy FLIR %, R i3k Re (R HLUTAR, 2478
P2 M (pH=6) I}, Re 1328 Ji 3 55 A2 K, 75 1% P58 A1
(pH=3 i}, FRUTAR =W & /b & Re A (ReO,)
TERR BER 5 (pH=D I, YA = W) 4l Re , (H3R1F 1 Re J2
RMEAAAERRGE T 2) . Cao PRI,
BB KV 0 I 5 Re A0 T v A% 828 J5 1 2
A IRIS R , W R 38 7 I 72 28 ReO* —ReO,—Re™ ' —Re,
A Re B TR E I = 5 pH i iy b, 3 i FR 645 S ReO*
—Re0O,—Re0,.Re,0;,

Chernyshev Eduardo %55 *7E £ B2 /K ¥ i A A 2
VUMY Re )=, Re IR J2 R M AFAE IR 45 b 1 7%, TR 1) ~F
BIRSE 94 pm (B 3D, Bk 31 Re ¥ 2 T F T E QL3 G
ERAE N A [F 5T gt — B PTAR Reo

X Re &4, Hul Myl A R 3 ZEFERE Fr
BRI R T, pHER B2 G &iR)= T
Re & & K UTR B AR Re-Ni &k R, pH=4 I} , i )2
H Re 2 5 85 i N 99%, I Ji5 Re 7 2 il L ¥ pH A 4.0
B 5.5 13 I B ARG s YORR PRI 28026 B PR pHL M 2.0 B
5.5 B3 N3G 0, pH = 5.5 Bk 2 55 KAE 45.7%, FEBE &
pH BB 0T CREFAAE

Naor. Netherton. Nusbaum Al # i . % £ F &
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Table 2 Main conclusions of electrodeposited coatings of Re and its alloys in aqueous solution system

o Cathode potential/
. Deposition Research ) .
Coating Bath system current/ . Main conclusion
Temperature/°C . variable
current density
Alkaline solution
(NH,ReO, 25 8.6+£0.7 V pH=13 Forming a deposit mixture of Re-ReO,-ReO,
+NaOH)** 2!
At lower concentrations, deposits are mainly ReO, and
50 ReO,, with a small amount of Re,O,.
*"7*  As concentration increases, Re,O, becomes the main deposit.
concentration . . . .
At concentrations > 10 mol/L, deposits consist entirely of
Re,0,.
Pure Re H,S0,+ 10-70 0.75—1V pH=1, deposits are cracked pure Re coating;
[24-38] :
NH,ReO, " pH=3, deposits are Re layer containing a small
P amount of ReO;;
pH=6, Re reduction is difficult.
ReO* Higher ReO,” concentration improves current efficiency and
concentration promotes Re deposition.
’ Uniform Re layers can be deposited.
HCI+ ReCL*Y 25-40 1 Alem® - . .
Secondary crystalline clusters exist on the Re surface.
. Increasing current density significantly reduces the Re
Current density ; .
content in the coating.
pH=4, Re content is the highest in coating (up to 99%).
pH pH=5.5, Re content decreases.
pH>5.5, Re content remains unchanged.
Ni** has a significant catalytic effect on Re
electrodeposition.
Adjusting concentration allows Re content in Ni-Re
NiZ* coatings to change from 16wt% to 98wt%.
i
Citrate system concentration At Ni*" concentration of 240 mmol/L, Re deposition current
Re allo Re-Ni 20-80 -0.75—1V efficiency is highest. Further increasing Ni** concentration
y _ _
codeposition 0.01-0.2 A/em’ leads to competitive deposition between Ni and Re,
reducing Re deposition current efficiency.
Addition of large amounts of LiCl suppresses H' reduction,
increases deposition rate, and reduces coating cracks.
Gelatin/Sodium Dodecyl Sulfate (SDS)/Vanillin/Acetone
Additives®™**  ¢tc. can improve the current efficiency of Re coating
61-70]

deposition.

Tetrabutylammonium can reduce the hydrogen evolution
rate during Re deposition, but also decreases the Re

deposition rate.
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Table 3 Optimum deposition pH range of Re coatings in different Re 28 9{ % /% =X 1"2] ¥ %ﬂ EI/‘J 9% If}% A % , Re<
clectrolyte solutions™ A3WIOH R 2 A A SO T MR TR
El;ﬁff"l“e Oj}i . Re 9777  Ni Jy 72 71 1 B e 6V 4, B Re 25 BL1% i, 342
v i RIS, R T4 T SOwOA R 30
Hydrochloric acid 1-3 g
Phopte s RS, BRI L WESRHLBRARL. K
Oxalate ols ST B L 3
Sodium bicarbonate and Ammonium sulfate 7.5-8.5 1, TR E A A S 7 R 5 R, B =t TR E
Sodium hydroxide 13-13.5 W% B A A &g 2 808 LA A IE B AR AR 8L ) 1
R o
NEEPIEIRGWIIL [ Re &R F£RER 2 2 sFmz
LT Re & GIRJ2 T Re F LS H AL 27 R LR Re I J2 1 ML AR A 402 R e 22 L

TReGE&URAAEELW NG EURNFe I 722 S SsG. Rk, KESEEHIR T AR
# (Fe.Co.NDA G X Re VI B A MEAAEH . Ni¥XfRe  Re i H & 42 B & L ILS B, UL % 2
HLUTARE B B AL VE T, A B NS AN BRI AT RIE R & s,

Re (MIPTR LR o Gl P78 NP 9K B, 1T LA7S 21 Re 7 Cao. Sides™ >3 T TR 51 Y DURR R N BV AA 2 A
B 16Wt%~98wt% 1) Ni-Re 1 /2 s Ni” WK 240 mmol/ A [FER AN HL TR Re 14 2 B SN « 78 70 6) 48 2 1
LA, Re JUAR FLIAE R Bt 1 N 66.9% , 4k S48 i Ni> I B JOR A 2 5 SR R 070 TR 45 TT DUBR SRR Re IR 2

a E,/V 0.369
E/VO0.723 _ E/V0399 _ EN0251 ‘
> > >
E/V 0.510
Rhenium specie ReO, ReO, ReO, Re
oxidation state (+7) (+6) (+4) (0)
AG/KI-mol"  -249.70 -178.88 -96.97 0

H,0/H,

Solvated — T e

*RCO‘/
v
l as{transpow
Electron
% transfer 1on
A@ﬁﬂ MQ%%@#@
e@

ubstrate

P 1 Re ZEB P AR P HH B0 TR oo 2o PR B AT 35 2 A ey i 30 S AL AN P W L T Re SR T MOV T 3
Fig.l Schematic diagram of electrodeposition process of Re in alkaline aqueous solution (a); low- (b) and high- (c) magnification surface

microstructures of electrodeposited Re in sodium hydroxide solution™”
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1 mmol/L ReO’,
[

5 mmol/L ReO,

pH=1

/

DTN ikt { . .
{ 2.5 mmol/L ReO", =

LReO, | if
O Ry

v 14
were
" LC

2 ANFIZRAE T BB R AT TR (K] SEM R

Fig.2 SEM images of electrodeposited products obtained from sulfuric acid solution under different conditions'

27]

3 7E40 C.1 Alem® 564 T SRR A VRE Ni 555 _F3R A5 8 HIDTR Re BB 30
Fig.3 Micro morphologies of electrodeposited Re obtained by hydrochloric acid solution on Ni substrate at 40 °C and 1 A/em®™®)

(1 FLIA B s TN DY T B T DARAIR Re TR R Hh (AT
ZUE R (H R PR T Re YA IE %6 ; U8 N NaSO, 55 3 FF
FELAR I P DAS 11 Re 1% 2 UAR BRSS9
B3 Re i J2 IR HDHURE BT o 32t T IR sl i in N 42
1 7T R N E AR TR T AT AU .

Naor Cote 45> %013 Fi 7K ¥ i Ha L RRUE 9 i 4% 1
Re-M(Fe.Co Ni.Pd %) & &, IR E R DG, AAEMASSS
) ARAFAE R 2 LS U I 168 12 2 - AR Bl I 6 mT DAAR
VTR Re-Co A &R 2 1 AR , (H2 T 3R Z H Re
TRKEEK. WaZEE 7 PIREI T T I T Re-

Ni & 4 R UTRRI 20, DL - e SO IR B L 77
1 R 2H A5 VR TIN 770 R A U S 2R B0/, i v LR LU
R AR A B AR T IR 2R

Huang & Sides %5°% "1 #£ H,SO, /K ¥ ¥ H ¥
5 mol/L LiCITE R 1 “Eh B /K& &, 43 MU T Re & Re
BEWRE. IR, KE LiCI I B T 1
W [ B B PR 2R X BT LiCL /K A 1R A
Ui B KAy 080 T T HYE R R, I T AT
SHEHIIREITR .
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2.3 MRBH

5 HL TR R DT S 80 ARG T YR L/
FLJIL 2 5 R pH B %5 , 3L Hp pH E6 T 0T Re A RZ A CU7E
R AR R A2 DR, AR R A 2 R e/ LR T
FARe ¥ 2 K HL A BUEE I BRI

UG DURR A e/ LT M LA RS MR IR 2 AR K
A RS, H SRR v P 5 1 R R R TR
(ORI A5 NN VAN UK AN A a Ul VAN R A
o AT R G o A ST R A A TR K O B
77 R B AR AL 1K 21 4 J@ ATt BLAL I A B R A 4R 1)
HLYURR , I, 72 TR R b, RO TR 31— @ i 5 R
[ % A e e e A7 AEY , DR 75 B — 52 9 FEL 52 Re
1y HL TR

FL AR SR ) L/ L 9 3 P /N LB v 1
DURR Ik i e ik A7 1R R0 5 P /PRI 55 B K, 77 AR 1
SUIER VA N 2N S VA== i o A N R 8 & L (!
/N TEAS ) Re FIAT H HUAL BT BHL 45 TR 2 SR B D
HETT S BOREAES:, BB FUIR B G 7 1 24 e/
P R 3k K, 3o A 5 K, Re 87 7 FRR R THT 34 JiR
i PR 5 EOLE [ AR PRI ¥ Re B8 T 52 42 46, Re B T3
PR P M AR F 3 SR, DRI R A 1 ik ZE AR A, FRLTAR
SR E Gt TG X CLY T8 SN E S 3 51 A
SUNER APPSR W 1 g e T A D8 § Wi B
J5i 5 Re B 70 JE T 55 4+ 55 &R, B Re AT A% A
AR HOIE JFE 2 SRR E H P4, 3 S 8 Re 12
e LAY Bl AT AE N SRR B A P DR, AR A
S BRI 43 TR R R/ PRI 2 B RN A i 3 g it
HLA S IR Re 3450 B0 BTN (1) B IR 3%

JETRRE , AR R H AR AT DAAE S B 2% F T T AN
T O R i % Re K H A &R 2  (HIRZ B AT , i
7510 pm BLR, HIREUCIC B Be 1 46 Re 3 J2 BN IR HE , 3T
R — B ATAE GRS I B 28  RSHRS E AR VR
T 5 A S M DL SE A S R R 2. B Ah , Re B &R 2
— e FH T ok i B R 2 A5 U T R T S AR R R R

o, A DE M s 4 R A4 77 T R R
3 £RBRAVKESHERIFE(MOCVYD)

MOCVD 7&K H 4 J@ A A VI N e Ik i34 T
3281410 CVD Jrik. MOCVD [f) 5 A J7 B A2 S 25 1)
& J A WL SRR TE I A 1 R SR T R AR A 25 ]S, T K
E VTR, MOCVD L& — U HE LR 3 NP 3,
(D F=A 5B IR SR T RS S A s (O R A Ik 4
BEH S fiE BT E s Q)AL IRARTE In#A B SRR 1T
KA RS, A B E ST o

il % Re I ZE M & 8 A WL AWk IRk 2N
Re,(CO),, 1 Re(CO),(Cp), TR A2 e IR A B 2y il
85 SR N TR SE R TR A B Re JR T AT SE IR Re
JZ B %200 H AT, Rey(CO), B T2 Bl 45 77 12 A 45 LA
H,/CO if Ji Re,0,*, (NH,)ReO,"™ B K,ReCl ™ % , It
Ab ERA I FARER T — SIS E R R, in — 3R — 2k TN
M S BRI SE Rt — B gt R S e . B EAE A
MOCVD i il £ Re U2 S IR AR H -

Gefond Z5™ R 411 7T T Re,(CO),, Al Re(CO),(Cp)7E
4% [ D,/D,0 SR H G FRAT Sy (o3 il 5 2 =)
#F4). Re,(CO), FEET AT T 140 ‘CITUR S fi# , 75 140~
260 “CIEE A, 7 0 S =0 o8 He il 423 101 19 CO
CO,, SHANLEIANLEITCE 4D, S RA 24 5 S B Re 1R )2
HON AT A C M Re IRRAL M Je 44 iR B s T
260 ‘CH , 73 A WL 5 A8 S HLHITL, Re,(CO), , 73 i N3 »
Re-CO¥JZL FH Re |2 C &&= KR FAK, CO, IR B R,
CO R E T ;s A D, Ji »Re,(CO),, [AIEELE 140 CHF 4R 5
il , {2160 °C BRI FFUR 43 il NI , 43 fff (¥ <AH 7= 914 CO
CO, M D,0,D,0 M /=4 FH Re ik )= C Fr &34 I s 42
D,0 4 1, Rey(CO),, 7E 130 ‘CFFUR ik, 43 i 1H) AR =
)4 CO.CO, 1 D,. Re(CO),(Cp) 7E H 25261 K 440 C
TEUR I i, o0 R (S AH =108 CO L CO, IR I 0 5 5
s I D, J5 , Re(CO),(Cp) 73 fiff- il FE A A 375 °C , 43 i
F=42 CO.CO, F1 D,0; i & KT 680 ‘CH, CO,HEA

F4 TEE Re LWAFERR N R IIBE T M=)

Table 4 Decomposition products of different Re-containing precursors in different media and temperatures

185]

Precursor Environment medium Decomposition temperature/°C Gaseous product
140-260 CO, CO,=1:1
Vacuum
>260 CO>CO,
Re,(CO),,
D, 140 Co, C0,,D,0
D,0 130 CO, CO,, D,
Vacuum 440 CO, CO,, cyclopentadienyl ions
D 375-680 Co, C0,,D,0
Re(CO),(Cp) : >680 €O, D,0
DO 366 CO, CO,, H,0, HDO, trace amounts of H> and HD
2 506 CO, H,0, HDO, trace amounts of H> and HD
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oc M 1/ co OGN\ co
I oc— ¥ co oo 00
C—, _—C -CO.
I Rc,(CO),oI ——I Rcz(C())lol - P-4l —_— (|;=(|;
- gas ads. (;::==() O= |
°C>\ ¢—CO OC—Re—Re—CO
II | co L DNeo? oc/| |\co
E OC co coCo
- —n - ads.
ads.
-co
Reags. l
Reggs + Cags

El4 Re,(CO),, 7l

Fig.4 Decomposition mechanism of Re,(CO),,

AAFAE : 7E D,0 SR H , Re(CO),(Cp) ) 43 fiff il 52 30— 25
BEAIC . 72 366 “C I 4R 43 f## . 43 % 7= ) 9 CO. CO, H,0.
HDO LK /b & 1 H, A HD , 2435 FE 8 506 ‘CE, 43 7= 4
1 CO, W k. HILTAT AL AEETFHET N INAH, X H,0X
AT LU HE Re,(CO),, F Re(CO),(Cp) /3 it » A I H,0
A DUARAE T H, 8 — 20 PR AR S 3R AR 23 il B2 S i 2 p C
HEHANSSERZETR ORI, ik, AiEr K
W RSN A M TIEADEH,.

Gefond™ LA Re,(CO),, Fll Re(CO),(Cp) A 4 Bk 4 , 78
H, AU N LEARAI C/SIC A ARL R T il 4% T oK 25 FE
1 Re IR, W AT T JURR A4 b 288 LR B S R A 2 1Y
F AR RARESNT Re iR 2 B LR (RS . 4
LA Re,(CO),, AL WAK TR Re i 2 I, B 5 LA UR FE 1)
Th i, AR B BRI R B R AR A WS [0 0 2177 [H)
I A], Re dioh T IZHE/ N . 7EA3EMA B H Re(CO),(Cp)Ut

[8s]

HRe 2, 8RB AL 10 °C LR 2 a8 M E R AR K
A, M KIEE N 120 CHE, IR E BAA SRS 2
GEF s MZE IR TE N 110 CIF, i 2 45 R B 2R K )
TERTAR A, A KA A B IR )Z , B 5 120 A8 Ak
WREEM, I Ja fER T b K2 o 7EAH R 1 28 R B
(110 C) R, P B HEAR T ) Re /2 B INEUE
Isobe*¥ LA Re,(CO),, A Ja BR A4 7E 3L 5 264 R E A
SRR EUTR Re IR E  WF T T DURIR BT JE 4 2R 45 1)
JAERERIRZ M, S SRR ZE KR R 70 °C o AR R ik
JZ 2T XA O SR E 5. 500 CLL R, ReikEN
o 2 T 2% T P 40 2T 4 590K, 600 °C LA H P22 T TR AR
mn 2B BUR TR IR A A T [110]#% R ) . Re iR /2
s RS AN R THREDRS B35 B ORI 1) T s T 3 K, Re v
J2 R S A R I AR R P R T S T B X R R A 2R
TS I M e B 5 AR A T 7 A AR 2 TR 2 R C

<5 MOCVD A EE R 3T Re ik R LHLA LA
Table 5 Effects of different factors of MOCVD on the microstructure of Re/® *!

Evaporation Deposition Thickness of .
Precursor Substrate . Structure of coatings
temperature/°C  temperature/°C coating/pum
Steel 110 550 7.8 Dense layer —columnar layer —powdery layer
tee
Re(CO),(Cp) 120 550 32 Dense, non-layered columnar crystals

C/SiC 110 550 7.1 Dense, fine-grained coating
350 7.0
400 6.0

Steel 90
450 3.8
550 34 o i

Columnar crystals, [002] grain orientation
350 6.1
Re,(CO 400 5.8
A crsic 90
450 59
550 33
500 Fine fibrous particles with dome-shaped surfaces
Graphite 70 600

700

Columnar crystals, [110] grain orientation
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KRN RERARE , Re B EFT CEER & ML DI N 8 AR S =5 3 KT 5 R § i 2L [ P

DORREE T &, IR E TR C B B iz i b«

B LL Co(acac), Al Re,(CO),, N 56 BRAAE Mo 3
I EEAT T Co-Re SLUTAR , R J2 LA 34 5, LR 25 1) 3L
o WM T HyREXN IR EEH KL, 24 H, R A
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P 5 AN [RITORIL T il o6 B Bk i Jo 3 T AR A RO T2 30
Fig.5 Surface (a, c, e) and cross-sectional (b, d, f) microstructures of Re coatings prepared at different deposition temperatures: (a—b) 500 °C,
(c—d) 600 °C, and (e—f) 700 °C
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Fig.6 Surface morphologies of Co-Re alloy coatings deposited at different H, flow rates
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Fig.7 Schematic diagram of EB-PVD™"

— P 2 AR R KR & TR R, 5
CVD ¥4 % ) Re 142 2 A1 EE , EB-PVD #1] % 75 8 1) Re i&
J BAT ARG K RS (R AOML 5 48] 5 iR SE 28 /)N C
10D, [F)I I J2 B A B O FE RIS E o b Ah, 45 & 24k
J& by B 2 AR, Re R BE R4 44 1] LR A EB-PVD £ AR 1
Tl . TEX—IN Tl &S, 5B RN Re iR ZE
DURAAE Mo BEARZRTHT , SR J5 K F FRLAK 27 Ji i 77 250 Mo 2k
WRBR 25, A P 3845 Re (M BER (. HH T Re BUAR L1, %
PR 2R FH TR 28 AR B Re i S AMAC TR T
SRS BT, 75 A S0l b R Th ) & T8 Ti i T 2%
(1D RZ A

H il EB-PVD ffill £ Re iR )= B SCHR#RE £ D, B L
ANV BT S H00 Re TR 2 LS B2 (I 5. 5 &



© 2712

W] B RS TR

554 3%

8 EB-PVDHil& M Z EEGHERE
Fig.8 Multilayer composite gradient coating prepared by EB-PVDP*

9 EB-PVD{EAFITE R AR L [R] 1 % Re ¥ /2
Fig.9 EB-PVD simultaneously prepared Re coatings on different shapes of substrates”™: (a) graphite spheres and (b) Mo tube

B 10 A7 il 4 () Re I 2 OO BT
Fig.10 Microscopic cross-sections of Re-coating prepared by different methods: (a) CVD and (b—) EB-PVD
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BT B8 Ti oy s 7 25
Fig.11 Ti coated graphite core rod thruster
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Research Progress on the Preparation of Rhenium and Rhenium Alloy Coatings Under
Mild Conditions

Wang Haoyan, Zhu Li’an, Wang Zhen, Bai Shuxin, Ye Yicong, Tang Yaguo
(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract: Rhenium has excellent physical and chemical properties, and has important applications in aerospace and military fields as ultra-high
temperature structural material and surface cooling coating. There are many preparation methods for Re coating, but the mainstream preparation
techniques require high deposition temperatures and corrosive atmosphere, which corrodes most refractory metal substrates. As a result, the dense
and well-bonded Re coatings are hardly prepared on refractory metal and alloy substrate surfaces, which restricts its application in high
temperature protection of refractory metal surface. The preparation technique of Re coating under mild conditions is expected to solve this
problem. The research status of Re coating preparation methods under three mild conditions were reviewed: aqueous electrodeposition, MOCVD,
and EB-PVD. The preparation processes and typical structure characteristics of Re coating prepared by different methods are summarized, and the
future research direction is prospected.
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