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Fig.2 Heat-up DSC-TG curves of NaCl-KCI-60%CsCl molten
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Fig.3 Heat-up DSC curve of pure CsCl

= IR G It A B R o B aE R AT s
NaCl-KCI-CsCl = ol #h e mE— 13t gh al, HILE K
43N 14.6%NaCl-14.4%KC1-71%CsCl (JREHD, L8
WEZ R 478.5 Co #—B1HH T CsCl F &N 60%[H]
TRA ISR B FE ARt 28 (] 4b), S5k
B, 7£478.6~491.0 'C, KRR KA L-foc#+oc#2 13k
PN, TR AT HERT P 2 485.4 C R AR AR AR Ayd
L FE R TR A SR AR o MO I B 25 [ Ui
v ATHEWT, JA R AR R AR IREEIX [A] (475~493 C),
HUGEZIR A S s i e sy, 48RS
Rudenko %5 NP 7T 45 5 — 5. fEFE 4b ikl & H,
1 367.7 ChbR A T HERBE SR (4 /8P4, H%iE
FITHE AR ZE SIS R SRR, AIHEMTE] 2 3232 C
PR R A of V7 A 2 ) [T S AE A

Kl 5 NATE CsCl & & NaCl-KCI-CsCl iR & 15 £k
M FHiE DSC hZk. HE 5 nJ%, CsCl & &M 40%3
2 80%, VRA Eh A AR AR IR S AR I Al B (JL g
TP FEARLRFFAAE, A RFFAE 328 5 485 CAiti.
HF TR, 47 508 21 5t 5 B 2 s P VR B i R A Ak
FEROEA DGR R, ARG, AR Z , i R
SRR S a5 AP S TR DSC 2k T A
R EBEBIFCET AL, 2SR TR 1 AT, B
CsCl & &3, LS e E RS, &I CsCl & &



5

KRN CsClXf NaCl-KCI-CsCl 45 Eh 3L M i K A i 2 B TR AT 11 5 1335«

N 60% TR G #h BT L A . Bk Ah, & 4a (RIRAH
B E AT DUIE iZ R . B 6 AR CsCl & &
NaCl-KCI-CsCl ¥ #: B¢ i DSC #h4k. & 6 w4,
B CsCl &=34m, #)dE =TS, (EE6E(K
T CsCL I A (R 1), FIRIE] CsCl & &N 60%1)
TR B I 6 B T I it AU

BT & B0 7 4 R W) iR AR T 580 °C, HoHR
DURIR T — B v TR R 45 45 70~100 CP3, (Kb #s
J S A R M U R S % E TE 600~850 C.

02 04 06 08 1.0

0.0
CsCl x(NaCl) NacCl
1.0
f(bcc) b
f(fee#l)
0.8 f(fcc#2)
? /(f-cc#.3) 478.6 C
é 06 f(liquid) g 4910 C
]
367.7°C
g 7.7
S04
Q |
-
£02 T

OO 1 1 1 1 1
300 350 400 450 500 550 600

T/°C

K4 NaCl-KCI-CsCl = oAl B f A B B K 60% CsCl iR &
K 3 AR 2L RS L P A A o 2k
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Table 1 Solid phase transition temperature, eutectic temperature,
initial crystallization temperature and melting
enthalpy of NaCl-KCI-CsCl molten salts with
different CsClI contents

CsCl content, w/% o 40 60 80 100

Solid phase transition temperature/'C - 329.7 323.2 331.3485.4
649.0 486.6 485.4 483.7 645
Initial crystallization temperature/’C - 580.7 499.4 529.4 645
274 74.34 180.5107.6 -

Initial melting temperature/'C

Enthalpy of melting/J-g™
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p=a+bT (D)
Hrh, p NIEESE (geem™), T AHEE (C), a M
b N, HHEMEEMER 2 Fron, WEREE MR
ARB R FoR, ROMEE 1, WAREEWLT.
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MEEER, BEFREERA, SHGRARIG I, %58
PN o

¢

213 w§F
8 JyA[E CsCl &~ NaCl-KCI-CsCl #53h i 3%

B BE ARt e, BHIERT AN, 7E 600~850 CHY, JiEh
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Fig.7 Density vs temperature curves of NaCl-KCI-CsCl molten
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Table2 Linear regression parameters of density-temperature
relationship curves of NaCl-KCI-CsCl molten salts
with different CsCl contents

CsCl content, ©/% o 40 60 80 100

alg-cm” 1.976 2501 2.669 3.000 3.445

b/X10* grem™C! -5.670 —6.538 -7.190 -8.260 -10.10

R’ 0.999 0.999 0.999 0.999 0.998
2.8
0% (48.77 mol% KCl, 51.23 mol% NaCl)
—e—40%
2.41+—4—60%
——80%
8 —=—100%
= 2.0r
o
78}
X1.6F ///
1.2+ f/-
0.8

600 640 680 720 760 800 840
Temperature/C
Bl 8 AJF CsCl % f NaCl-KCI-CsCl % #h HL 5 36U 2 G &
i 2
Fig.8 Conductivity vs temperature curves of NaCl-KCl-CsCl

molten salts with different CsCl contents®!
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2.1.4 kR&\KAD
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SiELEE Ex
Table 3 Preexponential factor A and conductivity activation
energy Ex of NaCl-KCI-CsCl molten salts with
different CsCl contents

CsCl content,

ol3¢! 40 60 80 100
/%
A/S-em™ 9375 6.814 8289 7.941 11.18
EJkI-mol” 1124 1216 14.15 1446  18.62
R 0991 0983 0980 0963  0.937
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Fig.10 Surface tension vs temperature curves of NaCl-KCI-CsCl

molten salts with different CsCl contents

%4 T [ CsCl & E NaCl-KCI-CsCl I5Eh Ry R Tk h-RE X
EN ks A0k ALAEVEEE 5

Table 4 Linear regression parameters of surface tension-

temperature relationship curves of NaCl-KCI-CsCl

molten salts with different CsCl contents

39]

CsClI content, w/% O[ 40 60 80 100

a/mN'm” 159.1 150.8 151.9 144.5 139.4
b/X102 mN-m*-°C'  7.191 -7.817 -8.374 -7.807 -7.593

R’ 0.999 0.904 0.965 0.988 0.889

WH R Na™s KA1 Cs™, 1T CsTHIB 7Rk,
HEFAEN, Rk, CsClI7 T BEA% e 55 8 3 5
T RE S FRIE BRG], 3808 R 7K 710 K.

Zi b, BA CsCl & =AM, NaCl-KCI-CsCl 44 £k
MW Al P e PR G TR, 7E CsCl &4 60%HT 1A
AL (499.4 °C), FEHILRIEE (£ 485 C);
BE CsCl & &R0, IFEh e R, B SR faRm ik
I/ s FHIE CsCl & =i, M5 3525 B AR T 7k 1 b iR
FEF I PR, ISR SR A .
2.2 HIFHMEREHE A KL

T S7 FF AR A B T A, Ak —ob
e i 57 5 AR RS BRI T, fERTE CsCl & & 11
NaCl-KCI-CsCl ## #h 7 2 IF g 7 AH [FPTAR 20 Nb iR
BT AES, FUTRAR I #hil B2 700 'C. B 11a~11d
9 B H A 5 R 30 mA/em? I TR A CsCl & B IR &
JEER R YIRS RN Nb IRERME SEM M F. CsCl
TEN 40%M, Nb IRJZR MM A 5598, IR)=R 1 H
SRRHPIRBURI B CsCl & T 40%0), RERH
SRR, WEBEIEEE CsCl &N 60%H,
WERMBPR 2N AR CsCL & R4S, RE
F M RORL R E— A8 K, RORLTE & 5 A8 N AL 2
k. B Nb & ZEW I SEM B (& 1le~11h) 741,
U )2 350 BH R T R A T 2 /N S5 il it T A% 2 RADIR i 1 42
AKEHM . HTERIAER, CsCl &EA 40%H0 f
fES: Nb R EMEE MM (14.6 pm), H R CsCl
TER, IRREEEMIE (24255 um). FI,
CsCl & m T 60%HF, HPIRAHI %1 Nb i = i
HEE .

K 12a~12d NAESE S A E R (50 mA/em®)
T AR CsCl & & IR G 1 £ o iU RT3 1 Nb iR )=
FTH SEM M F. CsCl &5 40% 14 3h 1 & v il %
) Nb iR JZ 13 1 45 83 A L 9T 8% L i %6 FE 8 30
mA/cm’ I B %, B CsCl S &M, BERMS
Jk /D, H24 CsCl &8N 100%0, Nb i& 2 £ i T4
HEIE SR B, B CsCl S BARERTREAH
BERW, SO R AR T i 2R B R PR
CsCl B 50 i J2 BIURL T2 K 1) 52 e [ B B FhL 9 % B8 Dy
30 mA/cm? I —F, B CsCl & &N, &2 £ Bk
BT EH U 22 T AR e AN 22 TR AR . A Nb
WEWE SEM BB (B 12e~12h) A[ &, BE CsCl
TENIN, Nb IR 2 bR B R kAR o, 35 2 R
FEAR SR A5 M . X EEASTH CsCl 2 & 46 2k 3R 15 1) Nb
WEMEE, FFFRIB TR AER, CsCl&FE
9 40%F1 100%HHf Fr 5 Nb i 2 & B %, 70 2A
16.4 1 16.0 um.
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Fig.11 Surface (a-d) and fracture (e-h) SEM images of Nb coatings obtained by electrodeposition in mixed molten salts with different CsCl
contents: (a, ) 40%, (b, f) 60%, (c, g) 80%, and (d, h) 100% (cathodic current density of 30 mA/cm?, deposition time of 60 min)
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Fig.12 Surface (a-d) and fracture (e-h) SEM images of Nb coatings obtained by electrodeposition in mixed molten salts with different CsCl
contents: (a, ) 40%, (b, f) 60%, (c, g) 80%, and (d, h) 100% (cathodic current density of 50 mA/cm?, deposition time of 36 min)
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Fig.13  Cyclic voltammetry curve of Pt electrode in NaCl-

KCI-CsCl molten salt
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Fig.14 Cyclic voltammetry curves of Pt electrode in NaCl-KCl-

CsCI-K;,;NbF; molten salt at different scanning rates
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Fig.15 Cyclic voltammetry curves of Pt electrode in

NaCl-KCI-CsCI-K,;NbF; molten salt containing oxygen

impurities at different scanning rates
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Fig.16 SEM images of Nb coatings prepared at different current
densities: (a) 10 mA/cm® and (b) 100 mA/cm®

IR, ER AT R R SR PR S T, 7E CsCL & &
N 60%IT A B F AR (499.4 C), #ILHILMEE (4
485 C); Kl CsCl S &R, IFTRHEH A, B
RAFE TR S0/ MR CsCl & i, 1 Eh % %
T 7t 7 W I FEE v T 2R PR PR AR, A AR L S R T
H 56 FE8]35 /£ Arrhenius < &R

2) CsCl Jd i e A8 45 £ 1477 il 32 A P S5 26 5 1)
JEER PR T AR SR R, T S B TR Nb R 2
{2 1 i B . NaCl-KCl-CsCI-K,NbF; #2h 1 CsCl &
218 60%H 1] £ ) Nb 2 618 80 L4508 .

3) NaCl-KCI-CsCI-K,NbF, 4% £k 1 TR Nb 3% )2
if, Nb 87185 5 WL T, Nb° il 5 A Nb*,
H B JF N Nbo CsCl R In Al {54 26 2 4
484 BT NDOF g B8 i BLAL 47 T NbF,>, 75 & B 5 il
DUBHAL IS LR, T 38 4 Nb 32 PR AR5l
AT PR EH TN Nb 2.

B gt EOHHTE AR SR BRSSO RE LR L B i BN A I T AT
Bt A R 2 ) BBk 8 9 4 ) P R B SR R S ) AR AR % 2T
T R QT IR R IR R IR &R .

EERe

[11 Cao Zhao(# #H), Tan Dungiang(E 3 #E), Tang Ye(}H M)
et al. Rare Metal Materials and Engineering(%i 5 4 J& ¥ K}
5 T[], 2022, 51(5): 1705

[2] Olivares-Navarrete R, Olaya J J, Ramirez C et al.
Coatings[J], 2011, 1(1): 72

[3] Wei Mingyan(3£4% &), Lei Penghui( 7 l%#%), Zhang Pin(7k
*¥) et al. Rare Metal Materials and Engineering(¥if & J&
#EHS T[], 2023, 52(8): 2985

[4] Subramanian P R, Mendiratta M G, Dimiduk D M. JOM[J],
1996, 48(1): 33

[5]1 Xue Sa(## ), Wang Qingxiang(F JKAH), Liang Shujin(F
P 41) et al. Rare Metal Materials and Engineering(¥if &
JEAELS TRE)[I], 2023, 52(5): 1943

[6] Huang Hong(# %[ ), Huang Jinchang(# % & ). Rare
Metals and Cemented Carbides(¥i 6 & J& 51 it & £)[J],
1999(3): 61

[71 ShiK, Zhang Y, Zhang J et al. Coatings[J], 2019, 9(9): 546

References

[8] Kuznetsov S A. Journal of the Electrochemical Society[J],
2019, 166(13): D694
[9] Cui Chunyan( 4 % #i), Wang Qiuliang( £ #k K ), Hu



5

K% CsCl T NaCl-KCI-CsCl 4% £k B M i K 4 i J2 B TR AT N IR B2 i

* 1341 -

[10]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

Xinning( %1 ¥ T°) et al. Rare Metal Materials and
Engineering(¥i A & JE M £ 5 TH)[J], 2008, 37(4): 56
Tuffias R H, Brockmeyer J] W, Fortini A J et al. 35th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and
Exhibit[C]. Los Angeles: AIAA, 1999: 2752

Hala M, Capek J, Zabeida O et al. Surface and Coatings
Technology[J], 2012, 206(19): 4186

Cui Jiangtao(#£ L), Tian Xiubo( H1&#), Hu Xindong(#
F7R) et al. Rare Metal Materials and Engineering(Fifi %
JE# RS TH)[I], 2008, 37(1): 143

Latimer M L, Xiao Z L, Hua J et al. Physical Review B[J],
2013, 87(2): 020 507

Hsieh J H, Lee R, Erck R A et al. Surface and Coatings
Technology[J], 1991, 49(3): 83

Zeng Fei(® &), Zhao Bin(#& i), Pan Feng(i U%).
Materials Science and Technology(M ¥l %l 2 5 T.Z)[J],
2001(3): 277

Brandolt C S, Noronha L C, Hidalgo G E N et al. Surface
and Coatings Technology[J], 2017, 322: 10

Brandolt C S, Souza J G, Kunst S R et al. Materials
Research[J], 2014, 17(4): 866

Russo R, Catani L, Cianchi A et al. IEEE Transactions on
Applied Superconductivity[J], 2009, 19(3): 1394

Russo R, Catani L, Cianchi A et al. Superconductor Science
and Technology[J], 2005, 18(7): L41

Russo R, Cianchi A, Akhmadeev Y H et al. Surface and
Coatings Technology[J], 2006, 201(7): 3987

Zheng Mingmin( 4 B ¥X), Tan Chengwen(1E i ), Yu
Xiaodong( T W% %) et al. Rare Metal Materials and
Engineering(¥i 8 & JE M EL 5 T2)[J], 2018, 47(1): 187
Zhang Mao(7% %), Hu Changyi(#] & ), Cai Hongzhong
(%372 et al. Rare Metal Materials and Engineering(%i
& JEM B E TRE)[I], 2022, 51(8): 2830

Wei Y, Zhang D W, Wang J et al. Modern Physics Letters
B[J], 2018, 32(22): 1850257

Liu Q M, Zhang L T, Cheng L F et al. Applied Surface
Science[J], 2009, 255(20): 8611

Popova A V, Kremenetsky V G, Kuznetsov S A. Journal of
the Electrochemical Society[J], 2014, 161(9): H447
Marenkova E A, Kuznetsov S A. ECS Transactions[J], 2013,
50(11): 263

Dubrovskiy A, Okunev M, Makarova O et al. Coatings[J],
2018, 8(6): 213

Mellors G W, Senderoff S. Journal of the Electrochemical
Society[J], 1965, 112(3): 266

[29] Kuznetsov S A. Pure and Applied Chemistry[J], 2009,

[30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

81(8): 1423

Kuznetsov S A, Marenkova E A, Kalinnikov V T. Doklady
Chemistry[J], 2015, 463(1): 169

Zhong J Y, Ding J, Lu J F et al. Energies[J], 2022, 15(7):
2516

Rudenko A, Isakov A, Apisarov A et al. Journal of Chemical
& Engineering Data[J], 2019, 64(2): 567

Zhang Shengquan( ik £ 42), Wang Zhun( L #E), Gao
Yongtao(15 7K %) et al. Chinese Rare Earths(%i +)[J], 2018,
39(2): 66

Anonymous. Journal of Molecular Liquids[J], 2022, 346:
118147

Huang Y L, Bai S X, Zhang H et al. International Journal of
Refractory Metals and Hard Materials[J], 2015, 50: 204

Van Artsdalen E R, Yaffe 1 S. The Journal of Physical
Chemistry[J], 1955, 59(2): 118

He X F, Li Y G, Li Z H. Hydrometallurgy China[J], 2010,
29(1): 12

Baumli P, Kaptay G. Materials Science and Engineering
A[J], 2008, 495(2): 192

Janz G J, Tomkins R P T, Allen C B et al. Journal of
Physical and Chemical Reference Data[J], 1975, 4(4): 871
LiY G, Zhai Y C, Tang G Z. Nonferrous Metals[J], 2004, 5: 35
Guo Qi(¥F Fi), Li Fangyi(Z 4 X), Ge Shunxin(& i 5E) et
al. Journal of Functional Materials(Bh8EF EH[I], 2014(13):
13036

Lantelme F, Berghoute Y, Von Barner J H et al. Journal of
the Electrochemical Society[J], 1995, 142(12): 4097
Marshall B Alpert, James A Hamilton, Frank J Schultz et al.
J Electrochem Soc[J], 1955, 59: 494

Ramamurthy A C, Rangarajan S K. Electrochimica Acta[l],
1981, 26: 111

Hubbard A T, Anson F C. Analytical Chemistry[J], 1964, 36:
723

Popova AV, Kuznetsov S A. Journal of the Electrochemical
Society[J], 2015, 163(2): H53

Lantelme F, Barhoun A, Chevalet J. Journal of the
Electrochemical Society[J], 1993, 140(2): 324

Wang X, Duan S, Christensen E et al. International Journal
of Minerals, Metallurgy and Materials[J], 1999, 6(2): 83
Gillesberg B, Bjerrum N J, Von Barner J H et al. Journal of
the Electrochemical Society[J], 1997, 144(10): 3435
Chamelot P, Lafage B, Taxil P. Electrochimica Acta[J], 1998,
43(5-6): 607



<1342 - WA & EMES TR ¥ 5345

Effect of CsCl on the Physical Properties of NaCl-KCI-CsCl Molten Salts and
Electrodeposition Behavior of Niobium Coatings

Zhu Li’an, Yuan Weichao, Hu Shuangpeng, Wang Zhen, Ye Yicong, Bai Shuxin
(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract: Niobium (Nb) is widely used in aerospace, nuclear energy and superconducting fields, due to its excellent comprehensive
physical and chemical properties. In the preparation methods of the Nb coating, the molten salt electrodeposition technology is expected to
realize large-scale industrialized production and application because of its fast deposition rate, high cathode current efficiency and
suitability for complex shape components. Since the current widely used fluoride-supported electrolyte system is highly toxic and
environmentally unfavorable, there is an urgent need to develop a more environmentally friendly all chloride supporting electrolyte system.
To achieve the regulation of the molten salt’s physical properties of the supporting electrolyte and the stabilization of the complexing ions,
this study added CsCl to the NaCl-KCl system to prepare an all chloride supporting electrolyte system and investigated the effect of CsCl
on the molten salt’s physical properties of the supporting electrolyte and the electrodeposition behavior of the Nb coating. The results show
that the eutectic temperature of the NaCI-KCI-CsCl ternary mixed molten salt is about 485 °C. With the increase in CsCl content, the initial
crystallization temperature of molten salt decreases at first and then increases, the density increases, and the conductivity and surface
tension decrease. CsCl affects the mass transfer rate of ions in molten salt by changing the initial crystal temperature and conductivity of
molten salt, and then influence the surface quality of electrodeposited Nb coating, and its preferred content is about 60wt%. The addition of
CsCl can make the reduction potential of the oxygen-containing complex ion NbOF¢" in the molten salt negative to that of NbF;%, which is
helpful to obtain Nb coatings without oxygen impurities.

Key words: niobium coating; molten salt electrodeposition; CsCl; physical property; electrochemical behavior
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