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Fig.1 One-dimensional schematic diagrams of potential distribution (a)

and electric field intensity (b) between electrodes'®
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Fig.2 Schematic diagram of the metallic cathode arc discharging and

ablation process'
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Fig.3 Schematic diagram of the particle ejection ablation model in

arc heaters as arc discharge and arc cessation™!
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Fig.4 Single-arc-induced crater depth as function of the oxide layer

thickness in different nickel cathodes®”
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Fig.5 Schematic diagram of cathode spot zones™”
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Fig.6 Captured images of cathodic arc discharging™: (a) CuCr10, (b) CuCr25, (c) CuCr50, (d) Cu, and (e) Cr
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Fig.7 Evolution of cathode ablation pits with ablation time™!
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Fig.8 Microstructures of traditional CuCr and nanocrystalline CuCr after the first (a~b) and 200 times (c) breakdown™

. 8U2(jim)* 1 . T, BRI E IR BE o TH545 219K & CuCr BT %

dpe(T~T,)? TE B AR BT s AT A% T AR UK b CuCr B AR e 1A 2

Ry A PIRBE ST R U NS BRIR T A& BB RCER AR T AR S BE B IR A

B, A T R R T R s A BN R s i, 1oy R ILAE A A A RS 2 AR AR S RV L AR

AR BB, Ap Bl e 4 BN ARG O SR BRI b e, R Wang SRR ST, 1 OCFE B IG AN S 06 2 1 EESE T
T 9 B R BE TR B P W 57 4 A 78 SR L I P, AR oxd A ARG e e M B 1 D ik o



1 W

RIE R ) I A SIUGR A LB R i Jo bk A AW AF 7 a3k e +271 -

Je SRR FEHR , P 22 A8 3 K 2 Yang 26 7E CuCrS A%
HISUE 1 SmRLA A0 XT BA AR I e i AR AR o A AL
LT, 9K CuCr5 B B AT A% 4 45 s,
ZNTCK i CuCrS B BE s 1T A2 1 6 (<15 m/s) 1 3 5

IR AH 2R B A2 TH BRI e ol e PR Lo £ T s 9
PRBRE R AL T R, 12 RN I T B R NI IR SIS [
T 1 IR QP Ao S R ik i PR o T 24 R AR AE K
L R I HRRTRLI , D5 2555 R A 23R ) T Rk
3.2 SANMEiR S ThHE R

G NG H D AH 2E AT S S 5 78 I B ) 4% B B 1m) 40
RN I AE B AMINAE S I0AH % B DR T 6
P, T AR 6 v T & SR AR A ARTE BA B 3 5
I3 a3 5 BB ) Z T8 LT R S RE T S BRI BH A IR A% i
[Eo BEAR AR DI AH RE AR THBE AT RS IR R, 40 H0IR
DA B I BH B B N A0 25 5, E 1T O 2% Joe 1Y, Szente
EPYPRPHGE 1K H Dh e (Nb) X4 [ 8 i o IR 1k
PEREII S EAE R . IR T, e c Rk T 4.01 eV, KT
1 76 % (4.65 eV)OPY, X} Cu-1.5wt%Nb- Cu-10wt%Nb [
WA T S FRIUBCR AR, 25 RRIR  Fe A I A 2%

FEA T IR e 26 . FESIFB IR 100 A B, Cu-1.5wt%
Nb A # e th i %4 4.4 ug/C, M EL 4L 4R B #% (13.5 pg/C)
BEAR 2 67.4% . HeAH X i 48 oot o 1 415 FH I 4 7 2 38 i
R, Cu-10wt%Nb FH Al 58 ik 18 #2142 0.6 pg/C, 498
Sl B AR [ 4.4% . Szente 545 B MR it 8 bl v RE O 42 7+ 151
SE TR S ThARAH 51 R AR hnigiz 3l . A 27w , Cu-
10wt%Nb B % F1 Cu-1.5wt%Nb [ 1% 2% [ IR iz 5 1 %R
533129 60 F1 22 m/s, A 2 m/s. HBF AR 7R IR
T D AR AR A2 AT S B be vl P R (0 B A LR, A
& R B AR PR s B T B A

Guan 22V Xof e BN FA 2% 40 4 9 A5 AR A% it e HE 300
147 A A1 28 LR 2850 A 3o 5 B A SRS W 5 A A A
TESURAE , 32 Hh BB B BT B0 3 &) i gbe B L3
HE— P, FETICIR DR AR ot i e il R B, RGu AL
TES AR B R AT IR UG AT A R e R . S
FEAR AL AR B U8 ST A 4 R SR , w3 il 2 44 Fa s 400 o
FE IR . 2SS H IR 1~5 s J5 1 CuCr BIAR R THI
B SR AnE 9 BTk , CuCrl0 B AR f el B 4% B 55
Rtk AR R T ELA% 2~4 um BBt BE A4 T & B9

Prolonging discharging time

Increasing Cr content

K9 CuCrl0.CuCr25 1 CuCr50 B H )2 b e £ #4y R SIURC G IR TR 1 0 AR A6 1 7R
Fig.9 Evolutions of ablation pits in CuCr10 (a—c), CuCr25 (d—f), and CuCr50 (g-i) cathodes with the discharging time from I s to 5 s



$272.

W] B RS TR

J& It K iR B AR e it (B 9a~9¢) , B R il
G5 K6 5 4K 5 2l AR A ABL o B B B B B IN & 25wit% A
50wt% , CuCr25 (& 9d~9f) F11 CuCr50 B # (& 9g~91) He
SUREIZ DA, [FIR BT &, A RO i T 22 /0, B
R 7S HA B B (i o P P A

Guan 55 I HIF 72 , A R0 37 AR o0 B SIGe 1 AT
55 AR B A2 1) B G BG4 7 A 3% HH DA 15 5 9 A B
S T A 5 T 4 9T A i 48 ol e R 3 e ik 2
SR AR T, IR TR FE N R B AR B AT H B e ok
F) EE A

BE T4 VR 2 19 AR A0 4 ) JEL B, Cao 205
W 7E B T FesMo JG % 1F CuCr CuW A % A i) 3 Ak AR
0 TR 23 e SISO AN 9 SR R e i AR . 2K
P S5 1) i Sk R THT B8 T S IR EOIR S e R B 0 S AR
Hu S8P7E s 7 i 1 76 2 8l (La) X Ti-Zr-Mo (TMZ) [f]
ARt e SR Tk P B A 24 T 1.0wt%La-TMZ I8
W7 5000 VS5 5 “F 34708 IR B AT SR 9ICHT [R) 4R B 2 9 2 4%
A FEAIS 17.9% F120.9% , 7 451 51 & ik 22> 32.9% . Long"™
H1 Guot™'45 7£ TiB,/Cu HL AR H 51 Nk 942K & il B 2 &
Mo 1.2vol% B 44 K 5 AL J5 11 Fi A A6 5 B8 47 b K
HLIIbE T, 52 AR IE L 20 A I B 9K 38 1 A gl
R, T G S R e it . IR, B 40 K 1 TS R ORG
0 R e S P 457

Yuan 25N AR % H ThAR St R S R I g £
R BT B dh & 32 1 T OW 2 T “ 2 B pl 43 57
TG o 73 ) 0] G AU B A NN 0.3at% ) Y \Ba Hf \La.
Cr,Nb. LaB,.HfO, #1Y,0,, #il i % Fh i & 4 B 1%, Il
13 F AR A SR T BRI B T, Wi B 10 BT R, Cu-
0.3at% LaB i 1 ) 5 {1k , 5 4.956 eV, AH Lt 4l 4 F£ I
0.268 eV, HL ¥ & 9 G /1 #& F w18 30 fif . [F i), Cu-

1 0.3% Y |
K

WD) (fusediSpoy

5.20
5.15
5.10
5.05

5.00

Work Function/eV
Work Function Difference/eV

4.95

4.90

K10 =IRPE SR 5 )

Fig.10 Measured work functions of alloys'®”

Cr,Nb, Cu-HfO, , Cu-Y,0, Al Cu-LaB, BH #% & 7~ Hi X [ 4
PE AL R4 BOE L a1 TR, Herb kD HRTE
15 A HLVR JBCH BT 4930 B A X fRL - B I R OG 2R R
AEREE B H 5 R R RN D) 2 IEAH G . HITHLIR
160 A T J5% 1ok 2 TH] (¥ [ A% BE A0 6 43 25, A Cu-LaB, 43
BOPE RUVE TR A . Yuan 55 R GEMEHUBTE 58 BIRf 17 410 AH
E PRI 1 Th 0 5 A B AR i o ol 28 6 77 T PR 280 & Ak
W2 B 73 IR SR B, 0f i R i I ot B A B T B R K
=98

SN A IIAR e 4 Ja B AR Hi IR e 1 e, oA O
5T #7380 2 R G FL 7455 R AR BE A5 A 18, AN 43
L SR I PR AR\ IR % . TE R & & B B AR
I, 7 4 A BRI T OURs s W A 3G R A A 2 & BE
KBS TR AR be 38 S MERCR , 38 fp 0 &N 3 B8]
e T RRPERE AL TR A

L 0.3% Ba | L 03%Hf |

/

>

[ k=73

0.3% Y,0, [Scparatedispet
/
[

Qg

11 HEJR 160 ALK 6 mm 8L 60 ms J& il & 4 AR e [X 3k JE 5

Fig.11 Arc spot morphologies of alloys after discharging at 160 A with arc length of 6 mm for 60 ms"

60]



1 W

RIE R ) I A SIUGR A LB R i Jo bk A AW AF 7 a3k e ©273 -

3.3 PARINEEREE 1L

IH 4% Th feofs P A, BIDEE [ AR e v AR £ B B I N3
T e S AY T, 76 2l 4 I 56 4 [T AR TH T it 5 )2
(B 12a) , A HEAF 2 J2 5 8 (1 i LS ICRE Tl P i, [R] B AR B
IoFY A A v ) 5 LR S BV T Gl R THIME 2
T LA A AR TG P 36 L Ty, B v ) A R — o 1 A%
FERE, 5 AR A RECERC . D) RERL B AR
(B 120) AT AR S S b iR A% 5 SR e iH R TR E B E 2R 2
B G, AR AR BT BE . Kim S5 % TIN/Ti 2 4R
FAARAE B N RSSO RAT AT i 7L . TIN/Ti AR
P UG Tl 2R R 4 AR T BARAE , 24 22 ng/C, i 24k ¥
A o ol 26 L RE (] S K T B T B G, R D 46 Y
45 png/C %% 33 pg/C. SRR, FALERZ DB S
J% 13.(3203 KO SEBLAHER B AR 1 £R 4, R B A0 B 5k 2
o ARG B ISH A0 2 1 PR 36 L T, 8 BH A% W ARG U B2 I R
S N BT T . Kim 2R A9 9T, IESE 1 ThAg
o6 FEE A T AR Sy 5 B R Joe Tk PR A 28T B T o ik 3 T
55 I [FR AR AL L I ek 2

T A Bk 0 R T ) BB 5 4K S B , Momozawa 55
Eb A T AR 2 AN S A 2 e i B R P TR T AT N B 5
M) 72 S o e Ik IR T P S S R AL B FE AR B A R T
53 2% 20 10 pm & A RS |2 (Zr0) R E AL B 2
(ZIND o {EHT NI R 12 kW AR o, ZeN/Zr B A IR
P 35 20 min BA L, B ZeO,/Ze AR 6 1 o k50 f5

Cathode matrix  |a

‘1 st modification

Layer #1
Cathode matrix

‘an modification

Layer #2
Layer #1

Cathode matrix

K12 SRR D ek FE AL I R AN D e I I M 2 &
Fig.12 Preparation process (a) and schematic diagram (b) of

functionally gradient cathodes (FGCs)

ZeN/Zr IR 5 B 52 %, il 13a fiivs . 4811, ZrO,/Zr
B AR B 13b) e iR 2, O B B R U S0 P0 G 3 H 2
2.92 eV, KT 4l 45 (4.05 eVO, HA% 55 (3700 KD T
BEFEAR (2128 KO AL AL (3000 KD , 76 {5 F5 ZeN/Zr BA #
HLF R G RE T IR TR, FRARG T UG ki %

W6 & < I AR IR ASE 00 1) K FLL « ey PR S RIS
() 55 7 1) K J , Bl SR B SRR DR 45 T B 46 1) Th Re
JE J2 X DL A2 B AR o AR A3 7 SR, 2R T Uk, DA IS 7
BWOER TG 44 AR 1 = B AR T SR AL B R
B AE BB T R FE AL ) % b 5 48 2 S A . B LR OR
PRI 7 AR 2 ST IR 4 e B A v M R R T T e R
A R AR T B, T4 78 1 BT Ze/Cu T RE 6 5 9
W (P 14b) SNG4 2561, A b s F A BRALE IR A% 75
RIS T A A R . A SRR S  Ze/Cu B
IF AW FE 22 15 P9 5290 2 45 40 (TR 14D, JRUE A ol 1) B £ 4
W Z 5IREE G456, K 14c M 14d s . %
GENLB R F AR HE (B 14a) , Ze/Cu b B2 9 4 427 468 ik
JE SRR IH S5 4 5%, B AR A I se foluek 26 A Ll 40 47 A
25% VA b 204, BTN B 51N Nb AR Jy e
JZ » BAR R 6 S a4k & W0 BT S 24 1, SEIK TR G
JF24 Zr/Nb/Cu. Ti/Nb/Cu Dy BEHH B B AR (¥ il &7, #E3) T
P 1E 4 T B AR ) TR AR F

THREHR 4 IR TE R 32 2 Bt A ke i v R 1) [
I, AT 2R R HE R 1 5 L AR R, bl b S B B AR T
M ZE FUMERE TR SRR . DIReMES MRS 2T
BEAE A — P b BT 5 RN 20 24 b T P (R S5 34
DAPERE 75 R 22 5 0 B 25 M 01T, RERE ST e 1ok L 351 50 7
HL T AL R 25 2 DhRE T — A, ThRe s FE P AR AE &
P RE B AR B T AT I2 T R F T A R

4 KFF v & BBARHIHIRY K 0]

4.1 BATRBE R S M S5 AR AL R AL
AR B s A FLSICRRFL B RS PR 54, HLIE RS 4T O 5 B
PR T B T i SRR A I R R . 2 IR T-BIRl A
ST R PR 5 SIS BRI B ol 47 912 ) A LA HE AR 73
HBIARBE s KA 5 (B 158, JE ik S i WL 2 B A R T o

13 TR (19 ZeN/Ze BIARFH ZeO,/ Ze B AR A T T 55
Fig.13 Cross-sectional morphologies of ZtN/Zr (a) and ZrO,/Zr (b) cathodes after discharging™”



©274 .

W] B RS TR

5 55%:

> Wk 2 %84 .
Layer 2 8 v
“ArcaA 20 fim

AT

Cu matrlx 3
Area B 20 pm

14 75 F HE/Cu B AN UE Ze/Cu Th RS 1 B MR 45 A8 0 1

Fig.14 Cross-sectional images of commercial Hf/Cu cathode (a) and double-layered Zr/Cu gradient cathode (b); enlarged areas A and B in

Fig.14b (c—d)™”

X-Direction/um

100 200 300 400 500 600 700 800

w2
=%
=
2
=}
=

X-Direction/um
200

Time/ps
o
(=]
o

IS B8 A 1E T MR AUE B 17 A R S P 12

Fig.15 Captured image of cathode spots shifting process (a) and zoomed image of the marked area in Fig.15a (b)
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Research Progress on Cathodic Arc Ablation Mechanisms and Ablation-Resistant
Cathodes

Guan Weimian', Liang Xinzeng', Liu Lingling', Zhao Liang', Jin Yinling', Xu Jiwen', Jia Dawei', Liu Jiabin’
(1. Shenyang Aircraft Industry (Group) Co., Ltd, Shenyang 110850, China)
(2. School of Materials Science and Engineering, Zhejiang University, Hangzhou 310058, China)

Abstract: Cathodic arc ablation restricts the stable operating time of arc plasma devices. Developing cathodes with long lifespan and service
stability is essential for improving the operating capability of current equipment. Understanding cathodic arc ablation behavior and failure
mechanisms is key to developing high-performance cathodes. This article firstly analyses the intricate arc ablation process of metallic cathodes
and introduces failure mechanisms of sputtering, oxidation, and inhomogeneous ablation resulting from cathode spots. Furthermore, it reviews the
recent advancements in improving cathode ablation resistance, including grain refinement, low work function addition, and gradient
functionalization. In the final section, the future development of metallic cathodes is prospectively discussed based on in-situ observation of
cathode spots, the construction of multi-field cathodic arc ablation model, and the establishment of a comprehensive cathode developing regime
encompassing design, manufacturing, and testing processes.
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