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Fig. 1. Schematic of the IBIL experimental setup for high-

and low-temperature applications.
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Fig. 2. The Normalized IBIL spectra of ZnO at various flu-

ences at room temperature.
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DL B, 38 KR RE B e AERX I B o 118 R M A 2 4K
KI5

1015

1014
1013

200 400 600 800 1000
Wavelength/nm

Fluence/ions-cm~—2

3 ERHRUR WAL E 473 KB KR 1 IBIL ik
Fig. 3. The Normalized IBIL of the sample with irradiation
by 2 MeV H* and annealing at 473 K.
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Fig. 4. The Normalized IBIL of the sample with irradiation
by 2 MeV H* and annealing at 800 K.
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o3, BRI PR R - — SR KR, i
(4 445 it BB 23 DR A A AR . (BFE 800 K AR K
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TR
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1M 800 K il K J& B AR () NBE 58 B A7 372 #8
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s NBE Fa#. X2 800 K iR K5 (1) fh ik
T 473 K 1B K5 19 fb AT 4 38 58 B 1) fh R 2
¥, Jr DL NBE 5% JE 38 K F 473 KR K fh iR
NBE 58 . 800 K iR K J5 i i A4 Py b A7 78 /D i 65l
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NBE U 2 3 W Fll— LU f I (Zny 30K V) 1Y

NBE

—— JUAERES
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Intensity/arb. units
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B 5 473 K #1800 K 1B X J5 YK i 19 NBE 5 J& B 25 1
T 2 14 2 5 O

Fig. 5. Evolutions of the luminescence peak intensitiesof
NBE with the irradiation fluence at annealingtemperatures
of 473 K and 800 K for irradiated samples.
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HZSiR K 3 h), #E T IBIL 2087, 473 K HASIR
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10
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Fig. 6. The Normalized IBIL of the sample with annealing
at 473 K in vacuum for 3 h.
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B 7 473 K H=SiB K 3 hJn FEAR A RE AL, 75 800 K H=5
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Fig. 7. The Normalized IBIL of the sample annealed at
473 K in vacuum for 3 h was irradiated by 2 MeV H', and

then was annealed at 800 K in vacuum in vacuum for 3 h.
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Fig. 8. Evolutions of the luminescence peak intensities of
NBE with the irradiation fluence at annealing temperat-
ures of 473 K for virgin samples and annealing temperature

of 800 K for irradiated samples which has been annealed at
473 K.
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SPECIAL TOPIC — Carrying ion beam technology

Ions beam induced luminescence study of variation of defects
in zinc oxide during ion implant and after annealing’

Luo Chang-Wei®?  Qiu Meng-LinY"  Wang Guang-Fu?! Wang Ting-Shun "
Zhao Guo-Qiang!  Hua Qing-Song

1) (Key Laboratory of Beam Technology of Ministry of Education, College of Nuclear
Science and Technology, Beijing Normal University, Beijing 100875, China)

2) (Beijing Radiation Center, Beijing 100875, China)

( Received 6 January 2020; revised manuscript received 13 March 2020 )

Abstract

The optical and electrical properties of ZnO related on the type and the concentration of defects in ZnO
crystal. Ton implantation and annealing can change the type and the concentration of defects in ZnO. To
understand the variation of defects in ZnO during ion implantation and after different temperature annealing, in
situ luminescence measurements of ZnO crystal samples were carried out by ion beam induced luminescence
(IBIL) during ion implantation of 2 MeV H' and then after annealing at 473 K and 800 K in vacuum on the
GIC4117 tandem accelerator in Beijing Normal University.

IBIL spectra of ZnO showtwo emission peaks: UV emission, which is called near band emission (NBE), and
visible emission, which is called deep band emission (DBE).The high-intensity of DBE and weak NBE of IBIL
spectra of ZnOmay be due to the NBE is intrinsic to ZnO samples and therefore is just visibly observed from
samples that are virtually defect-free. With the ion implantation, the destruction of the crystal structure and
the arising of a mass of defects, inducing the weak intensity NBE and intense DBE.In addition, the overall IBIL
spectra of ZnOreveal decrease intensity with the ion fluence,which indicates that the concentration of
luminescence centersdecreases duringion implantation.With the HT fluence, the concentration of the point
defects increases. The point defects migrate and subsequently agglomerate into larger defect clusters. These
defect clusters serve as traps for catching electrons and holes, which result in the quenching of luminescence
centres. Annealing can help todecompose the defect clusters and repair the defects of crystal. However, amounts
of defects and clusters still remain in the irradiated sample annealed at 473 K in vacuum, which acted as
nonradiative center and suppress the luminescence induced weak intensity of IBIL. Annealing the sample at
800 K in vacuum may facilitate the decomposition of defect clusters during ion irradiation to point defects and
the point defect return to the lattice position that can reduce the nonequilibrium defects inside the crystal and

improve the crystallinity of the crystal, which increase the intensity of its IBIL.

Keywords: ions beam induced luminescence, annealing, ZnO

PACS: 29.27.—a, 61.72.J—, 61.80.Jh DOI: 10.7498/aps.69.20200029
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Ti/TN/TiCNE I TiAICN/VCNIO-10] 25 & 245 £
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Yang % M SR AN FHE7F GCr15 S4m L mfik
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a -—bCathod arc
source
gj Plasma

Filter coil

Negative bias —

Target Filter duct

Vacuum chamber

Bl 1 FCVA JUBUEE E IR
Fig. 1. The schematic diagram of the FCVA deposition

system.

2.2 REFRIE

R 1 S-4800 V2 37 4 S 41 4 W B LSRN 43 BT i
SRR TIES. HHEA#B 5 B R EMAX-350 fE
SO VR J2 TC AN SRR & i EAT . SR
X S ATHHMY (XRD, X’Pert PRO MPD) 23 #14
JERIARSE, ] Cu B9 K, I8, 88 1°, 54
i 1 min KA AR 6°, % L2 AR 0 T AR
. R X HEORFRERAY (ESCALABMKIT)
XU 2 T R BURIE SLHETT AT SR ROk
I (LavRAM Aramis) % 4% J2 H AE & il A 217 88
5T, WOCAS N 532 nmYAG [FEABOGES, Wik 1
A 100—3500 nm. K H 44K IR AL (Wrexham-
MicroMaterials LTD Nanotest) X ¥ J2 i 1. 73 i
FERMZI AR A TIN5, SER K ) 243 1
AR TIAER 2R EERY 5%—10% 5 .

2.3 [FEEEESI

JEE A8 S 30 7 B8] 488 - R A 52 X0 Bl e R4
HL (MFTR4000, Lanzhou Institute of Chemical
Physics, China) F#F4THY. SCERENEA A 1N,
X BEEER A SigN, (@6 mm), JEE 45 3% i AA5 R 43 )
A 5 mm A1 1 Hz, BESERTE] & 30 min. % H #2100
FE S (Talysurf 5P-120) Fl SEM - B i it 7
JERNGE R AT R,
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2.4 HBUFEMmILE

FIF PARSTAT 2273 Hifk2f TAE G 1%
Z A ZE Ak 2 BH BT RE, SR AR — oA
F, Pt R O B A, MRATH R A 2
e, AR TAEM, IFEA R TAERIALR 0.5 cm?,
JE AR A 3.5%NaCl .

3 #X5it%w

RERIBL T R R
ik EDS B % (I & TiAICN/TiAIN/TiAl

3.1

WIZM TR AN &, S5 1. S1
CoH, S fE 4 0 scem, W)= 4514 TiAIN/TiAl
Bifi %5 CoH, T IEI, TiAICN/TiAIN/TiAl 1
JAH COTER &g, IR iR A 2
fias, WRIZEEAARRTE 1.7 pm. E 3 Fi R R[]
C & TiAICN/TiAIN/TiAl 3 J2 i #% 2 85 al
DI 2% 3138 B 19 43 )2 . S1(0 scem, 0 at.%C) F B
IR A TIAIN AR AR 2548 C TR By A T5
JZ TiAICN [ HE IR i 45 #0555, 2H S8 45 B0
S3(15 scem, 12.39 at.%C) Tit)= TiAICN /Y ki B
WAL, SRR SE. BRI A A R S R RE
ARG SRR 2 1T o RE.

*1 AR CH, HEVIHE TIAICN/TiAIN/TiAl i E TR AN &
Table 1. Chemical composition of TiAICN/TiAIN/TiAl coatings deposited at various CoH,.
Sample CyH,/scem Ti/at.% Al/at.% N/at.% C/at.%
TiAIN/TiAl S1 0 30.87 22.85 46.28 —

TiAlCN/TiAlN/TiAl S2 10 28.64 21.52 41.23 8.61

TiAICN/TiAIN/TiAl S3 15 27.60 22.95 37.07 12.39
TIAICN WA 4 1) XRD K3, 78 43°, 50°H1 74°f ik
AN B AT S e A SR IC U | TR 2 B AR 25 4 EEE fee-
Al TiAIN 2549, 495 (111) A (311) M08, H ft B
P08 (111). CIGE MINA S EALH S N JEF,
ey FEE S0 (Ti, AT)(C, N) %54, B C frit
() T+, TIAICN/TiAIN/TiAl & 21 (111) fif 5

B2 IR A

Fig. 2. Distribution of the layers in the coating.

3
I (a) 0 scem; (b) 10 scem; (c) 15 scem
Fig. 3. Thecrosssection of TiAICN/TiAIN/TiAl coatings de-

posited at various CyHs:(a) 0 sccm; (b) 10 scem; (¢) 15 scem.

AR ] CoH, 91 5 ALY TIAICN/TiAIN /TiAl i 2 1

ISR, 7E S3(15 scem, 12.39 at.%C) Hixm H.

(Ti,Al)(C,N)(111) 15 sccm
JL (Ti,Al)(C,N)(311)
. N
E 10 sccm
=}
8
5
~
2z
% JL NN
= TiAIN(111) 0 scem
Substrate TiAIN(311)
20 30 40 50 60 70 80 90
260/(°)
B 4 AIE CoH, fi & UUA B TiAICN/TiAIN/TiAl ¥R )2 (19
XRD &3

Fig. 4. XRD diffractogram of TiAICN/TiAIN/TiAl coatings
deposited at various CyH,.
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JE AR B0, VLI TIAICN AH 58 H 45 5 3 ik
B 1) SRR SE A AR R A 25 51, A C Ak
Ik S L B AR A s [RIERE (101 it i e A7 3 B i 4%
=T (311) ST, XOZEFCA (111) MimfEa A &
NARRTTRE, TR 250 fh R T R TE AR Y &b T
AR, NG Z AT (111) Shm A 19,

H1 T C JT &R A LALAFE SR IE A TE T IR 24,
F, PRCR R OG5 40 B i — 2P BF 9T iR 2
) C JEZ&. & 5 4 TiAICN/TiAIN/TiAl i&)2BHi
SRR, FERLE AN 12001700 cm X ] P
S2(10 scem, 8.61 at.%C) JL-T- WEEA 2 HE & fik 1Y
{5506, 78 S3(15 scem, 12.39 at.%C) B & H 3
JE SR B S 0. G g sp? B8 A4 i 45 Bk 3h i i
D WX N % TC T A s 45 4 00, W] DL S D g 5
G WY T AU 58 B LG I/ I SO spd B 75
In/ I (BB K, spd 88 7 i BIR 17, S3(15 scem,
12.39 at.%C) B In/Ig 24 0.976. JF & 28K AL i
5 (Ti, Al)-N il (Ti, Al)—C #A[F A9 [ H g
X, BT (Ti, A)- N8 H H e (Ti, Al)—
C A&, N 55 Ti it Al JEF R 18, 24952
T N R TFHGA R —E A, (Ti, Al)(C, N) fHs T i
P A AR 4 R D B Al S, iR C R
THGAE S P TTVE S o T e 1020, (Rt C oo &R
1£ S2(10 scem, 8.61 at.%C) H FE LA TiAICN
WL R AFAE, M S3(15 scem, 12.39 at.%C) H Ky
C JTCEAILL TIAION MIIERAFTE, LIRS
AR AER 2 W kL2 1],

15 sccm

10 sccm

Intensity/arb. units

0 sccm

1 1 1 1
0 500 1000 1500 2000 2500

Raman shift/cm—!

5 R CoH, i VLAY TiAICN/TiAIN/TiAl ¥ )2
L i el

Fig. 5. Raman spectra of TiAICN/TiAIN/TiAl coatings de-
posited at various C,H,.

X GHOGH T-REIE (XPS) BERSASING 2 N
TEAN R 25 F15 B, Lh S3(15 scem, 12.39 at.%C) A
1], T XPS St HAL S WL, 4l 6 o, 181 6(c)
T Ti 2p WO T R — XS A ERLE Ti
2p3)0 M1 Ti 2p o XL A, 3 MIRAE /K F 1Y Ti
2p3o F 3 A EIBEAKCTY Ti 2p, o WX 17 (Y FERE 5
W Sk 457.47, 457.82, 458.27 Fil 463.27, 463.62,
464.17 eV, 43 #Fr & A Ti—N, Ti—C, Ti— N—
O Fl Ti—N, Ti—C, Ti—N—O 2. C 1s Yi4s
HHE A 284.62 Fl 285.37 eV HIFRHIE I 73 HIbR E N
sp>—C Fll sp>—C . 2 f =251 sp2—C B EA
YR B S5 48, fiE I o o AU B8 Ao A v (%) B 1)
J1, BETTRREAREE SR R 5L sp?—C HEEA 2K 4 NI 2
PR AL L, RE I B AR 2 0 ) 2 MR 2.
I B S3(15 scem, 12.39 at.%C) H 1 sp>— C Fl
sp—C W T FH15 2] sp?/sp? B9 T AL EE A 0.508, i
PHILES spP 8 BB . N s ik b s 5 aE N
399.62 eV XN I RFIERERTIE R N—(Ti, Al) ##. Al
2p FF 74.41 eV W FEAEWEXT Y Al-N 4. 8 N
1s JGIG XS B N—(Ti, Al) I XRD S 4AH 7>
Hral 1 TiAICN A AR T URIZ 8, AL 6(b)
FIE 6(c) FATLLE IR, C 1s WP A I B C—Ti
g, Ti 2p W Ti—C IR/, [FIF454 Raman 4%
Mr, P68 C JEZEAE S3(15 scem, 12.39 at.%C) N
AALLAGE i1 TIAICON AHAEAE, R L &
AR i e R AR R 2, XAIE R Rete oy
A A S P SRy p S e )

3.2 S1EMEsEST

% 2 N A C & A TiAICN/TiAIN/TiAl
WZ BT | by AR R HYE fBUE, 7TLIE R,
SABUER AR R, BEE C & RN
T SIATUZ TiAICN ) S2(10 scem, 8.61 at.%C)
5 S1(0 scem, 0 at.%C) A, ¥R 2 A9 A% EE AL i
W S 38 m, B EE N 30.53 FF i F] 41.16 Gpa, #5EiE
M 290.20 Gpa Ft = 2 310.65 Gpa, X & K~ 1
S2 IRIZZE M C TR BT /19 NI B AL AH
TiAICN, 5 ks B 728 R (B3 on, DA 0
J A PR AR o SR PO B C 4k
SEHATN, S3(15 scem, 12.39 at.%C) A EE A&
AkLia R BRI E] T 44.36 GPa HyHEE K. 45
& W T A 20T, S3 N AE A Y TIAICN [ 40 Al
TeE BUAE A Z A A i A B Ak, ORI 2
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L b
7000 | (a) w000k P
_ 6000} N-(Ti, Al) -
| n
2 > 30000
2 E
S 5000 f z
8 O
15000
4000 [
' A Ll
v iy
3000 - - - - . 0 - - - - -
404 402 400 398 396 394 292 290 288 286 284 282 280
Binding energy/eV Binding energy/eV
15000 4000
3000
w 10000 | n
>~ >~
2 2
E £ 2000}
o o
O ]
5000 fany
1000 f
470 . 46.6 . 46.2 . 45';8 . 45.4 . 450 80 7.8 7.6 7.4 7.2 7.0 68
Binding energy/eV Binding energy/eV
6  S3(15 scem, 12.39 at.%C) 1Y) XPS E#%  (a) N 1s; (b) C 1s; (c) Ti 2p; (d) Al 2p
Fig. 6. XPS analysis of S3: (a) N 1s;(b) C 1s;(c) Ti 2p; (d) Al 2p.
F 2 AR CH, HiEVIRE TIAICN/TiAIN/TiAl 20 LA B | A7 G F H/E ol
Table 2. Microhardness, Modules and ratio of H/E of TiAICN/TiAIN/TiAl coatings deposited at various CoH,.
Sample CyH,/scem E/GPa H/GPa H/E
TiAIN/TiAl S1 0 290.20 30.53 0.105
TiAICN/TiAIN/TiAl S2 10 310.65 41.16 0.133
TiAICN/TiAIN/TiAl S3 15 316.14 44.36 0.140

Rl R A v 1 SRR B[R] spP—C B i SR
JEWE B YIAHOC, S3 MRIZ T sp®—C S
SRR P Y it 4 D A

SRk 25260 ks A SR R LhSE S HY B {E KA
I A T B A S S R B, BRI R “HT SRR AR TR A
737, 2001 4 Kawata 55 13 (i F B pG 42 e 42 AR
il % TiAICN/TiAIN/TiAl iR )2/ H/E A 0.0577;
2014 4 AL-Bukhaiti 55 12 {ff RS HITRRUSE B2
25 2.8 um [ TiAICN/TiAIN/Ti )2 H/E AN
0.0651; 2015 4F Zeng 25 19 {04 4 e S0 ) 25
HBAE TIAICN 228 H/E A[35%)] 0.099. A TAFE
AR T ZH &M 225 641
TiAICN/TiAIN/TiAlK &R, B C & & W,
H/E WA S5, nIkE] 0.140 (R E L% 2), it
i BN ol e AN N )y s =

3.3 RULFEMMERE

ANTF C A TiAICN/TiAIN/TiAl i )2 78
3.5%NaCl ¥ H sl A A AL i Tafel fthZkaniz 7.
W A TSN B, F1E B R B Ly, U
AR EY (K 8), b C HRMBm, wZM
E.o 355, Lo, BIEIB/N. S3(15 scem, 12.39 at. %C)
B H S A B, 8 S1(0 scem, 0 at.%C) # &
T 5.61%, H 0271V, L, FEIKT 1/52, 4 8.092 x
102 A-cm 2, IRBIHAIC A JE i H It 2 2

EIS J& i 2 V% 2 f Ji il 1 55 — B A 2807 %,
Kl 9 2R [H C % & TiAICN/TiAIN/TiAl k21
Nyquist 3%, Nyquist K] H BHAT Y 52358 F R 58 20
B, 38 B A Th AU B B R INAT AT
v 2 AR T TS ol 271, 50 T 0 0 AR R T
ST B HL 2 BN, R B AT I s nz BH
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TR B T e RE LS INEL 9 T LUK B, BEE
C & Enysgmm, A5 AT EARAE R, BT E
MPERE4R S, S3(15 scem, 12.39 at.%C) A BTN
B A SR SRR O, T PR e . 181 10 B
IR EBRPT S IAOC AR, T X R B R
i IR 2 T I M RE, RO DX A BEPTEROR, 5
BV 2 AT JE b vk R BT 90, [T LU B, Bl
C o MBI, W2 0 BLBTE Z W m, X 360
C ot n, W4 7 IR)2E n T ke, W)
ISFANIE] 11 A A SO 28 v R AR Al R AL X
ST BAEAR S ARG R N, 100 B X Bt 31
PRI XoF IO PR i) 55, BV 7 9 254 9 7 1 [T IR
SIMAEH], FESTE 3.5%NaCl VI H AL & A&
g%, 25—l B 5 IR 2 /WA G, HBTE s X
5 Il SRR IR EA G, I BEARIX . TR

1.0
10 sccm
0.5 F \
15 sccm
>
-~
S
ol 0 sccm
—05F

logi/A-cm~1!

7 I CyH, VTR TIAICN/TIAIN/TiAl i 2 1
3.5 wt-% NaCl ¥ B9 3l B A0 Ak i 2

Fig. 7. Potentiodynamic polarization curves of TiAICN/
TiAIN/TiAl coatings in 3.5 wt-% NaCl solution.

9 TIAICN WERERYSIA, AR R T TR )2 B TR 6 ok
PERE, XEERIHR FZ D C LRI T AMETRIZSS

9 -
. /’/ "
g 6 //’ 15 sccm
]
1=
i ,A——A_A\&
g | 4
N 3 F/ A\Aa\\

A
0 scem 10 sccm
0
0 0.5 1.0 1.5

450 0.4

W 419.73

L
R 0.27 103
I -
: 300 °
: E—
< 2
7 102 %
= 0.15 5
< 1501 °
g
- 10.1
0.05 16.24
ol ® ——m3g.10
. . . 0
0 10 15

Zye/10° Q-cm?
9 AIF C,H, Jit & UL AL TiAICN/TiAIN/TiAl i 2 HL
A2 BT

Fig. 9. Electrochemical impedance spectroscopy of TiAICN/
TiAIN/TiAl coatings deposited at various CoHs,.

106
10°
L1004}
°
]
~
R 103+
)
2
102 ¢
10t F
10—t 100 10t 102 108 104 10°
Frequency/Hz
10 AKIF CoH, ¥ it YU LAY TiAICN/TiAIN/TiAl ¥R )2

4 BEL 40431 244 ]
Fig. 10. Bode plots of TiAICN/TiAIN/TiAl coatings depos-

ited at various CoH,.

CyHy/scem

B 8  AH CH, i & UL TIAICN/TiAIN/TiAl )2 H
A2 T o 00 530 5 2R

Fig. 8. Results of Electrochemical corrosion
tion activities for TiAICN/TiAIN/TiAl coatings deposited
at various CyH,.

characteriza-
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Fig. 11. Bode phase angle plots ofTiAICN/TiAIN/TiAl
coatings deposited at various CyH,.
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P AR f5 45 4] 1% 48 B9); 83(15 scem, 12.39 at.%C) 45
P AR ) TORAE SR (R A i, (28540 A8 75 5
IR, ReARBHPLE A BT B Rl 2 R E A4
A v I ] AH B A8 B A A B L AR B2 fif
S3 F B L S AR I o B

ARG FCVA FARTEYY TiAICN /TiAIN/
TiAL WRJZRY A JE i i 25 BT3RS 109 Aem 2 1Y
AR B 1oh B %, Cheng 45 B4 fdi i} FCAD 4%
ARITBUEEL N 2 pm #Y TiAICN 1RJ27E 3.5%NaCl
WD A o i B 1070 Avem 2 B R A
2011 4F, Xie % ) fifi ] 245 B F IR B A 5100
FRURRG P 565 1) 45 22 )2 TiAISIN /WS, 19 [ i g,
UL BETE 100 A-om 2 B IR U Bl 2014 4F
Sampath 45 56 {iff FH 45 25 4 1 5 ) #SAH DT AR
(PEPCVD) L. il % JEFE 2R 4 pm (% TiAIN/
AICTN IRJZR R H S % o 10! $d 4k
A T F TiAICN/TiAIN/TiAl 3% )2 B9 6 45 5 T
FCVA HARMH, DB B 5] i LR
100% #5F, Tk, SLRFm R TR e it =, fig
JrESCER AR, SRR MECEN:. Kl 12
Fi R AR C % B ) TiAICN /TiAIN/TiAl 1% 2
210 SEM &, W 23R 5160, R &
FRORE | B AL AEBRIG, A7 A5 DR LR 2 3R TR ) R,
DR ZINE T8 | TR AL SR H AR AN RE
SEPR. Hk, TiAICN/TIiAIN/TIiAL B2 K & £
EEAEHANR)E T C e R SRR X CLEs
TR BT P R, E TR )23 0 B S e H 3

20 pm

20 pm

Bl 12 KE CH, ¥t it UL A 19 TiAICN/TiAIN/TiAl i )z
1 SEM JES (a)0 scem; (b)10 scem; ()15 scem

Fig. 12. SEM surface micrographs of TiAICN/TiAIN/TiAl
coatings deposited at various CyHy: (a)0 scem; (b)10 scem;
(c)15 scem.

WL RMR AR, SR DIE S AR fe M .

3.4 EIRMERE

K 13 7nih 1A C 58 TIAICN /TiAIN /TiAl
RIZBIEEIE R BN L, AER SOh R BRI, BEHE AR
B S B2 IS AR ENE, A
C & i AYHGIN, U2 MR RABEAIR, S2(10 scem,
8.61 at.%C) Fl S3(15 scem, 12.39 at.%C) Y B
REB A BFRE, M S1(0 scem, 0 at.%C) Y EE 42
FEUM IR, UilR 2 SR Z A B T
it K 14 Fs AR C & TiAICN/TiAIN/TiAl
TR E R EEE R BB, 5 S1(0 scem, 0 at.%C)
HHLE, S3(15 scem, 12.39 at.%C) HIEEIE R %L COF
BEAR T 2.74%, 4 0.43; BEHUREEAN T 1.4 6%, B

1.4

0 sccm

1.2

1.0

0.8 1

0.6

0.4r

Coefficient of friction

15 sccm
0.2 ¢

0 5 10 15 20 25 30
Time/min
13 K [R CoH, it it UUFR 19 TiAICN/TiAIN/TiAl ik J2

Fig. 13. Friction coefficient curves of TiAICN/TiAIN/TiAl
coatings deposited at various CoH,.

1.5
Coefficient of friction |16 n
[ Wear rate g
5 =
E 1.0 1.46 mZ
& 114 £
3 g
% 0.71 5
2 =
2 ~
L %)
z§ 0.5 0.43 Ji2 £
g
S 1.13 -
&
153
=
0 + 1.0
10 15
CyoHy/sccm

14 KR[H CoH, it UUAR 19 TiAICN/TiAIN/TiAl ik J2
4 P $8 2 ORI 45

Fig. 14. Friction coefficientand wear rate of TIAICN/TiAIN/
TiAl coatings deposited at various CyHs.
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1.13 x 10° mm3N Lm L RJZEH R E AR
Hw=v/F xS,

Hodp v B HART (mm?), HR 95 B R 5
IETH R A Foikm#ar (N), S shiE
2 (m).

i B R 2 1 SEM Ml EDS #E— 05504 2
Y EE R A AL . I8 15(a) 2n i T S1(0 scem,
0 at.%C) MEEIE SEM TS, B4 X B0 & i AL
WMIZLEL, IR TE R N 305 nm. WLESJEIR X (47
K SEM S E (18 15(b)), 7] LA K IEAE B0 35 1

Cracks

(a) (b)
I . Accumulation

< of oxides S~ %
305 pm :
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(e)

Z
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160 pm
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TETERE 22 1 I T ok, MERRUE Jl— i SR JE 110 25 TS
JZ. X A RbLL AT HE NS B )2 31T EDS fERE o
Brg 8, Ti 1 Al TR SRR R R, BEF LR
TiAIN BEBUEORL; [FIES O & it s, Ui B 7E S it
AR RE S — o B A A A, X B AL A T HE Y
FIZESEFT EDS 400 23R, AR Fe JTTE S
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Fig. 15. SEM micrographs of the wear track and EDS results of TiAICN/TiAIN/TiAl coatings deposited at various CoHy: (a), (b)

0 scemy; (c), (d) 10 scem; (e), (f) 15 scem.
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Fig. 16. Raman spectra of wear track of TiAICN/TiAIN/
TiAl coatings deposited at various CoH,.
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SPECIAL TOPIC — Carrying ion beam technology

Corrosion and tribological properties of
TiAICN/TiAIN /TiAlcomposite system deposited by
magneticfliter cathode vacuum arctechnique’

Chen Shu-Nian!)  Liao Bin!® Chen Lin?  Zhang Zhi-Qiang !
Shen Yong-Qing!  Wang Hao-Qi') Pang Pan?  Wu Xian-Ying!
Hua Qing-Song!  He Guang-Yu?

1) (Key Laboratory of Beam Technology of Ministry of Education, College of Nuclear Science and
Technology, Beijing Normal University, Beijing 100875, China)
2) (Beijing Radiation Center, Beijing 100875, China)

3) (Science and Technology on Plasma Dynamics Laboratory, Air Force Engineering University, Xi’an 710038, China)
( Received 3 January 2020; revised manuscript received 23 March 2020 )

Abstract

The experiment is based on novel magnetic filtered cathodic vacuum arc (FCVA) technology, the effects of
the structure and C contents of TiAICN/TiAIN/TiAl composite coating on anticorrosion and wear resistance
were studied. The macro/micro properties of the coatings were systematically characterized by SEM, XRD,
XPS, electrochemical tests and friction equipment. The results show that, with the increase of C content,the
form of C element in the coatings transforms from the TiAICN solid solution to the coexistence of crystallized
TiAICN/amorphous carbon. The TiAlCN/TiAIN/TiAl coating with TiAlCNcrystallized/amorphous carbon
nanocomposite structure demonstrated excellent performanceby combining the advantages of each layer, which
the hardness reaches an ultrahigh leveland the amorphous carbonwith excellent self-lubricating effect exists in
the coating structure. In 3.5% NaCl electrochemical corrosion test, E,.,, increased by 5.6 times to 0.271 V, I,
decreased by 1/52 to 8.092 x10° A-cm 2. During the dry sliding, friction coefficient decreased by 1/3 to 0.43,
and wear rate decreased by 1/1.4 to 1.13x107° mm?*Ntm™.

Keywords: TiAICN/TiAIN/TiAlmultilayer composite coatings, crystallized TiAlICN/amorphous carbon,

friction, corrosion

PACS: 72.80.Tm, 81.15.Jj, 62.20.Qp, 81.65.Kn DOI: 10.7498 /aps.69.20200012
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In situ luminescence measurement from lithium fluoride under various ions
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1E BNU400 A BL 5 # 5 B 73 & &% )% (ion beam induced luminescence, IBIL) & %% & |, JF & T 4
[F At (100 keV) Z54 T 1 3 FES F (H*. Het LA J OF) % IR GsU AL A4 B 19 IBIL S 09 AL I & TAE, X Lt
5% B T 2 X6 S A B A el s Rt o 1o A R S L A8 AT R 2 T . 45 5 SRIM(Stopping and Range of Tons in
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(photoluminescence, PL) il & (4541 B2 1 615
Ao v 2 I RIS AL NI N V.2 ol sl
SIS & ST R T 22 5¢), ABCRA X 14k
HE 2 & 7 Y B8 9T & O (radioluminescence,
RL) Ml & (FBE e, J6f5 5 W LB ik,
{ERF TR RE RT3 53 8T), B8 SRR B L S
WO IO, R TR E R, BT
R R T BRI R R T v, DR PN A S
B BH ST R T AR 5258 2544 T S AL B AR B
TR RIS, o, P Wi Skuratov & [19)
FIH Ar 258 B AR IR T RILERRE S, JFoRET
80300 K i & {5 Fl N 250 —700 nm 3 Bl P 1Y
IBIL J6:i%, #4574 F 670 nm, 525 nm, 330 nm
K 296 nm HC A Y &I B OE AR T R B R
) Quaranta % 04 F| F MeV A9 H* 35 5 S AL 22 44
BE, TEARTGHY IBIL DG b B kil 1 20/ B
(4 5 /F o0 S s AR I 00, % B30 21 71 B 1
Fy/Fy B0 E SIS 670 nm ALK Fy A0 A EL,
T B R B TR AR IR B A SR . BN, H R
AUGEH H 2015 4FAEFF R T 20 keV By H 48 S5
PR AL AR A IBIL SEig & 1 & 2 MeV /Y
H % B AR T /9 S fR B A BHE IBIL S
% [15] I,ﬁ;

AR ST, AR T A BNU400 7 AL
A AT SE R 2 B R B R v IBIL S
TR, DL B Rt B R rh U A
b e 1) A B B AR T BT SE TAE.

2 IBIL k&K

IBIL ¥ 3% ) & 2% & 0 e e #5 & T 1R 7
BNU400 7E ABLAY Ji 3 A 5 Fefilt F o g 1ol
Bl 1 R,

IR T S5 5 | Zede 11, At e s
LA, SN 38 i G AR M AL (B
QE-PRO, il K 2001000 nm), EL2S P03
F1 BRI LT BEMDELF RS T 74 UV i
BB (REGES, SEDCIRINECR), WEfrf;
Bk 22 DDA b LBk Gl P RO . R Y e
R SEEE RT3 1, LS SR 45 A M st 11
ABOCIES, W W LR L B A BT
XA il s A BRI 2 A A SRR L SR T
SRR R B A, A X-Y O )[R DR

1000 Hz B AR JEAT B A 5, FF A 4 em x
4 cm.

SRR Ok 4l AL PR AR A (AR R 100,
JSF 10 mm x 10 mm x 0.95 mm, XA il O Ak
o, WE T AR A AL kA A GE
(100 keV) [ 3 Ff & 7 (H*. HetLd & OF) IF J&
IBIL St TAE, i AK/NR 3pA, BUTE )%
EN 0.5 s, FEMFESAERZN 2 x 105 cm 2, ]
P EEAET 103 Pa. i 7 /N R
FHOW X IBIL S B 521, Bachiller-Perea 45 [17]
P& TR AR i R TE Y R 40 DR U — 2 ) A 5
T HL S A ik 2 248 B AR i i TR AR v i R R
AT REH BRI G, TEA SO S o s i 48 13X
— .

& 1 BNU400 7E APL IBIL % &R 2K
Fig. 1. Schematic of the IBIL experimental setup on
BNU400 ion implanter.
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power, Se) Fll # BH 1 4% 45l (nuclear stopping
power, Sn) i ASFHREE 7347 B TE L.

Bl 2 il DU BAHFI RS T (100 keV), $255
F RS, HYE 4R R, 7K%Y 400 nm IR
Y L BHAE A GULT RS, Bl 5 A B T
K%, He™Fl O+ Y AL -BH 1E A 91 52 BB T %
B, OB T I T PR I I B B
B, BBHIEAGU P 2, O B9 B 1R A S ]
T HE B Het B+
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—— H-Sn

FRLIEAA /e V- A1
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NSHREE/A
Bl 2 100 keV fE& R HY, Het Al O T 78 SR AL 22 A9 i
LAY SRIM 4540145
Fig. 2. SRIM calculation of 100 keV HT, Het and O stop-

ping power in lithium fluoride.
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KOG B B v AR O B R DL ) SR A
Bt (200~400 nm) FRZYAI UL 3 A&, b 300 nm
fe A A B MR R MR, KA FE 2 x
10 em 2 RS A BRI EE; T LI £r4h
BB FEA 670 nm Ab 1 Fy 800 F 880 nm AL
Fy/FF (BB, 540 nm ALY Fy 00 & G165
JERLES, ££ 1 x 10" em 2 EEAL Fy AORAL
UG5 B SR B R Fy /R (00 B B 04 U] 55 B K3 o
(3 x 10" cm 2 {F R IT) A BE A 40 F o A
950 nm &b A3 BRI AR TR R K, 2l T
BNU400 i A #L IBIL %% & I 09 & F ) £F 7
950 nm Ah BT RFE 22, LA, SefE S AR R
i R rh S A H RIS, ek b v o 2
KHEM—AHE; HEERA SR IBIL 3 85 2
PB4 IR i R TR AE AR 7, 454 SRIM 4
PALER (B F R IRIR B UG pm 120, IV
N RAR SO 25T H WO G % 1 73 AT 1) 5%
M55, SCHR [14]) TR ETE S0 BT i RE2S Bl L A
T FEfEE T Het Al O4E BB AF Y IBIL 6% b
AL S HHR IR A 22 A K, 223 UET
KR DL F A o0 B 58 VR R i v 25 -
W BRI A S, AR T SO AR RO B i
ARG BT LR, SCHASTESG

400

15
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200

SREE /arb. units
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1013
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Pk /nm

Bl 3 100 keV i H4 HR B8 G0 Ak #1104 6 Ol 0k 38 T 1
WA E L

Fig. 3. Emission intensity as function of both fluence and
wavelength obtained under 100 keV H*.

AP 4 45 9 100 keV /Y HHES 48 HR L fL4R
it 296 nm . 340 nm F1 400 nm Ab & Y658 B bl 1
A AL, TT DU 58 NI B B3 W4 RN 2% Jo Ui
TEAR BRI —BAR R BEIE Y I (Aol
FE R RAB S BUAE 10" em 2 {F M), Rif)5 2w
W, AR SCHAE BNU400 73 A ML T J 6 o i 7 1
AR5 x 102 em 2st, Fi W1 LA 0
IBIL JGiGAE 28 AN B s BEAEAE LT, FEiE ik
F] 1.5 x 10Y em 2 J5 R T il as iR BE. A
FEAR T fE B Be i & 64T A2 4k rh, B SRIM 5448
5, JUME 0 B AS TR B R AL
BEY B AR08 S E, B HERR T Jimenez-
Rey 55 N2 5246300 (densification effect, 114
£ compaction effect) A RE 18 X —AZfL AT E>
H TR £ G BoA s R4 A4 s 7 AR, 3R
T AR, M7 R A 56 S B 3
U OGEREE Y I 12 R B R asE S, A
BB A AW T LR O R 2, 7B
B AS G AT T R AR, (AT
AR AR, HE TR i AP O G, S
58 A Uk BT 0 Y KOs B BT B D
Crespillo &5 19 ] 25 5 T 55 A —FlAH X & LAY i
B B4R IR AR D AR O R N T
i, 75 102101 cm 2 R MHE, B FIEALIER
1o 2 B I L 25 O I I — I RS I L 45 X
X ZORES, FEMCIIE], F RS R B Bl B i
R A B IR 5 BB B AR B e — D Bl A
ODHATE A, P T 3 B B S TR
AR 7 2
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1400 nm 4b %z St ik JEE Il i ek 388 7 0

Fig. 4. Evolutions of the luminescence peak intensities at

296, 340, 400 nm with the irradiation fluence under 100 keV
H+.

5 25 A 100 keV 1Y H4ES 146 BE GRUIL A1
B 540 nm . 670 nm F1 880 nm Ab % Y58 B HE 1
RSN, 540 nm. 670 nm Ll 880 nm WM
JURP R CHO Y F ARG RO AR 5
FUBRBE PR R SR AR A OC. AT AR WP
B B0 7%, T R A% 25 6 38 i B8 LR
£, Bl F+Fr - F, Ff+F—>F{, Ff +e—F;,
Ff +2¢ — F; 2R RO A L4 KA F A0
(F{. Faov Fy FIFSSE45E), RO Y A ik i —
T¥ i Bl G 0 1 0 3G I i 3G 58 . 540 nm Ab7E 1 x
10" em 2 i (Ppay) BT I8 B & G50 B i RAH;
670 nm AbFE 1.2 x 10" cm 2 {3 f& [ ; 880 nm 4k
TE 2.4 x 10" cm 2 {F I BEAE O o 0 RSy

1200
— 540 nm
1000 - — 670 nm
— 880 nm
2 800 F
g
=]
2 600
|5
~
B
400 H
200
0 1 1 1
0 0.5 1.0 1.5 2.0

/1015 cm 2

5 100 keV B H* &5 7 43 M 916 #L I 540 nm, 670 nm
1 880 nm Ab % S i BT Il i B 1 AR 1 0

Fig. 5. Evolutions of the luminescence peak intensities at
540, 670, 880 nm with the irradiation fluence under 100 keV
H*.
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TR T B EA G & T WY1, (A TR
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Fig. 6. Evolutions of the luminescence peak intensities at
296, 340, 400 nm with the irradiation fluence under 100 keV
Het.
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Fig. 7. Evolutions of the luminescence peak intensities at
540, 670, 880 nm with the irradiation fluence under 100 keV
Het.
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4.3 O+(EHRAK IBIL £I&

8, &9 43l 25 H IR & 100 keV O+ IR 4R
REGEUACAR Y IBIL Sk &t rhoce o B B k1)
ARG L.

MIE 8 FIE 9 Hrm] LI H 484 B 1 i1

AR KR BER /N, A2 R I SR LA
EDEJ@. 540 nm A 27 3.8 x 108 em 2 A SR

HeHR B KAE; 670 nm AbZYTE 3 x 108 em 2 iy
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Fig. 8. Evolutions of the luminescence peak intensities at
296, 340, 400 nm with the irradiation fluence under 100 keV
O*.
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Fig. 9. Evolutions of the luminescence peak intensities at

540, 670, 880 nm with the irradiation fluence under 100 keV

o+

100 keV (19 O*4@ BRI oy~ B 1 AR S5UFIA% BHL1E
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FEPEBELF T 670 nm 4 Fy A0, FEFE BT ORI
LR TPRE, X— R ENU ., AR K
PR A F (670 nm AL F, (A0 7E OB 14
AR SR ), i SR BRI (05 B2 AT L. O
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TR IR R AU R, I AN SRR,
JICRA -t B Ry S v R R SR AR RS 2
ARALER HOM Het BEPR, PRI 307 1K 3 (A4 1
T B, [ R 2 2P bR 2R I R A Ol 5 B L HE
H 1 He 4 BRI A AP PRAS I 1) 42 )l 5 JEE T 553
B N = B/IAG15, RERAANE, U R
T2 O B B B AR R, Oy 5 AR 43 A e, PR
OB 4 IRURE 7™ B L 123 7O I B R B g, 0
SiR B PRV B g (H N AOERRRTR, O AR IRIN A9 %
Jea B U AR T R RE R B 1 HOR He M4 IR 4
IR IR A S s O B IR B —E

(I, 2l i AR 4R A 6 i 05 208 B BRI S LA
AT IE BRI &, AR A 23 O B E
BRI, SLIR R W 4R
FESE = A ) L F 28 7 OW B TR R I R SR
25080 2N EA BB 1% 10%20-21, O+ 4R IR
R P A2 B Lk A 50RI a5 A 5 3 [m) 4 e 15 50
) A SRR 2 o 3 T Ay TG, 3 B TR R
AR/, R R AR A A R O A R AR,
PR I B B8 A R R OERCR I

ELAR LA S 4 B UL A B R L2 1
Ji7R:

#1100 keV 1) H*, He*Fl O3 i T4 IR AL SEADRI 45 R % L

Table 1.  Comparisons of lithium fluoride under 100 keV H*, He* and O*.

%%ﬁ% F; @‘L‘»\ @,lmx/cm 2 FQ@‘D émm/CHf2 F; /F; @‘D ¢max/cm 2 Se/eV~A 1 Sn/eVA 1 RP/HIH
H* 10 x 103 11.5 x 10 24.3 x 1013 13.92 0.0232 0.8336
He* 5 x 1018 3.3 x 1013 9.5 x 1013 21.04 0.3004 0.6708
o+ 3.8 x 101 3 x 10% 5.9 x 101 25.64 10.15 0.2459

V E 2008 Radiat. Meas. 43 1132
[5] Shiran N, Belsky A, Gektin A, Gridin S, Boiaryntseva I 2013
5 z5 -f//% Radiat. Meas. 56 23

XT H7E BNU400 7 AL IBIL 38 I Y
HHIF B (100 keV) 3 B Eg ¥ (H*. Het#1 OF) 4
TR GEALAR AR IBIL SRk 255, nT LR B fgde
FHIR], B BT A BT (HOF Het) 48 B, i
ORI Het B 1R ™ HE 1 HL 23 07O 285 B B0
R, mEF OYRIRAT, T IRRST R
BIVERT, RO, IR T 1Y B Aok,
ZRHL AR B SR, ks dR o ) £ FRURINEE 5 3R B
P, F R C R BRI A9 1 B0 )N, SR 3R
AT 2 G LTSS . 880 nm Ak Fy /FS (A
(R TR 48 BB M B4 T 670 nm AL Fy A0, ANUAKREL
£ 880 nm Kb Y Fy /F3 (8.0 (1 A BORITEE K 3 32
M R BLAE T 4R A 880 nm 4k 1Y) Fy /RS
0 1 R IR T 670 nm &b Fy 0.
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SPECIAL TOPIC — Carrying ion beam technology

In situ luminescence measurement from
lithium fluoride under various ions”
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Wang Guang-fu??  Zhang Feng-shou?  Lv Sha-sha®) Liao BinY

1) (Key Laboratory of beam technology of Ministry of Education, College of Nuclear
Science and Technology, Beijing Normal University, Beijing 100875, China)

2) (Beijing Radiation Center, Beijing 100875, China)

( Received 3 January 2020; revised manuscript received 6 February 2020 )

Abstract

To contrast the generation and their evolution behaviors of irradiation damage in lithium fluoride under
various ion, in situ luminescence measurements from lithium fluoride are carried out under 100 keV H*, He™
and OT on the ion beam induced luminescence(IBIL) experimental setup on BNU400 ion implanter. Combined
with Stopping and Range of Tons in Matter (SRIM) calculation of 100 keV H*, He™ and O* stopping power in
lithium fluoride, the emission intensity under He' is the strongest,due to the higher excitation density of
electron-hole pairs than them under H™ and the rising non-radiative recombination ratio under heavy ion OT.
With the mass number increase of the incident ion, the nuclear stopping power would be increased, resulting in
the faster rate of both formation and annihilation of point defects. the lower fluence for F-type centers reaching
the highest intensity and the weaker luminescence intensity at the state of equilibrium. The irradiation
resistance of Fj /Ff centers at 880 nm are better than the Fy centers at 670 nm, shown not only in the slower
formation and annihilation rates of Fj /FJ centers but also the higher luminescence intensity of F; /Fi centers

under heavy ion O*.

Keywords: ion beam induced luminescence, lithium fluoride, various ions

PACS: 78.60.Hk, 61.72.J—, 61.80.Jh DOI: 10.7498/aps.69.20200020
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3.2 @EEEW

T S R A R A RS, XF N-DLC
WEHEAT T XPS RAEMIK. & 3 R EAS [R) 8 Jik v

B SR ko S st 1) a4 W16 1 B AT SEML BT (a) 30 ps; (b) 60 ps; (c) 90 ps
Fig. 1. Cross-sectional SEM images of the films deposited at different pulse durations: (a) 30 ps; (b) 60 ps; (¢) 90 us.

2 I ko e g i 1] ) 45 R 9 3D AFMUJES (a) 30 us; (b) 60 us; (c) 90 us
Fig. 2. AFM surface micrographs of the N-DLC films deposited at different pulse durations: (a) 30 us; (b) 60 ps; (c) 90 ps.
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N=N #8052 A .
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280 282 284 286 288 290
Binding energy/eV

(e) Cls 90 ps

Intensity/arb. units

280 282 284 286 288 290
Binding energy/eV
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B R, 290 34%, M C—N 8 E 43 o5 HAB P
AEAH HE 2B/ NI, 208 11.5%; 0k P R4 i [a]
990 ps B, A sp? C—C 8 20 L SRR,
h 54.5%, C—N#H 4 L& kB k, 48
15.7%; Bl KRR SE (]38, sp? C—C e
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PERRB A T &, R & A T UUR R (I 5. Bt 25 ok
PRESE I RN, N, SN B R R, BT
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Intensity/arb. units
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Intensity/arb. units

n 1 n 1 n 1 n 1 n 1 n
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Binding energy/eV
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1 1 1
394 396 398 400 402 404 406
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(a), (b) 30 ps; (c), (d) 60 ps; (e), (f) 90 ps

Fig. 3. XPS Cl1s and N1s spectra of the N-DLC films deposited at different pulse durations: (a), (b) 30 ps; (c), (d) 60 us; (e), (f) 90 ps.
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R T AR 28 23175 5 7 AR BT sp? A T
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RARLEIEINF] 90 ps B, N B A0 38 i i 45 s
[ sp? BRI, [RIAT C—N #EE& 38 imi N=C
R

Atomic concentration/%

30 60 90
Target pulse width/ps

P4 A [ Bk 455 5 1) i # B9 N-DLC 9 B9 XPS
Cls il i 7 45 21
Fig. 4. The fitting result of the Cls spectra of the N-DLC

films deposited at different pulse durations.
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N AR E] 9.96 (109.98) GPa. H/E* (E*, A3
P i) fl H 3/ E™ 0y 45 R B SR 7E Bl 5(b) .
H/E RAEFMERN A SHIRRE, H3/E™ Wk
JEAR B ASTE 5 1 Sl e e ar r 1, 52
AR REAG G BY32 iy H/E R HP ) B LG ARGE H 7]
DAPR SR 2 i B, (EL W] 25 S 380 1 a4
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PR, ok SEif 5 ZEE— B TR AMIESE B2-34. MUIEL 5(b)
LA, 7 60 s Hil5 FHRIZN H/E* M B/ E™
PRI . R R R PR S 10 7 Ak 2 2 5 R Y

sp® BT EAAIE, 60 ws il £ AT sp® B i
15, DRI i R 17T 90 s il 88 A RS sp? g
A YN A A A R AT

(a) 1
L 1160 &
25 &
9
]
o 20F — {120 %
O E]
>~ °
§ 15 Q
] {80 E
£ — 8
5 10} 2
= N 2
. {40 %
&
0 1 1 1 0
20 40 60 80 100
Pulse duration/ps
(b)
10.10
0.12 - /.
i \—»
X u 10.05 &
m <l
~ ~
o 0.09 %
———— *"— o | 0
—
0.06 |
) ) ) 1 —0.05
20 40 60 80 100

Pulse duration/ps

5 N[Nk oS 1] 5 WA LRI RE  (a) 0K
T BE RS PEAR AL s (b) H/E' R H3/E™

Fig. 5. Mechanical properties of the N-DLC films deposited
at different pulse durations: (a) Hardness and elasticity
modulus; (b) H/E" and H?/E™.

3.4  BUShFNEmEEE

K 6 7~ T Hank’s “EMiEh IR G WIRIZHIR
TR s ARtk AL RRE (R,) FIE
PR L (ipory) RPFAS P RE T, RAYJE Pl

0.3

Hank’s balanced salt solution
0.2

0.1f
o0k
—0.1}F

—0.2

Poarization E(V, SCE)

—0.3r

—0.4

10-° 10-% 107 10-6 10-> 10~

Corrosion current/A-cm~2
Kl 6 N-DLC BRI GE HAS IR A Hank’s - £5 1R &
B Y By r AR A it £k

Fig. 6. Potentiodynamic polarization curves of the N-DLC

films and substrate immersed in Hank’s solution.
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1 TEHHURIEA N-DLC B b (b AL el 45

Table 1. The fitting results of the potentiodynamic polarization curves of the N-DLC films and substrate.

FES Eeon/V oo/ A-cm 2 b,/mV be/mV R,/Q-cm? P

304 L -0.31 1.69 x 106 323.47 117.75 2.21 x 107 —

30 ps -0.15 9.87 x 10 289.51 119.61 3.72 x 108 0.042

60 ps -0.13 7.65 x 108 408.84 113.72 5.05 x 108 0.026

90 ps -0.12 1.55 x 107 298.24 82.91 2.05 x 108 0.079
Ui 5 R v A A H BEL(EL e s AR R B B JE b BE AR
g aE g L & 1 b ARl R L el e BAEA Z2 P I 2 H R AT DAVTAL B4 R i) BE 45 0
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g
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ba X b
"~ 2.303 X dcon(ba X be) 2)
FLBR X IR 2 A A RE AT R R, 20T
i DLC BB B RCR M IR EE S —. Wi %
BN 3 BT S A LAl A A R R 2 ) B LB R
P = (Rym(substrate) / Fp(coating —substrate) ) X 1078 Feon/Ba],
(3)
Hrf Rom BRI ALEEE, R, ZURZMRALE
BH, A Eeon &8 2 IR 8 JL 1A 1) J5 1y F 57 22 [B] g R
{22, T by S2AF IS P Y Tafel &1,
BRI Z TGS R T E S (£ 1),
PREE ARG AN IS B S ik fL 57 R0 h-0.31 V, J§
Tl LU B BN 169 x 1070 A-em 2, AR AL L FH R
2.21 x 10" Q-cm? FHILATFNFIT, WZEER TH
U LA AR RE, DR AU 2 A ol b 37 238 AP
VTP ECE S, L, TRZ 1T DL S 3R TE Hank’s
A ER TR A AR TR TR RE. AN Rk vh 2
Ti) ] 8 7 1 2RI 4 A A P e e 2 i, S o
TEZR 11, BEAE DK R Z2 it [ A 30 35 ] 90 us,
2 T8 b HL R 4y N 9.87 x 108, 7.65 x
108 A S 1.55 x 107 A-cm 2, B Ak H BH 4> 51 Ky
3.72, 5.05, 2.05 x 10° Q-cm?2. Z5RFH, Fkrps:
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R /MY, HAE N 0.026. DLC B FLE R
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e sp? SRS A K, N sp? 8T DU s
BRAEH, BB R AT A, N-DLC LA B L5 1)
A5 PP AL BRI, DT REAER T R T g o e
DRHTE ik Aol 90 us B £ 19 N-DLC It

R,

T2 0 A 7. OCP & 7] T 5
B EF A DLC WRZFRE Rk, & 7(a) &
AN TR JEE T Y R A AT I 1 T(b) BOR T
JEE 82 65 b 3 R A ERE R . 155G, A T AR
AL FRE R OCP, BT MHAAE i 7E Hank’s P 4h
IRATEWTENE 30 min, ZJ55 0 =AW B 45—
BB, 7 EE SRR i 00 T 06 =22 W, A i A R A
YRZLIR I 10 min, oI FE R OCP, FEACSE
g, 10 min J5 AR OCP #ik 8] — M
(B, BURHAE S oz g, XSRS IaAE s
FEfl. 55 U B Ol EE R BE R I B, LB RE L AE 2
N in# R, LA 1 Hz B8 T 1 5 BE 15 S0 56
BFE] A 30 min, ZEiX N EFEHIE S OCP FIEHE R
B AL A B BOR B R LR A R R Y
10 min, FEEEEPRZE S, BIZNART7, JCHT ML,
ROE Y HAB AR, 0 SRS R Y OCP.
ARk gzt ) R N-DLC # ) OCP
JEE 45 2R BB TR A 7 B 8] (4 A8 A0 DL R BB IR i 2 1
WoRTEE 8 . ANE 8 HR] LR 2], ik thAp £ i)
4 30 ps B, N-DLC # R OCP 7255 — Bk 2|
— A REM, 20 170 mV, R ERAD T
Fe o M LA 22IR A FESE B B, R R R S,
OCP i P, b5 akSe e R, 1EiX g
FEHR R EAE 0.08 L NS5 R . M AT H R A
29 min i}, EEHE R BT REF] 0.06 Z 5 IR IFHR A,
875 VE 2 A & A0 Y RS OCP W T 4 3k ) 88 2 Ml
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sion test illustrated by the OCP evolution.
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Fig. 8. (a)—(c) The changes of OCP and coefficient of friction as a function of sliding times and the inserted optical micrographs of

tribocorrosion tracks for coatings; (d) the normal coefficient of friction and micrographs of wear tracks.
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SPECIAL TOPIC — Carrying ion beam technology

Tribocorrosion performance of Nitrogen-doped diamond like
carbon coating by high power impulse magnetron
sputtering technique”

Shen Yong-QingY?  Zhang Zhi-Qiang?  Liao BinY?  Wu Xian-Ying"?
Zhang Xu "’  Hua Qing-Song"?  Bao Man-Yu?

1) (Key Laboratory of Beam Technology and Materials Modification of Ministry of Education, College of
Nuclear Science and Technology, Beijing Normal University, Betjing 100875, China)
2) (Beijing Radiation Center, Beijing 100875, China)

3) (Beijing Jinlunkuntian Special Machine Co., Ltd., Beijing 100083, China)

( Received 6 January 2020; revised manuscript received 14 February 2020 )

Abstract

Nitrogen-doped diamond like carbon film is promising in biological applications, studying the synergistic
tribocorrosion performance is indispensable. In this paper, Nitrogen-doped diamond like carbon films were
deposited on AISI 304L austenitic stainless steels and Si substrate by using the high power impulse magnetron
sputtering technique using Ar and N, as precursors at room temperature. The effect of target pulse duration on
the structure, mechanical properties, corrosion resistance and tribocorrosion properties in Hank's equilibrium
salt solution and the corresponding mechanism were studied. The results of scanning electron microscopy,
atomic force microscopy, X-ray photoelectron spectroscopy and nano-hardness test showed that the nitrogen-
doped diamond like carbon coatings prepared at a target pulse duration of 60 us showed the sp® bonding
content of 33.9% with the hardness of 12.4 GPaand the root mean square roughness of 0.63 nm. With the
increase in pulse duration to 90 ps, the sp? bonding increased, meanwhile the surface roughness increased. The
results of potentiodynamic polarization indicated that the Nitrogen-doped diamond like carbon coating prepared
at 60us had best corrosion resistance with the corrosion current density of 7.65 x 10® A-cm2. The effect of the
target pulse duration on tribocorrosionbehaviour of the Nitrogen-doped diamond like carboncoating was
investigated in Hank’s solution by a reciprocating tribometer equipped with a three-electrode electrochemical
cell. The coatings at 60 ps exhibited excellent tribocorrosion properties with high open circuit potential of 39
mV, low COF of 0.05 without pitting corrosion due to high corrosionresistance, low contact angel and dense
microstructure.The results indicated that corrosion can be accelerated by friction, but it also affect the
mechanical properties of the Nitrogen-doped diamond like carbon coatings. The increase in pulse duration to 90
us, leading to the reduction of sp? bonds which can form a cross-linking structure. The degraded cross-linking
structure decreased the corrosion resistance of the coating via the increased porosity in the coating, which
weakened the interfacial strength of the coating, and ultimately led to failure of the coatingunder the action of
wear.

Keywords: high power impulse magnetron sputtering, Nitrogen-doped diamond like carbon coating,

tribocorrosion behavior, corrosion

PACS: 81.05.—t, 52.77.j, 68.35.bd DOI: 10.7498 /aps.69.20200021
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Fig. 1. The schematic diagram of FCVAD system.
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Fig. 2. Schematic diagram of preparation process of thick

TiNcoating.
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Fig. 3. The evolution of thickness of TiN coatings with de-

position time.
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Fig. 4. (a) XRD patterns of all of the TiN coatings with dif-
ferent deposition time; (b) the grain size of all of the TiN
coatings with different deposition time; (¢) XRD patterns of
TiN-125 coating.
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TiN-190, TiN-210 F1 TiN-270 ¥ 2 B2+, & BE

B2 02 B AR AL S SE R RN, 45
JZ WA 2 SRR AS M ], 36 4% TIN-125 iR 2 64T
XPS 73-#Hr. TiN-125 iR 2 XPS K& 5 s,
N 1s 305 B 45 A RETE 395—400 eV Z[A], %51
T 5 2 ITE 396.9 F1 398.67 eV BRI H PR J3
I 7T 396.9 eV A iy N g X} R TiN # ) N J5
T B, 398.67 eV ALY N XTI TiNg o 1 N i
F B Ti Al N S5 898 i TiN 1y RIS, Az Al
THIPERFHY TiN g, X5 XRD 47 45 R —3K.
g3 g BAR A 45 R TiN 182 1 FAE7E IRk F
THat TiNgg, ff TIN ¥ 25 A 5 A R Y [H] i 4
TIRIZE.

392 394 396 398 400 402 404

ZEGTHE/ eV

5 TiN-125 #R)Z N 1s {1 XPS $&[4]
Fig. 5. XPS spectta of N 1s of TiN-125 coating.
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FHB ALY TIN ¥R 2 9 2 B A0 BORLRE B2 an (%] 6 i
7N, KA XA 1 pm x 1 pm. TiN-210 Fl TiN-
270 ¥ )2 19 L B B2 AH W], O 10.5 nm. TiN-125,
TiN-150 Fl TiN-190 1% JZ2HRE B34 /NF 10 nm, 43
W1 6.37, 6.68 1 9.64 nm. 42 By ITTAR I )R
FELRE B . DA A [T 150 min J5, IRZMTL
FRHUR B IR, IR 2 R I ROk B R4 3 £
KRBk L. BiE TiN 2R, RZEE
T P AR AL SR B 8, KRGH ARk 2, B )
AT IE A KA, WHRR ST T RREE K I R
R, AR R 2 AR RS BE . X R R AT 35 pm
MY LR)Z, (5 BE B 5% TR K S i/ FH s 53
T Y, TiN-210 F1 TiN-270 74 )2 AHLRE 4 TAHR).

TiN &2 T SEM HiEanE 7 s, 78
FR S TIN R )2 Z MAAAE Ti b )2, R4
% 5 um (TiN-125), 12 pm (TiN-150), 12 pm

108103-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 10 (2020)

108103

B 6 AR UURE A T A TiN %2 (0 AFM &l B 55 1 MRS &
(f) ASTF] TiN 2% 04 35 RS B2

HUBERE /nm

(a)

(b)

L (f)

C

5 . . . . .
TiN-125 TiN-150 TiN-190 TiN-210 TiN-270
Fed

125 min; (b) 150 min; (c) 190 min; (d) 210 min; (e) 270 min;

Fig. 6. The AFM and roughness of all of the TiN coatings with different deposition time: (a) 125 min; (b) 150 min; (¢) 190 min;

(d) 210 min; (e) 270 min; (f) roughness of all of the TiN coatings.

(TiN-190), 10 um (TiN-210) F1 11 pm (TiN-270).
% TiN-190 3% J2 41, TiN-125, TiN-150, TiN-210
Al TIN-270 ¥ 2 19 Ti o )2 5 5KA 9 Wi 4
Bt, W TIN-190 W2 145G J1 0T R T H AR
2. A, AT OSBRI ) TIN IR 2 i
BB S, RUIH 00 E TIN U2 00 6 B2 45
K, HREARRE = B 28T

RENFHEERESW
TiN IRZAME R H AR B WA 8 fizs.
TiN IR 2 WG 1 SE80% , R ki B 2k
fE. il £ Ay JE TIN K 5 A9 B 8 i 26 GPa, J&
FHBRE VR 2. TIN-125 12 0 B J32 R 55 A5 ot e
Ak El 38.24 Fil 386.53 GPa. ki HUALATA]

3.3

ARG, TIN UWRZAWH K, U )2 AR R R A5
PRI T RS IR R, A, o
PER B B/, TIN U J2 04 B R 55 A5 6 0 31 A
38.24 Fl 386.53 GPa 5t 2% 1% Hb T & 51 35.74 Al
370.20 GPa it T J5 3 e 3 b B 3] 27.63 AN
316.37 GPa. H &l 4(b) AIHI, TiN WRJZAERK KT
R R RHZ R IR, S350 IR )2 R
FNSAMEAST R AR, 3 5 SCHRIRGE 19— 2, kiR
50 R A KRG 28 ML Hall-Petch 5¢ 2 8330,

ITSGAESE, H /E*Fl H3 ) E*2 % W7 9l 1 ok & v
b VFAG B BT O 2 A B BT IR E R H/ BRI
H3 /B2 WAH 5 U2 0 3 AR R S8 v AR e A
XK 3940 RERERGES . H/E*FH? /B2 WEBOK, B2
A BEA5 R BOBU/ 0N T B PR B 8. 8 H /B 3R
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B 7 ORFEIPUEE R TiN )2 SEM B4 (a) 125 min; (b) 150 min; (¢) 190 min; (d) 210 min; (e) 270 min;
Fig. 7. Cross-sectional SEM micrographsof TiN coatings with different deposition time: (a) 125 min; (b) 150 min; (c) 190 min;

(d) 210 min; (e) 270 min.
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TiN-125 TiN-150 TiN-190 TiN-210 TiN-270
Rkt
B8 ORIRCRL E] T TiN i 2 0 A B A Ak 5
Fig. 8. Hardness and elastic modulus of TiN coatings with

different depositiontime.

B LR Z AT RE 8, TR IEAE Rk sh S e
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N H/E*F H? /B2 {HBETTRET ] f 38 m, #73
PR T T AR ARG FA . TiN-125 2 9 H/E* i
H3/E*2{H 5 &, 43518 0.0989 Fi1 0.3742, 3 B
TiN-125 U J2 W0 1 S5 i, T R HL A 48 v ) T s
PE. YT 190 min J5, H/E*FI H3/E*2
{ELPA W PR AIG, TiN-210 F1 TiN-270 2B E0E
U JRPERE T B, TiN-210 F1 TiN-270 74 2 (4
BT BEA BT TR

0.105 0.40

0.100 :\‘\ 10.35

«—
0.005 F 1030 o
S S
E o
0.090 F \ {0.25 T
A
0.085 2 4020

0.080 L— — — — ——lo.15
TiN-125 TiN-150 TiN-190 TiN-210 TiN-270
i
K9 RIS E T TiN &2 H/E*fl H3 | E*2
Fig. 9. H/E* and H3/E*2 value of TiN coatings with dif-

ferent deposition time.
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ORI 22 ORRE B AR R IR FE 1y [ ), AR
TUR)Z 0 RENERE, MR T, P A RSO
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H g B e e Aoy 2, X 5 AT TiN R 2
H/E* M H? ) E*2 AHFEARA OC. Ah, A SCRI G
1 18 AR A A il 2 15 2 A JEE TN U2 = A i 24
S IR ZRAk, o B 1a) IR AN T 4

HAE IR, ToIR)ZHTE G, 6451
JE TiN W2 9IPE R4, BATid TiN #2509 XPS 1%
FITT 1, TiN AR 2P G R e ARl T AR fb
LAY TiNgo YIHR, #2517 IR Z B HPE.

B 10  AF TiNRZEMBRIERIES  (a) TiN-125; (b) TiN-150; (¢) TiN-190; (d) TiN-210; (e) TiN-270
Fig. 10. SEM images of HRC indents of different TiN coatings. (a) TiN-125; (b) TiN-150; (c¢) TiN-190; (d) TiN-210; (e) TiN-270.
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AFIIURRETA] TiN BRJZ RN 128 ani#l 11
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Fig. 11. Theevolutionofinternalstress of TiN coatings with

different deposition time.
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7,% ﬂf} zl% é}'( ) H J;;Tsﬁﬁ Jﬁ Wi mu %J%% E ~ TiN-190 ‘7/% );:1: R with different deposition time.
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Fig. 13. SurfacewearmorphologyofdifferentTiNcoatings.
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SPECIAL TOPIC — Carrying ion beam technology

Thick yet tough TiN coatings deposited by filter
cathode vacuum arc technology”
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Abstract

There are some high requirements for mechanical property to protective coatings of turbojet engine
compressor blades as the appearance of extreme service conditions. The hard coating with high toughness, good
adhesion, good wear resistance and excellent load carrying capacity is a potential coating for extreme service
conditions in the future. Thick yet tough TiN hard coatings were successfully deposited on 304L stainless steel
substrates by magnetic filtered cathodic vacuum arc technology. The morphology, structure and properties of
the coatings were studied by SEM and XRD, etc.The results show that the continuous growth of TiN coatings
attributed to periodic high energy ion bombardment which can suppress the large grain size and reduce the
internal stress. The thickness of TiN coating can reach to 50 pm and the deposition rate was close to 0.2
pm/min. At the same time, the stable non stoichiometric TiNgg can be formed by controlling the constant N,
flow rate, which can improve the toughness of TiN coatings. All TiN ciatings belong to superhard coating and
the max value of hardness and modulus of elasticity were 38.24 GPa and 386.53 GPa respectively. TiN coatings
have good adhesion and excellent toughness.The highest H/E* and H?3/E*? rate of TiN coating can reach to
0.0989 and 0.3742. Thick yet tough TiN hard coatings have excellent wear resistance with the lowest friction
coefficient of 0.26.

Keywords: compressor blades, thick yet tough TiN coatings, ion bombardment, wear resistance
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