ES51E H1
2022 4 11 A

mEERMISTIE

RARE METAL MATERIALS AND ENGINEERING

Vol.51, No.11
November 2022

RS TR PP HEFE IR ST N EXT TiN $Ef=
255 R % BE HY R

4B, B A&, TR, K

#, T Ja, wEM, L W, BG;

bl

(BRI T RY MERE S TR, BRIE 7% 710048)
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Fig.1

G REPE R UURORL T E B 2 R T T U, T
13 TiN )= (WA RA S SRR E 2R, 2
PR EES R " FHik, ARSLIRTEH
A DT R O e T R T e A D S 2SR A TR AR
7T N YL X TiN S22 SR ai i . L ZUE 3
Je N RE HOFE M o

1 S W

S8 SR FH AT B 1) £ X o ) 26 Jik b FEL YR R e A
MSIP-019 B 47 b & 3 W45 I it ENLDIRREE S, B
RN @450 mmxH400 mm, XK 5 T 2R ik o e
W KIhEN 12 kW, LA EERE N 10%~
100%, 55 B5 40 5 58 B A B B kit S FE BE Ton 5 T"onw
Fk G WT B8 BE Tope PTARYE 75 AT MBI E . LIRS
e EL M2 R AN AT PR ER R (100) 2 FRIE AR R,
SIS AT AL . RIETEVE. AEART, AR
JeCE T B A N EEEE RS 130 mm Ab i T g T4 4R
L EGEBE N S r/min), GBI E S AR I R
038 N, i B 105 AT TIN 88 E R, BRI S H
R 1 iR, PUREZEE M2 md N5 AR 32 2 H
TR 2 0 AR . B AE S S S RE:

P AR B A T (100) 5 v il D) R T 00 8 ) 11 v Ak 6
¥ RETES . P2 EE Ry E%E,

KH JSM-6700F 137 J 5 471 41 H 7 S 1l WL 4%
TiN #JZ R I 58S, —RBF 70 # 2% 1 nm,
HRTBORASE 2 650 000 £, 15 BUR HL 743 #8224 3 nm,
TAEHRCN 20 pA, JIEE KN 200 kV. KH X 428
RETE AT HE 2 IRy S & & SR JEM-3010 Y3 5
B BB SRR RE = S M, B g R A 300
KV, AOHR 0.17 nm. KA XRD-7000X % X 52k
RIS BT A S5 R, Cu $E Ka 28, X 2N
B 2=0.1542 nm, TAEE K 40kV, B 40 mA, 3
U 20, 20 FHITEE 20°0~80°, K 0.02°, FHHHE
J& 8°/min.

K H ISM-6700F £ 37 Jx 5 43 4 H - S A X B ol
Si He A b BT TR 2 (AT AT WL 5% S A I 1 [
XHEEHATIR E, R EICPIE, RE R R
5 TR B ) B R AR B TE] 9 BB A R P
VURR TR R AW b pi AR 2 . SR Nano-Indenter G200
YK IR AR 9% J2 5 U J , Berkovich = ik #E 4>
NIA S S, #2055 50 nN, 282 #5%<0.01 nm,
ERA LA 0.27, WBCE BN ER 23 °C, FEXREA
63%, MNEE AT A 60 N, e NIRBE % R 8E 2 JE EE 1 10%
G, BRI S RICEIE,  PARIE I 4
FHERR MR S . R WS-2005 %2 I 5 /1 B B
RIIR AN I I T 8 Ao V2 R VEAN 95 2 5 B 2 (Rl 45
PEfE, RIEFAHMEA 12000 T4 0.2 mm M4 NIA
G4, RRKEZAN 3 mm, MG 0~30 N, 2RJ5F
F OLYMPUS GX71 240 W U ) 4% 2 1 S AT R 4l
SR SAEAT W 5% .

2 HER57L

TiN 8 E R L
2 5 3 43 5 AL HPPMS A [E N, i & %1
T TIN #ERRIMS#EHER. TULEH, 4N iE

2.1

Fz1 TRNJREZEHT TIN BEEHRBAITRESH
Table1l Deposition parametersof TiN coatings samples at different N, flow rates
Sample LA IiA-em?  T'/T"onms Tolms fiHz  UJN  UJV  PlPa N;ﬂL‘?‘:I’li;aﬁe/ i té?:ng?nv:in.l ni:n
1 2.2/20 0.30 6/6 8 50 220/525 -60 0.8 10 65 40
2" 2.2/20 0.30 6/6 8 50 220/520 -60 0.8 20 55 40
3* 2.2/20 0.30 6/6 8 50 220/518 -60 0.8 30 45 40
4" 2.2/20 0.30 6/6 8 50 220/512 -60 0.8 40 35 40

ote: [,-target peak current in the weak and strong ionization stage, /4-target current density at the strong ionization stage, 7'o,-the pulse
Note: /,-target peak t in th k and strong t tage, /4-target t density at the strong t tage, 7'on-the pul

conduction width in the weak ionization phase, 7",-the pulse conduction width in the strong ionization phase, T g-pulse turn-off width,

f~frequency, U,-target voltage, Us-bias voltage, P-vacuum chamber pressure, #-deposition time
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Fig.2 SEM surface morphologies of TiN coatings deposited at different N, flow rates: (a) 10 mL/min, (b) 20 mL/min, (c) 30 mL/min, and
(d) 40 mL/min

B3 A N A6 T BTl TIN B2 AT T 3
Fig.3 SEM cross-section morphologies of TiN coatings deposited at different N, flow rates: (a) 10 mL/min, (b) 20 mL/min,
(¢) 30 mL/min, and (d) 40 mL/min
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4 10 mL/min B}, 9% 2 3 10 BORL 52 2 75 ) 8 M R HER
GERY, WKL BN BRRS ,  e A A VR 2 AL AN A R,
MR T 35 0T DA H B JE DORDIR 7 SR KU, B
Mtz MEAEFZIRMES;, B N, REN
20 mL/min i, 45 2 3 1 0N A 45 & 5% 1 [ iR 45
M, BUBVERUE, PR R B 2 kD, B DR AR
Ji A, FHLAEAT G5 1) 2 a) R LI A 28 2 3 /b, R 30
NECE R B 2 Ny & KE 30 mL/min
B, 52RO R SE A BTN, A7 (B MR 454
BE R AT ORFEAE AR AR K T 5, MR 4 M 2 (R AEAE D =
IMBAL; 2 N, R4k 4L K % 40 mL/min A,
8 2 2 TH R BURL R ST B N AN AT R R T IR G 5+
FFE R AR T 20, FE AT 4540 2 (R A7 7E /D & 8 3 I A AL
A2

Kl 4 Fros AW 2 HPPMS AN [H] N, it & 264 N Bl
% TiN #5210 XRD Eit. a5, HATH EEE
RIS A 20 M 36.7°. 42.6°. 61.8°4b ¥y i BILW & i) AT 5
. EhrifE PDF"38-1420 R Fxf bk, #4924 NaCl AU
OOLJT AR, B fec 2544, FLATHTE 23 G5 B fee-TiN
ZERIRI(111) (200). (220) 541« A7 5 B 1 b ok
Ti B0 TipN FIFTHIE, B2 s B A TIN 45
o MEIFIEFTLAE i, BEH N s M3, & i
TS0 IR 8 B R A T AR, WIS R] N Yt 25 1 R
#4AHTINEENRASEMAEREESR. AT
— B RN b, SEE R A Scherrer 2 3

L= 0-8”6 SUE R TC AR 1C,,, oo o0

Z[(W) /Io(hld)
i=l

S+ TIN HE JZ 07 25 Sk )R <) B 25 &b T BT 5 82 ) 2R 4
RBAT U GBI R 2 FioR.

Bcos

—— 40 mL/min
— 30 mL/min
—— 20 mL/min
— 10 mL/min

a i D 200y
- i
| I

v. . A

20 30 40 50 60 70 80
20/(°)

(220)

A 311)

Intensity/a.u.

B4 AE NS AF T Pl & TiN %2 1) XRD &
Fig.4 XRD patterns of TiN coatings deposited at different N»

flow rates

#2 TRENZELZHETTINEENEYHRNRTMESE
mTC &
Table2 Average grain size and TC values of each crystal plane

for TiN coatings deposited at different N, flow rates

N; flow Grain TCam)
rate/mL-min” size/nm TCaiy  TCaoo TC 220,
10 24 0.57 0.10 0.33
20 18 0.51 0.08 0.41
30 15 0.35 0.11 0.54
40 13 0.37 - 0.63

SiGEERWA, 2 Ny JfiEN 10 mL/min i, )2
WD S ERLAE K, 1M200). (220)LL X B1)ATH
U B B I ARAIG, Ul BHAE BT BN Bk L3 26 R, B
B B 1, (EYEE A KRR PR R 3 S
FH 2 ) AR e, A3 45 2 W B B BERAK I (111)
o BRI AR K 249 Np it &8 20 mL/min B, LN
N B I8 P in, 58 2 0 1 A Ti kL
TG, ATaTvEn R om B 58 AR AT, Ui 45 A AR
P AR v, B A 2 I (11T (220) X0 & 1 3 [F] 40
AR N, T E A 30 mL/min B, %218 8 89%(220)
fn TR AC ARG, (L) s 1T I 6 82 R A9 SRF e i 52 2594 Pl
TR, ULEEEE AR A TR, X EERBT
BEE N, ERIgkLEm, SHETENES EHA
B, SRS T HUURURL T 2 (B AN W7k AR AR, B AR
TUIKL T & ae 7y, BEAR T A R R S
PO, AT A Z 04 R R 4 N, TR 4k 4t
K E 40 mL/min B, (111) & T BT X 2 R0 AT S 0 o 5
BEL, HERQo)MI MK, HIHATH g
FERAR A A FRAIG, 12 T REAE N, Ui & 1 2 R 38
DIERE BN MAEE &, FBUTHRL T e =R
i R AW R AR B R, 2 AR TR BRAE AR
R R PG, R, AR A e P, 3
N, Uit 2 38 0 D 25 38 O LIt U, AR DT KL 1 1 36
My B s, AR T ENE iR, EUA
R B 2 W R T Bk &R e s AR 7 B AR AR
K, WXF fee 450 TIN 852 =, (111)F1(220)
THI I A AL % HEFR RS, Rk, R 8% 2 BL(220)
i O BEAR A EA), TR R G fe .

[, AR 2 3807 DL H, BB Ny i & 13K,
BEZ P 3 dl R RS AE DR /N, 7E 40 mL/min B, °F
BIaRRSE R 13 nm, BRI NGRS H . TEX
P DK B %A T, BERRL T B A R R
BAERE, FAE R AE R N T8 R AT
MK K, RAZT TS BN B — € d ok R~
M2 . BEAE N, Ui IR K, B R RS
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WRILE IR, BENEARTIRE T 5 n T2
KW R R, RS LR ARG s AR s R RE R
I5 2K, TORURL T 78 55 )= 3R 10 AN W 3t 2 i %, H
TG R 0E 1 E B R AT HACORRY . R, HE 2
(R EPSRTE VO EN i E SR PR :0 R PNIITBE SR R

BRI T YK g .

NTHE—B 00 Ny WX TiN 852 SR gE M
SAIE, %F N, Wi EN 204 30 mL/min i 7] £ TiN 4% 2
HEAT T T4 A G LT S (HRTEM) RLIE (X A AT
$H(SAED) 7 #T, S5 RUE 5 Fros.

K5 20 A1 30 mL/min Ny Ji 5 % £ Jrfil % TiN $%)2 £ HRTEM & 1 SAED 1£ £
Fig.5 HRTEM images and SAED patterns of TiN coatings deposited at N, flow rate of 20 mL/min (a) and 30 mL/min (b)

HER %I, 24 N, #iEN 20 mL/min B, &3
TEM F8 o A7 1E 56 52 LIS IR IR ks 2R 80, BE 2 R B3R
oKL B, SRR 15~20 nm, @i
Digital Micrograph #4437 % B 5a o T o 11 X451 s
MR BEHEAT T A58, 455N d1=0.245 nm. d;;=0.147 nm,
HAFR TIN(111). TiN(220) 2 A& A S 5 5 [F
B H SAED fEFERT LA H, SRS 7 S B s SR I ]
HIES 2 200 mi 35, Uk B S i 4% 2 1 it Ak AR K 2
B Z A ait. 2 Ny & K% 30 mL/min B,
HRTEM & XA 1 43 X 384775 56 B FL I BT 1) ol A% 2%
g0, WEMRINGIK Z G, SRR 12~15 nm,
ifid Digital Micrograph #4437 ] 5b A IT X8 Sl
[EEEHEAT ThRE, 459N dy=0.147 nm, HXF M TiN(220)
i T (1 8 %, [AIIS) i SAED fERERT LA, bt
AT BE i R ILA B 1 2 E063, U E 2 I d AL
FRERERMK. X5 EXdh XRD 1A &5 31
gﬁo
2.2 TiNEEARFRERR

3% J2 4k T SEM 3 A A1 24 Ny &4 10,20,
30, 40 mL/min B, JEJE 25108 1351, 1854, 1317,
1172 nm, ~FIJPTRRE 28 55 SR ITAR 3 28 1) 1 55 45 L
Kl 6 Fiaxs

ATLLE H, BEE Ny s 3G I, SERRUTAE A
S UUAR R 35 RIS IE K5 BN AR, 2N,
WA 20 mL/min B {26 H L A, KRS TIN 22 1)

1
—_
%]
(=]
wn
(=

s —=— Actual deposition rate §=
g 120k —=— Average deposition rate | 45 :
£ £
= 5]
5110 - 40 5
=]

£100 35 2
g g
2 90} 30 &
— )
g 80t 25 &
g g
70 . . . . 20 <

0 10 20 30 40 50

N, Flow Rate/mL-min’'

Bl 6 AN Ny i g4 T Hritil TIN 952 112 A SE R i 2
Fig.6 Average and actual deposition rates of the TiN coatings

deposited at different N, flow rates

BRI AR % (116 nm/min) AIFEXUTHUEE (46.35
nm/min) 335 B f =l  BUE G D K g T
i 5P, P UIRBGRRA T A T, @S
T, EERUIREES KRN RN EAHEE, BE
/N B RAE DU 2 R B 24 Ny &4 10 mL/min
B, VIR E TN EAE AR, 2R
B HE T MRS FATEAE, T RS TFHERD, &
28 5 A A R TR A B AR SR T 52 B PR, BRI T
BUERAE; 24 Ny =N 20 mL/min B, JIRRGH
TN ERE TR L, H&EE 75 B A
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IRBRIETBOR, BB RIS =8, w7z
PTG 2 . JRTTREAE N, Ui & I 4R 80K, 42 1T
BUER 2 FRBS, FEEZEN: —HH, NyiEid
K2 T B T AL T B2 ACIRES ¥ 1 oA B
Bl 2 D B BT, BEE N, s I RFE Y
K, BRI GO DX 4810 90 BB R K, 3 2 I
BEMILR, s g2 miiE 2R, H—hm, fE
DU R N, VR RN SR 2 5l i H S s N T AE
ARG 2 R PR . RO AR BRI 2 TR
VAR TR AL v TR N R A R R A R S S
w, PR E RN, ST RE AR IR AR K
AR R BEPTRR T LR BRI, AT 875 TiN 8% 2 1 DT
R E R
2.3 TINEEHMBSEERNIZMEE

ANE N, 2 R FTUiR TiN 852 R & &
HEATA I HE T BEAR 3 N/T1 R T Anms S5 A 7.
BT AL, BEE Ny WR I, A 28063 1)
fhifa®s, 24 N, Wi &N 20 mL/min i, N/Ti i1 Ebfed%
I TN [FARAELL 22T BB, B Agr=1. & 8 NEEJEM
PR 5 A B A5 IR 2. W RNBEE N, R RS,
B 2 ) R L A 8 R S 3 K R S R AR L
N, L&A 20 mL/min B 15 2 5 K{E(28.6. 360.8 GPa).
TiN 952 FORE B 3 R HAL S AR 5 5 dE >,
TiN #5218 A7AE 3 Mg fd. &J8 Ti-Ti 8. W0 Ti-N
BRI AR ) Ti-N 8, Hh R Ti-N 818 Re ok,
Ak 397.2 eV, ARUWAIM Ti-N #EERkz, €& Ti-Ti
BEMRERE A, MURD Ti-N B SR OKA AT R
FERIFE RS, M N MR REE, BESEANE S E R
A, REEEA R TIN PIRR B R R 32 BIRR S, K
IEHIFD Ti-N B & SRS, AR T-58 2 R 3 &
2 Ny &N 20 mL/min B, & B &&HF T Ti 51
5N EFRA RS G, 145 N/Ti R 7 s ik
TiN MIbrdEAL 25T R b, DA EE 7 038, A
THRERE SO AR R I A S Ny E T A, B
WEREGREZ, HHEET LA TN #EH,
fif N Ti TREEZWAWRS, BRI E T TE
B VAN A Z , B 2% B8 2= 28 IR HE R 6 A P
FEFISRPERL B . (A, SEMUECE . BRERED . R R
(1) )2 20 R 1O I T JE A R R e e A 38 B A R 1
PERRO, &5 b, fEMIE M B3R 3R B B o N, I 1 & 2
VA A R T R SR A R P R
2.4 TINEEWIRELZESMRE

S5 T R IR SE AN E T AR N, R KR
JIT il 2% TIN 927528 s T QIR i = R AR
5 1 B /N R A (I TR ) Lo SR 9 FroR. R

I FH 4 AH AU 0 0 B AT R RIDR R S AT
%2, SR E 10,

BEE N, Vs 38N, 952 MG A8 Lo (%1
KGN, 76 Ny & 104 204 30 40 mL/min I 7354
18.21 25.4. 12.5. 5.2 N. ¥i# T 7£ N, it &4 20 mL/min
AT BT %R R A AR i i, AR, TE N,

1.5

1.0+

j’N/Ti

0.5F

0.0

N, Flow Rate/mL-min’!

7 AF N E KM N & TIN B2 N/TE T A
Fig.7 N/Ti atomic ratios An/r; of TiN coatings deposited at

different N, flow rates

40
—=— Hardness 1360
—=— Young’s modulus ks
35t / 1340 ©
: :
g 1320 S
§ 30 =
= 1300 -2
<
e g
25t 1280 2
. 1260
20 1 1 1 1
0 10 20 30 40 50

N, Flow Rate/mL min’!

Bl 8 ANIH) Ny Ui ik % 0 1 il 4% TiN 452 [T 5 IR A
Fig.8 Hardness and Young’s modulus of TiN coatings deposited

at different N, flow rates

30

25+

20

15+

10+

Critical Load, L/N

5k

0

0 10 20 30 40 50
N, Flow Rate/mL-min™
B9 A Nyt 44 T Bl 4 TIN 882 Wil 54806 Le
Fig.9 Critical loads L. of TiN coatings deposited at different N,

flow rates
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T E N 40 mL/min 25448 T P i) £ B )2 1R M R 45 i R
25« MR TS AT LLE ), 24 N, i 2 BUR AT (< 20
mL/min), 768ANINEGERE o, 452 AE B R &)
IRINZGA WD BRI, FFEA H 0K TR Y 32 A
Jii %, FG AT R IR O RSO B SR IO R 3 RV
N, BN ZE 30 mL/min N, 7268 /NERR B2 R
JRVA TG P BB FIIL AL SR, B b B AN R AR T 8
INIBYEAR T, B BT ARSI K, B B AR T 4k
ML, YAk Py A7 18 B 56 00 48 V% BLRIVE X I 2 90

[ SR S I BRAT AR R R 2R O0LBE 3 T2 30 A I 448 09K
2N, B4k 0 % 40 mL/min I, 8% 2 7E 8N
ER T RAETHE, HPATRERIR KA 3 ERI
NIESE R 5 A RE L FEAE R . A ERE, A
R R 2 S R 4 i R ) TR 3R D B JEL R A
TOMLEE AL, B2 J2 1)l 28k A ol 5 2 () 38 I B4 K, [
W, SERIEUE . BREa /D I HE JE AT DL R )2 )

PR,y S i 2 R A VR (D A, AT B e
JE IR S 5 P RE .

Bl 10 AN N 261 T BTl % TiN B2 BB 3
Fig.10 Scratch morphologies of TiN coatings deposited at different N, flow rates: (a) 10 mL/min, (b) 20 mL/min, (¢) 30 mL/min, and

(d) 40 mL/min

3 %

D BEFH Ny WERIRIN, TiN 8% )2 f 80 B
(111 # T AZ 9(200)Eb THT, B/ N, d 2 UTAR 5%
AR THIZEREE. RMECBMESZ, N, REN
20 mL/min B, %52 LBUE ARG NAEK, kL
S /) L AL R0 ] B 58 R B /D

2) Bk Gt D) Ze ik P A DB T, R R B X
g v Ty 2R Ik i FL 37 T A 2880 ST 2 U R e A )
1, TIN 52 10-F B JTAE 2 20 m] 42 i 2 i (s il ik
46.35 nm/min).

3) FEE N, RN, TN #E5Z MR . I
i I R KRN S, S N, LEN
20 mL/min B} 4% 2 B AT 455 1A 2 (28.6 GPa) 5 i B 45
4 71(25.4 N),
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Effect of N, Flow Rate of Dual-Stage High Power Pulsed Magnetron Sputtering on the
Microstructure and Propertiesof TiN Coatings

Hao Juan, Yang Chao, Ding Yuhang, Zhang Jing, Wang Xu, Du Yuzhou, Ma Li, Jiang Bailing
(School of Materials Science and Engineering, Xi’an University of Technology, Xi’an 710048, China)

Abstract: A new dual-stage high power pulsed magnetron sputtering technology was proposed. The TiN coating was prepared by
reasonably adjusting the parameters of the two-stage pulsed electric field under different N, flow conditions, and its microstructure and
performance were analyzed. The results show that as the N, flow rate gradually increases from 10 mL/min to 40 mL/min, the preferred
orientation of the TiN coating gradually changes from (111) to (220) crystal plane. The surface morphology of the coating changes from a
multi-directional angular cone structure to a tightly combined round-cell structure. The coatings all present the growth mode of columnar
crystals and the average crystal grain size is nanometers. When the N, flow rate is 20 mL/min, the N/Ti atomic ratio of the coating is
closest to the standard value of 1, and the coating structure is the densest and has the best mechanical properties and film-base bonding
properties. At the same time, the use of new dual-stage high-power pulsed magnetron sputtering process can effectively improve the
technical shortcomings of traditional high-power pulsed magnetron sputtering with a low average deposition rate. When the N, flow rate is
20 mL/min, it can reach 46.35 nm/min.

Key words: dual-stage; high power pulsed magnetron sputtering; N, flow rate; TiN coatings
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