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Fabrication and Plasma Properties of TiB,, TiBN Films by HiPIMS
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Abstract: The stoichiometric ratio x of the TiB, prepared by high power pulsed magnetron sputtering (HiPIMS) decreases with
reduction of pulse length. Plasma properties during TiB, deposition are investigated by In situ Mass Spectrometry. Elemental
compositions, phase structure, chemical bonding state, and mechanical properties of the films are investigated by elastic recoil
detection analysis, X-ray diffraction, X-Ray photoelectron spectroscopy, and nanoindentation tests, respectively. The results illustrate
that gas rarefaction occurs when reducing the pulse length. In addition, the first ionization potential of Ti is lower compared to that of
B, which leads to a preferential ionization of Ti atoms. Those produce an increase of Ti* / B" flux ratio and reduce of stoichiometric
ratio x of the TiB,. Therefore, the primary mechanism behind the evolution of stoichiometric ratio x of the TiB, is indicated. Hardness
and elastic modulus of the TiBN reach the largest recorded values of 37.5 GPa and 300 GPa when the N, flow rate and the pulse
length of the HiPIMS are set at 10 mL / min and 30 ps, respectively. TiBN nanocomposite films with TiN and TiB, nanocrystals are
fabricated by HiPIMS with N, under a short HiPIMS pulse length. The above results will provide guidance on design and fabrication
of nanocomposite hard coatings with excellent mechanical properties.
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SR IZ A T A RB A wAe ) KA Ae . B
AR R B YU S S R, T DL
A E RN TRCE . RERT R, Wb )R
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TiB )2 AT E 5 (~3100 ‘C). RUf5 4
PEFI LM B RE | R A A AR R ek S A
SRS, 7E T AARNE AT e vz T,
Bl TiB, ¥)2 15 Al &4%H 48 i #8k
FE, VIBIN T IERG B 2D, A= AR R S0 R VA
IR AT SEPERTA PR Ry o R DR S DR L B 2R T
SRR B IE PR AERE N, R AE Ar RO
ik ET TiBy #EAS 14 TiB2 120 BRI
TiB, W2 RIARIR g5t , Hobidfb2sih &L,
R B S AT T A, SR TRy I
BRI IR PIPER ZE M6 i o SEIL TiB, V202
I AR I el o 1y S N VAN E < S
NEIDHARDT 25" 3575 7 Wk S0 TiB, 5 th Bl AL
SR AL, B AT S TiBy UIRSRL T2 A7
TR ZE S, B H A8 Ti4E T, BLSCyR A4
g7 mizsl, (HARE AT TiB, 2L 2e i
LG i )7 5w . PETROV 2R 13l ok -3k 5
BEM 22 1) 0 AN 37 LA TiBy A2 1 & Lh i 7
%, BME AN Intg 72551 85§ R K A8 8w
(R VR0 S B 25 Wl O 55 B RIS B U 4
SEBR N R B BAERE R . DAk, Gn e B i
VUL 2 E0MAE, SN TiB, W24 25 T 2 L
i, AT B R X

Ik, 78 TiBy I N 41614 TiBN 49K &
GURERHEELNE . PrEALRE ) IF PR LR R N
SN TIBN Gk AR R 2 T B
AT E RS, B R s v h P |
W A fRIE A kS TiB,y TIN #EA 26 TiBN
W, R Ak 44 GPaP Y, SR LA T
SATAE TIN UM AR P2 A B FEARANTE 4 55 1) f
B N SErm, N4ioos 5 B 4ia. IR
A BN #rH, S5 TiBN %2 J ¢ rEae & i F
B2 IR TiB, A ) B 5 NGk B N, T4
ARSI TIBN G 50R 2 I 3 632 s il BN AT H i)
. WRETEREYE IR UTR TiB, Y2 I it J5 1~ Ll
B/Ti /N 244, HILTi ERRE, ERTIAH
Al EEE N 455 T gl K TN, MO I8 e 4% 5 A BN

B, IXON I BATAR S TING 99K 0 TiB, R &
ZERPRFIEIN) TiIBN S BGR Z R At 18 H i

1 RS MR

TR EH CemeCon-AG-CC800 /9 7 g4z
MR AU A o 2R 2 e 4 A Bl
% (direct current magnetron sputtering, dcMS) Z& 4 Fll
2 21 v O K b 45 Bk S (High-power impulse
magnetron sputtering, HIPIMS) & 4¢, AT H5HC 1 B H
PR R SH 340 88 mmx500 mm. FEAAK) (100D FifHr
CH TG S oy 534D I YG6 fil it ke (H
T EPERENNED, JECE TR O3 b, W e AT
NS .

TiB,. TiBN )2 % T2 R

(1) e mat (99.9%) TiB, i HiPIMS ik
A4 TiB, ¥ )2, o, HIiPIMS HLYE I I E
SEA 3 kW, I HLE-600 V. 4#%1H % 500 Hz,
Jok s 5 43930 4 30 ps+ 40 ps 50 usy 60 us. 80 s+
100 ps. 150 us £ 200 ps. A4 HH [F] 22 ik v i 60 V,
JikrvE B2 200 pso PURRMEJE ~420 'C, PR
0.4 Pa, PUFAM[H] 60 min.

(2) RH] HiPIMS AR TiBN 4R )2, L,
HiPIMS HJE T3 3 kW, IEEHHE-600 V. ik
MG 30 pso A A [RIZE ki i Hs—60 V, ki 56 B2
200 ps, PIRLRE~420 C. VIBEE 04 Pa, N,
WE AU F 0. 10 mL/min, 15 mL/min,
20 mL / min, AR (] 60 min.

AN, SR I TR) A B = 4 1% 46 B AR T X
(Hiden Analytical PSM003) %} HiPIMS J{H TiB,.
TiBN ¥4 )2 I AR ORR A5 B -1 A4 o db AT 0 5, A 0 25
FAHE B T N°L N, HArY, AEiEpRp 8 X 107"
J (50 eV)o K 3 S 4RI 43 BT 57 A (Elastic recoil
detection analysis, ERDA) Jll&& TiB,. TiBN /=70
FY N %R T 5-MV NEC-5SDH-2 H 6 jinidki 4%
(%t Uppsala University) H15E, ASHRLFHR A
36-MeV I, NBIAN 67.5° , AUPRHLE S
GNP T AN 45° o R X SFfirdHix
(X-ray diffraction, XRD) %} ¥R )2 HEAT AR AL 70 #7
X PR Kl 0.154 nm. A 10(°) / min.
KH X Bk FReilt (X-Ray photoelectron
spectroscopy, XPS) 7 MR 2B &5k, Pt v 2
54 Quantum-2000 % XPS fERE . %108 K Al
Ko Ze/E NS X B4t #AEDIZN 249 W, X
SR TRBEE A2 A ~100 pm. Ar 85 721k Ar' g
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Tl MRS M 24X 107 T (1.5 keV) %
22 pA, ZIpHX LA A 500 pm x 500 pm, Ar 2
THRWANG K 45° o K JHE B o 7 5 oss
(Transmission electron microscopy, TEM, Tecnai G2
F20) 5§ TiBN iR 2O G- AT MEE, 73 il FH L
AT B e . Ar” 85 1 SRR G il 4% kT TEM F¥
fhs BT AU Ar B T RER 8X 107 T (5 keV).
NBHARE S, B ARG A e T HEE 4x107'°
J(25 keV). ANHHAREE 3° o KA G0K K R AL
(Anton-Paar TriTec NHT?) X5 124k AEE4 T
WK, BOEERECRIMTN S mN, gk, Rk, ma
i) 235 % 30 5. 10s. 30s.

2 HiRHTHE

2.1 HiPIMS ki35 E X TiB, L F it = LLBI S0

1 g ASTR] ik 56 R HiPIMS #iJ 4% /) TiB, ¥4
SRR T L x = ng / nyi, HiPIMS HL 5P TR 4E A
3kW. HRIE N 500 Hz, MEFFRTCURBL, Bl ik
MR 200 ps /NS 30 ps, TiBREHIR TR
ng / nyi 11 2.61 B LS 1.83, R WLEAH] HiPIMS
il TiB IR)ZI,  [HE % Jdv) HiPIMS ik
M B A] FEAIC TiB, VR A A7 B xo

28y Target: TiB,, 88 X500 mm?
HiPIMS-TiB,: 3 kW, 500 Hz
26k Bias: -60 V
Pressure: 0.4 Pa
'% Temperature: 420 'C
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Fig. 1 ng/ ny; atomic ratios of TiB, films deposited by

HiPIMS with respect to pulse length
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Fig. 2 Target power supply parameters, energy and flux of
ions when preparing TiB, films by HiPIMS with varying pulse
length
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30 s, BRI AE FLIR 25 P 1 0.27 A/ em® SELEHE N &
0.87 A/ cm®, T 4% FiL TR AR (R 1 5 o & 2¢ %
B 5% H % ik o 55 B HIiPIMS ) % TiB, W2 I,
Ti'-IEDFs ‘L5506, 26 W sy ™" s 4 hn it 5
J¥J, Ti'-IEDFs SPL&E SARAE | ai i FRRERAE, #
Wi e TR AR R FF. B 2d KB HiPIMS
fikh 5 £ 4% 40~50 ps, B'-IEDFs W B iR A T
0, 20 BURAL AT BTN, Rk R & 20~
30 ps B, BTARGKIE R, Fik4: %W, HiPIMS
il 4 TiB ¥R 2T, BRIk e 2 JG, FOA WA ri i
LA, kbR AR I s = Y I SRR RIS,
B AR o B BT Ti — B4k g (First
Ionization Potential, /P, it - B (Ti IP;: 1.09X 107"* J
(6.83 eV), BIP;: 1.33X107"J (834 eV)), m4S
BOTi RSE B4k, R T/ BRI N, MR
KT TiBe¥R)Z ng / nn JRT LG, SR I ng / i /N T
2, RIRALZE R HOR .
2.2 ERKHEEE T HIPIMS %1% TiBN i3 2
MRAE A 2.1 4R, FU AT 30 ps J ik
% 5% HIPIMS JTAR % TiBN ¥R 2 R8T 12 X AN
N, i (bRt K 0~20 mL/ min) F#14 /) TiBN
WIEZBA TSR M, H XRD IR 45 R 3
Fike S5REW], M NSWEN 0B, 2 LI
A TiByo 43l AARI K 10 mL/ min N, <5, XRD
B I TING (2000 7506, 4 Ny S A ks
B 15~20 mL/min I, TiBN & 245 G
TiN. TiBy 4. BAh, 4 Ny WESE ISRl
20 mL / min [, $FE XRD f5figesy B, RUNR
A SR (TING TiB) 478, 46 & K.

. TiN (200)
TTiB, (101)

L, 20 mL/min N

Intensity

i 15 mL/min Ny

{0 mL/min N,

IIS 2IO 2I5 : 3I0 3I5 4I0 : jlli 5IO 5I5 ()IO
20/(%)
B3 ANE Ny SRR 30 ps Rk 56 B2 HIPIMS
fil# TiBN iz 1) XRD &1
Fig. 3 XRD patterns of the TiBN films deposited by
30-us-pulse-length HiPIMS with respect to the N, flow rate

SIWESE TIBN ¥R AN 450, R Ny i i
JkRL R 10 mL / min B TiBN ¥ 2317 XPS
R, gk A 4 Fros. M Ti2p BIERT LU, 78
454.5 eV F1460.4 eV 7 &4 H I Ti 2p3 /2 A1 Ti 2p1 /2
W, R T Ti-N 8, 7F 457.2 eV fil 462.8 eV A &
K0435 B Ti 2ps 2 R Ti 2py /2 1 TR IERY AN 1
BIRERTDUR I, 7F 397.3 eV A7 B AL H B, FLxt
MNT Ti-N 8, KK B-N #FEES. B 1s
AT DAL, 7E 187.9 eV {7 B Ab LI, TR
T Ti-B &, R ARSI BN #irE s, 48
& XRD K XPS Zp#rgh 5, KT Ny S A bx
PR 10 mL / min, HiPIMS ik 56 B2k 30 ps R 74
(] TiIBN 2 W AZALE Ti-N Al Ti-B #4454, I B-N
B, BRI gk TING 92K 5 TiB, 4.

\ Ti2p N s i B s

Intensity
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(a) Ti2p (b)N Is (c)B s

4 N, UE RO 10 mL/ min R 30 ps 6 ki 58
HiPIMS il % TiBN i)z ¥ XPS %
Fig. 4 XPS patterns of the TiBN films deposited by HiPIMS
with 30 ps pulse length and 10 mL / min N, flow

Kl 5 iR A ERDA AR Ny s T
30 ps Ji ik sg B2 HiPIMS il 2% TiBN ¥R)Z= 0 3= 41
o MW BLRHEL, 4 Ny s A bRl T
10mL / min K, B/Ti JRFEH h~1.81, H N &&
5 at%. 4 N tHARSL T 10 mL / min 3 43
20 mL/min K, TiBN iREH N FRilEdes, B
AT JeERPOEHEA N, H B/Ti JiEA
231, XWX TiBN R fe st st Bl N
P B A TR IR T N — AL RRAK T
Ar (N IP;: 1450 eV, Ar IP;: 15.76 eV), #45%
HNEEA, BN, w2 SRS, K.

ST 30 us F K 58 B HiPIMS il 4 TiBN ¥k
JAMEER, B Ny s 4500 K 10 mL/ min
Il #% (1) TIBN ¥R JZE4T TEM OWAL 23501, 4551
wmE 6 frox, HE 6a hizgZ@mEsE, K
6b hiZiRE o HEREN B . MKl 6a W LLE
th, TIBN WRJZ 00 R IHATIR A, B 80 .
MK 6b AIUEL L, TiBo 492K AT TiN 9K f, R
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WERAYKSE G4, HARI BN dkisidE
mdlgl, 5 XPS WAL K —3. ST XRD. XPS
A TEM MHASE R, 8 30 ps &k 56 & HiPIMS
BRI 2% B 90K TIN 590K 8 TiB, 24
SEFYEFAE ) TiBN 32 .

501

40|

30+

20+

Elemental compositions /at.%
ng / nrj atomic ratio

1 1 1 1

0 5 10 15 20
Ny flow rate / (mL/min)

K5 AFIN, S0 F 30 ps 46kl 522 HiPIMS 4 TiBN
TR TR AL
Fig. 5 Elemental compositions of the TiBN films deposited by
30-ps-pulse-length HiPIMS with respect to the N, flow rate

50 nm

(a) Cross-section (b) HRTEM

Bl6 N, <yt 10 mL / min B4 kb 58 & HiPIMS 4
TiBN #i)= RO AL L3
Fig. 6 Microstructure morphology of the TiBN films
deposited by HiPIMS with 30 ps pulse length and 10 mL / min
N, flow

SR Ny A R AR 30 ps % kof 55 3
HiPIMS |45 ¥] TiBN 4K & AU )2 AT 40K il
W, SERWE 7 PR, g5RERM, N RER 0
WM ZE AR A F 10 mL/min B, VR 2 1R B R
36.2 GPa #4142 37.5 GPa, #iPEA&E [ 288 GPa 14
Jn4s 300 GPa. 1 TEM MgE45 Wnl 40, It TiBN &
JR BA KA TIN 590K TiB, H445MFHE, H

pn R /N (B 60, DRI GK A iR A AE & 40 A ik
TERH SECEIRRRE ., sadEfieE RIS . MY N,
SR EBAPAET 10 mL/ min 3% 20 mL / min I,
TiBN ¥4 2 (A6 E 11 37.5 GPa P44 31.1 GPa, #f
PERE R 1 300 GPa F&1IL %5 271 GPa. it TiBN i )2 (N,
A E AR 20 mL / min) ™ B/ Ti Ji 1-Ek o4 2.31
HNEEN29 at% (B5), LM B. N 44
7 BN, IR BU) 7 ERE T .

40k ——H/GPa —e—E/GPa Jd400
=3
- 4 a
36 360 5
£ 2
© =
v 32 4320 g
9 =]
o 2
= 28f —4280 @
24+ -240
1 1 1 1 1
0 5 10 15 20

N; flow rate / emL / min

K7 AR N, e 30 ps Ak 98 B HiPIMS il 4% TiBN
R IR PR M 5 P A
Fig. 7 Indentation hardness and elastic modulus of the TiBN
films deposited by 30-ps-pulse-length HiPIMS with respect to
the N, flow rate

K] 8 Np Wit & M hri & 10 mL / min, HiPIMS
Jok i 5 B 2 30 ps 54 T il 2% TiBN %2 I i AR 45 12
TR RAESE R, RIZE HIiPIMS fkob kAo, &

Energy-Integrated ion flux

103

2_ 1 1
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l(I)O 1%0 2(I)0 2%0 3(I)0 3%0
Time / ps
B8 N,JiftAbsst F 10 mL/ min. kMK 30 ps &1
F HiPIMS Yl TiB, fEM I EEAZK I BT, Ti'y N'L Ny'Al
Ar RER A b A
Fig. 8 Time evolution of the energy-integrated B*, Ti", N,
N,", and Ar" ion fluxes incident at the substrate plane after

HiPIMS pulses while sputtering a TiB, target with 100 ps
pulses and 10 mL / min N, flow
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PR g BT TN NN RI ACRE RN bR
UL 8 S B I (A AR K R . REARARR O ps XFNF
HiPIMS kb AEmt % B Fa] LUE H, ZERK R I
UH~30 ps 5, Ti B THRFRE R ETE, IR
T ~80 ps 5 (RIS G ~50 ps) A F|IE
8. B B TR/ HIPIMS ki A ~45 ps 5
B, B TR AR T B R
B AT Ti' dORARR T B % 2, BA Ti 5 N &5
HIER Ti-N, MM i 245 2L A 90K 5 TIN, 4K
in TiBy 5 A 2R Z5 /R AE K TIBN VR )2

3 4

AT B TARRIET-BUR T HIPIMS il
#% TiB MR AT 2 L s L], JRE e T
SBH, MU HIPIMS kb 56 JERT N Ji i, il
B YK TING 402K 5 TiBy & & 25 FEE 1)
TiBN V)2 . EEMRLEILUT .

(1) 177 HiPIMS Jik 58 B2 mT 15 B il 46 TiBx
WA R L, Bk 58 FE T HiPIMS i) #% 1) TiBy
WIZ AL E T R LT S x < 2. FRAR K 58 FE )i
ISR RN, S8 Ti 58 B KAESML, 354
SECT/BURWELN, M TiB, LR
TR

(2) ffH 30 ps ki 58 5 HiIPIMS K Noy Ar
TR & B4k il TiING 40K 4 TiB,
HAEW TiBN iR)Z, WET L BN G FEBK
BUEI A 50 Bk p 56 B HIPIMS P& R, JeAkRTH
TiRFAE T B R 2, 4 Ti 5 N 445K
Ti-N, # 4% B-N HI. 4 Ny BN 0~
10 mL / min I, TiBN #2843 B / Ti J& 7L/ T 2,
WEAHALRLL TiBy A s 4 Np [ K ARG~
10 mL / min I, ¥RJZ85 B/ Ti JR KT 2, ¥R
JEMEERIH TiByy TiN 41%. 24 No W bl F
10 mL/ min i}, TiBN ¥ )2 10 RS At i 45 i)
4y 37.5 GPa. 300 GPa, H AR )12FMERE.
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