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Abstract: The friction and wear performances of aluminum extrusion die surfaces are important factors affecting the quality of
aluminum or aluminum alloy products and the life of extrusion dies. The deposition of wear-resistant films on the surface of extraction
dies is one of the most effective strategies, and the friction and wear performances of different coatings against aluminum have been
previously investigated. However, studies regarding the influence of the coating microstructure on the tribological behavior of the
same coating material when applied against aluminum remain limited. Plasma-enhanced magnetron sputtering introduces an extra
electron-emitting source into conventional magnetron sputtering equipment to obtain a densified and controllable plasma around the
substrates, producing wear-resistant coatings with similar compositions but significantly different microstructures. The TiN coating,
which is a widely used wear-resistant coating, is selected as an example and deposited by plasma-enhanced magnetron sputtering at
various substrate bias currents to obtain coatings with different microstructures. The effect of the substrate bias current on the

microstructure, mechanical properties, and tribological behavior of the TiN coatings against aluminum is systematically investigated
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to further optimize the deposition process of the wear-resistant TiN coating applied on aluminum extrusion dies. The TiN coating is
prepared using plasma-enhanced magnetron sputtering under varied substrate bias currents of 0.1 A, 1.5 A, 3.0 A, and 4.5 A. The
chemical compositions of the TiN coatings are analyzed using X-ray photoelectron spectroscopy (XPS). The surface and
cross-sectional morphologies of the coatings are observed using scanning electron microscopy (SEM). The 3D surface microstructure
and surface roughness of the coatings are studied using atomic force microscopy (AFM). The phase structures of the coatings are
determined using X-ray diffraction (XRD). The comprehensive mechanical properties and tribological behavior of the TiN-coated
samples against aluminum are investigated using a nano-indenter and a rotary ball-on-disk friction and wear tester, respectively. The
surface morphologies and chemical compositions of the wear tracks are analyzed using laser confocal microscopy, SEM, and EDS.
The results show that the variation in the substrate bias current has little impact on the chemical composition of the TiN coatings
deposited by plasma-enhanced magnetron sputtering, and all the coatings have a nearly stoichiometric composition. The
cross-sectional microstructure of the TiN coating is gradually refined with an increasing substrate bias current, and the surface
microstructure of the coating is consisting of island-like microprojections. When the substrate bias current increases from 0.1 Ato 4.5
A, the size and amount of the microprojection are gradually decreased along with the surface roughness (from 77.67 nm to 15.67 nm).
The preferred growth along the TiN(111) direction dominates in all the coatings, and it is further enhanced when the substrate bias
current reaches 3.0 A. The grain size of the TiN coating is pronounced decreased from 44 nm to 11 nm as the substrate bias current
increases from 0.1 Ato 1.5 A, and the comprehensive mechanical properties of the TiN coating are significantly improved. When the
substrate bias current is further increased, the effect of the substrate bias current on the grain size and the mechanical properties of the
coatings becomes unobvious. Adhesive and abrasive wear are dominated in the wear process against aluminum of TiN-coated samples,
and the friction-reduction and wear-resistance performance of the TiN-coated samples is negatively correlated with the aluminum
adhesion area. In conclusion, the substrate bias current plays an important role in controlling the surface cross-sectional microstructure,
grain size, mechanical properties and tribological behavior of the TiN coatings deposited by plasma-enhanced magnetron sputtering.
When deposited at a substrate bias current of 1.5 A, the TiN coating with excellent mechanical properties and a rough surface
microstructure has the lowest friction factor and wear rate of 0.41x 107> and 3.03X 107 m®/ (N = m), respectively. This study is
theoretically significant and practically valuable for the research and development of high-performance and long-life protective
coatings on the surfaces of aluminum-forming dies.

Keywords: magnetron sputtering; coatings; microstructure; tribology; extrusion

W) )2 2 — B SN 2k (U3 o) 1 AR B . TERCELY
A BRI DB B B A B ) S 4R n B i
HRT DA B A A e As e v, T BB AL SR
T A Bk A R 242 . BHOWMICK %511
KONCA %001 YANG 2™ it 1 g HL 26 i 4 78 11
k4=NI4 (Diamond-like carbon, DLC) /2] LIZE
HEERT IR e — 2 5 T VIR E, e
i L AE 400 °C LR R gk R OBS PR AR H

B AR RIS A S M P R A T S P i
IR, B R R B AR IR R JE S T AT
(72 ek M. e R B, AR R R
% B 500 °C LA IO EIL BN ST
F 7RIS A 2 A5 i T, I 2 e o e T

B B At 1 2 B A5 AR LA FH 2 i A i o
e 2y B Uk, ] PR R 3k
TR, B L B I B PR RE, AT
W R TS R . H AT, BB R BT R R
25 THT 93 PBE T 5 12 e 100 3 2 v, 4 i ) 1) A
HVER S Bt BB R T e SR . AT K&
i 175 2 5 | RS R85 v e IR0 g A7), J ek 5% 2 44
Ffieietk iz L HPB (Chemical vapor
deposition, CVD) V14 E AR (Physical vapor
deposition, PVD) [®1, 7p g o b L3 T T 11 75

BHOWMICK %12 GHARAM % 31 RIAHI 21
IR DLC ¥ =45 400 CLL B2 S kA4
S, SR DR BRI B I e HUEA . AH B
T DLC W2, Rtk 2 HAA H mr e e
VE Jy 2k R R B4 B A M i . PANJAN 200
PELLIZZARI 251V B 5% o LR THIOR CIN ik
J2 ] LK 4 T AR L ) Al P R 3 R0 Al 2 A o

PELLIZZARI 25— 5t L5t 71382 Cr 3%
RZA T BRIR 2 5 RO BEIN R R BE 44T A, IR
TN JE 2 BAT T ) 0 ER 9 OB R A5 R S 4 P



70 b B X @ L &

2023 4F

fit, DAODON Z5BU5 L 1 TiN R VN 32 5245 5]
AR N I B2 AT, TIN VR B B o A it
R TR

HET, TiN IR I8 00 ] 4 BoAR 22 3L
B TR RIS, VR i AR SR M B S 3L
B A B BAR . AR LT RS PRI 1 TiN
VIR, WEEEIR I A ) TIN W2 2B S AR
FhAERE, ST AR IE PR RS A 2
/UG R S 195 1 2 T 4
O, (R, MR IR A 2 R R P B A A
AR BIE 25 8 TR B BSR4 1 TIN
VR 2 S AR TR S IR S AR, X A
JE AT BRI BN S RV 2 (0% ALk, 25505
VAR A R s A e R e s
R Ve VAR A P A0 o T DA — s AL 4
AR S THI P SRR 25 8 R R TP B T B,
LEVREBUE . R A R B R e, 2%
BT A SRR A R A A IR 4
JERE b, ST BT R AR AR S R I
PSR — AR B A T 2 B ks P, 4535
P [ 1 D B 5 8 T4, ABD 2R T2
BT AR IR BRI 4 T TISICN %2, K
0 P 2 THT R e L L A R o 4% T SR A
PG 0, JF EL S vk B A B e 3 3 K
R . ABD 2Pt BT T il R
S A5 B ACH 98 2 T 4% TISICN ¥4t o2 45 g
PEREM S, R LR R B 55 B (1 K & B3
TiSICN ¥ JZ TR S . 2 THTHLRS R ks R~
G, T AR S B0 B R o e i 8 94 0
At 30 K48 42 R AR LA T DL A R A
IR BRI AR R P 3, A0S S R .
il Ml 8 42 Bk R A TR T SRR 35 % . Pk
T e R TR R B T R, R
AR [ BRAE 000 1 46 H R s A 2 A . PO S
VBT S v B0 T IR 24, i V) e s
T B W R AR AR Rk T
— BRI G5 g RO AL 8L 551 4 110 CrNL IR,
FEAET BSR4 AE T S A0t BE, R ILEA —
SERPHURE T 1 CrNy Y% 2 T HH T4 B A SR
5 P B PR 2 S 451

i, R AT T ZRR R 5
HEL PB4 AR L RE PRI S, EL G T4 R IO 46 b
RIS 5 40 e PR B 0 PR B 24T S 10 56 3

JARAE o 55 11 IACHE iR B 7 D0 B E A8 1 9% 1
I AR AH A A R A AE W] A 2 5 PR B R 2, AR
LUK TR TN R JZ B, )P A5 01 AR 8 i il 7l
S BORAEAN R AR A U & 4 1 AN [R] o0 45 74 11
TiN ¥Rz, AR5 TGN TIN 332 IR0
gik . s RE AR S B BRI RS AT A5 R
A, IR T IO LEL

1 MESTHA

11 H&EEE

I F, TN SR DRSS FH PR BARE A FLr 4
ARAT PR T A (10 55 20 1A 8 i A > 87 s 0 S5
JEALs FEAARBERME FH R4 ¢ 50 mmX 8 mm (1) 5 ffi
Pt H13 BEEAN (HEZ)2h 50 HRC) #i1 20 mm X
20 mm>x0.5 mm [P ERE R (N A Si(100), HiFH
#<<0.01 Q + cm); JHHEAA A JUSE ok 549 mm X
170 mmX12.5 mm (¥ Ti 8 (405K 99.7%); Pk
AAAE AR 99.999% G, SN A4 ] 4l
JE 4 99.999% 1 A<«

TIN VRIZ DU RE s B IR 5E 5 72 A AN
RS 0 Pk (B PR U, BT IS e =
WIS b, JRRTT 3RS Ti 2 R 2, &4
290 mm. I FEGR NS AR I T
2 mPa H.E 5 inFAul B2k £ 300 'C. FIHAE 7
AR R Bl s T P A 2 7 2 25 s R ) s e
4 30 min, LUiE—20 LEREEARZR TS G s A 2
WK, FEVUR TIN R 2201, P e SRR it
)2 Ti ) b 2 DA m - L 4 Ao, i
EGURIRE 2 10 min. TiN ¥R 210 E BH 4 S 500
fe TH R DD 4 W/ om?, B B
B2 300 °C, TAFAHH A 10 r/ min, &/ EN
60 mL/ min, ZSUEA 14 mL/ min, LA
100V, #Z2fwish 80 V. E LT L2 nF i
s il 22 AR ) B R RS B, AL A I A
FEIIER R [ B S REE 5l 5N T R A il g
AT Z Ak, 12752 B R AR S R e AR 5 | o
EITR NI TSN Ehie 2EN ) S ) Sl Fdce S UN
5 0.1A. 1.5A, 3.0A I 45A &4 R4 TiN i@
2 URZEDURRIN [A] 24 120 min.

1.2 SEMFRERMERENR

A H A ULVAC-PHI 2 w2 7= ) PHI
Quantera SXM 7! X I} £k 7 B i1 (X-ray
photoelectron spectrometer, XPS) 4 #1iR /2 4k 2~ 41



5 6 1

W, AR SEE TR SRS TIN URJZ S B0 BEI (1 RE SR B 44T 71

J&s AHTIRIE LR 100 nm, DI Gy J2 2 W B 2%
BRI E R s, FR Ol AL EE,
X SE R BE 200 um, NS 45° , S BT A A
T 13.3 pPa. 1] H A Rigaku 28 w4 (£) Smartlab
X B AT (X-ray diffractometer, XRD) 7 0/
20 BEUR LA 4( 0 ) [ min 4408 B2 44 10°~90°
KRR Z ALK . RATH A JEOL 24w A2 1Y)
JSM-7610F Plus %49 4 i v &2 7 8 ( Scanning
electronic microscope, SEM) M52 TiN 743 /2= 2 Ak 1
MLALUES, M S A 15 KV, FIH]SEE Asylum
Research & @) /£ 7= () MFP-3D Jil 7 /) &8 3k 5%
(Atomic force microscope, AFM) #1142 1) 2 1H T
PURFEANR ARG S . FIFHSEE MTS 2w 4277 1
Nano Indenter 11 7844 2K s JRASCAE 3% LI 3 e S X
AR R ) AOK R B R R R, R NI N
100 nm. F R 2= M AR A BEARAT B2 ) A2 1
MST-3001 i 2\ BR- 45 R H B B B0 B A 4 il TR
BERAF T 58 TIN URJZ 5 RN EEIN (1) JEE 452 B 45347
Hyy EHIRGE Jy ¢4 mm (SRR BRAE 0 BEALRL, R
B4R 4 mm, S PEITTE] R 30 min. BEHEEA
B0 5 KR 2R A E T 1% NaOH /K 12 24 h
DL bR B SR OB A TR e S i &4, R H A
Olympus 2w 4277 ) LEXT OLS5000 #! 3D JLE
BN 2 R T AR, DATE SRR R 1
P A H A JEOL 24 7] 427 1) JSM-6510 7Y SEM
M5 TIN SR ZRFEAE 1% NaOH 7K g ai G

(RS IRTES5, FEA% ] 56 [F EDAX 24 w427 (1) Genesis
XM2 HHEEHFHX (Energy dispersive spectrometer,
EDS) J3#r B SR 3 11 ) A4 27 20

2 R 5iThe
2.1 LA

B 1 D 55 B AR iR P S AE AN [R]
TRILEATE R 64K TIN 210 XPS 4.

Relative intensity

L o 11 |
0 200 400 600 800

Binding energy / eV

K1 ARZEAGRAAE T TINGRZE R XPS 221k ]
Fig. 1 XPS full spectra of TiN coatings deposited under
varied substrate bias current

TEAS R SR L 45 1 1l 25 1) TIN U2 E 22
Ti. N FlI/bH O e . TiNIBZEPR N/ Ti 4
1 Prn. BEEFEARMAIIIN, TN W2
HBAAANK, BIZH N Ti 78 1.04~1.13 5.
WIZTH /b O JuEs T BRI T H = N BER I ik
B (U B AR T A A P 2 R 20,

£l FEAEKRREZETTINGEBN/T. BE. BhR~TEE e

Table 1 N/Ti, Thickness, grain size and mechanical properties of TiN coatings deposited under varied substrate bias current

Substrate bias Thickness/ Gran size /

Effective elastic

current / A N/Ti m m Hardness / GPa odulus / GPa H/E* H3 E*? | GPa
0.1 1.04 968 44.4 12.8040.20 254.94+2.31 0.05 0.03
15 1.10 840 108 34.47+0.43 413.92+4.19 0.08 0.24
3.0 111 737 12.9 38.71+0.34 450.73+2.86 0.09 0.29
45 1.06 758 125 38.2640.50 438.83+4.97 0.09 0.27
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Fig. 5 Stable friction factor and wear rate against Al of TiN-coated samples deposited under varied substrate bias current
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Fig. 6 BSE SEM images of worn surface on TiN-coated
samples prepared under varied substrate bias current (detailed
EDS analysis results of positions marked

are presented in Table 2)
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Table 2 EDS analysis results of selected positions marked in Fig. 6 on wear tracks of TiN-coated samples prepared under

varied substrate bias current (at. %)

TiINO.LA TiINL15A TiIN3.0A TiIN45A
Position
Al Bl C1 A2 c2 A3 B3 c3 Ad B4 c4
Al 56.4 12.0 14.4 52.9 185 54.1 19.5 13.7 46.6 6.0 8.36
Fe 1.0 714 11.0 0.5 5.4 2.0 56.3 6.0 3.7 56.8 125
Cr 0.2 49 11 0.1 0.5 0.35 3.8 0.7 5.3 0.0 12
Ti 1.4 46 478 6.4 26.3 0.9 4.3 324 15.4 2.8 36.5
N 3.4 1.4 4.7 0.6 8.7 18 33 9.8 0.4 0.0 18.2
o] 38.7 5.0 21.1 39.5 40.6 40.8 12.9 375 312 13.7 231
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