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Effect of Working Pressure on Structure and Properties of
Si/O-DL C Films Deposited on Inner Wall of the Tube

XU Hao-jie" 2% CHEN Ren-de”*®, ZHOU Guang-xue®?, YE Yu-min®, WANG Ai-ying?®

(1. Faculty of Materials Science and Chemical Engineering, Ningbo University, Zhejiang Ningbo 315211, China;
2. a. Key Laboratory of Marine Materials and Related Technologies, b. Zhejiang Key Laboratory of
Marine Materials and Protective Technologies, Ningbo Institute of Materials Technology and
Engineering, Chinese Academy of Sciences, Zhejiang Ningbo 315201, China)

ABSTRACT: Metal tubes are widely used in important fields such as national defense and military, aerospace, petrochemical,
and marine engineering equipment including rocket engine propellant refueling systems, oil and gas transportation pipelines, and
plunger sets of deep-sea sea pumps, which play an important role in guaranteeing national security and industrial development.
However, in harsh environments, the inner walls of tube fittings often face serious damage such as corrosion, scratching and
abrasion, which not only leads to shortened service life, but also brings huge economic losses. The design and preparation of
multifunctional protective coatings with smooth and dense surface, high hardness, and strong film-based bonding inside the tube
has become an urgent need.

A stainless steel tube with a length of 300 mm, an outer diameter of 105 mm, and an inner diameter of 100 mm was used as
the substrate, and polished and cleaned in turn. Seven locations 5, -5, 10, —10, 15 and —15 cm from the middle of the tube were
selected to characterize the structural and mechanical properties of the 304 stainless steel tube coated with Si/O-DLC film inside
the tube. Different working pressures (15 mTorr, 20 mTorr and 25 mTorr) were changed to explore the effects on the plasma
glow discharge in the tube and the structure and properties of the thin film. Firstly, a high-speed camera (Photron fastcam MiNi
100, Photron Co, Japan) was used to observe Plasma discharge optical phenomena. Secondly, scanning electron microscope and
atomic force microscope were used to observe the surface morphology and roughness of the thin film and measure the thickness
of the thin film. Then, the microstructure and mechanical properties of the film in the tube were analyzed by Raman
spectroscopy, nanoindenter, and scratch testing system.

With the increase of the working pressure, the bright spot area and light intensity at the center of the tube diameter firstly
increased and then tended to shrink and fade. The average thickness of Si/O-DLC films in the tube increased from 1.42 pum to
2.06 pm with the increase of working pressure, and the uniformity of film thickness along the axial direction of the tube
increased significantly from 24% to 65%; and the average hardness of Si/O-DLC films in the tube at different working pressure
increased firstly and then decreased. The average hardness of inside Si/O-DLC films of the tube tended to increase and then
decrease along the axial direction of the tube at different working pressure, with an overall average hardness of (14+1) GPa. The
inside Si/O-DLC films of the tube obtained a high average film-base bonding at working pressure up to 25 mTorr.

The distribution of the thickness and roughness of the Si/O-DLC film along the axial direction of the tube has the best
uniformity at 25 mTorr. As the working pressure rises, the average thickness of the film on the inner wall of the tube along the
tube axis increases, and the uniformity is improved. The overall roughness value of the surface morphology of the film in the
tube is small and varies in a small range. In general, the roughness distribution of the film in the tube under different working
pressure is relatively uniform, and the film and the substrate are closely bonded without microscopic defects.

KEY WORDS: working pressure; HC-PECVD; inner wall of tube; Si/O-DLC; plasma discharge optical phenomena; uniformity
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RS PN A o A 0 B ARORIC R R 5% T A N R T, 2 BR
NI A 2% T, S AL N R I, W YRR E] 20 min;
(3) kM Ar R, [AIRHEAZS L kb (HMDSO )
M (CHy) Ak, SMBFEEN 1:2, HES
S TUE Ve AR, P8 TAES RSB 15, 20,
25 mTorr, PAFA R TAESHE T4 Si/O-DLC i
(4) BRI, BORES . g0 By 2 3 i) BAR TR S
Ban 1 s,

Chamber
Camera Substrate
Y
W Pump out
[ ]
[ ]
[
]
Q
u 3
Door = -
. @]
Ar Anode
HMDSO = -+ -

CH,
B A8 N BEGE B s 25 A s 14

Fig.1 Side view of the structure of coating
equipment on inner wall of tube

F£1 304 AEWEMNEE SI/O-DLC HERMMRSH
Tab.1 Deposition parameters of Si/O-DL C filmson the
inner wall of 304 stainless steel tube

Gas precursor/

Process (mL-min"") Pressure/ Bias Deposition
voltage/ .. .
step HMD mTorr v time/min
Ar SO C2H2
Cleaning 100 — — 20 400 20
50 100 15 400 20
Si/0-DLC 50 100 20 400 20

50 100 25 400 20
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K &S L 4% ( SEM, Hitachi S4800 )
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532 nm, FIEIEEAITEE A 800~2 000 em ', i FHAL
ETER B SR SRR, LIRS G I B R i
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RJR A FE A 1.5 mm/min, 3 F] R 627 8 000E )
JERMIE I AT G . 1 25 1 2 /) A4 7= 1 MTS
NANO G200 #I44 K F SR A FRAFAE A T8 B2 1 s 32 i
bR . RIEZNIE S, FEAWE R 200 nm IF-7E
FEANRE S G AR AL FE R 6 S ST B, PEEL
Tifi 2 [ £ 35 Rl 100~150 nm, 38F 6 45 P 344 1 5% i 9
RARR 22

2 #R5HE
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& 2 2 1%L ( Photron fastcam MiNi 100,
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BT, A5 AR ) H s Ak 8 BRE T RRURI S 5k S8 R 5 e
T4/ MBI, 7E 25 mTorr TAESE F ik 3 K i
SRIMAE 30 mTorr TAESJE T 4GS /N 55 .

AR TAERET , S5 SARF S TAE L
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lﬁmw W

K k HPIRZESEE; T HTIERE; dh
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22 [) P 8 A0 2 L R MG I, WO L I S 3
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A, SEUHRTUBRAE I n i 208 FT6 1 7 B e i
W/, R AN, A PRI R B Gl 5 12T
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Fig.2 Optical phenomenon of plasma discharge in tube under different working pressure
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Fig.3 Thickness distribution of the film along the tube axis under different working pressure (a), average thickness
and uniformity of the Si/O-DLC film in the tube (b) and typical microscopic cross-sectional morphology
of the film in the tube (¢) (20 mTorr, middle)
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R FE R, (HAERENT A H A 07 1Ak o B 1 2 T 42
R, SR AFM RAE A N R SR TH LR B, &
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A i) Y S P R TR S0 R LB, HOMLREE Ra 1E
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G, Wk, Ra JEFEN 2.33~4.3 nm,
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Fig.4 Surface morphology and roughness of Si/O-DLC films along the tube axis at 15 mTorr
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Fig.5 Surface morphology and roughness of Si/O-DLC films along the tube axis at 20 mTorr
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Fig.6 Surface morphology and roughness of Si/O-DLC films along the tube axis at 25 mTorr
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Fig.7 Raman spectra of Si/O-DLC films at the inlet (a), middle (b) and outlet (¢) of tube under different working pressure
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Fig.9 XPS spectra of Si/O-DLC films at the middle of tube under different working pressure
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tube axis under different working pressure
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