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Effect of Oxygen-plasma Treatment on Corrosion Resistance of
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Abstract: Metallic chromium (Cr) coatings have garnered significant attention in demanding nuclear energy applications for
safeguarding the surface of zirconium alloy fuel claddings as well as for functional modifications and embellishments on metals,
polymers used in automobiles, sanitary hardware, and 3C (China compulsory certification) products. In contrast to the rigid

limitations of the electroplating technique, Cr coatings can be easily deposited via various physical vapor deposition (PVD)

HEETE: FRMREIRIE (2023QL049, 2023Z110); FFE A BHEAIH RS &2 5 (2023312),

Fund: Science and Technology Project of Ningbo (2023QL049, 2023Z110); Youth Innovation Promotion Association Chinese Academy of Sciences (2023312).
ek E B 2023-12-28; &2 H 1 2024-03-28; #:32 Hifl: 2024-04-03

Received December 28, 2023; Revised March 28, 2024; Accepted in revised form April 3, 2024;

UM sk, BT, RBE, 5 A AR HIPIMS §4 Cr iR i MGz 1]. b IE R T2, 2024, 37(6): 1-11.

Citation format: ZHANG Meiqi, DONG Yufeng, CHENG Yong, et al. Effect of oxygen plasma treatment on corrosion resistance of Cr coatings by HiPIMS
technique[J]. China Surface Engineering, 2024, 37(6): 1-11.



) b Em kR W L B 2024 4

technologies, thus rendering them increasingly important as a protective option. However, the main bottleneck of Cr coatings is their
inevitable columnar structures with coarse morphology during PVD deposition, which facilitates the easy penetration of chloride
solutions into the substrate and visually obscures the gloss under exposure to humid conditions. Consequently, PVD-Cr coatings
exhibit degraded protective performance and undesired failures. In this study, high-power pulsed magnetron sputtering (HiPIMS) is
employed to deposit Cr coatings on 316 stainless steel and YGS8 substrates. Synchronized pulsed biasing is performed during coating
deposition. A crucial aspect of this method is the introduction of oxygen-plasma treatment within the Cr coating to form a composite
Cr(O) layer to enhance the adhesion strength and corrosion resistance of the subsequent Cr coatings. Oxygen-plasma treatment is
performed using a linear anode-layer ion source following the periodic manipulation of the Cr layer via HiPIMS. The results show
that the addition of oxygen plasma significantly suppresses the growth of columnar crystals within the monolayer of the Cr coating
deposited via HiIPIMS. This observation is evidenced by the distinct inhibition of galvanic coupling corrosion in the heterogeneous
multilayered coatings. In addition to modifying the microstructures, the O plasma does not compromise the outstanding decorative
properties of the Cr coatings. For clarity, the surface morphology, crystalline structure, and chemical composition of the coatings are
comprehensively characterized using scanning electron microscopy (FEI Quanta FEG 250) equipped with energy-dispersive X-ray
spectrometry (OXFORD X-Max), X-ray diffraction (Bruker D8 Advance Diffractometer), scanning probe microscopy (3100 SPM),
and X-ray photoelectron spectroscopy (XPS, SUPRA). Additionally, the salt-spray corrosion resistance and electrochemical corrosion
resistance of the coatings are assessed at a constant temperature of 35 ‘C using NaCl and a Gamry electrochemical workstation,
respectively. The results show that the Cr coating maintains its body-centered cubic structure even after the oxygen-plasma treatment,
without the formation of a distinct Cr oxide layer. However, owing to the treatment with oxygen plasma, the infiltrating columnar
growth of Cr is significantly suppressed, thus reducing the surface roughness by approximately one-fourth compared with that of the
pristine Cr coating. Based on XPS analysis, both Cr—O and Cr—O—Cr bonds are present in the coatings treated with oxygen plasma.
This indicates that the oxygen-plasma treatment effectively promotes the combination of elemental oxygen with chromium, thus
resulting in the formation of a dense and thin amorphous oxide layer. The presence of Cr—O—Cr bonds may indicate the hindered
growth of columnar crystals within the Cr coatings deposited via PVD. Based on the results of salt-spray corrosion tests, although
slight corrosion occurred on all the coating surfaces with and without O-plasma modification because of grain boundary defects in the
coating, no delamination is observed. Nevertheless, Co originating from the YGS substrate is not detected on the coating surface after
the two oxygen-plasma treatments, thus demonstrating improved corrosion resistance. Consequently, the coatings subjected to
multiple oxygen-plasma treatments exhibit enhanced corrosion resistance. This can be understood in terms of two aspects based on
electrochemical studies. First, performing O-plasma treatment yields a coarse grain structure at the etching interface between the
underlying layers and a fine grain size in the uppermost layer, thus resulting in a highly inhomogeneous structure that accelerates
galvanic corrosion as compared with the pristine Cr coating. However, when two plasma-treatment cycles are performed, the crystal
structure within the Cr coating becomes more homogeneous and dense. This results in a significantly reduced corrosion current
density as well as the highest polarization resistance and impedance modulus compared with those afforded by the pure Cr coating
without oxygen-plasma modification.

Keywords: Cr coating; high power impulse magnetron sputtering (HiPIMS); salt spray corrosion; electrochemical corrosion
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Fig. 2 Deposition process of Cr(O) composite coating

# 1 HiPIMSHl%& Cr(O)E&RERIMINEH
Tablel Deposition parametersof Cr(O) composite coatings prepared by HIPIMS

Sample Step Duty 0Zycle / (C?és.ﬂ;‘; i ) ‘]/?)ilizgzr;g% Operati;li current ) x:rr?%(ew Power fg,;]uency / Bias voltage / V Dtei;r)::i/ti}?n
Coating 1 1 5 Ar 50 820 4 3 500 80 1.5
1 5 Ar 50 820 4 3 500 80 1.0
Coating 2 2 - 0, 65 ~ - - - 100 1.0
3 5 Ar 50 820 4 3 500 80 0.5
1 5 Ar 50 820 4 3 500 80 0.5
2 - 0, 65 N - - - 100 1.0
Coating 3 3 5 Ar 50 820 4 3 500 80 0.5
4 7 0,65 - - - - 100 1.0
5 5 Ar 50 820 4 3 500 80 0.5
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Fig. 3 XRD spectra of the substrate and coatings 1, 2, 3
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(g) Surface morphology of coating 3

(h) Cross-sectional morphology of coating 3

(1) Enlarged view of cross-sectional
morphology of coating 3
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Fig. 4 SEM surface, cross section morphology and local magnification of the coatings 1, 2, 3
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(b) O 1s for the coating with
oxygen plasma treatment and pure Cr coating
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Fig. 5 XPS spectra of before and after surface treated with oxygen plasma treatment
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Fig. 6 SPM images of coatings 1, 2 and 3 and their surface roughness
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Fig. 7 XRD spectra of the coating 1, 2 and 3 with
salt spray corrosion for 72 h

#F2 HEEMO, 48, 2h FRE 1. 2, 3KIENMAR
Table2 Macroscopic morphology of coatings 1, 2 and 3 after 0, 48 and 72 h salt spray corrosion

Schematic diagram / / /
48 h
72h

(a) Coating 1

iy & 9 4 :
10 yum 10 um ]

(b) Coating 2

(c) Coating 3

B8 W%JZIREFE i 72 h 5 SEM K50 M A % 5 143 A

Fig. 8 Surface morphology and related elements distribution of the coating with salt spray corrosion for 72 h
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*3 BE8HhEMEREAUFERST (RF5H/at%)
Table3 Chemical composition of Fig. 8 (at.%)

Sample Cr (6] C Co
Coating 1 73.2 7.3 19.0 0.5
Coating 2 59.9 17.4 18.3 4.4
Coating 3 75.8 6.3 17.8 0

23 HBUFFEMER

K 9 41 T =M 2 s i b th 2. 1525
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X107 A/ em’, SRIMGE— A B TARKIR Lon
AR E R, S —IREEE TR R R
SR et Re A 22 . AT R R AT RE R, — IS
BRI B AR ZIETE 1/3 &b, 2kt

B9 W 1. 20 3 Msh ARk i 2
Fig. 9 Potentiodynamic polarization curves of
the coating 1, 2 and 3

7'/ (kQ * cm?)

(a) Nyquist plots of coatings 1, 2, 3 before
potentiodynamic polarization

TR SRR, T2 KT AR, AL
5], SRS RE I RAE T AR AL ER
WAL (Eeon) $2THT 0.1V A, BLHIRHIE
A T R,

F 4 FEBARCEIZH Tafd BE2%
Table4 Tafd fitting parameters of potentiodynamic
polarization curves

Sample Coating 1 Coating 2 Coating 3
Eeore/ V -0.25 -0.09 -0.13
Teon/ (107 A/ cm?) 2.29 11.80 0.38

Where E,, is corrosion potential, /.., is corrosion current density.

B 10 MiRE 1. 24 3 NS ARG AT S (1 B2
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RN IR S B AR ER R 2 B URE B o
A E R BRI A BEAEE X, B FRMX
FEARIX o 223k P A S B8 T AR FER PRI B AR A 15
G 80° ) HE, RAHESH FIRCENHRIZMN A
TEARARIX WA E T 8l 4t — A S ik
AR IR EARNL R, DERHE IR S B ARk B
R Z M i RE T, 42— IR A B PR R R )2
e, SEHRAREE R 8. XSG RE
HEAT EIS BHBTINE R (B 10c, 10d), REAEE
T AL BT — S S B TR AL B IR R AR,
Nyquist I HRIEHEAE KIS/, Bode EIHRIHEHR
PURUERER T — MRS, BBk 10° 142 10% 1
A S S T ARZ R R BN R E, MRS
AR X TR T NSNS, R4
TRV, RO AR e gE, gt
—REE B TR E T RS A S, R
A BARHIBA DU

Frequency / Hz

(b) Bode plots of coatings 1, 2, 3 before
potentiodynamic polarization



6 3 KR,

S FAFE T ARAELX HIPIMS il % Cr iR i i A8 1 520 9

7' (kQ * cm?)

(¢) Nyquist plots of coatings 1, 2, 3 after
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Frequency / Hz

(d) Bode plots of coatings 1, 2, 3 after
potentiodynamic polarization

K10 wZE&E30 A RAGHT & I Nyquist EFT Bode

Fig. 10 Nyquist and Bode plots of coatings before and after potentiodynamic polarization
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B11 BLARALHT EIS Hds i 45 ik v ik
Fig. 11 Equivalent circuit for fitting EIS data before

potentiodynamic polarization

RS FHEBEUEHESHK
Table5 Fitted parametersfrom the equivalent circuits

Coating 1 Coating 2 Coating 3

R,/ (Q+cm™?) 1.90% 10" 1.64%x 10" 1.91%x10"

Y1/ (Q2%ecm?+ST") 9.15Xx107 3.92X1073 3.01x107
m 8.67X 107! 6.50x 107" 8.14%x 107!

R /(Q+cm? 5.00X 10° 3.54%10' 6.37X10%
Y,/ (Q2eecm?.S7) - 3.87x107* 5.75X107°
n - 8.78x 107 8.94x 107

Ry/(Q+ cm?) - 4.14%10° 7.87% 107

1 278X 107 1.62X107° 2.17x107*

Rz/(Q+ cm?) 5.00X 10° 4.14%x10° 7.87X107

Where Rj is solution resistance; Y, and Y, are frequency-independent constant phase angle element coefficients of R, and Ry; n; and n, are exponential factor for
constant phase angle elements of Ry and Ry(-1<<n<:1); R, is gap resistance; R, is charge transfer resistance; xz represents the quality of the fit; R, is the sum of R,,

Ry and R,.
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