FmFEAR A8 T
- 316 - SURFACE TECHNOLOGY 2019 4 7 A

R, HRE & RN 2205 WA 5550 T Grms th
EREEEMITARZZR

BB, fXT°, #EL, Ba', TP°, &K;°, wa’

(. PERNZREEWRAT, LB 110000; 2. PERZRAKRSE MRRNSZSTREZMR, 58
230000; 3.Z:ILRZ, B 110000; 4.PEBZSFERIIGCHEAHRSE, [ 5 Fll 518055)

M E. B8y @ imia, AU FERT 2205 WAAREMR AR, AR SHA R E R et K
MBS, Fik RALSMMEME (OM) Fofafhw s (SEM) FF54R . Rkt B4R T AL Fe
AL 6 e, & AR (EDS) S LE 2. KA BTN R, G vtk (PD), Fikd s
(OCP)., ZMMALE L (LPR) Fo i FL4t# (EIS), RAERAR . 4RJG AHFH Aok 4k 09 2R Fo L AR 2E
ZJRH (SRB) 1k & P it A B4R 6g 88 g o R 45 B 4 ml3X (MS) FAER B4 B 1 2 E 0 TAL,
1% A 424 & B LR IR W RAR R A AR AR i AR E A, SRR EDS AT B Ak i £ R, AR ERER
WAL (CLSM ) MR F R L E )G R mEMPIEN @A ERF L, oH44R., Sttt R A tt, &%
TR F AL 2205 MABREMT RRAS I S, RAF ELZURE EASH TRAEMH . iz
KER, 2205 KA BB RBEAGLYREE S A 1030 mA/em® A= 1.19 pAlem®, @ 2205-Cu #=
2205-Cu-Ag # B B4R 8 o 4 13.73 mA/em® #= 28.85 mA/em?®, 44w i 5F 0 3 4 1.54 pAlem® =
2.31 pAlem?, FAnsAFe R U E A FH A B RS B AW EE LA, Besh, AR E AR AL
Bl g B, 2205 XAE G AEALIESS 22K A 2.81x10%° em ™, M 2205-Cu A= 2205-Cu-Ag 4EAL 45 2 R E
53 A 4.46x10%° cm™ F= 4.97x10% cm™ oy TP B 0 2R, EARER 23R R AL R 4K & W ,2205-Cu-Ag
KA 0 At AR IZ 4T T 2205-Cu A= 2205 iXAF, E% 14 KB, 2205, 2205-Cu F= 2205-Cu-Ag #9440 ¥, FLAL
A F 3727, 4151, 72.90 kQ-em’, @it E I f & Aria Rt WAL K T A, 2205-Cu-Ag & @64 ik = M4k
Y, AR BT WA % T 2205 A= 2205-Cu XAF. &b 4R, 4RO A R 2205 AR R
AR, BeARaT ity PR AR B R M IEAR, 2R BTA4R . AR AR A R R R AR, %A
AR 2 R A AR I, AR T A AT ALER 353 )R - B AR R AR AR
K MAWEE; RARHN; RERLERNA; WRRE; EAWEB,; 4R
hESES: TG172 XEIRERE: A XEHS: 1001-3660(2019)07-0316-08
DOI: 10.16490/j.cnki.issn.1001-3660.2019.07.036

WisEHA: 2018-11-21; f&iTH#A: 2019-01-27

Received: 2018-11-21; Revised: 2019-01-27

ESWE: RINAHMLESL (ICYI20160608153641020 )

Fund: Shenzhen Science and Technology Research Funding (JCYJ20160608153641020)

EZ BT 7% (1992—), 5§, WEAi4, TE2FLT QAMEDE K,

Biography: YIN Lu (1992—), Male, Doctoral candidate, Research focus: microbiologically influenced corrosion.

BIRIEE: HRKRT (1982—), B, Wd, #k, T LTS AMESNF R, ¥ H: xudake@mail.neu.edu.cn

Corresponding author: XU Da-ke (1982—), Male, doctor, Professor, Research focus: microbiologically influenced corrosion. E-mail: xu-
dake@mail.neu.edu.cn



Fa8E £

FEE. B HE AT 2205 XU A5 #0672 55 8 Dt o J 1oh A7 o4 8 2 i - 317 -

Effect of Cu and Ag on Microbiologically Influenced Corrosion Resistance
of 2205 Duplex Stainless Steel in Sulfate Reducing Bacteria

YIN Lu"?, XU Da-ke’, YANG Chun-guang', XI Tong', LI Zhong®, ZHAO Ying®, YANG Ke'

(1.Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110000, China; 2.School of Materials Science and
Engineering, University of Science and Technology of China, Hefei 230000, China; 3.Northeastern University, Shenyang
110000, China; 4. Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China)

ABSTRACT: The work aims to provide 2205 duplex stainless steel (DSS) with synergistic antibacterial effect by adding Cu and
Ag elements to enhance the antibacterial property and resistance to microbiologically influenced corrosion of materials. The in-
fluence of Cu and Ag on the microstructure variations and proportion of two phases of materials was investigated by optical mi-
croscopy (OM) and scanning electron microscopy (SEM). Furthermore, energy-dispersive X-ray spectrometer (EDS) was used
to analyze the elements distribution. Electrochemical tests including potentiodynamic polarization, open circuit potential (OCP),
liner polarization (LPR) and electrochemical impedance spectroscopy (EIS) were adopted to characterize the change in corro-
sion resistance of materials and the resistance to microbiologically influenced corrosion of materials after added with Cu and Ag
in sulfate reducing bacteria (SRB). Mott-Schottky tests were used to study the corrosion resistance and passive films stability of
specimens. The biofilm and corrosion products were observed by SEM and the main components of corrosion products were
analyzed by EDS. Confocal laser scanning microscopy (CLSM) was applied to observe the growth of bacteria in the biofilm on
the surface after lipid detection so as to investigate the synergistic antibacterial effect of Cu and Ag-containing materials. Addi-
tion of Cu increased the amount of a phase in the 2205 DSS. Ag element was mainly distributed in the matrix material in Ag en-
riched phase. Electrochemical results showed that the passive current density (J,) and self-corrosion current density (Jeor) of
2205 DSS were 1.19 pA/cm?® and 10.30 mA/cm?, respectively. For 2205-Cu and 2205-Cu-Ag DSS, the self-corrosion current
density (J,or) was 13.73 mA/cm?® and 28.85 mA/cm?, respectively and the passive current density (Jp) was 1.54 pA/cm?® and 2.31
nA/cm? respectively. The addition of Cu and Ag could increase the self-corrosion current density and passive current density.
Correspondingly, addition of Cu and Ag obviously increased the doping density of passive film and the values of doping density
were 2.81x10% ¢m™ for 2205 DSS, 4.46x10% cm™ for 2205-Cu DSS and 4.97x10%° cm™ for 2205-Cu-Ag DSS, respectively.
However, in culture medium containing SRB, the R, value of 2205-Cu-Ag DSS was much higher than that of 2205-Cu and 2205
DSS because of the synergistic antibacterial effect of Cu and Ag. After 14 days of incubation, the R, values of 2205, 2205-Cu
and 2205-Cu-Ag were 37.27 kQ-cm?, 41.51 kQ-cm*and 72.90 kQ-cm?, respectively. The surface of 2205-Cu-Ag showed less
corrosion products, sparse biofilm and more dead bacteria than 2205 and 2205-Cu samples by through lipid detection and scan-
ning electron microscope images. Addition of Cu and Ag elements into 2205 DSS can change the phase ratio and reduce the
corrosion resistance to some degree and the density of passive film. However, at the same time, the Ag-containing material has
obvious synergistic antibacterial effect, can effectively inhibit the adhesion of biofilm on the metal surface, and obviously im-
proves the resistance of the material to microbiologically induced corrosion caused by sulfate reducing bacteria.

KEY WORDS: microbiologically induced corrosion (MIC); antibacterial stainless steel; sulfate-reducing bacteria (SRB); syn-

ergistic antibacterial effect; biofilm; passive film
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Fig.1 Microstructures (200 times) of (a), 2205 (b), 2205-Cu (c) 2205-Cu-Ag duplex stainless steels
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Tab.1 Phase ratio of y (austenite) and a (ferrite) of the
three duplex stainless steels
%

Samples Ferrite Austenite
2205 47.58+1.06 52.42+1.06
2205-Cu 43.07+1.13 56.93+1.13
2205-Cu-Ag 43.80+1.84 56.20+1.84
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Elment wt.% Element wt%  Element wt.%

Fe 61.56 Fe 63.71 Fe 3.83
Cr 26.15 Cr 22.68 Cr 1.87

Ni 3.87 Ni 6.29 Mo 1.47
Mo 4.98 Mo 2.98 Ag 75.04
Cu 1.61 Cu 2.69 Cu 16.08

K2 2205-Cu-Ag BUHANGEH WIS BERESE R (2000 )
Fig.2 Microstructure of 2205-Cu-Ag duplex stainless steel
and its EDS results (2000 times)
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Fig.3 Potentiodynamic polarization curves of three 2205
duplex stainless steels
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Fig.4 Mott-Schottky curves of three 2205 duplex stainless steels
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Tab.2 Fitting results of Tafel zone in polarization curves
Econ(vs. SCE)

Samples 'V Jeor/(MA-cm™) B
2205 —140.334£9.65 10.30£1.66 -0.96+0.09
2205-Cu —145.95+10.09 13.73£1.87 -0.93+0.09
2205-Cu-Ag -189.01£10.97 28.85+2.33 —0.88+0.12
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2205-Cu i1 2205-Cu-Ag B&AIK, 43050 K-212, 224 mV
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Fig. 5 Variation curves of OCP (a) and R, (b) of three 2205 duplex stainless steels



Fa8E £

THEAE . B RS I 2205 BURH A5 9 i A7 1 0 i JRL T JE 4ok AT A S

+ 321 -

—511, —443 mV (vs. SCE) ,

FH SN, T R AL (LPR) U756y
WAL HLBH Ry, 7S Ak B 5 5 i A A AR AL R AR — 2L
SEEEE R ANIE 5b BN . HR SRB i, 2205, 2205-Cu,
2205-Cu-Ag I R, {H 501 270, 242, 225 kQ-cm®,
T BT e M 5 2 T o B A A ) 4
AATA] .24 h J5 , SRB 7E BB 38 11 AR RS E (9 AR W B
[F] s 42 22 P4 HH B FeS 45 R J8 i P AR 4, 4 HY
& b AN . 2205 1 2205-Cu 4 R, 73 B R 2 32.57
35.88 kQ-em®, FRFREREIE— A E0RY; 1M 2205-Cu-Ag
HY T 3R AR AR Ur R B R AE R, R, BUE RN
88.99 kQ-em’, 7E 1~14 d WYSZIRJE AN, = FhbH kL
R, (HZBRAC PR FER/ NG Nk 3l . 5 14 KA, 2205
2205-Cu, 2205-Cu-Ag I R, fH4M50 37.27., 41.51,
72.90 kQ-cm’, AELTHIUA R, fEL, 2205, 2205-Cu., 2205-
Cu-Ag I R, {H/ 5 T % 86% . 82%. 68%. R, FU{EMN
A B ST R R kv 1 AR Ak, ARE E AR ZE R T
S, AR Y DI R TR ARCR B A B — SR AR T
PRACHR , WA T ORI 7 R -5 i R JE o 1 e

=0d
o 7d
—~—14d
— Fitted line

A
S
Phase/( °)

5.5¢

b
o
T

45+

by
o

1g[1Z//(Q - cm?)]
2y

N
n

—_ N
w O
T i

g

1 2 3 4 5
1g(f/Hz)
c 2205-Cu-Ag

|
N
[N
—_
(=]

P 6 S S5 P ETS MR 45 2R X 045 vl 6 14
WITT- iy SI2 565 25 2% 490 s K5 dh >R 181 6d L #6405, SRB
A= I I R AR S T e O R, R 6e
HLBEIEIAG . o R I TRHBH, Ry A MBI &
JE =R A E L, R MELILIE R . 250
7, EIS #4554 3 o B Z AL LPR A5 ry i Ak
HLBH R, fE%3T, 14 d B, 2205, 2205-Cu, 2205-Cu-Ag
TRREAS RS HUBH 2 FI4350 R 19.82,23.29 . 79.58 kQ-cm?,
55 LPR SEIR45 020 b, EIS SEIegl Rrb AR £ B
lia] 5 50 0% 75 1 18 4% Fs W v AR 3R T T okt 7 0 B R A=
PR AE A TG AL, S5 RRH, XTIRAL 2205 1XFEAYAH
AL B [R5 5O 0 38, L i o Y2 Y o ] 7 2B 4 ] I
W BBl TR AR AR AL A B R) RO A A
A 5, X 1 T E SRB B FE AR 2 TR A P 9k i 11
iR, SR B AR B R R T AR R
Ko, HEMT0 ] T B Rk A Ji P AR ) X A ek A ok
YER, X AL A5 A Ak 2 T A i ok e AR
33— s [R50 72 T Xof T ) A 2 TR S AT S
P 8 AR I A Y R R R EDWE

-20

0d —40 3

- <

o7 d 'é:j
-60

v 14d
— Fitted line

-2 -1 0 1 2 3 4 5
1g(f/Hz)
b 2205-Cu
R
L 1
Ea
d WIFFIRSEE 4K
L O |
— R —
le
By
[ Ra ]
e 1~14d

¥l 6 EIS Bode [l U4 HL it
Fig. 6 EIS Bode plots of (a) 2205, (b) 2205-Cu, (c¢) 2205-Cu-Ag duplex stainless steel and their electrochemical
equivalent circuits (d) at 0 day, (e) for 1st to 14 th days
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steel after 7 days of incubation in SRB culture medium and EDS results of corrosion products (d)

3 #Hit

1) STTR MRN8 2205 UG R P

FAECH, 340 B8 FCR o BROT IR ) 2 2 LI R AR A
IrAAESEIAR N

2) ESINAR T ER R0 ER 3 2> AR Y ik 1 e
TR, (R AaR A, BUR LR,



Fa8E £

FrpgsE . B OHE A RINNT 2205 BURHAS S 8N it 5 8 £ 3 T

JEIMAT Ry )5 i 323 -

3) METF 2205 FIAXES 04 B 2205-Cu,

2205-Cu-Ag SN P AU EPTE R A 2, &l
LA B S 400 0 7 7 30 i TR AR R R T, O R
% R R R 3 J B 5 A 2 S o

SE M-

(1]

[12]

FENG Yuan-chao, CHENG Y F. An intelligent coating
doped with inhibitor-encapsulated nanocontainers for
corrosion protection of pipeline steel[J]. Chemical engi-
neering journal, 2017, 315: 537-551.

ZENG Li, ZHANG Guo-an, GUO Xing-peng, et al. Inhi-
bition effect of thioureidoimidazoline inhibitor for the
flow accelerated corrosion of an elbow[J]. Corrosion sci-
ence, 2015, 90: 202-215.

LIU Hong-wei, GU Ting-yue, ZHANG Guo-an, et al. Cor-
rosion inhibition of carbon steel in CO,-containing oilfield
produced water in the presence of iron-oxidizing bacteria
and inhibitors[J]. Corrosion science, 2016, 105: 149-160.
KUANG D, CHENG Y F. Study of cathodic protection
shielding under coating disbondment on pipelines[J].
Corrosion science, 2015, 99: 249-257.

SUN D, XU D K, YANG C G, et al. Inhibition of staphy-
lococcus aureus biofilm by a copper-bearing 317L-Cu
stainless steel and its corrosion resistance[J]. Materials
science and engineering: C, 2016, 69: 744-750.

REN Ling. Study of copper precipitation behavior in a
Cu-bearing austenitic antibacterial stainless steel[J]. Ma-
terials & design, 2011, 32(4): 2374-2379.
JAVAHERDASHTI R. Mlcrobiologically influenced cor-
rosion— An engineering insight{M]. Berlin: Springer
International Publishing, 2008.

KOCH G H, BRONGERS M P H, THOMPSON N G, et
al. Corrosion cost and preventive strategies in the United
States[J]. Journal of endocrinology, 2002, 122: 23-31.
VENZLAFF H, STRATMANN M, MAYRHOFER K, et
al. Accelerated cathodic reaction in microbial corrosion of
iron due to direct electron uptake by sulfate-reducing
bacteria[J]. Corrosion science, 2013, 66(1): 88-96.

JIA Ru, YANG Dong-qing, LI Ying-chao, et al. Mitiga-
tion of the desulfovibrio vulgaris biofilm using alkyldi-
methylbenzylammonium chloride enhanced by d-amino
acids[J]. International biodeterioration & biodegradation,
2017, 117: 97-104.

LIU Hong-wei, FU Chao-yang, GU Ting-yue, et al. Cor-
rosion behavior of carbon steel in the presence of sulfate
reducing bacteria and iron oxidizing bacteria cultured in
oilfield produced water[J]. Corrosion science, 2015, 100:
484-495.

ZHANG Pei-yu, XU Dake, LI Ying-chao, et al. Electron
mediators accelerate the microbiologically influenced
corrosion of 304 stainless steel by the Desulfovibrio vul-
garis biofilm [J]. Bioelectrochemistry, 2015, 101: 14-21.
GUO L Q, LI M, SHI X L, et al. Effect of annealing tem-
perature on the corrosion behavior of duplex stainless
steel studied by in situ techniques[J]. Corrosion science,

[15]

[17]

[20]

[21]

[22]

2011, 53(11): 3741.

YANG Sheng-min, CHEN Yi-chun, PAN Yeong-tsuen,
et al. Effect of silver on microstructure and antibacterial
property of 2205 duplex stainless steel[J]. Materials sci-
ence and engineering: C, 2016, 63: 376-383.

ANTONY P J, RAMAN R K S, MOHANRAM R, et al.
Influence of thermal aging on sulfate-reducing bacte-
ria(SRB)-influenced corrosion behaviour of 2205 duplex
stainless steel[J]. Corrosion science, 2008, 50(7): 1864.
ANTONY P J, RAMAN R K S, MOHANRAM R, et al.
Role of microstructure on corrosion of duplex stainless
steel in presence of bacterial activity[J]. Corrosion sci-
ence, 2010, 52(4): 1412.

JIANG lJian-jun, HE Jin, MORADI M, et al. Effect of
marine pseudoalteromonas sp. on the microstructure and
corrosion behaviour of 2205 duplex stainless steel[J].
Corrosion science, 2014, 84(3): 103-112.

XU Da-ke, XIA Jin, ZHOU En-ze, et al. Accelerated
corrosion of 2205 duplex stainless steel caused by marine
aerobic pseudomonas aeruginosa biofilm[J]. Bioelectro-
chemistry, 2017, 113: 1-8.

ZHANG Shan-shan, YANG Chun-guang, REN Guo-gang,
et al. Study on behaviour and mechanism of Cu®" ion re-
lease from Cu bearing antibacterial stainless steel[J].
Materials & processing report, 2015, 30(sup6): 126-132.
ZHAO lJin-long, YANG Chun-guang, ZHANG Da-wei, et
al. Investigation on mechanical, corrosion resistance and
antibacterial properties of Cu-bearing 2205 duplex stain-
less steel by solution treatment[J]. Rsc advances, 2016(6),
114: 112738-112747.

LOU Yun-tian, LIN Lan, XU Da-ke, et al. Antibacterial
ability of a novel Cu-bearing 2205 duplex stainless steel
against pseudomonas aeruginosa biofilm in artificial
seawater[J]. International biodeterioration & biodegrada-
tion, 2016, 110: 199-205.

LI Ping, ZHAO Yang, LIU Yu-zhi, et al. Effect of Cu
addition to 2205 duplex stainless steel on the resistance
against pitting corrosion by the pseudomonas aeruginosa
biofilm[J]. Journal of materials science & technology,
2016, 33(7): 723-7217.

LIU Hong-wei, XU Da-ke, YANG Ke, et al. Corrosion of
antibacterial Cu-bearing 316L stainless steels in the pres-
ence of sulfate reducing bacteria[J]. Corrosion science,
2018, 132: 46-55.

LINY S E, VIDICR D, STOUT J E, et al. Individual and
combined effects of copper and silver ions on inactivation of
legionella pneumophila[J]. Water research, 1996, 30(8):
1913.

LIAO K H, OU K L, CHENG H C, et al. Effect of silver
on antibacterial properties of stainless steel[J]. Applied
surface science, 2015, 256(11): 3642-3646.

SIMOES A M P, FERREIRA M G S, RONDOT B, et al.
Study of passive films formed on AISI 304 stainless steel
by impedance measurements and photoelectrochemistry[J].
Journal of the electrochemical society (USA), 1990, 137:
82-87.



