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ABSTRACT The CrCoNi medium-entropy alloy (MEA) has excellent strength and toughness, and can
be used as the basis for the development of promising engineering alloys in the future. However, microbi-
ologically influenced corrosion (MIC) of CrCoNi MEA has rarely been reported. Especially, pseudomonas
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aeruginosa (P. aeruginosa) is the typical bacteria associated with MIC, which is widely distributed in the
ocean and soil. It can form biofilm on the surface of steel and accelerate the corrosion of carbon steels
and stainless steels (SSs). In this study, the electrochemical experiments such as open current potential
(OCP), linear polarization resistance (LPR), electrochemical frequency modulation (EFM), electrochemi-
cal impedance spectroscopy (EIS) and cyclic polarization (CP) were used to investigate the MIC behavior
of CrCoNi MEA caused by P. aeruginosa, in comparison with 316L SS. Surface analysis techniques such
as FESEM and CLSM were used to observe the P. aeruginosa biofilm and pitting morphology on the cou-
pon surface. The results show that P. aeruginosa could form an uneven biofilm on the surface of CrCoNi
MEA coupons. The P. aeruginosa accelerated the corrosion rate of CrCoNi MEA, which was demonstrat-
ed by a negative shift of open circuit potential, a decrease of polarization resistance and charge transfer
resistance, and an increase of corrosion current density in P. aeruginosa medium. The P. aeruginosa bio-
film could destroy the passive film of the CrCoNi MEA coupons, which led to the maximum pit depth of
the coupons exposed in P. aeruginosa medium (4.8 um) for 14 d much deeper than that in sterile medium
(2.3 um). Compared with 316L SS, CrCoNi had higher open circuit potential, lower corrosion current den-
sity and corrosion rate, and higher repairability of passive film. Meanwhile, the maximum pit depth on the
CrCoNi MEA coupons in P. aeruginosa medium was shallower than that of 316L SS (5.8 um).

KEY WORDS CrCoNi medium-entropy alloy (MEA), pseudomonas aeruginosa, microbiologically influ-

enced corrosion (MIC), biofilm, pitting corrosion
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Table 1 Chemical compositions of CrCoNi medium-entropy alloy (MEA) and 316L stainless steel (SS)

(mass fraction / %)

Material Cr Co Ni C Si Mn Mo Fe
CrCoNi MEA 30.58 34.71 34.71 - - - - -
316L SS 16.78 - 10.50 0.02 0.43 1.18 2.09 Bal.
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Fig.1 E,, (a), 1/R, (b) and corrosion rate (c) vs expo-
sure time for CrCoNi MEA and 316L SS in ster-
ile medium and pseudomonas aeruginosa (P. ae-
ruginosa) medium (E,.,—open circuit potential,
R,—linear polarization resistance)
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Fig.2 pH value change curves of the sterile medium
and P. aeruginosa medium for 14 d
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3 CrCoNi i 4545 316L ANFEANLE T B B 75 417 2 M 5 1 17 35 7 B v IRV S [ I (8] ) Ny quiist B A Bode K]
Fig.3 Nyquist (a, ¢, e) and Bode (b, d, f) plots of CrCoNi MEA in sterile medium (a, b) and P. aeruginosa medium (c, d), and
316L SS in P. aeruginosa medium (e, f) for different time (Z'—real part of impedance, Z" —imaginative part of

impedance, f—frequency, Z—modulus impedance)
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Fig.4 Electrochemical impedance spectroscopy (EIS)
equivalent circuit diagram (R —resistance of so-
lution, Q,—capacitance of oxide film layer, R,—
resistance of oxide film layer, Q,—capacitance
of electrical double-layer, R,—charge transfer re-
sistance of electrical double-layer)

3R 2 CrCoNi i & 5 316L ANHANAETC 11 S 2 4 2 B L 1 s 9 S h EIS U 24K
Table 2 Fitting parameters for EIS of CrCoNi MEA and 316L SS in sterile medium and P. aeruginosa medium

Sample Duration R, oY n, R, oy ny R, hye

d Q-ecm” pFrem?- S Q-cm”> pF-em?-S” 10°Q-m* 107

CrCoNi MEA in sterile medium 1 6.73 2020 093 13.1 1040 092 122 022
4 7.09 1885 093 462 6.03 092 714 034

7 7.26 1820 093 356 639 091 973 04l

10 7.01 1858 093 295 6.62 092 785 027

14 7.34 18.68 093 41.0 597 092 1346 028

CrCoNi MEA in P. aeruginosa medium 1 8.07 2224 090 26.0 940 089 138 0.18
4 6.49 2179 090 1442 502 091 083 0.74

7 6.58 2357 090 131.7 631 091 077 0.67

10 6.73 2046 091 1953 415 092 114 065

14 6.90 1786 091 314.0 286 093 276 0.68

316 SS in P aeruginosa medium 1 5.85 79.50  0.86 309 41.90 085 029 0.64
4 5.42 4327  0.85 6072 924 092 106 1.08

7 5.85 5209  0.85 521.0 6.17 088 055 067

10 4.86 6474  0.87 802.5 2497 086 258 023

14 4.81 79.43  0.86 689.3 2608 086 146 0.17

Note: Y—admittance magnitude of the constant phase element (CPE), n—CPE power index of oxide film layer, n,—CPE

power index of electrical double-layer, y>—Chi-squared value
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& S RE 1k 2=, B S AT LLE H, CrCoNi H1 ¢
HEME, 5 E,, &5, 5 800 5 PR/, 308 4
RIS E RE 1R 3% 1M 316L ANEBANIT AE i KT
CrCoNi I & 4, £ W 316L NF N s LI 1 5
fiE 173 A0 CrCoNi R A4

] 6 4 CrCoNi HH i & <2 5 3161 AN 454N 75 25 4l
SRR B R R IR Y 14 d AT IR PR AR AL AR
JE W MIESE . W LU H, CrCoNi i & 4 il FE &
T VA W 2 B AU, 10 3161 /R340 R 2 1 A ok

[E15 CrCoNi "l & < 55 3161 AERANAETC 1A L 35 4 2 1 S I o 85 70 22 PP IR 7 A1 14 d s RO DR B A B 22
Fig.5 Cyclic poarization curves of CrCoNi MEA and 316L SS in sterile medium and P. aeruginosa medium for 7 d (a) and

14 d (b) (E.,—potential, i—current density)

#<3 CrCoNi i & 45 3161 ANBEANTE TG 1A A 75 4 S A Pt T 5 97 2 P2 7 d PR A A 1 4 240

Table 3 Parameters obtained from cyclic polarization curves for CrCoNi MEA and 316L SS in sterile medium and P. aerugi-

nosa medium for 7 d

Sample Lo E. E, E, o AE

nA-cm” \% \Y% \% \Y%
CrCoNi MEA in sterile medium 4.36 —0.328 0.737 0.764 0.028
CrCoNi MEA in P. aeruginosa medium 9.38 —0.368 0.515 0.623 0.016
316L SS in P. aeruginosa medium 25.58 -0.373 0.545 —-0.215 0.758

corr

10 pA/em’, E

prot

—protective potential, AE—recovery ability of passive film (AE=E, ,,—E,,,)

# 4 CrCoNi i &4 5 3161 ANTEANLE TG 1A A £ 41 S A Pt [T 5 77 2 PR i 14 d IOPE IR AL it 262 5L

Table 4 Parameters obtained from cyclic polarization curves for CrCoNi MEA and 316L SS in sterile medium and P. aerugi-

nosa medium for 14 d

Sample Leorr E o E, E AE
nA-cm v \% \% \%
CrCoNi MEA in sterile medium 12.4 —0.289 0.627 - -
CrCoNi MEA in P, aeruginosa medium 30.9 -0.310 0.497 0.598 0.026
316L SS in P, aeruginosa medium 33.1 -0.497 0.646 -0.174 0.819
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Fig.6 Macroscopic morphologies after cyclic polarization of CrCoNi MEA (a) and 316L SS (b) in P. aeruginosa medium for

14d

Color online

&7 CrCoNi HF i & 4 [ 3161 ANERARAE S5 4 2R 150 S H T 5 77 2 PR3 7 d J (19 FESEM AT CLSM &
Fig.7 FESEM (a, b) and CLSM (c, d) images of biofilm of CrCoNi MEA (a, ¢) and 316L SS (b, d) in P. aeruginosa medium

for 7d
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Color online

8 CrCoNi HJfi £ 4 [ 316 L AR EN7E 5 i 2 i FRL O 181 4 7R L IR 14 dJ5 1) FESEM A CLSM &
Fig.8 FESEM (a, b) and CLSM (c, d) images of biofilm of CrCoNi MEA (a, c¢) and 316L SS (b, d) in P. aeruginosa medium

for 14 d
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Fig.9 Images of the maximum pit depth measured by CLSM on coupon surface of CrCoNi MEA in sterile medium (a), CrCo-
Ni MEA in P. aeruginosa medium (b), and 316L SS in P. aeruginosa medium (c) for 14 d
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Table 5 Pit depths of CrCoNi MEA and 316L SS in sterile medium and P. aeruginosa medium for 14 d

(nm)
Sample Average pit depth Maximum pit depth
CrCoNi MEA in sterile medium 1.9+0.3 2.3
CrCoNi MEA in P. aeruginosa medium 3.3+0.8 4.8
316L SS in P, aeruginosa medium 3.9+0.9 5.8

[ 10 CrCoNi " 45 415 3161 AN 1L T 1 S 24
SRR PR T B IR AR IR 14 d A YT
) RARML R
Fig.10 Cumulative probability plots for the pit depth
of CrCoNi MEA and 316L SS in sterile medi-
um and P. aeruginosa medium for 14 d

(& 11 CrCoNi " 542 5 316L AN AR AE TG 1 J 75 4
SRR R B B IR R TR 14 d S SR TR
) Gumbel 43 i
Fig.11 Gumbel probability plots for the pit depth of
CrCoNi MEA and 316L SS in sterile medium
and P. aeruginosa medium for 14 d

7% 6 CrCoNi 10§ <52 5 316L AN LE TC B K 75 i S B 5 0 1 15 R iR 14 d JS ) Gumbel 7377 244
Table 6 Gumbel distribution parameters of CrCoNi MEA and 316L SS in sterile medium and P. aeruginosa medium for 14 d

Sample Metastable pit Stable pit
o u a u
CrCoNi MEA in sterile medium 0.31 1.71 - -
CrCoNi MEA in P. aeruginosa medium 0.66 2.93 1.10 2.37
316L SS in P, aeruginosa medium 0.58 3.35 1.27 2.89

Note: a—central parameter, —scale parameter
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Fig.12 Probabilities of various pit depths of CrCoNi
MEA and 316L SS in sterile medium and P. ae-
ruginosa medium for 14 d

NI RBOR R IR RN o R R A R B 2L
CrCoNi i & 4 K AT AEW I Tl 7675 40 4 B
Jif T 8% 9% i b CrCoNi FR g & & & AE A i =R 1) 48
/N 316L NN, BITEAR 1 264 T , CrCoNi H
B G T BECR ST IR Z /N T 316L NEEAN , R
CrCoNi H 45 & 4 I A= 0 J6 b P BE A T 3161 A
A

3 &g

(1) 4 G155 Y 1 T 7F CrCoNi R i & & R 1
A RAN I BT AR . AW AR & — 58
F2 P b B IR A 2% TR D B T S, e ok P A A
TE B 8 SRR B0 B 85 77 2 IRV 14 d J5 19 CrCoNi
HE A G 1RO S TR R IR B T 4.8 pm, i KT
15 TG B 15 772 56 CrCoNi A i & 4 1 5K A B I
J£2.3 ums.

(2) LAk 2= s SRR B, 4 A B0 M T ) A
A 2 038 A B S, B AT B FELASE 2R AR AL FLFHL
R L A 2 % FELBEL, 398 0 e b 9 28 R R kil R

(3) CrCoNi 7 i £ < FA T Akt A2 0 JE8 by 1k e A T
3I6L ANEHN . 5 316L ANEEANA LL , CrCoNi H 4 &
G 3R AL I R4 5 Be 70 5, I HLAE B SR R
i 5 7 S D R e A A R EL B K L ok R O
B/ [R] B AE 2 A Sp A P M B B R AR IR 14 d S
[ R A PR I/ N T 316L ANEEH4(5.8 pm).

& £ X ik

[11 Zhang Y, Zuo T T, Tang Z, et al. Microstructures and properties of
high-entropy alloys [J]. Prog. Mater. Sci., 2014, 61: 1

[2] Gao M C, Qiao J W. High-entropy alloys (HEAs) [J]. Metals,
2018, 8: 108

[3] Jiang H, Jiang L, Qiao D X, et al. Effect of niobium on microstruc-
ture and properties of the CoCrFeNb,Ni high entropy alloys [J]. J.
Mater. Sci. Technol., 2017, 33: 712

[4] Zhang C, Zhang F, Diao H Y, et al. Understanding phase stability
of Al-Co-Cr-Fe-Ni high entropy alloys [J]. Mater. Des., 2016,
109: 425

[5] Feng H, Li H B, Wu X L, et al. Effect of nitrogen on corrosion be-
haviour of a novel high nitrogen medium-entropy alloy CrCoNiN
manufactured by pressurized metallurgy [J]. J. Mater. Sci. Tech-
nol., 2018, 34: 1781

[6] Miao J W, Guo T M, Ren J F, et al. Optimization of mechanical
and tribological properties of FCC CrCoNi multi-principal element
alloy with Mo addition [J]. Vacuum, 2018, 149: 324

[7] Gludovatz B, Hohenwarter A, Thurston K V'S, et al. Exceptional
damage-tolerance of a medium-entropy alloy CrCoNi at cryogenic
temperatures [J]. Nat. Commun., 2016, 7: 10602

[8] Dan Sathiaraj G, Skrotzki W, Pukenas A, et al. Effect of annealing
on the microstructure and texture of cold rolled CrCoNi medium-
entropy alloy [J]. Intermetallics, 2018, 101: 87

[9] Slone C E, Chakraborty S, Miao J, et al. Influence of deformation
induced nanoscale twinning and FCC-HCP transformation on hard-
ening and texture development in medium-entropy CrCoNi alloy
[J]. Acta Mater., 2018, 158: 38

[10] Ma Y, Yuan F P, Yang M X, et al. Dynamic shear deformation of a
CrCoNi medium-entropy alloy with heterogeneous grain structures
[J]. Acta Mater., 2018, 148: 407

[11] Liu X W, Laplanche G, Kostka A, et al. Columnar to equiaxed tran-
sition and grain refinement of cast CrCoNi medium-entropy alloy
by microalloying with titanium and carbon [J]. J. Alloys Compd.,
2019, 775: 1068

[12] Xu D K, Li Y C, Song F M, et al. Laboratory investigation of mi-
crobiologically influenced corrosion of C1018 carbon steel by ni-
trate reducing bacterium Bacillus licheniformis [J]. Corros. Sci.,
2013, 77: 385

[13] Zhang P Y, Xu D K, Li Y C, et al. Electron mediators accelerate
the microbiologically influenced corrosion of 304 stainless steel
by the Desulfovibrio vulgaris biofilm [J]. Bioelectrochemistry,
2015, 101: 14

[14] Gu C X, Xia R, Zhu G J, et al. Study on corrosion of marine micro-
bial of stainless steel [J]. Ship Eng., 2017, 39(10): 57
(BT, 5, A 4 4 . AP MR T 7 (7], A
T, 2017, 39(10): 57)

[15] Wikiet A J, Datsenko I, Vera M, et al. Impact of Desulfovibrio
alaskensis biofilms on corrosion behaviour of carbon steel in ma-
rine environment [J]. Bioelectrochemistry, 2014, 97: 52

[16]Xu D K, Li Y C, Gu T Y. Mechanistic modeling of biocorrosion
caused by biofilms of sulfate reducing bacteria and acid producing
bacteria [J]. Bioelectrochemistry, 2016, 110: 52

[17] Shi X B, Xu D K, Yan M C, et al. Study on microbiologically in-
fluenced corrosion behavior of novel Cu-bearing pipeline steels
[J]. Acta Metall. Sin., 2017, 53: 153
CRRVE, RRTT, B EE . B8 Cu M B 8 AT
RWETE [3]. 4w AR, 2017, 53: 153)



1468 & )8

¥k

55 %

[18] Wang M F, Liu H F, Xu L M. Applied research on the competitive
growth of bacteria in biological control of MIC [J]. J. Chin. Soc.
Corros. Prot., 2004, 24: 159
(FEMETS, RS, VrALEG . AT e AR KA TR R vhBi e i
SEFRTE (). o S vk 5 B4 244, 2004, 24: 159)

[19] Dong Z H, Guo X P, Liu H F, et al. Study on electrochemistry char-
acteristics in MIC by wire beam electrodes [J]. J. Chin. Soc. Cor-
ros. Prot., 2002, 22: 48
(GEFAE, FR0TE, X505 % . 2 A AR 78 SRB tAE Y5 5
JE D FLAE AR [J]. P S B 24T, 2002, 22: 48)

[20] Xia J, Yang C G, Xu D K, et al. Laboratory investigation of the mi-
crobiologically influenced corrosion (MIC) resistance of a novel
Cu-bearing 2205 duplex stainless steel in the presence of an aero-
bic marine Pseudomonas aeruginosa biofilm [J]. Biofouling,
2015, 31: 481

[21]Li H B, Zhou E Z, Ren Y B, et al. Investigation of microbiological-
ly influenced corrosion of high nitrogen nickel-free stainless steel
by Pseudomonas aeruginosa [J]. Corros. Sci., 2016, 111: 811

[22]1Li H B, Yang C T, Zhou E Z, et al. Microbiologically influenced
corrosion behavior of S32654 super austenitic stainless steel in the
presence of marine Pseudomonas aeruginosa biofilm [J]. J. Mater.
Sci. Technol., 2017, 33: 1596

[23] Zhou E Z, Li H B, Yang C T, et al. Accelerated corrosion of 2304
duplex stainless steel by marine Pseudomonas aeruginosa biofilm
[J]. Int. Biodeterior. Biodegrad., 2018, 127: 1

[24] Zhao Y, Zhou E Z, Xu D K, et al. Laboratory investigation of mi-
crobiologically influenced corrosion of 2205 duplex stainless steel
by marine Pseudomonas aeruginosa biofilm using electrochemical
noise [J]. Corros. Sci., 2018, 143: 281

[25] Shibata T. 1996 W.R. Whitney award lecture: Statistical and sto-
chastic approaches to localized corrosion [J]. Corrosion, 1996,
52:813

[26] Meng G Z, Wei LY, Zhang T, et al. Effect of microcrystallization
on pitting corrosion of pure aluminium [J]. Corros. Sci., 2009, 51:
2151

[27] Gholami M, Hoseinpoor M, Moayed M H. A statistical study on
the effect of annealing temperature on pitting corrosion resistance
0f 2205 duplex stainless steel [J]. Corros. Sci., 2015, 94: 156

[28] Zhang T, Chen C M, Shao Y W, et al. Corrosion of pure magne-
sium under thin electrolyte layers [J]. Electrochim. Acta, 2008, 53:
7921

[29] Zhang T, Liu X L, Shao Y W, et al. Electrochemical noise analysis
on the pit corrosion susceptibility of Mg-10Gd-2Y-0.5Zr, AZ91D

alloy and pure magnesium using stochastic model [J]. Corros. Sci.,
2008, 50: 3500

[30] Moradi M, Song Z L, Yang L J, et al. Effect of marine Pseudoal-
teromonas sp. on the microstructure and corrosion behaviour of
2205 duplex stainless steel [J]. Corros. Sci., 2014, 84: 103

[31] Vasyliev G S. The influence of flow rate on corrosion of mild steel
in hot tap water [J]. Corros. Sci., 2015, 98: 33

[32] Aljohani T A, Hayden B E. A simultaneous screening of the corro-
sion resistance of Ni-W thin film alloys [J]. Electrochim. Acta,
2013, 111: 930

[33] Zou Y, Wang J, Zheng Y Y. Electrochemical techniques for deter-
mining corrosion rate of rusted steel in seawater [J]. Corros. Sci.,
2011, 53: 208

[34] Mu X, Wei J, Dong J H, et al. In situ corrosion monitoring of mild
steel in a simulated tidal zone without marine fouling attachment
by electrochemical impedance spectroscopy [J]. J. Mater. Sci.
Technol., 2014, 30: 1043

[35] Yu L B, Yan M C, Ma J, et al. Sulfate reducing bacteria corrosion
of pipeline steel in Fe-rich red soil [J]. Acta Metall. Sin., 2017, 53:
1568
(THRIE, B, B 55 . & Fe 2L B 204N 1 TR IR 514 J5 B
JEAT N 7). SRR, 2017, 53: 1568)

[36] Yuan S J, Choong A M F, Pehkonen S O. The influence of the ma-
rine aerobic Pseudomonas strain on the corrosion of 70/30 Cu-Ni
alloy [J]. Corros. Sci., 2007, 49: 4352

[37]Li Y C, Xu D K, Chen C F, et al. Anaerobic microbiologically in-
fluenced corrosion mechanisms interpreted using bioenergetics
and bioelectrochemistry: A review [J]. J. Mater. Sci. Technol.,
2018, 34: 1713

[38] Huang Y, Zhou E Z, Jiang C Y, et al. Endogenous phenazine-1-
carboxamide encoding gene PhzH regulated the extracellular elec-
tron transfer in biocorrosion of stainless steel by marine Pseudo-
monas aeruginosa [J]. Electrochem. Commun., 2018, 94: 9

[39] Venzlaff H, Enning D, Srinivasan J, et al. Accelerated cathodic re-
action in microbial corrosion of iron due to direct electron uptake
by sulfate-reducing bacteria [J]. Corros. Sci., 2013, 66: 88

[40] Xu D K, Gu T'Y. Carbon source starvation triggered more aggres-
sive corrosion against carbon steel by the Desulfovibrio vulgaris
biofilm [J]. Int. Biodeterior. Biodegrad., 2014, 91: 74

[41] Park J J, Pyun S 1. Stochastic approach to the pit growth kinetics
of Inconel alloy 600 in CI~ ion-containing thiosulphate solution at
temperatures 25—150 C by analysis of the potentiostatic current
transients [J]. Corros. Sci., 2004, 46: 285

(T4 &)



