
� 48 � � 9 � Vol.48 No.9

2012 � 9 � � 1089—1096 � ACTA METALLURGICA SINICA Sept. 2012 pp.1089–1096

��������Cu	
���������� ∗

II. �������

��� ��� � � � �
(��������� ����, �� 350108)

! " ������������	���
�	� Cu ����
���	�, 
�����������	��. 	
�	���
���, ����	�	 ε–Cu Æ� Cu �
����	�
�, �� Cu �	�����	
�����

, ���� Cu ��������������	�
; #���������	�	 ε–Cu Æ� Cu ������
����#, �����	��; DL–EPR ����, ��������	 ε–Cu Æ� Cu ��������		, ��

�����	��, �� Cu ����������, ������, ������	�����. �	����, � Cu �	�

������������		�	����, ε–Cu 	�	��$�, ���� Cu ���, �� Cu $�. ε–Cu ����
�, �	����.

%&' �	���
��, � Cu ����
, ��	�, �		�, � Cu �
()*+,- TG172 ./012 A .34- 0412−1961(2012)09−1089−08

EFFECTS OF ANTIBACTERIAL AGING TREATMENT ON
MICROSTRUCTURE AND PROPERTIES OF
COPPER–CONTAINING DUPLEX
STAINLESS STEEL
II. Corrosion Resistance and Antibacterial Properties

XIANG Hongliang, FAN Jinchun, LIU Dong, GU Xing
School of Mechanical Engineering and Automation, Fuzhou University, Fuzhou 350108

Correspondent: XIANG Hongliang, associate professor, Tel: (0591)22866793, E-mail: xhl@fzu.edu.cn
Supported by Program for New Century Excellent Talents in University of Fujian Province (No.JA10014)
Manuscript received 2012–04–06, in revised form 2012–07–10

ABSTRACT Effects of antibacterial aging treatment on the corrosion resistance of copper–bearing
duplex stainless steels were investigated by electrochemical methods. The film–cover method was
used to test the antibacterial effect of the materials. The polarization curve test results show ε–Cu
and other copper–rich phases become the weak point of the passive film on the surface of the
duplex stainless steel, and the sites where the coarse copper–rich phases are precipitated from the
matrix are apt to become pitting nucleation source. The proportion of coarse copper–rich phase
increases, which makes pitting resistance of the materials worse. EIS test reveals that the presence
of ε–Cu and other copper–rich phases in passive film reduces the overall potential and passive
film resistance, decreasing the stability of passive film. DL–EPR tests show that ε–Cu and other
copper–rich phases in grain boundary makes it take on anode characteristic in corrosion process,
leading to selectively intergranular corrosion. Compared with austenite, the intergranular corrosion
resistance of ferrite decreases seriously because the copper–rich phases are mainly precipitated from
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ferrite matrix. Antibacterial tests show that the microstructure and volume fraction of copper–rich
phases are the key factors affecting the antibacterial properties of the materials. ε–Cu displays the
best antibacterial effect, followed by metastable copper–rich phase, solid solution copper is the worst.
The more ε–Cu phases are, the more antibacterial effect is.
KEY WORDS antibacterial treatment temperature, copper–containing duplex stainless steel,

corrosion resistance, antibacterial property, copper–rich phase
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���, ��#��&'� &�'(8!)9%�*�
+. )"#���% &, � $%(&') Cu ���
""!. (, & [1−5] � , %") Cu �""#�)*
%��%�, ��& &)+�-#!% Cu, !*'$.
%��%("", #"��+)!*$Æ/#!%0 Cu
+, �1&%��#+#,%��(2. &��%(""
,-3��%',%�'(--.

4$.%5 [6] % Nan 5 [7] ./3) Cu ���
""%0�(1(��%�2&)%�*'' &. $2
� , /�.��%(""0%) Cu /*)%) Cu )
+)���""6#+#,%��(2, &2+3%(�
+*, ,)%&+)%�*++01. Hong % Koo[8] 4

3 Cu )!2�""33 Cu 7#% SUS 304 �""%
��%�%&)%�*'' &, ,#3-$!% Cu 2
4"%�"", ��-�1$)*%��%�, &��%
+)82. Cu )!%53119. &34,5 [9] ,#,
��%(""�---��%&)%�. 5/, ��%(
""3) Cu �""%�%--6%*�+60. 7"
1+�""/��%(""0, 0 Cu +8'/*)2'
9,56!*$ [10], #2-7%.+) Cu �""�..
:/, )"&���/%(""0%��(2(*$%0
Cu +2:---;��%&)%�23Æ�:*%--
56+0"*�+ &. 1(8' 4<*'��%("
"3:;) Cu 1+�""57;<-- [10] %+2!,
3=888'= &'��%&>)%�; .%9?@-
=:;''��(2.

1 <=>?@AB
./;<A3*$+=02$#--B#5>, >5

/ 540, 560 2 580 4%( 6 h %6?8#?1*''+
)%�56, .%>5'8/C7""%6?2�) Cu
% 316L 8#0@3*��.

8880@3=D?%889)@, EC89# Pt
89, 6*89#7% KCl FG89 (SCE). �""0%
6Æ3(� 5 mm×5 mm×10 mm %6?, = Cu HA
26?:C1;03=<A9BB:ID, 2$ 5 mm×
5 mm %(8�, /0=;CD=83!4JE>�, F
=9C(D<G:2=5E<;><?E(KL8#(8
89 (WE).

6= CHI650C 888(8H5-'M��%98

@A, I/A?,)%&+)%�. 8880@%>)
@J# 3.5%NaCl 7K, = NaCl(<*=) 3L7<8
0, 0@<A#B< (20±1) 4. 0@ A6?N-7
K0%> 10 min, 09:82F-0*'98@A5!.
?C82# –800 mV, I 5 mV/s %D;GM9E<,
E 1400 mV $F. 3=E<8> (SEM) O@6?>)
=0.

3=1<888P82FB8= (double–loop elec-
trochemical potentiokinetic reactivation, DL–EPR)
5!6?5C>)=Q% [11]. 567K# 2 mol/L
H2SO4+1 mol/L HCl %D47K, 7K<A# 30 4.
0@ 36?*'N998I&%'9:82F-, /0
�9:829C, I 1 mV/s %D;*'M998E<.
O;82A; 300 mV 0, FI+.D;>GE<, O;
9:82%HPE<. 6=>GFBB88? Ir 2QG
FBB88? Ia %*R Ra(Ra = Ir/Ia) @-!A?�
�%5C>)=Q%.

3==4% VMP3 ,9R888(8H56��
%888G�G (EIS), !9?G�GI=ADA?-C
%&)%. EIS 56J=@J# 3.5%NaCl 7K, =E
<<SDT%>0@)@<A# (20±1) 4. 6?N-
@J& 10 min, 09:82F-09C5!, FBKG
#SR 5 mV %QL<, 5!C;TM# 200 kHz—
10 mHz.

��%�563=@-= [12]. 0@=N�#HI�
HOI�, +*BDU�, &��#+NEF.J(.D
JE%$+, K#-7%UG�. J�;KLVM: J�
; =[(3V�""(�# – ���""(�#)/ 3V�
""(�#]×100%. >W�F#' 30—300 cfu XC%
NHK#8#�FH#5-%II.

2 <=JKLMN
2.1 OPQR

+" P% & [10] GY, ) Cu 1+�""%C
76?7)+)%/*);�. 2C76?�., / 540,
560 % 580 4��%("" 6 h 06?&-$1B!%
*$+, &*$+$%#)+ ε–Cu +I2',$#%0
Cu +, ,)<J'/*)$2 α/γ +6!, OI 1 JP.
 P$2L� , .<AQW, 0 Cu +*$%DA3A,
.AX7HISTK#ÆS, &)M<#L1Q50N%
K8YJ.
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2.2 VWXYZ
I 2 #6?/�.<A%(""0' 3.5%NaCl 7

K&%P8298@A. 7IGY, 8XGM9'G>Y
E<%?O&, A;Q�82%>)8?RAZ/RS!
Q, !�^5B, &82P#+) (TQ) 82 Eb, � 
6?_('F[+). 7� 1 GY, 6?/��%(""
0, +)82 Eb 6+�-OA%19, U _(+)V

[ 1 � Cu �	����
	 TEM \
Fig.1 TEM image of copper–containing antibacterial du-

plex stainless steel (solution at 1050R and then aged

at 580 R for 6 h)

[ 2 ��
�
��Æ		�	�
Fig.2 Potentiodynamic polarization curves of the speci-

mens with different heat treatment

\ 1 US]^`ÆSW_TTVX\aWXY`UZ
Table 1 Test parameters of the potentiodynamic polarization

curves

Specimen Eb Rlp Icorr

(vs SCE), mV Ω 10−6 A/cm2

540 R, 6 h 1066.5 125278.7 1.219

560 R, 6 h 1149.2 96905.9 2.355

580 R, 6 h 1102.3 21480.8 4.280

As–annealed 1167.1 112924.0 1.729

G5B. 2C76?% Eb R+*, 6?& Eb 19F,
%2/ 5404��%(""0%6?, 1SA 100 mV]
], 'V2/ 580 % 560 4��%(""0%6?. Eb

#+>)_(%G�%%VG%ab'A?^Y, &��
U-��'7K&%0Z>)D;. 2X+*, >)8?
RA4�BI&XA?��%&>)%� [13].

�� 1 &%A%988G Rlp %>)8?RA Icorr

@V, .^��%(""<A%aW, 6?%>)8?R
AD[5B, A%988GN4, #� /��%(""
0%6?, ,)&+)�W.��%(""<A%aW1
D[01. *�+<*_1, / 540 4��%(""0
%6?'>)8?RA%*b/��%(""0%6?
L%4, U 540 4��%(""X+19��&+)
�W, 560 % 580 4<A��%(""4--'��&
>)%�, 0!--B#_`. #G�27"/9<��
%(""0%6?*$%0 Cu +I\2)M<#*.
4, 3��c8-%=�--4. [W,#, Æ37!]
\!% Cu, '8=2 Ni +], -aW%7^"%&)%
�. '_(N9d3%4H&% Cu 8#N9�19?8
2, �1"4H"7B8[TK#c8[ [14]. Sourisseau
5 [15]  &,#, ')Y5E%@J&, Cu %3-�19
"') Cl− _&%7^D;2+)ZaD;; /c, L�
19�""'&% Cl− @J&c882!bX+)_(.
Y/d5, '>)?O&QeS[0%0 Cu +G�#+
7^��&)%�%8=.

888P829806?��*_(+), >5/
560 4%( 6 h 0%6?+)=0*'<*, OI 3 J
P. 7IGY, cF[+)`Q_('/*)2)+)5
6 (I 3a) I2/*)$ (I 3c % d &_Y�N4)
+), X0'/*)&5d(Z, �#+>)(Z%B%&
f. cF[>)`fO2D=Fc81aYZa, (Z;
�-[\4K#F-+)[e (I 3b), /0�Z#BB
[\%+)\.

I 3c % d #_(+)%6?JO@;%]�D?
>)\=0: ��#9N?+)\, 7";<&�<�*
f%, c8-])Qab%bg=�)`, !G9M/*
)bga, *�+(Z, A"N4)+)HI9MD[]
>), FhHU'hF1=�BB%)\ (I 3c); ^��
#I^?>)\, '=�c"$%27"c)% Cl− 7
6?��c8-_d%bgc-;;<$`, _AD[Q
W, "e6?�C0�`<'(>), >)A;�-OA
�Ca`, a$$`ab%>)i (I 3d). .%'I 3c
% d &GIV;, /*)&��0 Cu +*$2T�#>
)=Q+, =�+)e, L1ab%��=0; .cF[+
)e*�+_a2bd%ZB+)e+e1;, ��TK
�B#ab%+)\ (I 3d).
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[ 3 560 c�� 6 h ��Æ	���c
Fig.3 Pitting morphologies of specimen aged at 560 R for 6 h

(a) metastable pitting (b) stable pitting (c) open type pitting (d) enclosed type pitting

+)=`2(Z%_(bg� , )+)#+*/
*)B,%&+)%�. #$%27"��'��%(
""?O&, 0 Cu +8'/*)$2'56*$, H
U*$+fd=�'D?c84Hi* (O Cr % Mo
5) %d8b, +)f-'#ebg)Q'(. Banas %
Mazurkiewicz[16]  &,#, ') Cl− %>)@J&, ε–
Cu 50 Cu +%*$bgA�#3g`>)=Q%de
d+f, :1'1+�""&, ε–Cu +'/*)&%*$
jU+)%_(. ^c, /*)+*)+)+82.g, 3
)+)e;'888jfM9%h8=.

2.3 _`abcY
I 4 #/�.<A��%(""06?'_A#

3.5%NaCl 7K&5e%i? EIS. 7IGY, /��%
(""0%J+6?*L1.�%g�j, � 6?��
*�=�.#kk%c8-, &/ 540 4""?%6?,
' EIS 2C76?.#+]. .^��%(""<A%
aW, 6?%g�jg\D[N4, � G�R'N4, 8
88d3&%98GWl'Nd, kc8-%F-%3;
--.

6= Zsimpwin hl30@5e%G�G#Y*'
e4. $2� , 3=OI 5 JP%5(8:e4$2F

[ 4 ��
���	���
�Æ	 Nyquist l
Fig.4 Nyquist plots of specimens treated at different an-

tibacterial treatment temperatures

). '&, Rs #7K8G; Q#-+2il, 'h)Hi+
)/-6�18C8g C 2fj@# n; Rp #8mTm
8G. e4$2O� 2 JP. 7�GY, 3"M��%(
""0%6?, .^��%(""<A%aW, 6?% C

D[5B, 18mTm8G Rp D[N4, #� /?�
�%(""%6?, '��c8-%F-%Nd, K��
%(""<AnW, F-%19n,. <*L_1, 540 4
%, 6?8mTm8G Rp 2 C 2C76?+*K8
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[ 5 (Rs(QRp)) Æ��g
Fig.5 Electrical equivalent circuits model of Nyquist plot

in Fig.4

\ 2 US]^`ÆSW_TTX\ EIS a (Rs(QRp)) h_
ihinoj

Table 2 Values of fit parameters of EIS in (Rs(QRp)) equiv-

alent circuits

Specimen Rs C Rp n

Ω·cm2 Ω−1·cm−2·s−n Ω·cm2

540 R, 6 h 4.077 2.401×10−5 2.262×106 0.9142

560 R, 6 h 4.157 3.805×10−5 1.705×106 0.8325

580 R, 6 h 4.678 5.087×10−5 0.463×106 0.8784

As–annealed 4.322 2.171×10−5 2.557×106 0.8538

�B.
) Cu 1+�""'��%(""?O&*$' ε–

Cu 50 Cu +, ,)---��c8-%=�. Pm [17]
o$, ') Cl− %7K&, ""c8-&%0 Cu +#+
B9%>)82. :/, ,)-19��%k)82%c
8-8G. /c, 8mTm8G Rp .^��%(""<
A%QW1>YN4, � *$%0 Cu +3D'c8-
��8mik?O. %(<A%QW, "e*$+ZB3
A, K�""��I\.B%ÆS*$+l53, HUc
8-%F-%19_`, �1$ Rp %#R�^N4, 8m
ik3D, >)3A_(. 5/ ε–Cu 50 Cu +�#�
�c8-&%_d+, #2Pm [18]$j�U. ^c, .^
%(<A%aW, ����*$%0 Cu +I\[\5B,
c8-Bgjp3; Cl− %c), HU��%_d+'>
)ab0DIFc8, �1*�+19'%h8=. 5404
%*$%0 Cu +.#N4, 3c8-F-%--.4.
2.4 defXghY

3=1<888P82FB8= (DL–EPR) 5!
6?5C>)=Q%. I 6 #5e%/�.<A��%
(""6? DL–EPR @A. 7I 6 GY, ' 2 mol/L
H2SO4+1 mol/L HCI 7K@J&*' DL–EPR p5,
QGE<2>GE<%, 1+�""'B8 – c882
b*$1 2 * 5%M98?l, Km 1 *8?llR
.B. #$%27"1+�"";<7/*)2)+)
]+;�, n!�<($#!%j*HU''@J&k'
^�.%>)82. /%, /*)%>)_('.g%

M9l82, 1)+)4'.Q%M982l_(>W%
>) [19].

5C>)=Q%GI7FB8; Ra @�P, Ra R

.%(<AK8OI 7 JP. 7I 7 GY, .��%(
""<A%QW, Ra RD[5B, � ��%5C>)
=Q%3S. ��%(""<A# 540 4%, ' Ra R

2C76?+*K8�B, 1.��%(""<AaW;
560 % 580 4%, Ra R2C76?% 2 lkEB,, &5
C>)%� 519. )"�""5C>)%c", � 
[W,#27"'>)?O&56bk'M91_('
>W%>). 1�""5CM9b$%@e"5Ck'
%mo+, 7"�.4H&mo+%%JM�+., HU
'('�.%M9b@e, :1=�'�.%5C>)"
j [20], '&Id Cr jp3)9. 9? P% & [10] G
Y, ) Cu 1+�""' 540—580 4��%(""?O
&, ' α/γ +6I2 α/α 56*$cF[%F[% ε–
Cu 50 Cu +, & EDS p5� '+625C�k'
 5%d Cr b, :/&��%5C>)�27"d Cr
:*JHU. <*,#, HU��_(_`5C>)%q

[ 6 ��
���	���
�Æ	 DL–EPR ��	�
Fig.6 Typical DL–EPR curves obtained in 2 mol/L

H2SO4+1 mol/L HCl test solution for copper–

containing duplex stainless steel specimens aged at

different temperature for 6 h

[ 7 �	���
��q Ra 	��
Fig.7 Influences of aging temperature on Ra
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:#: %(*$+0) Cu, 2c8-+*#+.9%>
)82, '>)?O&�1$5>%M9%, "e��%
(""0%��5C_(>W%>). .%5C0 Cu
mo+1l%=0(JHU%3WI2fd�-%i*
d8b6+G�35C>)'(--. :/, 0@��%
5C>)3&27,�8=c"r.8=JHU, &'+
6% α/α 56*$% ε–Cu 50 Cu +G�e;'$
H8=. DL–EPR 56%$2� , /�.<A��%
("", 7"��&*$%0 Cu +k'^$#(B4(
<J%�., �1"e��L1.Bj*%5C>)=
Q%.

2.5 ijYZ
3=@-=3/�.��%(""0%����%

�*''56, $2O� 3 JP. 70@$2GY, ) Cu
1+�""/?��%(""0, 6�1$�-%��%
�, 560 4%��;# 99.6%, ��(2Fq; .%_18
/C7""0%��l#+J�(2, 1�) Cu% 316L
��4+1X+J�8=.

I 8 #�.6?��(2I. 0@nl2_A#
105 cfu/mL �K2/��%(""0%6?;n 24 h
0%Ehkr. 3*� 3 0@$2GY, ) Cu 1+�"

" &/?��%(""o��1$.,%��%�, �
�%(""?O& ε–Cu 50 Cu +%*$2l-��
��(2,b%)r:*X�.

)") Cu ���""%��c", � [W,#
2���C0 Cu +2�K;n0 Cu 7"<0=�
Cu2+, ,2N�pN98mB%m% –SH % –NH2 9
? Coulomb Wmnof, "qYJK%�1e;JnN
�%(2 [7,21]. �.%��%(""nl0, 6?&*$
%0 Cu +L1�.%$#()M<#(=02<J, :
1�1$�.%��(2. +" P% & [10] GY, '
540—580 4%(?O&, *$is+ bcc 2 fcc 0 Cu

\ 3 t Cu ÆSopSqsÆSro
Table 3 Antibacterial properties of copper–containing duplex

stainless steels

Specimen Antibacterial rate, %

Aging at 540 R for 6 h 82.9

Aging at 560 R for 6 h 99.6

Aging at 580 R for 6 h 95.4

Solution treatment 57.7

Contrast steel 316L 0.0

[ 8 ��
���
	�	����
� 316L ��
�	��
Fig.8 Antibacterial effects of copper–containing duplex stainless steels aged at 540 R (a), 560 R (b), 580 R (c)

for 6 h and 316L stainless steel (d)
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+, l+ ε–Cu +, 2,�0 Cu $#iJ2bg%D4,
&.^<A%aWI2%C%bZ, ',0 Cu +-r^
�<;d= Cu % ε–Cu +TK. #'&, Cu qE'%
(h7%, -HU5tuKI25tsT3S, �1"e
+)'(�-%uK3W, .%-se*$;pbg%2
s2Cs5, [22], :/, GId50 Cu +'7cF[?
u+G fcc $#%F[ ε–Cu TK%?O&, 0 Cu +*
$bg%uK3WLD[53qr.

(J9Y, Hi��&k'%3Wtt-HU''>
)@J&%&)%01, �1#3W.Bbg%Hi7^
3A, .A*$Hi5E. 540 4%, *$iJB`<#c
F[%N4HIS bcc $#0 Cu + (Cu qE0(b),
$%7 Fe–Cu qE+upq%+ut% Cu HI'+u
t!%0(i;� [23]. 2;d= Cu $#% ε–Cu +*,
:') Fe !.W, ) Cu !,9, !K2+)%>�-
%rt)@, "e+)'(%uK3W.4, .%)M<
#,4, JI''2�K;n%?O&, *$% Cu2+ )
!.\, �1$.d%��(2. <AQWE 560 4, B
!0 Cu +.A*$, ZB;�-[\0TK#�<;d
= Cu % fcc $#% ε–Cu +, 2+)%rt)@ab,
se+)&&+*$bg%5t3W5B, 1K&<A0
ε–Cu +<JRA.W, B4$&, :/, 560 4��%(
6?'2�Kd3?O&, ε–Cu +%W)!I2'.B
uK3W%r.--0"e0 Cu +Bgj*$ Cu2+,
HU7^ Cu2+ !5>53, �12N�;n�BB, B
gjJEN�, Fh�1$)#%��%�. 1' 580 4
%, �'�+KsPWN4, =`;19, "')M<#+
J01, 7$ Cu2+ !+3N\; ^�'�/%%0 Cu
+�v(ZB(�F-% ε–Cu +, '(B%5t3W,
,-#" Cu2+ !%7$, ]!e+d8=, &/%%0
Cu +)!-+t$H, "e����(2+J01, &,
W" 540 4J�(2. 70@$2LGY, ) Cu 1+�
""�/��%(""l#+�-%��(2, #U C
7"+)&% Cu l#+J�$(. :/, GId^ ε–Cu
%��(2F,, cF-[0 Cu +VX, C7 Cu Fj;
ε–Cu +n,, ��(2n,.

It &%) Cu /*)@(r+)@%)+)@
5���""6i".+��"", ��/��%(""
0+)!6fj<J^��0 Cu +, #3aW����
(2+6. 2/�., /��%(""0) Cu 1+�
""+)&wv8'/*)$2'56!+fj<J%
��0 Cu +k', &��t/�1$2.+���""
�?)#%��%�. #U , 0 Cu +<J%*f%3
����(2!Xe;l-%8=, 8%+)&k'%0
Cu +#!�&%��'2N�8=%?O&7^$Æ/
!% Cu2+, f�e;)*%J�(2. #*�+U , 0

Cu +)!3����(2%`%%.

3 Jk
(1)��/��%("", ��k'% ε–Cu50 Cu

+�#c8-&%_d+, aB0 Cu +*$2Tj�#
+)=`e, HU'&+)%�19. 540 4%:*$+
u<N4, ��t�=�F-%c8-, 3>)%�--
�B. EIS 56� , ε–Cu +%*$-19��k)>
)822c8-8G, "c8-F-%01.

(2) ε–Cu 50 Cu +'5C*$, "5CLM9%,
HU5C_(>W%>), 2)+)+*, /*)&5C
>)%�01_`.

(3) --��(2F#)r:*2 Cu %+$#, '
& ε–Cu %��(2F,, cF-[0 Cu +VX, C7
Cu Fj; ε–Cu +#!n,, ��(2n,.
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