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ABSTRACT Minor Fe and Mn additions are necessary to enhance the corrosion resistance of com-
mercial Cu–Ni alloys. The present paper aims at optimizing the addition amounts of Fe and Mn in
Cu70Ni30 (atomic fraction, %) alloy using a cluster–based solid solution model. In this model it as-
sumed that one Fe(Mn) atom and twelve Ni atoms formed a cluster consisted of Fe(Mn)–centered
and Ni–surrounded cube–octahedron and the limit solid solution would be composed of isolated
Fe(Mn)Ni12 clusters embedded in the Cu matrix. The ratio of the Fe(Mn) atoms and its surrounding
Ni atoms is 1 � 12, and the limit solid solution composition of Fe(Mn)–modified Cu70Ni30 alloy is
[M1/13Ni12/13]30Cu70=[(Fe1−xMnx)Ni12]Cu30.3, M=(Fe1−xMnx). The OM, XRD and electrochemical
corrosion measurements were used to characterize the microstructure and corrosion resistance per-
formance of [(Fe1−xMnx)Ni12]Cu30.3. The results indicated that the solid solubility limitative alloys
[(Fe0.75Mn0.25)Ni12]Cu30.3 has the best corrosion resistance in 3.5%NaCl aqueous solution.
KEY WORDS Cu–Ni alloy, addition of Fe(Mn), solid solution model, cluster structure,

corrosion–resistance
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$%&�' *� (!"+,#$%�&�� !�)

*!'+("")�,*#$+ [1−3]. ,-� Ni & Fe
-�� Cu–Ni ��-*!../' %0 [4,5] .&, -
70/30Cu–Ni ��.'$ 0.5%—2.0% � Fe �#(/)
�� *�. - 90/10Cu–Ni ��., / Fe *$0+0
��.,, ��1&2�1�� *, / Fe>2% ,, 34
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069 α 0+1.22, 7:��' 3* [6−9]. -'
$4� Fe � Cu–Ni ��., 5'$ 0.5%—2.0% � Mn
).6;5Æ����' *� [6]. Fe & Mn - Cu–Ni
��.�<-76)�5Æ�' *,+8"*-+=,
9",7"9 Fe & Mn - Cu–Ni ��.��>, ,,
/)&8����' *�, -?-:��@�&";9
:��.8;<=>.

A8<,?@/A9B0: +";1'$ Fe &
Mn /*� Ni30Cu70(?@��, %, ��) 0+1��@
�. B+ X :;C: (XRD) &#+D' +CD, E2
1���<=.FG�' *��>#.

1 /01234
-E?=��., ?@/A�>7.8+DFG8H

&>3FG8H, A4?.B+H/A?@9B + @5?
@I0:@A5.16#671E?=��, @6<&A
<E?=�� [10,11]. -IB0+1��., 6ÆCB8
C��.?@DH"�>-?1JJ7, K%D7, -I
B0+1��/AEF7, +�?@��>L-E*$D
H�, -.8GH�7�IB0+1��., K,+D0
I,+, L9?@,CC:�;FJM, 7@/A8H�
?@9BEF [12]. K< Bragg–Williams CB [13], ?@
34C:0I,+0,36C:JG, M=>36C:0
I,+, N.8GH�7�H0+1?O,7@�+�?
@C.P, +L?@CC:�?@9BEF. QN, 0+
1��/A7,BR?@9BEF, �,MI0+��,
BR3?�/AEF, /+�-�M,0+OMI,, �
�/A9BEF6.JP+.

Cu–Ni4S��7@@T0+1, KO:, 345.4Q
,, <-6NUL�9AA [14]; Fe - Cu .0+OOV,
-:, 600 Q,<A-+ [15]. M 1 C Cu–Ni–Fe NS
��- 800 Q�+K0MPB [16] & Fe R Ni=1 R 12

8 1 Cu–Ni–Fe OW�� 800 S�P�Q [16] 
 Fe T Ni=1

T 12 ����
Fig.1 Isothermal section of the Cu–Ni–Fe alloy phase

diagram[16] and the Fe U Ni=1 U 12 composi-

tion line

(?@V) �@�;. )�C2, Fe - Cu–Ni ��.�0
+OR Ni -�X$KX$, Ni , Fe - Cu .�0+O
8;<�YS, KD Cu–Ni–Fe ��. Fe R Ni=1 R 12
�@�;& Fe �0+O;-Q Cu W<A6Z, T�, -
Cu–Ni–Fe MI0+1��., Fe & Ni �VEF9 Fe
R Ni≈1 R 12.

- Fe /*� Ni30Cu70 0+1��., Cu, Ni &
Fe �?@XG�YC 0.128, 0.125 & 0.127 nm, ?@Z
[0\OV, 7@IB:0+1, �CGH[<KSU+
D0I,+Æ?. =>0 Ni–Fe, Cu–Ni & Cu–Fe �H
�7�YC −2, 4 & 13 kJ/mol[17], QN, 9?@>3E
F7, Cu G Ni & Fe ;,�H, 7@ Cu13 /A9BE

F, @M 2a TV. K Fe & Ni \R?O,7@� Fe C

8 2 fcc[(Fe1−xMnx)Ni12]Cu30.3 ������	���
�	

Fig.2 Cluster model of fcc [(Fe1−xMnx)Ni12]Cu30.3 solid

solution alloys

(a) (Fe1−xMnx)Ni12 and Cu13 cube–octahedral

clusters
(b) neighboring but isolated (Fe1−xMnx)Ni12 clus-

ters corresponding to the solubility limit

(c) Fe–Ni–Fe–Ni–type long–range order in the FeNi3

phase

(d) cluster model for the Cu–Ni–Fe solubility limit

alloy where the Fe1Ni12 atomic clusters are em-

bedded in Cu matrix
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.P, Ni CC:�IX�C 12 � Fe1Ni12 /A9
BEF, MI0+, Fe1Ni12 9B^N_J, @M 2b
TV, 7@ H· · ·–Ni–Fe–Ni–Ni–Fe–Ni–· · ·I �/A?
@�>EF, ^_K-?1��.� Fe R Ni=1 R
12. / Fe -�TTX$,, ^N_J Fe1Ni12 9B
EFU LV, 9BR�36C:� Ni  WY, 7@
H· · ·–Ni–Fe–Ni–Fe–Ni–· · ·I�/AEF, -`U`Z7
@KH· · ·–Ni–Fe–Ni–Fe–Ni–· · ·IEFMNZ� FeNi3
0, aK8340��[R+�\ FeNi3 22, @M
2c TV. QN, - Fe /*� Ni30Cu70 ��., M
I0+@�C [Fe1/13Ni12/13]30Cu70, +9B6NZC
[Fe1Ni12]Cu30.3. ,-� Fe/Ni VE���E2 [18] 1

#, ���EFG*�OP0>, ,B, Fe R Ni=1 R
12 � Cu–Ni–Fe MI0+��.8-:��' *�.

-�,'$ Fe & Mn /*� Ni30Cu70 0+1

��., Ni–Mn & Cu–Mn R�H�7�YC −8 &
4 kJ/mol[17]. Fe, Mn G Cu .8bH�7, G Ni .
8GH�7, T� Fe & Mn .80��*�, �/A
EFK (Fe1−xMnx)Ni12 & Cu13 � 12 IXJCaB
1?@9BF@, @M 2d TV. QN, -'$ Fe &
Mn /*� Cu70Ni30 ��., �MI0+1��@�C
(Ni12/13M1/13)30Cu70, M=(Fe, Mn), +9B6NZC
[(Fe1−xMnx)Ni12]Cu30.3. A8UE2- Fe & Mn :
�X?QR�, Ni30Cu70 ��.'$-�VE Fe & Mn
,�� *�P+.

2 ;<34
-b=ScdY�, +#ZTUc)1 Ni13Cu30.3

([ Ni30Cu70) G'$-� Fe & Mn -�� [(Fe1−x-
Mnx)Ni12]Cu30.3 (x=0, 0.25, 0.5, 0.75 & 1) ��_V,
�+D@�@1 1 TV. SU�bO�YC Cu 99.98%,
Ni 99.99%, Fe 99.99% & Mn 99.98%. UTU���
de-eW. 800 Q0+]\ 5 h ], ./.FEFG
*��2f^. g+h^ X :;C:f (XRD, CuKα)
�2��_VEF; g+_D(<X (OM) =i��_
V.F7Y; g+ EG&G � M342 :#+D' f^#
$, f^j#X_NgMM+Z;, hi 3.5%(����)
� NaCl +j>' j, f^KOC 25 Q, _N`[C

? 1 [(Fe1−xMnx)Ni12]Cu30.3 ` Ni13Cu30.3 abkckld
Table 1 Chemical compositions of [(Fe1−xMnx)Ni12]Cu30.3

and Ni13Cu30.3 alloys

x Atom fraction, % Mass fraction, %

Cu Ni Fe Mn Cu Ni Fe Mn

0 70 27.69 2.31 0 71.72 26.20 2.08 0

0.25 70 27.69 1.73 0.58 71.73 26.20 1.56 0.51

0.5 70 27.69 1.65 1.66 71.73 26.21 1.04 1.02

0.75 70 27.69 0.58 1.73 71.73 26.21 0.52 1.54

1 70 27.69 0 2.31 71.74 26.21 0 2.05

Ni13Cu30.3 70 30 0 0 71.64 28.36 0 0

60 mV/min, g+N#Mf^1#, mV#MCn&ef
#M (SCE), gl#MC Pt \, ^_C%,#M. ]=
' %0- 3.5%NaCl ../, h^ 240 h ]o_' 
p\, K<a;D;b2' `[ v = (w1 − w2)/St(�
., w1 C^_?c��, w2 C^_' ]��, S C^

_' Bi, t C' ,R).

3 ;<@ABCD
3.1 XRD EF

M 3 C Ni13Cu30.3 & [(Fe1−xMnx)Ni12]Cu30.3 �

� (Fe & Mn /*� Ni30Cu70) - 800 Q]\ 5 h ]�
XRD `. T8`;a)qC fcc 0C:`, Gb Cu C:
j0V, jXbOmn, C:jc8�d, 1#?@XGV
, Cu � Ni, Fe & Mn ?@0+0 Cu <1., 7@d
< fcc IB0+1��.

8 3 fcc ��� Ni13Cu30.3 
 [(Fe1−xMnx)Ni12]Cu30.3 �
�oe� XRD f

Fig.3 XRD patterns of the fcc structural Ni13Cu30.3 and

[(Fe1−xMnx)Ni12]Cu30.3 alloys after annealing at

800 r for 5 h

3.2 GHIJKL
M 4 C Ni13Cu30.3 & [(Fe1−xMnx)Ni12]Cu30.3 �

�- 800 Q]\ 5 h ]�(<.F. KM 4a )�C2,
Ni13Cu30.3 ��- 800 Q]\ 5 h ], ?gMV�>-
100—250 μm, ?gJM. 9M 4b & f )�C2, M'
$ Fe & Mn /*���?gMVpC 100—200 μm.
M 4c, d & e (V�,'$6?� Fe & Mn ], ��
�?g#(s0e+, p 50—100 μm. - Cu–Ni ��
.'$ Fe SU\],  0kG.7@� Fe1Ni12 9B@
C0022�lP, ���7l[XM, e+1��?g;
�,'$ Fe & Mn ,, ��. Fe1Ni12 G Mn1Ni12 9
BN�V+, Fe/Ni ?@��V, ��?g�e+m$
(q.
3.3 MNOPQRS

M 5 C Ni13Cu30.3 & [(Fe1−xMnx)Ni12]Cu30.3

(x=0, 0.25, 0.5, 0.75 & 1) ���j#XgM_Njh
DZ;. i+ Tafel j�s0 [(FexMn1−x)Ni12]Cu30.3
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8 4 Ni13Cu30.3 
 [(Fe1−xMnx)Ni12]Cu30.3 ��
 800 Sfn 5 h �g���
Fig.4 OM images of the Ni13Cu30.3 (a) and [(Fe1−xMnx)Ni12]Cu30.3 alloys with x=0 (b), x=0.25 (c), x=0.5 (d),

x=0.75 (e) and x=1 (f) after annealing at 800 r for 5 h

8 5 Ni13Cu30.3 
 [(Fe1−xMnx)Ni12]Cu30.3 ��t
��hk�
l�

Fig.5 Potentiodynamic polarization curves of the

Ni13Cu30.3 and [(Fe1−xMnx)Ni12]Cu30.3 al-

loys in 3.5%NaCl solution

���rMM+#s (βc)%gMM+#s (βa)%T' #
X (Ecorr) &T' #m (icorr), @1 2 TV.

? 2 Ni13Cu30.3 ` [(Fe1−xMnx)Ni12]Cu30.3 abucko
ivj

Table 2 Corrosion parameters of the Ni13Cu30.3 and [(Fe1−x-

Mnx)Ni12]Cu30.3 alloys in 3.5%NaCl solution ob-

tained by fitting the curves in Fig.5

x Ecorr icorr βa βc

V μA/cm2 V/dec V/dec

0 −0.137 10.9 0.156 −0.091

0.25 −0.123 7.5 0.194 −0.099

0.5 −0.133 12.1 0.156 −0.101

0.75 −0.152 22.5 0.195 −0.120

1 −0.175 45.3 0.172 −0.125

Ni13Cu30.3 −0.212 85.5 0.184 −0.143

Note: Ecorr—corrosion potential, icorr—current den-

sity, βa—anodic Tafel slope, βc—cathodic Tafel

slope

91 2 )�C2, & Ni13Cu30.3 ��0V, '$-
�-�� Fe & Mn #(/)1 Ni30Cu70 ����' 
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*�, .11&CT' #XkÆ, T' #m7:.
�.M'$ Mn /*� [Mn1Ni12]Cu30.3 ���T
' #mC 45.3 μA/cm2, T' #sC −0.175 V,
�' *�J\; K�,'$ Fe & Mn /*� [(Fe0.75-
Mn0.25)Ni12]Cu30.3 ��.8JÆ�T' #X
(−0.123 V) &JV�T' #m (8.5 μA/cm2), ' 
#X5Æ1 0.052 V, ' #mpV1 36.8 μA/cm2,
5Æ1����' *�; ���' *��wC

[(Fe0.5Mn0.5)Ni12]Cu30.30>[Fe1Ni12]Cu30.3>[(Fe0.25-
Mn0.75)Ni12]Cu30.3 ��. ���' *�G���<

=EFOP0>, '$ Fe & Mn Ktn����' *
��\L, )�K���(<.F�%0Eqs09l.
M'$ Mn /*� [Mn1Ni12]Cu30.3 ��- 800 Q]
\ 5 h ], ?gJM, �>-au (M 4f). K�,'

$ Fe & Mn /*� [(Fe0.75Mn0.25)Ni12]Cu30.3 ��,
?gs0e+ (M 4c), ���' *�s0J1/),
�. [(Fe0.75Mn0.25)Ni12]Cu30.3 ��.8-:�' *
�. K Cu–Ni ��.'$-� Fe & Mn -��' *
�P+EK, Fe & Mn , Cu–Ni ��' *�/*�
�h-�, -8 Fe � Cu–Ni ���' p\om8i,
5Æ��' *� [7].
3.4 UVPQRS

C1rs' `[�j=P+kG�hi]=' 

%0m�, mn./1 [Fe1Ni12]Cu30.3 ��- 3.5%-
NaCl +j.�a;G' `[R' ,RP+�%0,
EqsM 6. )�#(C2, ���' `[xRR,
R�vyKpt, ^EK,' zp, ��*${q-'
 ur., H@owpksqv,m0|�[1B, ' 
`[Jt, RR%0,R�vy, �[1B�' p\�
iu�xwX$, ' `[r06?�W}, ' `[7
:. [Fe1Ni12]Cu30.3 ��- 3.5%NaCl +j.]=h^
240 h |0vx, ' `[C 0.0025 μm/h.

QN, ]T�yy_Vag+1]=h^ 240 h �
' %0Eq. M 7 C-� Fe & Mn -�� [(Fe1−x-
Mnx)Ni12]Cu30.3(x=0, 0.25, 0. 5, 0.75 & 1) ��
- 3.5%NaCl +j]=h^ 240 h ]�' `[G Mn
-��>#Z;. )�C2, -� Fe & Mn -��

[Fe1Ni12]Cu30.3 ��' `[P+JM, �_1#1-
� Fe & Mn -�, Cu70Ni30 ���' *�YSJ
M. - [(Fe1−xMnx)Ni12]Cu30.3 ��., / Mn -�

x=0.25 ,, [(Fe0.75Mn0.25)Ni12]Cu30.3 ��' `[

-V, C 0.0012 μm/h, �' *�-1; / Mn -�

x >0.25 ], ���' `[xw7k, ^as#10V
Mn, Fe SU, Cu70Ni30 ���' *��YSmM.
0VM'$ Fe /*� Cu70Ni30 ��, �,'$ Fe &
Mn � [(Fe0.75Mn0.25)Ni12]Cu30.3 ��' `[7:,

8 6 [Fe1Ni12]Cu30.3 ��
 800Sfn 5 hz
 3.5%NaCl

���zwtu
��vxwx{�~

Fig.6 Changes of mass loss and the corresponding corro-

sion rate of the (Fe1Ni12)Cu30.3 alloy after annealing

at 800 r for 5 h in 3.5%NaCl solution with time

8 7 [(Fe1−xMnx)Ni12]Cu30.3 ��y���vxw Mn |
w�~


Fig.7 Changes of static immersion corrosion rate with Mn

content x of [(Fe1−xMnx)Ni12]Cu30.3 alloy (the da-

tum of Ni13Cu30.3 is also given as comparison)

^aEK, Fe & Mn ��,$y, .6;e+1?g,
5Æ1��T' #X&�' *�, ^G#+D' f
^Eq6Z.

4 @D
<,MI0+1��9B0:,  +";1'$ Fe

& Mn /*� Ni30Cu70 0+1��@�, ��/A
EF77@K (Fe1−xMnx)Ni12 & Cu13 � 12 IX
JCaB1?@9BF@� fcc EF, �MI0+@�
C [(Fe1−xMnx)Ni12]Cu30.3. #+D' %0&]=

h^' %0Eq1#, 0,,�z-� Mn -���

�, x=0.25 ��� (Cu70Ni27.7Fe1.7Mn0.6(?@��,
%)=Cu–26.2Ni–1.6Fe–0.5Mn(����, %)),- 800Q
]\ 5 h ], ?gs0e+, ?gMVpC 50—100 μm,
- 3.5%NaCl +j..8-1��' *�, ]=va'
 `[C 0.0012 μm/h.
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