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ABSTRACT From the application point of view, corrosion resistance of materials in corrosive
environments, especially in Cl− containing medium, has great significance when used as mechanical
components serving in marine and other aggressive environments. The corrosion behavior of a material
is largely controlled by the presence or absence of protective surface film, which may act as a protective
barrier against corrosion attacks. Therefore, the corrosion resistance of an alloy is closely related to
the particular composition of the passive film and the synergistic interaction between the cations of
alloy components in the passive film. In the present study, a γ–toughened Cr13Ni5Si2 metal silicide
alloy, consisting of Cr13Ni5Si2, Ni base solid solution γ and Cr3Ni5Si2 was designed and fabricated
by the introduction melting and die–casting prosess. Corrosion behaviors of the alloy in a series of
Na2SO4+NaCl solutions were investigated by anodic polarization, Tafel plot and electrochemical
impedance spectroscopy (EIS) experiments. Chemical composition of the passive film and the surface
of polarized samples were examined by X–ray photoelectron spectroscopy (XPS) and scanning electron
microscopy (SEM), respectively. A commercial solution treated single phase austenitic stainless
steel 1Cr18Ni9Ti was selected as the reference material for all the electrochemical tests. Results
showed that the metal silicide alloy exhibited high corrosion resistance in all testing solutions due
to the formation of a compact and protective passive film composed mainly of Cr2O3, as well as the high
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chemical stability of Cr13Ni5Si2 and Cr3Ni5Si2 phases. No evidence of localized corrosion occurred
even after anodic polarization in 0.1 mol/L Na2SO4+1 mol/L NaCl solution. Moreover, the corrosion
potential, breakdown potential and anodic current density are almost invariant with increasing Cl−

concentration, which means the alloy has excellent corrosion resistance in neutral Cl− containing
solutions.
KEY WORDS metal silicide, corrosion, polarization curve, Cl− concentration, elecrtochemical

impedance spectroscopy (EIS)

%�&  !'!##(%$&'%$&' 2 %"
"(#. &$)*'+)(, ) 2 %""##%%(%$
%"*)*&*+'',-+"", ,+&(*+%),
--.'*�'&* ' [1−3]. ,(/-.)'*�*
+* '+./, ).)'/,* *+, -* ./0*
 .*0/01/-, 1.223'*�+0 [4,5]. ,+,
14+2,-'* *�*+./, 1/0+21*�*
 '3, 01,-253&'34&$)45.

Cr13Ni5Si2 !2%,- tP30 σ 35.66'36
/,784 [6], ,-.7'2595, 1:8967'4
89619&;-'</351,-:;':60* 
'+. '+7&;8<'78+2 [7] 4<, Cr13Ni5Si2 5
3*+&99=>#0 =  :&;>4<6:;'
*  '+. 7/,?814'8=999', 5:53
Cr13Ni5Si2 :='666*+*Æ. >?1/8>0<
;'';@3&@ÆA3<?@;!?</,7841
/43&;'%Æ' 2 %BC [8−10]. <D;=. (γ)
,-:;'4;'A*�', >< Cr & Si -,-E=
';=3, ! Cr13Ni5Si2 3@';83B2. AA, C
D Cr13Ni5Si2 & Cr3Ni5Si2 ' Cr 0 Si FB.<, %)
Cr & Si AB'?&0>E=, GE4%>8, C&1/
4D%2>FGE'>8@, ?H1/FA%�G0'B
�. ,+, <D;=.@; Cr13Ni5Si2 @3/,784
1/-C262%H,:-4;'&:;*�* ''
,-1/*+.

'+7&;8<'78+2 [11,12] D<,%.I5

C<D;=.@; Cr13Ni5Si2 1/'%90<9*  
'+IEJ/)'AD, 1K+:F6J,-:;*HI
  '+0* +  '+&:-4;'E1'JJ<D
;=.FB011/25EB. )-K1*%�'+'+
2FLG-CD. 8HEÆG8GI0Tafel J&F8K
KMH (EIS) -LI, +2M/,7841/&,% Cl−

J3' Na2SO4+NaCl =L('F8K%�E6.

1 %&'L
= Cr, Ni & Si <G/,N*68+, EÆN*O

KP1/,-.M6<D;=.@; Cr13Ni5Si2 @3/
,7841/.H. 1/'8K256 Cr–38Ni–12Si(8
95C, %, ;%). EÆ Olympus BX51M OKMNQ

0 KYKY–2800 LRF9MNQ (SEM) 5O1/MN
<?, 1SNMÆIB/35ON&AB1/P3'.I

5C. Æ RigakuD/max2200 POQG X OIROS
(XRD, CuKα, LR&T6 5◦/min, FT6 40 kV) 1
61 Noran Vantage DSI +HS (EDS) IE43UI.

@ÆIPQJ1/.HQPRKL6 10 mm×
10 mm×2 mm 'DU, R*'D>Æ+BSPES, *
'D (10 mm×10 mm) Q R 1000 TTS, ÆMVN
UOVW, =TUPF8KAD5Æ. FR';=48Q
3' 1Cr18Ni9Ti RW.,(/'6<BSU*+. F
8KABEÆ3FG/), T&VWFG (SCE) &=D
I Pt X5U'6VBFG&XNFG, 1/6*'F
G. QGG8GI0Tafel J&KMAD>EÆ CHI660C
F8K*'V&99=Y+)(IE. G8GIADFR
FXLR&36 2 mV/s; Tafel JFR3<1VFX
(OCP)±0.2 V 'FX95IEAD, J):&1/'W
%�FW; OCP ;' EIS ADFRXWXYYYZT
ZY6 5 mV, ADZT956 105—10−2 Hz; OCP
'FI!DU&$[G0(Z[ 30 min U'W\%�
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Fig.1 Microstructure of the metal silicide alloy
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. 2 	�����	 XRD �
Fig.2 XRD spectrum of the metal silicide alloy
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RW.,(/'*�'I2k;b, 4< Cl− J3'@
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Fig.3 Anodic polarization curves of the metal silicide al-

loy (a) and 1Cr18Ni9Ti stainless steel (b) in differ-

ent Cl− concentration solutions (E—potential, i—

current density)
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. 4 	�����	� 1Cr18Ni9Ti �db��
� (Eb)

� Cl− ������
Fig.4 Breakdown potentials (Eb) of the metal silicide alloy

and 1Cr18Ni9Ti as a function of Cl− concentration

h 1 ljdeiflg 1Cr18Ni9Ti mjhimk Cl− kn
lljokimpm

Table 1 Corrosion current data of metal silicide alloy and

1Cr18Ni9Ti austenitic stainless steel in different Cl−

concentration solutions

(10−8 A)

Solution Metal silicide 1Cr18Ni9Ti

0.1 mol/L Na2SO4 4.06 9.37

0.1 mol/L Na2SO4+0.1 mol/L NaCl 3.52 7.99

0.1 mol/L Na2SO4+0.2 mol/L NaCl 3.87 8.69

0.1 mol/L Na2SO4+1.0 mol/L NaCl 4.23 9.71

?a(n;'jk (J 5a), 4<&< Cl− J3'bg
+)(, 1/'>8@g\mI>GE, +3-"q?H
1/D.FA-lo9'B�. ,(/DU 1Cr18Ni9Ti
&G8?a(4%Jb3'r�, DU4DQ-nnC
]'<Mr�p, �p./>st�l, r�puq&
200 μm =Q (J 5b). )4<, & Cl− J3.<'G
0(, ,(/'>8@,mI, Cl− GEom&1>8@
'voQ)wG>8@k$' , I)M2<D.'k$
%�.

CJ 6a /,7841/& 1Cr18Ni9Ti ,(/&
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+' EIS >CpMn<2. )4<, &AD'ZT95q,
Warburg KMC=oe, G8?aprCF8K`*r
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CpMn<2, f!pMnuq-7]8. F8KKMH
EÆ ZSimpWin N&IECKtO, -"FV-J 7 7
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FpOrFK. ,.'t1CKaD4 2 (. pC,9
n `nJ;.FG'FuyFp'Zta'vo3@F
p'a3. & 0.1 mol/L Na2SO4 (, /,7841/'

. 5 	�����	� 1Cr18Ni9Ti �db	 0.1 mol/L
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Fig.5 Surface morphologies of the metal silicide alloy (a)

and austenitic stainless steel 1Cr18Ni9Ti (b) after

anodic potentiodynamic polarization in 0.1 mol/L

Na2SO4+1.0 mol/L NaCl solution

FpOrFK Rct a6 2.7×106 Ω, ! 1Cr18Ni9Ti ,
(/ (6.8×105 Ω) ' 4 ^; Cl− J3j& 1.0 mol/L ),
/,7841/' Rct D8?c,], ) 1Cr18Ni9Ti '
Rct ;ba2u, 6 3.8×105 Ω, +)/,7841/'
Rct a6,(/' 7 ^. KMAD'6\&G8GI'6
\2G, >4<)%/,7841/< Cl− J3'@*
,fN, 1*�',r` Cl− J3'@*);b, )VB
*+ 1Cr18Ni9Ti eww3`, 1*�'` Cl− J3'
@*)_d;b.

3 23
q1=QF8K%�'$[6\, <D;=.@;

Cr13Ni5Si2 @3/,7841/,-25:;'*('
Cl− =L%�'+, aU!_ Cl− J3.<), 1F8K
VC (W%�FWE30>8c?`30'`FX&Fp
OrFK-) >gg:D<BDU 1Cr18Ni9Ti RW.,
(/.

r7sm, *+'%�E6E=a3QRwD*+4
D>8@'z&As=0?H'-t. </,7841/
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C=x6, Cr & Si ' 2p Æ>C 2 ^Æ<2, a61+
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Fig.6 Nyquist plots for the metal silicide alloy and 1Cr18Ni9Ti in 0.1 mol/L Na2SO4 (a) and 0.1 mol/L Na2SO4+

1.0 mol/L NaCl (b) solutions (Z′—the real part of impendance, Z′′—the imaginary part of impedance)

. 7 	�����	� 1Cr18Ni9Ti �db	 0.1 mol/L

Na2SO4 � 0.1 mol/L Na2SO4+1.0 mol/L NaCl 	

�v
�

Fig.7 Equivalent circuit model used to fit the experimen-

tal impedance data of various samples in 0.1 mol/L

Na2SO4 and 0.1 mol/L Na2SO4+1.0 mol/L NaCl so-

lutions (Rs—solution resistance, Q—constant phase

element, Rct—interfacial charge teansfer resistance)

+6 8' Cr; ) Si 6x'8uQD +2 & +4 B?,
-C+! SiO & SiO2 'u14. Ni 2p '61+6
852.4 eV, 4<=/, Ni '##z&, a>8@(,z
& Ni 'B84. )!,61/'<26x(, Cr & Si
6xAB'?&0E=, GE4%>8, &1/4D%2
2y>FGE'>8@. >CD1/' Cr FBE< (a

50%), ,+Jt&1/4D#22y= Cr2O3 67'?
H'>8@. 2BD, Cr2O3 @&(' Cl− G0(25m
I, *�'-., C-"q?H1/FAAzB�L'%
�. =B'+2 [13−15] 4<,04!*D0<D0/,?8
14D]!R5D1/(*0 Cr 6x, >+?<1/'
*�',aU!&F Cl− =L('*�'.A2BD,&(
':&;,1/>8@(' Si'B84s<1/'*�'
e&J-@''Æ, ,6 Si 'B84&('+)(, 8K
'025mI [16]. 1{, 1/'<23 Cr13Ni5Si2, γ &

Cr3Ni5Si2 '<26x3%, >8K253/,=, -@
D:q,3?FX/)>e'k$%�. JU, 1/('
7&<23!36/,784 Cr13Ni5Si2 & Cr3Ni5Si2,
/,7847a-'4'899610&<'8KmI
'+3-"dM=L(B8[<1<6'B8, J)u[
6xwo5v4%QG=t, =o9##I0=L, 5)
%,-/,7841/w::;'*�'. ,+, &('
+)(, v1! Cl− J3.<), )%,-/,7841
/4<6g<D.)*�*+ 1Cr18Ni9Ti ,(/':
;*�'.

h 2 ljdeiflg 1Cr18Ni9Ti mjhi 0.1 mol/L Na2SO4 g 0.1 mol/L Na2SO4+1.0 mol/L NaCl lljo
pexw{yozf|{

Table 2 Equivalent circuit parameters for the metal silicide alloy and 1Cr18Ni9Ti in 0.1 mol/L Na2SO4 and

0.1 mol/L Na2SO4+1.0 mol/L NaCl solutions

Electrolytes Material Rs, Ω R, Ω Q1, µF/cm2 n1 Rct, kΩ Q2, µF/cm2 n2

0.1 mol/L Metal 36.75 270 1.15 0.98 2756 1.34 0.97

Na2SO4 silicide

1Cr18Ni9Ti 50.89 204.6 0.77 0.8 682 9.6 0.92

0.1 mol/L Metal 7.23 5.43 0.53 0.97 2465 6.4 0.96

Na2SO4+ silicide

1.0 mol/L 1Cr18Ni9Ti 3.14 17.03 1.58 0.8 380 14.15 0.92

NaCl

Note: n1 and n2—exponential factors
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. 8 	�����	 XPS 
 Cr 2p, Ni 2p � Si 2p x
|��

Fig.8 Fitted results of Cr 2p (a), Ni 2p (b) and Si 2p (c)

in XPS of the metal silicide alloy

4 (3
(1) <D;=.@; Cr13Ni5Si2 @3/,7841

/&,% Cl− J3 Na2SO4+NaCl=L(>4<6:;
'*�'; 1/'1VFX0'`FX&%�FWE3-
yz,` Cl− J3'@*){].

(2) CD1/N<' Cr FB (a 50%) ED
51/4D#2= Cr2O3 67'mI>8@=0<2
3 Cr13Ni5Si2 & Cr3Ni5Si2 '<'8KmI', 1
/&< Cl− J3'=L(4<6g<D.)*�*+
1Cr18Ni9Ti ,(/':;*�'.

xÆ !
[1] Bateni M R, Szpunar J A, Wang X, Li D Y. Wear, 2006;

260: 116

[2] Batchelor A W, Stachowiak G W. Wear, 1988; 123: 281

[3] Wang H M, Duan G. Intermetallics, 2003; 11: 755

[4] Yuan Y, Wang H M. J Alloys Compd, 2008; 459: 148

[5] Xia Y Q, Hu J H, Zhou F, Lin Y M, Qiao Y L, Xu T.

Mater Sci Eng, 2005; A402: 135

[6] Villars P, Prince A, Okamoto H. Handbook of Ternary

Alloys Phase Diagrams. New York: ASM International,

1995: 9143

[7] Tang H B, Fang Y L, Wang H M. Acta Mater, 2004; 52:

1773

[8] Xu Y W, Wang H M. Acta Metall Sin, 2006; 42: 722

(yz{, ||�. 	��}, 2006; 42: 722)

[9] Yeh C L, Chen W H. J Alloys Compd, 2005; 402: 118

[10] Liu Y, Wang H M. Mater Sci Eng, 2005; A396: 240

[11] Fang Y L, Wang H M. Acta Metall Sin, 2006; 42: 181

(}}|, ||�, 	��}, 2006; 42: 181)

[12] Fang Y L, Wang H M. Rare Metal Mat Eng, 2007; 36: 690

(}}|, ||�, ~�	�~}y~�, 2007; 36: 690)

[13] Pardo A, Otero E, Merino M C, López M D, Vázquez M,
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