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ABSTRACT The rust/metal structure is one of the multiphase and multiple interface complex
systems. The corrosion under rust is the uppermost and longest form of metallic corrosion evolution
process. It is difficult to accurately determine the electrochemical parameters because the existence
of rust complicates the electrochemical corrosion process. Based on the result of the previous studies
of quiescent seawater, the weight–loss method and different electrochemical tests such as polarization
curves (PC), electrochemical impedance spectra (EIS) and linear polarization resistance (LPR) were
carried out to study the corrosion behavior of A3 carbon steel immersed in flowing seawater for about
280 d. After very short immersing time, there is a thin yellow rust layer on carbon steel, but as time
prolonged, the yellow corrosion products are rushed away quickly, and a tense black rust layer cover
about the whole electrode. The corrosion rate obtained by weight–loss method show a steady decline
and keep stable after about 84 d, but it is higher than that of the static state system data. The
cathodic polarization curves show an obvious reduction current peak at about −950 mV, which makes
a remarkable overestimating of the cathodic corrosion current. Polarization resistance (Rp), deter-
mined by LPR and EIS, increases during the merely short–initial immersion period, then, it decreases
gradually with immersion time. This means that the corrosion rate determined by electrochemical
tests shows an another pattern compared with the weight–loss result. After a very short immersion
time (about 14 d), there is a remarkable deviation between the weight–loss and electrochemical test
results, and the longer immersed the greater of this deviation is. So no matter in static state or flowing
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seawater, electrochemical methods can not get an accurate corrosion rate of carbon steel. And reliable
electrochemical measurement and analysis for rusted steel need much more attention.
KEY WORDS carbon steel, flowing seawater, rust layer, corrosion rate, deviation

e�8� 90 s Ps 1000 kg 6�'�C`2, �9� 1000 kg 6Q3m,��℄BY:��o 3 :	 [1], p'�f7m�)-�IT�(* [2,3]. Qg�, �ZW�e0v'��CmM�G GDP m 2%—

4%, ��^M>m'�M^v^'�Mm 1/3[4]. 0vm-,LY��_)m*f��	h^m�x, U�0v�℄kzJ>m'��I, ��G�℄kzJ>m'�Q	RsDSab [5]. W6#^>>ioO�m0v+Y, R�;^|m'�9Q^>'�-℄Cu�8;W��m'�9Q[v, �W
W6�^>>m'�+uÆ'�Q	TethAO. �ebp [6] �"
W6qe=6�*f^|zJ	m'�[aA+tuE 4 1m�E 5, �t^r9Q. �SS [7] ��tW6�*f^|>�� 8—10 1m'�+u, ^6tW6�^>>m'�+uQ	Z-. ℄v$p [8] moA��AOt`2VT	 A3 W6�^>>m'�xx:+u. !!AO�jt℄Ym0v'�9Q, u^MAG�F^-S�m���60�U��spAg[BtspZQ.OtRgmD�, B1_xx:aXB��xb���-�x��;z#�b�pua!mxx:���O�iov;A*
'�zJÆJy|>m0v'�AO. �wp [9] moxx:aXB6eA7x��4XNtf�k7� 3.5%NaCl (;r�9) pW>mxx[G�j. Bousselmi p [10] 1oxx:aXB�4
 NaCl pW^�>27	W6m'�+uA+tAO,&[Nt�ip x�
*f'�4�A+7$. Johnp [11] 1oxx:*�I�AOt�2l>6R�^>#{>>m'�H�. ~NHp [12] d[U�xy�xx:aX�xb�pxx:��AOt 316L *26�x7<�>>m'�+u. Zhang p [13] mox� KelvinX" (scanning Kelvin probe, SKP) �45rt^N>��=Zo>7E"mqWr'�[Gmxy�+Q	,+V��GE�N�}V�+Q	.AO [14] ��, xx:��5|m`2W6m'�H�zD�m6Y+"Y�Y|m:9. PEAg [15−17]
W6�H1^>>m'�A+tAO, ��LYD6�"mC�, 27>*fg&m'�;�+"�	t�Tx, G>m�-C��xx:5([G>�	�i, �jD�zxx:��m6Y��;	:9, &V�"��!Y:9�^. ^>zJ	W6m'�Æ�*
, ^>'�,g�[G_9, Ot O2 n, 27>m�-�;r β–

FeOOH  γ–FeOOH T℄gud�x��l�W6m

'�+u [18]. d=[a	, pv27℄�Qx{��i�27**f�"mR;�27*�8�xaO[_Æ27^�>q	��-hJm�L�xp�f7xx:��5|m27	W6m'�H�zD�5r6YY�h^9 [19,20].b#, �5AOLS�>�HT_)	, zJ�u��^>l, G'�+u'�Q	���	�x.��^>^�>=20v ~\�PhJtl�mD& [21,22]. Nesic p [23] /N, W6���^>>, '�;�"m7�-�9, e�W6m&'�-,0q. �SS [24] AO/N, qe=R`���^>>'�H�^^8vG�H1^>>m'�, &V�H�^, '�H�T�8. ��^�	
=2A+�sT>); Martinez[25]AOtixy	�H
(Cg�;�"ml�, /N�ixy	�H�^, g��xx�T�^, nrxy� −9005 −1000 mV ", �Hu 5 5 30 cm/s �, �H���
1 cm/s, GL�x���/�
 3 µA/cm2, 8�HhJm$Tp��Ms0q|��m|� �, #�'�x��^m�e.�Agmo1	U8!.��^>�I_), AO`2W6���^>_)	m'�+u, &Y�xx:��zD�5|'�H�+"Y�9m�e.

1 �,~{�I0v1o A3 W6, GC� (;r�9, %) u C

0.06, Si 0.30, Mn 0.50, P 0.45, S 0.30, Cr 0.025, Ni

0.30, Al 0.015, Cu 0.035, Fe wr. D�5ro(Ru
50 mm×25 mm×3 mm m�XJ;, 5J�>Js,K�u 3 mm m�^. xx:5(o(Ru,K 10 mm m�N(, OAg�nGw-�ozQ6) U. Qs(R�Orl, To>#{3/(R!�K�[#5 1000 `{3, klo�>^T.�l, D6v^>>. 1ox�1	L!.��^>��, 1	LTHu 100 r/min, &|E(I>}^>, _�H(I�>^>��x:C�}|. 1o9Æ��4�x�!�m'�(�./D6*f�"mJ;(RW^>>Nlo>J�, &om�:Od!�.Em'�;�, klDsO2W>O2. 1000 mL O2W_ 500 mL HCl  20 g �V��B�, Gwu>. 27�ZO1Ll, N(Ro>J�1L, kl��>^T>A�Z�lS1, ��1�L>�Y 24 h lBD, �IG;rM, 
�Y�I_)�1o 3 :>+R, 6Y>T..xx:5(�o PARSTAT 2263 potentiostat/
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galvanostat xx:Ag�, 1ovx�^�A+, $Px�u*26x�, 2�x�u2Ex� (SCE,r�Z"� , �{>mxyT�
z SCE �D), x7;pWu^>, 5(t)u Powersuite. xx:aX5(�℄'�xy	A+, <��ru 99 kHz—9 mHz, ��t)u
ZView2. �-�xxa5(mx�H�u 0.10 mV/s,�xb�5(x�H�u 0.33 V/s, ut��27ml�, �xb��"W℄'�xy�g�P�x�. g�x��ruW℄'�xy5 −1.1 V, P�x��ruW℄'�xy5� −0.4 V, ��t)u CView2.

2 �,��. �
2.1 ��1�y��6u��'�j 1 <NtW6���^>>D6*f�"lm!�'�(�. Wj>℄_VN, �D6h��"l (1d),x�!�P℄N�^r�zm'�;� (j 1a); D6 7 dl, $:x�!�℄)0tY7�3>�mgz27, ��zmn27�pv>�mJ:��>)0�x�	�
(j 1b); LYD6�"C�, 84 d l, gzm*27�j>j, ��zmn27K+� (j 1c); D6
252 d �, x�!�℄F�jjmgz27oe)0, �zmn27�nV*h, &V'�;��	*$I, s �m��hJ (j 1d). !zH1^>>mx�!�'

�(� [16] s �9", &V'�G�T>>D. �H1^>>, W6!�+��Y7�zm'�;�Q)0, ���"D6+l, 27�u�zmn27gzm*27q7. �zm27�3.E, �x�!�m,Yp9, ��^>℄/GJ:y, e�(R!�2�|s,YpQmgz27. p 1 j{℄(, ���^>>, x�m!�'�;�E�N8q*fm�	(�.

2.2 ��1�y��6u���7)$j 2 uD�5j A3 W6���^>>m'�D'�x���LD6�"m�x. '�x��� icorrmo Faraday |	d[Dr�I�j, �I�r	:

icorr =
nF∆m

MtA
(1)�>, n u Fe �'�lmxe�, F u Faraday =9,

∆m u'�Dr, M u Fe m$�;r, t uD6�",

A u'�(;m!�	. pj 2 ℄(, �ED6(;Dr�x3^, � 28 d l, Dr!�NL�"m�-��mQ	, ! D'�H�K+}| (j 2a); W'�x��xb�V, LEx���3^, LY�"C��h`	0, h� 42 d l	0_!K+�|, � 84 d lx���_v}|, }|'�x����u 6 µA/cm2(j 2b).pU℄_VN, ���^>>, moD�5jmW6m

" 1 A3 V5���℄==&�)e�!kl �&�'�
Fig.1 Morphologies of the surfaces of A3 carbon steels after immerged in flowing seawater for 1 d (a), 7 d (b),

84 d (c) and 252 d (d)



t 10 C 7 $n : _0U4Æ�~\<<k>C%�)s 1263�'�H�#K+&�m, !zH1^>>mQ	 [16,17] gC, !� �HT��^>>D�5jm'�[G�s�	�j�m.�. b#, ���^>>, W6m'�H�S �^v�H1^>^�>5jm'�H�, G9.�n�9Y�, &V���^>>, '�H��x>`,T>�Zh�
}|m.. !LS#eu, ���^>>,pv>�mJ:go, ,Yp9m.En27*,�4�|�x��, W6!�27m6F�jx:-;>q`Zh}|.

2.3 ��1�y��6uv
+)$
2.3.1 ?>GL }T�xb�#DSmxx:5(*�, d[
��xb�, ℄_jND6*f�"mx�'�H�Æ'��i�j. j 3 u��^>>*fD6FEW6m�xb�. Wj>℄_VN, Qsm�xb���sN��x`, � A3 W6&^>'�m,phu; LYD6�"m��, P��xb��x*^, ! x�!�27
P�[Gml�*^, nk# Fe mp7[G; g��xb��-`��>+, ℄mu#�*�, � G�i�j&�s ��x, bG�ix��xgh�M, 3�D6�" (28 d), g��xb�m#�(��
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" 2 �C�4i A3V5���℄==l&��Cb&�w���KC5�!l�w
Fig.2 Changes of weight loss (a) and instantaneous cor-

rosion current density (b) with immersion time of

A3 carbon steel in flowing seawater determined by

weight–loss measurement

�s ��x, bLYD6�"AY,C�, � −950 mVdtN�3u �m�i!, f7g�{�x� ��^,g��iH�K+��, �'��iH�T�^. `H��m^>Y���Ht'�;�W=2!�mm, &�tbw7mj�, p7 O >q`hZ=2!�; zY��,pv>�J:, .En27*,�x�!��	, x�m℄'�xyh`Zh β–FeOOH m	Cxy, W��gz27^r	C, ��xx:5([G>, {�-hQm
β–FeOOH hq`�	g�{��i, f7�g�`N��3 �mg�{�x�, W��jxx:5(jhm'�H��lE ��`.

2.3.2 ;>QUDOK j 4 �Nt A3 W6���^>>D6*f�"maXj. Wj>℄_VN, ���^>>, LYD6�"mC�, qXp
K?�D6LEh�m�"*!�N�^_!klh`&�, G'�H��^mKvT>�N�. ��H1^>>, D6�"�v 56 d �, A3 W6x�qXp
K�^, D6�"�4C�, 
K&� [16,17]. ℄(, ��^>>maXjzH
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" 3 A3 V5���℄==C5)e�!l
wa�
Fig.3 Polarization curves of A3 carbon steel after im-

merged in flowing seawater for various times (PC−

is cathodic polarization curve, PC+ is anodic polar-

ization curve)
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" 4 A3 V5���℄==C5)e�!lww9`Wi
Fig.4 EIS diagram of A3 carbon steel after immerged in

flowing seawater for various times



�1264 :�/�7�Æ t 48 S1^>> 56 d lm�x_!gC, !� ��^>>�i[GzH1^>> 56 d lm[GgC, &VzH1^>>��, G Rp .>�, !axY A3 W6��T^�>S�H1^>>'�>�>D. !#eu^>m���p7 O bwh=2!�mH��`, x�!�m O BijhI��', e� O md�xgoY,Qv8!VT,'�H� �8vH1^>, f�pv27>m�-�;
β–FeOOH �5([G>m{��i, f7�xxa Rp��, I5jm'�H��`.j 5 u
j 4 Q�xx:aXBA+.emp x�, G> Rs a!pWxa, Qr u27xq, Rr u27xa, Qdl u;x7xq, Rt #�xxa. j 6 #=Qj
5 Q�p x�.ejhm A3 W6���^>>D6*f�"m�xxa. Wj>℄_VN, xx:aX�5|m�xxaLYD6�"m���K+&�. AY,! LYD6�"mC�, xx:aX��5jm'�H�K+�^, G,hm'�T}�>D.

2.3.3 LP?>GL j 7 u A3 W6���^>>D6*f�"m�-�xb�. Wj>℄_VN, D6LE℄'�xy3+, LYD6�"m��, ℄'�xyK+%[, �,�m#�K+&�. =Qj 7 .e�jm�xxarj 8 Q�. ℄(, zH1^>>W6x�m�xxa��^&�mQ	 [17] *f, A3 W6���^>>�xxaLY'�[GmA+Y,&�, zd[ EISjhmQ	 (j 6) Y7; P 42 d, �xxa	0�3 

" 5 nu	i 4 P�ww9`WA�*-dlo�w�
Fig.5 Equivalent circuit for fitting the EIS results shown

in Fig.4
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�, 42 d l, �xxa	0m_!�j�
>|. zn,��^>>m�xxa.S ��vH1^>>m�xxa., AY,� ��^>_)	m'�>u>D.

2.4 �7}/v
+�}pwu����zk�"
�xb�mP�g�`A+.ejhP�g�m Tafel #� ba  bc, &QU�I Stern =9 B

(B = babc
2.303(ba+bc)

[26]
). A3 W6���^>>D6*f�"m ba  bc Æ B r! 1 Q�. W! 1 ℄(, �D6[G>, B �x*^, >T. B=26 mV. d[_	m

Stern–Geary D� [26] ℄_�Ixx:��5|m?�'�x���:

icorr =
B

Rp
(2)�� 2 �Ijhm'�x���zD�5|6Ym�3rj 9 Q�. Wj>℄_VN, D�5|m'�H� (�'�x���) Y,&�, &LD6�"mC�K+_�v}|; �xx:��5|m'�H�Y,�^; P 28 d, D�zxx:��m9.�3�B, !� �ED6
27ml�*^; 28 d l, 2 Axx:��
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Fig.7 Linear polarization curves of A3 carbon teel im-

merged in flowing seawater for various times
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bf
 Tafel "
 Stern <8 B

Table 1 Change of Tafel slopes of anodic curve (ba) and ca-

thodic curve (bc) and Stern constant (B) of A3 car-

bon steel after immerged in flowing seawater for var-

ious times

Time, d ba bc B

7 75 366 27.0

28 72 348 25.9

84 72 311 25.4

168 76 278 25.9

280 75 270 25.5
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Fig.9 Comparison of corrosion current densities of A3 car-

bon steel determined by weight loss, EIS and LPR

methods after immersed in flowing seawater for var-

ious timesjhm9QJksY|:9, b�x_!Y7, &� �:hD�jNm6Y.
vD��D, G5jm'�H�2#�^=2
Fe QxCQx�mH�, G'�H�,p7 O 3�_9,LYD6�"mC�, 7�27�j, 
p7 O mbw��CY|ma�go, Q_D�jhm'�H�!�NK+��m_!, &_v}|. �
vxx:���, pv'�;�>m,Y,pQm β–FeOOH ^r�	�W6x�!�, ��A+xx:5(� β–FeOOH m{��i�^tg�x���, �xb�� −900—950 mV,B!�N �mQx{�!, f7g�{�x� �:^, U�xx:��zD�m6Y";	:h; L�"mC�, β–FeOOH r�, {�x��^, ��imxx:��
D�6Ym:9TLD6�"mC���j>u�M. pU℄(, ��#�H1^>>{#��^>>, �ED6l, W6!�m27
xx:5(��;	l�, ,zJml�eF�, LS#27��m-;
xx:5(6Y;	l�, f7�ED6x�xx:5(

m6YzD�9Q"Y�:9, D6�"��, '�;��, :9�^. eU
v��^>>�ED6mW6,pv,h27>�-�;ml�, xx:��*,Xi�HG'�H�.

3 ��
(1) A3 W6���^>>D6h��"l (� 7 d),!�	CY7gz7�m'�;�, LYD6�"m��,gzm'�;�K+�j, �.Em�z27�pv>�mJ:*,�(R!�^rf	.

(2) zH1^>>gC, ���^>>, LYD6�"mC�, D�5|m'�H�Y,&�, �xx:��5|m'�H�gY,�^. xx:��5jm��^>>�ED6W6'�H�zD�6YY�3^:9, !Y:9LS�v5([G>27>m�-C�
β–FeOOH m{��i. D6�"��, 27�j, !Y:9� �.

(3) �^>>�ED6l, W6!�m27
xx:5(�;	l�, �jxx:��*,Xi�HG'�H�.o%&
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