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ABSTRACT Hydrogen permeation behavior of hot-dip galvanized steels exposed to stimulated marine
atmospheric environment at different relative humidity and temperature was investigated by hydrogen per-
meation current measurement using modified Devanathan cell and scanning electron microscopy technique.
Influence of temperature on hydrogen permeation process of galvanized steel exposed to simulated marine
atmosphere was discussed. The results show that the rate of hydrogen permeation increased gradually with
the temperature rising; higher relative humidity stimulated, more obvious hydrogen permeation current;
the hydrogen permeation of galvanized steel was the most rapidly when exposed to marine atmospheric
environment with high relative humidity and temperature.

KEY WORDS materials failure and protection, hot-dip galvanized coating, hydrogen absorption,
hydrogen permeation, atmospheric corrosion
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C� NaOH ?C! (@=?�2(:). Æ���4

�015;A�, ����:'� 10 µm. >�4�

�<D@� 40 mm �EA, 6�42%���@F.

 >:9BC7�=?DE, B@�ACBF:.

:!%��42@F�DC�60, ",G06
�>%�60, �?����D8G; EG06�4
2�60, H>��HIJ@, I:BKJ9EAF,

:B/#�:BG. �:C�LMK (NiSO4·6H2O,

250 g/L; NiCl2·6H2O, 45 g/L; H3BO3, 40 g/L), 07

8'� 3.0 mA/cm2, �:/F� 3 min, �:�:'

L 180 nm.

F: CHI 730B M0@��6N/#�%07
8'42�GH.  >;O�Æ/� Devanathan-

Stachurski 80031 [10]: BIC;�@F>03
12H<!�;DC�6N, >%�60�!I�&
!N,  @F"JK9=� :6;7��>%; 4

2�60�;I�P!N,  �%078'42, P

!N,�DE0!�J/Q@J0!, K<0!�F
0!.

"&!N�>%�60!G� 0.36 mL 9B,

H"L�BLM, !5"@F�(0<<G�N�

HR�?S�8M; "P!NN+0 0.20 mol/L �

NaOH ?C, OP"T@F420�?>2OIB,

>031PJ! RXZ–128 M=#�� QU,K>
0!'VOOW CHI 730B, " 30 L�45% RH

;�@F42�60/#50Q!@, !@0Q�

+150 mV(Hg/HgO). W!@07;! 0.20 µA/cm2

BMR�� QUN�*'�+',2N"5* 70%

RH�80% RH � 90% RH ! 3 CBI!42�GH

@F"5+ 20 L�30 L� 40 L/��%078',

42/F� 6.0×105s,>42RÆP@OQ07XB

P�@F��%078'SV.

�%078'427TB, YC 20 L –90%

RH�40 L –70% RH � 40 L –90% RH ;/#4

2�U>@F, : KYKY 2800 MVR0S�2@F

(0���<9, ��0Z� 25 kV.

2 23?@
2.1 AB 70% RH CDEFGHIJKLMNO
PQRSTU

[!@F" 20 L –70% RH ;��%078

'SQWX, OTOQX, Y)Z 1 ,T7U V
:6;�RÆ. "JK9=� �!*'� 70%

RH �:6;, @F" 30 L� 40 L��%078

'SVENOT. "2@AR,�%078'?"
0.012 µA/cm2 );, T7 \),�WX, [)Æ�

���(0�(%X]NWX. ( 1 U VZ 1 ,

V 1 ;7@;8AY\ 70% RHST]^U_Z^9

<>VWXU`Æ

Fig.1 Hydrogen permeation current chart for Galva-

nized steel exposed to marine atmosphere at

70% RH and different temperature

W 1 ;7@;8AY\ 70% RHST]^U^9

<>VWXUX5_[YZ_
Table 1 Maximum and average values of hydrogen

permeation current density for Galvanized

steel exposed to marine atmosphere at 70%

RH and different temperature

Temperature/W 30 40

Maximum current density, µA/cm2 0.009 0.011

Average current density, µA/cm2 0.008 0.009

@F��%078'SV�:�X��/F.2B
�I?X. $)�\, "-*':6;�I?�%0

78'X+', +YA 0.010 µA/cm2.

2.2 AB 80% RH CDEFGHIJKLMNO
PQRSTU

Z 2 (), ZJK9=� �!�+'�?

" 20 L/, @F��%078'42WX, �L�

0.05 µA/cm2, \" 2.2×105 ∼2.6×105s �/F[N

2'� 0.08 µA/cm2 Y`, [)Æ����(0�

(%AR3+),. �"5+ 30 L�!,, "2@

&aB]\G[/FN�%078'T 20 L/a

T, *] 1.2×105s B"RX&a)N[�'9�, "

2.3×105s /^�:�X 0.32 µA/cm2, 3"G[/F

Nb?"bGBI, 7 2.7×105s B_&a^\_c,

W2@7T/ (6.0×105s) `W 0.12 µA/cm2 );.

$a,"-:6;Æ����(0�%( dN�)

,, 307�]/`@ae9�B_c�cd. Z�

!+'2'� 40 L/, @F��%078'SV�

<8�`@b^T 30 L/ae,  a\ e9�B

_c�cd,*5d \),�%07�/F�5V

�L 4.0×104s, �%078'�9\�' ),�
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V 2 ;7@;8AY\ 80% RHST]^U_Z^9

<>VWXU`Æ

Fig.2 Hydrogen permeation current chart for Galva-

nized steel exposed to marine atmosphere at

80% RH and different temperature

', @F"b_ 1.8×105s B�%07^�:�X
1.13 µA/cm2. ( 2 U V@F"Z 2 ,��%0
78'SV�:�X��/F.2B�I?X. $

)�\, 20 L/�cfRX?:;, � 40 L/:';

40 L/@F�I?�%07E 30 L/�'VT 2

c, E 20 L/�'V 8 cd.

2.3 AB 90% RH CDEFGHIJKLMNO
PQRSTU

[Z 3$a,UC+';�%��SVXae9

��B_c�cd. ",5+ 20 L� 30 L/�%0

78'SVENOT, ?" 1.00 µA/cm2 );, g5

20 L/:��%07� \/F7Yhe, "RX

 c! 30 L/. Z�!+'2'� 40 L/,  \)

,�%078'�/FE5Di�5VL 6.0×104s,

�%078'�9\�' ),�[,3! 2.1×105s

/^�:�X 12.64µA/cm2, 5 20 L/� 88 c,

30 L/� 15 c. ( 3 U V@F"Z 3 ,�:
��%07�I?07X. $)�\, 30 L/�I?

078'E 20L/�'VL 4c, � 40L/�I?

078'j),9�, ^� 3.13 µA/cm2, E5Di

' RRGCR1E.

2.4 Z[S\]^_
b_" 40 L –70% RH �� �!,�@F(

0��EN�W, f),���f., \�g�G�

N�?S�8M (Z 4a); �" 20 L –90% RH �

40 L –90% RH ��!:6;, "@F�(0?$�

g�),���dk, 5i�(0aefg, ��d

Nl`, *5TBiaE, "(0���f.3+)

, (Z 4b);Bi���:l`,(0+\a\efg,

g7),���f.). (Z 4c).

W 2 ;7@;8AY\ 80% RHST]^U^9

<>VWXUX5_[YZ_
Table 2 Maximum and average values of hydrogen

permeation current density for Galvanized

steel exposed to marine atmosphere at 80%

RH and different temperature

Temperature/W 20 30 40

Maximum current density, µA/cm2 0.081 0.321 1.133

Average current density, µA/cm2 0.037 0.135 0.397

V 3 ;7@;8AY\ 90% RH _Z^T]^U9

<>VWXU`Æ

Fig.3 Hydrogen permeation current chart for Galva-

nized steel exposed to marine atmosphere at

90% RH and different temperature

W 3 ;7@;8AY\ 90% RHST]^U^9

<>VWXUX5_[YZ_
Table 3 Maximum and average values of hydrogen

permeation current density for Galvanized

steel exposed to marine atmosphere at 90%

RH and different temperature

Temperature/W 20 30 40

Maximum current density, µA/cm2 0.143 0.871 12.64

Average current density, µA/cm2 0.068 0.360 3.132

" 40L –70% RH� h,b_/, @F(0�

����N�?G, -$�h�5���I0��,

f.�`a8, ��01T7),b_ (Z 5a). �"

20 L –90% RH :6;, ���bhim��N�l

`,(07n8�c8f.; db_ ��01, (0

$�g�ig�a8.i( (Z 5b). " 40 L –90%

RH :6;, ������:�l`, jk���(

07n8�A8.i(; ��01b_Pjd, (0

7�1A8�`a8�.)i( (Z 5c).
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V 4 joAT]<=_Z^ld 6.0×105s k9mlpe

Fig.4 Corrosion appearance of Galvanized steel after exposed to marine atmosphere for 6.0×105 s:

(a) 40 W –70% RH; (b) 20 W –90% RH; (c) 40 W –90% RH

V 5 joAT]<=_Z^ld 6.0×105s k9klmlpe

Fig.5 Surface morphology of Galvanized steel after exposed to marine atmosphere for 6.0×105s:

(a) 40 W –70% RH; (b) 20 W –90% RH; (c) 40 W –90% RH

3 a b
%��42���<9�2((), "GJ�*

':6;,+'�!Æ�����%��#�45,

1. �n!ENc*'BI;+'�Æ�����

%��#��45, nmV@F"ccJK9=� 
�!,�%��01 (f:%��SV�/F.2)

(( 4).

[( 4 $a, " h+'a9�gh;, @F�

�%1�(*'��'�9�, T7q [8] 7o5G

*�." 20L, *'[ 80% RH2'� 90% RH@F

��%19�V 1c;" 30L,*'[ 70% RH�80%

RH 2'� 90% RH @F��%1�L2N9�V

45 c� 16 c; �" 40 L, @F��%12N9�V

L 354 c� 44 c. b [), "�!+'2'�g

h;, *'��'o/Æ�����%��#�.

"�!*'5J! 70% RH /, @F" 30 L

� 40 L/��%d1b?"9GBI. b[), Z

*'EN;/, +'�Æ����%��#��45

+,1. 13�h� ���ipa�*'�L�

75%; .7�7o (), "-:6;@F(03T

7),�CM<<, (0�8Mn�?"NMr�8
G. "-�!,@F(0���\�hV�W��
� (Z 4a �Z 5a), [!�(0�h(%X]YH�

A0QN� [11], "@F(0�hV);X]:

Zn → Zn2+ + 2e− (1)

O2 + 2H2O + 4e− → 4OH− (2)

"@F(0qrT7%se( . $a, "�!*'

� 70% RH /Æ������%078'afb?
"N;BI.

*'� 80% RH /, +'[ 20 L�30 L2'

� 40 L@F��%12N�'V 3 c�T 10 c;

�*'� 90% RH /, @F��%1j�+'�2

'2N9�V 4 c� 45 cY`. " >,$�g
�, -/"@F(07),�CM<<. CM<<B,

[! Q>2, "CM,jke!�6:;����
h?3, ��(0�X])o (1) �o (2) �-, 6

-"X]pl�]\G[/FN�%07npb?

"N;BI. �(���+q��, "h2s%N

'�?3N[�im��01b_ �, <<[��

����01t<� Zn/Fe 0m. "<<rCM�

:6;,����"���01�(00QqQ^�

−1020 mV Y` [12], u!��(0�(%0Q. 6

-, "��01(0�&!X]@V (2) otr, g

7BJ!@X]:

H2O + e− → H + OH− (3)
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bCX]h<seG%3ui"A�&!(0. G

h2seG%v8<%2ek&0!(0, EGh2

ns/��01�wxN [13]. ",$vs�%se
ns�@F420/yt42 [14], b/@F��%

078'n&a9z9�. �(+'�2', 0!X

]�0{gv�nsARX�[, 6�������

�' �[. !5, " 40 L�9=� �!,@F
(0E"t+'a�N;��!,jwu \��
ou,  pNwu \),��%07, "�%07

�RX :� (Z 2 �Z 3).

�(QJ!@X] (2) �BJ!@X] (3) h

<� OH− ke2'+q�', ���(0h<

Zn(OH)2�Zn5(OH)8Cl2 !��f., "P!?3�

�hi [15]; 9/, �(b_���01(0 pH X�

2' [16],>7"tvhX]�h,qv|)).��
<< (Z 5b, 5c), xj"(0�&!AR. [!0m

���P!�&!AR9/��xj, %�( X]

`Prs,�s%&!(0�_w���f.�hw
�6: F��01�%�ux_w. 9/, [!�

�01t&!!@, Zn/Fe 0m�,P!�&!tF
�0Qx_c [17],y*0m���yst_X, F

�%078'`;. 6-, �%078'8'��"

^�:�XBXa\ 9z_c�`@cd.

k!Yz, "a9�*':6;, �(JK9
=� �!+'�2', @F�%��ARt��;

�'�!�*', $o/+'�Æ����%��

AR���6:. "*'� 70% RH /, Z+'[

30 L2'� 40 L, @F��%1`@+�; *'�

80% RH /, Z+'[ 30 L2'� 40 L, @F��

%19�V 2 c; �"*'^� 90% RH /, Z+'

[ 30L2'� 40L, @F��%1{9�V 8c)

!. b[), "9=� �!,Æ�����%��
#�T h�+'�*'78u��y. "'+�'

*�!,,Æ����(0�%( �%��AR)

!'��'/#.

W 4 ;7@;8AT]<=_Z^><=Vv (wx)

Table 4 Amount of accumulated hydrogen in gal-

vanized steel exposed to simulated marine

atmosphere at different relative humidity

and temperature(C)

20 W 30 W 40 W

70% RH — 0.0047 0.0053

80% RH 0.022 0.081 0.238

90% RH 0.041 0.216 1.879

4 ? b
"*'�! 80% RH��!,,�(�!+'�

2'Æ�����%��ARt��, ":��%0
7)#�%01�+'2'�9z9�; *'�',

2'+'�Æ�����%��AR���),, "

%ux�%��AR/#P�[.
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