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ABSTRACT Porous anodic films on AZ91D magnesium alloy were prepared at constant current
densities. Effects of the current density on anodizing process were studied according to voltage-time
response. The morphologies and adhesive properties of the anodic films were studied. The results showed
that the current density had no effect on the value of breakdown voltage and critical voltage, but the
anodizing time to reach breakdown voltage and critical voltage decreased as the current density increased.
The porosity and the adhesive bonding strength of the anodic films increased first and then decreased as
the current density increased. The films formed at the current density of 10 mA/cm2 and exhibited the
highest adhesive bonding strength, approaching to 22.40 MPa.
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1 @ABC
1.1 DEFGHIJK

,D��+ AZ91D ���, 6EDE+ 40 mm

× 20 mm × 3 mm, 
LF2?+: 8.5%–9.5% Al,

0.7%–0.9% Zn, G + Mg% "!))�HF�

240–1000# 7MG?"%IHJ (Na2CO3 50 g/L"

Na2SiO3 25 g/L"Na3PO4 50 g/L, 2� 80 I, .+

5 min)"8@��! (HF 20%"NaF 5 g/L, 80 I, .

+ 30 s)%

!$"!�K+ Tradex A9� MPS706 ?8

:L�K%J�B8"!, ���6E�4MCK

?L<+!$�A$%�:@2?+: 80–120 g/L

KOH+70–150 g/L Na2SiO3+70–100 g/L Na2B4O7+

50 g/L Na2CO3+0.5 g/L KF%�89� 5 mA/cm2–

15 mA/cm2, "!2>:�:@2�@20 30 I8

N, "!.++�LMNAÆ�L�.+%

1.2 FGHNOPQRSTU"SVIWX
0�;B�C (SEM, LEO–450) 3O"!/�

((.=%

DD���&E"!/((4OE�P6�

 [11]P=6E((4OE,F#� (N:J�Mat

lab <1Q>.;B�CP=33FY!)), Q>

., >=GY, .8�GY�?33HY, @
$�

255, IRSA, TG8JBUSAQ1B��H, ;

;G8VNP=�4OE%4OEI"!/((4

W("R9KCE("�X?�%I4�SCDK
6E,.IK6E4-E�� SEMP=33)),0

VN�4OECFJY%
J� Mat lab <1Q>GJ;B�CP=:L

�+ 0–100 �Q1B�K?, VNL�?YH%L�

YTU(K6E((�4TI, ;;G8VN4-�

SJ1N2V�!$"!/((4W� .I�%
1.3 FGHZ[\]W^

"!/6EZKLM6DNMO[ GB7124–86

33%LK6EDE+: 40 mm×20 mm×3 mm, �6

("+ 20 mm×15 mm; J�\N�#����V4

]� SY–40 L=?61<126E; J� AMETEK

A9� LR–30 M"��6D#33P6, LK�^

NE+ 2 mm/min%I4�S))�6=ÆP,D 5

F, CFJY%
2 _`abc

2.1 def]gFGhiIjk
%H 1 G8OU, 4-"!�89�N��L

– .+OWJ�PKQB, ?L+R_�L�AÆ�

L,NMXPKQBG8`�L –.+OWS?+D

a?,?L.�!$"!2>�DKQT%b#QT,

�LP"!.+W�=8, X�/+05QT<1�
89�QLF<�, Pl/�cY=@, /�m=�,

�L=88RcB=��89� [12]%05QT, �

��ZS:, TU�VU[, PV((.2#Æ,"

!/,7�LMNX,Æ"!/�R_�L."!/

dR_, ]4�WX, 3WbFQT%bFQT, �L

P"!.+=�, &=��NEKCYR, 05QT

�89�+�1�89��<1�89�;�, �1
�89�:/4@X5, Y8:b#QT �Rc 

-��89�Y\��LSe [12]%�L0=��2

>:�%8�fg, ZK"!/�4@�S:-.3

3%3O6E((G8Z], SAWX06E((^

g, WX?YJ_, [T%h%]4�WX�`/�

���(("!/dR_, Y8WXnU]0/,o
Æo-R_�\p, WX?YJ_ZK/,[��%

J_%#T.+V�L*A:=, MNAÆ�L, 3

WbDQT%bDQT, /[=�\R, �1�89
�QLF<� [12], /5�L*A3c4^, 0 2–3 V

Æ]Ufg,WX%SA^+q]A, WX^8," 

=�, [Ta@, 9�YU, 06E((4J_?Y,

r 1 i^jVWkbjc – _^`Æ

Fig.1 Variations in electrolytic voltage with oxida-

tion time at different current densities
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Y85QT/,4J_4@, �2b`.=%b`.

=40���"!/:6;<�12��, d2C6
E.@2"!.++�LMNAÆ�L�.+%

%H 1G8OU, 4-�89�NR_�L�A

Æ�L -, &Pl�89�=�, b#QT�bF

QT�L – .+OW�kE=�%

Ikonopisov[13] �U5#K�:@/"!/Æ(�

1R_��l, NMXK�l, "!/R_�L��

:@�oE;+�5me�8N5mc:

UB = aB + bBlog(1/k) (1)


: aB"bB +:?, UB +R_�L, k +�:@�

oE%

%c (1) G8OU, R_�Ls:�:@o�E
�5, Pl�:@�oE�=�;NS, 40�89

��67%

2.2 def]gFGHNOPQIjk
%H 2G8OU, 4-�89�N2C�/,J

+74/,, &4�.9"8U"I��'L%7 i=

5 mA/cm2 ., 7?4+n.,dn., *?4+@

J., 4�?a'L�%8, o+ 1–10 µm%; i=

10 mA/cm2 .@J94�?'KC=7, @J94
�@�+ 10–30 µm, n.4�?a%U, o 2 µm%7

�89�+ i=15 mA/cm2, 4a%U, o 1–2 µm, *

?4+@J.%7 i=5 mA/cm2 � i=10 mA/cm2 .

4Wt]�KC�&be, ; i=15 mA/cm2 .c�

3ONX4be%%H 3 G8OU, OW 1 %OW 2

pB,ZK i=5 mA/cm2 .VN�"!/((4W%

Æ,; i=10 mA/cm2 ."!/((4W%I%OW 2

:OW 3 �?Yfd f, &OW 3 %OW 2 NB,

ZK i=10 mA/cm2 � i=15 mA/cm2 ."!/((

4WI� '48, & i=15 mA/cm2 ."!/((

r 2 i^jVWkbdbe�[m\f]

Fig.2 Surface morphologies of the oxide coatings formed at different current densities. (a)

i=5 mA/cm2, (b) i=10 mA/cm2, (c) i=15 mA/cm2
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4W�?'KC%U%

!$"!/:�4W�"��gh"!i;"
!/((jU�%p [14], %�n.�((q>oU,

Y8)ek4W.9�2fn., &,=k"!/(

(q0@J94W, .2@J94W�G"`/�g
Kn.4Wgh��2l1g!Vh%N#Q, Y8

7�89�% 5 mA/cm2 =8+ 10 mA/cm2 ., W

X" i8, h�iij,4Wi�-h%N#Q, "

!/((@J94W=7, ;"!/:�beG"�
%�gh"!i�kNlm.2�%&7�89�

=8N 15 mA/cm2 ."!/((4WY*, 4aY

U, @J94WrKCY*, G"�`/��89�

�%8,h�%ij,n 4"�.oU, gh"!i

lmN�^R, "ghi�pU.be�#=�jr

<�, Y8q3ONKCbe%

H 4 +?2uk i=10 mA/cm2 ., 06Em(

3ON�!$"!/.=%%�uk2>:��>
<�@/,�*#+]4lO%"!/:�4W�
�m_9K/, (H 4A E�), ��s�0"!/U
aq0 (H 4B E�), ;H 2 :7?4+nm_4,

r 3 i^jVWkrobvsndbe�[`snp
kqts

Fig.3 Gray level distribution of the oxide coatings

formed at different current densities

r 4 i=10 mA/cm2 robvsndbe�[nn\
f]

Fig.4 Cross-section morphology of the oxide coat-

ings formed at 10 mA/cm2

sq0�"!/((, Y8���!$"!/:�D
44Wq0, Im_4"nm_4"q0�/,Ua

�4%

H 5 +4-�89�J1N2V�!$"!/
�;B�CP=.��g Matlab ))V�FYH,

( 1 +4-�89�J1N2C�/,�4OEJ
B1r%

%( 1 G8OU, Pl�89��=�, /,4

OEZ=8VYU, 7�89�+ 10 mA/cm2 .4

OEo8%X:�C3O1r #w: Pl�89�

r 5 i^jVWkrobvsndbe�[ SEM s

o Mat lab upsntxs
Fig.5 Two-value photo processed by Mat lab soft-

ware of oxide coatings formed at different

current densities, (a) i=5 mA/cm2, (b) i=

10 mA/cm2, (c) i=15 mA/cm2

y 1 i^jVWkbvsndbe�[nqtr
Table 1 Porosity of the oxide coatings formed at

different current densities

i/mA·cm−2 5 10 15

Porosity 0.1230 0.1418 0.0985



3 � _Xal:jVWk` AZ91D YaZdbe�[m\f]cg^h_nij 3093 � _Xal:jVWk` AZ91D YaZdbe�[m\f]cg^h_nij 3093 � _Xal:jVWk` AZ91D YaZdbe�[m\f]cg^h_nij 309

r 6 jVWk`g^ovwsutknij

Fig.6 Effect of the current density on the lap-shear

strength of the adhesion joints

�=�, WX" =�, /,i�-dR_;.27

414, &7�89�%8., gh"!ipU.4
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0�.274/,%

2.3 def]gFGHZ[\]Ijk
12>]4�`/LF�!�6"#><�>"

?1+>"t�u>%622v%��*#""!
/"y6�61<=2, .���12;v, 2vU

aq0PKÆF�Æ(: *#:"!/Æ(""!/

:61<Æ(, Æ(�"�672v12$r�LF
/1%

J�ZKLM6DP6"!/�LK��, Z]

6lwv.cJ+"!/:6;<;+�Æ(wv,

ZK*#:"!/;+""!/UaJ�!��1

�>%LK6D1rwH 6%%HG8OU, LK

��P�89��=�Z=8VYU, 7�89�+

10 mA/cm2 ., LK��o8, :"!/4OE�^

!#w%
.���121;v, 12>LFuK�!$

"!/�6;<;+�#>>/<�%74OE%
8"4%I., 4W:61<;+�#>>/<�=
� [15,16],"/,:61<�,=12("=8,�z
���/,:61<+�1�>, Y8�89�.4

OE�12���67� -�fd%7�89�

+ 10 mA/cm2 ., "!/((4OEo8, 4%I,

Y8VN�LK��o8%
3 _ c

1. 4-�89�N��L – .+OWJ�PK

QB, ?L�R_�L�AÆ�L%NMXPKQB

G8`�L –.+OWS?+Da?, ?L.�!$

"!2>�DKQT%�89��467R_�L

�AÆ�L�8U, &Pl�89�=8, �LMN

R_�L�AÆ�L�.+xh%

2. "!/+7414, <7D4.c�4: m_

4"nm_4�q0�/,Ua�4%4-�89�

NVN�"!/((4W�I�"4�.9�4OE
4-%�89�+ 5 mA/cm2 .,4%Æ,�89�+

10 mA/cm2 � 15 mA/cm2 .4%I%4�.9+n
.,@J.,@J94��H�/,4OEPl�8
9��=�Z=8VYU, �89�+ 10 mA/cm2

., 4OEo8%
3. "!/LK��P�89��=�Z=8V

YU, �89�+ 10 mA/cm2 ., LK��o8, M

N 22.40 MPa%�89�.4OE�12���67

� -�fd, XLF�/+4OE=�, 4W:6
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