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ABSTRACT NaF was used as the accelerant to accelerate the conversion coating formation on 6063
Al alloy in Ce(NO3)3 and KMnO4 solution. Orthogonal experiments were conducted to find out the
optimal process for prepare Ce–Mn conversion coating on Al alloy surface. Coating thickness and anti–
corrosion time were taken as the indexes of performance assessment. Two better solution components
and coating formation times at room temperature and pH=2.0 were selected to be 10 g/L Ce(NO3)3+2
g/L KMnO4+0.06 g/L NaF, 12 min and 7 g/L Ce(NO3)3+1 g/L KMnO4+0.06 g/L NaF, 9 min. The
anti–corrosion ability of coating was evaluated by dropping test, polarization curve and electrochemical
impedance spectroscopy. The increase of ∆E (the different between pinhole corrosion and corrosion
potentials) and the decrease of corrosion demonstrate that the anti–corrosion ability of 6063 Al alloy
with Ce–Mn conversion coating is greatly enhanced since the cathodic current (ic) and anodic corrosion
current (ia) decrease. Ce–Mn conversion coating serves as an effective barrier to prevent corrosion
attack. Generally, lower C (Capacitance) points out relatively higher degree of surface homogeneity
which yields an almost closed capacitive arc. The addition of NaF make C become less, conversion
coating resistance (Rc) and charge transfer resistance (Rct) become higher. A thicker and denser coating
was formed on the surface of Al alloy, which presents a barrier to O2 or CO2 or Cl− permeation, bring
better protection to Al 6063 alloy. The surface hardness was determined by micro–hardness test, the
micro–morphology, and compositions of coatings were analysed by SEM and EDS. With NaF added,
the surface hardness becomes stronger. Formation time was also an important factor to prepare a high–
quality coating, corrosion resistance of Ce–Mn conversion coating was more effective when formation
time is 9 min than when it is 15 min. The results of orthogonal experiments show that the optimal
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coating processing is 7 g/L Ce(NO3)3+ 1 g/L KMnO4+0.06 g/L NaF, 9 min. The addition of NaF
can accelerate the coating formation, increase the Ce and Mn content in coating and thus improve the
coating anti–corrosion performance. It is found that the surface micro–hardness increases from HV72
of pure Al surface to HV532 of Al alloy surface with Ce–Mn conversion coating.
KEY WORDS Al based alloy, Ce–Mn conversion coating, orthogonal experiment, accelerant�2, nT#g:�℄
�W$V$-�n#r.^. 6s=e,℄, �0g" Cl− [6n7EC, nT#r

Yz%_��?%_��R%_Q%_%Hq℄dn*d [1]. �U, �;"�|�nT#&^�%_NL.�2{;�nnT#"��%_NL��"xry
�Q
nn
�� [2], 0℄��{
n
nn
��g2�on
��. �$ Cr6+ �?�"V`n�J~�, ���HZ Cr6+ n
� [3,4], ?~A�8<[(K Cr6+n"�n
�nr/ [5−10], 0℄ Cr3+ nn
���*g{"<$�b2�on
�nn
�L� [11,12]. 2/:~ [13] 8
[
 Ce(NO3)3 Q KMnO4 *hon; n
�:�, ):�2"3~	
, �e,54>n�z.dg, 
T
 Ce(NO3)3 Q KMnO4 *honn
�B�Wrr, M�℄�=, �
/��0, �
xu:�
Y9n
|. !
7+;~*B�Z&{��$"�NL,d�2f|"�$ Ce–Mn n
�n�h.�10� NaF ~*B�Z&{, �C Ce–Mn n
�B��r, �0B�Wr, aFk/CC�B�. �GH�av�
NL�n$�, r/[B�Z&{��[Y=�N. �G|
n���J�|- (SEM) (�,�9

(EDS) q���n
�n�%_a��&>℄{vyBB�&^r/, �9B�Z&{�n
��_a(Rna�n+P~�.

1 5F�)���m{0�;Z 6063nT#	.. 6063nT#h|B� ([W�w, %)*: Si 0.5, Ti<0.15, Fe 0.7, Cu<0.23,

Mn 0.15, Mg 1.0, Cr<0.2, Zn<0.25, Al %W. *��|
n6W, �m{n�:~��eyuK�o, SiJ�o* 1.0 cm2 n:~�. NaCl, HCl([W�w* 37%),

NaF, KMnO4, Ce(NO3)3, K2Cr2O7 5*ho�9Tm{. av�z*sZDdz.

6063 nT#m{�V+ 300, 600, 800 Q 1000 NzMTgx℄
, =℄5�V&^�_K (6 60 g/L

NaOH+20 g/L Na2CO3 C�℄NL 3 min)�
n"? (15% HNO3([W�w) C�℄NL 2 min) Qk

(0.1 mol/L NaOH C�℄NL 1 min) NL, }h:e��Ddz6= 3 V.; n
NLC�
 Ce(NO3)3 *ho, KMnO4*y
{, NaF*B�Z&{. &^ L16(4

4)n 16yH�av, 4 ���$* Ce(NO3)3, KMnO4 Q NaF n��
vB�℄�, }3���$V} 4 3z(: Ce(NO3)3��* 4, 7, 10 Q 13 g/L; KMnO4 ��* 0.5, 1, 2 Q

3 g/L; NaF ��* 0.02, 0.04, 0.06 Q 0.08 g/L;B�℄�* 6, 9, 12 Q 15 min. 
 Ce–Mn n
�n�[(�zt%_℄�~*!� Ce–Mn n
��`na�Q�.0� PHYNIX Surfix–FNB [3g6[�6W�[. av℄6m{H�Q���$; 5 3z6W�[, =℄;(5O|*�[.�zt%_℄�6m0�nC�yB*: 25 mL

HCl+3 g K2Cr2O7+ 75 mL H2O. �$6m{U�5; 3 3z, ;n
�"�zt�tL�h�sn(5℄�*�%_℄�.|
n6m0� CHI–660C |
n:~=, 
�H|r�>&^6m, �|r* Pt |r, 2�|r*
Ag/AgCl|r, 6 3.5%([W�w)NaCl C� (pH=6.2)℄&^. r
:JnJ��'* −1200—−700 mV,J��r* 0.5 mV/s. |
nw;,n6W68k|,C&^, 6W&r�'* 10−2—105 Hz , ��n�gYN O* (±5) mV.0� HVS1000 E&��}6~n
���. 6m{H�Q���$; 5 3z&^6W, =℄;(5O~*n
���.0� Quanta 200[e,J�|rE&- (SEM) Q
Nova NanoSEM 430 [:
T SEM v0(an�,IT (EDS) &^n
�"�℄{QB��9.

2 5F#���=
2.1 L"6G$� �>�G L16(4

4) H�avr/k/C, pH=2.0 ℄NL�h|B� Ce(NO3)3, KMnO4 Q NaF ��vB�℄��n
�a�n�N, 0��[(�zt%_℄�~*a�2wQ�. H�av2wv�FE" 1 �e.�H�av�F&^�}�9, �F"�, 4 ���n
�[��ND�`Tn{e�V* NaF>

Ce(NO3)3 >KMnO4 > B�℄�; 4 ���n
��zt%_℄��ND�`Tn{e�V* NaF> B�℄� > Ce(NO3)3>KMnO4. enT#'Fn
C�℄, �$nT#"�(�+,2"(�nkamT#,�n~�, <B[d
&|F [14−16]. &|Fnxr+�
Y#rC��� Al−3e→Al3+; �r+�
Yynf.�� O2+2H2O+4e→4OH−, m4n9J��
2H++2e→H2. |F��
�r8C� pH OZ0, e
pH O\g�~O℄, w�YB Ce Q Mn ny
7m4y
7?}�. y
7m4y
7?}�w� Al3+ Q
O2 6C�Q#rL�nFIQ1�, {_
xr��m
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Table 1 Results of L16(44) orthogonal experiment

No. Ce(NO3)3, g/L KMnO4, g/L NaF, g/L Time, min Coating thickness, µm Anti–corrosion time, s

1 4 0.5 0.02 6 0.609 144

2 4 1 0.04 9 0.661 280

3 4 2 0.06 12 0.786 250

4 4 3 0.08 15 0.625 221

5 7 0.5 0.04 15 0.621 253

6 7 1 0.02 12 0.689 175

7 7 2 0.08 9 0.633 306

8 7 3 0.06 6 0.8 348

9 10 0.5 0.06 9 0.805 225

10 10 1 0.08 6 0.733 256

11 10 2 0.02 15 0.625 232

12 10 3 0.04 12 0.857 190

13 13 0.5 0.08 12 0.705 256

14 13 1 0.06 15 0.662 300

15 13 2 0.04 6 0.782 233

16 13 3 0.02 9 0.782 104�r���_R, %_�R.

Ce(NO3)3 ��* 10 g/L ℄ (�
0	5��z(, C�), n
�[�(5O\g{`, * 0.755 µm.

Ce(NO3)3 ��* 7 g/L ℄, �%_℄�5O{`, *
270.5 min. �U, Ce(NO3)3 ��(�
`, �8�7Bn
��[�r3�%_a�C�. .���g
Ce(NO3)3 ���`℄B��rC, nT#"�VC�
Ce–Mn n
�&,, 
�r��Qxr��_R, X�B����R, 7Bn
���, 3�<~I, �_a�C�.

KMnO4 ��� 0.5 g/L :�V 1.0 g/L ℄, �n
�[��N(�E; d KMnO4 ��� 1.0 g/L :�V
3.0 g/L ℄, n
�[�n(5O� 0.686 µm ` :�g 0.766 µm. KMnO4 ��� 0.5 g/L :�V 1.0 g/L℄, n
��zt%_℄�(5O� 219.5 s ` �:V 252.75 s; KMnO4 ��� 1.0 g/L :�V 2.0 g/L℄, �zt%_℄�(5O�
(�E, $R":�, *
255.25 s; KMnO4 ��:�g 3 g/L ℄, �zt%_℄�(5O` 
T, * 215.75 s. n
�[�� KMnO4��:��:�, �zt%_℄�6 KMnO4 ���
�'�JFr`O. .���g� KMnO4 ��:`, �$�� KMnO4 →Mn2++O2 n���C
C�℄ Mn2+Q O2 ��:�, pH OZ0
B��r�C, 
n
�[�:�. dGCn?o�r7Bn
��<~I
B, n
�n�_aC�. KMnO4 ��* 3 g/L ℄, #hLn
��*tUL, ">a��8. �U KMnO4 ��*
2 g/L Q 1 g/L ℄�L.*[�0k/CB�WF, QNL�℄M���B�Z&{ NaF, NaF ���n
�[�Q�zt%_℄�

�N�`. e NaF ��* 0.06 g/L ℄, n
�[��[Q�zt%_℄�n(5O{`, �$* 0.76325 µmQ 280.75 s; NaF ��&�*:`, BUPQ�5C�.n
�℄�� NaF ℄, ����$ Ce–Mn n
�B�GD℄[6 Ce–Mn n
�;bn"�n Al2O3 GD [17], � F− 2"%_a, ��C Al2O3 nC��r, 
nT#n�C��i, �rz�)54��, "k$�r���℄`W
Y, X�
 Ce–Mn n
�54?o, �nW��Q(F�:�; 
��� F− Z&��
Cr3++3F−

→CeF3(s) n&^, 
 Ce–Mn n
��[:�, �0�_a. NaF ��\g 0.08 g/L ℄, ��℄JF`Wfpi#7, 
��℄"WB�
S, a�B��r
y, n
�[�
T, �_aC�.B�℄�* 12 min ℄, n
�[�\g{`O; B�℄�* 9 min, n
��_a{L. r/ [18] 
F Ce–

Mn n
�nB�GD�* 3 3��: ℄B�Y=Q2~��; ℄BQY=��, �B�℄�:�, n
�n&,r�[�QW��:�, %_|g���r, |w:`;&F2~��℄, n
�nYBQC�\g��(X, ?o�C�QTB℄B 3 3GD%[. 61:( – !(Lt [19] Q)�Y=Lt [20], �hs=B�℄�, Ce–Mnn
�"�n54a��*d, 0+'s Ce Q Mn n8* Ce Q Mn KW�(�:�, "�=Qp7[:
, "�℄{��((, �℄TBwW(�:�, B�o(�:`, Ce–Mn n
�℄BI�pn℄{, �nW���r�%_�RC�, �n(5[�
T.

2.2 NaF Æ Ce–Mn P�01�4D3
IA61H�av�F, NjJ[ 2 3��n:�, A:

10 g/L Ce(NO3)3+ 2 g/L KMnO4+0.06 g/L NaF,
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12 min; B: 7 g/L Ce(NO3)3+ 1 g/L KMnO4+0.06 g/L

NaF, 9 min. ��BUa:�6 Al T#"�Z� Ce–

Mn n
�, 6m[n
�[�Q�zt%_℄�, %6
3.5% ([W�w)NaCl C� (pH=6.2) ℄�"�&,n
�nnT#m{&^[r
:JQ�gw;|
na�6m.*���9, �℄&^0�(�� NaF, �0�2w(�$( A Q B K�n:� (C: 10 g/L Ce(NO3)3+

2 g/L KMnO4, 12 min; D: 7 g/L Ce(NO3)3+1 g/L

KMnO4, 9 min) Z� Ce–Mn �nnT#m{QwiT
Al n6m. 5m{�Nv�� Ce–Mn n
�Z�:�2w�"����n
�[�Q�zt%_℄��" 2.�" 2 �J, �� NaF ℄, n
�[�Q�zt%_℄�5"` �0, I� NaF 2"B�Z&~�, ��0n
�[�Q�_a; � Ce(NO3)3 Q KMnO4 ��n:�Q��℄�s=, n
�[�:�, d�zt%_℄�
T, |�n
�[�(g4~�%_a�n(���, �nW��Q(Fa��g7
|n��, B(2tH�av�FK".� 1 *wiT Al Q�(�:�Z�n Ce–Mn n
�nnT#m{nr
:J�. Xr
:JkJn%_|, Ecorr, TB%_|, Epit, 	
8* ∆E, r
|w
Rp v%_|g�� icorr q�F_$" 3. ∆E Q icorrgXWn
��_an
|Q�, icorr 1T, 8n
�n�%_a7L; ∆E = Epit − Ecorr 1`, 8n
�n	
81D, 6s=%_p�Cz%_1�
Y [21]. ��
1 Q" 3 �J, m{ C, D, A Q B K�$w Al(E), icorrX 2.747 µA/cm2 �$�r* 0.7411, 0.4251, 0.1998Q
0.1015 µA/cm2; ∆E X 1 mV �$:�V 41, 151, 227Q 248 mV.Qt�F"�, nT#"�YB Ce–Mnn
�℄��r%_|g��, �0nT#n�%_�R. �$�� A Q C, B Q D �J, �� NaF ℄℄B Ce–Mnn
�nnT#�%_a�(�� NaF "�`�0. �$�� A Q B, C Q D �J, � Ce(NO3)3 Q KMnO4��:�, ��℄�s=, (O$ Ce–Mn n
��%_a�n�0.� 2 gwiT Al v0�(�:��ÆZ�["�
Ce–Mn n
�nnT#m{nw; Nyquist Q Bode�. 61�gw;,n
E [22], �� 2b ℄�J, [6U

3℄�;w, 1U�PE� 3 �eqW|k. " 4 g0�qW|k�T� 2 ℄:Jkgn�F. 6� 3 ℄, Rsb"C�|w; W * weibull w;; Rc Q Cc �$b"
Ce–Mnn
�n|wvK�n|D; Rt Q Cdl �$b"|OQx|wvx|7|D (<o��IW��, 0�;K,�,Æ C "ex|7|D [23]). Cdl 1T, |��nW�a1L, �n�|a1`, "�<GQCB7S, "�754 [24−27].X" 4 n�F�
9J, " 2 ℄5m{n Cdl Q CcX`gTn{e* B, A, D, C, E. � 2 Q" 4 n�F"�, Rc Q Rt X`gTn{e}* B, A, D, C, E; C, D,

A Q B K�$w Al(E), Rc X 7.806 kΩ·cm2 �$�V:�g[ 43.83, 61.92, 110.57 Q 128.07 kΩ·cm2, "�nT#"�YB Ce–Mn n
�℄�
"�|w:�, �
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Fig.1 Polarization curves of different samples shown in ta-

ble 2� 3 Wqb9I� 1 \jImlz�^`�E
Table 3 Corrosion resistance properties of different samples

obtained from polarization curves shown in Fig.1

Sample Ecorr Epit ∆E Rp Icorr

mV mV mV Ω µA/cm2

A −948 −721 227 251888 0.1998

B −983 −735 248 425651 0.1015

C −849 −808 41 47119 0.7411

D −896 −745 151 103621 0.4251

E −761 −760 1 9195 2.747� 2 {bm5l�8�4lzu��m Ce–Mn mb�Y�9�1v
Table 2 Samples used to the electrochemical measurement and corresponding parameters

Sample Ce(NO3)3 KMnO4 NaF Time Coating thickness Anti–corrosion time Hardness

g/L g/L g/L min µm s HV

A 10 2 0.06 12 0.902 315 503

B 7 1 0.06 9 0.799 350 532

C 10 2 – 12 0.595 180 373

D 7 1 – 9 0.515 215 402

E (bare Al) – – – – – – 72
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Fig.2 Nyquist graphs (a) and bode–phase diagrams (b) of samples in Table 2

: 3 NaCl B�\ Ce–Mn mb�mpV{j
Fig.3 Equivalent circuit model of Ce–Mn conversion coat-

ing in NaCl solution� 4 �S� 2a 9IjIm�E
Table 4 Fitting results in with Fig.2a

Rs Cdl Rt Cc Rc W

Ω·cm2 µF·cm−2 kΩ·cm2 µF·cm−2 kΩ·cm2 s0.5
· Ω−1

·cm−2

A 5.878 0.005623 293.4 64.31 110.57 0.00382

B 5.707 0.004328 355.1 57.62 128.07 0.01025

C 6.489 0.007435 118.4 98.06 43.83 0.00436

D 5.672 0.006890 166.4 66.91 61.92 0.00956

E 6.330 0.009224 12.74 26.56 7.806 0.003420nT#n�%_�R. �$�� A ( C, B ( D �J,�� NaF ℄�|w Rc �$X 43.86 Q 61.92 kΩ·cm2:�g 110.57Q 128.07 kΩ·cm2, I��� NaF ℄ Ce–

Mn n
�n|wkg�`�0. �$�� A ( B, C (
D, ��, � Ce(NO3)3 Q KMnO4 ��n:�Q��℄�ns=, Ce–Mn n
�n|wC�.X
Q|
n6m�F�J, �� NaF �
%_|g���r, m{n"�|w:�, m{�%_�R�0;� Ce(NO3)3 Q KMnO4 ��n:�QB�℄�ns=,%_|g��Z0, m{n"�|w�r, m{�%_�RC�. B(2tH�av℄n
�[�Q�zt%_a

v�F��JnBpg�Wn.

2.3 NaF Æ Ce–Mn P�0B-�Q

IA� 4 *��" 4 ℄5m{"� Ce–Mn n
�℄{v��n EDS �9�F. �� 4 �J, A Q B "�S�gK"=Qp7[nn
�, � C Q D "�n
�V�, ��g+�n�; A Q B "�n
�℄ Ce Q Mn nKW/0$ C Q D, Ce nKW�$X 6.00% Q 5.00%�0g 17.22% Q 15.48%, Mn nKW�$X 6.20% Q
4.53% �0g 14.76% Q 11.43%, �℄ A Q B "�n
�℄" F n[6. �F NaF ℄, F− n%_~�����
k
B�2nnT#"�, 
7
n�rz��iJG, �r��8*7���54, Ce–Mn n
�W���0, �r��7D

Y, 
W"7
n Ce Q Mn ny
7m4y
7&Fn
�, 
n
�℄ Ce Q Mn nKW:�; 
���, YBn CeF3 }&Fn
�℄, �
6n
�℄" F [6. � Ce(NO3)3 Q KMnO4 ��:�, B����r7C; ��℄�s=, ��7G�, �U,n
�℄ Ce Q Mn nKW70.

2.4 Ce–Mn P�0
(ED3" 2 ℄ A, B, C, D Q E m{n"��� (HV) 6m�F, �V* 503, 532, 373, 402 Q 72. ��, �$nT#m{"�YB[K Al, Ce Q Mn y
7m4y
7nn
�, "���``�0; NL�℄�� NaF Z&{℄, �knn
�n��K�$|"�� NaF ℄"V`n�0. B��g�$�F NaF ℄, YB[2"�0��n CeF3 ?ognT#"�, �0[ Ce–Mn n
�n��; �℄, NaF ��CnT#"� Al2O3 �nC�, Z&�r��C�54u&^, YB7W��754Q<G7Sn Ce–Mn n
�, 2"70n��. � Ce(NO3)3Q KMnO4 ��n:�QB���℄�s=, n
�n���r, B��g�$GCn���r
n
��<~I3
B, ���℄�s=j
 Ce–Mn n
�℄BI�p�<, �Un
�n���r.
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: 4 ! 2 4lzm!� Ce–Mn mb�\zP�� EDS �E
Fig.4 SEM images (a, c, e, g) and corresponding EDS results (b, d, f, h) of Ce–Mn conversion coating on the

surface of samples A (a, b), B (c, d), C (e, f) and D (g, h) shown in Table 2

3 #+
(1) H�av℄5��� Ce–Mn n
�[��ND�n{e*: NaF>Ce(NO3)3 > KMnO4 > NL℄�;�n
��zt%_℄��ND�n{e*: NaF>NL℄� > Ce(NO3)3 >KMnO4.

(2) 61av�FkJ6nT#"�Z� Ce–Mnn
�n{�:��Æg6yB* 7 g/L Ce(NO3)3+

1 g/L KMnO4+0.06 g/L NaF nC�℄NL 9 min.

(3) NaF g�LnB�Z&{, ��0 Ce–Mn n
�nB��r, :�n
�℄ Ce Q Mn nKW, :�n
�n[�QW��, �0n
�n�%_a�Q��.	&<�
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