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In this study, the influence of different cyclic treatment and reuse process on the performance of the conversion film was
systematically studied by electrochemical test, surface characterization and determination of cobalt ions in the
conversion solution, and new technology of chemical conversion of cobalt salts in aluminum alloys were determined.
Mode A indicated the practice of cyclical processing of the test object in the original conversion solution, in which
components of the circulation liquid were consumed continuously. After the first cycle, the Ecorr and Rp were – 691.8 V
and 63.5 kΩ. In the later time, Rp was just about 13.0 kΩ, and the corrosion resistance of conversion film degraded
progressively. Mode B represented the practice of adding to the original solution before cyclical processing of the test
object, so that volume of the solution remains unchanged, and components of the circulation liquid kept increasing. RP
increased from 9.3 kΩ to the 69.9 kΩ at the beginning of the cycle, followed by a slow descent, and content of cobalt in
the film was stable, also higher than that under model A. This demonstrates that mode A has high utilization of the
cobalt in the conversion solution in the early recycling, whereas mode B can prolong the cyclic service life of the
conversion solution in circulation. After adding oxidants, as NaClO3, NaBrO3, H2O2, NaClO, and KMnO4, to the
circulation liquid before recycling, the reuse and recycle ratio of cobalt reaches up to 41.3 %, and Rp can be promoted
to123.2 kΩ at most. The life of the recycling was prolonged, while the costs of chemical conversion of cobalt were
reduced.
Keywords: aluminum alloy, chemical conversion, cobalt, reutilization.

1. INTRODUCTION∗
This paper focuses on the investigation concerning the
recycling process of cobalt-based conversion coatings on
aluminum alloys. These intermediary layers are considered
as environmentally-friendly alternatives to chromate layers,
generally used to promote the adhesion for ceramic, as
well as for paints and epoxy resin-based organic coatings
[1 – 3].
Some authors [4, 5] consider that the application of a
coating containing more than one material may allow the
incorporation of different and desirable properties to the
final product, such as higher thermal and mechanical
stability to coatings; or an improvement in the coating
adhesion; and the corrosion performance of the aluminum
substrate.
The chromium-free conversion technology of
aluminum alloy cobalt salt was first seen in 1994.
Professor Schriever [6] prepared a conversion solution
with a cobalt salt, a trivalent cobalt valence stabilizer (the
ligand is ammonia water), a wetting agent, and an
oxidizing agent, and the prepared conversion film has a
good binding force with the organic coating.
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The literature reports the importance of cobalt salt
conversion in the production of both traditional and
alternative single composition conversion coatings [4, 7, 8].
In this study, our goal was to stimulate the recycling
process of cobalt conversion in manufacturing and to
reduce the amount and environmental sensitivity of cobalt
liquid waste. This is an attempt to explore potential
alternatives to recycling processes to promote the
commercialization of cobalt conversion.
The influence of two different cyclic reuse processes
on the performance of the conversion film and adding
oxidants, as NaClO3, NaBrO3, H2O2, NaClO, and KMnO4,
to the circulation liquid before recycling was
systematically studied by electrochemical test, surface
characterization and determination of cobalt ions in the
conversion solution, and new technology of chemical
conversion of cobalt salts in aluminum alloys was
determined.

2. EXPERIMENTAL METHODS
Before chemical conversion, the pure aluminum plates
were degreased with ethanol to eliminate organic
impurities, etched with 1.5 mol/L sodium hydroxide to
dissolve the natural aluminum oxides. The pretreated
aluminum plates were performed by simple immersion into
the conversion liquid.

The conversion liquid was allocated into two models:
(Model A) The cobalt conversion liquid, which consisted
of 26 g/L Co(NO3)2·6H2O, 1 g/L KMnO4, and 30 g/L
HCOONH4, recycled ten times without adding other liquid.
(Model B) The cobalt conversion liquid, which consisted
of 26 g/L Co(NO3)2·6H2O, 1 g/L KMnO4, and 30 g/L
HCOONH4, recycled ten times by adding the original
conversion liquid.
The electrochemical properties of these samples were
characterized by CHI 660C electrochemical system given
TAFEL plots and electrochemical impedance spectroscopy
(EIS). A conventional three-electrode electrochemical
system was used, in which the samples as the working
electrode, platinum foil as the counter electrode, and an
Ag/AgCl electrode as the reference electrode. The TAFEL
plots (–0.2 to 0.6 V) and EIS spectra (0.1 Hz to 100 kHz)
were collected in 0.1M NaCl aqueous solution. The scan
rate for CV was 0.1 Vs–1 and the oscillation potential for
EIS was 10 mV. The microstructure of conversion coatings
was characterized through Scanning Electron Microscopy
(SEM) (SEM, Hitachi S-3400NII), X-ray Photoelectron
Spectroscopy (XPS, Thermo Fisher Scientific, ESCALAB
250Xi).

3. RESULTS AND DISCUSSION
Fig. 1 a is representative of the Nyquist diagrams that
have been obtained in this work with the conversion
coatings which are directly exposed to the 5 % NaCl
solution in the cyclic mode A.

Ten conversion coatings prepared showed a complete
capacitive reactance arc in both the low-frequency region
and high-frequency region in the mode A recycle. The
overall change trend of the capacitive arc diameter was that
the first to fourth is decreasing of the recycle, and the fifth
to ninth are increasing, then fluctuate up and down within a
small range and tend to stabilize. The film has good
corrosion resistance characteristics is that the film has the
largest capacitive reactance diameter, and high film
coverage, and thicker thickness. The conversion membrane
produced by the first recycle has the largest radial diameter,
then the diameter of the capacitive anti-arc is reduced by
about 5 times because most of the cobalt salt in the
conversion solution is deposited on the surface of the
substrate after the first recycle, and formed an aluminum
alloys cobalt salt chemical conversion film with high
coverage, thick film layer, and excellent corrosion
resistance. As the number of cycles increases, the cobalt
salt content in the conversion solution decrease.
Accompanied by the recycle experiment and conversion
fluid consumption and evaporation, the diameter of the
capacitive reactance arc fluctuates within a certain range,
and the variation range is small.
The impedance behavior of cobalt conversion coatings
on Al alloys can be explained by the model shown in
Fig. 2, where Rs, is the solution resistance between the
reference electrode and the working electrode. CPE refers
to the electric double layer and is commonly referred to as
an electric double-layer capacitor. Rt is an abbreviation for
the charge transfer resistance of the film layer. W
represents the diffusion impedance response of the infinite
boundary.

Fig. 2. The equivalent circuit used to model the impedance
behavior of cobalt conversion coatings on aluminum
alloys
a

Table 1 is the fitted parameters of the EIS of the film
layer prepared in the multiple film-forming conversion
liquid in the cycle mode A.
Table 1. The fitting parameters of EIS in loop mode A.

b
Fig. 1. Nyquist diagrams of cobalt conversion coatings: a – mode
A; b – mode B exposure to the 5 % NaCl solution

Conversion
times
1
2
3
4
5
6
7
8
9
10

Rs, Ω

Rt, kΩ

Zw, Ω

13.7
14.3
14.2
14.7
14.7
14.7
14.8
15.1
15.1
15.2

78.7
8.3
5.2
3.0
4.4
8.1
7.4
11.7
12.9
10.6

2.7 × 108
1.1 × 105
9.0 × 10-4
9.1 × 109
3.2 × 10-2
1.2 × 106
5.7 × 10-3
2.3 × 1010
7.9 × 107
1.5 × 103

CPE,
10-6×pF
5.1
4.6
4.4
4.2
4.0
4.3
4.1
4.1
3.8
3.6

The value of the solution resistance and capacitance

changes little, the value of Zw varies greatly, and there is no
obvious regularity. The film resistance Rt is 78.7 kΩ and
reaches the maximum value of mode A ten recycles after
the first recycle, it can be proved that the film corrosion
rate is low at this time. The Rt value is suddenly reduced to
8.3 kΩ and decreases continuously after the second recycle.
At the fourth time, the minimum value is 3.0 kΩ, it can be
proved that the corrosion resistance of the film is relatively
poor. Then the Rt value keeps rising, reaching 10.6 kΩ
after the tenth recycles, and is stable at around 10 kΩ. The
overall trend of Rt is consistent with the trend of EIS
changes in Fig. 1.
Fig. 1 b is representative of the Nyquist diagrams that
have been obtained in this work with the conversion
coatings which directly exposed to the 5 % NaCl solution
in the cyclic mode B. Table 2 is the fitted parameters of the
EIS of the film layer prepared in the multiple film-forming
conversion liquid in the cycle mode B. The value of the
solution resistance is Stable at around 15 Ω. The film
resistance Rt is 6 kΩ in the first to fourth recycles, but after
the fifth recycles, the Rt value rises to 16.4 kΩ and
decreases to 8.6 kΩ after the sixth recycle. The Rt value
rises to 24.7 kΩ in the eighth recycle, so it can be proved
that the diameter of the capacitive reactance arc is
gradually increasing. With the consumption of the
conversion liquid, the conversion liquid is replenished to
the original volume after each recycles so that the cobalt
salt content in the circulating liquid continuously rises. As
the number of cycles increases, the film layer is formed
and the charge transfer rate is slower and the corrosion
resistance is gradually increased.

be used to indicate the corrosion rate, and Ecorr represents
the motive force for controlling the corrosion reaction, the
larger the Icorr and the more positive the Ecorr. The corrosion
rate of the film is smaller and the better the corrosion
resistance. According to the theory of Stem and Geary [9],
a rapid corrosion test method is known, and the value of
the polarization resistance Rp is calculated according to:
Rp =

ba bc
DE
1
=
DI
2.303(ba + bc ) I corr

.

(1)

Corresponding to the Tafel curve corrosion resistance
parameters obtained after fitting calculation are listed in
Table 3. The Ecorr after the first cycle was – 691.8 V and
the Rp was 63.5 kΩ, which was significantly higher than
the Ecorr and Rp values during subsequent recycles. In the
first to fourth recycles, Ecorr gradually shifted negatively
and reached the minimum value of ten times of mode A
recycle, which was – 778.7 V, and the Rp was also
decreasing to a minimum of 4.8 kΩ. The Polarization
resistance then gradually rises to 17.8 kΩ in the fifth to
ninth cycles, then fluctuates slightly at 14 kΩ and tends to
stabilize.

Table 2. The fitting parameters of EIS in loop mode B.
Conversion
times
1
2
3
4
5
6
7
8
9
10

Rs, Ω

Rt, kΩ

Zw, Ω

15.0
15.1
15.0
15.3
15.5
15.2
15.3
15.1
15.7
15.9

6.1
6.7
6.3
4.5
16.4
8.6
13.4
24.7
17.1
9.9

1.5 × 1019
7.7 × 10-5
2.6 × 10-5
3.6 × 10-5
5.6 × 10-5
7.7 × 10-5
1.9 × 106
20.8
8.8 × 10-5
7.8 × 10-5

CPE,
10-6×pF
4.4
3.8
4.7
3.2
3.8
4.4
3.9
4.0
3.5
3.6

Fig. 3 a is representative of the Tafel diagrams that
have been obtained in this work with the conversion
coatings which are directly exposed to the 5 % NaCl
solution in the cyclic mode A. As can be seen from Fig. 3 a,
the self-corrosion current density Icorr after the first recycle
is greater than the Icorr obtained from the subsequent
recycle. It indicates that the conversion film has the
slowest corrosion rate in the electrolyte solution, the
subsequent corrosion rate is accelerated, and the corrosion
resistance deteriorates after the first recycle. In subsequent
recycling film formation, Ecorr is stable at around – 770 V,
which is negatively shifted relative to the first recycle. It
indicates that the corrosion resistance of the film decreases
after the subsequent cycle, but the stability is better.
For the corrosion process generated by the
electrochemical nature, according to Faraday's law, Icorr can

a

b
Fig. 3. Tafel diagrams of cobalt conversion coatings: a – mode A;
b – mode B exposure to the 5 % NaCl solution

Fig.3 (b) is representative of the Tafel diagrams that
have been obtained in this work with the conversion
coatings which are directly exposed to the 5 % NaCl
solution in the cyclic mode B, and the corrosion resistance
parameters obtained after fitting are listed in Table 4. Tafel
curve corrosion resistance parameters. In cycle mode B,
the Ecorr change of the conversion film is mainly divided
into two stages: pre-cycle and post-cycle. In the early stage
of recycling, Ecorr reached – 651.7 V after the sixth cycle,

indicating that the conversion rate of the metal ions in the
aluminum alloy was slower at this stage, accompanied by
an increase in the cobalt salt content in the conversion
solution. The anti-corrosion effect of the film is obvious,
and the film has a good corrosion resistance after many
times of film formation. At the end of the conversion fluid
cycle, Ecorr was reduced to – 771.3 V after the tenth cycle,
indicating that as the number of cycles increased, the metal
ions in the matrix continued to dissolve and accumulate in
the conversion solution, causing corrosion of the
conversion film and speeding up. The anodic process and
the cathodic process of the electrochemical etching of the
conversion film weaken the corrosion resistance of the
conversion film. The change law of the Tafel curve is
consistent with the trend and result of the AC impedance
spectrum.
The conversion film is a closed film structure, and
completely covered on the surface of the aluminum alloy,
and most of the conversion film is relatively uniform. The
conversion film prepared in recycle mode A is shown in
Fig. 4 a and b, it can be seen from the figure that the film
layer is evenly covered on the surface of the aluminum
alloy, but the surface of the conversion film gradually
becomes uneven. Fig. 4 c and d are a slightly porous
structure in recycling mode B, and the flatness of the
conversion film is higher. Combined with the results of
electrochemical tests, it is known that the corrosion
resistance of the film gradually decreases, and it is
relatively stable in the middle of the recycle, and the
fluctuation is relatively large in the later recycle.
Fig. 5 shows the XPS pattern of the conversion film
prepared by the tenth film formation conversion in two
different recycle modes. Fig. 5 a is the XPS general map;
Fig. 5 b is the Co element narrow region map. The binding
energy peaks of seven elements of O, C, Co, Al, Si, N, and
S appear in the cobalt salt chemical conversion film on the

surface of the aluminum alloy substrate. The atom's
electron binding energy usually changes due to the
chemical environment. The change in the spectrum is the
shift of the peak, also called chemical shift. The chemical
environment can be different from the atom. The type or
amount of elements combined may be different, and the
atoms may have different chemical valence states.
By consulting the XPS standard spectrum manual, the
characteristic peak for O 1s is at 531.80 eV, and the
characteristic peak for Al 2p is at 72.90 eV, while O 1s and
Al 2p have a characteristic peak near 532.03 eV and 74.85
eV. In comparison mode A, it can be found that the binding
energy of O 1s increases by 0.23 eV and 0.37 eV,
respectively, and the binding energy of Al 2p increases by
1.95 eV and 2.05 eV, respectively which is consistent with
the trend of mode B. Since the oxidation will increase the
electron binding capacity of the inner shell, the more
electrons are lost during the oxidation process, the greater
the increase. From this, it can be seen that Al 2p tends to
chemically shift to O 1s, and it can be concluded that Al 2p
and O 1s are combined to form an oxide on the surface of
the film at this time. At the binding energy of
74.30 eV ~ 74.40 eV, the main chemical state formed by
the Al element which is close to the Al 2p binding energy
value on the surface of the film layer is Al2O3.
The binding energy to the measured Co 2p is
781.83 eV, and the closest is the intrinsic oxide of Co(OH)2
and cobalt. According to the narrow spectrum map of Co
2p measured by XPS, the two peaks represent the two
configurations of cobalt Co 2p3 and Co 2p1, respectively,
at 781.5 eV and 797.7 eV, indicating that Co exists in two
modes. The standard binding energy of Co 2p3 is 778.3 eV,
and the standard binding energy of Co 2p1 is 793.7 eV. The
increase of binding energy indicates that oxidation occurs
and electrons are lost, thus forming Co2O3 and Co3O4.

Table 3. The fitting parameters of Tafel in loop mode A
Conversion times
1
2
3
4
5
6
7
8
9
10

ba, mV·dec-1
507.6
110.5
42.2
18.1
27.6
75.4
68.5
130.6
142.4
157.7

bc, mV·dec-1
357.3
82.8
34.1
34.2
27.4
76.1
67.8
87.9
136.6
168.6

Icorr, μA·cm-2
1.4
1.7
0.9
1.1
0.8
1.3
1.4
1.5
1.7
2.6

Ecorr, V
-691.8
-767.7
-760.6
-778.7
-770.4
-772.1
-768.9
-757.5
-768.0
-771.3

Rp, kΩ
63.5
11.8
8.7
4.8
7.7
13.1
10.3
15.6
17.8
13.8

Ecorr, V
-782.2
-719.4
-693.4
-718.9
-744.3
-651.7
-752.2
-752.8
-694.4
-742.7

Rp, kΩ
9.3
17.1
23.7
29.3
22.4
37.4
19.3
25.6
69.9
20.3

Table 4. The fitting parameters of Tafel in loop mode B
Conversion times
1
2
3
4
5
6
7
8
9
10

ba, mV·dec-1
158.1
73.4
95.8
76.9
107.3
373.9
41.1
69.6
29.8
93.5

bc, mV·dec-1
134.1
45.6
40.3
33.7
123.0
37.0
15.3
49.3
34.3
88.0

Icorr, μA·cm-2
3.4
0.7
0.5
0.3
1.1
0.4
0.3
0.5
1.0
1.0

a

b

c

d

Fig. 4. Surface and cross-section morphology of cobalt conversion coatings on aluminum alloys using: a, b – recycle mode A; c,
d – mode B

The XPS narrow-area spectrum test of Co 2p shows
that the total peak area of Co 2p on the aluminum sheet
with a surface area of 0.25 cm2 measured in the conversion
film of mode A and mode B is 16.2 % and 3.35 %,
respectively.

cobalt salt and the ammonium salt ligand in the conversion
solution. The main reaction equation is as follows:
Co 2+ + 3MnO -4 + 7NH 4+ = [Co(NH 3 ) 6 ]3+ + NO 3- + 3MnO 2 ↓ +4H + + 3H 2 O

The dark brown precipitate of MnO2 is formed by the
reaction after the addition of KMnO4. It is very stable at
room temperature, but it can be used as a strong oxidant
under acidic conditions, thus promoting the generation of
Co2+ into high-priced cobalt ions and depositing on the
surface of matrix to form conversion film:
2Co 2+ + O 2 + 2H + = 2Co 3+ + 2OH -

a

b
Fig. 5. XPS pattern of cobalt conversion coatings on aluminum
alloys using: a – recycle mode A; b – mode B

The peak areas of Co 2p are 1.8×105 CPS.eV and
2.5×105 CPS.eV, respectively, indicating that the content of
cobalt salt in the conversion film of the tenth cycle of
mode B is higher than the tenth cycle of mode A.
With Co(NO3)2·6H2O as the main salt, CH5NO2 as the
ligand, and KMnO4 as the oxidizer's cobalt salt conversion
liquid, the thin film layer of pale gold was formed on the
surface of aluminum alloys after being recycled into the
film. With the increase of cycle times, the color of the
conversion film gradually deepened. In the later stage of
the cycle, the film is mainly composed of Co2O3, Co3O4,
and Al2O3. When the oxidant KMnO4 is added, the Co3+
coordination compound is generated by the reaction of the

(2)

(3)

In the mode A cycle, the conversion solution is not
supplemented, so there is no supplement source of other
cobalt salts or oxidants, so the corrosion resistance of the
conversion film generally shows a downward trend, and
the corrosion resistance is the best after the first cycle,
Both Rt and Rp values reached the maximum, 78.7 kΩ and
63.5 kΩ, respectively, and then the corrosion resistance
decreased sharply, and the Rt and Rp values were stable at
around 15 kΩ. In the mode B cycle, the conversion raw
solution is added to the original volume after each cycle,
the content of cobalt salt and oxidant in the conversion
liquid is gradually increased, and the corrosion resistance
increases with the increase of the content of cobalt salt and
oxidant in the early stage of the cycle. Gradually, the Rt
and Rp values reached a maximum after the eighth and
ninth cycles, respectively, at 27.4 kΩ and 69.9 kΩ.
Combined with the XPS test results, the cobalt salt
content and the proportion in the ten-cycle mode B were
higher than the mode A, and in the third and tenth cycles in
the cycle mode B, the total proportion and content of the
cobalt salt decreased. However, the cobalt content is
slower, and it can be seen that mode A has a higher
utilization rate of the cobalt salt, and the mode B can
prolong the cycle life of the conversion liquid.
When the aluminum alloy is in the conversion liquid,
the aluminum in the aluminum alloy is oxidized with the
trivalent cobalt complex to form alumina bonded to the
surface of the substrate:
Al + 3[Co(NH 3 ) 6 ]3+ = Al3+ + 3Co 2+ + NH 3 ↑ ;

(4)

2Al3+ + 3H 2 O = Al2 O 3 + 6H + .

(5)

Besides, NH3 generated by Eg. 2 – Eq. 6 reacts with
water to form OH-, which consumes H+:
NH 3 + H 2 O = OH - + NH +4 .

(6)

The pH of the interface between the metal and the
conversion solution is increased, which is favorable for the
deposition of cobalt oxides in different valence states so
that the ammonium salt ligand plays a role in promoting
the formation of transformation.
At the same time, after the aluminum alloy is
immersed in the conversion liquid, an electrochemical
reaction micro-cathode reaction zone and a micro-anode
reaction zone are formed in two adjacent microscopic
regions on the surface of the substrate. In the micro-anode
reaction zone, the metal in the matrix undergoes a
dissolution reaction [10]:
Al → Al3+ +3e − .

(7)

In the micro-cathode reaction zone, an H+ discharge
reaction occurs in the conversion solution to precipitate
hydrogen gas:
2H + + 2e - → H 2 ↑ .

(8)

The precipitation of hydrogen in the micro-cathode
reaction zone causes the pH in the vicinity of the region to
rise, accompanied by the dissolution of the aluminum in
the micro-anode reaction region, so that the acidity at the
interface between the metal and the conversion liquid
gradually decreases, driving the stable three in the interface.
The valence cobalt complex is converted into a cobalt
oxide and deposited on the surface of the substrate to form
a conversion film.

4. CONCLUSIONS
As the number of cycles increases, the content of
aluminum ions in the conversion liquid increases
continuously. Since an appropriate amount of aluminum
ions can accelerate the formation of the conversion film
and reduce the corrosion effect of chloride ions on the film
layer, the film is converted in the early stage of the cycle of
modes A and B. Excellent corrosion resistance, In the later
stage of the cycle, both cycle modes showed a decrease in
the performance of the conversion film and a certain
degree of fluctuation, indicating that the stability of the
film layer was poor. However, in the late stage of the mode
A cycle, the content of cobalt ions and oxidants in the
conversion liquid is less, which has less influence on the
corrosion resistance of the film layer, while in mode B, the
content of cobalt ions and oxidants is continuously
increased, thereby showing that the concentration is high.
The cobalt salt and the oxidant do not improve the
corrosion resistance of the conversion film, but rather
reduce the stability of the film layer so that the stability of
mode B is lower than that of mode A at the end of the cycle.
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