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The formation process of anodic film on aluminium was investigated in the bath containing adipic acid
and sulfuric acid (ASA bath) by using dynamic electrochemical impedance spectroscopy (DEIS). An
interface reaction and ionic migration mechanism of anodic oxidation process in the ASA bath was
established to interpreting the DEIS data. The impedance was decrease with the addition of adipic acid
added in the anodizing bath, because of the adsorption of adipic anions on the surface of oxide film.
An electrical equivalent circuit (EEC) model was established to analyse the relationship of the EEC
model elements with the applied potential. The results indicated that the addition of adipic acid into the
anodizing bath was beneficial to the grown of oxide film on aluminium, like faster in grown rate and
thicker in thickness.
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1. INTRODUCTION

The anticorrosive properties of aluminum and aluminum-based alloys are strongly increased by
the anodizing process [1]. Traditional anodizing approach such as chromic acid anodizing (CAA) with
thin (less than 5-6 um) anodic films, but provide superior corrosion resistance than those produced by
other anodizing processes like sulfuric acid anodizing (SAA) and phosphoric acid anodizing (PAA)[2].
However, the use of hexavalent chromium is becoming restrictive due to its characteristic as a human
carcinogen and substantial contribution to environmental pollution. These disadvantages of CAA
process have motivated research into development of alternative anodizing processes.

Wong and Cadwell Stancin [3,4] made efforts regarding the new anodizing processes. They
invented the boric and sulfuric acid anodizing (BSA) process. The performance of the anodic films
produced by BSA process such as corrosion resistance, paint adhesion, bonding strength, and effect on
fatigue life are similar to the films produced by CAA process [5-7]. Therefore, BSA process has been


http://www.electrochemsci.org/
mailto:liujh@buaa.edu.cn

Int. J. Electrochem. Sci., Vol. 10, 2015 2195

proposed as the preferred substitute for CAA process. Shih et al. [8] demonstrated that the
microhardness and thickness of anodic films were increased when boric acid was added in the sulfuric
acid as a modifier. Du et al. [5] found that the diameter of the pore layer became smaller when the
alloys were anodized in the bath mixed with boric acid and sulfuric acid. In Europe, a tartaric-sulfuric
acid anodizing (TSA) process has been selected to replace CAA [9-11]. Iglesias-Rubianes et al. [12]
demonstrated that the addition of tartaric acid to sulfuric acid bath improved the corrosion resistance of
the anodic films. Role of tartaric acid on the anodizing was suggested by Curioni et al. [9]. Partial
tartaric acid were remain in the pores after anodizing, and leading to the enhanced corrosion resistance
of the anodic films

Recently, adipic-sulfuric acid anodizing (ASA), an environmentally-compliant electrolyte that
generates porous anodic oxide layers, has been proposed as the substitute for CAA [13,14]. The
contribution of adipic acid in improving the corrosion resistance of aluminum alloys after anodizing in
sulfuric acid was recognized [15]. Besides, the ASA process had little effect on fatigue life of
aluminum alloys, which was similar to the CAA process [16]. However, the studies were focused on
optimization of the anodizing parameters to improve corrosion resistance and to reduce the effect on
fatigue life of aluminum alloys. At the present time, there is no published information about the role of
adipic acid in the ASA process.

Electrochemistry impedance spectroscopy (EIS) has played an important role in analyzing
charge migration between the oxide films during anodizing and simulating the structure of the oxide
films. [17-23]. Furthermore, dynamic electrochemical impedance spectroscopy (DEIS) is proposed to
obtain more information for non-stationary process [24,25]. This method can acquire a series
impedance measurements during linear voltage sweeps, and obtaining potential dependent
spectroscopy. Consequently, the aim of this work is to investigate the influence of adipic acid on
charge migration and the surface charge state of the oxide films during alumiuium anodizing by means
of DEIS.

2. EXPERIMENTAL

Anodizing was undertaken on superpure (¢11.3 mm X 2 mm, 99.999 % purity) aluminum
specimens in 50 g/L sulfuric acid and a mixed bath (10 g/L adipic acid and 50 g/L sulfuric acid) at
room temperature with a classical three-electrode cell. The aluminum specimens with an exposed area
of 1 cm? acted as a working electrode. A saturate calomel electrode (SCE) was employed as reference
and a platinum foil with 2 cm? surface area was used as counter electrode.

The DEIS measurements were realized under potentiodynamic conditions using a Princeton
Applied Research Multichannel Potentiostats apparatus (Model VersaSTAT MC, AMETEK, Inc.,
United States). Each impedance spectrum was measured under a series of specific anodizing potential
from open circuit potential (OCP) to 10 V. Amplitude of the sinusoidal signal superimposed on the DC
anodizing potential was 10 mV, with the frequency varied between 100 kHz to 1 Hz. The impedance
data was fitted using the Zsimpwin software.
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The Raman spectrum was measured on a confocal micro-Raman spectrometer (Model
Laboratory RAM HR800, HORIBA Jobin Yvon, France) through a 50x (NA = 0.5) microscope
objective. An Ar-Kr laser, emitting at a wavelength of 514.5 nm, was used as the source of excitation.

3. RESULT AND DISCUSSION

Figure 1 shows Raman spectra for pure aluminum samples immersed in the adipic-sulfuric acid
solution for 3h and for analytically pure adipic acid powder. The Raman spectrum for analytically pure
adipic acid powder display the characteristics Raman peaks at about 301 cm™, 433 cm™, 1665 cm™,
1707 cm™, 1768 cm™ and 2920 cm™, while the pure aluminum display the Raman peaks at about 433
cm?, 1665 cm™, 1707 cm™, and 1768 cm™. As is known, there is no response peak for pure metal on
Raman spectrum. Consequently, the Raman peaks of the pure aluminum should all correspond to the
characteristics Raman peaks of adipic acid. Therefore, adipic acid should be adsorbed on the surface of
pure aluminum after immersion in the adipic-sulfuric acid solution.
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Figure 1. Raman spectra for the pure aluminum after immersion in the adipic-sulfuric acid solution for
3 h and the analytically pure adipic acid powder

Potentiodynamic conditions were applied to anodize the pure aluminum samples. As shown in
Figure 2, linear anodic polarization of aluminum was performed in the bath containing 50g/L sulfuric
acid with and without addition of 10 g/L adipic acid. From the commencement of anodizing, at an
OCP of —0.5 V vs. SCE, the current increase rapidly until 0 V vs. SCE. Subsequently, the current
reaches a plateau until 2 VV vs. SCE, related to initial nonuniform film growth and thickening of the
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barrier layer [26]. A transition region in which the current density increase rapidly with applied
potential is observed after the plateau. The increase in current is associated with the initial growth of a
porous film morphology. Finally, a mild increase in the current with the applied potential is observed
above 3.5 V vs. SCE. This mild increase region is associated with the generation of the common
porous morphology [10,26]. A similar overall behavior is also observed after the addition of 10 g/L
adipic acid into the previous solution. In the barrier layer growth region, a little difference in the
current density between SA and ASA indicates that the addition of adipic acid in bath has less effect
on the growth of barrier layer. Therefore, the thickness of barrier layer is controlled solely by applied
potential. The maximum thickness attainable of barrier layer is restricted to a voltage below the oxide
breakdown voltage value [27]. Here, the two oxide breakdown voltage values are similar at about 2 V
vs. SCE. In other words, the thickness of SA barrier layer and ASA barrier layer are similar. However,
an approximately 20% decrease in the current density in transition region and mild increase region is
observed. The decrease in current indicates the addition of adipic acid in sulfuric acid has an effect on
the development and growth of porous anodic film.
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Figure 2. I-V behavior for the pure aluminum samples in the bath containing 50 g/L sulfuric acid with
and without the addition of 10 g/L adipic acid

Figure 3 presents a series of impedance spectra in the form of Nyquist plots which are obtained
under linear potential condition in different oxidation bathes. These Nyquist plots are composed of one
high frequency (HF) capacitive loop, followed by a low frequency (LF) inductive loop. The
phenomenon about the origin of the HF capacitive loop is attributed to charge transport process
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through the aluminum oxide film [28]. While LF inductive loop is related with the relaxation of
absorbed intermediates [22,29].
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Figure 3. DEIS impedance spectra as a function of anodizing potential in different oxidation bathes:
(@) sulfuric acid and (b) adipic-sulfuric acid.
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Bessone et al. [20] suggested that defect chemistry should be used for interpreting impedance
data of anodic film on aluminum. Both electrochemical reactions at the interfaces and ionic migration
through the oxide can be incorporated into a model for anodic film growth. According to point defects
model [30,31], the chemical reaction mechanism of anodic oxidation anodized in sulfuric acid can be
expressed as follows:

At the metal/oxide interface (M/O):

Al+ vﬁl 2, Al + 3e” (1)
Al —nahlt.,kl + Ev,:, +3e” (2)
At the oxide/solution (O/S) interface:

ALy —2 L AP+ 1V @)
H,0 s 0 +2H° (4)
Vo + 03 2, 0q ®)
The oxide film dissolve chemical reaction:
[A1A1+§00]+3H+LA13++§H20 (6)

The entity contained within the squared brackets represents the oxide lattice. Reactions (1), (3)
and (5) are lattice conservative reactions which means the formed or filled of vacancies. However,
reaction (2) and (6) are not lattice conservative. They will relate to the oxide growth and dissolve.

The oxygen ion vacancies are produced at the metal/oxide interface (equation (2)), but
consumed at the oxide/solution interface (equation (5)). As a result, oxygen ion vacancies diffuse from
the metal/oxide to the oxide/solution interface. Likewise, aluminum ion vacancies are produced at the
oxide/solution interface (equation (3)), but consumed at the metal/oxide interface (equation (1)).
Consequently, the aluminum ion vacancies diffuse from the oxide-solution to the metal/oxide
interface. The transport of oxygen ion vacancies results in oxide growth at the metal/oxide interface
(equation (2)). Similarly, (equations (1) and (3)), the transport of aluminum ion vacancies across the
oxide results only in dissolution of aluminum ions at the oxide/solution interface. The fact is that only
the transport of oxygen anions contributes to the film growth conflicts with the transport number of
oxygen ions in an anodized layer on aluminum.

From the above reactions, the impedance can be expressed as:

Z=Zyot Zi+ Zpg (")

It should be noted that this approach is only valid for quasi-equilibrium at the interfaces. The
interfacial reactions are thus hardly anodic polarized. However, only the oxygen anions transport
across the metal/oxide interface. The Zyo can be considered to be a resistor, and be neglected further
due to the fast migration rate of oxygen anions at the metal/oxide interface [21]. Therefore, the
impedance can be expressed as:

Z=1Zst+Zgs (8)

This expression of the impedance relates to the results in figure 3 which contains two time
constants.
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According to de Wit [21],

1
Y; = —+ Crwj €)]

R¢

4 4
Yos = F[3k3bs(1—6,, —6,,) + Ekst Cobsofla+ F(3k; — E’I‘:ECDJBJ
kb Cob, B
¥ = a + Crhetuj
Bwj+ks +k_BC2+kCof 05 (10)

where 6, is the fraction of the surface covered by adsorbed oxygen ions, 6y, is the fraction of
the surface covered by adsorbed anions from the electrolyte solution. Co is the concentration of oxygen
at the O/S interface. Cy is concentration of hydrogen at the O/S interface. g is the maximum number of
sites per unit surface area where can be occupied by the adsorbed oxygen ions. a is the fraction of the
potential drop over the O/S interface. b is the Tafel slope of the correspondent reaction.
Equation (10) can be simplified as:
1

Yoo = C '
s TR + B + Dwj + Cosw) (11)
where
1 4
R_ = [Ekﬂbﬂ [:1 - Ean - Eaa) + E kEbECD anlg]a (12)
as
4
A= (3k; - ngCnﬁ]kEbECDE"am@ﬂ (13)
B=k,+k_,BCE+k.CoB (14)
D= g (15)
According to equation (8):
1 1
Z=—t— (16)
Y[" YDS

Then substitute equation (9) and equation (10) into equation (16), the impedance of the samples
anodized in sulfuric acid can be expressed as:
1 1
Z=7 T3 A (17)

R_F—l_CFCLU Ro: + B+ ij"'Cc:smi

When the adipic acid were added into anodizing bath, the adipic acid will be ionized. The
ionization balance reactions are shown in equation (18) and equation (19):

kT

HOOC(CH,),COOH «——— HOOC(CH,),C00_,; + H™ (18)
kg -

HOOC (CH,),C00_,; «—— 00C(CH,),C002; + H™ (19)

where k;=3.7x107°, Pk7,=4.43, kg=3.9x10°, Pkg,=5.41. However, the first order ionization
reaction is the main reaction due to the strongly acidic anodizing bath.

Under the action of electric field force, the adipic acid anions migrate towards the surface of
oxide, then adsorb on it (according to figure 2). The adsorption process is shown in equation (20).

HOOC(CH,),C00_, . Hooc (CH,),C00_, (20)

As shown in Figure 4(a), the bulky adipic acid anions occupy the points where are adsorbed
originally by small oxygen ions and sulfate ions. Therefore, both 6,, and 6., have become smaller in
equation (10). Correspondingly, the admittance Yos has become larger. In other words, the impedance
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Zos has become smaller. The total impedance of the aluminum specimens anodized in ASA bath has
become smaller, which is identical to the measured results in Figure 3. The decrease in 6, will result
in the decrease of the reaction rate in oxide growth (equation (2) and equation (5)). Consequently, the
current density of anodizing will be decreased, as shown in Figure 2.
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Figure 4. lonic migration mechanism of anodic process in sulfuric acid bath (a) and adipic-sulfuric
acid bath (b)
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Figure 5. The fitting model (a) and the fitting results of the impedance: (b) 1V, (¢) 25V and (d) 7 V

The oxide film also dissolves chemically in adipic-sulfuric acid bath. Besides reactions
equation (6), equation (21) will react at the oxide/solution interface [15]:

3 k10 3
[Alm + E DD] 4+ 3HOOC [EH2]4CDD;d + 3H? —>A1(U'DC [CH:LCDDHjaad + E H,O (21)
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The production AlI(OOC(CH),)4COOH is bulky and insoluble, absorbing on the surface of
oxide as shown in figure 4(b). Therefore, the reaction rate of equation (6) slows down due to the
absorbing production. The results will help the oxide grow thicker at the metal-oxide interface in ASA
bath.

Two time constants could be determined from Figure 3. According to equation (9), electrical
equivalent circuit (EEC) were employed to fit the EIS data, as shown in figure 5(a). The EEC is
described as R(CR)(CR(LR)) by using circuit description code (CDC). The Nyquist plots at 1V, 2.5V
and 7V, which are the representative potential in the barrier layer growth region, porous layer
development region and porous layer growth region respectively, are selected to fit the model, as
shown in Figure 5(b), Figure 5(c) and Figure 5(d). The fit results show little difference from the test
results. The EEC is an appropriate model for analyzing the impedance results in more detail.

The relationship of the circuit elements with the applied potential is shown in Figure 6.
Capacitance Cs is attribute to the aluminum oxide film behaving as an insulator with a dielectric
constant varying between 7.5 and 12. As shown in Figure 6(a), both the Ct of oxide film anodized in
SA bath (indicated by solid line) and in ASA bath (indicated by dash line) are nearly linear decrease in
the barrier layer growth region. The result indicates that the thickness of barrier layer shows a linear
increase with the potential increasing according to equation (22):

c=_= 22
- 4mkd (22)

where ¢ is dielectric constant, S is plate area of the capacitance, d is thickness between the
plates of the capacitance, k is electrostatic force constant. In the porous layer development region and
porous layer growth region, both the C; of oxide film anodized in SA bath and in ASA bath are
decreased. The results indicate that the thickness of porous layer increases with the potential, but the
growth rate of porous layer is slower than the growth rate of barrier layer. Figure 6(a) also shows that
the C; of oxide film anodized in ASA bath is approximately 40% lower than that in SA bath during the
porous layer growth range. That is, the oxide film anodized in ASA bath is thicker than that anodized
in SA bath. The insoluble Al(OOC(CH),)4COOH absorbing on the surface of oxide film according to
equation (21) is beneficial to thickening the oxide film in ASA bath.

Resistor Ry is due to charge transport process through the aluminum oxide film, as shown in
Figure 4, containing the transport of oxygen ion vacancies and aluminum ion vacancies. The transport
of oxygen ion vacancies results in oxide growth at the metal/oxide interface (equation (2)). Therefore,
the growth rate of oxide film can be represented by the magnitudes of R¢. In Figure 6(b), both the Rt of
oxide film anodized in SA bath and in ASA bath decrease rapidly in the barrier layer growth region,
and the R¢ of oxide film anodized in ASA bath is approximately 65% lower than that in SA bath. The
results demonstrate that the grown rate of oxide film in ASA bath is faster than that in SA bath, and the
rate is faster with the increase of potential in the barrier layer growth region. Subsequently, both the R¢
are decreased to a minimum value, and reach a plateau in the porous layer development region and
porous layer growth region. The results demonstrate that the vacancies only transport through the
barrier layer, and the grown rate increases to a maximum value. Moreover, the addition of adipic acid
into the anodizing bath has reduced the transport resistor of vacancies, which increases the grown rate
of porous layer.
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The Ros and Cos in parallel represents the electric double layer at the oxide/solution surface,
related to the surface reactions. Capacitance Cos is differential capacitance of the electric double layer,
which represents the stored energy ability when a fraction of potential generates on the surface of
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Figure 6. The relationship of the circuit elements with the applied potential: (a) Cs, (b) Ry, () Cos, (d)
Ros, () L and (f) R.

oxide surface.

Resistor Ros is polarization resistance of the surface reaction at the oxide/solution surface. The
addition of adipic acid into the anodizing bath has increased the electric density on the surface of
oxide, and has reduced the polarization resistance of the surface reactions. The results indicate that the
addition of adipic acid has promoted the surface reactions due to the adsorption of adipic acid on the

The L and Ry in series is related with the relaxation of absorbed anions. A linear conductor
mode is used to calculate the value of L in the EEC, as shown in equation (23):
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L= .ii(lnE —1) x 200 x 107° (23)

Where 1 is thickness of the adsorbed layer, and d is area of the adsorbed layer. Parameter d is
increase when the bulky adipic acid ion adsorb on the surface of oxide. The increase of d results in the
reduction of L. Both L and Ry reach a turning point until the development of porous layer. It indicates
that the anions are adsorbed mostly at the bottom of porous layer, where is equivalent to the surface of
barrier layer. Moreover, the adsorbing capacity of these anions tends to be saturated until the
development of porous layer.

4. CONCLUSION

We have investigated the formation process of anodic film on aluminium in the bath containing
50g/L sulfuric acid and 10g/L adipic acid. Firstly, the Raman spectrum analysis indicated that the
adipic acid were adsorbed on the surface of aluminum specimens when the specimens were immersed
into the ASA bath. Secondly, potentiodynamic polarization curve shown the relationship of anodizing
current density and applied potential, and demonstrated the characteristic of anodizing current density
in the barrier layer growth region, the porous layer development region and the porous layer growth
region. Subsequently, the DEIS data were measured under potentiodynamic polarization condition. An
interface reaction and ionic migration mechanism of anodic oxidation process in the ASA bath were
established according to point defects model. The mechanism indicated that the decrease of impedance
when the adipic acid added into the anodizing bath was due to the adsorption of adipic acid anions on
the surface of oxide film. Finally, the DEIS data were fitted by an EEC model according to the
interface reaction and ionic migration mechanism. The relationship of the EEC model elements with
the applied potential was analyzed in contrast to the anodizing current shift in potentiodynamic
polarization curve. The results indicated that the addition of adipic acid into the anodizing bath was
beneficial to the grown of oxide film on aluminium, like faster in grown rate and thicker in thickness.
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