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Abstract: The influence of adipic acid on the formation and corrosion resistance of anodic oxide film fabricated on 2024 aluminum
alloy was investigated. The morphology was investigated by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), respectively. The corrosion resistance was evaluated by electrochemical impedance spectroscopy (EIS). The
results showed that the adipic acid was absorbed at the electrolyte/anodic layer interface during anodizing. The corrosion rate of
anodic film decreased and the film thickness increased. The film was uniform and compact especially at the film/substrate interface.
After sealing procedure, anodic film formed with the addition of adipic acid exhibited improved dielectric property and corrosion

resistance in aggressive environment.
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1 Introduction

The combination of high strength and low density
makes 2024 aluminum alloys suitable to be used in
aeronautical industry to manufacture different structural
components. However, pitting attack by forming
galvanic couples easily occurs, due to the presence of
alloying elements [1—4]. In practice, 2024 aluminum
alloy always undergoes surface treatments to improve its
corrosion resistance. Traditional chromic acid (CA)
anodizing method provides outstanding corrosion
resistance but is gradually substituted for environmental
concerns and legal restrictions. Sulfuric acid (SA)
anodizing method provides similar corrosion resistance
compared with CA, but the relatively thick anodic film is
brittle and easily cracks under cyclic stress [5].
Accordingly, more dilute sulfuric acid has been
introduced to obtain thin anodic films which could
increase fatigue resistance for specific structural
materials.

In order to obtain similar corrosion resistance as
traditional CA and SA, the dilute sulfuric acid anodizing
electrolytes require additions of various modifiers to
form enhanced protective anodic oxide film.
Generally, these modifiers include inorganic acid [6,7],

organic acid [8,9], alcohol [10,11] and corrosion
inhibitor [12,13].

Among these modifiers, one of the most important
modifiers is carboxylic acid, especially the dicarboxylic
acid such as malonic acid [14], tartaric acid [15], glutaric
acid [16], malic acid [17] and oxalic acid [18]. These
modifiers could significantly improve the anticorrosive
property of the anodic film. However, the mechanism
explaining how dicarboxylic acid improves the
properties of anodic layer is still not fully understood.
Some authors proposed the assumption that the added
dicarboxylic acid might reduce the field-assisted
dissolution of anodic film [19] or influence the viscosity
of electrolyte [20]. On the other hand, CURIONI
et al [21] and MARZOCCHI et al [22] suggested that
tartaric acid hardly changed the morphology of the cell
and pores. ARENAS et al [23] proposed a new protective
mechanism that tartaric acid would remain inside the
pores and chelate with AI** and Cu®" cations to prevent
further corrosion.

The present study aimed at a better understanding of
the influence of dicarboxylic acid on the formation as
well as the corrosion resistance of anodic film fabricated
on 2024 aluminum alloy. The improvement mechanism
was investigated by means of direct observation with
scanning electron microscopy (SEM) and transmission
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electron microscopy (TEM). Meanwhile, electrochemical
techniques were also employed to provide further
description.

2 Experimental

2024 aluminum alloy (major elements in mass
fraction: 4.5% Cu, 1.44% Mg, 0.6% Mn, 0.06% Si,
0.13% Fe, 0.02% Zn, 0.03% Ti) samples with
dimensions of 100 mm x 50 mm x 2 mm were used as
electrode. Prior to application, the samples were
mechanically ground to 2000 grit silicon carbide paper,
etched in 50 g/ NaOH solution at 50 °C for 1 min, and
then desmutted in 4.7 mol/L HNO; at room temperature
for 1 min.

The anodizing process was performed with 2024
aluminum alloy plate as anode and a stainless plate as
cathode. The anodizing baths include: sulfuric acid
electrolyte (50 g/L sulfuric acid) and adipic/sulfuric acid
electrolyte (50 g/L sulfuric acid + 10 g/L adipic acid). In
brief, samples anodized in sulfuric acid electrolyte are
named as SA, while those anodized in adipic/sulfuric
acid electrolyte are named as ASA. During anodizing, a
constant voltage of 15 V was applied and the anodizing
time was 20 min. The solution was vigorously stirred to
maintain the temperature at 25 °C. Sealing process was
undertaken by immersion in boiling distilled water for
30 min.

The galvanostatic polarization was performed in a
thermostatically controlled electrochemical cell (=1 °C)
in ASA and SA clectrolytes, respectively. A
three-electrode cell was used with a platinum plate
auxiliary electrode, a saturated calomel reference
electrode (SCE) and the tested samples (exposed area of
1 cm?) as working electrode. Electrochemical tests were
carried out using a computer-controlled potentiostatic/
frequency response analyzer (model Parstat 2273,
AMETEK Inc.). For the conventional experiments,
electrochemical  impedance  spectroscopy  (EIS)
measurements were conducted over a frequency range of
10° down to 1072 Hz, with seven points per decade using
a 10 mV sine wave with data presented as Bode plots.

The morphology of anodic films (without sealing
process) was examined by scanning electron microscopy
(SEM) using a Hitachi S—4800 FE—SEM operated at 15
kV. Cross sections of specimens were also prepared
using ion thinner beam to a nominal thickness of 20 nm
and examined on a JEM—2100F transmission electron
microscope (TEM).

3 Results and discussion

3.1 Morphology characterization
Figure 1 shows the morphologies of the anodic
films prepared in SA and ASA. It is shown that both

films exhibit porous structure; however, the size of pores
slightly decreases with the addition of adipic acid. It is
also observed that the porous structure is more regular
for the sample prepared in ASA than that in SA.

Fig. 1 SEM images of anodic films formed in SA (a) and
ASA (b)

Figure 2 shows the cross section images of the
anodic films. It is observed that both films are uniform in
thickness, with relatively flat film/alloy and
electrolyte/film interfaces. The anodic film fabricated in
SA (Fig. 2(a)) exhibits looser arrangement with coarser
pore channels located at film/alloy interface, while that
in ASA (Fig. 2(b)) shows more compact arrangement. It
is observed that the average film thickness of ASA
sample is 1.93 um, which is 0.12 pm larger than that of
SA sample. The cross section images suggest that adipic
acid promotes the growth of anodic film, especially
improves the initial formation process.

3.2 Anticorrosive properties of hydrothermal sealed
anodic films

After sealing procedure, the samples were immersed
in 3.5% NaCl solution and EIS measurements were
conducted to evaluate the anticorrosive properties.
Figure 3 shows the Bode plots of the sealed anodic layers
formed in SA and ASA. It is observed that each sample
shows two well-defined time constants, which are
recorded in high and medium frequency ranges (between
10> Hz and 10* Hz) and low frequency range (between
10" Hz and 10 Hz), respectively. After 336 h of
immersion, zones in Bode phase plots related to the
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Fig. 2 Cross section SEM images of anodic layers in SA (a) and ASA (b)
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Fig. 3 Bode plots of sealed SA and ASA samples as function of immersion time

barrier layer and porous layer become close for the ASA
sample. This is associated with the high conductivity of
the electrolytic solution permeating into porous layer.
However, a major change occurs for the SA sample,
indicating that the dielectric property of the anodic layer
has significantly changed. The values of impedance
decrease significantly in the whole frequency ranges,
probably indicating that the film structure has been
destroyed by the penetration of CI .

Detailed corrosion behavior during immersion could
be illustrated by the equivalent circuit shown in Fig. 3(b).
In this model, R is the electrolytic resistance, i.e., NaCl
solution. Parameters concerning the porous layer are
characterized by the capacitance C, and the resistance R,
Barrier layer properties are described by the capacitance
C, and the resistance R, However, porous layer and
barrier layer have heterogeneities from Bode plots,

making their capacitive behavior better simulated by
constant phase elements (CPE) than by simple
capacitances C (CPE=1/C(jw)"). Thus, parameters a,and
a, affect C, and G, respectively, to take into account the
non-ideal capacitive behavior. Parameter o is the
frequency dispersion factor and varies from 1 to 0. When
o=1, CPE can be considered as real capacitances,
whereas a=0 represents a real resistance.

Table 1 lists the parameters determined from fitting
of the Bode plots with the described equivalent circuit.
For the initial 2 h of immersion, the ASA sample exhibits
higher value of R, with respect to the SA sample. This is
associated with the thicker porous layer of ASA sample
as mentioned in Fig. 2. Meanwhile, both values of C, and
Cy, of ASA sample are lower than those of SA sample,
indicating that the anodic layer is more compactly
arranged. After 168 h of immersion, the values of R, and
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Ry, decrease, while the values of C, and C, increase for
both samples. This means that the aggressive electrolyte
has gradually penetrated into porous layer and the
conductivity of the anodic films gradually increases. As
the immersion time reaches 336 h, the SA sample shows
significant decrease of Ry, indicating that the barrier
layer has been seriously destroyed. The anodic layer fails
to provide sufficient protection for the substrate after
long time of immersion. However, the ASA sample still
shows relatively high value of R,, indicating that the
anodic layer is still integral.

Figure 4 shows the SEM images of the samples
after 336 h of immersion. It is observed that the width of
cracks is about 0.7 pm for the SA sample. This is
associated with the corrosion of the underlying substrate
due to the penetration of aggressive CI ions. The
corrosion of aluminum alloy in a Cl-containing
solution should include anodic dissolution of aluminum:

Al—>AP"+3e (1)
AP +H,0+Cl'—H'+AIOHCI" ()
2A1+6H +4Cl —3H, 1 +2AICL,* 3)
and cathodic hydrogen evolution:

2H,0+0,+4e—40H" “4)

Thus, internal stress generates during immersion,
leading to the emersion of cracks. In contrast, the surface
of ASA sample shows no obvious cracks although the
surface is also partially corroded. This suggests that the
film provides sufficient protection against the penetration

of aggressive ions, due to the compact arrangement of
anodic film.

3.3 Absorption behavior of adipic acid

The characteristics of the electrode/electrolyte
interface, including electron transfer, mass transport and
chemical reaction, will influence the impedance of the
interface. The impedance of interface depends on the
texture and nature of the electrodes, the electrolyte
composition and the charge of species absorbed at
interface. In-situ EIS measurements are suitable for the
investigation of aluminum oxide film as well as the
electrochemical process at oxide film/electrolyte
interface.

The galvanostatic polarization of bare 2024
aluminum alloy was applied at a current density of
1 mA/cm’® in SA and ASA, respectively. It is observed in
Fig. 5 that the potential increases rapidly at the beginning,
corresponding to the formation of barrier layer.
Afterwards, the potential is stable, which is associated
with the growth of porous layer. The constant potential
for SA sample is 3.5 V, while that for ASA sample is
3.1 V. This suggests that the presence of adipic acid helps
the proton transmission in the electrolyte.

The detailed morphologies at the film/alloy
interface are shown in Fig. 6. It is observed that the ASA
sample shows more regular arrangement of pore
channels and its pore diameter is lower than that of the
SA sample. This is probably associated with the less
ejection of Al ion and dissolution of alumina due to

Table 1 Results after fitting Bode plots for samples prepared in SA and ASA as function of immersion time

Sample Time/h Rp/(kQ-cmz) (il:E(p) Ry/(kQ-cm?) CI_)f(b)

Cy/(uF-cm ™) op Cy/(uF-cm ©) op

2 5.345 0.925 0.77 2850.1 1.665 0.88

SA anodized 168 6.74 1.56 0.73 530.2 2.391 0.83
336 0.193 6.24 0.58 17.0 298.6 0.80

2 84 0.499 0.89 2935.8 1.021 0.83

ASA anodized 168 10.43 1.052 0.74 1190.3 2.145 0.85
336 4.759 5.941 0.72 755.7 2.931 0.78

Fig. 4 SEM images of SA (a) and ASA (b) samples after 336 h of immersion
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Fig. 5 Potential—time curves of aluminum alloy at 1 mA/cm® in

SA and ASA, respectively

film/alloy interface after galvanostatic polarization

lower electric field strength at oxide/electrolyte interface,
which would lead to a higher volume expansion
factor [18]. The thickness of barrier layer of SA sample
is 4.6 nm, while that of ASA sample is 4.1 nm. This is
consistent with the constant potential applied during
galvanostatic polarization, showing a formation rate of
1.2-1.3 nm/V.

After galvanostatic polarization, the current was
switched off. In-situ EIS measurements were performed
at OCP after various intervals (from 15 to 120 min) to

precisely evaluate the local reactions. During immersion
in anodizing bath, the anodic film would be gradually
corroded by chemical dissolution [24]. This could be
assumed as a procedure to thin both the porous layer and
the barrier layer. However, the response of barrier layer
in unsealed anodized aluminum is the main contribution
to the behavior of measured system. The information of
unsealed porous layer was hardly obtained, due to the
short circuiting of electrolyte [25].

As shown in Fig. 7(a), the black and red plots are
recorded as EIS plots for the sample after different
periods of immersion in SA and ASA baths, respectively.
The impedance spectra of ASA sample could be divided
into two stages: 1) initially, the curve consists of one
capacitive semicircle and one inductive semicircle,
located in high and low frequency regions, respectively.
In literature, the capacitive semicircle located in high
frequency range is associated with the properties of
anodic oxide film and the one located in low frequency is
related to ionic relaxation phenomenon or absorption
behavior [26,27]; 2) after a period of immersion

10

(@)

Z"I(kQ-cm?)
s~

Z'I(kQ-cm?)

CPE(Q)

CPE(d)

Fig. 7 Nyquist plots of sample after galvanostatic
polarization (a) and equivalent electrical circuit (b) used for
analysis of impedance spectra of samples ASA (Circuit I) and
SA (Circuit IT)
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(~90 min), a second capacitance loop emerges, indicating
that the anodic films gradually degenerate under
aggressive electrolyte condition. Meanwhile, a new
passive film emerges above the bare alloy. According to
the entire Nyquist plots, the SA sample shows initial
higher impedance values but a faster decrease compared
with ASA sample. The initial higher value of impedance
could be attributed to the thicker barrier layer observed
in Fig. 6. Nevertheless, the SA sample hardly displays
the first stage, suggesting that the barrier layer of SA
sample is easily corroded by the electrolyte. This could
be the reason for the rapid decrease of impedance values.

With the help of equivalent circuits in Fig. 7(b), the
variation of the anodic film properties is further
investigated. As for ASA sample, the system is simulated
by Circuit I, where Ry represents the resistance of bulk
electrolyte outside; R’ refers to the resistance inside the
porous layer. CPE(Q) denotes as double layer
capacitance of the overall system; CPE(b) and R,
indicate the barrier layer capacitance and resistance,
respectively; L being the inductance related to the
inductive loop reveals that the surface area is partially or
totally active [28,29]. During immersion, an appropriate
circuit is presented in Circuit II when a second
capacitance loop emerges, where Ry represents the
resistance of charge transfer and Cy represents the
capacitance of double layer. As for SA, the whole
process could be simulated by Circuit I according to the
shape of the impedance curves.

Table 2 lists the parameters determined from fitting

of the EIS spectra with the described equivalent circuits
in Fig. 7(b). For the ASA sample, values of ayequal 1 at
the beginning, indicating that the barrier layer represents
ideal capacitance, and the initial thickness of the barrier
layer, d,, could be estimated by the fitting values of Cy,
according to the general expression:

Cb:é‘I(‘,‘oS/db (5)

where ¢, is the relative constant for aluminum oxide and
&=10, gy is the dielectric constant in vacuum and
£=8.854x10""2 F/m, S is the surface area of the electrode
and S=1 cm’.

The calculated thickness of barrier layer is
approximately 3.8 nm for ASA sample, slightly thinner
than the TEM observation. Afterwards, values of o
decrease close to 0, indicating that electrolyte has
penetrated through the barrier layer to the bare alloy.
However, the newly formed passive film induced by the
acidic electrolyte presents ideal capacitance (ag=1). It
can also be seen that R, decreases with the increase of
immersion time.

The values of inductance (L) decrease with the
increase of immersion time. In Ref. [27], the inductance
in the proposed equivalent circuit may be related to
adsorption phenomena (most probably the adsorption of
SO, H,C,Hg0,, HC(HO, and C,HyO in
inner Helmholtz layer). During immersion, the AlOs;
layer is gradually removed and the adsorption ability of
bared Al alloy is weakened due to the effect of
depolarization agent, and thus, values of L decrease.

Table 2 Results after fitting Nyquist plots in Fig. 7 according to proposed equivalent electrical circuits

Mode Time/min CPE(Q) Ry/(kQ-cm?) CZE ®) LH  Ry/(kQ-cm?) CPE(d)
Co/(nF-cm ) aq Cy/(uF-cm ) Oy Cy/(WF-cm ) 04
15 2.676 0.9708 6.076 2.194 1 8846 56.97 39.55 0.1652
30 3.706 0.9555 4.957 6.526 1 7467 58.68 51.75 0.5614
45 4.355 0.9613 3.528 7.023 1 3387 40.64 77.73 0.621
60 5.727 0.9583 1.830 8.518 1 1493 41.06 26.54 0.9688
tnSA 75 7.325 0.9618 1.510 10.13 1 1288 53.78 23.67 0.7927
90 10.18 0.9561 0912 26.31 1 804.1 72.62 47.46 0.9391
105 12.12 0.9671 0.875 29.23 1 721 13.43 35.62 0.6492
120 15.64 0.9685 0.594 30.57 1 688.1 44.22 44.51 0.5383
15 11.34 0.9125 4.573 2.303 1 4937 - - -
30 16.94 0.9156 4.582 1.828 1 4213 - - -
45 21.46 0.9141 4.131 1.245 1 5252 - - -
In ASA 60 24.61 0.914 3.303 1.399 1 4958 - - -
75 27.88 09112 2222 1.619 1 2679 - - -
90 35.63 0.9003 1.035 8.241 0.02554 510.5 7.429 13.6 1
105 40.31 0.8974 0.760 5.023 0.009163 329.2 10.25 12.67 1
120 44.54 0.8993 0.683 4.992 0.009323 271.1 11.24 11.87 1
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For the SA sample, the initial values of R, are
higher than those in ASA due to the thicker barrier layer.
The calculated initial thickness of barrier layer is 4.0 nm.
However, values of R, decrease to the similar level after
90 min of immersion. As a consequence, it can be
concluded that the absorption of adipic species
(H,C4H,0, , HC,H O, or C,HgO3 ) in the porous
layer inhibits the corrosion rate of barrier layer.

The ASA sample shows lower values of Cy,
confirming that the adipic acid plays a block role during
immersion. Accordingly, the process of mass transfer as
well as ion migration (AI*" or Cu®*" dissolved from the
substrate) is also limited. For the ASA -electrolyte,
sulfuric acid is fully dissociated, while the dissociation
constants for adipic acid are given by K;=3.8x10" and
K,=3.9x107°, respectively. Thus, the amount of adipic
anions available in the solution during anodizing process
is negligible. As a consequence, agent absorbed at the
barrier layer / electrolyte interface is most probably in
the form of H,C¢HgO,. Moreover, electrochemical
oxidation of aluminum is believed to result in the
oxidation of hydrogenated amorphous carbon in the
aqueous solution of adipic acid electrolyte. It is linked to
the oxide network through the carboxylate ions and
coordinative polyhedra of A" and Cu®" ions [30].

Based on the discussion above, a scheme of the
mechanism is proposed (Fig. 8). During anodizing

(0}

2024 Aluminum alloy

“

o

0
HOM
0
0

process, adipic acid is absorbed in the porous layer in
molecule form. Mass transfer (A" or Cu®*" dissolved
from the substrate) is influenced by the natural properties
of carboxylic acid, thus, the film is uniform and regular.
Meanwhile, the chemical dissolution of anodic layer,
especially the barrier layer, is also suppressed at the
barrier layer/electrolyte interface. After sealing process,
more compact and thicker anodic film provides better
inhibition to the penetration of aggressive ions.
Moreover, the adipic species could be bidentate ligand
capable of forming strong surface complexes with
metallic ions (AP’ and Cu®") that could chelate with
metallic ions to inhibit further corrosion.

4 Conclusions

1) During anodizing, the adipic acid is absorbed in
the porous layer, which helps the proton transmission in
the electrolyte and prevents chemical dissolution of
anodic layer.

2) With the addition of adipic acid, the film is
uniform and compact especially at the film/substrate
interface and the film thickness also increases.

3) After sealing procedure, anodic film formed with
the addition of adipic acid exhibits improved dielectric
property and
environment.

corrosion resistance in aggressive

Adipic acid absorbed in porous layer in molecular
form during anodization

HO Adipic acid in molecular form
OH

Residual adipic acid dissociated during immersion
process after hydrothermal sealing, and chelated with
metallic ions

Q
o

00 Scheme of aluminiun adipate complex

Scheme of copper adipate complex

Fig. 8 Schematic diagram of proposed adsorption mechanism of adipic acid
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