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Cerium-Based Sealing of Anodic Films on AA2024T3: Effect of
Pore Morphology on Anticorrosion Performance
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In this work, porous anodic oxides were produced by traditional and modified tartaric sulfuric anodizing (TSA) processes and sealed
in hot water, chromate and cerium based solutions. The sealing behavior of a film with relatively coarse porosity, generated at high
voltage (traditional TSA), was compared to the sealing behavior of a film with finer porosity and generated at reduced potential
(modified TSA). After sodium chromate sealing, the two anodizing cycles produced film with similar anticorrosion performance.
Conversely, after hot water or cerium sealing, the finer oxides generated at low voltage (modified TSA) provided much better
corrosion resistance. EIS performed in-situ during sealing revealed that chromate sealing is very aggressive to the porous skeleton
compared to the other sealing treatments. Therefore, the original morphology has little effect on the final performance, since both
fine and coarse oxides are substantially attacked. In contrast, the oxide morphology has a substantial effect when sealing is performed
in hot water or cerium-based solution. Overall, it is possible to obtain films with anticorrosion performance equivalent or improved
compared to that obtained by traditional TSA anodizing cycle sealed with chromate by combining the low voltage anodizing cycle
with the cerium-based sealing.
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Aerospace aluminum alloys display outstanding mechanical prop-
erties but require specific protection measures in order to meet the re-
quirements of durability and corrosion resistance. Anodizing in acidic
electrolytes is one of the methods that are most widely employed for
this purpose, since it produces porous oxides that improve corrosion
resistance and adhesion with organic coatings.

The porous anodic oxide morphology generated on high copper
alloys is significantly different from that generated on high purity
aluminium.1–3 Specifically, on aluminum, anodizing in phosphoric,
sulfuric, or oxalic acid, results in the generation of a well-ordered
oxide morphology, comprising closely-packed hexagonal cells with
a central cylindrical pore, and having a diameter that is proportional
to the applied potential.4–10 Under these conditions, the pore walls
are generally straight and uniform (provided that anodizing is con-
ducted under steady applied potential or current). At the bottom of
the pores, close to the metal, a barrier layer is observed with thickness
proportional to the applied potential. On the other hand, the thick-
ness of the porous oxide is proportional to the charge passed. Due
to the dependence of barrier layer thickness and pore diameter on
the applied potential, and to the dependence of the film thickness
on charge, porous morphologies can be tailored by controlling the
electrical regime (potential-time or current-time), and complex mor-
phologies can be achieved to enhance specific properties.11–14 It has
been shown that fine pores and thick films are beneficial for corro-
sion protection.13 However fatigue life can be an issue for aerospace
alloys15 and therefore film thickness should be limited to a few
microns.

On practical alloys, and on copper containing aerospace alloys in
particular, the oxidation behavior of intermetallics and of the copper
present in solid solution within the alloy matrix results in a consid-
erably more complex behavior compared to pure aluminium.2,16–22

In particular, oxidation of copper at the metal-oxide interface re-
sults in injection of copper ions into the oxide.1,18,23–27 The pres-
ence of copper ions increases significantly the electronic conductiv-
ity within the barrier layer, triggering oxygen evolution within the
oxide.2,18,23,25,28–31 Such oxygen evolution disrupts the well-ordered
growth of the aluminum oxide, and induces the formation of a sponge-
like morphology.1,2,18 The geometrical features of such morphology
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are still dependent on the anodizing potential and charge, i.e. higher
anodizing potential produces a coarser morphology, whereas the over-
all oxide thickness is proportional to the charge passed.13,14 Thus, the
approach of tailoring the oxide morphology by controlled variation of
the anodizing potential during the anodizing cycle to enhance the cor-
rosion protection performance can also be applied to practical alloys,
and it has been followed previously with success.12–14,32

Previous works have shown that in the unsealed condition finer
pores, generated at low anodizing potential, provide a much better
anticorrosion performance compared to coarser pores, generated at
high potential.12–14,32 However, when anodizing is undertaken at low
potential, care must be taken so that the anodizing potential does not
fall below the critical value that is necessary for the oxidation of the
intermetallics on the alloy surface and for the co-oxidation of alloying
elements in solid solution in the matrix. Any residuals of unoxidized
noble alloying elements have detrimental effects on the corrosion
resistance.2,17,19,33 The potential required for complete oxidation of
second phase particles can be readily identified on some alloys by po-
tentiodynamic anodizing, where peaks in the current versus potential
response are associated with the oxidation of specific second phases
or, alternatively, from the potential response during galvanostatic an-
odizing, where potential plateaus are associated with the oxidation of
specific intermetallics.16,17,19,33

The corrosion protection properties of the anodic oxide can be fur-
ther enhanced by hydrothermal sealing, a treatment that can be carried
out in different electrolytes maintained at elevated temperature.34–37

Broadly, hydrothermal sealing can be seen as a treatment that involves
the partial hydration of the aluminum oxide. Since the hydration prod-
ucts are larger than the original oxide, the porosity can be partially
or completely closed by the hydrothermal sealing. Various models
have been proposed for hydrothermal sealing of anodized aluminum
(i.e. with straight pores), suggesting that initially an outer hydrated
layer forms at the pores mouth, separating the electrolyte in the pores
from the external electrolyte.38,39 After the formation of this layer,
partial dissolution of the pore wall material occurs, inducing pH in-
crease which ultimately produces the precipitation of hydration prod-
ucts within the pores upon cooling.40 The composition of the sealing
solution, which varies from deionized water to nickel-fluoride or to
sodium chromate based electrolytes, affects significantly the processes
and the chemical equilibria that regulate the final film properties.36,41

On copper containing alloys, supporting more complex oxides with
globular morphology, most of the works available in the literature
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have focused on the anticorrosion performance rather than the fine
details of the sealing mechanism.35,37,41 Further, on more complex
potential-time cycles, typical of industrial practice and resulting in
morphologies that vary across the film thickness, the sealing behavior
still requires investigation.

This work aims to investigate the effect of pore morphology on
the response to sealing treatments, both in terms of sealing behavior
and of anticorrosion performance. In particular, the behavior of a
typical aerospace anodizing cycle (tartaric – sulfuric acid anodizing
identified here as “traditional” TSA42) is compared to the behavior
of a film obtained in a similar electrolyte (with the exception of an
increased concentration of sulfuric acid), but at a lower anodizing
potential (identified here as “modified” TSA), such as to generate
a much finer pore morphology. Modifications to the TSA cycles,
based on lower anodizing potential compared to the traditional TSA,
have been previously shown to provide enhanced corrosion protection
compared to traditional TSA in the unsealed condition.12–14,32

Typically, for aerospace applications, hydrothermal sealing is per-
formed in sodium chromate solutions, but environmental concerns
require the development of more environmentally acceptable alterna-
tives. In this work, the effects of the porous oxide morphology on the
sealing response and the anticorrosion performance are investigated.
Specifically, oxides with two different morphologies (traditional and
modified TSA) were sealed in cerium-based solution, sodium chro-
mate solution and hot water. The layers obtained by the cerium-based
process were then compared to those obtained by chromate-based
sealing, considered as benchmark for anticorrosion performance, and
hot water sealing, considered a reference condition where active inhi-
bition is absent. In this context, the advantage of cerium based sealing
is to provide a film with high corrosion resistance, without employing
toxic chemicals and using a relatively fast process.43–46 In a previous

work, the sealing response of the traditional TSA cycle to the three
sealing conditions was investigated in detail and some of the data
presented here are taken from there47 for the purpose of comparison
with the response of the modified TSA cycle.

Experimental

Material and pre-treatment.—The material used in this study was
AA2024-T3 wrought aluminum alloy. Specimens were obtained from
1.6 mm thick sheets by guillotine, then degreased in acetone, and
finally etched in 10 wt% sodium hydroxide at 60◦C for 30 s. Fi-
nal desmutting was carried out in 30 vol. % nitric acid for 15 s at
room temperature. Prior to anodizing, the specimens were masked
with beeswax, in order to expose an area of 10 cm2 to the anodizing
electrolyte.

Anodizing.—For the traditional TSA cycle, anodizing was under-
taken in 0.46 M sulfuric acid with the addition of 0.53 M tartaric acid.
Anodizing was performed at 37◦C for 20 minutes under potentiostatic
control (using a Solartron Modulab potentiostat with high voltage
card), following a typical industrial voltage/time cycle (Fig. 1a) in-
volving a voltage ramp and a 20 minutes potentiostatic anodizing at
14 V (SCE). The modified TSA cycle was undertaken in 3.2 M sul-
phuric acid with the addition of 0.53 M tartaric acid at 25◦C. Anodizing
was performed under potentiostatic control with a very fast voltage
ramp (applied only with the aim of limiting the initial current over-
shoot) followed by potentiostatic anodizing at 7 V for 20 minutes.
The concentration of sulfuric acid for the modified TSA cycle was se-
lected on the basis of previous results,12–14,32 such as the steady current
attained during anodizing at 7 V (25◦C) was similar to that attained
during anodizing at 14 V and 37◦C (circa 8 mA cm−2). As a result, the
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Figure 1. Applied potential-time regimes (a, b) and resulting current responses (c,d) for traditional TSA (a, c) and modified TSA (b, d).
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charge passed during both anodizing cycles was closely similar (circa
10.2 C cm−2 and 9.5 C cm−2 for traditional and modified TSA, re-
spectively), and films with similar thickness could be obtained. Thus,
the comparison of the behavior of films with a similar thickness but
obtained applying different potential/time regimes enables evaluation
of the contributions due to oxide morphology alone. A three-electrode
cell was used, with the specimen as the working electrode, a saturated
calomel reference electrode and an aluminum cathode. The anodizing
electrolyte was stirred during both the anodizing processes. Following
anodizing, the specimens were rinsed in deionized water.

Sealing.—After anodizing, three different sealing treatments were
applied: cerium-based, chromium based and hot water sealing. Dur-
ing sealing, electrochemical impedance spectra were acquired, as de-
scribed in detail later. As a control for a condition where no sealing
occurs, EIS measurements were also performed on as-anodized spec-
imens immersed in cold water with 1 g/l of sodium sulfate, added
to facilitate EIS measurement by increasing the electrolyte conduc-
tivity. The solution for cerium (III) nitrate sealing contained 0.015
M hydrated Ce(NO3)3 and 0.029 M H2O2. The role of the hydrogen
peroxide was to increase the deposition rate accelerating the oxidation
of Ce+3 ions to Ce+4. The treatment time was 30 minutes at a temper-
ature of 37◦C. Details on the treatment procedure and on the resulting
deposits can be found in previous works.45,47 Chromate sealing was
performed in 70 g/l Na2CrO4 for 30 minutes at 96◦C, whereas hot
water sealing was performed in deionized water, with the addition
of 1 g/l of sodium sulfate to increase the conductivity, and to enable
reliable EIS measurements. The pH was corrected at pH = 6 with
sulfuric acid. The treatment required 30 minutes at 96◦C.

EIS measurements.—During sealing, EIS was measured with a
two-electrode cell, with one specimen as the working electrode (con-
nected to the working and sense cable of the Solartron Modulab po-
tentiostat), and another identical specimen as counter electrode and
reference electrode (connected to the counter and reference electrode
cables of the potentiostat). The advantages and limitations of this
method compared to the traditional three electrodes cell setup, with
reference to the systems under investigation here, are discussed in
detail elsewhere and not reported here for brevity.47,48

During sealing, the EIS spectra were acquired continuously, at 6
minutes intervals. Given that the majority of the time spent to record an
EIS spectrum is required to obtain the last few points at low-frequency,
the high/medium frequency of the spectrum provides information at
0, 6, 12 minutes and so on, whereas the low frequency points are
acquired in the later stage of each individual time interval. The issues
related to acquisition of EIS spectra during sealing of porous anodic
oxides are discussed elsewhere47 and the discussion is not reported
here for brevity. The frequency range inspected varied from 100 kHz
to 20 mHz, and the applied potential perturbation was 10 mV.

Following sealing, EIS was also carried out in 1 M Na2SO4 so-
lution at room temperature, to characterize the films after all the
dissolution and precipitation processes had terminated. In this case, a
three-electrode cell was used and the low-frequency limit for the ac-
quisition of the spectra was extended to 5 mHz. Before EIS, the open
circuit potential was monitored for 15 minutes. Each electrochemical
test was repeated three times in order to evaluate the reproducibil-
ity; generally, very minor differences (of the order of 10% of the
impedance modulus), if any, between repeated tests were found. EIS
spectra in 3.5 wt% sodium chloride solutions were measured at regu-
lar intervals with the same three electrodes setup and amplitude. The
frequency range inspected varied from 100 kHz to 5 mHz. Between
measurements, the specimens were left to corrode freely in the sodium
chloride solution.

Results

Anodizing.—Anodizing was carried out according to two differ-
ent electrical regimes, as depicted in Figure 1. The first electrical
regime (traditional TSA) is the typical cycle applied in industry for

the tartaric-sulfuric anodizing process and involves an initial potential
ramp from 0 to 14 V (SCE) during the first 5 minutes of anodizing,
followed by 20 minutes of potentiostatic anodizing at 14 V (SCE).
The time evolution of the applied potential is presented in Figure 1a.
The alternative electrical regime (modified TSA), involved a much
faster potential ramp (0.2 V/s) followed by a potentiostatic hold at 7
V (SCE) and was performed in the electrolyte with higher concentra-
tion of sulfuric acid maintained at room temperature. The initial fast
potential ramp in this cycle is not required to improve the properties
of the anodic oxide, but it has been applied here to avoid current
overloading in the potentiostat, which has a limit of 100 mA and in-
terrupts the experiment in case of overloading. With a conventional
two electrode power supply that is capable of self-limiting current in
case of overload without interrupting the test, the first ramp would not
be required.

The current responses presented in Figures 1c, 1d indicate that
the steady current during the potentiostatic hold in the two conditions
was very similar (in the region of 8 mA cm−2). This is due to the
fact that the lower anodizing potential is applied in the more concen-
trated solution. This result is expected, since these conditions have
been selected based on previous works focusing on optimization of
the anodizing cycles.12–14,32 The aim here was to generate films with
comparable thickness but different oxide morphologies. In particular,
traditional TSA exhibits very fine pores in the outer regions, generated
initially at low potential during the ramp, which progressively coarsen
toward the metal interface. The majority of the film, thus, has a coarse
morphology, generated during high potential step at 14 V. In con-
trast, oxides generated with the modified TSA have much finer pores
throughout the thickness and do not display the outer regions of very
fine porosity, since the initial ramp is fast and terminates before the
pores fully nucleate. All the morphological aspects associated with the
two processes are presented and discussed in detail elsewhere.12–14,32

It is worth also noticing that the oxides obtained by traditional and
modified TSA are expected to have a very similar chemical composi-
tion, since the only difference between the two anodizing electrolytes
is the concentration of sulfuric acid.

Concerning the electrical response recorded during the initial ramp,
for the traditional TSA process, two peaks, associated with the ox-
idation of second phases were clearly visible. During the fast ramp
applied in the second cycle, peaks in the current response were not
clearly visible, since the charge passed was not sufficient to induce
complete oxidation of the second phases, but only to generate a thin
oxide layer on the alloy surface. After the ramp was terminated, the
current decreased rapidly, to attain a steady value after approximately
200 seconds. Such decrease is associated with the initial thickening
of the oxide layer, followed by pore nucleation and propagation.2,11

Simultaneously, second phase oxidation occurs.

Sealing.—Figure 2 presents the impedance spectra recorded on
the two porous anodic oxides immediately and after 24 minutes of
immersion in cold water with the addition of sodium sulfate. This
is considered the control condition, where no sealing occurs in both
cases. Clearly, the impedance spectra are dominated by the capacitive
response associated with the presence of the barrier layer beneath
the pores. Interestingly, in the control condition, the values of low-
frequency impedance associated with the modified TSA cycle were
slightly higher than that of the traditional TSA cycle.

The impedance response measured during sealing in hot water for
both anodizing cycles is reported in Figure 3. For clarity, only the
first spectrum (acquired immediately after immersion) and the last
spectrum (acquired between 24 and 30 minutes of immersion approx-
imatively) are reported here. No major differences are observed for
both treatments compared to the cold water control condition, ex-
cept a slight increase in the low frequency values of the modulus of
impedance with increasing sealing time. The behavior during sealing
in sodium chromate (Figure 4) was markedly different. In particu-
lar, a significant increase in capacitance (evident as a left shift of the
medium-frequency regions of the spectra) was observed during the
sealing process, and an increase in the low-frequency values of the
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Figure 2. EIS spectra acquired from specimens supporting porous anodic
oxides generated by traditional TSA and by modified TSA. Spectra presented
were acquired immediately after and after 24 minutes of immersion in the cold
water solution.

impedance modulus. However, the increase in capacitance was pro-
portionally more significant for the films obtained in the traditional
TSA compared to those obtained with the modified TSA process.
From previous study, such increase in capacitance observed during
chromate sealing is due to a substantial thinning of the barrier layer
due to the relatively aggressive sealing solution. The impedance spec-
tra obtained during cerium sealing are presented in Figure 5. For both
anodic oxides, no variation in capacitance during sealing was ob-
served, indicating little or no attack of the barrier layer. However, for
the traditional TSA cycle, a slight increase in low frequency values of
the impedance modulus was revealed. On the other hand, the modified
TSA cycle showed virtually no variation during the sealing process,
but the initial value was significantly higher than for traditional TSA.

Figure 6 presents the comparison of the impedance spectra mea-
sured in the cold solution of sodium sulfate after the various sealing
treatments were applied. It is evident that the qualitative effect of each
treatment was similar for both the anodizing cycles. Furthermore, the
second time constant that appeared in the medium frequency range in
hot water and cerium treatments, was more evident for the specimens
anodized by the modified TSA process. This second time constant
is evident only after sealing, when the measurement is performed
at low temperature, because it is associated to the precipitation of
the hydrated sealing products within the pores. During sealing, at
higher temperature, such hydrated products are in the form of gels
and, due to the relatively low resistance, cannot be resolved by EIS
measurement.47

EIS measurements during corrosion.—After the selected anodiz-
ing and sealing treatments, the specimens were immersed in 3.5 wt%
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Figure 3. EIS spectra acquired from specimens supporting porous anodic
oxides generated by traditional TSA and by modified TSA. Spectra presented
were acquired immediately after and after 24 minutes of immersion in the hot
water solution.

NaCl and impedance measurements were taken at regular intervals
for 14 days. In Figure 7, the results obtained from the control un-
sealed specimens are presented. During the 336 hours of immersion,
for both anodizing treatments, a progressive decrease in values of
impedance was observed. However, such decrease was more marked
for the specimen anodized with the traditional TSA cycle, which at-
tained a low frequency value of impedance modulus of 104 ohm cm2

after 336 hours. The low-frequency impedance modulus of the spec-
imen anodized by the modified TSA cycle also decreased with time,
but the final value was approximately one order of magnitude higher.
Importantly, a substantial increase in capacitance, evident as a shift
toward the left of the EIS spectra, was revealed for the traditional
TSA process, whereas such increase was almost absent for the modi-
fied TSA process. Further, the modified TSA process displayed a new
high-frequency time constant for long immersion times, which was
not evident for the traditional TSA process.

The behavior measured after hot water sealing (Fig. 8) was signif-
icantly different. Both anodizing treatments maintained high values
of impedance throughout the test duration. Some decrease in the low-
frequency values was observed for the specimens anodized in the tradi-
tional TSA. Both treatments displayed a reduction of the contribution
of the medium-frequency time constant with increasing immersion
times, but such reduction was more marked for the specimens an-
odized by the modified TSA cycle. During corrosion of the specimen
anodized by the traditional TSA cycle and sealed in sodium chromate
(Fig. 9), a decrease in low-frequency impedance values was observed
after 7 days, and a significant increase in capacitance was evident
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Figure 4. EIS spectra acquired from specimens supporting porous anodic
oxides generated by traditional TSA and by modified TSA. Spectra presented
were acquired immediately after and after 24 minutes of immersion in the
sodium chromate solution.

between 168 and 336 hours. Such behavior was much less evident on
the specimens anodized with the modified TSA cycle. In particular,
the decrease in impedance modulus was moderate and no increase
in capacitance was observed during the 336 hours immersion time.
The specimens anodized by traditional TSA and subsequently cerium-
sealed (Fig. 10) displayed a progressive decrease in impedance values
over 336 hours, with a corresponding increase in capacitance. This
was not observed for the specimens anodized by the modified TSA
cycle, which did not show an increase in capacitance or a substantial
drop in the low-frequency impedance values. Both cycles exhibited
an additional high frequency time constant, which was more visible,
and increased more, with increasing immersion time.

Corrosion imaging.—In order to corroborate the EIS results, cou-
ples of anodized and sealed specimens were masked and immersed
vertically in 3.5 wt% NaCl solution, at the free corrosion potential. In
Figures 11–14, the surface appearance of the specimens during corro-
sion is compared. It is evident that the sealing treatment that provided
the best anticorrosion performance was the cerium-based treatment,
followed by the chromate treatment and the hot-water sealing. Further,
the modified TSA cycle was substantially better than the traditional
TSA cycle, with no sign of corrosion after cerium treatment and min-
imal corrosion after hot water and after chromate sealing. Similar
trends were observed for the worst of the two specimens, i.e. the
cerium treatment was the more protective, and the modified TSA pro-
duced the best anticorrosion performance. Overall, cerium treatment
on modified TSA provided better anticorrosion performance when
compared to the sodium chromate sealing of traditional TSA.
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Figure 5. EIS spectra acquired from specimens supporting porous anodic
oxides generated by traditional TSA and by modified TSA. Spectra presented
were acquired immediately after and after 24 minutes of immersion in the
cerium-based solution.

Discussion.—The interaction between porous oxide morphology,
sealing behavior and corrosion resistance on practical aluminum alloys
is complex, since many parameters contribute to the overall behavior.
In this work, in order to understand such interaction and produce sealed
oxide with anticorrosion performance similar or higher than the indus-
trial benchmark (traditional TSA sealed with chromates), two anodic
oxide films, with similar thickness but different morphology, were
produced. The modification in morphology was attained by modify-
ing the electrical regime, since the applied potential directly correlates
with the pore diameter on pure aluminum and with the characteristic
dimensions of the globular morphology on aluminium-copper alloys.
In particular, it is well known that the traditional TSA oxide displays
a porosity that is relatively closed in the external regions, since these
are generated during the early stages of the potential ramp, thus at low
potential, and relatively coarse throughout the majority of the thick-
ness, since it is generated later during the stage of high potential hold.
Conversely, the modified TSA cycle displays a much finer porosity
throughout the thickness, since the film is generated by anodizing at
7 V.

The EIS spectra acquired in the cold control conditions (not ag-
gressive to the oxide or to the alloy, Figure 2) already reveal signifi-
cant differences between the oxides generated by the two treatments.
In particular, it is evident that the oxide generated at lower poten-
tial has a slightly higher capacitance (consistent with a thinner barrier
layer) but higher low-frequency impedance modulus. This observation
suggests that the low-frequency impedance modulus is not uniquely
determined by the thickness of the barrier layer on the multiphase
alloy under study, since if this was the case a thinner barrier layer
would necessarily also be associated to a lower impedance modulus. In
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Figure 6. EIS spectra acquired at room temperature in 1M Na2SO4, a) unsealed oxides, b) hot water sealed oxides, c) sodium chromate sealed oxides and d)
cerium sealed oxides. Comparison between responses of the oxides generated by traditional TSA (red diamonds) and modified TSA (blue squares).
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Figure 7. Series of EIS spectra of unsealed anodic oxides obtained during 336 hours of exposure in 3.5% NaCl: a, c) TSA and b, d) modified TSA.
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Figure 8. Series of EIS spectra of hot water sealed anodic oxides obtained during 336 hours of exposure in 3.5% NaCl: a, c) TSA and b, d) modified TSA.
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Figure 9. Series of EIS spectra of chromate sealed anodic
oxides obtained during 336 hours of exposure in 3.5%
NaCl: a, c) TSA and b, d) modified TSA.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 143.225.239.231Downloaded on 2017-07-10 to IP 

http://ecsdl.org/site/terms_use


C914 Journal of The Electrochemical Society, 163 (14) C907-C916 (2016)

101

102

103

104

105

106

107

108

10-3 10-2 10-1 100 101 102 103 104 105

0
3h
24h
27h
48h
51h
72h
168h
336h

Im
p

e
d

a
n

ce
 m

o
d

u
lu

s/
Ω

 c
m

2

Frequenzy/Hz

101

102

103

104

105

106

107

108

10-3 10-2 10-1 100 101 102 103 104 105

0
3h
24h
27h
48h
51h
72h
168h
336h

Im
p

e
d

a
n

ce
 m

o
d

u
lu

s/
Ω

 c
m

2

Frequenzy/Hz

-80

-60

-40

-20

0

10-3 10-2 10-1 100 101 102 103 104 105

P
h

a
se

 a
n

g
le

/D
e

g
re

e

Frequency/Hz

-80

-60

-40

-20

0

10-3 10-2 10-1 100 101 102 103 104 105

P
h

a
se

 a
n

g
le

/D
e

g
re

e

Frequency/Hz

ba

c d 

Figure 10. Series of EIS spectra of cerium sealed anodic oxides obtained during 336 hours of exposure in 3.5% NaCl: a, c) TSA and b, d) modified TSA.

reality, after anodizing, a number of surface defects at various scales
might be present on the alloy surface, such as partially oxidized sec-
ond phases or regions with defective oxide. Thus, the overall EIS
response is given not only by the properties of the film on the alloy
matrix (dominated by the barrier layer thickness) but also by the prop-
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Figure 11. Surface appearance during corrosion in 3.5 wt% NaCl of the spec-
imens anodized by the traditional TSA process and sealed with the different
treatments. Pairs of nominally identical specimens were corroded and this
figure reports the specimen appearing less corroded.

erties of the morphologically and chemically different oxide formed
on the second phase material, intrinsically more defective than the
oxide formed on the matrix, due to the abundant oxygen evolution
associated to the oxidation of copper during anodizing. Considering
that the low-frequency limit of the impedance is significantly higher
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Figure 12. Surface appearance during corrosion in 3.5 wt% NaCl of the spec-
imens anodized by the traditional TSA process and sealed with the different
treatments. Pairs of nominally identical specimens were corroded and this
figure reports the specimen appearing more corroded.
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Figure 13. Surface appearance during corrosion in 3.5 wt% NaCl of the spec-
imens anodized by the modified TSA process and sealed with the different
treatments. Pairs of nominally identical specimens were corroded and this
figure reports the specimen appearing less corroded.

for the modified TSA cycle compared to the traditional TSA, it is
reasonable to conclude that the lower anodizing potential is bene-
ficial in reducing the number and the area of such defective oxide
regions.

The behavior during the various sealing treatments (Figs. 3–5)
also indicates that the anodic oxides obtained with the modified TSA
process respond better to sealing. In particular, higher values of low-
frequency impedance modulus are consistently observed during the
last cycle of the in situ EIS measurements. This can be rationalized
again by considering the reduced presence of defects in the oxides
generated by the modified TSA process. The differences in EIS re-
sponse associated with the various sealing treatments on a specific
porous anodic oxide have been discussed in detail previously,47 and
are not discussed further here. Upon cooling, the precipitation of
the sealing products takes place, followed by crystallization. After
sealing, the comparison between the two treatments is of particular
interest; clearly, the time constant present at medium frequency range
and associated with the precipitation of the sealing products was more
pronounced for the modified TSA process compared to the traditional
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Figure 14. Surface appearance during corrosion in 3.5 wt% NaCl of the spec-
imens anodized by the modified TSA process and sealed with the different
treatments. Pairs of nominally identical specimens were corroded and this
figure reports the specimen appearing more corroded.

TSA. This can be rationalized by considering that finer pores are
much easier to completely seal once the precipitation processes are
triggered.

The analysis reported above directly provides the basis for inter-
preting the observed corrosion behaviors. The modified TSA process,
due to the finer porosity that is more impervious to the penetration of
aggressive species (in the unsealed condition) and that respond better
to sealing, consistently displayed an impedance that is much higher
than the traditional TSA process, as evident from the EIS spectra ac-
quired during corrosion in 3.5 wt% NaCl. The behavior revealed by
EIS was mirrored by the observations from real time imaging of the
corroding surfaces. On traditional TSA, the anticorrosion performance
of cerium sealing was comparable with that of chromate sealing, with
only minor signs of corrosion after 328 hours. On the modified TSA
process, with reduced pore diameter, the corrosion performance of
both hot water and cerium sealing was significantly increased com-
pared to that of films generated in traditional TSA and subsequently
sealed in the same solutions. In contrast, the performance of chro-
mate sealing was similar or marginally worse. These observations
can be rationalized considering that chromate sealing is much more
aggressive to the pre-existing anodic oxides (as revealed by in-situ
EIS measurement here and discussed in detail previously47) and the
anticorrosion performance arises from active inhibition provided by
the residual chromate ions, rather than from an improvement in barrier
effect. Thus, given the aggressiveness of chromium sealing and the ac-
tive inhibition due to chromate ions, the geometry of the initial porous
skeleton is not particularly important in determining the anticorrosion
performance after sealing. In contrast, for the other two treatments
(hot water and cerium based), the geometry of the pre-existing anodic
oxide is much more important, since it is not disrupted as much as
for chromate sealing. For hot water sealing, the improvement in cor-
rosion resistance is mainly due to barrier effects associated with the
precipitation of hydrated products and pore closure. Thus, if the pore
geometry is finer, it is easier to be filled homogeneously by hydra-
tion products. Similar arguments apply to the cerium sealing, where
the hydration of the porous skeleton is less important, but a signif-
icant precipitation of cerium products occurs within and above the
pores, as shown by the appearance of the second time constant (see
Fig. 6).

Overall, the experimental evidence presented here indicates that
the combined use of the modified TSA anodizing cycle, together with
cerium based sealing, produces film with anticorrosion performance
that is equivalent or exceeds that of chromate sealed traditional TSA.
This is due to the effect of the fine pore morphology that enhances the
barrier properties and facilitates the sealing, combined with the active
inhibition provided by cerium ions.

Conclusions

In this work, the effect of the anodizing treatment on the seal-
ing response and corrosion behavior after sealing was investigated
for AA2024T3. Two treatments were compared: traditional TSA,
producing a film with relatively coarse morphology, and modified
TSA, producing a film with much finer porosity. The specimens an-
odized with the two treatments were sealed by three different pro-
cesses: sodium chromate, hot water, and cerium based sealing. EIS
performed during sealing indicated that the finer morphology ob-
tained by the modified TSA cycle responded better during sealing,
as evident by higher values of low frequency impedance. Post seal-
ing measurements performed in non-aggressive electrolytes also in-
dicated that the porosity was more closed for the specimens obtained
by modified TSA, for all of the sealing treatments. In agreement, the
anticorrosion performance of the modified TSA process was consis-
tently better than that of the traditional TSA, regardless of the sealing
method. Finally, the combination of modified TSA anodizing cycle
with cerium sealing produced oxides with properties comparable, if
not superior, to those that are achieved by chromate sealed traditional
TSA.
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Electrochemical Society, 153 (2006).

41. Y. Zuo, P. H. Zhao, and J. M. Mao, Surface and Coatings Technology, 166, 237
(2003).

42. E. P. EP1233084.
43. S. You, P. Jones, A. Padwal, P. Yu, M. O’Keefe, W. Fahrenholtz, and T. O’Keefe,

Materials Letters, 61, 3778 (2007).
44. S. Joshi, E. A. Kulp, W. G. Fahrenholtz, and M. J. O’Keefe, Corrosion Science, 60,

290 (2012).
45. I. V. Gordovskaya, T. Hashimoto, J. Walton, M. Curioni, G. E. Thompson, and

P. Skeldon, Journal of the Electrochemical Society, 161, C601 (2014).
46. T. Monetta, A. Acquesta, V. Maresca, R. Signore, F. Bellucci, P. D. Petta, and

M. L. Masti, Surface and Interface Analysis, 45, 1522 (2013).
47. A. Carangelo, M. Curioni, A. Acquesta, T. Monetta, and F. Bellucci, Journal of the

Electrochemical Society, 163, C619 (2016).
48. M. Curioni, F. Scenini, T. Monetta, and F. Bellucci, Electrochimica Acta, 166, 372

(2015).

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 143.225.239.231Downloaded on 2017-07-10 to IP 

http://dx.doi.org/10.1016/j.electacta.2007.05.052
http://dx.doi.org/10.1149/1.2931522
http://dx.doi.org/10.1016/S0010-938X(97)83347-1
http://dx.doi.org/10.1098/rspa.1970.0129
http://dx.doi.org/10.1098/rspa.1970.0129
http://dx.doi.org/10.1016/0010-938X(78)90009-4
http://dx.doi.org/10.1016/j.apsusc.2007.07.006
http://dx.doi.org/10.1016/j.apsusc.2007.07.006
http://dx.doi.org/10.1016/j.corsci.2007.03.033
http://dx.doi.org/10.1016/j.corsci.2007.03.033
http://dx.doi.org/10.1149/1.2335938
http://dx.doi.org/10.1149/1.3578028
http://dx.doi.org/10.1149/1.3578028
http://dx.doi.org/10.1149/1.3230642
http://dx.doi.org/10.1007/s10800-011-0295-y
http://dx.doi.org/10.1007/s10800-011-0295-y
http://dx.doi.org/10.4028/www.scientific.net/AMR.38.48
http://dx.doi.org/10.4028/www.scientific.net/AMR.38.48
http://dx.doi.org/10.1149/1.3040289
http://dx.doi.org/10.1002/sia.3190
http://dx.doi.org/10.1002/sia.3190
http://dx.doi.org/10.1149/1.3523262
http://dx.doi.org/10.1016/j.corsci.2010.03.029
http://dx.doi.org/10.1002/sia.3139
http://dx.doi.org/10.1002/sia.3191
http://dx.doi.org/10.1002/sia.3191
http://dx.doi.org/10.1016/S0010-938X(02)00082-3
http://dx.doi.org/10.1016/S0257-8972(97)00102-3
http://dx.doi.org/10.1016/S0010-938X(98)00173-5
http://dx.doi.org/10.1016/j.electacta.2003.09.042
http://dx.doi.org/10.1016/j.electacta.2003.09.042
http://dx.doi.org/10.1016/0010-938X(96)00102-3
http://dx.doi.org/10.1016/S0013-4686(96)00454-9
http://dx.doi.org/10.1016/S0169-4332(02)01040-1
http://dx.doi.org/10.1016/S0010-938X(02)00126-9
http://dx.doi.org/10.1002/sia.740231307
http://dx.doi.org/10.1016/j.corsci.2005.10.017
http://dx.doi.org/10.1016/j.corsci.2005.10.017
http://dx.doi.org/10.1016/S0010-938X(98)00114-0
http://dx.doi.org/10.1179/0020296712Z.00000000059
http://dx.doi.org/10.1179/0020296712Z.00000000059
http://dx.doi.org/10.1016/j.corsci.2008.09.019
http://dx.doi.org/10.1023/A:1006794929672
http://dx.doi.org/10.1149/1.1838716
http://dx.doi.org/10.1149/1.1838716
http://dx.doi.org/10.20964/2016.06.85
http://dx.doi.org/10.20964/2016.06.85
http://dx.doi.org/10.1149/1.2969277
http://dx.doi.org/10.1149/1.2969277
http://dx.doi.org/10.1007/BF01030188
http://dx.doi.org/10.1016/S0257-8972(99)00626-X
http://dx.doi.org/10.1149/1.2163811
http://dx.doi.org/10.1149/1.2163811
http://dx.doi.org/10.1016/S0257-8972(02)00779-X
http://dx.doi.org/10.1016/j.matlet.2006.12.062
http://dx.doi.org/10.1016/j.corsci.2012.03.023
http://dx.doi.org/10.1149/2.0091501jes
http://dx.doi.org/10.1002/sia.5280
http://dx.doi.org/10.1149/2.0231610jes
http://dx.doi.org/10.1149/2.0231610jes
http://dx.doi.org/10.1016/j.electacta.2015.03.050
http://ecsdl.org/site/terms_use

