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a b s t r a c t

Chromic acid anodizing (CAA) is still being used today for corrosion protection of fatigue-

critical components in the aeronautic industry due to the lack of feasible alternatives. Ce-

containing sulfuric acid anodizing (SAA) has been identified as a promising strategy for the

development of alternatives to toxic CAA. This work explores thin sulfuric acid anodizing

(TSAA) focusing on the following effects: (i) current density and voltage values; (ii) con-

centration of Ce(IV). Screening of the optimum combination in search of minimum

thickness and the best corrosion resistance was performed using electrochemical imped-

ance spectroscopy (EIS). Two Ce-containing anodic films were selected and further inves-

tigated in comparison with the inhibitor-free film in terms of morphology (FEG-SEM, TEM),

composition (RBS), corrosion resistance (EIS, NSST), high-cycle fatigue and paint adhesion.

The results indicate that the path to approach the CAA performance lies through thin

(<1 mm) SAA-Ce films formed at low current density.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sulfuric acid anodizing (SAA) is widely used for corrosion

protection of aluminium alloys such as 2024-T3 [1e3] which,

due to its high strength-to-weight ratio, is extensively used for

weight-sensitive applications in the aircraft industry. SAA can

produce thick (~20 mm) and dense anodic oxide films (AOF)

with relatively high corrosion resistance comprising an outer

porous layer and a thin and compact barrier layer [4,5]. SAA
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operates under current and voltage that are typically within

the ranges of 5e15 mA cm�2 and 15e40 V, respectively. These

conditions result in anodic films with 7e15 nm pore size and a

1.15 nm V�1 barrier layer with a significant amount of incor-

porated sulfur [6,7].

SAA film thickness shows remarkable effects on corrosion,

fatigue and paint adhesion. For the 2024-T3 alloy anodized at

15 mA cm�2, Girginov et al. [5] reported values of impedance

modulus (|Z| at 10�2 Hz) of 1$104 U cm2 and 1$105 U cm [2], after

immersion in 3.5 wt.% NaCl for 24 h, for ~5 mm- and ~17 mm-
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Table 1 e Anodizing conditions of AA2024-T3 alloy.

Anodic film Electrolyte
(g L�1)

Conditions

Designation H2SO4 Ce
(SO4)2

U (V) j
(mA
cm�2)

Time
(min)

S1 150 e e 15 5

S2 150 e e 15 15

S3 150 e e 15 25

S4 150 e e 1.5 5

S5 150 e e 1.5 15

S6 150 e e 1.5 25

S7 150 e 18a e 25

S8 150 e 6a e 113b

SC1.1 150 7.5 e 15 5

SC1.2 150 7.5 e 15 15

SC1.3 150 7.5 e 15 25

SC1.4 150 7.5 e 1.5 5

SC1.5 150 7.5 e 1.5 15

SC1.6 150 7.5 e 1.5 25

SC1.7 150 7.5 18a e 25

SC1.8 150 7.5 6a e 108b

SC2.1 150 33 e 15 5

SC2.2 150 33 e 15 15

SC2.3 150 33 e 15 25

SC2.4 150 33 e 1.5 5

SC2.5 150 33 e 1.5 15

SC2.6 150 33 e 1.5 25

SC2.7 150 33 18a e 25

SC2.8 150 33 6a e 140b

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 5 : 3 2 4 0e3 2 5 4 3241
thick films, respectively. In similar studies, it was demon-

strated that paint adhesion [8] and fatigue strength [9,10] were

greatly reduced with increasing film thickness. This has led to

the distinction between conventional SAA processes and thin

sulfuric acid anodizing or TSAA [11e14]. The latter is designed

to produce 3 mm-thick films in order to match the stringent

fatigue requirements for aircraft structures. One of the main

drawbacks of TSAA is its low corrosion resistance. One way to

overcome this limitation is the incorporation of corrosion in-

hibitors during the anodizing process such as molybdate,

permanganate and phosphate species [2,15e17].

Several authors have studied the effect of Ce-based com-

pounds in SAA [18e22]. In general, better results in terms of

corrosion resistance are reported for Ce(IV) species. For

instance, Smith et al. [23] reported the effectiveness of cerium

(IV) sulfate as an inhibitor in SAA: the unsealed 3-5 mm-thick

filmswithstood up to 336 h in neutral salt spray test (NSST) till

first pitting. Moutarlier et al. [24] also reported that Ce(SO4)2
increased the oxide growth rate. However, there is a lack of

understanding of how Ce(IV) species influence anodizing ef-

ficiency and filmmorphology and composition. In the present

study, these aspects together with the corrosion, fatigue and

paint adhesion performances are investigated using two

Ce(IV) concentrations, with Ce(SO4)2 salt as a source, in TSAA

under constant current and constant voltage anodizing re-

gimes. Note that Ce(SO4)2 has a higher solubility than

Ce2(SO4)3 in sulfuric acid which makes it a more convenient

choice from a technological point of view [25].
Note that constant voltage treatments included an initial ramp

with a rate of 60 mV s�1.
a An area of 150 cm2 was used in order to get current values large

enough for the acquisition system.
b Time adjusted to have a charge equal to that of 18 V treatment.
2. Experimental procedures

2.1. Surface preparation

Rectangular 40 mm � 25 mm � 2 mm specimens of 2024-T3

(wt.%: 3.8e4.9 Cu, 1.2e1.8 Mg, 0.3e0.9 Mn, <0.5 Fe, <0.5 Si,

<0.25 Zn, <0.15 Ti, <0.10 Cr and Al balance) were cleaned in

70 g L�1 BONDERITE C-AK 4215NC (Na₂[B4O5(OH)4]$8H2O, Fatty

alcohol ethoxylate C10) solution for 10min at 60 �C and etched

in 85 g L�1 BONDERITE C-AK ALUM ETCH 2 AERO (NaOH,

Na3PO4) for 2 min at 40 �C. Each procedure was followed by

rinsing in deionized water. Finally, specimens were desmut-

ted by immersion in BONDERITE C-IC SMUTGO NC AERO

(Fe2(SO4)3, HNO3) for 5 min, rinsed in deionized water and

dried with warm air. Supplementary Figure S1 shows the

surface appearance of the 2024 alloy after the applied pre-

treatment, where it can be seen that most of the intermetallic

particles have been removed. The working area was delimited

to ~20 cm2 using a commercial stopping-off resin (Lacquer 45,

MacDermid plc.). The electrical connection was provided

through a shielded copper wire.

2.2. Anodizing process

Anodic films were obtained using sulfuric acid (150 g L�1) with

different amounts of cerium (IV) sulfate (7.5 or 33 g L�1

Ce(SO4)2) at constant current density (1.5 or 15 mA cm�2) or

constant voltage (6 or 18 V), Table 1. The experimental system

was equipped with a 1 L double-walled glass cell with a

commercial fluid (HUBER SynOil, M10.120.08) running through
a chiller (Huber minichiller Plus) to keep the electrolyte tem-

perature at 298 K under continuous electrolyte agitation

(300 rpm). The anodic films were formed using a DC power

supply (SM400-AR-8 Systems electronic); a pure aluminium

sheet (80mm in diameter, 220mm long and 0.5mm thick) was

used as a counter electrode. After anodizing, specimens were

rinsed in deionized water, isopropanol and dried in warm air.

Note that a CAA reference specimen provided by MTU Aero-

Engines was also analyzed to compare its properties with the

most promising anodic film.

The ionic conductivity was measured using an EC Metro

GLP 31 equipped with conductivity cell 5072 (C: 10 cm�1). All

the presented results provided the mean average value of all

measurements.

2.3. Electrochemical impedance spectroscopy (EIS)
screening

Anodized specimens with an exposed area of 1 cm2 were

tested in 3.5 wt.% NaCl naturally aerated solution at (22 ± 1)ºC

using a three-electrode cell connected to a GillAC computer-

controlled potentiostat (ACM Instruments). Graphite rod and

silveresilver chloride (Ag/AgCl, 3 M KCl) were used as counter

and reference electrodes, respectively. A sinusoidal pertur-

bation of 10 mV amplitude in the frequency range of 30
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kHze0.01 Hz was applied after 1 h of immersion. All mea-

surements were repeated at least twice. Zview software was

used to analyze and fit the EIS data. The goodness of fit was

ensured through chi-squared values � 0.01 (square of the

standard deviation between the original data and the calcu-

lated spectrum). The obtained errors for the individual pa-

rameters of the equivalent electrical circuits were �5%. The

anodic films with the highest total impedance at low fre-

quencies (|Z|10mHz) were selected for further studies.

2.4. Surface characterization

Anodic film morphologies were examined by transmission

electron microscopy (JEM 2100, 200 kV) of ultramicrotomed

sections prepared using a Leica Ultracut S instrument and a

diamond knife (Microstar Technologies Inc., USA). Film

thicknesses exceeding 2 mm were measured using an eddy-

current meter (Fischer ISOSCOPE FMP10-FTA3.3H). Cited

values are the average of tenmeasurements taken at arbitrary

locations. TEM cross-sections were used for measuring

thicknesses below 2 mm.

Compositions of anodic films were determined by Ruth-

erford backscattering spectrometry (RBS) using an ion beam

(Heþ, 2 MeV) produced by a Van de Graff accelerator (CMAM,

Autonomous University of Madrid). The incident ion beam

with a diameter of 1 mmwas normal to the specimen surface.

5e10 mC doze of scattered ions were detected by a mobile
Fig. 1 e Voltage-time curves for anodizing with different amou

beginning of the process and (c) 15 mA cm¡2 and (d) 15 mA cm
detector at 170�. Data were interpreted using SIMNRA

software.

Contact angle measurements with deionized water were

carried out on selected anodic films using an FTA 1000/FTA

instrument. FTA32 software was used for the analysis of fifty

photographs per drop at a frame rate of 0.5 s. Cited values are

the average ofmeasurements on two specimens using 3 drops

on each.

Paint adhesion was evaluated on selected anodic films

using three specimens per film following ISO 2409 standard.

All paints were provided by AzkoNobel. They included two

chromate-free solvent based epoxy-amine primers, of which

Epoxy Primer 37,076 is a barrier primer and XP-420 is lithium-

leaching primer that provides active corrosion protection [26].

Also, a Cr-bearing epoxy amine primer qualified for structural

parts in the aircraft industry was used in combination with

CAA film.

2.5. Fatigue tests

SeN curves were obtained at room temperature according to

ASTM E466 at five strain levels, four repetitions per level, 15 Hz

of frequency and 0.1 load ratio at room temperature. All

measurements were performed using a servohydraulic test

system (MTS 318HCF) with a load cell (MTS, 661.19F-12) and

Termohigrometer (TESTO, 175-H2).
nts of Ce(SO4)2 at (a) 1.5 mA cm¡2, (b) 1.5 mA cm¡2 at the
¡2 at the beginning of the process.

https://doi.org/10.1016/j.jmrt.2021.09.117
https://doi.org/10.1016/j.jmrt.2021.09.117


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 5 : 3 2 4 0e3 2 5 4 3243
2.6. Neutral salt spray test (NSST)

Triplicate 250� 75mm couponswere tested during 1000 h in a

salt spray cabinet (CCI/CCM-MX, CCI) according to the ASTM

B117 (5 wt. % NaCl, 6.5e7.2 pH and 35 �C). Specimens were

inclined at 6� from the vertical. 50 mm � 50 mm cross was

scribed in the center of coupons using a scratching tool (ISO

17872) with a 0.5 mm tungsten carbide tip. After the tests, the

specimens were rinsed with deionized water at ~38 �C to

remove solid salt deposits and dried with warm air. Rating

numbers of scratched specimens were defined according to

ASTM D 1654-92.
3. Results and discussion

3.1. Voltage- and current density-time responses

Figure 1 depicts the voltage-time responses under current-

controlled mode for the 2024 alloy anodized at 1.5 (Fig. 1a,b)

and 15 mA cm�2 (Fig. 1c,d). The voltage signal shows several

changes that are related to phenomena such as thickening of

the barrier layer, copper oxidation, oxygen evolution and

dissolution of intermetallic particles [5]. As shown in Fig. 1, the

voltage increases at a lower rate in the region between 3 and

6 V. This is more evident in the case of the low current regime

(Fig. 1a,b) and is typically associated with the dissolution of

intermetallic particles, such as S- (Al2CuMg) and q-phase

(Al2Cu) [3,27]. For longer anodizing times, the voltage signal

reaches a steady state where the barrier layer maintains a

constant thickness and the porous layer keeps developing.

Final measured voltages are ~4e4.5 V and ~19.5e21 V for

1.5 mA cm�2 and 15 mA cm�2 curves, respectively. The larger

voltage values for the higher current regimes are associated

with the formation of a thicker barrier layer [28].

Regardless of the applied current density, the addition of

Ce(SO4)2 decreases the final voltage by 0.5e1.5 V in compari-

son to the reference electrolyte (Fig. 1a,c). A similar effect was

observed byMoutarlier et al. [24]. This could be to some extent

due to the increased conductivity of the acidic solution. The

measured electrolyte conductivities were: (339 ± 5) mS cm�1,

(639 ± 4) mS cm�1 and (660 ± 5) mS cm�1 for 0, 7.5 and 33 g L�1

Ce(SO4)2, respectively. These values, as opposed to those of

Moutarlier (~240 mS cm�1 and 310 mS cm�1 without and with

Ce(SO4)2, respectively), are consistent with the sulfuric acid

concentration used in this work. Note that there is a non-

linear increase in the conductivity of Ce-containing H2SO4,

which may be related to the ionic interactions between Ce4þ

and SO4
2� and the formation of complexes [25].

However, if one considers these values and other param-

eters such as the cathode-to-anode distance (~4 cm), the size

of the specimen (~20 cm2) and the applied current, then the

effect of electrolyte conductivity on measured voltage values

should only be of the order of several millivolts. In fact,

~10 mV for 1.5 mA cm�2 and ~100 mV for 15 mA cm�2.

Therefore, the lower final voltages in the presence of Ce(SO4)2
are likely to be related to other factors, such as characteristics

of the barrier layer (see Section 3.3).

The voltage-controlled treatments at 18 V (Fig. 2a) and 6 V

(Fig. 2c) reveal several distinct features during the initial

voltage ramp at 60 mV s�1. Similarly to the contact current

regime, the electrical response is affected by several phe-

nomena such as thickening of the barrier layer, copper

oxidation, oxygen evolution and dissolution of intermetallic

particles.

The current increases from the commencement of anod-

izing until it reaches a plateau at ~1 mA cm�2 that lasts for

~15 s (this period corresponds to the interval between ~1.5 and

3 V). The initial current surge is related to the non-uniform

thickening of the film, whereas the plateau is due to the

constant field strength being maintained by uniform film

growth [3]. Later, at ~95 s (i.e. ~5.7 V), there is a current peak

which is again associated with the dissolution of secondary

phases. Note that this peak is similar with and without Ce(IV)

in the electrolyte, suggesting its little influence on the disso-

lution of intermetallic particles. After that, the current re-

mains relatively constant at 2.3e2.8 mA cm�2 for the 6 V

treatment, while a non-steady-state is observed in the case of

the 18 V regime; the current density increases up to

17e19 mA cm�2 by the end of the treatment. This is due to

heating of the electrolyte volume (by ~3 �C in the presence of a

large size specimen) decreasing the overall resistance.

The presence of Ce(IV) species increases the final cur-

rent density by approximately 0.5 and 2 mA cm�2 for 6

and 18 V curves, respectively. This is again in part due to

the higher conductivity of the modified electrolyte and

probably due to characteristics of the barrier layer (thick-

ness and resistivity) in the presence of Ce(IV) species (see

Section 3.3). Note that the concentrated electrolyte

(33 g L�1) yields lower current values than the dilute one

(7.5 g L�1) for the 18 V treatment.

3.2. Anodic films screening

The screening process to select TSAA anodic films with and

without the studied Ce(IV) concentrations was according to (i)

uniform surface appearance, (ii) the lowest possible thickness

(�3 mm) and (iii) the highest corrosion resistance.

As can be seen in Fig. 3, treatments developed at high

current density (15mA cm�2) or high voltage (18 V) gave rise to

the formation of thicker anodic films (�2 mm) in comparison to

low current density (1.5 mA cm�2) and low voltage (6 V)

treatments (<1 mm). This is consistent with the greater charge

associatedwith longer treatment times and the higher current

densities and voltages. Findings revealed that the thicknesses

of Ce(IV)-containing electrolytes produced films of similar

thickness to stand-alone TSAA films. This suggests that there

is little or no incorporation of Ce species into the films.

Note that film thicknesses with values close to or below

1 mm should be taken with care as they are accompanied by a

larger uncertainty associated with the limitations of the eddy

current meter used for measuring film thickness.

https://doi.org/10.1016/j.jmrt.2021.09.117
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Fig. 2 e Current density-time curves for anodizing with different amounts of Ce(SO4)2 at (a) 18 V (b) 18 V at the beginning of

the process, (c) 6 V and (d) 6 V at the beginning of the process. Plotted data in each case correspond to one specimen

representative of five replicas.
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Regarding the corrosion response, the anodic films devel-

oped under low current density show the best corrosion per-

formance (Fig. 4). These results indicate an unusual non-linear

dependence between film thickness and corrosion resistance

[6]. This effect is more remarkable for the 1500 s treatments.

The addition of Ce(IV) is in general positive, with SC1.6
Fig. 3 e Scatter diagram of the thickness for Ce(IV)-TSAA films.

15 mA cm¡2 and 1.5 mA cm¡2, respectively. Filled triangles indic
(7.5 g L�1, 1500s, 1.5 mA cm�2) and SC2.6 (33 g L�1, 1500s,

1.5 mA cm�2) anodic films providing the best results. These

specimens were further characterized and evaluated in terms

of corrosion, paintability and fatigue life testing. The

inhibitor-free anodic film S6 (0 g L�1, 1500s, 1.5 mA cm�2) was

also analyzed for comparison.
Filled and empty circles indicate oxide films developed at

ate anodic films carried out under voltage-controlled mode.

https://doi.org/10.1016/j.jmrt.2021.09.117
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Fig. 4 e Scatter diagram of the impedance modulus at low frequencies values (10¡2 Hz) for Ce(IV)-TSAA films. Filled and

empty circles indicate oxide films developed at 15 mA cm¡2 and 1.5 mA cm¡2, respectively. Filled triangles indicate anodic

films carried out under voltage-controlled mode.
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3.3. Characterization of selected anodic films

Figure 5 depicts the cross-sectional transmission electron

micrographs of the selected anodic films; S6, SC1.6 and SC2.6.
Fig. 5 e Transmission electron micrographs of ano
All the anodic films reveal a thin barrier layer and a porous

layer with lateral porosity. This observation agrees with pre-

vious studies where the porous layer is strongly disorganized

due to the presence of Cu-containing intermetallic particles
dic films: (aec) S6, (def) SC1.6 and SC2.6 (gei).

https://doi.org/10.1016/j.jmrt.2021.09.117
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Table 2 e Film and barrier layer thickness values of the studied anodic films.

Anodic film/Property S6 SC1.6 SC2.6

Film thickness (nm) 847 ± 16 689 ± 14 894 ± 8

Barrier layer thickness (nm) 4 ± 1 6 ± 1 5 ± 1
aAnodizing efficiency (%) 50 40 52

a Assuming the following values: rAl2O3: 3.1 g cm�3; porosity: 25%.
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promoting oxygen evolution during the anodizing process

[29].

Regarding the role of Ce on anodic film morphology, S6

showed a maze or chaotic pore alignment, whereas SC1.6 and

SC2.6 films reveal more vertical and aligned pores. A similar

change in pore morphology was observed by Li et al. [30] for

the 1420 AleLi alloy anodized in sulfuric acid, although the

composition and the exact amount of Ce(IV) salt were not

provided. Li et al. suggested that the change in pore

morphologywas associatedwith the surface adsorption of Ce-

sulphate complexes which, in turn, affected the growth of the

anodic film. It is also possible that the addition of Ce(IV) re-

duces oxygen evolution during anodizing, therefore

decreasing the likelihood of lateral porosity. This statement is

based on the lower voltage values recorded for the SC1.6 and

SC2.6 specimens in comparison to S6.

Table 2 shows the measured values for oxide and barrier

layer thickness. S6, SC1.6, and SC2.6 were all anodized at a

constant current density of 1.5 mA cm�2 during 1500 s.

Applying the Faraday's Law and assuming a 100% anodizing

efficiency, themaximumachievable thickness is 1.7 mm. TSAA

specimens show efficiencies in the range between ~40 and

50%, which are typical for sulfuric-based electrolytes [31,32].

According toMoutarlier, a ~20% increase in the growth rate

was observed for 33 g L�1 Ce(IV) concentration in sulfuric acid

electrolyte [24]. However, as already mentioned, this study

does not provide direct evidence for this conclusion. Smith

et al. reported a ~50% oxide film thickness decrease when

incorporating 7.5 g L�1 of Ce(SO4)2 in a conventional sulfuric

acid bath [23], but they did not specify the exact anodizing

conditions and failed to provide visual evidence for this. In

this study, eddy currentmeasurements and TEM examination

revealed a non-linear dependence between film thickness and

Ce(IV) concentration in the electrolyte, with smaller thick-

nesses found for the SC1.6 specimen.

Measurements of the barrier layer thickness yielded values

that correlated well with the final voltage values and the

anodizing ratio of ~1 nm V�1 that is typically reported for

sulfuric-based electrolytes [32]. The presence of Ce slightly

increases the thickness of the barrier layer for SC1.6

(~6 ± 1 nm, 4.3 V) and SC2.6 (~5 ± 1 nm, 4.3 V) films in com-

parison to S6 reference specimen (~4 ± 1 nm, 4.5 V) (Table 2).

Considering the lower final voltage values measured for these

specimens, it is suggested in this work that Ce species facili-

tate charge transfer across the barrier layer, i.e. the anodizing

ratio is above 1 nm V�1 in the Ce-containing solutions. Other

studies where TEM characterization of Ce-SAA films has been

performed do not provide high magnification micrographs of

the barrier layer [33].

So far, this work has shown that the addition of Ce(SO4)2
modifies the voltage response, morphology and thickness of
the anodic films developed in sulfuric acid under constant

current conditions. The lower voltages are associated with the

higher conductivity of the Ce-based electrolytes and possibly

with the increased conductivity of the barrier layer in the

presence of Ce species. The reduced lateral porosity of the

anodic films developed in the presence of Ce(IV) is possibly

linked to a lower amount of oxygen evolution during anod-

izing due to lower voltages [3,4]. With respect to anodic film

thickness, the effect is less clear, although it seems that Ce

addition tends to decrease the growth rate.

Many studies concerning the role of Ce species during

anodizing fail to ascertain their role in film composition. One

exception is the Ph.D. thesis by Banks [34] who using Ruth-

erford backscattering spectroscopy reported very low or no

detectable concentrations of cerium species (<0.003 at.%) in

the 2024-T6 alloy anodized in sulfuric acid with Ce(SO4)2.

By applying the same characterization technique, the re-

sults shown in Fig. 6 were obtained for the S6, SC1.6 and SC2.6

specimens.

It is important to note that fitting was affected by the

roughness of the films, consequently, the simulation of the

spectra was performed as multi-layered systems.

The effects of the rough metal/film and film/air interfaces

are reflected by the presence of sloping edges at ~400 and ~450

channels, which correspond to the presence of Cu and S

through the oxide layers. S and Cu incorporation is a common

feature of anodic films in 2024 alloy [35]. In all studied films, a

step associated with the interface between the bulk alloy and

the anodic film is revealed (~360 channel). Al manifested itself

in the overall spectrum yield with two marked slopes at ~200

and ~360, which correspond to Al in the substrate and oxide,

respectively.

Cemanifested as a small peak at the high energy end of the

spectra (620e630 channel), which confirms its incorporation

(~0.05 at.%) in the outer part (<6 nm-thick) of SC1.6 and SC2.6

anodic films (Fig. 6). The larger Ce incorporation in the SC2.6

film can be related to the higher Ce(IV) concentration in the

electrolyte. It is also worth noting that a higher amount of S is

detected in SC1.6 and SC2.6 specimens (~5.6 and 5.7 at.% vs.

2.8 at.% in S6) due to the higher sulfate (SO4
2�) concentration in

the electrolyte. The effect of Ce(IV) addition on Cu distribution

in the oxide film can be considered negligible (Table 3).

It should be noted that, in principle, Ce4þ ions in sulfuric

acid medium are positively charged and, therefore, are not

supposed to be attracted by the electric field at the pore base

and incorporated into the anodic oxide [36]. However, the RBS

results indicate Ce incorporation in the outer region of the

anodic film. This is possibly due to the formation of negatively

charged sulfate complexes with Ce4þ which certainly can be

attracted to the growing film. According to Paulenova et al.

[25], the activity of free ceric cations (Ce4þ) is considerably
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Fig. 6 e Experimental and simulated RBS spectra of (a) S6, (b) SC1.6 and (c) SC2.6 anodic films.
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Table 3 e RBS results of S6, SC1.6 and SC2.6 anodic films.

Anodic film Aloxide (10
20 at cm�2) Cuoxide (10

20 at cm�2) Ooxide (10
20 at cm�2) Soxide (10

20 at cm�2) Ceoxide (10
20 at cm�2)

S6 0.803 0.015 1.670 0.073 e

SC1.6 0.675 0.017 1.533 0.131 0.001

SC2.6 0.765 0.018 1.602 0.145 0.002

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 5 : 3 2 4 0e3 2 5 43248
lower than its formal concentration, because practically all

the Ce4þ in sulfuric acid medium is complexed and present as

negatively charged complex, i.e. CeðSO4Þ2�3 [25]. On the other

hand, as stated in the work by Paulenova, Ce3þ tends to form a

positively charged complex [Ce(SO4)]
þ, that would not be

attracted to the anode. This supports the choice of Ce(SO4)2
over Ce2(SO4)3 as an additive.

These results support the idea that Ce(SO4)2 additive fa-

vours the delivery of additional SO4
2� into the growing anodic

film through the formation of CeðSO4Þ2�3 complex as a trans-

porter. Once incorporated into the film, it is expected that the

complex dissociates, resulting in the transport of SO4
2� to-

wards the metal/oxide interface and Ce4þ towards the oxide/

electrolyte interface. The latter would explain the preferential

location of Ce in the outer region of the film. The enhanced

incorporation of S in the film could also contribute to the

reduced lateral porosity of the films through the generation of

compressive stresses [37].

Considering the RBS results and the previous observations

in regards to reduced voltage values and the thicker barrier

layer in the presence of Ce(IV) (see Fig. 1 and Table 2), it stands

to reason that the enhanced charge transfer resistance of the

barrier layer is related to compositional changes in this layer.

In a recent study by Elabar et al. [37], it was also shown that

the presence of additional SO4
2� ions in the electrolyte

increased the ionic transport (i.e. mobility of defects) across

the film during anodizing. This effect was ascribed to changes

in the space charge and structure of the film. Additionally, the

presence in the outer regions of the film of Ce4þ ions, with

higher charge and ionic radius than Al3þ, may facilitate the

creation of point defects in the oxide structure due to larger

electrostrictive strains [6].

3.4. Corrosion behaviour

Figure 7 shows the Bode and Nyquist diagrams with the fitted

results for S6, SC1.6, and SC2.6 selected anodic films after

immersion in 3.5 wt. % NaCl solution at 1 h and 28 days.

Figure S2 displays Bode diagrams (|Z| vs f) at intermediate

immersion times for selected specimens.

For 1 h of immersion, there are two relaxation processes

related to the responses of the outer porous and inner barrier

layers of the coatings at high and low frequencies, respec-

tively. The protective behaviour of SC1.6 and SC2.6 films is

evident in the Bode plots since a marked slope is observed in

the entire frequency range, denoting the low mobility of the

corrosive ions through the layer in comparison to S6 anodic

film [11].

After 28 days of immersion, all the specimens show a

decrease of the low-frequency impedance modulus (10�2 Hz)

associated with partial loss of the barrier effect of the anodic
film [13,16,38,39]. The penetration of Cl� anions towards the

substrate is also revealed by the degradation of the outer

porous layer since the time constant at high frequencies

almost disappears. In any case, SC1.6 and SC2.6 show better

corrosion resistance than the S6 film.

Figure 8 provides the schematic illustration of the corre-

sponding equivalent circuit to interpret the EIS results for

studied specimens after 1 h (Table 4) and 28 days (Table 5) of

immersion. The use of constant phase elements (CPE) instead

of capacitors is mainly due to the non-ideal nature of the

developed anodic films (e.g. roughness and defects).

In both equivalent circuits, Rsol (150e300 U cm2) represents

the solution resistance, CPEpor/Rpor are associated with the

porous layer, and CPEb/Rb correspond to the barrier layer [11].

After 28 days of immersion, the equivalent circuit in Fig. 8b

was used. This includes the CPEpw or the capacitive response

of the pore walls due to their gradual degradation with time

[40].

For 1 h of immersion time (Table 4), the beneficial effect of

Ce(IV) addition into sulfuric acid electrolyte is evident since

the Rb value of the reference anodic film (S6) was one order of

magnitude lower than those of SC1.6 and SC2.6. This protec-

tive barrier effect was likewise confirmed by the near-

capacitive behaviour of the SC1.6 and SC2.6 films (n value

closer to 1) in comparison with S6.

After 28 days of immersion, there is a decrease in the

barrier-related resistance values and the corresponding in-

crease of CPE values (Table 5). This indicates that the elec-

trolyte can penetrate through the anodic films leading to their

gradual degradation [2,40].

The superior response of Ce-containing films may be

explained by several factors. The higher Rb values are

consistent with the thicker barrier layer evidenced by the TEM

examination. Ce-containing films show reduced lateral

porosity (i.e. a higher structural stability of the porous layer)

which has been attributed in this study to reduced oxygen

evolution and compressive stresses generated by enhanced S

incorporation. Further, cationic dopants in the alumina film,

in our case Ce(IV), may reduce the isoelectric point of the

oxide [41]. In case the isolelectric point is below the pH of

neutral solutions, the oxide surface would be negatively

charged (i.e. hydroxylated) and would repel Cl-ions that tend

to destroy the passivity. On a negatively charged surface, the

heat of adsorption of Cl� (one of the main contributors to the

anodic current in the pit initiation process [41]) would be lower

and so would be the anodic current. As a result, greater po-

larization would be needed to achieve the critical pitting

current and potential. Cationic dopants with greater valence

than the matrix cations (Ce4þ vs. Al3þ) also decrease the

number of oxygen vacancies in order to maintain charge

neutrality: the excessive positive charge is compensated with
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Fig. 7 e (aed) Bode and (e,f) Nyquist plots of all selected specimens after 1 h and 28 days of immersion in 3.5 wt. % NaCl

solution.
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Fig. 8 e Equivalent circuits used to fit the experimental EIS data: (a) 1 h and (b) 28 days.
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free electrons brought in when a vacancy is occupied with an

oxygen anion. This makes it more difficult for Cl� anions to

migrate through the anion vacancies in the oxide film, and the

passivity is easier to maintain. The presence of Ce4þ in the

outer part of the oxide film may also induce precipitation of

Ce(IV) oxides/hydroxides when the pH is higher than 3 [42,43].

This Ce(IV) may come from Ce incorporated in the alumina

film and from the electrolyte remnants within the pores.

3.5. Paint adhesion evaluation

Contact angle and paint adhesion measurements are pre-

sented in Fig. 9. The CAA reference sample was also included

for comparison.

Water contact angle is a useful tool that informs about the

surface wettability, e.g. a lower contact angle typically corre-

sponds to a higher paintability. Present findings reveal that all

studied anodic films are hydrophilic (contact angles <90�) [44].
The literature studies on paint adhesion to anodic films are

limited but, in general, good results are achieved largely due to

the typical porous morphology of anodic films [45,46].
Table 4 e Fitted electrical parameters of EIS spectra after 1 h o

Anodic film CPEpor (F s(n�1)$cm�2) n Rpor (U

S6 3.9$10�6 0.98 4.2$

SC1.6 6.5$10�5 0.89 1.0$

SC2.6 2.4$10�6 0.92 1.8$

Table 5 e Fitted electrical parameters of EIS spectra after 28 da

Anodic
film

CPEpw
(F s(n�1)$cm�2)

n CPEpor
(F s(n�1)$cm�2)

S6 4.5$10�5 0.81 5.9$10�3

SC1.6 6.0$10�5 0.77 5.9$10�6

SC2.6 3.9$10�5 0.75 5.4$10�5
The paintability testing was performed according to ISO

2409 standard on selected anodic films using a commercial

paint (Epoxy Primer 37,076) provided by AkzoNobel.

The observed differences in paint adhesion of SC1.6 and

SC2.6 (rating 0) in comparison to S6 anodic film (rating 1)

may be related to (i) to the presence of Ce(IV) in the outer

region of the anodic films, as observed by RBS, with the

studied paint and (ii) pore alignment that favours the paint

penetration throughout the film as seen in TEM micro-

graphs (Fig. 5).

3.6. NSST evaluation

An additional corrosion test based on the ASTM D1654-92

standard was performed for SC1.6 film since it showed the

best overall corrosion resistance-to-thickness ratio among all

the selected specimens (Fig. 10). The CAA reference sample

was also included for comparison.

The test consists in exposure of 250 mm � 75 mm � 2 mm

painted and scratched coupons in a salt fog environment

(5 wt. % NaCl at 6.5e7.2 pH range and 35 �C) for 1000 h. Note

that the “chromated” paint was used as a reference to
f immersion in 3.5 wt.% NaCl.

cm2) CPEb (F s(n�1)$cm�2) n Rb (U cm2)

104 2.6$10�6 0.88 2.5$105

105 2.7$10�6 0.98 8.9$106

105 5.7$10�5 0.98 3.0$106

ys of immersion in 3.5 wt.% NaCl.

n Rpor

(U cm2)
CPEb

(F s(n�1)$cm�2)
n Rb

(U cm2)

0.85 7.9$102 2.1$10�5 0.96 1.7$104

0.98 1.8$103 1.3$10�4 0.71 2.6$105

0.97 7.8$103 1.8$10�4 0.78 5.9$104
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Fig. 9 e (a) Water contact angle with as-received anodic films and (b) surface appearance of painted anodic films after the

adhesion test. S6-rating 1, SC1.6-rating 0, SC2.6-rating 0 and CAA-rating 0.

Fig. 10 e Macrographs of (a) CAA and (b) SC1.6 painted specimens after 1000 h of NSST as per ASTM D1654-92. Red circles

indicate the presence and location of blisters.

Fig. 11 e Fatigue life of CAA reference sample, SC1.6 anodic

film and 2024 alloy.
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reproduce a typical full system protection applied by the

aircraft industry to CAA films.

As shown in Fig. 10, SC1.6 anodic film with the inhibitor-

free paint (37,076) revealed ~3 ± 0.5 mm and ~5 ± 0.4 mm

blisters after 1000 h, respectively. These results areworse than

the CAA ones with the same paint, which did not show signs

of corrosion. Better results were obtained for these specimens

when the active protection-bearing paint (XP-420) was used

since no blisters were observed and the performance was

comparable to that of CAA. Compared to other studies [45,46],

which obtained a similar corrosion performance with thicker

anodic films, present findings are highly relevant since a

comparable corrosion resistance to CAA can be reached with

thinner anodic films and produced in shorter times.

3.7. Fatigue evaluation

Fatigue life curve for the SC1.6 specimen is presented in

Fig. 11. CAA reference sample and the 2024-T3 alloy are also

evaluated. The highest endurance limit, measured after 107

cycles, was 300 MPa for the bare 2024 alloy. Values of 265 and
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256 MPa were measured for SC1.6 and CAA, respectively. It is

known that the anodizing process reduces the fatigue

strength by the formation of pit-like cavities at the

filmesubstrate interface during anodizing in the active Cu-

intermetallic particles. This produces local stress concentra-

tion points, leading to crack propagation under loading [47,48].

A well-known factor in the fatigue life of anodic layers is

the coating thickness since the passage of the fatigue cracks

from the coating to the substrate is favoured at higher thick-

ness values [48,49]. For instance, Rateick [48] et al., report

maximum stress values at 106 cycles of 210 and 225 MPa for

SAA (5 mm) and CAA (1.6 mm) anodic films.

The obtained results suggested that anodic film thickness

was not the main factor for the fatigue life increase since SC1.6

thickness is similar to the CAA-reference sample (0.7 mm). This

is also in accordance with other studies where other factors

such as the pits formed during the anodizing and the ductility/

brittleness of the anodized layer can act as stress raisers during

fatigue loading. This can significantly affect the fatigue life, thus

spreadingcracks into theunderlying substratematerial [50e52].

Fromthe fatigue endurancepoint of view, thedeveloped anodic

films performed favourably compared with CAA film.
4. Conclusions

� Ce(IV)-containing anodic films formed at 1.5 mA cm�2 for

1500 s with <1 mm thickness and ~1e6 � 106 U cm2

impedance modulus in 3.5% NaCl showed the best short-

term corrosion performance among studied TSAA-based

films, which is mainly due to the thicker barrier layer and

reduced lateral porosity of the films in comparison to the

stand-alone TSAA film.

� Ce is incorporated in the outer region of the film (<6 nm,

0.01e0.02$1020 at cm�2). The enhanced incorporation of S

in Ce-containing films likely increased the charge transfer

and lowered the voltage during film growth. Reduced

lateral porosity of the film is attributed to reduced oxygen

evolution and generation of compressive stresses.

� The presence of Ce in the outer region of the films and

enhanced pore alignment lead to an improvement in the

paint adhesion. TSAA with 7.5 g L�1 of Ce(SO4)2 reveals the

best results in terms of corrosion resistance-thickness,

paint adhesion, fatigue resistance and corrosion behav-

iour after 1000 h of exposure time in NSST.

In summary, present findings reveal that <1 mm-thick Ce-

containing TSAA formed at 1.5 mA cm�2 on 2024-T3 in pain-

ted conditions can be recommended for exploitation on an

industrial level to replace CAA in painted- and corrosion-

sensitive applications. Further research of these anodic films

on industrial testing purposes is needed to reveal their full

potential for key fatigue-sensitive applications.
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