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ganized Li–Al-LDH nano-flakes:
a low-temperature approach to seal porous anodic
oxide on aluminum alloys†

D. Mata, *a M. Serdechnova,b M. Mohedano,bc C. L. Mendis,bd S. V. Lamaka,b

J. Tedim,e T. Hack,f S. Nixonf and M. L. Zheludkevichbg

This work suggests a low-temperature sealing approach for tartaric–sulfuric acid (TSA) anodized AA2024

based on hierarchically organized Li–Al-layered double hydroxide (LDH) structures. The new proposed

sealing is expected to be directly competitive to the standard hot water sealing (HWS) approaches

because of its reduced treatment temperature and high protection efficiency. A hierarchical organization

of in situ formed LDH nano-flakes across the depth length of the TSA pores, from the macrodown to the

nano-size range, was observed with transmission electron microscopy (TEM). Electrochemical

impedance spectroscopy (EIS) studies showed that the densely packed LDH arrangement at the porous

oxide layer is directly related to the drastically improved barrier properties of TSA. Moreover, LDH flake-

like structures worked as “smart” reservoirs for corrosion inhibiting vanadium species (VOx) that are

released on demand upon the onset of corrosion. This was confirmed using a scanning vibrating

electrode technique (SVET), giving relevant insights into the time-resolved release activity of VOx and the

formation of the passivation layer on cathodic intermetallics, corroborated with EDX and analytical

Raman spectroscopy. Passive and active corrosion protection was imparted to the anodic layer via new

Li–Al-LDH structures with long-term protection exceeding that of standard HWS procedures.
1. Introduction

The escalating fabrication demands for “green” aircras
following the latest European guidelines have set new challenges
in the selection of materials and processes in the aeronautic
industry. The eco-design of pioneering surface treatments
against corrosion failure with performance and costs matching
those of the chromate-based ones is a challenge up to date.1

Relevant breakthroughs in new protective systems free of toxic
chromates have been done in recent years, particularly for 2xxx
series aluminum alloys such as AA2024, which has been widely
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n Technology, Brunel University London,

ineering, University of Aveiro, 3810-193,

ermany

-University of Kiel, Kaiserstr. 2, D-24143

tion (ESI) available. See DOI:

hemistry 2017
explored in the aeronautic industry. An important step-forward in
this crossroad was accomplished through successful replace-
ment of chromic acid anodizing (CAA) by chromium-free tarta-
ric–sulfuric acid anodizing (TSA).1–3 The anodization with tartaric
acid has been proven to enhance corrosion resistance,2 and
increases paint adhesion without a negative effect on the fatigue
resistance compared to other acidic mixtures.4 The key technical
requirements for the anodizing process of aluminum are fullled
with TSA by which homogeneous porous oxide layers with
morphologies close to those produced in CAA treatments are
obtained.5 Nevertheless, pre-anodized parts without good sealing
or painting are not effectively protected against corrosion. The
layer of aluminum oxide formed during anodizing is highly
porous and is not an efficient barrier.3 Therefore, as a standard
procedure to reduce porosity, anodized parts are post-treated
with sealing3 or painting.6 While the TSA anodizing process was
found successful in forming consistent oxide layers, the subse-
quent step of sealing of pores still needs technical improvements.

Up to now, hot water sealing (HWS) is the most commonly
used method to improve corrosion resistance of anodized
aluminum.3,7 It promotes the hydration of the porous and
barrier layers of the anodic oxide followed by a volume increase,
and which seals the pore channels. However, the sealing along
the pore is not uniform, when the top of the pore is sealed water
can no longer pass through the pore, thus the innermost
sections are only partially sealed.8 Besides this drawback, the
RSC Adv., 2017, 7, 35357–35367 | 35357
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HWS provides only barrier protective properties. To add active
corrosion-inhibiting properties to the sealing layer, mainly
Cr(VI)-containing solutions, such as Henkel Alodine® 1200,3

have been employed at industrial level. Therefore, there is an
urgent demand to replace the toxic Cr(VI) with less harmful
alternatives that meet the standard corrosion resistance
requirements and the extreme conditions experienced during
the on-duty life of aircras. Many alternative candidates are
found in literature including Cr(III) among others,9 but their
performance still do not match that of Cr(VI).

Li–Al-LDH structures intercalated with a corrosion inhibitor
are proposed as a new integrated approach for sealing TSA
treated AA2024 (Fig. 1) and a promising candidate to replace
harmful Cr(VI)-based sealing. This work follows previous
encouraging results reported with Zn–Al-LDH on bare,10–12 TSA
treated AA2024-T3 (ref. 13) and PEO coated substrates.14 In
these works a multi-level protection was explored with LDH
working as (1) physical barriers to seal the pores (passive
protection) and also “smart” ion-exchanger providing syner-
gistic active corrosion protection. The latter is achieved via (2)
on demand controlled release of corrosion inhibitors, together
with (3) absorption/entrapping of corrosive ions (e.g. Cl�, SO4

2�,
OH�). However, Zn–Al LDH is growing on Al substrates only at
Fig. 1 Schematic representation of the TSA layer formation and LDH se

35358 | RSC Adv., 2017, 7, 35357–35367
relatively high temperature, close to water boiling point. This
fact implies important technological limitations and reduces
economic feasibility of the process for many applications.

The protection properties of Li–Al-LDH clay-type conversion
coatings have been proposed in the 1990s by Buchheit et al.15

not only on AA2024, but also on other aluminum alloys such as
AA1100, AA6061 and AA7075. Additionally, more recently Visser
et al. have studied paint systems loaded with Li-based pigments
which are able to release Li-cations to facilitate in situ formation
of a LDH layer in the coating defect on AA2024 unclad TSA
treated plates.16,17 The remarkable results of standard salt spray
test shed light on the high potential of Li–Al-LDH as protective
conversion coatings. The formation of Li–Al LDH in the defects
during the corrosion tests was suggested to be the main active
corrosion protection mechanism of the coatings with Li salts as
anti-corrosion pigments. Moreover, the demonstrated results
suggest that Li–Al LDH can be formed at relatively low
temperature in a short time when Li cations are present in the
solution. This fact has triggered the idea that Li-based LDH can
be a better alternative for sealing porous anodic layers in
comparison to Zn–Al counterpart.

Li–Al-LDH system has unique intercalation properties,
distinct from those of M2+–M3+ LDH, mainly caused by the high
aling process.

This journal is © The Royal Society of Chemistry 2017
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exibility of its hydroxide layers resembling those found in
graphite materials.18 Those intercalation properties are referred
to (1) a wider variety of intercalation of inorganic and organic
guests such as corrosion inhibitors18–20 and (2) staging behavior
in the anion-exchange intercalation reactions, which is a rare
example of this phenomenon in hydrotalcite-type minerals.18

The staging means that it is possible to have two different anion
guests in the same host lattice. Additionally, the amount of the
rst and second guests in the host can be set using stoichio-
metric amounts of each guest during the rst- and second-stage
intercalation reaction.18

This work focuses on the optimization of the synthesis and
intercalation routes of Li–Al-LDH sealing of TSA treated AA2024.
Process parameters such as pH and temperature of the bath
were thoroughly evaluated to understand their inuence on
morphology and corrosion performance of the sealed TSA
coatings. Electrochemical impedance spectroscopy was used to
evaluate the barrier and active properties of the LDH sealing
loaded with corrosion inhibiting VOx species. The localized
scanning vibrating electrode technique gave information about
the kinetics of corrosion processes in conned articial defects.
Formation of the passivation layer on defects mediated by the
releasing of the vanadate inhibitor is discussed based on local
EDX and Ramanmeasurements. Overall, data sheds light on the
corrosion protection of TSA treated AA2024 achieved through
a cost-effective new environmentally friendly sealing process
that can be run at room temperature and it is highly competitive
with other current reference solutions, such as hot water seal-
ing, here also studied for comparative purposes.
2. Experimental section
2.1. Materials

Panels of 2024-T3 aluminum alloy with the following compo-
sition were used as substrates: Cu 3.8–4.9 wt%, Mg 1.2–1.8 wt%,
Mn 0.3–0.9 wt%, Fe 0.5 wt%, Si 0.5 wt%, Zn 0.25 wt%, Ti 0.15
wt%, Cr 0.1 wt%, other 0.15 wt%, balance Al.

All chemicals used in the current work are of analytical
grade: lithium nitrate (LiNO3, $99.5%, Carl Roth), sodium
nitrate (NaNO3, $99%, Merck), sodium hydroxide (NaOH,
$99%Merck), sodium vanadium oxide (NaVO3, 96%, Lancaster
Synthesis), sodium chloride (NaCl, $99.8%, Sigma-Aldrich), DL-
tartaric acid ($99%, Sigma-Aldrich), sulfuric acid (H2SO4, 95–
98%, Alfa Aesar).
2.2. Tartaric–sulfuric acid anodizing of AA2024-T3

Prior to anodizing, AA2024-T3 panels (8 � 2 cm2) were treated
with standard commercial procedures, including degreasing,
cleaning and chemical etching steps, as described in detail
previously.13 The pre-treatment of the surface was followed by
an anodizing process (blank panels) in a tartaric (0.53 M
C4H6O6)–sulfuric acid (0.46 M H2SO4) bath (TSA) at 37 �C, with
a voltage of 14 V for 25 min to obtain an anodic coating thick-
ness of 3 mm. Following the treatment, panels were rinsed in
deionized water and dried in ambient conditions.
This journal is © The Royal Society of Chemistry 2017
2.3. Sealing of TSA treated AA2024-T3

The standard sealing of the anodized panels was accomplished
by hot-water sealing (HWS, Reference panels), where samples
were immersed in boiling deionized water for 30 min, followed
by a drying step in ambient conditions.

Li–Al-LDH sealing of the TSA anodized AA2024 panels was
achieved by a conversion process. LDH structures form inside the
pores of the anodic aluminum oxide layer by a surface reaction of
the Al3+ cations from the oxide and the Li+ containing from the
treatment bath. The AA2024-T3 substrates were immersed in
a 200 ml bath mixture of LiNO3 (0.1 M) and NaNO3 (0.6 M). The
treatment time of 30 min and magnetic stirring at 420 rpm were
constant throughout the set of growth runs. The pH and
temperature of the bath were varied in the range of pH 9–12 and
25–95 �C, respectively, to evaluate their effects on the LDH
formation. The pH was adjusted using a NaOH (0.05 M) solution
added drop-wise to the solution while continuously stirred.
Aerwards, the samples, here referred to LDH-NO3 or LDH-OH/
CO3 (according to the pH used), were washed with deionized
water and le to dry at ambient conditions.

To prepare LDH loaded with vanadate anion species (LDH-
VOx), a solution of NaVO3 (0.1 M) was used at a xed pH of 8.4.
The range of pH 8–9 is typical for obtaining oligovanadates
species (V2O7

2�) which with corrosion inhibiting properties21,22

are smaller in size for an easier intercalation in the LDH
galleries compared to more complex polyoxovanadates.
Samples were immersed in this solution (200 ml) at 50 �C for
30 min while stirred at 200 rpm to obtain a complete anion-
exchange of the NO3

� or OH�/CO3
2� by VOx

� species. Finally,
samples were cleaned again as described above.
2.4. Characterization techniques

Glancing angle X-ray diffraction (GAXRD). Glancing angle X-
ray diffraction (GAXRD) was used to assess the phase compo-
sition of the sealing layers using a PANalytical X'Pert powder
diffractometer at room temperature working in parallel beam
mode with a CuKa radiation (l ¼ 0.15418 nm), with an incident
angle of 2�, step size of 0.01� and dwell time of 15 s.

Scanning electron microscopy (SEM). Scanning electron
microscopy (SEM) was used to examine in planar-view the
morphology of the prepared sealing layers. A Tescan Vega3 SB
equipped with an energy dispersive X-ray (EDX) spectrometer
operated at 10 kV with a working distance of 5 mm was used.

Analytical transmission electron microscopy (TEM). Analyt-
ical transmission electron microscopy (TEM) was conducted on
cross sections of the layers prepared using focused ion beam
(FIB) milling with a FEI Helios NanoLab 600 Dual-Beam FIB/
SEM. To prevent samples damage, the surface was protected
with a 300–500 nm Pt layer prior to FIB processing. The samples
were mounted on Cu grids for TEM analyses. A FEI CM200 TEM
equipped with EDX spectrometer was used at an operating
voltage of 200 kV.

Glow discharge optical emission spectroscopy (GDOES).
Glow discharge optical emission spectroscopy (GDOES) depth
prole analyses of the layers were conducted in a HORIBA GD-
Proler 2 (anode of 4 mm in diameter, at 650 Pa and 30 W).
RSC Adv., 2017, 7, 35357–35367 | 35359
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Fig. 2 Photographs and SEM images of (a–c) TSA (blank sample) and
LDH sealed TSA at 95 �C under different pH conditions: (d–f) pH 9; (g–
i) pH 10; (j–l) pH 11; (m–o) pH 11.5 and (p–r) pH 12.
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Confocal Raman microscopy. Confocal Raman microscopy
(Bruker, Senterra II) was utilized to perform localized point
analyses of the phase composition of the AA2024 panels before
and aer immersion in 0.05 M NaCl, at the LDH layers and
articial scribe. Spectra were collected at 532 nm with
a constant laser power of 50 mW, aperture of 50 mm, 128 scans
and 3 s of integration time.

Electrochemical impedance spectroscopy (EIS). Electro-
chemical impedance spectroscopy (EIS) was conducted at room
temperature using a three-electrode cell assembly with a plat-
inum electrode as the counter electrode, coated AA2024 electrode
as the working electrode (exposed area of 0.5 cm2) and a satu-
rated calomel electrode as the reference electrode. An aqueous
solution of 0.05 M NaCl (350 ml) was used as the electrolyte. To
avoid the interference from external electromagnetic elds all
tests were performed inside a Faraday cage. The measurements
were done using a Gamry Reference 600 potentiostat/galvanostat/
ZRA at different immersion times up to 1 month. A frequency
range from 105 to 10�2 Hz, with a sinusoidal perturbation of
10 mV rms vs. open circuit potential (OCP), with 9 points per
frequency decade was used. At least two replicates were acquired
showing good reproducibility. The impedance spectra were
analyzed with ZView soware, the goodness of t of the simu-
lated spectra corresponded to chi-squared values of <0.01. The
errors for the individual parameters of the equivalent electrical
circuits, such as CPE and R, were <5%.

Scanning vibrating electrode technique (SVET). Scanning
vibrating electrode technique (SVET) measurements were per-
formed using Applicable Electronics Inc. (USA) instrumentation
controlled with the ASET-LV4 soware from ScienceWares (USA).
The Pt/Ir vibrating microelectrode was platinized to form a plat-
inum black tip of 15 � 3 mm diameter. It vibrated with 30 mm
amplitude in two orthogonal directions (normal and parallel to
the sample surface) and was placed at 100 � 3 mm above the
sample. All samples were tested in a 0.05 M NaCl solution. This
concentration was kept quasi constant by using a communi-
cating vessels system. The SVET cell containing 10 ml of the
electrolyte was kept in contact with a vessel of 150 ml lled with
the same 0.05 M NaCl electrolyte. Local current maps were
recorded every hour during 2 full days. Two samples of each type
were tested to ensure reproducibility. To accelerate corrosion and
quickly evaluate the active protection properties of LDH layers,
the articial defects were made on their surfaces (two holes with
a diameter of 100 mm each, spaced at 1 mm and a scribe of 1.5
mm length and 35 mm width between the two holes). Origin 9.1
soware was used to plot the SVET maps.

3. Results and discussion
3.1. Optimization of LDH sealing bath conditions

In previous work, Zn–Al-LDH sealing was successfully achieved
on TSA-AA2024 at 95 �C under an optimized pH conditions.13 A
similar strategy was used to perform Li–Al-LDH sealing in this
investigation. The temperature was xed at 95 �C, while the pH
was varied to nd the best condition to precipitate Li–Al-LDH.
According to previous reports,15,23,24 both homogeneous Li–Al-
LDH-CO3 and Li–Al-LDH-NO3 layers formed on Al alloys when
35360 | RSC Adv., 2017, 7, 35357–35367
the reactants involved (Al3+ and Li+) were in high concentrations
to cause the co-precipitation in the LDH structure form. The pH
condition for this to occur was above 10.

Fig. 2 shows the appearance and SEMmicrographs of the TSA
and LDH sealed samples for different pH conditions. Overall,
panels are relatively uniform in color (Fig. 2a, d, g, j, m and p) and
are completely covered with a LDH layer, as observed in the SEM
micrographs at low magnication (Fig. 2b, e, h, k, n and q). At
this magnication, it can also be seen that all samples show pit-
like defects with size in the range of 5–10 mm, typical of TSA
treated surfaces (Fig. 2b). These defects are formed in the initial
stages of etching of the bare alloy, with ner defects being related
to the preferential etching of the second phase materials.25,26 It is
evident from the data that pH plays an important role in the
dissolution rate of the TSA anodic layer and formation of LDH
structures. The thickness of the LDH layers (Fig. 2b, e, h, k, n and
q), and the size and density of LDH akes (Fig. 2c, f, i, e, o and r)
decrease with pH increase. SEM images of the cross-sectional
view of the samples were used to measure the thickness of the
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Bode and phase angle plots of the LDH layers prepared at
different pH after (a) 1 hour and (b) 1 week immersion in 0.05 M NaCl
solution.
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layers (data not shown). At pH 11, the LDH particles still have
a ake-like morphology and a high density of nano sized LDH
akes is observed. These two characteristics together with a thin
LDH layer (�1 mm) leads to a perfect mimicking of the topog-
raphy of the TSA substrate without formation of cracks (Fig. 2b
and k), as those seen at pH 9 (Fig. 2e) due essentially to higher
thickness (�2.2 mm). At more alkaline conditions, above pH 11,
the dissolution of the TSA layer becomes too fast. A well dened
attack of the surface is seen together with an increased darkening
of the sample which is related to dissolution of the substrate and
formation of Cu-containing smut.

The XRD patterns of the samples are shown in ESI Fig. S1
(please see ESI†). For LDH layers typically grown for 30 min, as
described in Section 2.3, the thickness of the layers is too low and
results in peak broadening with lower peak intensity (ESI
Fig. S1a†). But longer growth runs for 5 hours were also prepared
as model experiments to improve the XRD signal and help on the
discussion of differences between samples (ESI Fig. S1a†). The
XRD analyses illustrate the presence of crystalline LDH structures
with typical Li–Al-LDH-NO3 reections (002), (101) and (004) at
9.88� (d(002) ¼ 8.95 Å), 20.21� (d(101) ¼ 4.39 Å) and 23.18� (d(004) ¼
3.84 Å), respectively, for samples prepared at pH 9/95 �C and pH
10/95 �C (ESI Fig. S1a†), in accordance with previous reports.27–29

For more alkaline aqueous baths, above 10 pH, in ambient
atmosphere conditions, –OH� and –CO3

2� anions are the
predominant species15,30 and compete with –NO3

� to preferen-
tially form LDH-OH or LDH-CO3 structures.31,32 At pH 11 the peak
positions for reections (002), (101) and (004) shi to higher
angles at 11.62� (d(002)¼ 7.6 Å), 20.40� (d(101)¼ 4.35 Å) and 23.32�

(d(004) ¼ 3.81 Å), respectively. This is ascribed to LDH-OH/CO3

signature, showing that LDH are intercalated with –OH�/CO3
2�,

with similar crystallinity than LDH-NO3 structures.24,30–32 Other
secondary phases such as Li2CO3 (ref. 27) and Al(OH)3 (ref. 24)
were also detected.

To evaluate the inuence of LDH sealing prepared at different
pH on the nal corrosion behavior of samples, EIS measure-
ments up to one week of immersion in 0.05 M NaCl aqueous
solution were performed (Fig. 3). Among the several pH condi-
tions, by far the best sealing and protection performance were
obtained for the pH 11/95 �C condition. Aer 1 week of immer-
sion (Fig. 3b), this sample demonstrates the highest modulus of
impedance values in the whole frequency range, more than one
order of magnitude higher than all the other pH conditions, and
almost three orders of magnitude higher than the TSA (blank
sample). It is also interesting to note that the sample prepared at
pH 11.5 also increased the resistance of the porous layer in
comparison to the pH below 11. One possible reason could be
attributed to the higher performance of LDH-OH/CO3 type
materials, formed above pH 10, over the LDH-NO3 ones. But this
is far too difficult to further understand the mechanisms based
only on EIS analyses. Moreover, the crystallinity of the LDH
structures seems not playing a relevant role in the resistance of
the layers since all prepared samples have similar crystallinity.
The most plausible reason for the superior properties of the LDH
sealing at pH 11/95 �C is related to the lower layer thickness
which is free of cracks combined with a very uniform densely
packed at nano-scale LDH akes (Fig. 2k and l).
This journal is © The Royal Society of Chemistry 2017
TEM analyses (Fig. 4) of the cross-sectional view of the layers
sheds some light on the LDH akes structure inside the nano-
sized porosity of the TSA layer. LDH akes hierarchically orga-
nized in size are seen, bigger on the surface (Fig. 4a) and with
decreased size down to nanometer scale partially inside the
pores (Fig. 4b). Images give clues for akes of �40 nm been
growing in an entangled form partially inside the pores of
�90 nm together with a partial conversion of the anodic layer
into LDH structures. Although, it is not clear in Fig. 4b to which
extend in deep inside the pore the LDH growth occurred.

Results point out that the high anti-corrosive performance of
the pH 11/95 �C samplemight not be only due to the good barrier
properties of the densely packed LDH top layer of�1 mm, but also
from the LDH nano-akes partially sealing the pores.
3.2. Active sealing with VOx intercalated LDH

The best growth condition for LDH (pH 11/95 �C) found in
previous Section 3.1 provides good barrier properties. This
method of LDH preparation was further improved to include
active corrosion. To this end, inhibitor was incorporated in LDH
nano-akes by preparing LDH intercalated with VOx, LDH-VOx.
RSC Adv., 2017, 7, 35357–35367 | 35361
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Fig. 4 TEM images of the LDH sealing layer prepared at pH 11/95 �C.
(a) Low-magnification image of the cross-sectional view of the layer
and (b) high-magnification image of nano-sized LDH flakes formed
inside the nanostructured pores of the TSA porous layer.

Fig. 5 GDOES depth profiles of the TSA (blank sample) and LDH-
based layers.
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ESI Fig. S2a and b† present the low magnication TEM
images of LDH-OH/CO3 and LDH-VOx samples showing very
uniform LDH layers (easily seen at higher magnication in the
corresponding inset images). The respective EDX spectra pre-
sented in ESI Fig. S2c and d† clearly highlight the presence of
the vanadium in the LDH-VOx samples, as expected. Moreover,
to show that the VOx species were intercalated in the LDH
galleries and not adsorbed on its surface, diffraction patterns
were analyzed (inset images of ESI Fig. S2a and b†). Both
materials have diffraction patterns with well-dened rings
typical of LDH structures.33 The d-spacings calculated from the
rings diameters of (hkl) type planes corresponding to the c-
stacking direction, related to LDH galleries height, increased
with the intercalation of the VOx species from d(442) ¼ 1.76 Å
(LDH-OH/CO3) to d(442) ¼ 1.86 Å (LDH-VOx), due to the
increased radius of the anion or/and decrease in charge density
in relation to OH�/CO3.2–31 The respective XRD patterns of the
samples (ESI Fig. S3†) corroborate the TEM analyses, a slight
35362 | RSC Adv., 2017, 7, 35357–35367
shi of 0.08� of the (002) peak to lower angles was observed
when VOx species were intercalated in LDH, in agreement with
other works published by the authors.13,14 These results high-
light that the VOx species are inside the host LDH galleries and
a successful intercalation process was achieved.28,31,34

GDOES depth proles of the samples shown in Fig. 5, indi-
cate that the lithium and vanadium signals are observed pref-
erentially both at the TSA surface and also deeper, within the
pores, giving clue that might almost reach the oxide/metal
interface. These results corroborate the TEM observations
(Fig. 4) and provide evidences for a partially sealing in depth
with LDH structures carrying active corrosion inhibiting species
inside the pores for an improved synergetic corrosion protec-
tion: barrier properties and active inhibition.

3.3. Benchmarking studies of sealing processes

As referred in the Introduction section, HWS is the state-of-the-
art sealing applied in aeronautics. HWS is used here as a refer-
ence to compare with the new LDH-based sealing processes.
Photographs and SEM images of the Li–Al-LDH samples (ESI
Fig. S4†) show that the clean surface appearance and the ake-
like structures are very similar to the reference and are in good
agreement with the previous report.15

The EIS measurements, for long immersion time up to 1
month, in Fig. 6 show that the VOx species have a positive effect
on the barrier properties of the TSA layer, both resistances of the
inner and porous layers illustrated in Fig. 1 are higher than
those for LDH-OH/CO3. Previous results obtained on Zn–Al-
LDH system are consistent with the present ones.13 Moreover,
the LDH sealings have higher performance when compared
with the HWS ones, Rin and Rpor of the LDH-based layers are
generally higher than the HWS values over time Fig. 6.

The superior Rpor values of the LDH-based layers over the
HWS layers are explained by the existence of an extra time
constant (Fig. 7). This additional relaxation process at higher
frequencies for the LDH-based layers can be ascribed to the
LDH top layer (por 1). The second time constant at middle
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Bode and phase angle plots of the HWS and LDH-based layers
after (a) 1 hour, (b) 1 week and (c) 1 month immersion in 0.05 M NaCl
solution.
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frequencies is related to the barrier properties of the conversion
layer within the porous part of TSA (Fig. 7). In the case of HWS,
only one well dened time constant responsible for the sealed
porous layer is observed, since there is no formation of such an
extra layer on the top. The respective equivalent circuits are
presented in Fig. 7b and d.

The evolution of the layer parameters for different systems is
presented in Fig. 8. The resistance of the pore for the porous layer
sealed with LDH is represented by the sum of two components
described above. The resistance of the sealed porous layer is the
This journal is © The Royal Society of Chemistry 2017
highest for LDH-VOx followed by the one with nitrate LDH, sug-
gesting in both cases an efficient LDHmediated blocking of ionic
transport through the layer. Even more importantly, the resis-
tance of the inner barrier layer at the metal interface is also
highest and the most stable for the inhibitor containing LDH
sealed sample. This layer is the last barrier for the corrosive
species before reaching the metal surface and thus plays
a determining role in the total performance of the system.

It is well-know that hot-water sealing treatments promote the
hydration of the porous aluminium oxide, porous and barrier
layers, to produce a crystalline needle-like hydrate phase, know
as boehmite, which lled in the pores.35 Similar aqueous
treatments supplemented with inorganic salts, such as those
used here, will have a synergetic effect of having formed
a mixture of boehmite phase and new precipitated LDH phases,
also with morphology resemble needle structures, growing
inside the pores to form higher packed sealings. This clearly
explains the superior resistance of the inner barrier layer of the
LDH sealings over the HWS ones (Fig. 8). On the other hand, the
higher performance of LDH-VOx compared to LDH-OH/CO3 is
not completely comprehensible, with different contributions
being valid. For LDH-VOx samples, the extra intercalation step
in water might contribute to further hydration of the barrier
layer. Also, the vanadate species that were not intercalated in
the LDH, and are available in solution, can be absorbed on top
of the barrier layer contributing to the increase of its resistance
(Fig. 8). Other possibility is assigned to the self-healing effect of
the LDH sealing, i.e. release of the VOx inhibitor and covalent
bonding to the metal surface upon starting of corrosion
events.22 Eventhough, this is less reasonable at signicant
extend, because if true EIS data of Fig. 8 would show an increase
of the resistance of the inner barrier layer mediated by the
release of the inhibitor. Contrarily, a decreasing behavior of
resistance is observed, in line with previous observations.14 This
is in agreement with the EIS of Fig. 7c and d, showing that the
resistance of the charge transfer (Rct) activities at the metal
surface is still very high aer 1 month of immersion in NaCl.
This means that the corrosion kinetic is very low, with far too
small corrosion events able to activate the self-healing effect.

Therefore, SVET localized analyses at articial defects were
accomplished to further understand the corrosion processes
and kinetics. The SVET observations shown in Fig. 9 corrobo-
rate the EIS data. Strong anodic activity is seen in the blank
(TSA) and reference (HWS) samples aer 24 h immersion in
0.05 M NaCl, but not in the LDH treated samples. Additionally,
LDH-VOx samples have higher anticorrosive properties than
LDH-OH/CO3 ones. This is in good agreement with previous
results for Zn–Al-LDH sealing.13 Aer 48 h of immersion, only
weak cathodic activity in LDH-VOx samples was seen, while
stronger anodic and cathodic activities were detected in the
LDH-OH/CO3 samples. Also note that corrosion activity was
restricted only to the articial defects in case of LDH-OH/CO3

and LDH-VOx samples, while for TSA and HWS samples, with
time, corrosion propagated also to the initially intact areas. For
immersion times up to 48 h, a uctuating cathodic activity
(increase and decrease) measured on the LDH-VOx samples was
detected, as shown for 24 h and 48 h acquisition times, that can
RSC Adv., 2017, 7, 35357–35367 | 35363
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Fig. 7 Fitting data of the sealing layers for 1 month of immersion in 0.05MNaCl and respective equivalent circuits: (a, b) HWS and (c, d) LDH-VOx.

Fig. 8 Evolution over immersion time in 0.05 M NaCl of the resistance
of porous and inner layers of the HWS and LDH-based samples.
Photographs of samples after 1 month of immersion: (a) TSA (blank
sample); (b) hot-water sealed TSA (reference sample); (c) LDH-OH/
CO3 and (d) LDH-VOx sealed TSA.
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be assigned to the controlled release of the inhibiting VOx

species on demand (triggered by the corrosion activities). This
effect can be easily seen in Fig. S4,† where an increase of the
cathodic activity means that insufficient amount of VOx species
are released, but aer a resting period of around 24 h (activation
of the LDH release process), the VOx species begins to be
released followed by a reduction of the cathodic activity in the
next 24 h. This corroborates recent published studies on the
35364 | RSC Adv., 2017, 7, 35357–35367
corrosion inhibition of AA2024-T3. It was found that VOx

species inhibit cathodic kinetics of AA2024-T3 corrosion in
NaCl solutions36 upon formation of an adsorbed passivation
layer21 that suppresses the oxygen reduction.22

Moreover, the observed behavior also shows that the VOx

species are inside the LDH galleries, otherwise, if they were
adsorbed on the LDH walls, no activation time would be seen,
the VOx species would start to protect the surface immediately
when the onset of the rst activities occurred at the scribe, aer
6 h of immersion in the corrosive solution (ESI Fig. S5†).

Further investigation on the VOx species release and delivery
to the defect side was done with Raman and EDX analyses (ESI
Fig. S6 and S7†). LDH-VOx samples were studied before and
aer immersion in 0.05 M NaCl for 48 h, the same conditions as
used for SVET tests.

Raman phase analyses were used to decipher which VOx

species play a key role in the corrosion inhibition in the defects.
Optical images of the samples, before (ESI Fig. S6a†) and aer
immersion (ESI Fig. S6c†), show that the scribe becomes dark
with corrosion products aer immersion in the NaCl corrosive
medium. So, VOx species are expected to be released from LDH
structure and diffuse through the electrolyte towards the scribe
where they suppress corrosion to some extent, accordingly to
SVET data (Fig. 9 and ESI Fig. S5†). As shown by Ribeiro et al.,
monovanadates (VO4

�), monoprotonated monovanadates
(HVO4

2�) and divanadates (V2O7
4�) present a broad band in the

range of 790–880 cm�1, while diprotonated monovanadates
(H2VO4

�) and cyclic tetravanadates (V4O12
4�) have typically
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Optical images and SVET maps of layers with artificial defects after 1 h, 24 h and 48 h immersion in 0.05 M NaCl solution for (a) TSA (blank
sample); (b) hot-water sealed TSA (reference sample); (c) LDH-OH/CO3 and (d) LDH-VOx sealed TSA.
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a sharp asymmetric band centered at 945 cm�1.37 All spectra of
ESI Fig. S6c and d† show the presence of a broad band in the
790–880 cm�1 range with a sharp peak centered at 824 cm�1

that is overlapped with sharp asymmetric band at 942 cm�1.
This data shows that a mixture of monovanadate species might
play a role in the corrosion protection,15 perhaps with
a predominance of H2VO4

� or V4O12
4� species due to a more

intense band signal. For the sample exposed for 48 h to NaCl,
the signal of the VOx species on the scribe is below the detection
limit, cannot be seen. Signals can only be seen on the LDH-VOx

layers, before and aer immersion (ESI Fig. S6b and d†).
EDX analyses shown in ESI Fig. S7† were performed to verify

the presence of vanadium (V) in the defects, and give comple-
mentary information to the obtained Raman data. ESI Fig. S7a
and c† correspond to the SEM micrographs of the scribe before
and aer immersion, respectively. The EDX line acquisition
conducted across the scribe shows that the V Ka-shell signal of
the VOx species (at 4.95 keV) was detected on the LDH-VOx layer,
but not on the scribe, as expected (ESI Fig. S7b†). Aer 48 h
immersion in NaCl, the scribe (inset of ESI Fig. S7c†) had
a different appearance compared with a fresh scribe (inset of
ESI Fig. S7a†). The scribe exposed to NaCl contains deposited
corrosion products and exposed Cu-containing intermetallics.
It is of interest to see that the localized EDX analysis on the
intermetallic particle (red line, ESI Fig. S7d†) shows strong Ka-
shell signals at 5.89, 6.37 and 8.04 keV for Mn, Fe and Cu,
respectively, together with the appearance of the V signal at 4.95
keV. According to recent studies on the corrosion inhibition of
AA2024-T3,22,36 Al–Cu–Mn–Fe–Si precipitates tend to be
cathodic sites. These ndings are consistent with our results,
This journal is © The Royal Society of Chemistry 2017
where VOx species, particularly V4O12
4� species,22 were shown to

be deposited on Al–Cu–Mn–Fe–Si cathodic precipitates upon
corrosion in NaCl.

3.4. LDH sealing at lower temperature

As shown in previous sections, Li–Al-LDH structures can be
grown in conditions similar to those for HWS (temperature of
the bath of 95 �C) and the new LDH sealing layers rendered
higher anticorrosive performance than the current commer-
cially used HWS. In an attempt to make the Li–Al-LDH-OH/CO3

sealing more competitive, less energy consuming “green” seal-
ing process, further studies were carried out at lower tempera-
ture down to the room temperature.

No signicant effect of the temperature is seen in the
appearance (Fig. 10a, d, g and j) and morphology of the LDH
layers (Fig. 10b–l). An important highlight is here drawn to the
LDH sealing prepared at room temperature (pH 11/25 �C). No
visible layer covering the TSA was formed, but the pores are
totally lled by LDH nanoakes with morphology close to those
obtained at higher bath temperatures. Moreover, the crystallinity
of the LDH akes was not signicantly changed with temperature
decrease. The XRD patterns of ESI Fig. S8.† show that the main
LDH peaks of (002), (101) and (004) are slightly sharper at the
highest temperature, proving that samples prepared under this
condition have the highest crystallinity.

Several works have shown that is thermodynamically
possible to have Li–Al-LDH layers formed and stabilized at room
temperature, and they have a fast growth kinetics with low
activation energies.15,16 Buchheit et al. has shown a Li-
conversion layers grown at 25 �C with similar morphology as
RSC Adv., 2017, 7, 35357–35367 | 35365
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those shown here.15 Recent ndings reported by Visser et al.16

have depicted Li–Al-LDH conversion layers being formed in
defects of AA2024-T3 painted with Li salt containing formula-
tion. The LDH structures were formed during a neutral salt
spray test (ASTM B-117) close to room temperature (35 �C).
Under these conditions, Li-based pigments dispersed in the
coating were leached and reacted with the Al3+ of the aluminum
surface to form LDH structures.16

The corrosion protection properties of the samples treated at
lower temperatures were studied by EIS (Fig. 11). These results
demonstrate that the corrosion protection properties of the
systems obtained at reasonably low temperatures are still quite
acceptable. Even aer one week of immersion test, the low
frequency impedance remains at relatively high values for all
the systems treated in full temperature range. For one system
a well-dened time constant at about 1 Hz is clearly observed
which is responsible for the inner barrier layer. The resistance
of this layer aer a week of immersion is still above 1 Mohm
cm2 conrming a remarkable corrosion protection especially
considering the fact that the sealing treatment was performed
at room temperature conditions. Overall, it is conrmed that
the LDH sealing at higher temperatures increases the barrier
properties of the TSA lm, both porous and inner parts, but not
signicantly. Such a subtle improvement in the protective
properties does not justify signicant increase of costs associ-
ated with high temperature treatment. Li–Al-LDH-OH/CO3

grown on TSA-2024 at room temperature provides corrosion
protection comparable to that offered by standard HWS proce-
dure (Fig. 6b). The versatility of Li–Al-LDHs and room
Fig. 10 Photographs and SEM images of LDH-OH/CO3 sealed TSA at
pH 11 for different bath temperatures: (a–c) 95 �C; (d–f) 75 �C; (g–i)
55 �C; (j–l) 25 �C.

Fig. 11 Bode and phase angle plots of the LDH-OH/CO3 layers
prepared at different temperatures after (a) 1 hour and (b) 1 week
immersion in 0.05 M NaCl solution.

35366 | RSC Adv., 2017, 7, 35357–35367
temperature preparation conditions sets its technological
parameters window closer to industrial acceptance and exploi-
tation with high cost operation savings expected.
4. Conclusions

The active protective sealing of TSA anodic layer was achieved via
treatment of anodized AA2024-T3 in Li-containing baths. Li–Al-
LDH is formed in the porous layer as well as on the surface of
the anodic lm. LDH layers hosting vanadate corrosion inhibit-
ing anions are used as “smart” reservoirs for the controlled-
release of the corrosion inhibitor via anion-exchange process.

The Li–Al-LDH-VOx active layers loaded with VOx corrosion
inhibiting species showed strong synergetic anti-corrosion
performance, both barrier and active protection were identi-
ed, with overall performance better than the Li–Al-LDH-OH/
CO3 reference. EIS data for LDH-OH/CO3 and LDH-VOx sealed
TSA show an increased barrier properties and improved stability
of the dense oxide layer at the metal-porous oxide interface
when compared to HWS treatment, while SVET shows an
increased active inhibition of corrosion processes in articial
scribe defects.
This journal is © The Royal Society of Chemistry 2017
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The Li-based sealing was also achieved at close to room
temperature condition which is signicantly lower than
conventionally used temperatures for HWS. The low temperature
treatments allow formation of LDH structures in the TSA layer
and confer reasonably high corrosion resistance. The low
temperature sealing has an important advantage over HWS or
other sealing approaches, which require temperatures close to
water boiling point.
Acknowledgements

This work has received funding from the European Union's
Horizon 2020 research and innovation programme under grant
agreement no. 645676 project MULTISURF. Dr M. Mohedano is
grateful to MICINN (Spain) for nancial support via Proyecto
Retos Jovenes Investigadores MAT2015-73355-JIN. Dr S. V.
Lamaka acknowledges the nancial support of Alexander von
Humboldt Foundation via Experienced Researcher Grant. Dr J.
Tedim thanks FCT for the researcher grant IF/00347/2013. This
work was developed in the scope of the project CICECO – Aveiro
Institute of Materials, POCI-01-0145-FEDER-007679 (Ref. FCT
UID/CTM/50011/2013), nanced by national funds through the
FCT/MEC and when applicable co-nanced by FEDER under the
PT2020 Partnership Agreement. Dr D. Mata would like to thank
Dr Nico Scharnagl for the Raman scientic discussions. Authors
acknowledge Mr Maksim Starykevich for carrying out the
GDOES analyses.
Notes and references

1 E. Eichinger, Met. Finish., 1997, 95, 36–41.
2 M. Curioni, P. Skeldon, E. Koroleva, G. E. Thompson and
J. Ferguson, J. Electrochem. Soc., 2009, 156, C147–C153.
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