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Inhibitor leaching, fast, effective and irreversible passivation are essential for active protective coatings to
protect aluminium alloys. This study presents the comparison of the active protective properties of lithium
carbonate and two organic corrosion inhibitors, benzotriazole and 2-mercaptobenzothiazole, on aluminium alloy
2024-T3 with a special focus on the irreversibility of the inhibition. A combined approach of electrochemical
measurements, optical observations, surface roughness and weight-loss measurements revealed the reversible
inhibition behaviour of benzotriazole and 2-mercaptobenzothiazole on AA2024-T3. On the contrary, lithium

carbonate demonstrated fast, effective and irreversible corrosion inhibition, providing the essential character-
istics needed for effective active corrosion protection from coatings.

1. Introduction

Organic coatings loaded with corrosion inhibitors are widely used
for the protection of aluminium structures [1]. The corrosion protection
mechanism of these coatings is based on the release of corrosion in-
hibitors from the coating matrix. This active protective process, known
as leaching, is initiated by the ingress of water via a defect or crack in
the coating, enabling the dissolution and transport of the corrosion
inhibitor to the defect to inhibit the corrosion process [2,3].

Aerospace aluminium alloys, such as AA2024-T3, are highly sus-
ceptible to localized corrosion in chloride-containing aqueous solutions
due to the presence of copper-rich intermetallic particles in the alloy
microstructure [4-6]. These intermetallic particles are known to act as
active sites for the cathodic oxygen reduction reaction which enhance
these localized corrosion phenomena [7]. The inhibition of the elec-
trochemical processes at these intermetallic particles (i.e. suppressing
the oxygen reduction reaction) has been an important strategy in the
search for environmentally benign alternatives for the highly effective
but toxic hexavalent chromium compounds [8].

Over the years many organic compounds have been evaluated for
their corrosion inhibiting activity on aluminium substrates [9]. Espe-
cially, heterocyclic compounds such as benzotriazole (BTA) and 2-
mercaptobenzothiazole (2-MBT) gained interest as potential corrosion
inhibitors for aerospace aluminium alloys due to their copper-com-
plexing characteristics [10,11]. Both corrosion inhibitors have

demonstrated their ability to inhibit the oxygen reduction reaction at
copper-rich cathodic intermetallic particles present in the alloys by the
formation of an insoluble complex or a polymeric film via a physi-
sorption or chemisorption mechanism providing a physical-chemical
barrier for corrosive species [12-14]. These inhibitors are considered
copper inhibitors but for aluminium alloys, BTA or 2-MBT have been
reported as pure cathodic inhibitors covering the copper-rich inter-
metallic particles [12] or mixed inhibitors providing both anodic and
cathodic inhibition covering the aluminium matrix as well [13,15].
Furthermore, Harvey et al. demonstrated that both BTA and 2-MBT are
able to inhibit corrosion of AA2024-T3 and AA7075-T6 aluminium al-
loys with inhibitor efficiencies higher than 90% [16]. Based on these
inhibitive properties, BTA and 2-MBT have received significant interest
of the scientific community and their active corrosion inhibiting ac-
tivity has been studied widely, in solution on AA2024-T3 [13,17] or an
Al/Cu galvanic-coupling model system [18,19], in coatings [20-22]
and various “smart coating” approaches using nano-containers [23-28],
and poly-urea micro-capsules [29].

Since a few years, lithium-salts gained interest as a potential alter-
native for chromates as leaching corrosion inhibitor in organic coatings
and demonstrated active protective properties on AA2024-T3 [30].
Lithium-salts demonstrated their viability as leachable corrosion in-
hibitor when incorporated in an industrial coating matrix in a direct
comparison with a chromate inhibitor loaded coating system under
industrial testing conditions [31]. It was demonstrated that lithium-
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salts are able to leach from an organic coating matrix and create al-
kaline conditions that promote the formation of a protective layer on
the alloy in a coating defect and consequently inhibit corrosion effec-
tively [32]. This layer is generated by a multistep conversion process of
oxide thinning, anodic dissolution and a competitive growth and dis-
solution process resulting in an aluminium oxide/hydroxide layer with
a three-layered morphology of dense, porous and columnar regions
[33]. The corrosion protective properties of this layer can be attributed
to the dense region at the aluminium/oxide interface [34].

While the aforementioned organic inhibitors as well as the Li-based
inhibitor technology have been reported to provide significant corro-
sion protection to AA2024-T3, another pivotal criterion for effective
active corrosion protection of these inhibitor types has not been studied
in detail: the irreversibility of inhibition. Irreversibility of corrosion
inhibitors can be defined as, the ability of a corrosion inhibitor to
passivate the metal surface and once passivated, it retains its protective
properties when the concentration of the corrosion inhibitor decreases.
The irreversibility of the protective properties of a corrosion inhibitor
are essential for long-term corrosion protection. Despite excellent cor-
rosion inhibiting results with BTA at initial stage, Recloux et al. [13,15]
reported that the inhibitor film stability of BTA seems to be dependent
on the presence of inhibitor and Zheludkevich et al. [13] observed
degradation of the BTA protective layer after 50 h exposure to the in-
hibitor solutions. These observations make it worthwhile to investigate
the active protective properties and irreversibility of these well-known
organic corrosion inhibitors in comparison to the new lithium carbo-
nate (Li,CO3) inhibitor.

In this comparative study the active protective properties of Li,CO3
and the organic inhibitors BTA and 2-MBT on AA2024-T3 were in-
vestigated. The intrinsic corrosion protective properties of the in-
hibitors on AA2024-T3 were investigated using electrochemical im-
pedance spectroscopy (EIS) and potentiodynamic polarization
measurements. Furthermore, the corrosion inhibitors were
corporated in an organic model coating to evaluate their active corro-
sion protective properties by the measurement of inhibitor leaching
from the coating matrix. The corrosion protective properties in a defect
area of an artificially damaged coating were assessed by optical mi-
croscopy and with EIS after exposure to the neutral salt spray test.
Complementary EIS, surface roughness and weight loss measurements
were performed to study the reversibility and the inhibitor efficiency of
the corrosion inhibitors. This combination of experimental approaches
provided an enhanced insight into the mechanisms and robustness of
the active corrosion inhibition provided by these corrosion inhibitors.

in-

2. Experimental

2.1. Corrosion inhibition and inhibitor reversibility in an electrochemical
cell

2.1.1. Materials and sample preparation

Aluminium alloy panels AA2024-T3 bare (5.0 X 7.0 cm, 0.8 mm
thickness) were obtained from Arconic. Before the experiment, the
panels were degreased with acetone to remove surface contaminations
and abraded with Scotch-Brite™ 7447 PRO pads, rinsed with deionized
water, and dried with compressed air.

The corrosion inhibitors were obtained from Sigma-Aldrich: ben-
zotriazole (99%) (BTA), 2-mercaptobenzothiazole (2-MBT) (97%) and
lithium carbonate (Li,CO3) (99.997%). The inhibitor solutions were
prepared in an aqueous 0.05M NacCl solution with the following con-
centrations: no inhibitor, 5mM BTA, 5mM Li,CO3 and 1 mM 2-MBT.
Throughout the manuscript these solutions will be referred to as blank
solution, BTA solution, Li,COs solution and 2-MBT solution, respec-
tively. Preliminary experiments demonstrated that 5mM was the
minimum concentration needed to obtain reproducible corrosion in-
hibition with Li,CO3 and BTA. Due to the low solubility of this inhibitor
in water, the concentration of the 2-MBT solution was limited to 1 mM.
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The solubility of the inhibitors is as follows: 2-MBT, 0.1 mM/100 ml
[35], BTA 1.7 mM/100 ml [36] and Li,CO3. 17.5 mM/100 ml [37])

2.1.2. Electrochemical assessment of corrosion inhibition and inhibitor
reversibility

2.1.2.1. Electrochemical impedance spectroscopy. The aluminium panels
were installed in an electrochemical cell and exposed to solutions with
and without corrosion inhibitor for 24 h. After this period, EIS spectra
were recorded at the open circuit potential (OCP) using a Gamry
Interface 1000 computer-controlled potentiostat. A three-electrode set-
up was used, consisting of the aluminium sample as the working
electrode (surface area 3.14 cm?), platinum gauze counter electrode
and a saturated calomel electrode (SCE) as reference electrode in a
Faraday cage. The EIS measurements were performed over a frequency
range from 10~ 2 Hz to 3-10* Hz, applying a 10 mV sinusoidal amplitude
and performing 10 measurements per frequency decade. All
measurements were performed at least in triplicate.

2.1.2.2. Potentiodynamic polarizations. Potentiodynamic polarizations
were performed after 24 h exposure to the 0.05M NaCl solutions with
and without corrosion inhibitor. The samples, with a surface area of
3.14 cm?, were polarized using a sweep rate of 1 mV/s and a sweep
range of —200 to +200 mV versus the OCP. The anodic and cathodic
polarizations were performed on separate samples starting from the
OCP. The measurements were performed at least in triplicate for each
anodic and cathodic polarization to ensure reproducibility.

2.1.2.3. Reversibility. The reversibility of the corrosion inhibitors was
assessed with EIS. After the initial EIS measurement after 24 h exposure
to 60ml inhibitor solution, the inhibitor solution was removed, the
electrochemical cell was 2 times gently rinsed with a 0.05M NaCl
solution to remove excess of corrosion inhibitor, and finally refilled
with 60ml 0.05M NaCl solution. The EIS spectra were recorded as
described above, directly and 24 h and 5 days after the removal of the
corrosion inhibitor. For data analysis the impedance spectra were fitted
with Zview from Scribner Associates Inc. using the appropriate
equivalent circuits.

2.2. Active protective properties of inhibitor loaded coatings

2.2.1. Preparation of the organic model coatings

The corrosion inhibitors were incorporated into polyurethane model
coatings to investigate the active protective properties. The formula-
tions of the coatings are summarized in Table 1. The coatings were
formulated to a total pigment volume concentration (PVC) of 30 vol%,
this includes 5 vol% of corrosion inhibitor for the coatings loaded with
2-mercaptobenzothiazole (2-MBT-loaded), benzotriazole (BTA-loaded),
and lithium carbonate (Li,COs-loaded). The coating without corrosion
inhibitor (Non-inhibited reference) contains 5 vol% of the inert barium
sulphate instead of corrosion inhibitor.

Table 1
Composition of organic model coating.

No inhibitor 2-MBT BTA Li,CO3
Component A
N-Butylacetate 85.0¢g 85.0¢g 85.0¢g 85.0¢g
Desmophen 650MPA 47.7 g 47.7 g 47.7 g 47.7 g
2-MBT 72¢g
BTA 68¢g
Lithium carbonate 10.5¢g
Magnesium oxide 16.4 g 16.4 g 16.4 g 16.4 g
Tioxide TR 92 52¢g 52¢g 52¢g 52¢g
Blanc Fixe N (Ba(SO4)) 66.0 g 435¢g 435¢g 435¢g
Component B
Tolonate HDB 75 MX 285¢g 285¢g 285¢g 285¢g
Dynasilan Glymo 52¢g 52¢g 52¢g 52¢g
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2.2.2. Sample preparation

The coatings were prepared by mixing the raw materials as follows:
component A was prepared by adding the ingredients under stirring in a
370ml glass jar. After the addition of 400g Zirconox pearls
(1.7-2.4 mm), the pigments were dispersed to a fineness of grind less
than 25 pym by shaking on a Skandex™ paint shaker. After 20 min
shaking, the pearls were separated from the coating. Component B was
mixed separately and added to Component A just before application.

AA2024-T3 aluminium panels were anodized using tartaric sul-
phuric acid accordion to aerospace requirements (AIPI 02-01-003) re-
sulting in an anodic film of 3-3.5 um. The coating formulations were
applied on these panels with a high volume low pressure (HVLP) spray
gun. After the application at 23 °C and 55% RH, a 1 h flash-off period
was applied followed by a force cure cycle of 1 h at 80 °C. The dry film
thickness of the coatings after drying was 20-25 pum.

2.2.3. Inhibitor leaching

The leaching of the corrosion inhibitors from the organic coating
matrix was investigated by immersing the coated samples with a sur-
face area of 28 cm? in 50 ml deionized water. Prior to the immersion,
the coatings were damaged with 20 parallel cuts with a length of 5cm
until the substrate using a razor blade achieving a total scribe length of
1m to ensure sufficient leaching from the cut edges of the coating.
Samples were taken every 10 min up to 1 h; further measurements were
taken after 1.5h, 2h, 3h, 4h, and 6 h. The solutions of the exposed 2-
MBT-loaded and BTA-loaded coatings were analysed with UV-vis
spectroscopy (Agilent Cary 60 UV-vis spectrophotometer and the so-
lutions obtained from the exposed Li,CO3-loaded coating were analysed
with inductively coupled plasma atomic emission spectroscopy (Arcos
NT ICP-AES). The samples for ICP-AES were acidified with nitric acid to
a concentration of 0.1 M and measured using scandium as an internal
standard.

2.2.4. Corrosion protection in the defect area

An artificial damage was made in the samples to investigate the
active protective properties of these inhibitor-loaded coatings. The ar-
tificial defect, with a surface area of 0.48 cm?, was prepared by me-
chanical milling resulting in two intersecting scribes with a length of
2 cm, width of 1 mm and depth of 100-150 pm. After scribing, the
coated samples were exposed to the neutral salt spray test (NSS) ac-
cording to ASTM-B117 for 7 days. After exposure, the defect area was
evaluated by optical microscopy and the corrosion inhibitive properties
were evaluated by EIS using the same equipment and settings as de-
scribed above using a 0.05M NacCl solution. In this case, the working
electrode exposed to the electrolyte was the coating with the defect
area. The total surface area of the electrochemical cell was of 12.5 cm?®
and the effective electrode (i.e. the coating defect) area was 0.48 cm?.
The impedance measurements were recorded after 5h of exposure to
the 0.05M NaCl solution.

2.3. Inhibitor reversibility and inhibition efficiency

AA2024-T3 samples were mechanically ground with successive
grades of SiC sanding paper up to 1200 grid using water as lubricant
and then polished with 1 um diamond paste. After polishing, the sam-
ples were cut into 1 cm? panels, ultrasonically cleaned in ethanol, dried
at 40 °C and weighed with an analytical balance. The panels were im-
mersed in 50ml of 0.05M NaCl solution with or without corrosion
inhibitor (1 mM MBT, 5mM BTA, 5 mM Li,CO3). One set of panels was
exposed for 14 d to the corrosion inhibitor loaded solutions and another
set of panels was exposed to the inhibitor solution for 24 h, followed by
immersion in a 0.05 M NacCl solution without inhibitor (blank solution)
for 13 d. Nitric acid is an effective desmutting agent and deoxidizer for
aluminium and is a effective replacement for the toxic chromic acid
desmutting method to dissolve the corrosion products from the alumi-
nium panels [16,38]. After exposure to the solutions, all the panels
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(including the unexposed sample) were cleaned by immersion ina 1M
nitric acid solution for 2 h. After the cleaning procedure the panels were
dried and weighed to determine the weight loss due to corrosion. The
panels were visually examined with an optical microscope and the
surface roughness of the sample (Sa (arithmetical mean height)) was
measured with a Bruker K1 white light interferometer using a 20 X
objective. Sa expresses the surface roughness of an area, as an absolute
value, the difference in height of each point compared to the ar-
ithmetical mean of the surface. This parameter is used to evaluate the
roughness of surfaces [39,40]. For each sample a 4 X 4 mm area was
measured and Vision for Profilers (version 4.2) software was used to
analyse the data. All measurements were executed in duplicate. The
inhibitor efficiency (IE) was determined from the weight loss mea-
surements. First the corrosion rate (w) was calculated using Eq. (1)
[41]:

_ Mpefore— Mafter

- At @

Where my,f,r. is the mass of the sample before exposure (mg) and mgg.,
is the mass of the same coupon after the exposure. A is the area of the
sample (mm?) and t is the exposure time (h). With the corrosion rate
value, IE was calculated using Eq. (2) [41]:

Wo— W;
—o— Zinh X 100%

w, (2)
In this equation, wy is the corrosion rate of the sample without corro-
sion inhibitor and w;,;, is the corrosion rate of the sample in the pre-
sence of corrosion inhibitor in solution.

IE =

3. Results and discussion
3.1. Corrosion inhibition in an electrochemical cell

3.1.1. Potentiodynamic polarization measurements

Potentiodynamic polarization measurements were performed to
investigate the corrosion inhibiting effect of the corrosion inhibitors on
the anodic and cathodic electrode reactions. Fig. 1 shows the polar-
ization curves after 24h exposure of the AA2024-T3 samples to the
inhibitor solutions. The sample without inhibitor shows immediate
pitting when polarized anodically vs. the OCP and a diffusion limited
cathodic polarization curve below —0.58Vgcg. The polarization curves
of the samples that were exposed to the inhibitor solutions for 24 h,
clearly demonstrate the inhibitive nature of the corrosion inhibitors.
The corrosion potential of the aluminium samples that were exposed to
the BTA and 2-MBT solutions shifted to less noble potentials and the
cathodic currents were suppressed by about an order of magnitude. In
addition to this, the anodic currents of these samples were reduced and
the pitting potential shifted to more noble values of around —0.51Vgcg.
The corrosion potential (E.,) of the sample exposed to the Li,CO;
solution remained at —0.54Vscg and both the anodic and cathodic
currents were suppressed. Table 2 summarizes the electrochemical
parameters derived from the potentiodynamic polarization measure-
ments displayed in Fig. 1. The corrosion current (i.,.) was approxi-
mated from the polarization resistance (Rpo) using the Stern-Geary
equation. Ry, was obtained from the linear slope of the linear re-
gion = 20 mV vs. E¢or [42,43].

From the results in Table 2, it can be noted that i..,, for the samples
that were exposed to the inhibitor-loaded solutions was reduced by an
order of magnitude as compared to that of the sample that was exposed
to the blank solution. The 2-MBT solution provided the best corrosion
protective properties on the AA2024-T3 samples with an i., of
3.961078 A/cm? and a Ry, 472 kQ-cm? followed by the sample that
was exposed to the BTA solution with an icor of 7.9110" 8 A/cm? and a
Rpol 215 k€2 cm?. The ico,r of the sample exposed to the Li,CO3 solution
was 3.0810~7 A/cm? and the Rpol 67 kQ cm?.

The cathodic branches of the potentiodynamic polarization curves
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Fig. 1. Potentiodynamic polarization curves for AA2024-T3 aluminium alloy in 0.05M NaCl with and without corrosion inhibitor.
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Table 2

Electrochemical parameters obtained from the potentiodynamic polarization
curves displayed in Fig. 1.

Ecorr icorr Rpol Passive range
(Vscr) (A/em?) (kQ.cm?) Epic-Ecorr(V)
Blank solution —0.54 3.38 x107° 3 0
1mM 2-MBT —-0.70 3.96 x 1078 427 0.18
5mM BTA —0.59 7.91 x 1078 215 0.07
5mM Li,CO3 —0.54 3.08 x 1077 67 0.05

show the diffusion limited reduction of the dissolved oxygen. The
anodic branches show the passive ranges of the samples after 24 h ex-
posure to the corrosion inhibitor solutions. The anodic polarization
curves show a shift of the pitting potential (Ep;;) to more noble values of
all samples exposed to an inhibitor solution. The sample exposed to the
2-MBT solution showed the largest anodic passive range of 180 mV
compared to 70 mV for the sample in the BTA solution. The sample
exposed to the Li,CO3 solutions showed a relative small anodic passive
range of 50 mV, followed by a slight increase of the anodic current
density upon further anodic polarization. This indicates some limited
anodic activity or pitting corrosion around 50 mV. However, the system
did not progress to full pitting corrosion over the anodic polarization
range of 200 mV. The anodic current density remained below 107>
Acm™2, two orders of magnitude lower than for the exposure to the
organic corrosion inhibitor solutions at these potentials. This behaviour
indicates that generated layer is covering the macroscopic surface area
and is limiting the corrosion reactions and the breakdown potential of
this layer exceeds the range of this anodic potentiodynamic polarization
measurement. In general, exposure of AA2024-T3 to the tested inhibitor
solutions provides improved corrosion protective properties resulting in
increased Ry, reduced icor, shifts in Ec,r and the presence of passive
ranges shifting Ep;; to more noble potentials. These results imply that
Li»CO3 and both organic corrosion inhibitors BTA and 2-MBT behave as
mixed inhibitors providing anodic and cathodic inhibition as observed
in earlier studies [13,15]. Based on the electrochemical parameters
from these potentiodynamic polarizations (Rpol, icorr, Ecorr and the
passive ranges) it can be concluded that the 2-MBT solution provides

275

the most effective corrosion inhibition on AA2024-T3 followed by the
BTA and Li,COj3 solutions.

3.1.2. Electrochemical impedance measurements

Further comparative analysis of the corrosion protective properties
of the inhibitor solutions was performed with EIS. Fig. 2 shows the Bode
plots after the exposure of AA2024-T3 to the 0.05M NaCl solutions
with and without corrosion inhibitor. The impedance modulus plot
(Fig. 2a) shows that AA2024-T3 has the lowest impedance modulus
value after 24 h exposure to the blank solution. The impedance modulus
values increased when the alloy was exposed to the Li,CO3 solution.
Exposure to the 2-MBT and BTA solutions resulted in an increase by
more than an order of magnitude compared to the sample without in-
hibitor. This underlines the excellent intrinsic inhibitive properties of
these organic corrosion inhibitors. The accompanying Bode phase angle
plots are displayed in Fig. 2b. The phase angle plot of the sample ex-
posed to the blank solution shows two time-constants, one for the oxide
layer (middle frequency range 10'-10® Hz) and the second for the
electrochemical activity at the aluminium surface (low frequency range
10”210 Hz). The phase angle plots of the samples exposed to the BTA
and 2-MBT solutions show a typical impedance spectrum of a metal in
an organic inhibitor electrolyte showing three time-constants. A time-
constant in the low frequency range for the electrochemical processes at
the aluminium substrate and two higher frequency range time-con-
stants related to the oxide (10~ '-102 Hz) and organic inhibitor layer
(10-10° Hz) on the substrate [13]. The phase angle plot of the sample
that was exposed to the Li,CO5 solution shows also three time-constants
that can be attributed to a generated corrosion protective layer on the
alloy sample. One time-constant relates to the electrochemical pro-
cesses in the low frequency range and two overlapping time-constants
extending over the middle frequency range (10~ '-10° Hz) relate to a
dense and porous oxide layer [34].

The results of these measurements have been fitted to compare
corrosion protective properties of these inhibitor solutions on AA2024-
T3. The fittings were performed with the equivalent circuits as shown in
Fig. 3 derived from previous studies [13,34]. EC1 is a two time-constant
equivalent circuit model to describe a sample that is exposed to the
solution without corrosion inhibitor [13]. In this model, Ry, is the
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Fig. 2. Electrochemical impedance spectra of AA2024-T3 aluminium alloy after 24 h exposure to the 0.05 M NaCl solution with and without corrosion inhibitor. (a)

impedance modulus and (b) phase angle.

solution resistance, and the first time-constant represents the resistance
of the native aluminium oxide (Royiqe) and its capacitance properties
(CPEoxige)- The second time-constant describes the electrochemical
processes (corrosion) at the aluminium substrate in terms of the po-
larization resistance (Rp,) and the double layer capacitance (CPEg).
Both, the organic inhibitors and Li,CO3 are represented by different
equivalent circuits because their physical model of the corrosion pro-
tective layer is different [34]. EC2 describes the system when AA2024-
T3 was exposed to the organic corrosion inhibitor solution (MBT or
BTA) [13]. This EC features an additional time-constant describing the
contribution of the resistance (Rj,,) and capacitance (CPE;,,) of the
corrosion-inhibiting layer that covers the copper-rich intermetallics
[13].

Equivalent circuit EC3 is representative for the corrosion inhibiting
layer covering the aluminium surface generated by exposing the alu-
minium alloy to a Li;COj3 solution [34]. In this system, the additional
time-constant describes the contributions of the porous layer (Rporous
and CPEor0ys) On top of the dense oxide layer [34]. The fitted curves
are displayed as solid lines in the Bode plots of Fig. 2. The quantitative
data derived from these fittings are listed in Table 3. The constant phase
elements (CPE) are used in these equivalent circuits to describe the
elements with a non-ideal capacitive behaviour using parameter Q and
n [44].

Although the inhibitors are described in different equivalent cir-
cuits, it is possible to compare the corrosion protective properties of
these systems based on the oxide resistance (Ryyxiqe) and polarization

resistance (Rpo) values. In addition, the inhibitive layer resistance
(Rinn) can be used to compare the properties of the corrosion inhibitive
layer of both organic inhibitors. Table 3 reveals an additional stabi-
lizing effect on the oxide layer by 2-MBT and BTA in addition to their
corrosion inhibitive action as a result of the coverage of copper-rich
intermetallic particles (R;,). Compared to the sample that was exposed
to the blank solution, Royiqe for the samples exposed to the 2-MBT and
BTA solutions increased by a factor 15 to 19. This implies that 2-MBT
and BTA have a stabilizing effect on the aluminium oxide as well, due to
the adsorption of the inhibitor on the aluminium surface. This confirms
the mixed anodic/cathodic inhibiting properties of these organic cor-
rosion inhibitors observed with the potentiodynamic polarization
measurements. Rgyiqe Of the sample exposed to the Li,CO3 solution in-
creased with a factor 4, which is significantly lower compared to the
samples exposed to the BTA and 2-MBT solutions. A similar trend can
be observed for Ry, of these samples, with estimated values of
2.16 MQ-cm?, 0.46 MQ-cm? and 0.12 MQ cm? for respectively the 2-
MBT, BTA and Li,COj3 solutions. These EIS measurements and fittings
show that the 2-MBT solution provides the best corrosion inhibitive
properties on AA2024-T3 followed by the BTA and Li>CO3 solutions and
confirm the findings and trends observed from the potentiodynamic
polarization measurements.

3.2. Active protective properties in a coating

Inhibitor loaded coatings were formulated and their active
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Fig. 3. Equivalent electric circuits used to fit the EIS spectra: (a) EC1 without
inhibitor; (b) EC2 with organic inhibitor; (¢) EC3 with Li;CO3.

protective properties were investigated in terms of leaching behaviour
and the evaluation of the corrosion protective properties in an artificial
defect after exposure to an accelerated corrosion test.

3.2.1. Leaching of the corrosion inhibitors from the organic coating
The leaching behaviour of the corrosion inhibitors from the organic
model coatings is shown in Fig. 4. It shows the total released corrosion
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Fig. 4. Accumulated release of corrosion inhibitor from the organic coating
matrix, normalized per cm2 model coating with a thickness of 25 um over a 6 h
time-period.

inhibitor as percentage of the total loading in the organic coating ma-
trix during the first 6 h of immersion in deionized water at ambient
conditions (23 °C and 55% RH). All three corrosion inhibitors show
immediate leaching, but despite the equal loading in terms of volume
(5% PVC) the leach rates differ significantly. The Li,COs-loaded coating
showed the fastest response of all inhibitors, leaching 2.5% of the active
inhibitor in the first 30 min of exposure and 3.0% after 6 h. The 2-MBT-
loaded coating showed a significantly slower leaching response com-
pared to the Li;COs-loaded coating with 0.7% after 30 min and in-
creasing to 1.5% after 6 h followed by the BTA-loaded coating with the
slowest leaching response of 0.3 and 0.5% after 30 min and 6h re-
spectively.

Based on the solubility parameters, it is logical to observe such a fast
leaching for the Li,COs-loaded coating. However, the slow leach rate of
BTA from the organic coating suggests that BTA is less mobile in the
coating matrix compared to 2-MBT. All samples show a similar leaching
behaviour, an initial fast release related to the direct dissolution of the
inhibitor at the coating/solution interface, followed by a slower leach rate
after 1 h immersion. Inhibitor leaching is a complex process of dissolution
and diffusion through the coating matrix. A non-Fickian leaching beha-
viour is often observed and this is assumed to be related to the diffusion/
mass transport of the corrosion inhibitor from deeper in the coating matrix
via interconnected pathways to the coating defect [45,46]. The leach rate
is not only depending on the amount and solubility of the inhibitor, but it
is also related to the pigment distribution and connectivity (micro-
structure) of the coatings [47,48]. The leach rate of the inhibitor from the
coating and the irreversible reaction with the metal substrate are essential
elements for effective active corrosion protection [49]. With the knowl-
edge of the corrosion inhibiting and leaching properties of BTA, 2-MBT
and Li>COg, it can be assumed that these inhibitors can potentially provide
active protection in a coating defect.

Table 3
Fitted parameters derived from the EIS measurements of AA2024-T3 in 0.05M NaCl solution with and without corrosion inhibitor after 24 h exposure.
EC1 blank solution EC2 1mM 5mM EC3 5mM
2-MBT BTA Li,CO3
R sl Qcm? 220 R sol Qcm’ 184 186 R sl Qcm? 157
Q(CPE inn) Ss"em ™2 2.80 x 107° 432 x107° Q(CPE porous) Ss"cm 2 1.38 x 1074
0 inn 0.9 0.88 N porous 0.45
R inh Qcm’ 23791 18415 R porous Qcm? 505
Q(CPE oyiae) Ss"cm 2 4,66 x 1075 Q(CPE oxidge) Ss"cm 2 3.09 x 107° 2.79 x 107° Q(CPE oyiae) Ss"cm 2 489 x 1075
0 oxide 0.9 N oxide 0.74 0.81 0 oxide 0.8
R oxide kQcem? 9 R oxide kQcm? 164 143 R oxide kQcem? 37
Q (CPE 4) Ss"em ™2 1.46 x 10™* Q (CPE g) Ss"em ™2 2.89 x 107° 2,91 x 107° Q (CPE 4) Ss"cm ™2 1.58 x 107°
ng 0.7 n g 0.76 0.82 ng 0.96
R pol kQcem? 23 R pot kQcm? 2162 462 R pol Qcm? 120
x 2 429 x 1072 x 2 5.81 x 107° 7.16 x 1074 x 2 1.18 x 1073
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Fig. 5. Optical images of coated and scribed AA2024-T3 panels without and with leachable corrosion inhibitor after 168 h neutral salt spray exposure (ASTM B-117)
(a) Non-inhibiting reference coating; (b) Li,CO3-loaded coating; (c) BTA-loaded coating, and (d) 2-MBT-loaded coating.

3.2.2. Visual evaluation of the active protective properties in a coating
defect

The coatings loaded with and without leachable corrosion inhibitor
were exposed to the neutral salt spray test (NSS) according to ASTM B-
117 to assess the active protective properties of a coating in an artificial
defect (scribe). Fig. 5 shows the appearance of the defect areas of the
coatings assessed with an optical microscope after 168 h exposure to the
NSS test. Despite the immediate leaching of corrosion inhibitor, as
demonstrated in the previous section, the defect area of the BTA and 2-
MBT loaded coatings do not show an improved corrosion protection
compared to the non-inhibiting reference coating. Both samples showed
darkening and white corrosion products in the defect area. In contrast
to this, the defect area of the Li,CO3-loaded coating is free of corrosion
products and retained a shiny appearance. This suggests that the li-
thium leaching coatings provided effective corrosion inhibition in the
defect area.

3.2.3. Electrochemical properties of the coating defect

EIS can be used to evaluate the corrosion protective properties in a
defect area as result of active protective activity of coatings [34]. Fig. 6
shows the EIS measurements of the defect areas acquired in a 0.05 M
NaCl electrolyte after 168 h NSS exposure. The impedance modulus plot
(Fig. 6a) reveals that the impedance of the Li,CO;3 loaded coating is
almost two to three times higher compared to the coatings loaded with
BTA and MBT and the coating without corrosion inhibitor. The ac-
companying Bode phase angle plot (Fig. 6b) of the Li,CO3; loaded
coating shows increased phase angle values and a broadened shape of
the time-constant around 10'-10® Hz which can be associated with a

protective layer in the defect area [34].

The phase angle diagrams of the coatings loaded with BTA and 2-
MBT are similar to the coating without a corrosion inhibitor. From
these impedance measurements it is evident that the defect area of the
coating sample loaded with Li;CO3; as leaching corrosion inhibitor
shows an improved corrosion resistance compared to the samples
without corrosion inhibitor or loaded with BTA or 2-MBT. These results
suggest that despite the intrinsic corrosion inhibiting properties of BTA
and 2-MBT and leaching characteristics from the organic coatings, both
BTA and 2-MBT loaded coatings did not provide sufficient active cor-
rosion protective properties to irreversibly passivate the aluminium
surface in the coating defect under these conditions.

3.3. Inhibitor reversibility and efficiency

In order to explain the findings of the work summarized above, the
reversibility and the inhibitor efficiency of these inhibitors were in-
vestigated using EIS, surface roughness and weight-loss measurements.

3.3.1. Electrochemical assessment of inhibitor reversibility

The reversibility of the corrosion inhibitors on AA2024-T3 was in-
vestigated by consecutive EIS measurements in the presence and after
removal of the corrosion inhibitor solutions (Fig. 7). The EIS spectra
were recorded with the inhibitor solution present and directly after
replacement of the inhibitor solution by a 0.05M NacCl solution (blank
solution) and two additional measurements, 24h and 5 d after re-
placement. Fig. 7a shows the EIS spectra for the AA2024-T3 exposed to
the blank solution at the same time intervals. Fig. 7b—-d show the EIS
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Fig. 6. Electrochemical impedance spectra of the defect areas of coatings loaded with and without leaching corrosion inhibitor on AA2024-T3 aluminium after 168 h
NSS exposure measured in a 0.05M NacCl solution: (a) impedance modulus (b) phase angle plot.

spectra of the samples before and after the replacement of the inhibitor
solution. When the Li,CO3 solution was replaced by the blank solution
(Fig. 7b), the impedance modulus decreased slightly over the entire
frequency range. In the low frequency area (10~ 2 Hz) the impedance
decreased from 65 kQcm? with the Li,COs5 solution present to 44
kQ-cm? directly after replacement by the blank solution. However, this
value increased again beyond the initial value to 93 kQ cm? after 5 d
exposure to the blank solution. The Bode phase angle plot showed an
initial decrease of the middle frequency time-constant (10'-10° Hz)
followed by the broadening and increasing phase angle values of this
time-constant, indicating further development of the oxide layer and its
corrosion protective properties after the replacement of the inhibitor
solution [49].

The BTA and 2-MBT solutions showed their characteristic effective
corrosion inhibition on AA2024-T3 after 24 h exposure (Fig. 7c and d).
However, the inhibitive nature of these inhibitors decreased sig-
nificantly after the replacement of the inhibitor solution by the blank
solution. The impedance modulus of the sample that was exposed to the
BTA solution decreased directly by an order of magnitude over the
entire frequency range after the replacement of the inhibitor solution by
the blank solution. The impedance modulus decreased from 320 kQ cm?
to 26 kQcm? at 102 Hz, after the replacement of the BTA solution
(Fig. 7c). When the 2-MBT solution was replaced by the blank solution,
the impedance dropped at first only in the low frequency range (10~ >
Hz) from 820 kQcm? to 400 kQcm? (Fig. 7d). However, longer ex-
posures (up to 5 d) to the blank solution resulted in a further decrease of

the impedance modulus to values equal to a sample that was exposed to
the blank solution for 5 days. For both organic inhibitors, BTA and 2-
MBT, this phenomenon is clearly visible in the Bode phase plot as well.
The characteristic broad phase angle plot, observed for the samples
exposed to the BTA or 2-MBT solution, disappears after the replacement
with a blank solution. Finally, the phase angle plots have a similar
appearance as the sample, which was exposed to the blank solution.

These EIS measurements were fitted with the equivalent circuits
(EC1, EC2 and EC3) from Fig. 3 in order to compare the corrosion in-
hibitive properties of the corrosion inhibitors before and after their
replacement with a blank solution. Fig. 8 shows the evaluation of the
oxide resistance (Roxiqe) and the oxide capacitance (Coxige) and the
polarization resistance (Rp,) and the double layer capacitance (Cqp) of
the AA2024-T3 samples as a function of exposure time to the inhibited
and non-inhibited solutions.

The equivalent capacitance (C) values used in these graphs were
calculated from CPE values (n and Q) and the resistance (R) of the
respective time-constant resulting from the fitting process using the
equation derived by Hirschorn et al. (Eq. (3)) [50].

1—
C= R( nn)-Q%

3

Fig. 8a shows the evolution of the oxide resistance (Ryxige) as a
function of exposure time. The graph shows that Roxige Was relatively
high for the samples exposed to the 2-MBT and BTA solutions with
respective Royiqe values of 110 and 72 kQ-cm?. However, replacement of
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Fig. 7. Electrochemical impedance spectra of the corrosion inhibitors measured before and after their replacement by a blank solution (0.05 M NaCl) on AA2024-T3.
Impedance modulus and phase angle plot (a) blank solution; (b) Li»CO3; (c) BTA, and (d) 2-MBT.

the inhibitor solution by the blank solution resulted in a decrease of
Roxide OVer time to values, around 5 kQ cm?, comparable to the sample
that was exposed to the blank solution. In contrast to the organic cor-
rosion inhibitors, the samples that were exposed to the Li,CO3 solution
exhibited an increase of the oxide resistance up to 90 kQ-cm? after the
removal of the corrosion inhibitor. The capacitance values of the oxide
layer (Coxide) are shown in Fig. 8b. The Coyiqge Of the alloy was very low
in the presence of the BTA and 2-MBT solutions, but Cyy;qge increased
directly after replacing the inhibitor solutions by the blank solution.
The Coyiqe Of the sample exposed to the Li,CO5 solution was the highest
but decreased over time. These observations are in line with the de-
creasing Roxiqe Of the samples that were exposed to BTA and 2-MBT and
the increasing Roxige Values for the sample exposed to the Li,COs3

280

solution. The rate of the corrosion process at the aluminium surface can
be characterized by the polarization resistance (Rp,) [13]. Fig. 8b
shows the development of Ry, before and after the removal of the in-
hibitor solutions. Ry, was relatively high for the samples when 2-MBT
and BTA were present in the solution, respectively 1.1 and 0.7 MQ-cm?.
However, the values for R;, decreased significantly to 350 and 24
kQ-cm? for 2-MBT and BTA respectively after the inhibitor solutions
were replaced by the blank solution. The rapid decrease of R of the
sample exposed to the BTA solution confirms the stronger intrinsic in-
hibitive nature of 2-MBT [13]. Ry of these samples decreased further
upon extended exposure to values 15 kQ cm?, which is comparable to
the sample, exposed to the blank solution after 24 and 5 d. The inset of
Fig. 8c shows the development of Ry, of the samples that were exposed
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Fig. 8. Evolution of (a) the oxide resistance (Roxide), (b) polarization resistance(Rpol), (c) oxide capacitance (Coxide), and (d) double layer capacitance (Cdl) of
aluminium alloys before and after removal of the corrosion inhibitor in 0.05M NaCl solution. The inset of (b) shows a zoomed version of the graph.

to the Li;CO3 solution. Ry, was not as high (95 kQ cm?) in the presence
of the Li,CO3 solution compared to the organic corrosion inhibitors, but
after replacement by the blank solution, R increased over time to 144
kQ ecm?, indicating improving corrosion resistance with exposure time.
The double layer capacitance (Cq;) displayed in Fig. 8d is related to the
active corrosion area and hence can be linked with the corrosion ac-
tivity of the samples [13]. After 24 h of exposure to the inhibitor so-
lutions, all samples showed low double layer capacitance (Cq) values
combined with high Ry, values confirming the corrosion protective
properties of these inhibitor solutions. After replacement of the in-
hibitor solutions by the blank solution, Cg4 increased slightly for all
samples. Whereas after extended exposure to the blank solution, the Cy
of the sample initially exposed to the Li,COj3 solution remained stable
around 200 uF cm ~ 2, the Cq; of samples initially exposed to the 2-MBT
and BTA solutions increased to respectively 1700 and 800 uF cm ™ 2. The
increase of capacitance values (Coxiqe and Cq;) combined with the si-
multaneous decrease of the resistance values (Roxide and Rpop) are in-
dicative for the degradation of the corrosion inhibitive properties for
the samples initially exposed to the 2-MBT and BTA solutions. In con-
trast to this, the sample that was exposed to the Li,CO3 solution re-
tained its corrosion protective properties after the removal of the
Li»CO3 solution and even showed a further evolution of the oxide layer
leading to higher Royide and Ry, values and lower Coyiqe and Cq; values,
thus improved corrosion protection. This increase implies that the
protective layer densified after the replacement of the Li,CO3; by the
blank solution. These results indicate that the corrosion inhibition
mechanism of 2-MBT and BTA could be reversible processes.

3.3.2. Surface roughness

AA2024-T3 is susceptible to local corrosion phenomena such as
pitting corrosion [4]. This results in increased surface roughness values
when the surface of the alloy is corroding. The corrosion can be ob-
served visually, but white light interferometer (WLI) profilometry
measurements can provide a quantitative link with the degree of cor-
rosion [51]. Fig. 9 shows the visual appearance of polished AA2024-T3
surfaces and the respective WLI surface maps before and after exposure
to a 0.05M NacCl solution with and without corrosion inhibitor. The
optical image and WLI surface map of a pristine polished surface of
AA2024-T3 before exposure are shown in Fig. 9a. However, the effects
of corrosion, severe pitting corrosion, can be observed when the sample
was exposed to the blank solution for 14 d (Fig. 9b). This was confirmed
with the WLI surface map after removal of the corrosion products. The
WLI surface map shows the variation in surface height in reference to
the mean plane over the area of the sample. The mean plane is re-
presented in green, lower areas are represented in blue shades and
higher areas are displayed in red shades. The black areas are areas
without information due to too deep pits or insufficient light reflection.
Fig. 9c shows the performance when the AA2024-T3 panels were ex-
posed for 14d to the inhibitor solutions. The optical images and WLI
maps show that the aluminium surface was almost not affected after the
exposure. Fig. 9d shows the samples that were exposed to the blank
solution after an initial exposure to the inhibitor solution. In contrast to
the samples with inhibitor solution, both samples initially exposed to
the BTA and 2-MBT solutions showed the effects of extensive pitting
corrosion. On the other hand, the sample that was exposed to the
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Li»CO3 solution showed optically no signs of pitting corrosion and the
WLI map showed only limited attack. Fig. 10 shows the quantitative
surface roughness (S,) results derived from the WLI measurements of
the samples discussed above. The unexposed polished sample has an
initial surface roughness around 80 nm, which increased due to corro-
sion to 670nm after the 14d exposure to the blank solution. This
roughness excluded the deep pits (black areas) that could not be mea-
sured. More important, Fig. 10 shows the large increase of surface
roughness of the samples after replacing the 2-MBT and BTA solutions
by the blank solution. The surface roughness increased to values from
155 nm with 2-MBT present in the solution to 540 nm after replacement
of the 2-MBT solution and 160 nm with BTA present in the solution to
570 nm after replacement of the BTA solution by the blank solution.
The difference of the Li,CO3 exposed samples is significantly smaller,
200 nm for the sample exposed with inhibitor compared to 260 nm for
the sample where Li,CO3; was replaced by the blank solution.

These optical observations and surface roughness measurements are
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in line with the EIS observations and confirm the loss of protective
properties of the AA2024-T samples when the BTA and 2-MBT solutions
are replaced by a blank solution resulting in severe pitting corrosion
and increase of surface roughness. In contrast to this, the sample ex-
posed to the Li,CO3 inhibitor solution remained protected.

3.3.3. Inhibitor efficiency

The inhibitor efficiency (IE) of the inhibitors on AA2024-T3 was
determined with and without replacement of the inhibitor solutions by
a blank solution. Fig. 11 shows the IE of the corrosion inhibitors on
AA2024-T3. Again, the excellent corrosion inhibitive nature of the BTA
and 2-MBT inhibitor solutions on AA2024-T3 was demonstrated with
an IE of 87% and 95% for BTA and 2-MBT, respectively. However, the
IE decreased to respectively 26% and 14% when the inhibitor solution
was replaced by a blank solution after 24 h. The IE of the sample in the
presence of the Li,CO3 solution was 76% and 61% after replacement of
the Li;COj3 solution by the blank solution. It has to be considered that
the corrosion protective mechanism of Li,CO3; on aluminium involves
dissolution of aluminium from the substrate due to anodic dissolution
to generate an aluminium oxide/hydroxide layer [33]. This layer will
be removed in the acidic cleaning procedure prior to the IE assessment.
This results in relative lower IE values compared to the organic in-
hibitors. However, the results of the study still clearly demonstrate that
the BTA and 2-MBT are only effective as corrosion inhibitors on
AA2024-T3 when present in the solution. Moreover, it can be concluded
that the IE of Li,CO3 is not as high as the organic inhibitors when the
inhibitors are present in the solution but Li,COj3 clearly outperforms the
organic corrosion inhibitors when the inhibitors are removed after 24 h
and the exposure to corrosive conditions are continued.

3.4. Mechanistic difference of the inhibitors

The results of this work demonstrate that there is a significant dif-
ference in the corrosion inhibition mechanism of organic corrosion
inhibitors such as BTA and 2-MBT compared to Li,COs3. The in-
vestigations demonstrate that the organic inhibitors were active in an
electrochemical cell but showed very little active corrosion protection
when incorporated as leachable corrosion inhibitor into a coating. The
difference of the corrosion inhibitive mechanism of BTA and 2-MBT
compared to Li;CO3 is schematically shown in Fig. 12. Organic in-
hibitors such as 2-MBT or BTA are very well known for their effective
inhibition of AA2024-T3 aluminium alloys due to their nature to
complex with the copper-rich intermetallic particles and predominantly
reduce the cathodic oxygen reduction reaction. However measurements
revealed that these inhibitors provide some anodic inhibition as well.
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This anodic inhibition can be attributed to the adsorption of the organic
inhibitors to the aluminium surface [15]. Although the electrochemical
and inhibitor efficiency experiments demonstrated that when the BTA
and 2-MBT solutions were replaced by a blank solution the exposed
AA2024-T3 showed rather low corrosion resistance. This suggests that
the adsorption of these organic inhibitors on the copper-rich inter-
metallic particles and aluminium alloy are not permanent and that the
physically adsorbed inhibitor molecules desorb when the inhibitor
concentration diminishes. This would suggest that BTA and 2-MBT are
intrinsically reversible corrosion inhibitors (Fig. 12a).

Over the years, BTA and 2-MBT have been used in a variety of
studies for (active) corrosion protection However, none of these ap-
proaches demonstrated to perform equally or better as chromates nor
have been authorized as a suitable alternative in the aerospace industry
[2,52]. Therefore, it can be postulated that these effective organic in-
hibitors do not meet the criteria for active corrosion protection from
coatings, being: soluble and provide fast, effective, and irreversible
inhibition alike chromates [3]. These results imply that organic corro-
sion inhibitors such as BTA and 2-MBT might not be suitable for all
applications of active protective coatings and may only be used in
confined spaces where the concentration of corrosion inhibitor can be
maintained at a sufficient high level.

Li»CO;3 is known for its property to passivate aluminium by the
formation of a protective layer on the aluminium substrate [53,54]. The
corrosion protective properties of the samples exposed to the Li,CO3
solution may be not as high as the organic inhibitors but the accelerated
exposure tests, electrochemical evaluations and inhibitor efficiency
experiments clearly demonstrated the corrosion inhibiting effect of
Li,CO3 on AA2024-T3. More important, the sample maintained its
protective properties after the concentration of Li,CO3; decreased and
demonstrating an irreversible nature of the protective layer that is
formed on the aluminium alloy (Fig. 10b). Considering the criteria for
corrosion inhibitors to be used in active protective coatings: soluble in
water combined with fast, effective and irreversible inhibition, it can be
concluded that Li,CO3; demonstrated all these properties. As such, this
investigation demonstrates that Li,CO3 exhibits a unique mode of active
corrosion protection that has not been demonstrated by any other en-
vironmentally friendly leaching corrosion inhibitor for the protection of
high strength aluminium alloys.

4. Conclusions

This work compared the active protective properties (solubility,
inhibition and reversibility) of Li,CO3 and the organic inhibitors, BTA
and 2-MBT on AA2024-T3. In an electrochemical cell, all corrosion
inhibitors demonstrated effective corrosion inhibition on AA2024-T3:
2-MBT > BTA > Li,COs.

When incorporated in an organic coating, all inhibitors were able to
leach from the coating. However, only the Li,CO3 loaded coating de-
monstrated effective corrosion protection in the artificial defect area
exposed to the NSS accelerated corrosion test. Electrochemical analysis
and inhibitor efficiency studies demonstrated that both organic corro-
sion inhibitors BTA and 2-MBT exhibit a reversible nature resulting in
severe corrosion of the aluminium alloy when the inhibitor con-
centration diminishes.

Li»,CO3; demonstrated that it is able to provide all characteristics of
what is expected of corrosion inhibitors for active protective coatings:
leaching, fast, effective and irreversible corrosion inhibition. The results
of this study provide more insight into the unique properties of the
active corrosion protective nature of the lithium-leaching coating
technology for the protection of aluminium alloys.
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