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This study presents the active protective properties of lithium‐leaching coatings for a

range of aluminium alloys. Coatings with and without lithium carbonate as leachable

inhibitor were applied on the aluminium alloys, artificially damaged and exposed to

the neutral salt spray. A combined approach of scanning electron microscopy and

electrochemical measurements revealed that the lithium carbonate leaching coating

provided effective corrosion inhibition on AA2024, AA7075, AA5083, and AA6014

by the formation of a protective layer in the defect area and preventing local corro-

sion processes despite the different intrinsic electrochemical activity of the alloys.
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1 | INTRODUCTION

The corrosion resistance of aluminium alloys depends on the hetero-

geneous microstructure from the alloying additions and heat treat-

ments. The nature, concentration, and distribution of second‐phase

intermetallic particles is a dominant factor controlling localized corro-

sion mechanisms and kinetics as the electrochemical characteristics

of the particles may differ from those of the surrounding matrix, which

can make the alloy susceptible to localized corrosion.1,2 Intermetallic

particles with a more noble potential relative to the alloy matrix can

facilitate cathodic reactions and initiate localized corrosion in the sur-

rounding alloy.3 On the other hand, intermetallic particles can have a

more anodic potential compared with the alloy matrix which can result

in anodic activity (including dealloying) of the intermetallic particle

when exposed to a corrosive environment.4

Prior to this work, lithium (Li) salts gained interest as corrosion

inhibitor for aluminium alloys after Gui and Devine demonstrated

the passivation of AA6061‐T6 in alkaline Li‐carbonate solutions.5

Based on this observation, Buchheit et al continued and formulated

an approach for a chemical conversion coating for aluminium alloys

based on alkaline Li‐carbonate solutions.6 It was found that the
- - - - - - - - - - - - - - - - - - - - - - - - - -
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corrosion inhibiting performance of these conversion layers depended

on the type of aluminium alloy. In general, the performance of the

layers followed the intrinsic corrosion resistance of the aluminium

alloys: AA1100 > AA6061‐T6 > AA7075‐T6 > AA2024‐T3.6

Recent studies have demonstrated that lithium‐leaching coatings

provide fast and effective corrosion protection on high strength

aluminium alloy AA2024‐T3 and are regarded as a promising environ-

mental friendly alternative for chromate‐based coatings for active

corrosion protection.7,8 It was demonstrated, when exposed to neutral

salt spray (NSS) conditions, Li‐salts were able to leach from the organic

coating‐matrix to form a corrosion protective layer on the exposed

aluminium alloy in an artificial coating defect.9,10 The formation of the

layer involves a multistep mechanism of oxide thinning, anodic dissolu-

tion, and a competitive growth‐dissolution process.11 Further character-

isation revealed that the protective layer comprises mainly aluminium,

oxygen, and lithium and features a three‐layered structure of a columnar

outer layer, a porous middle layer, and a dense layer near the aluminium

substrate.9 Electrochemical analysis demonstrated that the corrosion

protective properties could be attributed to the dense inner layer.12

All recent studies with lithium‐salts as a leachable corrosion inhibi-

tor were performed on AA2024‐T3, and no other substrates were
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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TABLE 3 Composition of organic model coatings

Supplier

Without

Inhibitor

Li‐
Carbonate

Component A

Methyl isobutyl ketone Brenntag 12.9 g 12.9 g

Epikote 828 Momentive 20.8 g 20.8 g

Lithium carbonate Sigma Aldrich ‐ 6.9 g

Magnesium oxide Sigma Aldrich 11.8 g 11.8 g

Tioxide TR 92 Huntsman 12.0 g 12.0 g

Blanc fixe N (Ba (SO4)) Sachtleben 28.0 g 13.0 g

Component B

Xylene Brenntag 6.0 g 6.0 g

Ancamine 2500 Evonik 14.5 g 14.5 g

Dynasilan Glymo Evonik 2.0 g 2.0 g
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evaluated as yet. This study presents the first investigation of the active

corrosion protective properties of lithium‐leaching coatings on other

alloys than AA2024‐T3 under NSS (ASTM B‐117) conditions. A set of

industrially relevant alloys with different local electrochemical activities

was selected. The relative order of corrosion susceptibility of

these alloys increases from AA6014‐T4 > AA5083‐H111 > AA2024‐

T3 > AA7075‐T6.13 Organic coatings with and without Li‐carbonate

as leachable inhibitor were applied on the aluminium alloys, and the

samples were damaged with an artificial scribe and exposed to the

NSS corrosion test (ASTM B‐117). After the exposure, the samples

were examined with an optical microscope, and a detailed investigation

of the defect area was performed using scanning electron microscopy

(SEM). Furthermore, the corrosion protective properties of the layers

in the defect area were investigated using electrochemical impedance

spectroscopy (EIS). The combination of these techniques provides a

new insight into the corrosion protective properties of lithium‐leaching

coatings for these intrinsically different aluminium alloys.
2 | EXPERIMENTAL

2.1 | Materials and sample preparation

Aluminium alloys were acquired from various sources (Table 1).

The composition of the alloys and their major alloying elements

(highlighted) are summarised in Table 2.14

Prior to the coating application, the panels were degreased with

acetone to remove surface contaminations and abraded with Scotch‐

Brite 7447 PRO pads and finally cleaned again with acetone.
2.2 | Preparation of the organic model coatings

Epoxy‐amine based model coatings were formulated, loaded with and

without Li‐carbonate as a leaching corrosion inhibitor. The formula-

tions of the epoxy coatings are summarised in Table 3. The coating
TABLE 1 Alloys used in this study and their intended application areas33

Alloy Temper Thickness

2024 T3 0.8 mm

5083 H111 1.0 mm

6014 T4 1.0 mm

7075 T6 0.8 mm

TABLE 2 Chemical composition of the aluminium alloys14

Alloy Si Fe Cu Mn Mg

2024‐T3 0.5 0.5 3.8–4.9 0.3‐0.9 1.2

7075‐T6 0.4 0.5 1.2‐2.0 0.3 2.1

5083‐H111 0.4 0.4 0.1 0.4‐1.0 4.0

6014‐T4 0.3‐0.6 0.35 0.25 0.05‐0.2 0.4
with Li‐carbonate as leaching corrosion inhibitor contains 8 vol % pig-

ment volume concentration (PVC) of Li‐carbonate. Both coatings (with

and without Li‐carbonate) were formulated to a total PVC of 30 vol %

using pigments and extenders.

The epoxy coatings were prepared according to the following pro-

cedure: the ingredients of Component A were added under stirring

into a 370‐ml glass jar. The pigments were dispersed to a fineness of

grind less than 25 μm by shaking, on a Skandex paint shaker, using

400‐grams Zirconox pearls (1.7‐2.4 mm) as a grinding medium. The

pearls were separated from the mixture after the dispersion phase.

Component B was prepared separately and added to Component A

prior to the application.

The coating formulations were spray applied on the abraded and

cleaned alloys using a high‐volume low‐pressure (HVLP) spray gun.

All samples were applied at ambient conditions at 23°C and 55%

RH. After a 1‐h flash‐off period, the samples were cured in an oven

(1 h at 80°C). The dry film thickness of the coatings was 28 ± 3 μm

for all samples.
Supplier Application Area

Arconic Aerospace

Thyssen‐Krupp Automotive/marine

Chemetall Automotive

Thyssen‐Krupp Aerospace/automotive

Cr Zn Ti Others Al

‐1.8 0.1 0.25 0.15 0.15 Rest

‐2.9 0.18‐0.28 5.1‐6.1 0.2 0.15 Rest

‐4.9 0.05‐0.25 0.25 0.15 0.15 Rest

‐0.8 0.2 0.1 0.1 0.15 Rest
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2.3 | Referencing of the samples

In this paper, the alloys that were coated with the Li‐carbonate loaded

coating will be referenced as AAXXXXW (eg, AA2024W), and the

samples that were coated with the coating without Li‐carbonate will

be referenced as AAXXXXWO (eg, AA7075WO).
2.4 | Active corrosion protection in the defect area

The coatings were artificially damaged in order to assess the active pro-

tective properties of the lithium‐leaching coating. On a sample panel of

7 × 7 cm, two intersecting scribes penetrating through the coating and

100 to 150 μm into the alloy with a width of 1 mm and a length of 2 cm

were prepared by mechanical milling resulting in a defect with a surface

area of 0.48 cm2. The damaged samples were exposed to the NSS test

according to ASTM‐B117 for 168 hours. After the exposure, the defect

areas were assessed for their appearance using optical microscopy. In

addition, further assessments of the defect areas were performed using

scanning electron microscopy and EIS.
2.5 | Scanning electron microscopy (SEM)

A JEOL JSM‐7100F field emission SEM was used to investigate the

defect areas. The surface morphology of the defect areas was exam-

ined in planar view with a lower electron detector (LED) at 5 kV and

a working distance of 10 mm. Cross sections of the defect areas were

prepared by polishing using a Hitachi IM4000 ion milling system at 6‐

kV Ar‐ion acceleration, applying a 3 times‐per‐minute sample rotation

speed and a swing angle of +/− 30°. These cross sections were exam-

ined using the backscatter electron detector (BED‐C) at 5 kV and a

working distance of 4 mm.
2.6 | Electrochemical assessment of the defect area

All electrochemical measurements were executed with a Gamry Interface

1000 computer‐controlled potentiostat using an electrochemical cell with

a three‐electrode setup in a Faraday cage. The three‐electrode setup

consisted of a saturated calomel electrode (SCE) as reference electrode,

the coating defect area as the working electrode, and a graphite counter

electrode. The electrochemical cell had a total surface area of 12.5 cm2,

and the effective electrode (ie, the coating defect) area was 0.48 cm2.

Potentiodynamic polarisations were performed in a 3.5% NaCl

solution to obtain comparative information related to the electrochemical

activity in terms of kinetics of anodic and cathodic reactions in the defect

areas of the different aluminium alloys. In order to assess the

electrochemical behaviour in the defect area of the different alloys under

potentiodynamic polarisation conditions, the aluminium panels were

masked with a polyester tape and mechanically milled as described above

for the coatings. The open circuit potential (OCP) was measured for

10 minutes prior to polarisation to establish an approximately stable

potential. It was found that 10 minutes was sufficient time for the OCP

to stabilise in the defect area to obtain reproducible potentiodynamic
polarisation measurements. The samples were polarised using a sweep

rate of 0.5 mV/s and a sweep range of −300 and +300 mV versus the

OCP. Separate samples were used for anodic and cathodic potentiody-

namic polarisations starting from theOCP. In order to assess reproducibil-

ity, all tests were performed in triplicate for each anodic and cathodic

polarisation. The polarisation curves were used to approximate the

corrosion current density (icorr) of the alloys from the linear slope of the

linear region ±20 mV vs. Ecorr using the Stern‐Geary equation.15,16

Electrochemical impedance spectroscopy (EIS) was applied to

assess the corrosion activity and inhibition in the defect area with a

surface area of 0.48 cm2 before and after exposure to the NSS test.

The EIS measurements were performed at the OCP in a 0.05 M NaCl

solution as electrolyte over a frequency range from 10−2 to 2·104 Hz,

applying a 10‐mV sinusoidal amplitude and recording 10 measure-

ments per frequency decade. The impedance spectra were fitted with

Zview from Scribner Associates Inc. using the appropriate equivalent

circuits (ECs) for further data analysis. The values resulting from the

fitting were scaled to a surface area of 1 cm2.
3 | RESULTS AND DISCUSSION

3.1 | Optical observations of the scribed defect areas
after NSS exposure

The defect areas of the coated alloys were examined with an optical

microscope after 168‐hour exposure to NSS. The optical images,

displayed in Figure 1, show the effects of the corrosive conditions in

the scribed areas after exposure to the NSS of the coated alloys with

and without Li‐carbonate as leaching inhibitor. The detrimental effects

of these corrosive conditions are observed on the samples coated with

the coating without an inhibitor. Especially the samples of AA2024WO

and AA7075WO (Figure 1A(wo) and 1B(wo)) show a darkened scribe with

a significant amount of voluminous corrosion products and extensive

corrosion creeping under the coating from the defect area. Apart from

some darkening of the scribed area, the other alloys, AA5083WO, and

AA6014WO (Figure 1C(wo) and 1D(wo)) do not show severe signs of cor-

rosion nor extensive corrosion underneath the coatings. The corrosion

inhibiting effect of the coatings loaded with Li‐carbonate as leachable

corrosion inhibitor on the different alloys can clearly be observed from

the corresponding images (Figure 1A(w)‐1D(w)). All alloys coated with

the lithium‐loaded coatings show almost pristine scribes without corro-

sion products and no corrosion creep under the coating.
3.2 | Detailed morphological observations in the
scribed defect area after NSS exposure

The defect areas were examined in more detail using SEM. Figure 2

shows top‐view SEM micrographs of the scribed area of the samples

discussed in the previous section. This figure shows the large amount

of corrosion products in the scribed areas of AA2024WO and

AA7075WO (Figure 2A wo and 2Bwo) after the NSS exposure when the

coating did not contain Li‐carbonate as leachable corrosion inhibitor.



FIGURE 1 Optical images of the coated and scribed panels of the different aluminium alloys after 168‐h neutral salt spray exposure (ASTM
B‐117): A, AA2024‐T3; B, AA7075‐T6; C, AA5083‐H111; and D, AA6014‐T4 (WO) coating without and (W) with Li‐carbonate

FIGURE 2 SEM micrographs of the top‐view appearance of the scribes of the samples after 168‐h neutral salt spray exposure (ASTM B‐117):
A, AA2024‐T3; B, AA7075‐T6; C, AA5083‐H111; and D, AA6014‐T4, (WO) coating without and (W) with Li‐carbonate

FIGURE 3 SEM micrographs of the top‐view morphology of the layer in the scribe after 168‐h neutral salt spray exposure (ASTM B‐117): A,
AA2024‐T3; B, AA7075‐T6; C, AA5083‐H111; and D, AA6014‐T4, (WO) coating without and (W) with Li‐carbonate

4 VISSER ET AL.
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The corresponding images of these alloys (Figure 2Aw and 2Bw) show the

corrosion inhibiting effect on these alloys of the Li‐carbonate loaded

coatings, clearly revealing scribes without any signs of corrosion in the

defect area. The micrographs of the other alloys (AA5083 and AA6014)

show no significant differences between the samples with and without

Li‐carbonate. It can be observed that all scribes are covered with a layer,

but no severe corrosion was observed at this magnification.

Figure 3 shows amore detailed overview of the surfacemorphologies

of a representative area of each of the scribes at higher magnification. It

shows a clear difference in the surface morphology of the layers in the

defect areas of the samples without Li‐carbonate (Figure 3Awo‐3Dwo)

compared with the samples with the Li‐carbonate loaded coating

(Figure 3Aw‐3Dw). Figure 3Awo and 3Bwo shows the voluminous corro-

sion products present in the scribes of AA2024WO and AA7075WO.

The scribe of AA5083WO did not show a lot of corrosion products with

the optical and initial SEM assessment of the scribed area, but the mag-

nified micrograph (Figure 3Cwo) shows a layer of dense corrosion

products. Figure 3Dwo reveals that the scribe of AA6014WO is covered

with a layer with the morphology of a hydrated aluminium oxide, which

can indicate that the substrate is affected by corrosion. In contrast

to these samples, all the scribes of the alloy samples coated with the

Li‐carbonate loaded coatings were covered by a layer with a polycrystal-

line morphology, featuring intersecting plate‐like crystals that is

commonly observed for layered double hydroxide compounds generated

on aluminium6,17,18 and is typical for the protective layer generated from

the lithium‐leaching coating technology.9,19 The size of the crystals varies

per alloy, but it is evident that the formation of these layers is a result

from the active protective nature of the lithium‐leaching coatings.

3.3 | Cross‐sectional analysis of the defect areas
after NSS exposure

Ion‐milled cross sections of the defect areas were prepared to study these

layers and the effects of the NSS exposure on the different alloys in more

detail using SEM. Figure 4 shows the cross‐sectional micrographs of the
FIGURE 4 Cross‐sectional scanning electron micrographs of the scribe
A, AA2024‐T3; B, AA7075‐T6; C, AA5083‐H111; and D, AA6014‐T4 (WO
defect areas of the alloys after 168‐hourNSS exposure. Figure 4Awo shows

the cross section of the corroded surface of the scribe of the AA2024WO

sample. The layer of corrosion products is about 6 μm thick and has been

formed due to the detrimental effects of the corrosive environment during

theNSS exposure. The alloy surface is severely attacked. In contrast to this,

a layer of 2‐μm thickness is formed on the AA2024W sample (Figure 4Aw).

The layer has the characteristic three‐layered morphology, featuring a

dense inner layer, a porous middle layer, and a columnar outer layer as

observed in previous work on AA2024‐T3, and no signs of (local) corrosion

phenomena were observed.9

The defect area of the AA7075WO sample (Figure 4bwo) shows

severe corrosion into the substrate besides a layer of voluminous cor-

rosion products, with a thickness of more than 10 μm. Similar to

AA2024W, a layer with the three‐layered morphology, with an

approximate thickness of 1.0 μm, was formed on the aluminium sub-

strate in the defect of the AA7075W sample (Figure 4Bw). The

cross‐sectional analysis of the defect area of the sample AA5083WO

(Figure 4Cwo) shows no significant amounts of corrosion products

after 168‐hour NSS exposure. A thin oxide layer is present on the alu-

minium surface in the defect, and the alloy seems to be locally

affected by corrosion of specific grains at the surface of the scribe,

possibly due to local anodic dissolution of magnesium. However, such

local corrosion attacks were not observed in the defect areas of the

AA5083W sample. Similar to AA2024W and AA7075W, a protective

layer with a typical three‐layered morphology with a total thickness

of 1.5 to 2 μm was formed in the defect area after the NSS exposure

(Figure 4Cw). A similar protective layer was formed in the defect area

of the sample of the AA6014W sample after 168‐h NSS exposure

(Figure 4Dw) Whereas optically, the defect of the AA6014WO sample

looked optically still free of corrosion, the cross‐sectional analysis

revealed (intergranular) corrosion of the substrate (Figure 4Dwo).

These observations show that a layer is formed in the defect areas

of all alloys when a Li‐leaching coating was used independent from

the alloy composition. Despite some slight differences in contrast

and thickness, in general, the layers feature the similar characteristic
s of the different alloys after 168‐h NSS exposure (ASTM B‐117):
) coating without and (W) with Li‐carbonate



TABLE 4 Electrochemical parameters obtained from the potentio-
dynamic polarisation curves of the different alloys displayed in
Figure 5

Ecorr icorr Passive Range
(VSCE) (μA/cm2) Epit‐Ecorr (V)
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morphology of a dense inner layer, a porous middle layer, and colum-

nar outer layer known for protective layers generated from Li‐leaching

coatings Furthermore, the results confirm that AA5083‐H111 and

AA6014‐T4 are less sensitive to corrosion compared with the 2XXX

and 7XXX series of alloys.20
2024‐T3 −0.638 ± 0.01 4.4 ± 1.7 0

7075‐T6 −0.859 ± 0.01 5.0 ± 0.2 0

5083‐H111 −0.927 ± 0.01 1.5 ± 0.1 0.2 ± 0.01

6014‐T4 −0.957 ± 0.02 1.4 ± 0.0 0.23 ± 0.02
3.4 | Corrosion protective properties the layers in
the defect areas of the different alloys

3.4.1 | Electrochemical activity of the defect areas
prior to exposure

Potentiodynamic polarisation measurements were performed on the

taped panels with a scribed defect area to determine the difference

of the electrochemical activity in the defect areas of the different

alloys. Figure 5 shows the potentiodynamic polarisation curves

recorded for each of the alloys. When polarised anodically, AA6014‐

T4 and AA5083‐H111 show a passive range and a distinct pitting

potential (Epit), whereas, the high strength aluminium alloys

(AA2024‐T3 and AA7075‐T6) show their typical active character.21,22

Furthermore, the alloys show different cathodic reaction kinetics. The

values of corrosion potential (Ecorr), pitting potential (Epit), and the cor-

rosion current density (icorr) were derived from the potentiodynamic

polarisation curves and summarised in Table 4.

The high‐strength aluminium alloys, AA2024‐T3 and AA7075‐T6,

have a more noble Ecorr compared with AA6014‐T4 and AA5083‐

H111. In addition, it can be observed that the cathodic branches of

these alloys have higher current density values indicating faster

cathodic reaction kinetics. The magnitude of this Ecorr shift and

increased cathodic reaction kinetics is related to the copper content

in the alloy.13 The low copper alloys (AA6014‐T4 and AA5083‐

H111) show a reproducible and similar Epit but differ slightly in Ecorr

and cathodic reaction kinetics (AA6014‐T4 < AA5083‐H111). For

AA7075‐T6 with a copper content of (1.2‐2 wt.%), the Ecorr shifts
FIGURE 5 Potentiodynamic polarisation curves of the damaged
areas of aluminium alloys in 3.5% NaCl solution
68 mV to the more noble potentials and higher cathodic reaction

kinetics. AA2024‐T3 shows an even larger shift to more noble poten-

tial (289 mV) due to the higher copper content (3.8‐4.9 wt. % Cu); also,

here an increase in the cathodic reaction kinetics is observed. All

together, this leads to significant higher corrosion current density

values compared with the low copper alloys. Considering these obser-

vations and the icorr values of 5.0 and 4.4 μA/cm2 for, respectively,

AA7075‐T6 and AA2024‐T3 compared with the icorr values of 1.5

and 1.4 μA/cm2 for AA5083‐H111 and AA6014‐T4, the defect areas

of the aluminium alloys can be ordered based on increasing electro-

chemical activity or corrosion sensitivity: AA6014‐T4 < AA5083 < <

AA2024‐T3 < AA7075‐T6.
3.4.2 | EIS measurements

EIS was used to measure the electrochemical characteristics of the

layers formed in the defects of the different alloys from the coatings

with and without Li‐carbonate. Figure 6 shows the recorded EIS

spectra of the coated alloys before and after the 168‐hour NSS

exposure. The figure shows the Bode plots of the impedance modu-

lus and the accompanying phase angle plots of the measurements for

each alloy. Each graph shows a measurement of an unexposed sam-

ple to demonstrate the initial stage of the defect area with the native

aluminium oxide and the measurements of the samples with and

without Li‐carbonate after 168‐hour NSS exposure. Figure 6A shows

the typical response of the impedance modulus (top) and phase angle

(bottom) of a AA2024‐T3 coated with and without Li‐carbonate as

leaching inhibitor.12 The impedance modulus (Figure 6Atop) of the

sample with the Li‐carbonate loaded coating increased in the middle

(101‐103 Hz) and low frequency (10−1‐10−2 Hz) ranges compared

with the samples without Li‐carbonate and the unexposed sample.

This increase of the impedance modulus can be attributed to the for-

mation of an oxide layer and the increased corrosion resistance of

such layers in the defect area.23,24 Figure 6Abottom shows the phase

angle diagrams of the respective AA2024‐T3 samples. The phase

angle plot of the unexposed sample shows two time‐constants, one

at 101 Hz associated with the native oxide layer and one time‐

constant around 2·10−2 Hz for the electrochemical activity at the alu-

minium substrate in the coating defect.25 Compared with the unex-

posed sample and the sample without Li‐carbonate, the phase angle

plot of the sample with the Li‐carbonate loaded coating showed a



FIGURE 6 Electrochemical impedance spectra of the coated aluminium alloys with a defect area in 0.05 M NaCl solution before and after 168‐h
NSS. A, AA2024; B, AA7075; C, AA5083; and D, AA6014 showing impedance modulus (top) and phase angle plots (bottom)
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broadening of the time‐constant related with formation of the oxide

layer and increases phase angle values at the lower frequency range

which indicates improved corrosion resistance. This behaviour is

characteristic for the Li‐leaching coating technology on AA2024‐

T3.12,19 A similar behaviour was observed for the samples with the

Li‐carbonate loaded coatings on the AA7075W (Figure 6B) and the

AA5083W (Figure 6C) after 168‐hour NSS exposure. Therefore, it

can be stated that the generated layers in the defects of these alloys

provide enhanced corrosion protective properties. The sample with

the Li‐carbonate loaded coating on AA6014 showed a slightly differ-

ent behaviour (Figure 6D). Whereas, the cross section revealed the

formation of a protective layer in the defect of the AA6014 alumin-

ium alloy, the impedance modulus in the middle frequency range

does not increase significantly for the AA6014W sample. However,

the low frequency impedance increased about 10 times for both

the samples AA6014WO and AA6014W compared with the
unexposed sample. While initially the differences in the Bode magni-

tude plot are relatively small, it is clear from the cross‐sectional anal-

ysis that the layer generated in the defect area of AA6014W

provided additional corrosion protection compared with the sample

AA6014WO.

3.4.3 | Electrochemical properties of the protective
layers

Three physical models (Figure 7) were defined with their respective EC

to fit the measurements and quantitatively describe the electrochem-

ical properties of the layers present in the defect areas after the NSS

exposure. The selection of the relevant ECs used for the fitting of

the different samples was based on the physical morphology observed

by the cross‐sectional analysis of the defect area. EC1 is a model with

two time‐constants used to describe the effect in a defect area of a



FIGURE 7 Equivalent electric circuits used to fit the EIS spectra: (EC1) unexposed defect areas and defect areas with few or no corrosion
products; (EC2) defect areas with voluminous porous corrosion products; (EC3) defect areas with protective layer generated from the Li‐
carbonate loaded coatings

8 VISSER ET AL.
damaged coating representing the aluminium substrate with a thin or

native oxide layer. In this EC, Rsol is the electrolyte resistance; Roxide

is the resistance of the (native) oxide layer, and the CPEoxide is the con-

stant phase element (CPE) describing the capacitance of the oxide

layer using parameters Qoxide and noxide. The electrochemical pro-

cesses at the aluminium substrate are described in the second time‐

constant, by Rpol and CPEdl, which represents the polarisation resis-

tance and the double layer capacitance. The CPEs are used in these

ECs to describe the frequency dependence of elements with a non-

ideal capacitive behaviour and because of the nonuniformity of the

generated layers in the defect.26,27 EC 2 describes the physical model

with an additional time‐constant to account for the voluminous

porous corrosion products (CPEporous and Rporous) in the defect, on

top of the oxide layer, and EC3 is the model that is used to describe

the three‐layered morphology of the protective layer that is generated

from the Li‐carbonate loaded coating.12 The three time‐constants of

EC3 are represented by the following: Rsol for the electrolyte resis-

tance, CPEporous and Rporous and describe the contribution of the

porous middle layer which is usually very minor, the dense inner layer

at the aluminium substrate is represented by Roxide and CPEoxide, and

the double layer capacitance and polarisation resistance at the

metal/oxide interface are described by CPEdl and Rpol. The fitted

curves are displayed as solid lines in the Bode plots of Figure 6. The

numerical values of the fittings from these spectra are listed in

Table 5.

In order to compare the electrochemical properties of the defect

areas, the equivalent capacitance of the oxide layer (Coxide) and double

layer (Cdl) in the different EC's was calculated using the respective

CPE parameters (Q and n) and the resistance corresponding to each

time‐constant of the measurements summarised in Table 5 using the

equation of to Hirschorn et al28:

C ¼ R
1−nð Þ
n Q

1
n: (1)

The results in Table 5 also show that there is a small contribution of

the porous regions of the layers in the defects after 168‐hour NSS

exposure. The values of Q (CPEporous) and Rporous mentioned in

Table 5 represent the contribution of two different porous materials.
In case of the coatings without lithium, this parameter represents

the contribution of the voluminous corrosion products (EC2), and

for the samples with lithium, it represents the contribution of the

porous region in the protective layer. (EC3) The n values of Q(CPE

porous) are around 0.5. This indicates that the contribution of the

porous element does not behave as an ideal capacitor. These low

n (CPE) values suggest a diffusion process or a porous electrode.29

It is known that the protective layer in the defect area is not uni-

form, and capacitive values may vary throughout the layer. The rel-

ative contribution of the porous element of the layer is small and

may seem insignificant compared with the parameters of the dense

oxide layer. However, the physiochemical model used for the elec-

trochemical analysis can be justified by the micrographs of the pro-

tective layers, and the contribution of the porous layer cannot be

ignored for the fitting of the EC.12

Figure 8 shows the trends of the resistance and capacitance values

of the oxide layer (Roxide and Coxide) and the metal/oxide interface (Rpol

and Cdl) in the defects of different coated alloys before and after

exposure to the NSS test. Figure 8A shows the corrosion inhibiting

effect of the protective layer generated in the defect area on

AA2024W after the NSS exposure. From the graph, it can be observed

that both the resistance values (Roxide and Rpol) of the sample

AA2024W are 8 to 10 times higher compared with the sample

AA2024WO or the unexposed sample. For the same sample, the

capacitance values dropped to 32 and 320 μF/cm 2 for, respectively,

Coxide and Cdl which is in good agreement with previous findings.12

These increased resistances and decreased capacitances are consis-

tent with the presence of a corrosion protective layer in the defect

area. Besides the optical and microscopy analysis, the EIS measure-

ments demonstrate the weak corrosion resistance in the defect area

of the sample AA2024WO. The Roxide and Rpol remained low around

7 kΩ.cm2, and the capacitance values increased to 180 and

1240 μF/cm2 indicating the occurrence of corrosion. A similar behav-

iour as the AA2024 alloy is observed for the AA7075 and AA5083

alloys in Figure 8B and C. Both alloys show the increased resistances

and strongly reduced capacitance values for the samples coated with

the Li‐carbonate loaded coating. These results clearly demonstrate

that the layer in the defect area generated from the Li‐carbonate
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FIGURE 8 Comparison of the

electrochemical parameters, oxide resistance
(Roxide), polarisation resistance (Rpol), oxide
capacitance (Coxide), and double layer
capacitance (cdl) in the defect areas of the
different alloys coated with coatings with and
with Li‐carbonate before and after NSS
exposure: A, AA2024; B, AA7075; C, AA5083;
and D, AA6014
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loaded coating provides effective corrosion inhibition on AA7075 and

AA5083 as well.

Aluminium alloy AA6014 (Figure 8D) exhibits a different behaviour

compared with the other alloys. The unexposed AA6014 sample

shows a low Roxide (10 kΩ.cm2) and Rpol (6 kΩ.cm2) and a high Cdl

(735 μF/cm2) which indicates susceptibility to corrosion. However,

the alloy shows significantly increased Roxide and Rpol values of,

respectively, 70 kΩ.cm2 and 440 Ω.cm2 for both samples AA6014WO

and AA6014W after the NSS exposure. The cross‐sectional analysis of

AA6014W showed the formation of a protective layer in the defect

area when the sample was exposed to NSS. The layer provides a Roxide

of 145 kΩ.cm2, which is double of the Roxide of the sample

AA6014WO. The polarisation resistance (Rpol) of the exposed samples

increased dramatically compared with the unexposed sample to values

of approximately 450 kΩ.cm2, and the double layer capacitance (Cdl)

of the samples dropped to 70 μF/cm2 which indicates improved
corrosion protection. These results imply that AA6014 has a kind

self‐passivating property after initial corrosion phenomena, and the

protective layer generated in the defect area of the AA6014W sample

provides additional corrosion protection without local corrosion phe-

nomena at the alloy surface.

3.5 | Active corrosion protection of different alloys
with Li‐leaching coatings

Fast and effective corrosion inhibition is an essential requirement for

active protective coatings. Especially, for the protection of aluminium

alloys that are carefully engineered to fulfil specific industrial require-

ments by alloying and tempering. The electrochemical properties or

corrosion susceptibility of an aluminium alloy are determined by the

type, concentration, and distribution of intermetallic or second phase

particles in the matrix and the temper. Addition of alloying metals such
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as copper, magnesium, silicon, and zinc to the aluminium influences

the mechanical properties of the aluminium alloy and also changes

the electrochemical behaviour of the alloys as well. For example, the

addition of copper and silicon shifts the corrosion potential of an alloy

to more noble corrosion potentials increasing cathodic reaction kinet-

ics.13 The alloys studied in this work were selected because of their

inherent different electrochemical activity. AA2024‐T3 (Al‐Cu‐(Mg))

and AA7075‐T6 (Al‐Zn‐Mg (Cu)) were selected as alloys with a high

corrosion susceptibility and AA5083‐H111(Al‐Mg‐(Mn)) and

AA6014‐T4 (Al‐Mg‐Si‐(Cu)) for their low corrosion susceptibility.30

The intrinsic corrosion susceptibility of these alloys was confirmed

by electrochemical means and the microscopy evaluation. There are

many corrosion tests available to evaluate the corrosion resistance

of aluminium alloys. Amongst them, continuous NSS, cyclic salt spray

acidified, or copper‐assisted salt spray methods using a wide range

of concentrations and electrolytes. The selection of the corrosion test

depends on the application and industry. In this work, the coated alu-

minium samples were exposed to continuous salt spray conditions

using the NSS accelerated corrosion test according to ASTM B‐117

to compare the active corrosion protection of the Li‐leaching coatings

on other alloys than AA2024‐T3 under equivalent test conditions. All

aluminium alloys coated with the coating without Li‐carbonate

showed local corrosion phenomena due to their microstructure and

second phase particles.4,13,31,32 As expected, both the high strength

aluminium alloys, AA2024‐T3 and AA7075‐T6, showed significantly

more corrosion in the defect area compared with the other alloys.

However, the “corrosion‐resistant” aluminium alloys AA6014‐T4 and

AA5083‐H111 were not free of localized corrosion either.

In contrast to this, the lithium‐leaching coatings were able to sup-

press these localized corrosion phenomena by the formation of a pro-

tective aluminium oxide/hydroxide layer as a result of the competitive

growth‐dissolution reaction at the aluminium/solution interface under

alkaline conditions (pH 9‐10).11 A similar protective layer was formed

on the aluminium substrate in the defect areas providing additional

corrosion protection for all aluminium alloys, independent of their dif-

ferent electrochemical activity. The layer thickness and morphology of

the protective layer were similar for all alloys, but the magnitude of

the resulting electrochemical properties are different. The corrosion

inhibiting effect of the lithium‐leaching coatings seems to be more

pronounced on the alloys with relatively large amounts of alloying

constituents and higher electrochemical activity (corrosion susceptibil-

ity), AA2024‐T3 (4%‐5% Cu), AA7075‐T6 (5%‐6% Zn and 1%‐2% Cu),

and AA5083‐H111 (4%‐5% Mg). The corrosion inhibiting effect on

AA6014 seems relatively small between the samples with Li‐

carbonate and no inhibitor after NSS exposure; this implies a certain

self‐passivating property of the AA6014‐T4 alloy when exposed to a

corrosive environment.

The work in this paper shows that all the studied aluminium alloys

can be affected by (local) corrosion phenomena when the coating is

damaged and the substrate is exposed to a corrosive environment

such as the NSS corrosion test. Therefore, it is essential that the active

corrosion protection mechanism provides a fast and effective protec-

tion by the formation of an irreversible layer on the exposed substrate
in the defect which will act as a new barrier to prevent further corro-

sion. It demonstrated that the active protective nature of the Li‐

carbonate leaching coatings is not limited to AA2024‐T3 and that it

is possible to effectively protect the defect areas from local corrosion

effects by the generation of a corrosion protective layer in the defect

areas of AA7075‐T6, AA5083‐H111, and AA6014‐T4 samples after

168‐hour NSS exposure by using a Li‐carbonate loaded coating for

active corrosion protection. Such an active protective behaviour inde-

pendent of the metallurgy of the aluminium alloy has not been demon-

strated by any other chromate‐free corrosion inhibitor. These results

demonstrate that Li‐salts can be considered as a promising and new

class of environmentally‐friendly corrosion inhibitors for the protec-

tion of a wide range of aluminium alloys even for applications outside

the aerospace industry.
4 | CONCLUSIONS

The active protective properties of the lithium‐leaching coatings on

different aluminium alloys were investigated using scanning electron

microscopy and electrochemical techniques. Li‐carbonate leaching

coatings provided effective corrosion inhibition on a range of alumin-

ium alloys independent of their metallurgy and electrochemical activ-

ity. The largest corrosion inhibiting effects were observed on high

strength aluminium alloys, AA2024‐T3, AA7075‐T6, which are known

for their active and corrosion susceptible behaviour. The lithium‐

leaching coatings also suppressed localized corrosion and provided

additional corrosion resistance on more corrosion resistant aluminium

alloys such as AA5083‐H111 and AA6014‐T4. Planar view and cross‐

sectional SEM‐analysis revealed that the characteristic three‐layered

protective layer was generated with a similar thickness and morphol-

ogy on all investigated alloys. Complementary EIS measurements dem-

onstrated the corrosion protective properties of the generated layer in

the defect area of the different alloys. Further analysis of the EIS data

enabled the quantification of electrochemical properties associated

with the protective layer on the different aluminium alloys.
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