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Abstract 

 

A comparison has been made of the influence of two alloy pre-treatments and two coating 

post-treatments on the formation, composition and corrosion protection of a trivalent 

chromium conversion coating on AA 2024-T351 alloy. The investigation employed 

analytical electron microscopies, ion beam analysis, X-ray photoelectron spectroscopy (XPS) 

and electrochemical tests. The pre-treatments used alkaline etching followed by de-oxidizing 

in either nitric acid or a commercial de-oxidizer. The conversion coatings were formed in 

SurTec 650 chromitAL and revealed two-layers, comprising an inner aluminium-rich layer 

and an outer chromium- and zirconium-rich layer, with a Cr:Zr atomic ratio in the range 

~0.73 – 0.93. XPS indicated a chromium-enriched near-surface region that contained ~2 at.% 

of Cr (VI) species. Potentiodynamic polarization and electrochemical impedance 

spectroscopy revealed an improved corrosion protection for a pre-treatment that left copper-

rich sponges, probably de-alloyed S phase, and fewer residues of other intermetallic particles 

on the alloy surface. Post-coating immersion treatments in deionized water at 20 °C or 40 °C 

resulted in a significant difference in the zirconium species in the region adjacent to the 

coating surface that is accessible to XPS, with oxide and hydroxide dominating at the 

respective temperatures. 

 

Keywords: Aluminium alloy; trivalent chromium conversion coating; corrosion protection; 

TEM; RBS; XPS 

 

1. Introduction 
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AA2024-T3 aluminium alloy is widely used in the aircraft industry owing to its high strength 

and damage tolerance. However, the alloy is susceptible to localized corrosion, particularly 

due to the presence of CuMgAl2 (S), Al2Cu (θ) and Al-Cu-Fe-Mn-Si intermetallic particles 

that provide preferred cathodic sites on the alloy surface [1-3]. Chromate conversion coatings 

are often applied to the alloy in order to confer corrosion protection [4]. However, the 

toxicity and health concerns relating to Cr(VI) species have stimulated the development of 

eco-friendly alternative treatments, including trivalent chromium conversion (TCC) coatings 

[5, 6]. 

 

The trivalent chromium bath generally contains zirconium fluorozirconate and trivalent 

chromium salts [7]. The coating forms by a pH-driven deposition of Zr- and Cr- species that 

follows surface activation by fluoride ions in the coating bath [6, 8 ,9]. Studies using the AA 

2024 alloy have shown that a coating thickness of ~40 to 120 nm is generated under typical 

conditions of coating growth [5, 10]. The coating consists of two layers [5, 6, 10]: an outer 

layer that contains zirconium and chromium species, with the presence of oxide, hydroxide, 

fluoride and sulphate species being revealed by XPS [10], and an inner aluminium-rich layer, 

containing oxygen and fluorine species, possibly representing an oxyfluoride or a mixture of 

oxide, hydroxide and fluoride [5, 6, 10]. The intermetallic particles influence the coating 

development, with preferential growth initially taking place above S-phase particles [8, 10]. 

Furthermore, cracks may be formed in the coating in the vicinity of the particles. In addition, 

localized corrosion of AA 2024 alloy has been reported to occur at the base of the coating, 

which appears to be associated with the enrichment of copper in the alloy matrix and 

enhanced concentrations of fluoride ions in the inner coating layer that develop during the 

coating process [10].  
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In view of the detrimental influences of the intermetallic particles on the uniformity of 

coatings and hence to the corrosion protection, the selection of a surface pre-treatment is an 

important consideration [11, 12]. For instance, it has been reported that the corrosion 

protection by a TCC coating was reduced by prolonged use of an acidic fluoride deoxidizer 

[13]. In contrast, another study found no significant difference in the coating formation 

following two different alkaline etching and deoxidizing pre-treatments [6]. In the present 

study, the effects of two different pre-treatments of AA2024-T351 alloy on the formation of a 

TCC coating in a SurTec 650 chromitAL bath are investigated using high-resolution, 

analytical electron microscopies, ion beam analysis and XPS. Furthermore, the effects on the 

coating chemistry of two different post-coating treatments are determined. The 

electrochemical behaviour and corrosion protection are assessed by cyclic voltammetry, 

potentiodynamic polarization and electrochemical impedance spectroscopy.  

 

2. Experimental Details  

 

2.1 Materials and treatment 

 

AA2024-T351 aluminium alloy panels (1.5 mm thick) were cut to dimensions of 30 × 24 mm 

or 30 × 12 mm. They were then cleaned by immersion for 5 s in acetone, ethanol and 

deionized water, and mechanically polished using SiC papers to a 4000 finish. Two chemical 

pre-treatments were then employed: (i) etching for 60 s in 5 wt.% sodium hydroxide solution 

at 60 °C and de-oxidizing for 30 s in 50 vol. % nitric acid (70%) at 25 °C (designated pre-

treatment 1); (ii) etching for 30 s in 10 wt.% sodium hydroxide at 60 °C and de-oxidizing for 

90 s in 15 vol. % Oxidite D-30 (MacDermid) solution at 30 °C (designated pre-treatment 2). 

Specimens were then rinsed in deionized water and dried in a cool air stream. 
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Conversion coating was carried out by immersion in 20 v/v% SurTec 650 chromitAL 

(SurTec Corp., UK) solution at 40 ºC for times from 5 to 600 s, with the pH adjusted to 3.9 

by addition of 1 wt.% NaOH solution. Inductively-coupled plasma-optical emission 

spectroscopy, using a Perkin-Elmer Optima 5300 dual view instrument, revealed a Cr:Zr 

atomic ratio of ~0.70 ± 0.01 in the bath. Analytical grade chemicals and deionized water with 

a pH of 5.8 and resistivity of 18 MΩ cm were used to prepare all solutions. A post-treatment 

immersion in deionized water at either 20 or 40 °C for 120 s was then applied, followed by 

rinsing in deionized water and drying in a cool air stream. Post-treatment in deionized water 

has been reported to be important for stabilizing the fresh coating [5]. Except for specimens 

investigated by ion beam analysis, the coated specimens were stored for 24 h in the 

laboratory air before surface examination or corrosion testing. The former specimens were 

analysed one week after forming the coating. 

 

2.2 Characterization techniques 

 

The coatings were examined by scanning electron microscopy (SEM), using a Zeiss Ultra 55 

FEG SEM instrument (accelerating voltages of 3 or 15 kV) and associated energy dispersive 

X-ray (EDX) spectroscopy. Specimen cross-sections for transmission electron microscopy 

(TEM) were prepared on a LEICA EM UC6 ultramicrotome using a diamond knife. The 

slices, nominally 30 nm thick, were collected on nickel grids and examined using a JEOL 

2000 FX II microscope at an accelerating voltage of 120 kV.  

 

Rutherford backscattering spectroscopy (RBS) was employed to determine the compositions 

of coatings, using ion beams provided by the Van de Graaff generator at the University of 
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Namur, Belgium; 2 MeV 
4
He

+
 ions were incident normal to the specimen surface, with 

scattered ions detected at 165° to the direction of the incident beam of ~1 mm diameter. The 

data were interpreted using XRUMP software.  

 

The chemical states of coating species were determined by X-ray photoelectron spectroscopy 

(XPS), using an Axis Ultra DLD spectrometer (Kratos Analytical, Manchester, U.K.) with 

monochromatic Al Kα radiation (hν=1486.6 eV) and a base pressure of 1.0×10
-6 

Pa. The area 

of the XPS analysis was ~700 × 300 µm. CasaXPS version 2.3.17 (Casa Software, 

Teignmouth, UK) was used to analyse data. Charge referencing was carried out with respect 

to the C 1s hydrocarbon peak at 285.0 eV binding energy. The quantified data were corrected 

for attenuation in the contamination overlayer, following determination of its thickness using 

the Tougard non-interactive peak shape method [14], so that the concentrations of elements 

with widely different kinetic energies, for example chromium and sulphur and zirconium and 

fluoride, can be compared.
 

Peak fitting of sulphate and fluoride species was then constrained to ensure that the 

concentration of these compounds did not exceed their elemental concentrations. 

 

2.3 Electrochemical measurements 

 

A three-electrode cell was used for all electrochemical measurements, with a Solarton 

electrochemical workstation and Modulab software controller. The cell contained a saturated 

calomel reference electrode (SCE, 4 M KCl, E°=0.241 V vs SHE), a platinum wire counter 

electrode and a working electrode with an exposed area of 2.25 cm
2
. The open circuit 

potential (OCP) in the SurTec 650 chromitAL solution at 40°C was measured for times up to 

600 s. Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization 



7 
 

measurements in naturally aerated 0.05 M NaCl solution at room temperature were carried 

out on specimens coated for 300 s. The specimens were first exposed to the solution for 30 

min. Measurements were repeated three times for both electrochemical methods. EIS 

measurements were made in the frequency range 10
5
 to 10

-2
 Hz, with a potential amplitude of 

10 mV about the OCP. ZView software (version 3.1, Scribner Associates, Inc.) was used to 

fit the experimental EIS data. Potentiodynamic polarization was carried out from -1.0 VSCE to 

1.0 VSCE at a rate of 1 mV/s.  

 

The relative amounts of electroactive copper on the surfaces of the pre-treated alloys were 

determined by cyclic voltammetry (CV) in a saturated borate buffer solution of pH 8.4, 

consisting of 8.17 g/l sodium borate (Na2B4O7∙10H2O) and 7.07 g/l boric acid (H3BO3), as 

described elsewhere [15, 16]. The solution was deaerated for 30 min with nitrogen. The tests 

consisted of (i) a 5 min hold at a constant potential of -0.7 VSCE; (ii) a scan from -0.7 VSCE to 

0.3 VSCE, then back to -1.2 VSCE, at a rate of 1 mV/s; (iii) a 10 min hold at -0.7 VSCE; (iv) a 

repeat of step (ii); (v) a 20 min hold at -0.7 VSCE; and (vi) a repeat of step (ii). The heights of 

the Cu(0)/Cu(I) peak in the last scan, i.e. in step (vi), were used to determine the relative 

amounts of electroactive copper [15, 16]. 

 

3. Results and discussion 

 

3.1 Surface condition of the pre-treated alloy 

 

Figure 1 shows scanning electron micrographs of the pre-treated alloy surfaces. Following 

both pre-treatments, the surfaces contained numerous cavities, which were originally the 

locations of intermetallic particles that have been either dissolved or dislodged. Grain 
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boundaries are also revealed and occasional intermetallic particles that have undergone either 

little or partial dissolution. The intermetallic residual particles were more numerous following 

pre-treatment 1; EDX analysis identified θ- and S-phase (Fig. 2 (a), labelled 1 and 2, 

respectively) and Al-Cu-Fe-Mn-Si particles (Fig. 2 (b), labelled 3). Typical analyses are 

presented in Table 1. The copper contents, ~53, 42, and 21 wt.%, and the presence of 14 wt.% 

magnesium in the S phase particle, suggest that only small changes in the compositions of the 

residual intermetallic particles had occurred due to the pre-treatment. The low concentration 

of oxygen detected by the EDX analysis is mainly due to the oxide/hydroxide films on the 

particle surfaces. Following pre-treatment 2, relatively large, copper-rich sponges (see arrows 

in Fig. 1 (b)), of size up to ~40 µm, probably formed by de-alloying of S phase particles [3, 

17], were the most significant surface features. These were not observed following pre-

treatment 1. Other intermetallic remnants were only a few microns in size compared with up 

to 20 µm after pre-treatment 1; furthermore, cavities were more numerous and grooves from 

mechanical polishing were fainter in comparison with pre-treatment 1. Grain boundaries were 

also clearly revealed by pre-treatment 2. An example of a copper-rich sponge, which 

contained ˃90% Cu, according to EDX analysis, is shown in Fig. 2(c) (labelled 4). Later 

potentiodynamic polarization measurements indicate a substantial reduction in the number of 

cathodic sites on the alloy surface following pre-treatment 2 due to the increased removal of 

intermetallic particles compared with pre-treatment 1. In the case of pre-treatment 2, Fe(III), 

which is a constituent of the de-oxidizing solution, may play a role in  the dissolution of 

aluminium and copper [18, 19], according to the reactions: 

 

 3Fe
3+

+Al→3Fe
2+

+Al
3+

  

 

 2Fe
3+

+Cu→2Fe
2+

+Cu
2+
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Figure 3 shows the results of CV measurements in the deaerated borate buffer solution for the 

alloy in the mechanically-polished condition and also following pre-treatments 1 and 2. The 

height of the Cu(0)/Cu(I) oxidation peak at -0.14 VSCE was greatest for pre-treatment 2, ~1.7 

µA/cm
2
, compared with ~0.2 µA/cm

2
 for the mechanically polished condition and following 

pre-treatment 1. Thus, pre-treatment 2 led to almost an order of magnitude greater amount of 

electroactive copper compared with pre-treatment 1. Davenport et al. used Al-0.2wt%Cu and 

Al-1wt%Cu model alloys treated in nitric acid to simulate the behaviour of the AA 2024 

matrix and found no electroactive copper using a similar CV procedure [20]. Hence, the 

copper of the present measurements is probably associated with the residues of intermetallic 

particles. The electroactive copper may encourage the initial deposition of chromium and 

zirconium species. Of relevance to this possibility, a correlation between the presence of a 

zirconium-rich deposit and copper either in the solution [21] or in the substrate [22] has been 

reported, and preferential formation of a zirconium-rich coating has been observed on S 

phase in earlier work of the present authors [10]. Any effect of the electroactive copper may 

be limited to the early stages of coating growth before it is covered by the growing coating.  

 

RBS examination of the specimens following pre-treatments 1 and 2 revealed similar spectra, 

with the main feature of interest being a peak from copper that is enriched in the alloy 

immediately beneath the oxide/hydroxide film on the alloy surface. Figure 4 shows the 

spectrum for a specimen following pre-treatment 2 as an example of a measured spectrum. 

The solid line shows the fitted spectrum. A small peak due to oxygen in the oxide/hydroxide 

film on the alloy surface is superimposed on the yield from aluminium in the alloy. From 

previous studies of etched and desmutted Al-Cu alloys [23], it is well-established that the 

copper enriched layer is ~2 nm thick. The copper peaks in the spectra corresponded to similar 
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enrichments of ~6×10
15

 copper atoms/cm
2 

following the two pre-treatments, which is similar 

to the amounts found in earlier measurements on Al-Cu alloys [23]. The enrichment is related 

to the relative nobility of copper and reaches an approximately constant level during etching.  

 

3.2 Coating formation and composition 

 

Figure 5 shows the OCPs of specimens with pre-treatments 1 and 2 during immersion in the 

SurTec 650 chromitAL bath at 40 °C for 600 s. The potentials initially fall to minimum 

values of -1.00 and -1.07 VSCE, respectively, at times of ~50 and 20 s, with a shoulder evident 

for pre-treatment 1. The decrease in potential is probably due to the deposition of coating on 

the residual intermetallic particles, which reduces the availability of cathodic sites for the 

oxygen reduction or hydrogen evolution reactions. During the subsequent times of treatment, 

the potentials gradually rise toward values of -0.86 and -0.93 VSCE following pre-treatments 1 

and 2, respectively. 

  

Transmission electron micrographs of ultramicrotomed cross-sections of the TCC coatings on 

the alloy matrix after pre-treatment 2 and immersion in the SurTec 650 chromitAL bath for 

15, 60 and 300 s, followed by post-treatment immersion in deionized water at 40 °C, are 

presented in Figs. 6 (a - c), respectively, revealing coating thicknesses of ~21, 28 and 48 nm. 

The relatively dark region of the coatings contains chromium and zirconium species that 

increase the electron scattering. The patches of lighter material at the coating surfaces consist 

of resin that was used in preparing the cross-sections. The thin layers of light appearance at 

the base of the coatings are aluminium-rich, probably consisting mainly of a mixture oxide, 

hydroxide and fluoride species [6, 10]. A dark band in the alloy at the coating base is 

associated with the copper enrichment, which is confirmed by later RBS. The band appears 
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discontinuous due its thinness relative to the thickness of the TEM section. The presence of 

an aluminium-rich layer located above the chromium- and zirconium-containing layer was 

observed in a previous study of a TCC coating formed for 60 s; which was considered to be a 

transient layer, since it was not seen at other times [10]. Such a layer was not observed in the 

present cross-sections. The cross-sections of coatings following pre-treatment 1 were similar 

to the ones formed following pre-treatment 2 and hence are not shown. However, small 

regions of localized corrosion of the substrate beneath the coating were commonly observed, 

which has been reported previously for pre-treatment 1, but with a post-treatment in 

deionized water at 20 °C [10]. Hence, such localized corrosion was not significantly affected 

by the temperature of the post-treatment. However, similar localized corrosion was only very 

occasionally evident in the sections examined following pre-treatment 2 and post-treatment at 

40°C suggesting it was much reduced in extent. The reason for the difference in the localized 

corrosion with the two pre-treatments is uncertain.  

 

The dependence of the coating thickness above the alloy matrix, determined by TEM, on the 

immersion time in the TCC bath is shown in Fig. 7 for the two pre-treatments. The measured 

coating thicknesses for pre-treatment 2 in the first 100 s were greater than those of coatings 

formed following pre-treatment 1. The thicknesses after the longer times were similar for the 

two pre-treatments; the final thickness at 600 s was about 75 nm. Earlier work using pre-

treatment 1 has shown that the temperature of the post-treatment has only a very minor 

influence on the coating thickness [24]. The thicknesses measured by TEM may differ from 

the thicknesses of the freshly formed coatings due to coating shrinkage on dehydration in the 

ambient laboratory environment and during exposure to the vacuum and the electron beam in 

the microscope. Furthermore, a very small region of the specimen is examined by TEM and 
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local variations in the coating thickness may occur across the coated area, for instance due to 

influences of preferred cathodic sites on deposition of the coating material. 

  

Figure 8 compares the experimental RBS data for specimens coated for 300 s following pre-

treatments 1 and 2 (presented in black and red, respectively), with a post-treatment in de-

ionized water at 40 ° C, showing peaks for oxygen, fluorine, sulphur, chromium, zirconium 

and hafnium in the coatings. RBS cannot detect hydrogen, which may be present in the 

coating as hydroxide or bound water. Hafnium is an impurity associated with zirconium; the 

atomic ratio of Hf:Zr in the coatings was ~0.01. The yields from sulphur, fluorine and oxygen 

are low and superimposed on the yield from either aluminium or heavier elements in the alloy, 

which prevented the quantification of former elements with high accuracy. Hence, the 

analyses focused on measuring the amounts of chromium and zirconium, which produced 

well-resolved yields. The individual chromium and zirconium contents were measured to an 

accuracy of about 10%. Table 2 shows the results determined from fitting of the RBS data; it 

also includes measurements for specimens coated for 60 s. The atomic ratios of Cr:Zr ranged 

from 0.73 to 0.93, the lower end of the range being close to the ratio of these elements 

measured in the TCC bath. The Cr:Zr ratios are greater than found previously, when a ratio of 

~0.5 was determined by RBS [10]. The main difference between the experiments was the 

source of the SurTec 650, which, in the former study, was an aircraft manufacturer and, in the 

present study, the SurTec company, and the temperature of the post-treatment in deionized 

water, which was 40 °C in the present work and 20 °C in the previous study. The leading 

edges of the aluminium yield for the specimen coated following pre-treatment 1 is shifted to a 

lower energy compared with the specimen coated following pre-treatment 2, suggesting that 

the coating on the former specimens is thicker or has a higher density. The combined total of 

zirconium and chromium in the coating formed for 60 s was about 20% higher for pre-
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treatment 2 compared with pre-treatment 1, but 25% lower after coating for 300 s. The 

coating thicknesses determined by TEM, shown in Fig. 7, indicate a greater thickness of the 

coating formed for 60 s following pre-treatment 2 in comparison with pre-treatment 1, which 

coincides with the trend the zirconium and chromium contents determined by RBS. However, 

the coatings formed for 300 s were of similar thickness following the two pre-treatments, 

whereas a lower amount of zirconium and chromium was measured by RBS for pre-treatment 

2. As noted earlier, differences in coating thickness may arise from variations across the 

specimen surface. In this respect, RBS examines a large area of the surface compared with 

TEM. Furthermore, the assessment of the relative thickness of the coatings from the RBS 

analysis of the zirconium and chromium contents excludes consideration of the inner, 

aluminium-rich region, which was measured by TEM.  

 

The copper peaks in the RBS spectra arise from copper enrichment beneath the conversion 

coating that was evident in the transmission electron micrographs of Fig. 6. The presence of 

the copper enrichment has also been demonstrated in previous work using EDX spectroscopy 

[10]. The enrichments appear similar to the amounts that existed following the pre-treatments 

only, accurate values being difficult to measure due to the non-uniformity of the coating 

thickness, the roughness of the alloy/coating interface and the incorporation of copper species 

into the coating. The Cu:Zr atomic ratio in the coatings formed for 300 s was ~ 0.1. 

 

The elemental concentrations determined by XPS from the wide scan spectra of the coatings 

formed for 300 s following pre-treatments 1 and 2 are shown in Table 3. The Cr:Zr ratios 

were 1.16 and 1.23 for pre-treatments 1 and 2 respectively. The higher values determined by 

XPS compared with RBS are possibly due to the difference in the depths of the analysis of 

the two techniques, with XPS analysing the outer ~5 nm of the coating thickness, while RBS 
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analyses the whole of the coating thickness, or to compositional variations across the 

specimen surface. Figures 9 (a, b) show the high-energy-resolution spectra for the Cr 2p3/2 

(Fig. 9a) and the Zr 3d (Fig. 9b) photoelectron regions for a specimen treated in the TCC bath 

for 300 s, with pre-treatment 2 and post-treatment in deionized water at 40 °C. Analyses of 

aluminium and copper were not attempted due to the low signal intensities and interference 

from other species [25, 26]. Four peaks were used to fit the Cr 2p3/2 photoelectron region: 

Cr(OH)3 (577.9 eV, 56.3%), Cr2(SO4)3 (578.6 eV, 10.5%), Cr(VI) species (579.3 eV, CrO3, 

CrO4
2-

 or Cr2O7
2-

, 16.6%
 
), and CrF3 (580.2 eV, 16.6%) [27, 28]; the percentages are 

expressed with respect to the total area of the Cr 2p3/2 region. Fitting of the Cr 2p3/2 peak for a 

coating formed for 300 s following pre-treatment 1 was achieved using the same component 

species, namely Cr(OH)3 (59.7%), Cr2(SO4)3 (20.1%), Cr(VI) species (12.7%), and CrF3 

(7.5%), with Cr(OH)3 again being the dominant chromium species. The reduction in the 

percentages of sulphate species is due to the constraint determined from the elemental 

concentrations, not the accuracy of the peak fitting. The values being compared here are 

relative intensities. The absolute intensities for the sulphate species are 1.1 and 2.1 at%. Note 

the elemental concentrations of the S 2p are 1.4 and 1.2 at% (Table 3), and it is this 

uncertainty which is the limiting factor. 

 

The Zr 3d photoelectron region was fitted using the presence of ZrF4, Zr(OH)4 and ZrO2, 

with the respective Zr 3d3/2 and Zr 3d5/2 peaks at binding energies of 186.9 and 184.5 eV for 

ZrF4, 186.4 and 184.0 eV for Zr(OH)4 and 185.3 and 182.9 eV for ZrO2 [29]. About 60.3%, 

30.4% and 9.3% of the zirconium were in the form of hydroxide, oxide and fluoride, 

respectively. The Zr 3d photoelectron region for a specimen conversion coated following pre-

treatment 1 could be fitted using the same components with about 46.4%, 36.5% and 17.1% 

of the zirconium being present as hydroxide, oxide and fluoride, respectively (Fig. 9 (c)). In 
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contrast, after pre-treatment 2 and a post-treatment at 20 °C rather than 40 °C, the fitting was 

achieved with ZrO2 (96.2%) and a small amount of fluoride (3.8%) (Fig. 9 (d)). This agrees 

with the result of a previous XPS analysis of specimen using pre-treatment 1 and a post-

treatment at 20 °C [10]. Thus, the results indicate that the increased temperature of the post-

treatment causes a partial transformation of the zirconium oxide species into zirconium-

hydroxide species in the outer ~5 nm of the coating thickness. The zirconium hydroxide 

species are possibly located in thin layer adjacent to the coating surface, with oxide species 

being detected from the underlying material. In contrast, the hydroxide associated with 

chromium is less significantly affected by the post-treatment temperature. 

 

The concentration of the Cr(VI) species measured by XPS in the coating formed for 300 s 

following pre-treatment 2 (~1.9 at.%) was greater than that for pre-treatment 1 (1.1 at.% 

Cr(VI)), although this difference is not considered significant. Furthermore, the depth of 

analysis of XPS is limited to the outer ~5 nm of the coating thickness. The Cr(VI) may form 

either during the coating growth or subsequent storage due to oxidation Cr(III) species by 

H2O2, generated by the reduction of oxygen [30]. During coating formation, the OCP of the 

alloy is above the standard equilibrium potential of around -1.3 VSCE for the O2/H2O2 reaction 

[31]. In addition, the presence of copper sponges may promote the generation of hydrogen 

peroxide, as reported by Li et al., who revealed the local presence of hexavalent chromium 

around coated copper-rich particles after air ageing [30]. The Cr(VI) species can enhance the 

corrosion protection provided by the coatings [4]. 

 

3.3 Electrochemical Properties 
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EIS measurements of specimens subjected to pre-treatments 1 or 2, then coated for 300 s and 

post-treated in deionized water at 40 °C were carried out in naturally aerated 0.05 M NaCl 

solution. The OCPs of the coated alloys before the EIS measurements were carried out were 

~-0.53 and -0.55 V vs. SCE after pre-treatment 1 and pre-treatment 2, respectively. At such 

potentials, oxygen reduction is expected to be the dominant cathodic reaction that 

accompanies the oxidation of the alloy. The relationships of the impedance modulus and the 

phase angle to the frequency are shown in Figs 10 (a, b), respectively. The equivalent circuit 

used to fit the data is illustrated in Fig. 11 [32-34], where constant phase elements (CPEs) 

were used to replace capacitances. The impedance of the CPE is given by (𝑗𝜔)−𝑛𝑄−1, where 

a larger value of n indicates greater homogeneity of the TCC coating [29]. The effective 

capacitance of the CPE is given by Q1/nR(1−n) n⁄ , where R is the electrolyte resistance [29]. 

The results of the fitting are shown in Table 4, where χ
2
 errors were <10

-3
. 

 

The resistance due to the coating, Rcoat, is determined mainly by the influence of defects in 

the coating, such as pores and cracks [33]; the value Rcoat for the specimen with pre-treatment 

2 was over an order of magnitude greater than that for the specimen with pre-treatment 1. The 

charge-transfer resistances, Rp, were also greater by a factor of ~3. The effective capacitances, 

Ceff-co, were estimated as ~3.0 and 2.3 µF/cm
2
, respectively. Li et al. [34] reported Rp, Rcoat 

and Ceff values of 3.3×10
5
 Ω cm

2
, 525 Ω cm

2
 and Ceff= 2.49 µF/cm

2
 for a TCC coating 

formed on AA2024 alloy for 600 s, but using a different pre-treatment of the alloy and a 

different commercial TCC bath from those of the present study. Rcoat and Ceff are of a similar 

order as the values for the present specimens coated following pre-treatment 1, although the 

latter specimens revealed a significantly lower Rp. The higher Rcoat of the specimens coated 

following pre-treatment 2 compared those coated following pre-treatment 1 suggests the 

presence of a reduced number of defects, such as cracks or pores, in the coatings on the 
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former specimens. Cracks may form owing to the stresses generated by differences in the 

rates of coating growth above the matrix and residual intermetallic particles and shrinkage of 

the coating as it dries in the laboratory atmosphere. 

 

Figure 12 shows the potentiodynamic polarization curves in naturally aerated 0.05 M NaCl 

solution for bare and coated specimens subjected to pre-treatments 1 and 2. The cathodic 

current was reduced for the bare alloy by pre-treatment 2 in comparison with pre-treatment 1 

and further reduced following application of the coating. The reduction in the cathodic 

activity by the coating is consistent with other reports [1, 33]. At -0.75 VSCE, the cathodic 

current densities for coated specimens de-oxidized in nitric acid were ~1×10
-6

 and 1×10
-7

 

A/cm
2
 with pre-treatments 1 and 2, respectively. Physical blocking by the TCC coatings 

reduces the oxygen availability near the substrate, resulting in the cathodic inhibition; pre-

treatment 2 that resulted in copper-rich sponges and a smaller number of other residual 

intermetallic particles on the alloy surface provided the greatest corrosion protection. 

However, the similarity of the pitting potentials for the bare and coated specimens indicates 

that the barrier property of the coatings is insufficient to prevent chloride ions reaching the 

alloy and that the amounts of hexavalent chromium species in the coatings are too low to 

provide significant anodic inhibition. 

 

4. Conclusions 

 

The TCC coatings formed on the AA2024-T351 alloy consists of an inner aluminium-rich 

layer and an outer chromium- and zirconium-rich layer. The average atomic ratio of 

chromium to zirconium in the outer layer is in the range 0.73 to 0.93. XPS indicated a 

chromium-enriched surface region that contained ~2 at.% Cr(VI) species. Electrochemical 
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measurements indicate that the pre-treatments have a major influence on the corrosion 

protection of the alloy provided by the TCC coating in NaCl solution. A pre-treatment that 

used a commercial deoxidizer left copper-rich sponges, probably de-alloyed S phase, and 

fewer residues of other intermetallic particles compared with de-oxidation in nitric acid 

resulted in a coating with improved barrier protection. The pre-treatment affects the 

enrichment of copper in the alloy matrix, the amount of electroactive copper on the alloy 

surface and the composition of residual second intermetallic particles. A much greater 

amount of electroactive copper was present following the pre-treatment with the commercial 

de-oxidizer that was probably related to the presence of copper-rich sponges formed by de-

alloying of S phase particles. The temperature of a post-treatment of the coated specimens by 

immersion in deionized water has a significant effect chemical state of the zirconium in the 

surface region of the coating. Immersion at 40°C results in the presence of zirconium 

hydroxide as the major species. In contrast, mainly oxide species are present following 

immersion at 20 °C. The temperature of the post-treatment has a less significant effect on the 

amount of hydroxide associated with chromium.  
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Figure Captions (figures to be in black and white in printed version) 

 

Figure 1. Scanning electron micrographs of the surface of the AA2024-T351 alloy: (a) pre-

treatment 1; (b) pre-treatment 2. 

 

Figure 2. Scanning electron micrographs for AA2024-T351 following pre-treatment 1 and 2: 

(a) Al-Cu phase (a, labelled ‘1’) and Al-Cu-Mg phase (a, labelled ‘2’) and (b) Al-Cu-Fe-Mn-

Si phase (labelled ‘3’) after pre-treatment 1. (c) Cu-rich sponge (labelled ‘4’) after pre-

treatment 2.  

 

Figure 3. Cyclic voltammetric curve in deaerated borate buffer solution for the AA2024-T351 

alloy following mechanical polishing and pre-treatments 1 and 2. 

 

Figure 4. Experimental and simulated (solid line) RBS spectra for the AA2024-T351 alloy 

following pre-treatment 1. 

 

Figure 5. Variation of the open circuit potential of the AA2024-T351 alloy, following pre-

treatments 1 and 2, with immersion time in the SurTec 650 chromitAL bath at 40°C. 

 

Figure 6. Transmission electron micrographs of ultramicrotomed sections of theAA2024-

T351 alloy following pre-treatment 2 and subsequent immersion in the SurTec 650 

chromitAL bath at 40 °C for (a) 15, (b) 60 and (c) 300 s. The specimens were post-treated by-

immersion in deionized water at 40 °C.  
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Figure 7. Relationship between the coating thicknesses, determined from TEM measurements, 

and the immersion time in the SurTec 650 chromitAL bath at 40 °C for the AA2024-T351 

alloy following pre-treatments 1 and 2. The specimens were post-treated by immersion in 

deionized water at 40 °C.  

 

Figure 8. Experimental RBS spectra for theAA2024-T351 alloy following pre-treatments (PT) 

1 and 2 and subsequent immersion in the SurTec 650 chromitAL bath at 40 °C for 300 s. The 

specimens were post-treated by immersion in deionized water at 40 °C.  

 

Figure 9. High resolution XPS spectrum for: (a) Cr 2p3/2; and (b-d) Zr 3d photoelectron 

regions for the AA2024-T351 alloy after immersion in the SurTec 650 chromitAL bath at 

40 °C for 300 s. (a, b) Pre-treatment 2 with post-coating immersion in deionized water at 

40 °C. (c) Pre-treatment 1 with post-coating immersion in deionized water at 40 °C. (d) Pre-

treatment 2 with post-coating immersion in deionized water at 20 °C. 

 

Figure 10. Experimental (points) and fitted (lines) plots of (a) impedance modulus-frequency 

and (b) phase angle-frequency for the AA2024-T351 alloy immersed in 0.05 M NaCl solution. 

The alloy first received pre-treatments 1 or 2 and was then immersed in the SurTec 650 

chromitAL bath at 40 °C for 300 s and post-treated by immersion in deionized water at 40 °C.  

 

Figure 11. Equivalent circuit used to fit EIS data. 

 

Figure 12. Potentiodynamic polarization curves in 0.05 M NaCl solution for of the AA2024-

T351 alloy following pre-treatments 1 and 2 and also following subsequent immersion in the 
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SurTec 650 chromitAL bath at 40 °C for 300 s and post-treatment immersion in deionized 

water at 40 °C.  
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Table 1. Results of EDX analyses of residual intermetallic particles following pre-treatment 1. 

 Al Cu Mg Fe Mn Si O 

 (wt.%) 
Al-Cu (θ) (1) 45.1 53.1 0.8 - - - 1.0 

Al-Cu-Mg (S) (2) 41.9 42.4 14.2 - - - 1.5 

Al-Cu-Fe-Mn-Si (3) 54.1 20.8 - 15.4 7.3 1.4 1.0 

 

Table 2. Amounts of zirconium and chromium determined by RBS in TCC coatings formed 

for 60 and 300 s following pre-treatments (PT) 1 and 2, and post-treatment immersion in 

deionized water at 40 °C.  

 
 

Zr Cr Cr/Zr 

  
x 10

15
 atoms 

cm
-2  

PT 1 
60 s 11.0 10.2 0.93±0.06 

300 s 33.6 26.3 0.78±0.05 

PT 2 
60 s 14.7 10.8 0.73±0.06 

300 s 25.5 19.9 0.78±0.05 

 

Table 3. Elemental concentrations determined by XPS of TCC coatings formed for 300 s 

following pre-treatments (PT) 1 and 2, and post-treatment immersion in deionized water at 

40 °C.  

 

 Zr Cr O F S Cu Al 

 at.% 

        

PT 1 8.8 10.2 58.9 13.8 1.2 0.3 6.8 

        

PT 2 8.6 10.6 58.8 12.0 1.4 1.0 7.6 
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Table 4. Results of EIS for the alloy in 0.05 M NaCl solution following pre-treatments (PT) 1 

and 2 and subsequent formation of a conversion coating for 300 s. and post-treatment 

immersion in deionized water at 40 °C.  

 

 
Re 

Ω cm
2
 

Rcoat 

kΩ cm
2
 

Rp 

kΩ cm
2
 

Qcoat 

(s
n
/(Ω cm

2
)) 

ncoat 
Ceff-co  

µF/cm
2
 

Qdl 

(s
n
/(Ω cm

2
)) 

ndl 

PT 1 153±2 0.41±0.01 68.2±0.8 1.4±0.4 x 10
-5 

0.80±0.01 3.0±0.1 2.1±0.4 x 10
-6 

0.99±0.02 
PT 2 170±5 8.23±0.12 203.2±1.2 8.9±0.3 x 10

-6 
0.83±0.01 2.4±0.2 2.8±0.4 x 10

-6 
0.96±0.02 
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