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Abstract 

Low corrosion protection performances of Trivalent Chromium Process (TCP) coatings with 

reference to Chromium Conversion Coatings (CCC) deposited on aluminium alloys can be 

overcome by application of post-treatment processes. This work shows the effect of post-treatment 

bath (containing hydrogen peroxide and lanthanum salt) on the chemical composition, structure and 

the corrosion performances of TCP coating deposited on AA 2024-T3 aluminium alloy. Different 

times of post-treatment bath were applied on the TCP coating and the samples were analyzed by 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS), X-ray Photoelectron Spectroscopy 

(XPS) and Glow Discharge -Optical Emission Spectrometry (GD-OES). The ToF-SIMS and GD-

OES depth profiles show that the post-treatment time has no influence on the thickness of the TCP 

coating and on its bi-layered structure. It is composed of an outer layer, rich in zirconium and 

chromium oxides and an inner layer rich in aluminium oxides and oxy-fluorides. 3D ToF-SIMS 

images reveal an enrichment of Cr and Zr-like species over the surface of intermetallic particles 

with reference to alloy matrix, whereas a homogenous distribution of La is observed. The analysis 

of in-depth distribution shows that La is present principally in the outer part of the TCP coating. 

The La concentration increases with increasing post-treatment time. The effect of post-treatment 

time on protection was evaluated by Electrochemical Impedance Spectroscopy (EIS) and Linear 

Sweep Voltammetry (LSV) in a 0.001 M NaCl + 0.1 M Na2SO4 electrolyte. The increased post-

treatment time enhances the cathodic inhibition against oxygen reduction. The post-treatment 

provides improved coating homogeneity and sealing properties. 

 

 

Keywords: trivalent chromium protection coating; post-treatment; corrosion; ToF-SIMS; XPS; 

GD-OES 
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Aluminium alloy 2024 is widely used in aircraft industries due to its excellent mechanical 

properties, light mass, high strength and damage tolerance [1]. However, it has been shown that this 

aluminium alloy is susceptible to localized corrosion, especially due to the heterogeneous 

distribution of copper in the alloy, with copper-rich intermetallic particles [ 2 ]. The role of 

intermetallic particles for the initiation and propagation of localized corrosion on the aluminium 

alloys is well-known [3,4]. For 2024-T3 aluminium alloy, Al2CuMg, Al2Cu and Al6(Cu, Fe, Mn) 

are the main three intermetallic inclusions. It was reported that Al2CuMg acted as an active phase 

and Al2Cu and Al6(Cu, Fe,Mn) acted as noble phases [4,5]. It was also found that the dealloying of 

Mg and Al simultaneously happened on Al2CuMg particles at the initial stage of corrosion process. 

At the same time, the corrosion of Al matrix surrounding the particles occurred [6]. Two main types 

of localized corrosion occur on AA 2024 in the neutral chloride solutions, namely, pitting corrosion 

and corrosion along the grain boundaries. Thus, effective inhibitors and coatings are necessary to 

suppress the dealloying of Al2CuMg and also protect the Al matrix from localized corrosion [7,8]. 

Chromate conversion coatings (CCCs) have been applied for several decades, but due to the highly 

toxic hexavalent chromium present in the CCCs, its application is going to be restricted in Europe 

(REACh requirements) [9] and in the United States [10]. The application of CCCs will be banned 

by 2024 by the European Community. Thus, different solutions have been developed for replacing 

CCCs. Recent researches have been focused on Cr(VI)-free conversion coatings, with low pollution 

effect, low toxicity, and harmless to human beings. Conversion coatings prepared in non-Cr(VI) 

containing solutions, such as titanium, zirconium, molybdenum, cerium, and trivalent chromium, 

have been extensively studied [6,11-13]. In the last decade all the studies concerning corrosion 

protection of aluminium alloys were based on green treatments and one of the promising 

alternatives for chromates was Trivalent Chromium Process (TCP), or Trivalent Chromium 

Conversion (TCC) coatings (containing ZrF6
2−

, Cr
3+

, SO4
2−

 and F
−
 salts with a pH of 3.8–4.0), 

which have been shown to provide good corrosion protection and paint adhesion in standardized 
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tests according to ASTM D3359 methods [14-17]. The coating formation involves the dissolution 

of the native oxide on the aluminium surface due to the acidic, fluoride-containing solution, and the 

subsequent pH-driven deposition of zirconium and chromium species. On exposure to the TCP 

bath, a mixed oxide layer precipitates on the surface. The increase in interfacial pH is promoted by 

the cathodic reactions, i.e. hydrogen evolution and/or oxygen reduction [18-20]. 

It should be noted that TCP shows lower corrosion resistance performances than CCC [21]. Thus, to 

improve the corrosion performance of the TCP coatings a post-treatment can be applied. There is 

limited information in the literature about post-treatment of TCP conversion coatings, which lead to 

increased corrosion resistance of the conversion layers [22-25]. Qi et al. [22,26] studied the role of 

temperature and pH water immersion post-treatment on the coating microstructure and corrosion 

resistance and evidenced that immediate tap-water rinsing could offer reproducible structure and 

performance. The comparative studies revealed that the water immersion post-treatment at 40° C 

and pH 5 displayed the optimal coating performance. In contrast, the coating experienced a 

significant shrinkage in the alkaline water bath. With consideration of the presence of hydrated 

channels and defects in the TCC coatings, Li et al. [27] studied the effects of aging temperature and 

time on the physical structure and corrosion protection properties. They revealed that aging in air at 

room temperature from 1 to 7 days significantly enhanced by a four times the charge transfer 

resistance with negligible effect on coating thickness. In contrast, at temperature of 55 and 100 ºC 

the coating thickness was reduced and the aging at 150 ºC led to severe cracking and coating 

detachment from the substrate. Pearlstein et al. [16] first reported the performance of TCC coatings 

applied on aluminium alloys and employed peroxide as an oxidant to post-treat the coating surface. 

However, there is limited knowledge about such modified coating and its surface chemistry. In our 

previous studies [25], we have presented for the first time the role of the post-treatment bath based 

on peroxide and La (III) salts on the improved corrosion behavior of TCP coating. The influence of 

each bath component, peroxide and lanthanum salts, on the chemical composition and corrosion 

behavior of TCP coating was demonstrated. It is important to note that this post-treatment showed a 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

4 
 

formation of small quantity of Cr(VI) (oxide/hydroxide) on the TCP coating surface not exceeding 

0.1 wt% of the TCP coating. Considering the 1 mm thick aluminium alloy sheet coated by the post-

treated TCP coating, it was calculated [25] that the maximum quantity of Cr(VI) could be around 4 

x10
-5

 wt%, which was concluded to be much lower than the 0.1 wt% of Cr (VI) authorized by 

REACh regulations [9]. Taking into account the promising corrosion properties of TCP post-treated 

coating further studies were conducted in our group.  

In this work, we present the influence of post-treatment time in a bath based on hydrogen peroxide 

and lanthanum salts (Socosurf PACS) on the chemical composition, structure and the 

electrochemical performance of the TCP coated alloy. It was shown by the salt spray tests 

performed according to ASTM B117 standard that the application of Socosurf PACS post-treatment 

show the increased corrosion resistance to around 360 hours while around 96 hours are reached for 

the TCP samples without post-treatment [25]. The objective of this work was to better understand 

the post-treatment process on the TCP coating and to optimize the post-treatment process time. To 

do so, surface and coating/substrate interface properties were studied by X-ray Photoelectron 

Spectroscopy (XPS), Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS), Glow 

Discharge Optical Emission Spectrometry (GD-OES), combined with electrochemical 

characterization by Linear Sweep Voltammetry (LSV) and Electrochemical Impedance 

Spectroscopy (EIS). 

 

2. Experimental procedures 

Material, surface preparation and deposition of TCP layers and PACS post-treatment 

AA 2024-T3 alloy samples with thickness of 3 mm with elemental composition of 0.5 % Si, 0.5 % 

Fe, 3.8-4.9 % Cu, 0.3-0.9 % Mn, 1.2-1.8 % Mg, 0.1 % Cr, 0.25 %Zn, 0.15 %Ti were used as 

substrate material. They were cut to a dimension of 8 mm × 8 mm.  

The samples were mechanically grinded with 1200, 2400 grits paper, followed by polishing using 3, 
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1 and 0.3 µm alumina suspensions on a felt polishing pad. The samples were then successively 

sonicated in isopropanol, ethanol and ultrapure water (resistivity 18 MΩ·cm) for 2 minutes, 

respectively. Polishing was performed until the surface exhibited a mirror-like finish with no visible 

polishing striations. After that, the panels were dried by a compressed air stream at room 

temperature.  

The fresh polished samples were degreased in a commercial solution (pH ≈ 9), composed of 

Sodium Tripolyphosphate, Borax, Turco 4215 additive at 60 ± 5 °C for 20 minutes. The degreased 

samples were rinsed in ultrapure water for 2 minutes and then immersed in deoxidizing solution, 

SOCOSURF A1858/A1806 (containing HNO3, H2SO4 and Fe(III), pH ≤ 1) at 50°C for 5 minutes. 

The samples were then rinsed in ultrapure water for 2 minutes and immersed for 5 minutes in the 

SOCOSURF TCS (Trivalent Conversion and Sealing) solution denoted here as a Trivalent 

Conversion Process (TCP). The TCP treatment bath contained a mixture of Cr (III) and Zr (IV) salts. 

The bath pH, 3.8 < pH < 4.0, was monitored and adjusted before each use. The TCP coated samples 

were prepared by immersion in the TCP bath at 40°C for 10 minutes. For the post-treated samples, 

after TCP deposition, the samples were immersed in the post-treatment solution, SOCOSURF 

PACS (Passivation After Conversion and Sealing) composed of a mixture of La (III) salt and H2O2. 

The bath pH, 4.0 < pH < 5.0, was monitored and adjusted before each use. For the post-treatment 

conversion coating step, the samples were immersed in the PACS bath at 25°C for different times (5, 

10, 30 minutes). The samples with or without post-treatments were rinsed in ultrapure water for 2 

minutes, and then dried by compressed air at room temperature, followed by a 10 minutes drying in 

an oven at 60° C and ageing overnight at room temperature in a desiccator before surface and/or 

electrochemical characterization. The SOCOSURF TCS and SOCOSURF PACS [28] solutions are 

commercialized by Socomore (France) under a license of Mecaprotec (France). 

 

Surface chemical characterization  
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The coated samples were analyzed by Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-

SIMS), Glow Discharge - Atomic Emission Spectrometry (GD-OES) and X-ray Photoelectron 

Spectroscopy (XPS). 

A ToF-SIMS 5 spectrometer (IonToF) was used for in-depth profililing analyses. The spectrometer 

was run at an operating pressure of 10
−9

 mbar. A pulsed 25 keV Bi
+
 primary ion source was 

employed for analysis, delivering 1.2 pA of current over a 100 × 100 μm
2
 area. Negative ions depth 

profiling was performed by interlacing analysis with sputtering using a 2 keV Cs
+
 sputter beam 

giving a 100 nA target current over a 400 × 400 μm
2
 area. Positive ions depth profiling was 

performed by interlacing analysis with sputtering using a 2 keV O2
+
 sputter beam giving a 100 nA 

target current over a 300 × 300 μm
2
 area. Data acquisition and post-processing data analysis were 

performed using the Ion-Spec commercial software version 4.1. A Veeco Dektak 150 contact 

profilometer was used to measure the depth of sputtered crater and to estimate the TCP layer 

thickness. The data were analyzed with the Dektak software. 

A radio-frequency (rf) glow discharge optical emission spectrometer (GD-OES, GD-Profiler 2, 

HORIBA Scientific) was used for elemental depth profiles for TCP coated AA 2024-T3 samples 

without and with PACS post-treatment. Profiles have been carried out using a 4 mm-diameter anode. 

The discharge conditions were the following: pressure of 850 Pa and rf power of 50 W. The 

emission lines selected were 396.157 nm for Al, 339.203 nm for Zr, 425.439 nm for Cr, 625.00 nm 

for La. Before each profile, a plasma pre-treatment with silicon wafer was used to remove 

contaminants on the anode [29]. Good reproducibility of the data was checked by triple analyses for 

each specimen. 

A VG ESCALAB 250 spectrometer was employed for XPS chemical characterization. The analysis 

chamber was at a pressure of∼ 10−9 mbar and Al Kα monochromatized radiation (hν = 1486.6 eV) 

was used as the X-ray source. The spectrometer was calibrated against the reference binding 

energies (BE) of clean Cu (932.6 eV), Ag (368.2 eV) and Au (84 eV) samples. All analyses were 

performed at the take-off angle of 90◦. High resolution spectra (Al 2p, Cu 2p, Cr 2p, Zr 3d and La 
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5d) were collected with a pass energy of 20 eV. Peak fitting was performed with the Advantage 

software version 5.966 provided by Thermo Electron, using a Shirley-type background and 

Gaussian/Lorentzian peak shapes at a fixed ratio of 70/30. Binding energies of the component peaks 

were corrected with reference to the -CH-CH- binding energy of 285.0 eV. 

 

Electrochemical measurements 

All electrochemical measurements were performed in an air-saturated mixture of 0.1M Na2SO4 + 

0.001M NaCl electrolyte at room temperature in a conventional, three-electrode cell. A saturated 

calomel electrode (SCE, E°=0.241 V vs SHE) was used as a reference electrode, a platinum as a 

counter electrode and a bare AA 2024-T3 sample after degreasing and deoxidation pre-treatment 

and a TCP-coated AA 2024-T3 sample without and with PACS post-treatment as a working 

electrode with an exposed area of 0.20 cm
2
. An Autolab PGSTAT30 was used as a 

potentiostat/galvanostat. The Na2SO4 (Merck, Darmstadt, Germany) and NaCl (AnalR, 

NORMAPUR, VWR) solutions were prepared using the ultrapure water (resistivity 18 MΩ·cm). 

The electrochemical measurements were started with measuring the open circuit potential (OCP) for 

30 minutes, followed by the Electrochemical Impedance Spectroscopy (EIS) measurements in the 

frequency range from 10
-2

 to 10
6
 Hz in potentiostatic mode at the OCP and then followed by the 

Linear Sweep Voltammetry (LSV) from -1.1 to 0.6 V vs SCE with a scanning rate of 2 mV/s. The 

LSV scans were recorded at 2 mV/s. The EIS measurements were made using a 10 mV rms AC sine 

wave codded to the applied dc potential (OCP). To check the reproducibility, three samples were 

analyzed under the same conditions.  

 

3. Results and discussion 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

8 
 

3.1 Chemical composition and structure of PACS post-treated TCP layer 

 

Figure 1 shows the ToF-SIMS negative ion depth profiles of TCP coating deposited on AA 2024-

T3 substrate without (a) and with 5 minutes of PACS post-treatment (b) and positive ion depth 

profiles for the post-treated sample (c). The ion intensities are presented in logarithmic scale in 

order to emphasize the low intensity signals, and plotted versus Cs
+
 sputtering time for negative ion 

depth profile and versus O
+
 sputtering time for positive ion depth profiles. Negative ion depth 

profiles are used to study oxide species [30-33] and the positive ion depth profiles to study the 

metallic (lanthanum, zirconium and chromium) species [25].  

In the case of the negative ion depth profiles presented for the TCP coating without and with PACS 

post-treatment presented in Figure 1 (a) and (b), respectively, the selected ions are 
18

O
−
, AlO2

−
, 

Al2
−
, MgO

-
, Cu

-
, ZrO2

-
, CrO2

-
, AlOF

-
. The comparison of these ion depth profiles was necessary in 

order to evaluate the influence of PACS bath on the stability of TCP layer. Three regions can be 

distinguished in these depth profiles, which are defined by intensity changes of ions corresponding 

to the TCP layer (
18

O
−
, ZrO2

-
, CrO2

-
, AlOF

-
, AlO2

−
) and AA substrate (Al2

−
, MgO

-
, Cu

-
): 

- the first one up to 150 s of sputtering time with a stable intensity of ZrO2
−
, and CrO2

−
 ions is 

the outer TCP conversion coating region,  

- the second one from around 150 to 310 s of sputtering, which is the coating/substrate 

interfacial region called also inner TCP with a decreasing intensity of ZrO2
−
, and CrO2

−
 ions 

and increasing intensity of Al2
−
, AlOF

-
 ions, and  

- the last one from 310 s of sputtering time characterized by a stable Al2
−
 ions intensity, which 

is defined as the substrate region. The other ions such as Cu
-
, MgO

-
 are also representative 

of the AA substrate composition. 

The Cu
-
 ion signal is nearly constant over the sputtering time corresponding to the TCP conversion 
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layer, then exhibits a bump in the interfacial region, and finally displays a stable intensity in the 

substrate region. A characteristic high intensity of ions depth profiles in the interfacial region can be 

also observed for MgO
-
, AlOF

-
, AlO2

−
 and less significant for 

18
O

−
 ion signal. The maximum signal 

observed for these ions in the interfacial region/inner TCP region can originate from a matrix effect 

and thus a different sputtering yield in comparison with TCP matrices as observed previously [30, 

34]. It should be noted that the enrichment of certain compounds, particularly copper at the 

TCP/aluminium substrate interfacial region was also widely discussed in the literature [35-39]. The 

interfacial copper enrichment was evidenced by XPS depth profiles [35] and by TEM analysis [36] 

for the aluminium alloy substrates, which experienced the deoxidation process prior the TCP 

deposition. The presence of copper in the interfacial region was explained by the preferential 

dissolution of aluminium and enrichment of the other alloy elements particularly copper as 

demonstrated by Harvey et al. [ 40 ]. The quantity of copper enrichment can depend on the 

conditions of deoxidation (type of deoxidation solution, time and temperature of deoxidation) [40]. 

Higher temperature and longer time of deoxidation can lead to more important enrichment in copper 

but also to more significant morphological surface modifications with formation of scalloped 

structure [40]. It should be noted that the copper enrichment can be detrimental to the corrosion 

behavior of aluminium alloys coated by conversion coatings as evidenced in the case of CCC 

coated alloys [41,42] and most recently in case of TCP coating [43]. The other compounds such as 

aluminium oxides, fluorooxides and magnesium oxides, represented by AlO2
−
, AlOF

-
 ions, 

respectively, show similarly as for the Cu
-
 signal, an increased intensity in the inner part /interfacial 

zone. These results confirm a bi-layered structure of TCP coating as shown in Figure 2 (a) with the 

outer (rich in zirconium and chromium) and inner part (aluminium oxide, and oxyfluorure of 

aluminium and copper) [26,44-49]. The MgO
-
 ion signal shows a peaked intensity in the outer part 

of TCP layer just during the first few seconds of sputtering, then the signal is almost completely 

attenuated, then increases and stabilizes in the interfacial, substrate region, respectively. According 

to our knowledge the enrichment of the inner TCP layer in magnesium oxide was rarely discussed 
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in the literature [49]. It should be emphasized here that the ToF-SIMS ion depth profiles for TCP 

coating with 5 minutes of PACS post-treatment presented in Figure 1 (b) are almost identical to the 

TCP coating without post-treatment (Figure 1(a)). Thus, it can be concluded that the PACS post-

treatment for 5 minutes does not affect the TCP coating composition or its bi-layered structure. 

Figure 2 (a) and (b) present the structure and composition of the TCP conversion layer without and 

with PACS post-treatment, respectively. 

The total thickness of the conversion layer with and without post-treatment was determined by 

coupling, ToF-SIMS negative ion in-depth profiles with profilometry measurements of the crater 

depth. To do so, the conversion layer was sputtered to attain the substrate (around 310 s of 

sputtering as indicated in Figure 1 a and b. The mean value of the sputtering rate was 0.29 nm/s ( 

0.02 nm/s). The thicknesses of the conversion layers with and without post-treatment (presented in 

Figure 1 (a) and (b) are the same: 90 nm (310 ± 10 s of sputtering) and 91 nm (315 s ± 10 s of 

sputtering), respectively.  

To be able to determine the distribution of lanthanum in the conversion layer after PACS post-

treatment the ToF-SIMS positive ion depth profiles were performed for the same sample (Figure 1 

(c). At the same time La
+
 signal and the other positive ions such as Cr

+
, Zr

+
, Al

+
, Mg

+
, Mn

+
 and Fe

+
 

were recorded. The Cr
+
, Zr

+
, La

+
 ions are representative of the TCP coating composition with the 

PACS post-treatment containing the La inhibitor as indicated in the experimental part and the other 

ions are representative of the AA 2024 substrate. Similarly, to the negative ion depth profiles, the 

positive ion profiles present similar bi-layered coating structure with the outer TCP and inner TCP 

layer (interface region). The La
+
 ion intensity signal is the most intense in outer part, and rapidly 

declines when reaching the inner part of the TCP layer. It can be then concluded that the 

distribution of lanthanum is not homogenous in depth. These results are in agreement with our 

previous studies [25]. 

Figure 3 presents the influence of PACS time post-treatment (5, 10 and 30 minutes) on the 

distribution of La (Figure 3 (a) and on the ratio of Cr
-
/Zr

-
 ion signals (Figure 3 (b)). As the time of 
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PACS post-treatment increases the La
+
 ion signal intensity increases also from approximately 70 to 

200 counts. Slightly different La profile can be observed for the TCP sample with 10 minutes of 

post-treatment. In this case, the maximum intensity of La signal is shifted to higher sputtering time 

(180 s) indicating that the coating can be locally thicker or showing a non-homogenous distribution 

of La-containing species inlayed into the TCP coating. The Cr
-
/Zr

-
 ratio shows a decrease as a 

function of PACS post-treatment time. However, this decrease is less obvious for 30 minutes of 

post-treatment, which can be influenced by local coating heterogeneities.  

The distribution of La species over the aluminium alloy matrix and intermetallic particles was also 

investigated by 3-dimensional (3D) ToF-SIMS imaging performed in the positive ions mode (Fig. 

4). The principle of 3D ToF-SIMS technique is to record the 2D chemical images at different 

sputtering depths, which then are reconstructed to report the three-dimensional images of TCP post-

treated coating elucidating spatial and chemical heterogeneity.  

La
+
 and LaO

+
 signals observed in Fig. 4 show the same intensity over the Cu-rich intermetallic 

particles (Al6(Cu, Fe, Mn) and aluminium matrix indicating their homogenous surface distribution. 

The Cr and Zr-species show slight enrichment over the Cu-rich IMP. Based on the ToF-SIMS 

images (Fig. 4) and also ToF-SIMS depth profiles presented above (Fig. 1 and 3), it can be then 

concluded that the La-species essentially present in the outer part of the TCP layer, are 

homogenously distributed. It should be emphasized that despite slight local heterogeneities of Zr 

and Cr, the uniform distribution of La-species can play an important inhibitor role in filling the 

coating defects and/or pores and at the same time increasing the barrier properties of the TCP 

coating. 

In order to confirm the TCP coating structure, its composition and the distribution of the La species 

as a function of PACS post-treatment the GD-OES elemental depth profiles were performed. The 

area of GD-OES analysis is 4 mm of diameter, so the measurements are averaged over a large area 

compared to ToF-SIMS (100 x 100 m
2
). It should be also noted, that the coated samples submitted 
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to the ultra-high vacuum during ToF-SIMS measurements can also suffer more important coating 

dehydration and formation of defects (cracking and exfoliation) [50,51] contrary to the short 

exposition (~10 minutes) to the law vacuum (lower than ~10
-2

 mbar) during the GD-OES 

measurements. As presented in Figure 5 (a), GD-OES elemental profiles confirm the bi-layered 

(outer and inner (interfacial)) coating structure observed already by ToF-SIMS. The post-treatment 

time does not influence the thickness of the TCP coating, however, changes in the Cr distribution 

and concentration are observed. Cr signal shows a clear intensity decrease and more homogenous 

distribution in the outer part of the TCP layer. Figure 5 (b) shows also a decrease of the Cr/Zr ratio, 

whereas the La signal shows an increases with the increase of post-treatment time (Figure 5 (c)). 

The increase of La observed by GD-OES in the outer part of the TCP layer is in agreement with the 

ToF-SIMS analysis.  

XPS analysis was performed to evaluate the surface composition of the TCP coating before and 

after post-treatment (5 and 30 minutes). Figure 6 presents the Al 2p and Cu 2p core level signals 

corresponding to the AA 2024 substrate, and Cr 2p, Zr 3d and La 3d corresponding to the TCP 

composition without and with PACS post-treatment. The XPS analysis of TCP coating without 

PACS post-treatment shows clearly the presence of Al and Cu signals (Figure 6 a, b, respectively), 

which correspond to the AA 2024 substrate meaning that the coating is thin, non-homogenous 

and/or present some defects as already observed previously [52]. The coverage factor by the TCP 

coating can be also influenced by the surface state and the surface pre-treatments of the AA 2024 

substrate as also discussed previously [52]. After PACS post-treatment (5 or 30 minutes) the Al and 

Cu signals are no longer observed, which suggests improved coating thickness and/or its quality 

(the coating more homogenous, less porous and/or defective). A formation of better quality coating 

with less defects or cracks was already observed by SEM characterization in our previous work [25]. 

Cr and Zr signals can be observed on the TCP coating after 0, 5 and 30 minutes of the PACS post-

treatment. The XPS analysis of TCP coating was presented in details in our previous works [25,52]. 

The Cr 2p spectrum shows a spin orbit doublet with two peaks Cr 2p3/2 and Cr 2p1/2 but due to clear 
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separation of these two Cr 2p peaks (9.8 eV), only the Cr 2p3/2 is presented here (Figure 6 (c)). As 

discussed previously the decomposition of Cr 2p is quite complex [25,52] and three components 

assigned to chromium oxides, hydroxides and fluorides/oxyfluorides can be present on the TCP 

surface without post-treatment [25,52]. A broad Cr 2p peak at around 577 eV can be attributed to 

Cr2O3 and to Cr(OH)3 [49,53-58]. Already after 5 minutes of PACS post-treatment a higher binding 

energy peak at around 579 eV corresponding to chromate species (Cr(VI) oxide or hydroxides) can 

be observed [53,57-59]. With the increase of the post-treatment time the intensity of this peak 

increases slightly. The presence of the Cr(VI) was also clearly observed in our previous studies 

where the same PACS post-treatment was applied [25]. However, it should be emphasized that it 

was demonstrated that the Cr(VI) was detected only on the extreme surface and not inside the TCP 

conversion layer. Despite the thicker conversion layer and the presence of higher Cr 2p3/2 peak 

corresponding to Cr (VI), the total concentration of Cr(VI) in the post-treated TCP layer was 

estimated to be below 0.1 wt% [25]. Thus, as mentioned in the introduction, this low quantity of 

Cr(VI) is much lower than the quantity authorized by REACh regulations [9] and it should not 

hinder the future application of the PACS post-treatment. 

The Zr 3d spectrum (Figure 6 (d)) shows a Zr 3d5/2 and 3d3/2 spin-orbit doublet at binding energies 

of 182 and 185 eV, respectively, corresponding to the zirconium oxide ZrO2 in agreement with 

previous studies [52,60,61]. No chemical modification of Zr 3d signal induced by post-treatment 

but only a small intensity increase for 30 minutes of post-treatment is observed. 

The La signal was clearly observed after 5 and 30 minutes of PACS post-treatment (Figure 6 (e)). 

The spectra present characteristic spin orbit doublet of La 3d5/2 and La 3d3/2, however here for 

simplicity only La 3d5/2 is present. Different peaks can be distinguished here: the low binding 

energy peak at around 830 eV corresponding to the Auger KLL of fluorine [53], and the higher 

binding energy peaks at around 835 eV corresponding to La(OH)3 [25,62,63], the peak at around 

839 eV to LaF3 and finally the shake-up satellite peak at 843 eV. After 30 minutes of PACS post-

treatment time, the small increase of relative intensity of lanthanum fluorides to lanthanum 
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hydroxides/oxides can be observed. The increase of fluorides species in place of oxides (and/or 

hydroxides) in the post-treated TCP layer can lead to lower corrosion resistance as evidenced 

previously [22,25]. Thus, it can be concluded that there is a limited time of post-treatment leading 

to optimal coating composition with La enrichment, most particularly in the lanthanum oxide and/or 

hydroxides state. The important role is also the optimization of Cr/Zr ratio in the outer part of the 

TCP layer, which varies as a function of PACS post-treatment time as evidenced by the ToF-SIMS 

and GD-OES results. The optimal post-treatment time can be determined by combining the surface 

characterization with electrochemical studies presented hereafter. 

3.2 In situ OCP control during the TCP and PACS post-treatment  

In order to better understand the differences between the mechanism of formation of TCP 

conversion layer and the PACS post-treatment, the open circuit potential (OCP) was recorded (in 

situ) during the sample immersion in the respective baths (Figure 7). It should be noted that the final 

potential of TCP formation is much lower (-0.92 V vs SCE) then the final potential of post-

treatment process (-0.04 vs SCE). However, the shape of OCP curves are very similar for both 

processes and shows three characteristic regions: a rapid decrease in the first few seconds then a 

slight potential increase and a potential stabilization. These three principal stages correspond to the 

attack of the existing oxide layer (alumina or conversion layer in the case of TCP or PACS post-

treatment processes, respectively) and then to the grow of the corresponding layer. A similar shape 

of OCP during the TCP formation was already reported by different authors [26,44,46]. The first 

stage of potential decrease corresponds to the attack of the alumina layer by the fluoride ions 

present in the TCP bath [26]. The mechanism of TCP formation in three consecutive stages was 

explained by the formation of bi-layered TCP structure. The formation of the inner layer is initiated 

by the fast pH increase at the alloy interface and then the formation of outer dense layer by the 

formation of Cr(OH)x
(3-x)+

 and Zr(OH)x
(4-x)+

 cations, which diffuse and hydrolyse at the cathodic 

sites of metal/alloy surface. Reduction of protons occurs locally at the cathodic sites and leads to 

precipitation of zirconium and chromium. Once the first convertion layer is formed, the process of 
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protons reduction is displaced to new cathodic site where the precipitation can occur. It should be 

noted that this localised precipitation can be a reason of formation of hetereogenous TCP layer 

contaning some defects as mentioned above [45]. Contrary to the in situ OCP measurements during 

the TCP formation, the in situ control of potential evolution during the post-treatment process was 

not reported in the literature. In the case of post-treatment process, the first OCP region showing a 

rapid potential decrease corresponds to the attact of TCP conversion layer principally by the H2O2 

present in the PACS post-treatment bath. As a strong oxidiser, H2O2, if used solely in a post-

treatment process, can lead to oxidation of Cr
3+

 to Cr
6+

 as reported previously[64]. However, 

according to Pourbaix diagrams [65], the potential of post-treatment is too low to have the oxidation 

of Cr
3+

 to Cr
6+

 and the zirconium oxide is stable in this range of potentials and pH (+0.2 V vs SHE 

and 4.0 < pH < 5.0). However, the chromium oxidation with formation of Cr
6+

 during the first 

seconds of post-treatment can not be completely excluded due to possible local pH surface increase. 

It should be emphasized that this process leads only to slight surface modifications of the TCP layer 

as previosuly evidenced by XPS depth profiling [25]. The TCP modifications in the first seconds of 

immersion in post-treatment bath are necessary and allow for diffussion of La into the defects and 

pores of the TCP layer. As a consequence, the outer part of the TCP layer is enriched in La ions as 

evidenced by GD-OES and ToF-SIMS depth profiles. The TCP modifications with a small 

dissolution of conversion layer, particulary impoverishment in Cr-compounds (Cr/Zr ratio decrease) 

was also confirmed by ToF-SIMS and GD-OES results presented above. As it can be seen during 

the post-treatment process (1800 s, Figure 7), the potential is not stable after 600 s and continues 

slightly to increase to 1000 s. The gradual potential increase would suggest the progressive uptake 

of La-compounds. It can be expected that the TCP post-treated coating does not change 

significantly after post-treatment longer than 1000 s. A stabilization of OCP can indicate a reaching 

the optimal properties of post-treated conversion coating, which can be related to the thickening of 

the post-treated TCP layer and/or sealing of coating defects and pores. The coating thickening can 

be excluded based on the ToF-SIMS and GD-OES depth profiles results presented above. The 
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reaching of constant potential can be explained by the sealing of coating defects and pores, which 

leads to the lower ionic and electronic conductivity of the coating where the reduction of La species 

and oxidation of Al and/or partial dissolution of TCP coating compounds can occur. Similar 

mechanism was shown for the formation of chromate conversion coatings [66,67]. 

The electrochemical behavior of TCP coated AA 2024–T3 as a function of post-treatment time will 

be presented hereafter to confirm the hypothesis of optimal properties of post-treated TCP coating.  

 

3.3 Influence of PACS post-treatment time on electrochemical behavior  

 

Figure 8a and b show the linear sweep voltammetry (LSV) and electrochemical impedance 

spectroscopy (EIS) curves, respectively, recorded in 10
-3

 M NaCl + 10
-1

 M Na2SO4 (pH ~ 7) 

electrolyte for the bare AA 2024 samples and the samples with TCP coating without and with 

PACS time post-treatments, for times ranging from 2 to 30 minutes.  

The LSV curves (Figure 8 (a)) were performed with a scan rate of 2 mV s
-1

 between -1.2 V vs SCE 

and 0.6 V vs SCE. All curves show the cathodic and anodic branches. According to the 

thermodynamics of oxidation-reduction reactions in this range of potentials, the cathodic process 

between ~ -0.8 V and ~ - 0.65 V corresponds to the dissolved oxygen reduction. The anodic process 

corresponds to the dissolution of Al alloys and S-phase (Al2CuMg) [68]. During the anodic process 

for the bare AA 2024 sample and the samples without PACS post-treatment or with short PACS 

post-treatment immersion time (2 minutes) anodic peaks between 0.1 and 0.3 V are observed (“A” 

peaks). These peaks correspond to the oxidation of Cu to Cu
+
 and Cu

2+
 present in Cu-rich 

intermetallic particles [8,17]. For the longer times of PACS post-treatment (from 5 minutes of 

PACS post-treatment) these peaks are not observed indicating a good sealing properties of the TCP 

provided by the PACS post-treatment process. These results are in agreement with the XPS and 

ToF-SIMS 3D imaging presented above, where no Cu can be observed on the surface of TCP with 
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PACS post-treatment. The anodic current below 0 V (potential lower that the potentials of “A“ 

peaks) shows a slight increase with the increasing of PACS time post-treatment. This effect may be 

explained by the reduction of Cr content in the TCP outer layer due to PACS treatment as showed 

by GD-OES profiles in Figure 5, which seems to reduce its barrier effect against the dissolution of 

the Al alloy substrate.  

By increasing the PACS post-treatment time a decrease of the current exchange calculated from 

Tafel slopes and the cathodic current can be observed. For TCP without PACS post-treatment and 

with 30 min of PACS post-treatment a decrease of one order of magnitude of current exchange from 

3.2 10
-3

 to 1.8 10
-4 
A cm

-2
 can be observed. This behaviour can be explained by the beneficial 

effect of lanthanum, which is responsible for inhibition of cathodic processes. As reported in the 

literature, the salts of rare earth metals can provide the corrosion inhibition for aluminium alloys 

[69-71]. Lanthanum present in the PACS post-treatment solution control the cathodic reaction by 

precipitating metal oxide (La2O3) and hydroxide (La(OH)3) locally where the increase of pH occurs 

due to oxygen reduction [68,71-73]. The presence of (La(OH)3) was also evidenced by XPS. The 

principal presence of La(OH)3 and not La2O3 can be explained by a very hygroscopic character of 

La2O3 [74, 75] as discussed in our previous work [25].  

To confirm the improved electrochemical properties of the TCP coating post-treated by PACS, EIS 

measurements were performed on the bare AA 2024 and TCP samples without and with PACS 

post-treatment (Figure 8 b, c and Table 1). The Nyquist plots obtained from the EIS measurements 

presented in Figure 8 (b)) demonstrate the increase of the diameter of the depressed semicircle 

corresponding to the overall impedance with the PACS post-treatment time. The clear increase of 

the overall impedance can be also observed for the sample with TCP coating with reference to the 

bare AA 2024 sample indicating the improved corrosion properties delivered by the TCP coating. In 

order to obtain additional information, the EIS spectra were modelled according to the equivalent 

circuit shown in Figure 8 (c)) and the parameters of fitting are depicted in Table 1. Rel is the 

electrolyte resistance, Rcoat is the coating resistance and Qcoat represents a non-ideal coating 
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capacitance (responsible of the depleted semicircle), which is in this case a constant phase element 

with an impedance Z = (jω)
-n

Q
-1

. The parameter n is associated with the coating heterogeneity or 

inhomogeneous surface properties as already widely discussed in literature [76-79]. Rp is the 

polarisation resistance corresponding to the charge transfer of both anodic and cathodic processes 

present at the open circuit potential at which the EIS measurements were performed and Qdl is the 

electrolyte-metal interfacial capacitance in the coating’s pores. A similar equivalent circuit with two 

time constants was used previously for fitting the EIS spectra obtained for the conversion coatings 

based on Cr
3+

 deposited on AA 2024 [17,44]. As reported in Table 1, Rp increases until 30 minutes 

of post-treatment time, which can be explained by the reduced activity at the substrate/coating 

interface provided by the presence of lanthanum. The inhibition action of lanthanum is related to 

reduced oxygen reduction, which leads to the increase of the polarisation resistance. The most 

significant effect on the increase of Rp can be observed up to 10 minutes of PACS post-treatment 

time (Table 1). For longer time of post-treatment, the effect of the PACS is less significant. It can 

be then concluded that there is an optimal time of post-treatment responsible for the best 

electrochemical properties, which is related on the uptake of La ions and limited impoverishment of 

TCP layer compounds, particularly the chromium compounds as observed by GD-OES and ToF-

SIMS depth profiles. The increase of Rcoat with the PACS post-treatment time is observed (Table 1). 

The increase of Rcoat value means that the PACS post-treatment has an effect on the coating 

conductivity and the increase of the coating sealing properties. These results are in good agreement 

with our previous data obtained on TCP coating after post-treatment showing a lower coating 

porosity and/or decreased number of defects and cracks [25]. The values of Qcoat are in good 

agreement with the values usually reported in literature for TCP coatings [44]; also the ncoat values 

close to 0.9 are in good agreement and are related to the local coating heterogeneities. The 

formation of hetereogenous TCP layer with some defects was already confirmed by SEM 

characterisation [25, 45]. Here, the ToF-SIMS depth profiles and and the 3D ToF-SIMS imaging 
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confirm the formation of the hetergenous coating especially in terms of the spatial and chemical 

distribution of Cr and Zr species.  

 

4. Conclusions 

1. The post-treatment does not influence the thickness and the bi-layered structure of the 

TCP coating as evidenced by both analytical methods ToF-SIMS and GD-OES depth 

profiles. 

2. 3D ToF-SIMS images provide direct evidence of slight enrichment of Cr and Zr-species 

over the surface of Cu-rich intermetallic particles with reference to the aluminium alloy 

matrix. 

3. La-species in the near-surface of the coating after post-treatment show a homogenous 

distribution as evidenced by 3D ToF-SIM, which play an important role in sealing 

coating defects and increasing the barrier properties of the TCP coating. The La content 

is higher in the outer part of the TCP coating and its concentration increases with 

increasing post-treatment time as revealed by both ToF-SIMS and GD-OES depth 

profiles.  

4. XPS results reveal a limited time of post-treatment leading to optimal coating 

composition enriched in La, most particularly in the lanthanum oxide and/or hydroxides. 

5. A significant inhibition of the cathodic oxygen reduction is obtained with increasing of 

post-treatment time.  

6. Increasing the post-treatment time may lead to a lower content of Cr-species on the 

coating surface, which can affect the anodic protection as observed by the 

electrochemical measurements. 

7. The electrochemical measurements (OCP, LSV and EIS) show that the optimal post-
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treatment time of TCP coating is 10 minutes, which corresponds to sufficient enrichment 

in the La compounds and not significant impoverishment in Cr species in the outer part 

of the TCP coating.  
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TABLES 

 

 

Table 1. Fitting parameters of EIS spectra presented in Figure 8 (b) according to the equivalent 

circuit shown in Figure 8 (c). 
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(min) 

OCP 

(V vs, 

SCE) 

Rel 

(kΩ·cm
2

) 

Qcoat 

(mS s
n
·cm

-2
) 

ncoat 
Rcoat 

(kΩ·cm
2

) 

Rp 

(kΩ·cm
2

) 

Qdl 

(mS s
n
·cm

-2
) 

ndl 
2


Bare AA 

2024 
-0.2 

0.0270 

(±2.2%) 
- - - 

105 

(±3.5%) 

0.017000 

(±2.6%) 

0.87 

(±0.6%) 
6.90 10

-3
 

0  -0.37 
0.0286 

(±2.2%) 

0.002025 

(±18.4%) 

0.85 

(±2.0%) 

0.3110 

(±8.2%) 

589 

(±1.8%) 

0.002945 

(±12.2%) 

0.92 

(±1.6%) 
1.31 10

-3
 

2 -0.38 
0.0273± 

(±3.9%) 

0.001942 

(±25.5%) 

0.83 

(±2.8%) 

0.4688 

(±12.0%) 

1385 

(±4.3%) 

0.003005 

(±16.3%) 

0.91 

(±2.2%) 
3.67 10

-3
 

5  -0.37 
0.0270 

(±3.8%) 

0.001978 

(±24.9%) 

0.84 

(±2.7%) 

0.4580 

(±12.1%) 

1648 

(±4.8%) 

0.002905 

(±16.8%) 

0.91 

(±2.3%) 
3.77 10

-3
 

10  -0.49 
0.0271 

(±3.4%) 

0.001608 

(±20.7%) 

0.86 

(±2.2%) 

0.4626 

(±9.4%) 

3222 

(±6.0%) 

0.002431 

(±13.7%) 

0.95 

(±1.9%) 
3.51 10

-3
 

30  -0.33 
0.0264 

(±3.2%) 

0.002032 

(±19.7%) 

0.84 

(±2.2%) 

0.5086 

(±10.0%) 

4117 

(±8.2%) 

0.002931 

(±13.7%) 

0.91 

(±1.9%) 
1.95 10

-3
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FIGURE CAPTIONS 

 

Fig. 1 ToF-SIMS ion depth profiles: (a) and (b) negative ion depth profiles of TCP layer/ AA 2024-

T3 without and with 5 minutes of PACS post-treatment, respectively; (c) positive ion depth profiles 

of TCP layer with 5 minutes of PACS post-treatment. 

Fig. 2 Schematic representation of structure of TCP layer deposited on AA 2024-T3 substrate: (a) 

without post-treatment, (b) with PACS post-treatment. 

Fig. 3 Influence of different times of PACS post-treatment 5, 10 and 30 minutes on: (a) ToF-SIMS 

positive La
+
 ion depth profiles in TCP layer, (b) Cr

-
/Zr

-
 ToF-SIMS negative ion signal ratio. 

Fig. 4 3D Tof-SIMS images (100 x 100 m
2
) made in positive mode of external part of TCP layer 

post-treated by PACS (5 minutes). 

Fig. 5 GD-OES elemental depth profiles showing the influence of post-treatment time (5, 10 and 30 

minutes) on the composition of TCP layer/AA 2024: (a) Zr, Cr and Al signals, (b) Cr/Zr signal 

ratio, (c) La signal. 

Fig. 6 Influence of PACS post-treatment time (0, 5 and 30 minutes) on the surface composition of 

TCP layer studied by XPS: (a) Al 2p, (b) Cu 2p3/2, (c) Cr 2p3/2, (d) Zr 3d, (e) La 3d5/2. 

Fig. 7 Open circuit potentials (OCP) measurement during the TCP and PACS post-treatment for 

600 s and 1800 s, respectively.  

Fig. 8. (a) LSV and (b) Nyquist diagram obtained from EIS measurements (symbol - experimental 

points, line – fitting) recorded in 10
-3

 M NaCl + 10
-1

 M Na2SO4 (pH ~ 7) electrolyte for the samples 

with TCP coating without (TCP) and with PACS post-treatments for t=2, 5, 10 and 30 minutes; (c) 

the equivalent circuit used for the EIS fitting presented in figure (b). 
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FIGURES 

Figure 1 
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Figure 2 
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Figure 3 

 

 

 

Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Highlights 

 

 No thickness and structure modification of TCP coating induced by post-treatment 

 Significant inhibition of the cathodic oxygen reduction induced by post-treatment  

 Increase of La and decrease of Cr in TCP with higher post-treatment time 

 Homogenous surface distribution of La responsible for sealing coating defects  
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