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Abstract: The effect of low concentrated green inhibitors based on Ce-adipate and Ce-chloride on the corrosion of 7075 
aluminum alloy in neutral NaCl electrolyte was studied. Corrosion studies were carried out using electrochemical 
impedance spectroscopy (EIS) and linear sweep voltammetry (LSV) while scanning electron microscopy (SEM) and X-
ray photoelectron spectroscopy (XPS) were used to conduct surface studies of the alloy upon immersion in the corrosion 
media. The electrochemical experiments reveal a better inhibitory effect of Ce-adipate than Ce-chloride owing to a higher 
polarization resistance value (about two times), and a lower corrosion current density. However, both inhibitors act as 
cathodic inhibitors, show high resistance to pitting corrosion, and enable sufficient protection during prolonged immersion 
(240 h) in corrosion media. The XPS analysis confirms the presence of cerium in the oxidation states of Ce(III) and Ce(IV) 
together with the carboxylate —COO− groups and C—C and C—H bonds on the tested specimen with Ce-adipate 
inhibitor, which are connected to the increased anti-corrosion efficiency. 
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1 Introduction 
 

The AA7075 belongs to the group of aluminum 
alloys with maximum strength. These alloys are used 
in various industries, such as aviation. The specific 
strength for this alloy is several times higher than for 
carbon steel [1−3]. One of the major disadvantages 
of these alloys is the susceptibility to localized types 
of corrosion in environments containing chloride 
ions [1]. 

AA7075 is applied after one-step aging (T6) or 
after two-step aging (T76 and T73). The T76 and T73 
aged alloy has a higher resistance to exfoliation 
corrosion and stress corrosion cracking, but to some 
extent has lower strength. 

Besides strengthening precipitates (GP zones,  
ηʹ, and η phases) with nanometer dimensions, in 

AA7075 microstructure, cathodic intermetallic 
compounds are present, for instance, Al3Fe, 
(Al,Cu)6(Fe,Cu), and Al7Cu2Fe, as well as anodic 
Mg2Si intermetallic compounds (IMCs) all with 
micrometer dimensions [4−6]. The corrosion 
behaviour of AA7075 is very complex due to the 
presence of different electronegativity of IMCs. As a 
consequence, these alloys after one-step and after 
two-step aging are prone to general and pitting 
corrosion [3]. Accordingly, the development of 
methods for increasing the corrosion resistance of 
the AA7075 is of great importance. The use of 
corrosion inhibitors can be an effective method of 
corrosion protection of these and other aluminum 
alloys. 

Hexavalent chromium compounds (chromates) 
have been widely used as effective inhibitors for the 
corrosion protection of aluminum alloys and many 
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metals [7]. However, because of the high toxicity and 
carcinogenicity of the Cr(VI) compounds, there was 
a need to find environmentally acceptable corrosion 
inhibitors with satisfying protective ability. In the 
1980s and 1990s, intensive testing of lanthanoid salts 
(La, Ce, Nd, etc), primarily lanthanoid chlorides, 
were carried out as environmentally acceptable 
corrosion inhibitors of 7xxx series aluminum  
alloys [8−10]. The Ce-chloride showed the greatest 
protective ability. 

During the occurrence of corrosion reactions in 
the chloride solution which contains a Ce-chloride 
inhibitor, there is an increase in the pH value on and 
near cathodic IMCs. Consequently, on the surface  
of those IMCs, a hardly soluble layer of Ce-
hydroxide/oxide is formed [8−11]. The formed Ce-
hydroxide/oxide layer significantly diminished the 
cathodic reaction, slowing down the entire corrosion 
process. 

Various salts of cerium, such as Ce-perchlorates 
[10], Ce-nitrates [12−14], Ce-sulfates [10,12,15], 
Ce-diphenyl-phosphates [16], Ce-citrate [17], Ce-
acetates [10,18], and Ce-cysteine [19,20] were tested 
recently. Inhibitor Ce-acetate showed the best 
protective ability. Recently, RODIČ and MILOŠEV 
[12,15] intensively evaluated the Ce-acetate in 
chloride solution as an inhibitor on different 
aluminum alloys, without and in the presence of Na-
sulphate. They proposed the possible mechanism of 
the inhibitory action. 

PEJIĆ et al [19] compared the corrosion 
protection using Ce-chloride, Cysteine, Ce-chloride 
+ Cysteine mixture, and synthesized the Ce-cysteine 
complex, as corrosion inhibitors of the aluminum 
alloy in chloride solution. The Ce-chloride + 
Cysteine mixture showed the best corrosion 
protection, probably due to the presence of a 
significant synergetic effect between components  
of the mixture. Cerium was present in Ce(III) and 
Ce(IV) oxidation states in the mixture, and as a 
Ce(IV) oxidation state in the Ce-cysteine complex. 
The authors proposed and analyzed the mechanisms 
of inhibitory action [19]. 

Recently MARUNKIĆ et al [21] evaluated Ce-
propionate, Ce-acetate, and Ce-formate in NaCl 
solution as corrosion inhibitors of aluminum alloy. 
The greatest protective ability was shown by the Ce-
propionate inhibitor [21,22]. The Ce-propionate 
complex, besides the cerium cations and carboxylate 
anions, contains a longer aliphatic chain compared to 

other tested carboxylic acids. 
The aim of this work is to evaluate the corrosion 

protection of the Ce-adipate inhibitors in a 
concentration that is 6 times lower than the optimal 
Ce-salt concentration [12]. Cerium, as well as other 
lanthanoids, are expensive and deficient metals, so 
the development of an effective corrosion inhibitor 
in a significantly lower concentration of cerium is  
of great economic importance. The adipate anion  
has two carboxyl groups and four carbon atoms 
connecting these two carboxyl groups. It can be 
expected that such an adipate structure enables the 
formation of various types of complexes with the 
cerium ions, as well as their binding to the aluminum 
alloy surface. The aliphatic chain from four carbon 
atoms can additionally increase the degree of water 
contact angle at the AA7075 aluminum alloy surface. 
The Zn-adipate was examined as a carbon steel 
corrosion inhibitor in well water [23] and obtained 
an inhibitory effect of ~95%. There is less data on 
testing of the adipate salts as corrosion inhibitors of 
aluminum alloys. 
 
2 Experimental 
 
2.1 Materials 

AA7075 specimens were cut from an extruded 
bar with 30 mm in diameter and 7 mm in thickness. 
The chemical composition of AA7075 alloy was 
determined using X‐ray fluorescence spectroscopy 
(XRF) (Table 1). 
 
Table 1 Chemical composition of AA7075 alloy (wt.%) 

Zn Mg Cu Cr Si 

5.35 2.09 1.44 0.20 0.14 

Fe Mn Ti Zr Al 

0.13 0.030 0.024 0.020 Bal. 

 
Before performing electrochemical experiments, 

the specimens were grounal with 1500-grit grinding 
paper, rinsed with bi-distilled water, and air dried. 
Specimens for SEM/EDS analysis were additionally 
polished with Al2O3 polishing paste (1 and 0.3 µm in 
grain size), and rinsed with bi-distilled water. 

A WTW inoLab pH730 pH meter was used   
to measure the pH values of NaCl solutions and 
inhibitor solutions. The measured pH values are 
given in Table 2. A schematic view of the adipate 
anion is shown in Fig. 1(a), while its 3D view is 
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shown in Fig. 1(b). As can be seen, an adipate anion 
besides two carboxylate groups, contains an aliphatic 
chain with four carbon atoms. Sodium adipate is 
broadly used in many industries. It is used as a food 
additive, as a complexing agent, and as an acidity 
regulator. Also, it is used in cosmetics and personal 
care products, and in addition, it is used as a 
stabilizer of polyvinyl chloride (PVC). Sodium 
adipate is a colourless environmentally-friendly 
solid that is readily soluble in water. 
 
Table 2 pH value of 0.5 mol NaCl + inhibitor solutions 

Inhibitor pH 

− 5.7 

0.75 mmol/L Na-adipate 6.6 

0.5 mmol/L Ce-chloride 5.4 

0.5 mmol/L Ce-adipate 5.9 
 

 
Fig. 1 (а) Schematic 2D view and (b) 3D view of adipate 
anion  
 
2.2 Methods 
2.2.1 Electrical conductivity 

To assess the extent of the precipitation of 
AA7075 after one‐step and two-step aging, the 
electrical conductivity was measured. The Foerster 
Sigmatest 2.069 commercial device working on  
the base of eddy current was applied. ASTM 
standard [24] gives the correlation between the 
electrical conductivity and resistance of AA7075 to 
stress corrosion cracking.  
2.2.2 EIS measurements 

EIS tests were carried out in a classic three-
electrode electrochemical cell in NaCl solution in  
the presence of various inhibitors (listed in Table 2). 
For measurements, the electrochemical instrument 

potentiostat/galvanostat GAMRY 620 was used. The 
working electrode was the test specimen (AA7075 
with surface area of 1 cm2), the reference electrode 
was a saturated calomel electrode (SCE), and the 
counter electrode was a Pt-mesh. After establishing 
a relatively stable corrosion potential (up to 1 h), a 
sinusoidal voltage with amplitude of 10 mV and 
frequency from 100000 Hz to 0.01 Hz were applied 
to the specimens. The corresponding Nyquist and 
Bode (Bode-modulus and Bode-phase) plots were 
registered. Each experiment was carried out three 
times, and representative results are shown in this 
work. 
2.2.3 LSV measurements 

LSV tests were carried out in the same solutions 
and using the same electrochemical setup as the EIS 
measurements. After the formation of a relatively 
stable corrosion potential, ϕcorr (up to 1 h), a potential 
of −0.2 V vs ϕcorr was assigned to the working 
electrode (AA7075, with surface area 1 cm2). The 
electrode potential is shifted to the anodic region, 
with a sweep rate of 0.5 mV/s. The experiment ended 
at the electrode potential in the anode area when a 
current density increased suddenly, which implicated 
the growth of the stable pits (pitting potential, ϕpit). 
Each experiment was carried out three times, and 
representative results are shown in this work. 
2.2.4 Contact angle measurements 

Water contact angle at the AA7075 surface was 
tested after 24 h of immersion in inhibitive solutions, 
at room temperature. A drop of bi-distilled water was 
put on the dried specimen surface. Images were 
recorded by the Smart 5MP Pro, Delta Optical 
microscope, and the contact angle was evaluated 
using the Image-Pro Plus 4.0 software. 
2.2.5 SEM/EDS analysis 

The appearance of the surface (as well as its 
composition) before and after electrochemical 
measurements were evaluated using a scanning 
electron microscope (SEM) JEOL JSM−6610LV 
working at 20 kV, equipped for energy dispersive 
spectroscopy (EDS) measurements. 
2.2.6 XPS analysis 

After grinding with abrasive paper of 1500 grit, 
specimens for XPS analysis were ultrasonically 
degreased, rinsed with bidistilled water, and 
immersed for 24 h in NaCl solution with Ce-adipate 
inhibitor (Table 2). XPS analysis of the AA7075 
specimens was carried out by SPECS systems with 
an XP50M X-ray source and PHOIBOS 100/150 
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analyzer. The Al Kα source was used. Spectra were 
analyzed with the CasaXPS software package. 
 
3 Results and discussion 
 
3.1 Results of electrical conductivity testing 

Measured values of the electrical conductivity 
were 30.1% and 39.3% (IACS), for one-step and 
two-step aged specimens, respectively. 

In the process of one‐step aging of AA7075, GP 
zones and the semicoherent ηʹ phase with high elastic 
strains in solid solution are formed, which causes  
the dissipation of electrons during eddy current 
measurements, and low electrical conductivity is 
obtained. 

The formation of stable η phase Mg(Zn,Cu)2, 
during two‐step aging of the AA7075, causes less 
elastic strains in solid solution and higher electrical 
conductivity [25,26]. 
 
3.2 Surface view of AA7075 specimens 

The AA7075 microstructure is very complex. 
Besides the strengthening precipitates of nanometer 
dimensions, which are responsible for the high 
strength of the alloys, anodic and cathodic 
intermetallic particles (IMCs) of significantly larger 
dimensions (up to several micrometers) are present 
in the microstructure of the AA7075. 

Anodic IMCs usually contain Mg and Si, and 
they are dark in SEM microphotographs (Fig. 2). In 
NaCl solutions, these particles to a less extent affect 
the corrosion characteristics of the AA7075. In the 

initial period of exposure to the chloride solution, 
their dissolution and the formation of micrometer-
sized pits occur (at the place on the AA7075 surface 
where these particles have existed). Micrometer pits 
do not significantly affect the properties and macro 
appearance of this alloy. The EDS elementary 
mapping for the Mg and Si content in the annodic 
IMCs is shown in Figs. 2(e, f). A brighter colour 
means a higher concentration, while a darker colour 
refers to a lower concentration of appropriate 
elements. The presence of the brighter fields in 
Figs. 2(e, f) indicates a higher concentration of Mg 
and Si at these locations. 

In addition to anodic IMCs, the AA7075 also 
contains cathodic IMCs with a significant amount  
of Cu and Fe, and they are light in colour in SEM 
microphotographs (Fig. 2). The corresponding  
EDS elementary mapping is shown in Figs. 2(c, d). 
Brighter fields indicate that there is a higher 
concentration of Cu and Fe, as constituents of the 
cathodic IMCs. Due to their cathodic character 
(much more noble electrode potential compared to 
surrounding Al-matrix), a cathodic reaction occurs 
on their surface [27−29].  

Cathodic IMCs noticeably reduce the resistance 
of the AA7075 to corrosion. The most favorable 
places for the occurrence of the anodic reactions 
(dissolution of Al-matrix) are the edges of the 
cathodic IMCs. Over time, trenches are formed and 
then transformed into corrosion pits, or some types 
of intergranular corrosion (Fig. 3). Figure 3(a) shows 
a surface view of the AA7075 alloy, obtained by 

 

 
Fig. 2 SEM image and EDS elementary mappings of AA7075 alloy 
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Fig. 3 Surface view of AA7075 after testing in NaCl 
solution with (a) lower magnification and (b) higher 
magnification 
 
SEM microscopy, after testing in NaCl solution with 
lower magnification, while Fig. 3(b) shows a surface 
view at higher magnification. Trenches formed 
around cathodic IMCs are visible. The corrosive 
properties of IMCs in aluminum alloys have been 
analyzed previously [6,30−35]. As mentioned before, 
the 7xxx series aluminum alloys, after one- and two-
step aging also contain fine hardening precipitates of 
nanometer dimensions [36−42]. 
 
3.3 Influence of chloride and adipate solutions 

without cerium 
The polarization resistance (Rp) determined 

from the Nyquist diagram (Fig. 4(a)), in NaCl 
solution, as well as in NaCl solution containing Na-
adipate inhibitor is very low. As previously  
discussed, in neutral chloride solutions trenches  
are very quickly formed around the borders of    
the cathodic IMCs. The formation of the trench    
is confirmed by the small diameter value of the 
semicircle on the Nyquist (EIS) diagram (Fig. 4(a)). 
The presence of adipate ions (without Ce) does not 
significantly improve the corrosion resistance of the 
tested AA7075. 

Figure 4(b) shows the equivalent electrical 
circuit (EEC) used for fitting the EIS tests. The Re is 
the electrolyte resistance, and CPE is the constant 
phase element. The CPE contains all the 
inhomogeneities of the tested AA7075 surface and 
the inhibitor layer. The same EEC was applied to  
EIS measurements of AA7075 alloy in inhibitive 
solutions (NaCl solution containing the Ce-chloride 
and Ce-adipate). In this case, EIS diagrams contain 
two time constants. One time constant corresponds 
to the protective inhibitory layer (capacitance and 
resistance of the inhibitory layer), and the other time 
constant corresponds to the base metal, i.e. double 
layer capacitance and charge-transfer resistance of 
the underlying base metal. However, these time 
constants are very close (overlapping), and fitting 
experimental EIS results were performed by 
applying simple EEC with one time constant shown 
in Fig. 4(b). 
 

 
Fig. 4 (a) Nyquist diagram for AA7075 tested in      
Na-chloride and Na-adipate solution after 24 h and     
(b) electrical equivalent circuit (EEC) 
 

Figure 5 shows the LSV diagram formed in 
chloride and adipate solutions (without Ce). On the 
LSV diagram, the cathodic and anodic branches of 
the polarisation curve are visible. It can be seen that 
both cathodic branches of the LSV curves (for pure 
NaCl solution and NaCl solution containing Na-
adipate) practically overlap. Also, in both cases, after 
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reaching the corrosion potential (ϕcorr), the value of 
the anodic current density starts to rise sharply. This 
indicates the formation of trenches around the 
cathodic IMCs and, consequently, the formation of 
corrosion pits. However, the corrosion potential 
formed on the surface of AA7075 alloy is higher in 
the case of Na-adipate solution than in the case of 
NaCl solution. As a consequence, the corrosion 
current density (Jcorr) is slightly lower in the presence 
of Na-adipate (Fig. 5), which is in accordance with 
the polarization resistance values on the Nyquist 
diagram (Fig. 4(a)). 
 

 
Fig. 5 LSV diagram for AA7075 tested in Na-chloride and 
Na-adipate solution after 24 h 
 

Different series of aluminum alloys were 
previously investigated in a chloride solution [43]. In 
one group of aluminum alloys, the ϕpit was more 
positive than the ϕcorr, while in another group the ϕpit 
was equal to the ϕcorr. The AA7075 belongs to the 
second group of alloys. 
 
3.4 Influence of cerium ions added in NaCl 

solution 
The presence of cerium ions significantly 

increases the corrosion resistance of the AA7075. 
The value of Rp is about 60 times higher than that in 
NaCl solution without cerium (Fig. 6(a)). During the 
cathodic reaction (oxygen reduction reaction), there 
is a slight increase in the pH value of the solution on 
and near the cathodic IMCs. Increasing the pH value 
creates favorable conditions for Ce-hydroxide/oxide 
precipitation on the inclusion surface. The presence 
of Ce-hydroxide/oxide limits the occurrence of the 
oxygen reduction reaction and thus slows down the 
entire corrosion process [8−11]. Besides cathodic 
IMCs, Ce-hydroxide/oxide precipitates over the 

aluminum matrix as well, however to a lower extent, 
as noticed previously in the literature [44]. The 
solubility product constant (Ksp) of Ce-hydroxide is 
~1.6×10−20 [45]. 
 

 

Fig. 6 (a) Nyquist diagram, and (b) LSV diagram after 
24 h testing for Ce-chloride and Na-chloride solutions 
(Inset: Magnified initial part of the Nyquist diagram) 
 

In the inset of the Nyquist diagram (Fig. 6(a)), 
the enlarged beginning part of the diagram is given. 
The Nyquist semicircle that corresponds to the 
impedance response in the NaCl solution is visible. 
The shape and magnitude of this Nyquist semicircle 
are not visible on the regular diagram without 
magnification.  

The LSV diagram (Fig. 6(b)) contains curves 
for NaCl solution without and with Ce ions. As can 
be seen, a significantly lower current density i.e. 
higher corrosion resistance is obtained in a solution 
containing cerium ions. Much lower Jcorr obtained in 
NaCl solution that contains Ce-chloride confirms 
this. Also, on the diagram for Ce-chloride, the ϕcorr is 
transferred towards lower values of the electrode 
potential, and there is a relatively large pseudo-
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passive area. This means that cerium chloride is an 
effective cathodic corrosion inhibitor and cerium 
chloride provides significant resistance to pitting 
corrosion of the AA7075. 
 
3.5 Synergetic effect of cerium and adipate ions 

after 24 h testing in Na-chloride solution 
The presence of Ce-adipate additionally 

increases the corrosion resistance of the AA7075 
compared to the Ce-chloride solution (Fig. 7). The 
polarization resistance of AA7075 after 24 h of 
exposure to the solution which contains a Ce-adipate 
inhibitor is 740 kΩ·cm2, and in the case of Ce-
chloride, the polarization resistance is 285 kΩ·cm2. 
The values of polarization resistance for NaCl and 
NaCl + Na-adipate are up to a hundred times lower 
than in inhibitory solutions that contain cerium ions. 
The inset in Fig. 7 shows the Nyquist diagrams for 
NaCl and NaCl + Na-adipate solutions (without Ce). 
Accordingly, inhibitive solutions, especially the 
solution containing Ce-adipate show a very high 
value of polarisation resistance (Rp). The beginning 
part of the diagram in Fig. 7 is given in the inset, 
which shows an enlarged part of the Nyquist diagram 
corresponding to the impedance response in the 
NaCl, and NaCl + Na-adipate solutions (without 
cerium). On the regular diagram, these Nyquist 
semicircles practically are not visible. 
 

 
Fig. 7 Nyquist diagram for Na-chloride solution with Ce-
chloride, and Ce-adipate inhibitors, after 24 h testing 
(Inset: Magnified initial part of the Nyquist diagram) 
 

The synergistic effect of the Ce‐chloride    
and Na‐adipate combination is relatively high. 
According to the literature [46,47], the synergy effect 
(S) exists if S > 1 while the synergetic effect does not 
exist if S < 1. For the Ce‐chloride and Na‐adipate 

mixture, a relatively high value of synergy effect was 
calculated (S ≈ 1.45). 

An adipate ion contains two carboxyl groups 
linked to an aliphatic chain of four carbon atoms. 
Adipate anions easily form bonds with the aluminum 
alloy surface and cerium ions giving various types of 
Ce-adipate complexes. In the beginning, in the NaCl 
solution which contains a Ce-adipate inhibitor, the 
anodic corrosion reaction is the dissolution of the 
matrix (AA7075) and the appropriate cathodic 
reaction is the reduction of oxygen (OH− ions are 
released), which takes place primarily on the 
cathodic IMCs. 

Adipate anions probably exist as a complex 
with cerium cations near the metal surface before 
their precipitation on AA7075 surface. MARKLEY 
et al [48] concluded that the reorganization of the 
cerium complexes exists near the metal surface. 
Similar observations can also be found in the 
literature [49]. 

Released cerium ions from the Ce-adipate 
complexes react with OH− ions originating from 
oxygen reduction reaction, which leads to the 
precipitation of Ce-hydroxide/oxide on the IMCs. 
The mechanism of Ce-hydroxide/oxide precipitation 
on the surface of the cathodic intermetallic 
compounds was previously analyzed in detail 
[10,50]. The COO− ions and mixed species with 
hydroxide ions bind via oxygen atoms to the 
AA7075 surface. A similar mechanism was 
previously proposed in the literature [51,52]. As a 
consequence, a compact inhibitory film is formed 
over the AA7075 surface. The presence of Ce ions, 
C—H and C—C bonds, and carboxylate group, were 
confirmed by the XPS analysis. 

Results of SEM/EDS analysis (Fig. 8) show the 
presence of cerium on surface cathodic IMCs rich in 
copper and iron. As discussed above, the brighter 
field on the EDS elementary mappings indicates    
a higher amount of the tested element, while the 
darker field indicates a lower concentration of the 
appropriate elements. The presence of copper and 
iron in cathodic IMCs, especially Fe, is visible    
in Figs. 8(c, d). Also, the presence of cerium 
compounds on surface cathodic IMCs rich in copper 
and iron is visible (Fig. 8(e)). Anodic IMCs (rich in 
Mg) are not covered with cerium. Also, a small 
amount of cerium is present on the aluminum matrix 
surface.  
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Fig. 8 SEM image and EDS surface mappings of AA7075 after 24 h testing in Ce-adipate solution 
 
3.6 Inhibitive effect of Ce-chloride and Ce-

adipate in NaCl solution during time 
Bode diagrams for Ce-chloride and Ce-adipate 

inhibitors after a characteristic period of testing  
(24, 96, and 168 h) are shown in Fig. 9. The EIS 
results (polarisation resistance (Rp), constant phase 
element (CPE), and also calculated effective 
capacitance (Ceff)) for all measured time are given in 
Table 3. The effective capacitance of the inhibitory 
film (Ceff) is determined by applying the Brug 
equation [53] using appropriate values for Rp, Q,  
and n from Table 3: 
 
Ceff=Rp

(1−n)/nQ1/n                           (1) 
 

During all testing time, the NaCl solution which 
contains a Ce-adipate inhibitor shows approximately 
two times higher value of polarisation resistance than 
the solution which contains a Ce-chloride (Table 3). 
Higher value of polarisation resistance in the case of 
Ce-adipate is the consequence of the formation of 
dense complexes containing bonded cerium and 
adipate ions. In the case of the Ce-chloride solution, 
Ce-hydroxide/oxide covers only cathodic IMCs, 
while in the case of Ce-adipate (inhibitive layer, 
cerium-adipate complex) it covers the AA7075 
matrix. 

As mentioned previously, due to overlapping, a 
simple equivalent electrical circuit (EEC) with one 
time constant was applied for fitting EIS results 

obtained in inhibitive solutions. As can be seen in 
Fig. 9 (Bode diagrams of phase angle−frequency),  
the time constants for the protective inhibitory layer 
and base metal are very close, and it is reasonable  
to apply this simple EEC. 

The dependence of the modulus impedance |Z| 
on frequency, both in logarithm coordinates (Bode 
modulus diagram) is present in Figs. 9(a−c). Values 
of impedance at high frequencies (103−105 Hz) 
correspond to electrolyte resistance. At the middle 
part of frequencies, curves for the Ce-adipate and 
Ce-chloride are linear and practically overlap. At 
very low frequencies (<10−1 Hz), these two curves 
are separated. The higher value of |Z| at lower 
frequencies indicates the better protective ability of 
the inhibitory layer. In all diagrams (Figs. 9(a−c)), 
the higher value of modulus impedance at low 
frequencies is obtained in a solution containing Ce-
adipate, than in a solution containing Ce-chloride 
inhibitor. The higher protective ability of Ce-adipate 
compared to Ce-chloride is visible in the Bode phase 
diagrams (Figs. 9(a−c)). Widening Bode phase 
diagrams at low frequencies in the case of Ce-adipate 
compared to Ce-chloride (and pure Na-chloride) 
indicate their better protective ability. Greater 
coverage of the metal surface and compactness of 
inhibitive film is probably a consequence of the 
widening of the characteristic phase peak. Similar 
behaviour (i.e. widening phase diagrams at low 
frequencies) in the case of other corrosion inhibitors 
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Fig. 9 Bode diagrams for Na-chloride solution containing 
Ce-chloride and Ce-adipate inhibitors: (a) 24 h; (b) 96 h; 
(c) 168 h 

of aluminum alloys can be found in the literature  
[54]. In the Bode modulus diagram for pure NaCl  
solution, at middle and low frequencies, the 
corresponding EIS curve is shifted to lower values  
of modulus impedance, indicating low value of 
polarisation resistance. Also, compared to inhibitory 
solutions, a very narrow peak is obtained in the  
Bode phase diagram in the NaCl solution (Figs. 9(a−c)). 

The time dependence of the polarisation 
resistance (Rp) and effective capacitance (Ceff) for 
Ce-chloride and Ce-adipate inhibitors are shown   
in Fig. 10. In both inhibitive solutions, the value   
of the polarisation resistance gradually decreases 
(Fig. 10(a)); however, the Rp value for Ce-adipate 
remains higher than for the Ce-chloride inhibitor 
(about two times). This is a consequence of the 
presence of Ce-hydroxide/oxide and appropriate 
complexes in the case of Ce-adipate. The shape    
of the diagram for Ce-adipate, i.e. the gradually 
decreased polarisation resistance during time, can be 
explained by the stability of the formed Ce-adipate 
complexes. During time, a gradual dissolution    
of the previously formed inhibitive layer occurs,  
and consequently its protective ability decreases. 
However, the value of the polarisation resistance in 
the case of Ce-adipate remains much higher than in 
the case of Ce-chloride during all measured time. 

The time dependence of the effective 
capacitance (Ceff) for Ce-chloride and Ce-adipate 
inhibitors is shown in Fig. 10(b). 

As can be expected with decreasing polarisation 
resistance, the value of effective capacitance (Ceff) 
generally increases (Fig. 10(b)). This regulatory   
is approximately correct for both inhibitors     
(Ce-chloride and Ce-adipate). 

Table 3 Summarised results of EIS measurements 

Immersion time/h Specimen Re/ 
(kΩ·cm2) 

Rp/ 
(kΩ·cm2) 

CPE Ceff/ 
(µF·cm2) Q/ (μΩ−1·sn·cm−2) n 

24 
Ce-chloride 0.120 284 5.72 0.92 4.24 
Ce-adipate 0.145 740 3.84 0.95 4.08 

48 
Ce-chloride 0.060 373 5.23 0.94 5.48 
Ce-adipate 0.080 601 5.24 0.92 5.76 

72 
Ce-chloride 0.060 324.8 5.28 0.93 5.50 
Ce-adipate 0.195 593.8 5.48 0.92 6.05 

96 
Ce-chloride 0.085 265 5.41 0.92 5.59 
Ce-adipate 0.185 435 5.12 0.91 5.56 

168 
Ce-chloride 0.050 188 6.19 0.89 6.30 
Ce-adipate 0.165 404 5.41 0.90 5.89 
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3.7 Surface view after immersion in NaCl and 
inhibitive solutions 
AA7075 specimens were held up to 240 h in 

inhibitive solutions to obtain direct confirmation of 
the protective ability of the mentioned corrosion 
inhibitors (Fig. 11). Already after 4 h of exposure to 
the NaCl solution (without inhibitor), there is a loss 
of metallic gloss and also a slight change in the 
colour of the surface. After 24 h of exposure to the 
NaCl solution, the colour of the specimen surface is 
completely changed, and surface becomes darker, 
with the presence of a visible layer of corrosion 
products. The surface degradation process continues 

during prolonged action of the NaCl solution 
(Fig. 11). Corrosion damage occurring on the surface 
of AA7075 alloy after 24 h of immersion in NaCl 
solution at high magnification, is shown in the SEM 
microphotographs (Figs. 3(a, b)). In these figures, 
trenches around cathodic IMCs, formed as a 
consequence of corrosion reactions on the surface of 
AA7075 alloy in NaCl solution, are visible. Cathodic 
reactions occur on surface IMCs, and anodic 
reaction−dissolution occurs on the surrounding 
aluminium matrix (around IMCs). 

Surfaces of specimens immersed in solutions 
with Ce-chloride and Ce-adipate inhibitors show a 

 

 

Fig. 10 Time dependence of (a) polarisation resistance (Rp) and (b) effective capacitance (Ceff) for Ce-chloride and    
Ce-adipate inhibitors 
 

 

Fig. 11 Surface view of AA7075 surface immersed in Na-chloride, Ce-chloride, and Ce-adipate solution for prolonged 
time 
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slight change in brightness after 24 h. The change in 
brightness after 24 h action of the inhibitory solution 
may be attributed to the inhibitory layer formation on 
the surface of the specimens. The presence of Ce-
oxide/hydroxide on the surface of the cathodic IMCs 
after 24 h held in an inhibitive solution is shown in 
an EDS elementary mapping (Fig. 8). A brighter 
field (in Ce elementary mapping) on cathodic  
IMCs confirms the presence of inhibitive cerium 
compounds. After prolonged action (up to 240 h),  
the process of formation of inhibitory layers was 
intensified. 
 
3.8 Linear sweep voltammetry (LSV) 

measurements 
The protective ability of the inhibitors (Ce-

chloride and Ce-adipate) against corrosion of the 
AA7075 can also be determined based on LSV 
measurements. The characteristic LSV diagrams 
recorded after 24 and 96 h are shown in Fig. 12. 

For the pure NaCl solution, after reaching the 
ϕcorr, there is a sudden increase in the value of    
the corrosion current density. An increase in the 
corrosion current density shows the formation of 
corrosion pits. The value of the Jcorr for pure NaCl 
solution has a significantly higher value than that of 

the NaCl solution containing inhibitors (Fig. 12). 
This indicates a very low resistance of AA7075 to 
general corrosion in the NaCl solution. This is in 
accordance with the results of EIS tests. 

The 7075 aluminium alloy in the Ce-adipate 
solution has a corrosion potential that is more anodic 
than in the Ce-chloride solution, which is probably a 
consequence of the presence of the adipate ions in 
the solution (Fig. 12(a)). During a prolonged time, 
the gradual dissolution of the inhibitive complexes 
(probably that contains adipate ion) occurs and, 
consequently, the difference in corrosion potential 
between Ce-adipate and Ce-chloride is significantly 
less (Fig. 12(b)). Table 4 summarizes the results of 
LSV measurements. Corrosion current density 
values (Jcorr) for both inhibitors, Ce-chloride and Ce-
adipate, increase over time. Higher values of Jcorr 
after 96 h than after 24 h indicates a lowering of  
the protective ability of the mentioned corrosion 
inhibitors. This is in accordance with the Rp value 
obtained by EIS measurements. In the case of    
Ce-adipate, during all testing periods, lower   
values of Jcorr are obtained than for the Ce-chloride, 
which confirms its better protective abilities and 
these results are also in accordance with EIS 
measurements. 

 

 
Fig. 12 LSV diagram for AA7075 after (a) 24 h and (b) 96 h testing in Na-chloride solution in presence of Ce-chloride 
and Ce-adipate inhibitors 
 
Table 4 Results of LSV measurements 

Immersion time/h Specimen ϕcorr/mV Јcorr/(nA·cm−2) ϕpit/mV (ϕpit−ϕcorr)/mV 

24 
Ce-chloride −775 20 −675 100 

Ce-adipate −675 10 −590 85 

96 
Ce-chloride −790 65 −670 120 

Ce-adipate −770 20 −625 145 
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Contrary to pure NaCl solution, in the solution 
with Ce-adipate and Ce-chloride inhibitors, a 
relatively large pseudo-passive area is obtained. Pits 
appear only at potentials above the pseudo-passive 
region, i.e. after reaching pitting potential (ϕpit). 

The shift of the corrosion potential to the 
cathodic area (in the presence of the corrosion 
inhibitors) compared to the pure NaCl solution 
indicates their cathodic character. The cathodic 
character of the Ce-adipate inhibitor is especially 
noticeable after a longer time of the inhibitory action 
(96 h). 
 
3.9 Water contact angle  

The results of the water contact angle 
measurements for Ce-chloride and Ce-adipate 
inhibitors are shown in Fig. 13. The higher value of 
contact angle for Ce-adipate solution (Fig. 13(b)) 
compared to Ce-chloride solution (Fig. 13(a)) also 
confirms its better protective ability. The aliphatic 
chain originating from adipate ions bonded with  
Ce ions in the complex on the AA7075 surface is 
probably the cause of the higher contact angle value, 
i.e. the greater protective ability of the Ce-adipate 
inhibitor. In the case of Ce-adipate, the contact angle 
is about (38.3±3.1)°, while for Ce-chloride, this 
value is (29.6±3.4)°. 
 

 
Fig. 13 Contact angle for (a) Ce-chloride and (b) Ce-
adipate solution, after 24 h 
 
3.10 XPS analysis results 

The XPS survey plot in Fig. 14 shows the main 
peaks recorded for a specimen of AA7075 previously 

immersed for 24 h in a neutral NaCl solution 
containing the corrosion inhibitor Ce-adipate, at 
room temperature. The diagram was recorded in the 
range of binding energy from 0 to 1000 eV. The 
diagram shows the main peaks for Ce 3d, containing 
cerium in Ce(III) and Ce(IV) oxidation states, O 1s 
peak from Al-oxide/hydroxides, and peaks for  
Cl 2p and Al 2p. Also, there is the C 1s peak from 
carboxylate ions and C — H and C — C peaks 
originating from carboxylate anions. 

A very similar XPS survey spectrum for 
AA7075 alloy previously immersed in NaCl solution 
with Ce-propionate was already obtained by 
MARUNKIĆ et al [21]. Inhibitor Ce-propionate is a 
cerium salt of mono-carboxylic acid, opposite to Ce-
adipate which is a cerium salt of two-carboxilic acid. 
Inhibitor Ce-propionate contains an aliphatic chain 
with two C atoms, while Ce-adipate contains an 
aliphatic chain with four C atoms between the 
carboxylate groups. 
 

 
Fig. 14 XPS survey spectrum for specimens immersed in 
Ce-adipate solution, after 24 h 
 

The XPS diagram for Al 2p shows the typical 
Al-oxides/hydroxides peak at 76.0 eV (Fig. 15(a)) 
and a peak at 73.7 eV corresponding to Al metal. 
Also, the peak for Al-oxide/hydroxide is present in 
the O 1s diagram (Fig. 15(b)), which contains a peak 
originating from cerium, as well. 

The XPS diagram for Cl 2p (Fig. 15(c)) shows 
adsorbed chloride anions, which causes the 
formation of Al-chloride and other metal-chlorides 
that are present in the AA7075 matrix. 

Figure 15(d) shows the high-resolution 
spectrum for Ce 3d. This spectrum contains the 
following three zones. The first one contains 3d 
peaks with a range of binding energy from 878 to  
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Fig. 15 High-resolution XPS spectra for different elements in inhibitive film on AA7075 
 
892 eV, the second includes peaks with binding 
energy from 895 to 912 eV, and the satellite peak  
has a binding energy of 917.8 eV, as a third zone. 
Therefore, the inhibitory layer contains cerium in 
oxidation states (Ce(III) and Ce(IV)). 

The characteristic peak for the C—H and C—C 
groups (285.6 eV), and the peak for the COO− group 
(288.9 eV), are included in the high-resolution    
C 1s spectrum (Fig. 15(e)). The carboxylate groups 
present in the XPS spectra are a consequence of 

adipate [OOC—(CH)2—COO]2− anions adsorption 
on the aluminum surface. 

Recently, RODIČ et al [55] analyzed Ce-acetate 
as a corrosion inhibitor on the 2024 aluminium alloy 
in NaCl solution by applying the XPS method. 
Obtained values of the binding energy for 
appropriate compounds in high-resolution XPS 
spectra [55] are very close as in this work. Inhibitor 
Ce-acetate, similar to Ce-adipate contains cerium, a 
carboxylate group (—COO−), and an aliphatic chain 
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with one C atom. Contrary to Ce-acetate, inhibitor 
Ce-adipate contains two carboxylate —COO− groups 
and an aliphatic chain with four C atoms, between 
these groups. 

Accordingly, the presence and composition of 
the formed inhibitory layer are confirmed by XPS 
analysis. This layer formed on the AA7075 surface, 
originating from the Ce-adipate inhibitor, contains 
cerium in the oxidation state of Ce(III) and Ce(IV). 
Also, Al—O bonds and different cerium complexes 
formed with hydroxide and adipate anions are 
present. This implicates the formation of Ce-adipate 
complexes and bonds of carboxylate ions with the 
aluminum surface. 
 
4 Conclusions 
 

(1) Ce-chloride shows a relatively good 
protective ability. The precipitation of the Ce-
oxide/hydroxide on the cathodic IMCs diminishes 
the rate of corrosion. 

(2) In the Ce-adipate solution, a higher value of 
polarization resistance (about two times), and a 
much lower value of corrosion current density are 
obtained than for the Ce-chloride solution. 

(3) Both inhibitors (Ce-chloride and Ce-  
adipate) are good pitting corrosion inhibitors and 
belong to the group of cathodic inhibitors. However, 
somewhat higher pitting corrosion resistance is 
obtained in the case of the Ce-adipate than in the Ce-
chloride solution, especially after a prolonged period 
of testing. 

(4) As confirmed by XPS spectra, the inhibitive 
layer contains Ce in Ce(III) and Ce(IV) oxidation 
states and also carboxylate —COO− groups and  
C—H and C—C bonds, originating from the Ce-
adipate inhibitory layer. 

(5) The corrosion protection of the tested 
inhibitors increases in a similar way as the water 
contact angle. The Na-chloride solution which 
contains the Ce-adipate inhibitor has a higher contact 
angle and higher inhibitory action than the Na-
chloride solution which contains the Ce-chloride 
inhibitor. 
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己二酸铈作为 AA7075 铝合金的绿色缓蚀剂 
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摘  要：对比研究了基于己二酸铈和氯化铈的低浓度绿色缓蚀剂对 7075 铝合金在中性 NaCl 电解质中腐蚀的影

响。采用电化学阻抗谱和线性扫描伏安法研究腐蚀行为，采用扫描电子显微镜和 X 射线光电子能谱(XPS)对合   

金浸入腐蚀介质后的表面进行研究。电化学实验表明，己二酸铈比氯化铈具有更高的极化电阻值(约 2 倍)和更低

的腐蚀电流密度，因此具有更好的腐蚀抑制效果。这两种缓蚀剂都具有阴极缓蚀剂的作用，具有较强的抗点蚀能

力，并且在腐蚀介质中长时间浸泡(240 h)时能够提供足够的保护。XPS 分析表明，使用己二酸铈缓蚀剂的样品表

面缓释膜中 Ce 以 Ce(III)和 Ce(IV)的氧化态形式存在，且存在羧酸—COO−、C—C 和 C—H，这些均与防腐效率

的提高有关。 
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