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Abstract 

This research investigates the influence exerted by CeAlO3 nanoparticle additions on the 

protective performances of some silanes (3-mercapto-propyl-trimethoxy-silane, PSH; vinyl-

trimethoxy-silane, VS; 3-(trimethoxysilyl)propyl-methacrylate, PSMA; 1,2-bis-

(triethoxysilyl)-ethane, BTSE), used as conversion coatings for AZ31 Mg alloy. Among the 

tested silanes, PSH is the most efficient one, followed by the vinyl derivatives (VS and 

PSMA) and finally by BTSE. In fact, in comparison to the other silanes, PSH determines a 

more significant reduction in the cathodic and anodic polarization currents and maintains a 

higher degree of protection for at least 24 h. Afterwards, it gradually loses its protective 

effects. Conversely, VS, BTSE, PSMA conversion coatings allow the onset of significant 

corrosion rates within a few hours. In all silane coatings, the addition of CeAlO3 nanoparticles 

increases both the coating protectiveness and the persistence of the protective action. In 

particular, the higher the silane coating performance, the greater the enhancing effect of the 

nanoparticles. Thus, CeAlO3 nanoparticles particularly improve the protectiveness of PSH 

conversion coating, which displays an inhibiting efficiency of over 99%, after 168 h of 

immersion in 0.1 M NaCl solution. On this coating type containing nanoparticles, the 

electrochemical impedance spectra (EIS) and the scanning electron microscopy (SEM) 

observations evidence an increase in the layer thickness from 3.5±0.5 µm to 5.6±0.6 µm and 

a decrease in the layer porosity. Therefore, the nanoparticles induce slower diffusion 

processes, which particularly slow down the anodic reaction, so hindering the overall 

corrosion process. 
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Introduction 

The conventional corrosion protection methods for Mg alloys involve the preventive 

application of conversion coatings based on chromates, which are currently not acceptable 

due to their toxicity towards humans and environment [1]. Therefore, many efforts were 

performed to identify non hazardous protection methods, ranging from corrosion inhibitor 
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applications [2–5], to surface conversion coatings based on carboxylates [6, 7], stannates 

and permanganates [8–10] or different silane types [11–15].  

The protective performance of a silane layer mainly depends on the barrier properties 

exerted towards the penetration of the aggressive solutions: therefore, an increase in the 

thickness of the layer as well as a diminution in its porosity (chiefly interconnected) can 

enhance its performances. Nanoparticle addition may actually improve the coating 

efficiency by increasing the coating thickness and partially obstructing its porosity, as well 

as by increasing the silane reticulation degree. For instance, nanoparticles like silica (SiO2), 

ceria (CeO2), zirconia (ZrO2) or ceria∙zirconia (CeO2·ZrO2) were tested as silane bath 

additives for the corrosion protection of galvanized steel [16–21], carbon steel [22–24] 

and aluminum alloy [25–31] substrates. Palanivel et al. [25] demonstrated that a small 

addition of silica nanoparticles to a bis-sulfur silane (bis-[triethoxysilyl-propyl]tetrasulfide, 

BTESPT) bath mitigated aluminium alloy corrosion by slowing down the alloy cathodic 

reaction. These nanoparticles also increased the silane film thickness and improved the 

film mechanical strength. However, it was observed that the protective performances 

depended on the amount of silica, as a too large amount caused a quicker water uptake 

through the film pores, leading to its premature deterioration. Other authors confirmed the 

enhancement in corrosion protection of silane films on galvanized (BTESPT and bis-1,2-

[triethoxysilyl]-ethane, BTSE) [17] or carbon steel (bis-[trimethoxysilylpropylamine], 

BTSPA) [22] substrates, when loaded by silica micro- or nanoparticles, due to an increase 

in the barrier effect and coating thickness. On the other side, these particles were not able 

to impede corrosion activity in artificial defects created in the silane coatings [18]. Better 

performances were achieved by CeO2 addition, which not only improved the barrier effect 

of the BTESPT coating, but also provided inhibition ability in scratched surfaces [16, 18]. 

Even ZrO2 nanoparticles increased the silane coating protectiveness by lowering the film 

defectiveness, likely due to a pore blocking effect [27]. Zheludkevich et al. [26] showed 

that ZrO2 nanostructured silane film was able to remain highly protective for a limited 

period, due to the formation of cracks, allowing the electrolyte access to the aluminium 

substrate. On the other hand, the same authors observed a higher ability of CeO2∙ZrO2 

nanoparticles to delay the corrosion activity at film defects thanks to the CeO2 component, 

rather than to the ZrO2 one [19].  

Even if silane conversion coatings have been widely tested for Mg alloy corrosion 

protection, researches on the influence of nanoparticle charging in silane coatings are still 

rather limited [31–33]. In our lab, on AZ31 Mg alloy various nano-powders (titania, 

zirconia, ceria, ceria-zirconia) were tested as means for improving the performances of  

3-mercapto-propyl-trimetoxysilane (PSH) coatings [34]. It was found that the enhancing 

effects were independent from the size of the nanoparticles, while instead they depended 

on the particular oxide type, being CeO2 and CeO2·ZrO2 the most efficient ones. 

The present research investigates the influence of cerium aluminate nanoparticles 

(CeAlO3) on the protective features of various silanes: 3-mercaptopropyl-trimethoxysilane 



 Int. J. Corros. Scale Inhib., 2019, 8, no. 4, 954–973 956 

   

 

 

(PSH), 1,2-bis-triethoxysilyl-ethane (BTSE), vinyltrimethoxysilane (VS) and  

3-trimethoxysilyl-propyl-methacrylate (PSMA). As conversion coatings, PSH [11, 13, 35], 

BTSE [36–38] and TEOS–PSMA [31] were already tested on Mg alloys, while VS was 

investigated as Al alloy coating [39, 40]. However, a parent compound of VS  

(i.e. vinyltriethoxysilane) was applied with positive effects on AZ91D Mg alloy in hybrid 

coatings [41, 42]. VS and PSMA can enhance the coating cross-linking not only by the 

polysiloxane bond, but also through the carbon–carbon (–C=C–) double bond reticulation 

[43, 44]. Nevertheless, all these silane layers were characterized by a certain porosity, 

which determined a more or less rapid gradual decrease in their efficiency.  

Experimental 

Square electrodes (1 cm x 1 cm) of AZ31 magnesium alloy (nominal composition by 

weight: Al, 2.5–3.5%; Zn, 0.7–1.3%; Mn, 0.2–1.0%; Si <0.05%; Cu <0.01%;  

Fe <0.002%; Ni <0.001%) were embedded in epoxy. Their surfaces were prepared by 

grinding with emery papers up to 1000 grade, washed with deionized water, degreased 

with acetone and dried with hot air. These specimens were initially pretreated in 10% HF 

solution for 60 s, then they were hot air dried and immersed for 30 s in the silane baths, 

regulated at pH 4 by addition of some drops of diluted H2SO4 solution. After drying under 

a hot air flux, they were finally cured for 1 h at 100°C. The silanes used in the treatment 

baths (90/5/5 v/v/v ethyl alcohol/water/silane solutions) were: 3-mercaptopropyl-

trimethoxysilane (HS–(CH2)3–Si(OCH3)3, PSH); 1,2-bis(triethoxysilyl)ethane ((OCH3)3Si–

(CH2)2–Si(OCH3)3, BTSE); vinyltrimethoxysilane (CH2=CH–Si(OCH3)3, VS) and  

3-trimethoxysilylpropyl methacrylate (CH3–C(=CH2)–COO–(CH2)3–Si(OCH3)3, PSMA) 

(all Aldrich products).  

In order to achieve reproducible results, the silane baths were maintained under 

stirring for 12 h and utilized after 24–48 h hydrolysis time. In the case of nanoparticle-

charged coatings, 250 ppm CeAlO3 (cerium aluminate) nanoparticles (<50 nm [BET], 

Aldrich product) were added to the hydrolyzed silane solution. 

Electrochemical tests were performed with a Princeton Applied Research 

PARSTAT2263 Potentiostat–Galvanostat, in a 25(±1)°C thermostated 250 ml glass cell 

with a 3-electrode assembly: a working electrode, a reference electrode (saturated calomel 

electrode, SCE) and two symmetrical platinum wire counter-electrodes. The aggressive 

solution was 0.1 M NaCl (Carlo Erba RPE product). 

The potentiodynamic polarization curves were recorded by applying a 0.2 mV·s
–1

 

scanning rate, starting from the corrosion potential (ECORR). The corrosion current (iCORR) 

value was obtained by cathodic Tafel line extrapolation to ECORR, while the inhibition 

efficiency (%I.E.) was calculated as:  
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The electrochemical impedance spectra (EIS) were performed at ECORR by applying a 

10 mV (rms) sinusoidal perturbation, in the frequency range 10
5
–10

–3
 Hz. From these 

spectra, the polarization resistance values (Rp, inversely proportional to iCORR) were 

calculated, as the intercept of the low frequency capacitive loops with the real axis. Some 

impedance spectra were processed by Z-SimpWin software, to obtain the parameter values 

of the best fitting Electrical Equivalent Circuit (EEC) [45].  

The thickness of the most efficient silane layers was evaluated by embedding in 

epoxy two coated samples with the silane layers in close contact to each other. The double 

sample so achieved was cut perpendicularly to the silane layers and the obtained sections 

were ground by emery paper and then polished by diamond colloidal suspension down to 

1 µm roughness. Finally, the average layer thickness was measured as the half of whole 

silane thickness, by observations with a scanning electron microscope (SEM) equipped by 

energy dispersive X-ray spectroscopy (EDS).  

Results 

Figure 1 shows the polarization curves recorded on AZ31 Mg alloy treated by PSH, in the 

absence and presence of CeAlO3 nanoparticles. As a reference, the polarization curves of 

the bare alloy are also reported. At short testing times (Figure 1a), PSH efficiently 

protected AZ31 alloy from corrosion, chiefly by hindering the cathodic hydrogen evolution 

reaction, as shown by the decrease of about two orders of magnitude in the cathodic 

polarization currents. Consequently, the corrosion potential (ECORR) shifted in the negative 

direction of about 125 mV (Table 1). The anodic polarization curve displayed a very high 

slope, with a breaking potential (EBR) of about 60 mV more positive than that of the 

unprotected alloy. At increasing immersion times, the polarization curves shifted towards 

higher current density values, indicating a progressive decrease in PSH performances. The 

protective effects almost completely disappeared after 168 h testing (Figure 1b). 

 
Figure 1. Polarization curves recorded on AZ31 and on PSH treated AZ31 electrodes, in the 

absence and presence of CeAlO3 nanoparticles, after 1 h (a) or 24 and 168 hours (b) of 

immersion in 0.1 M NaCl.  
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CeAlO3 nanoparticles noticeably strengthened the protective action of PSH. After 1 h 

immersion, they particularly retarded the anodic reaction (Figure 1a), with anodic currents 

lower than 0.1 A/cm
2
 up to –1.36 VSCE. Therefore, ECORR shifted to more positive values 

(Table 1) and a slight EBR ennobling with respect to plain PSH was detected. This positive 

influence lasted for a very long time period (Figure 1b). After 24 h, both the anodic and 

cathodic polarization currents shifted towards lower values in comparison to those 

recorded after 1 h. After 168 h, although a moderate increase in the cathodic and, 

particularly, the anodic currents was observed, CeAlO3-loaded PSH coating still presented 

cathodic currents of about three orders of magnitude lower than those of the unprotected 

alloy, an anodic polarization curve with currents lower than 1 A/cm
2
 in a wide potential 

range and a EBR value nobler than –1.4 VSCE.  

Table 1. ECORR and EBR values after 1 h immersion in 0.1 M NaCl for AZ31 electrodes treated in the 

various silane baths with or without CeAlO3 nanoparticles addition. 

Silanes 
Without nanoparticles With nanoparticles 

ECORR (mV/SCE) EBR (mV/SCE) ECORR (mV/SCE) EBR (mV/SCE) 

Blank –1.525 – –1.525 – 

PSH –1.651 –1.415 –1.556 
–1.384 (1 h) 

–1.334 (24 h) 

VS –1.597 – –1.567 – 

PSMA –1.570 – –1556 – 

BTSE –1.592 – –1.574 – 

The conversion coating of BTSE succeeded in reducing the cathodic polarization 

currents only by one order of magnitude (Figure 2a) and consequently after 1 h immersion 

the shift of ECORR in the negative direction was lower than that induced by PSH (Table 1). 

BTSE coating presented a slightly inhibited anodic curve, characterized by a high slope in 

a narrow potential range and a EBR value close to that of the blank. After 24 h, the 

protective effects towards the anodic reaction increased, whereas those in the cathodic one 

slightly decreased (Figure 2b). The addition of nanoparticles in the coating nearly halved 

the anodic and cathodic currents in the polarization curves after 1 h immersion, but this 

influence was negligible after 24 h, even if a small EBR ennobling was ensured. 

The conversion coatings of the silanes bearing a C=C double bond (PSMA and VS, 

Figure 3) were more efficient than BTSE; at the beginning, these coatings noticeably 

reduced the cathodic polarization currents, but slightly less than PSH (Figure 1). Even their 

influence on the anodic reaction was lower than that of PSH (in the sequence 

PSH>PSMA>VS=BTSE) and their EBR values were close to that of the unprotected 

specimen. These coatings, especially VS, lost their efficiency already after 24 h immersion: 
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they maintained a fair barrier effect against the reduction process, but the hindrance they 

exerted towards the anodic process was negligible.  

 
Figure 2. Polarization curves recorded on AZ31 and on BTSE treated AZ31 electrodes, in the 

absence and presence of CeAlO3 nanoparticles, after 1 (a) and 24 h (b) immersion in 0.1 M 

NaCl.  

The effect of CeAlO3 nanoparticles addition on these silanes was to improve the 

inhibiting action exerted on the anodic process (more evident in the case of PSMA), which, 

however, completely disappeared after 24 h immersion. After this time interval, only the 

cathodic polarization curve of CeAlO3 loaded PSMA was found to be rather more inhibited 

than that of the unloaded silane. 

Table 2 collects the corrosion currents (iCORR) determined by the extrapolation of the 

cathodic polarization curves at ECORR for the various silane conversion coatings, in the 

absence and presence of nanoparticles, after 1 and 24 h immersions in the aggressive 

solution. These data allow a quantitative evaluation of the positive effect exerted by the 

nanoparticle addition. After 1 h immersion, the most efficient coating (without 

nanoparticles) was PSH (97.4 %I.E.), while the least efficient was BTSE (81.8 %I.E.). 

With the exception of BTSE, the iCORR values of the silane-treated electrodes tended to 

increase with time: they doubled in the case of PSH, while a four time or twenty time 

increase was recorded in the case of PSMA or VS, respectively. Therefore, after 24 h, the 

%I.E. of PSH, PSMA and VS decreased to 95.8, 66.9 and 90.3%, respectively. In the case 

of BTSE, these values raised from 81.8 to 92.9. In the presence of CeAlO3, the iCORR values 

always decreased suggesting improved performances. Quite high %I.E. were achieved after 

1 h immersion for all types of conversion coatings which still increased after 24 h in the 

case of loaded PSH and PSMA, to reach almost 100% and 98.6%, respectively. 

Unfortunately, in VS the nanoparticles addition induced a marked %I.E. decrease (from 

97.9 to 76.9%), while in BTSE the efficiency remained more or less equal. 
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Figure 3. Polarization curves recorded on AZ31 and on PSMA (a and b) or VS (c and d) 

treated AZ31 electrodes, in the absence and presence of CeAlO3 nanoparticles, after 1  

(a and c) and 24 h (b and d) immersion in 0.1 M NaCl. 

Table 2. iCORR and %I.E. values, after 1 and 24 h immersion in 0.1 M NaCl solution, for silane treated 

AZ31 electrodes, in the absence and presence of CeAlO3 nanoparticles. 

Silanes 

After 1 h in 0.1 M NaCl After 24 h in 0.1 M NaCl 

Without 

nanoparticles 
With nanoparticles 

Without 

nanoparticles 
With nanoparticles 

iCORR 

A/cm
2

 

%I.E. 
iCORR 

A/cm
2
 

%I.E. 
iCORR 

A/cm
2

 

%I.E. 
iCORR 

A/cm
2
 

%I.E. 

Blank 57 – – – 86 – – – 

PSH 1.48 97.4% 0.08 99.9% 3.65 95.8% 0.012 99.99% 

VS 1.32 97.7% 1.21 97.9% 28.5 66.9% 19.9 76.9% 

PSMA 2.08 96.4% 1.08 98.1% 8.31 90.3% 1.20 98.6% 

BTSE 10.4 81.8% 2.99 94.8% 6.1 92.9% 5.1 94.1% 
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As already reported for magnesium and magnesium alloys [7, 46], EIS spectra 

(Nyquist format) of AZ31 were constituted by two more or less well-defined, capacitive 

semicircles and sometimes by an inductive loop. The high frequency, hf, capacitive arc (at 

frequencies around 10
2
 Hz) was attributed to the charge transfer process and the corrosion 

products layer formation, while the other low frequency, lf, arc (around 10
–1

 Hz) was 

ascribed to diffusion through this layer (Figure 4). 

In comparison to the spectra of the metal substrate, those obtained on PSH conversion 

coating after 1 h immersion (Figure 4) were characterized by uniformly enlarged capacitive 

semicircles with the low frequency (lf) one at the same frequency of the unprotected 

specimen, while the high frequency (hf) one was shifted to 10
3
 Hz. At longer immersion 

times, with the decrease in the coating efficiency, the former τ tended to disappear 

(Figure 4a, b, 168 h), while the latter one moved to lower values than those in the blank. 

The coating decay was accompanied by the formation of a large inductive loop at very low 

frequencies (lower than 1 Hz), which was indicative of the beginning of a strong corrosion 

attack. 

Since the beginning of the immersion, CeAlO3 nanoparticle addition in PSH induced 

an increase in the size of the capacitive semicircles, mainly the lf one (Figure 4c, d). At 

short immersion times, the lf τ remained at 10
–1

 Hz, while the hf one shifted to 10
4
 Hz (then 

remained constant throughout the test). Over time, the lf loop size increased up to 24 h. 

Afterwards, the sizes of both hf and lf semicircle decreased, but the presence of the 

nanoparticles markedly slowed down the decay process of this coating type.  

In Figure 5, the time evolution of Rp values obtained from EIS spectra in the absence 

and in the presence of PSH coatings is presented. Until 48 h, the Rp of PSH treated 

electrodes was still appreciably higher than that of the unprotected alloy, but at the end of 

the test its value was close to that of the blank. CeAlO3 addition markedly slowed down the 

decay process of this coating: after 168 h immersion, Rp value was close to 580 kΩ·cm
2
 

(still more than two orders of magnitude higher than that of the unloaded coating). 

EIS spectra of BTSE coating presented the same shape and time constants of bare 

AZ31 Mg alloy (Figure 6), but with larger capacitive semicircles. This coating was less 

efficient than the PSH one, but its action resulted almost constant during the 24 h 

immersion time. In this case, the presence of CeAlO3 nanoparticles improved the 

protective effects for only a few hours (Figure 6). 

The EIS spectra of PSMA (Figure 7) and VS (Figure 8) coatings were characterized 

by the presence of the lf τ at the usual value of 10
–1

 Hz, then two other capacitive 

semicircles were detected: at 10
1
 Hz and at 10

3
–10

4
 Hz. Although after 1 h immersion, the 

Rp value of PSMA was rather high (close to 30 kΩ·cm
2
), the performance of this coating 

decayed very quickly and after 24 h Rp was around 4.4 kΩ·cm
2
 (Figure 9). Similarly, the 

initial Rp value of VS was around 55 kΩ·cm
2
, but over time the lf loop diminished its 

dimension and Rp values of 1.5 kΩ·cm
2
 were recorded after 24 h (Figure 9).  
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Figure 4. EIS spectra (Nyquist and phase angle plot) of AZ31 both untreated and treated by 

PSH during immersion in 0.1 M NaCl. (a,b) refer to the plain coating, while (c,d) to the 

CeAlO3 loaded one. 

 
Figure 5. Time dependence of Rp values obtained during immersions in 0.1 M NaCl of AZ31 

electrodes and PSH treated AZ31 electrodes, unloaded or loaded with CeAlO3 nanoparticles. 
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Figure 6. EIS spectra (Nyquist and phase angle plot) recorded in 0.1 M NaCl on BTSE treated 

AZ31 electrodes in the absence or presence of CeAlO3 nanoparticles. 

After 1 h immersion, nanoparticle loading in PSMA increased Rp value to around 

100 kΩ·cm
2
, mainly by enlarging the lf loop. Figure 7 shows that three τ are present also in 

this coating type, more evident after 12 h. The nanoparticles retarded the coating decay, 

because after 24 h, a Rp value of 35 kΩ·cm
2
 was obtained, significantly higher than that of 

the unloaded coating (4.4 kΩ·cm
2
). CeAlO3 addition also improved the efficiency of VS 

coatings (where again three τ are distinguished) in the first 2–4 hours of testing (Figure 8), 

but successively Rp values of unloaded and loaded VS were the same (Figure 9).  

 
Figure 7. EIS spectra (Nyquist and phase angle plot) recorded in 0.1 M NaCl on PSMA 

treated AZ31 electrodes in the absence or presence of CeAlO3 nanoparticles. 

Only PSH-based spectra were subjected to further analysis by fitting with the 

Electrical Equivalent Circuit (EEC) reported in Figure 10, already used in a previous work 

on the same system [11]. The EEC contains R0, the resistance of the contacts, wires and 

solution between the reference tip and the working electrode, and three R–CPE couples: 

a. RPO – CPEC, where RPO is the resistance of the pores in the silane coating filled by the 

electrolytic solution and CPEC is correlated to the silane layer capacitance,  
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b. RCT – CPEDL, where RCT is the resistance associated with the corrosion process at the 

bottom of the coating pores and CPEDL is related to the double layer capacitance 

associated to charge transfer at the pore bottom, and 

c. RDIFF – CPEDIFF, where RDIFF and CPEDIFF are connected to a diffusion process affecting 

corrosion rates.  

The RDIFF – CPEDIFF couple was used to describe the lf τ of the spectra [47], while the 

hf capacitive semicircle was interpreted as the envelope of two τ related to the coating 

dielectric behaviour and the corrosion process [11] and was closely fitted by the couples 

RPO – CPEC and RCT – CPEDL. 

 
Figure 8. EIS spectra (Nyquist and phase angle plot) recorded in 0.1 M NaCl on VS treated 

AZ31 electrodes in the absence or presence of CeAlO3 nanoparticles.  

 
Figure 9. Time dependence of Rp values obtained during immersions in 0.1 M NaCl of AZ31 

electrodes treated by various silanes, unloaded (a) or loaded (b) with CeAlO3 nanoparticles. 

The CPE elements were used instead of pure capacitances, C, to take into account the 

non-ideal behaviour of the system, but then C values were extracted from CPE values, as 

described in [48]. 
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Figure 10. Electrical Equivalent Circuit (EEC) adopted for fitting impedance spectra analysis.  

The analysis of the fitting parameters shows that in PSH coating RPO, characterized by 

an initial value of 0.5 kΩ·cm
2
, decreased rather quickly to 0.08 kΩ·cm

2
 after 48 h, while in 

the same time interval CC increased from 0.023 to 0.25 µF·cm
–2

, due to the entrance of the 

aggressive solution (Figure 11). At longer immersion time, the fitting analysis clearly 

showed that the τ corresponding to the RPO – CPEC couple no more influenced the spectra, 

likely due to a significant PSH coating degradation. On the contrary, in the presence of 

CeAlO3, even if RPO decreased from 55 kΩ·cm
2
 to

 
7 kΩ·cm

2
, during 168 h, it remained 

quite high throughout the test, likely due to the presence of a relatively low amount of 

pores and defects and/or to a higher coating thickness. The low defectiveness and/or high 

thickness is confirmed by the lower CC values of CeAlO3-containing PSH, in comparison 

to those of plain PSH (as an example, after 1 h immersion, CC was 8 nF·cm
–2

 for loaded 

PSH coating and 26 nF·cm
–2

 for the unloaded one).  

 
Figure 11. Trend of RPO and CC versus time for AZ31 electrodes treated by the PSH, unloaded 

or loaded with CeAlO3 nanoparticles. 

RCT and CDL trends are presented in Figure 12. In the case of plain PSH coating, RCT 

gradually shifted from 44 µF·cm
–2

 (after 1 h immersion) to 1 kΩ·cm
2
 (after 168 h), while 

CDL increased from 0.11 to 23 µF·cm
–2

. With the addition of CeAlO3, RCT was higher 

(260 kΩ·cm
2
, at 1 h) and CDL lower (0.05 µF·cm

–2
) than the same parameters in PSH, due 

to the smaller interconnected porosity of the loaded coating which induced a decrease in 

the metal surface area in contact with the aggressive solution at the pore bottom. The 
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nanoparticles presence also slowed down the rate of coating degradation. In fact, even if 

RCT decreased with time, it still maintained values as high as 44 kΩ·cm
2 

after 168 h. 

Moreover, CDL (a parameter quite sensitive to the increase in the attacked surface) showed 

very low values for 48 h (0.19 µF·cm
–2

), then it increased (to 3 µF·cm
–2

, after 168 h), but 

always remained lower than the corresponding values in pure silane.  

 
Figure 12. Trend of RCT and CDL versus time for AZ31 electrodes treated by the PSH, 

unloaded or loaded with CeAlO3 nanoparticles. 

In the loaded conversion coating, diffusion afforded a more significant hinder to the 

corrosion process than in plain PSH. In fact, nanoparticle addition determined quite high 

and initially increasing RDIFF values as well as low and constant CDIFF values (Figure 13), 

while in plain PSH this τ disappeared for immersion times longer than 24 h. 

 
Figure 13. Trend of RDIFF and CDIFF versus time for AZ31 electrodes treated by the PSH, 

unloaded or loaded with CeAlO3 nanoparticles. 

In Figure 14, the SEM images allow to calculate the thickness of the double silane 

layer in the absence (Figure 14a) and presence of the CeAlO3 nanoparticles (Figure 14c). 

The SEM-EDS elemental map in the region of Figure 14a delimited by the pink rectangle 

is reported in Figure 14b. This latter Figure helps to interpret the geometry of the observed 

coupled coated specimens, where the two coupled Si- and S-rich silane layers are 
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sandwiched between two Mg-rich AZ31 substrates. This arrangement allows measuring a 

thickness of 3.5±0.5 µm for the PSH layers and 5.6±0.6 µm for PSH with CeAlO3 

nanoparticles. The higher thickness of the latter coating agrees with the high RPO and the 

low CC values measured in the presence of the nanoparticles.  

  
Figure 14. SEM images of the AZ31 samples covered by the silane layer unloaded (a) and 

loaded with CeAlO3 nanoparticles (c) and EDS map (b) obtained on sample (a) showing  

Mg (red), Si (green) and S (blue) distributions. 

Discussion 

During the immersion of AZ31 in 0.1 N NaCl, a layer of corrosion products (mainly 

magnesium oxide-hydroxides) grew on the metal surface, exerting a scarce protection 

towards the alloy dissolution rate. The corrosion resistance of this alloy was improved by 

the treatment with silane conversion coatings. In comparison to unprotected AZ31 

specimen, the silane treated specimens showed a diminution in the polarization currents 

which was attributed to a reduction in the metal surface area available for the corrosion 

process at the coating pore bottom. The more significant decrease in the cathodic currents 

indicated a higher tendency of the silane coating to form on the cathodic sites of AZ31 

alloy. In the case of PSH, where an evident decrease was also observed in the anodic 

polarization currents, the formation of the conversion layer could equally take place on 

both cathodic and anodic sites.  

On AZ31 Mg alloy, PSH was the most efficient among the tested silanes, followed by 

the vinyl derivatives (VS and PSMA), and finally by BTSE. VS, BTSE, PSMA conversion 

coatings allowed the penetration of the aggressive electrolytic solutions up to the metal 

surface within a short time interval (few hours), so that the corrosion process quickly 

started. PSH coating maintained a high degree of protection for at least 24 h, but 

successively it gradually lost its protective effects which were almost completely annulled 

after 168 h. 

The addition of CeAlO3 nanoparticles increased the protectiveness of all conversion 

coatings and such increase was strictly dependent on their initial efficiency: the more 

efficient the original silane layer, the greater the nanoparticle effects. Therefore, this 

improvement was particularly relevant in the case of PSH, but only limited for BTSE. The 
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natural barrier action of PSH was noticeably increased by CeAlO3 nanoparticles and the 

protective performance remained stable for more than one week. A similar but weaker 

effect was induced by nanoparticles on PSMA too.  

In the literature, it was found that nanoparticle charging improves the barrier 

properties of silane coatings by increasing their thickness [17, 22, 25], plugging porosity 

[17, 22] and enhancing the polymer cross-linking [16]. In the present research, SEM 

analysis showed that the lower CC and higher RPO values of the CeAlO3 loaded PSH layer, 

compared to those of the unloaded silane, were linked to the development of a thicker 

coating (Figure 14), but were also related to a diminution in the interconnected porosity. In 

fact, the higher RCT and lower CDL values (Figure 12) suggested a decrease in the metal 

surface area in contact with the electrolyte through the pores, likely due to pore plugging 

effect and increased coating reticulation induced by nanoparticles. The difficulty in the 

electrolyte penetration to the metal surface was a reason of better coating durability. 

In the case of ceria-containing silane coatings, the outstanding properties of corrosion 

protection described in the literature [14, 49] were also ascribed to the onset of a specific 

inhibition effect due to the release of cerium ions and the formation of a very corrosion-

resistant mixed Ce–Mg oxide-hydroxide layer at the metal/coating interface. Concerning 

CeAlO3 addition, it is likely that dissolution of nanoparticles occurred a certain extent with 

the release of Ce
+3

 ions into the solution, thus inducing the well-known inhibiting effects of 

cerium salts [13–15, 18, 26, 28, 41, 50]. Moreover, the limited defectiveness of the most 

efficient PSH coating likely favored an easier pore-plugging action by the highly protective 

mixed Mg–Ce oxide-hydroxides, so contributing to the initial increase in RPO noticed in 

CeAlO3 loaded PSH coating. 

In the present research, it was found that nanoparticles addition clearly inhibited the 

anodic reaction and meanwhile enlarged the lf capacitive loop of EIS spectra. In fact, due 

to CeAlO3 nanoparticle addition a slow outward diffusion of Mg
++

 ions from the metallic 

surface to the solution occurred due to both a thicker PSH layer formation and likely a 

stabilization of the rather protective Mg–Ce oxide-hydroxide corrosion products. The 

obtained values of the n exponent of CPEDIFF, close to 0.5–0.6, supported the attribution of 

the lf τ to diffusion.  

Conclusions 

1. CeAlO3 nanoparticles improved the protective performances of the silane conversion 

coatings: the more efficient the original silane layer, the greater the effects. 

2. CeAlO3 nanoparticle loaded PSH exerted the highest protective action against AZ31 

corrosion in 0.1 N NaCl. This protectiveness lasted during the whole 168 h test. 

3. SEM analysis and EIS spectra evidenced an increase in the layer thickness and a 

decrease in its porosity after addition of CeAlO3 nanoparticles in PSH.  

4. CeAlO3 nanoparticle addition markedly limited diffusion steps, which in turn mainly 

slowed down the anodic reaction of the corrosion process.  
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