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A B S T R A C T

The corrosion inhibition of WE43 Mg alloy by salicylic acid (SA) and 3,5-dinitrosalicylic acid (DNSA) was 
investigated in a 0.2 M NaCl solution using electrochemical techniques, pH measurements, inductive coupled 
plasma-optical emission spectroscopy (ICP-OES) and SEM-EDX analyses. SA has a poor performance while DNSA 
was efficient after some hours of immersion in the NaCl solution. The observed behaviour was attributed, for 
short immersion times, to a buffering effect of DNSA which delayed the Mg(OH)2 crystal growth on the alloy 
surface, and for longer immersion times, to an enrichment of the corrosion products layer by the alloying 
elements.

1. Introduction

Due to their high strength-to-weight ratio, Mg alloys are good can
didates for applications where weight savings are vital, particularly in 
the automotive, aerospace and mobile electronics. However, their poor 
corrosion and wear resistances limit the potential of using Mg alloys in 
these fields of application. A wide variety of protecting strategies has 
been investigated, including alloying [1], chemical conversion coatings 
[2,3] and use of inhibitors [2], added directly to the aggressive solution 
or incorporated into organic or inorganic coatings [3,4]. Less conven
tional techniques, such as ion implantation, have also shown to be 
effective to delay Mg alloys degradation. For example, enhanced 
corrosion resistance of Nd-implanted WE43 Mg alloy has been attributed 
to the combination of an outer stable and protective Nd2O3 layer and an 
inner partially protective MgO layer [5].

Inorganic and organic inhibitor systems for Mg alloys have been the 
subject of recent reviews [2,6]. It is worth noting that inhibition 
mechanisms for Mg and Mg alloys would be different from those 
observed with other metals. For example, Wang et al. [7] have shown 
that the inhibitory effect of benzotriazole (BTA) differed from that 
observed on Cu or Cu-bearing alloys. The corrosion resistance of a 
Mg-Zn-Al-Mn-Ca alloy in 0.1 M NaCl and for a pH value of 10 was 
greatly enhanced by the addition of a high BTA concentration (15 g/L). 
This high degree of protection has been associated with the formation of 

a dense and highly crystalline Mg(OH)2 layer. The authors assumed that 
the adsorbed BTA- anion (the predominant form of BTA at pH = 10) 
acted as a nucleation site for the formation of this layer. The inhibition 
mechanism of vanadate salts for AZ31 Mg alloy also appeared different 
from that observed for the AA2024-T3 alloy [8]. This different 
film-forming mechanism has been linked to the reductive adsorption 
process that accompanies film formation on AZ31.

The pH of the solution also impacts the inhibition efficiency. For 
instance, phosphates are more effective in acidic or neutral media than 
in alkaline media, because in the latter case Mg3(PO4)2 precipitation 
occurs in solution rather than in the vicinity of local cathodic sites [9]. 
The most common mode of action of organic corrosion inhibitors for Mg 
and its alloys is the formation of insoluble complexes between Mg2+ ions 
and the inhibitor (for example, sodium di-octylphosphate [10], alkyl 
carboxylates [11], 2-hydroxy-4-methoxy-acetophenone [12], 5,10,15, 
20-tetraphenylporphyrin [13], 8-hydroxyquinoline [14]). They have 
the effect of blocking porosities in the Mg(OH)2 layer. An inhibition 
mechanism by adsorption has been reported for surfactants with car
boxylic [11], sulfate [15] or sulfonates [16] hydrophilic heads. How
ever, inhibition by precipitation of insoluble complexes is more common 
than inhibition by adsorption on Mg surface. A new inhibition mecha
nism has recently been proposed by Cui et al. [17], according to which 
anionic inhibitors, such as sodium dodecyl sulfate, by electrostatically 
adsorbing onto Mg(OH)2 embryos, promote crystal nucleation and 
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enable the formation of a denser, more protective corrosion product 
film.

Numerous examples have also shown that the inhibitor efficiency 
depends closely on the specific composition of the Mg alloy [2].

Magnesium alloys containing rare-earth (RE) and Zr addition ele
ments have improved mechanical properties up to 300 ◦C and good 
resistance to ignition [18,19]. The WE43 Mg alloy is characterized by 
intermetallics enriched in RE (mainly Y and Nd) and Zr elements. 
Generally, these intermetallics are reported to act as local cathodes 
[20–22]. However, Feng et al. [23] have recently shown that the RE-rich 
intermetallics acted as microanodes in a Na2SO4 solution. The incor
poration of alloying elements, mainly yttrium and zirconium, in the 
corrosion product layer has an impact on the corrosion rate [20,24]. For 
example, Leleu et al. [20] have studied the corrosion resistance of three 
Mg alloys containing rare-earth elements (WE43, EV31 and ZE41) and 
that of two Mg-Al alloys (AZ31 and AZ91). From inductive coupled 
plasma-optical emission spectroscopy and from electrochemical mea
surements, higher corrosion rates were observed for the rare-earth Mg 
alloys compared to the AZ series alloys.

Anodizing treatments, such as electrolytic plasma in an alkaline 
phosphate solution, confer limited protection for the WE43 Mg alloy 
compared with the AZ91D alloy in a 3.5 wt% NaCl medium [25]. 
Chemical conversion treatments of the WE43 Mg based with cerium salts 
(sulphate and chloride) did not provide any significant protection [26]. 
However, in the form of an organic cerium phosphate (cerium tri 
(bis-2ethylhexyl)phosphate) incorporated in a thin epoxy-silane 
coating, it has confered a self-healing ability to the coating [27]. 
Molybdate ions lead to contrasting results, with a corrosion-accelerating 
effect for a wide variety of industrial Mg alloys (including the WE43) in 
0.5 wt% NaCl medium at a concentration of 50 mM [2], whereas a 
strong inhibiting effect was demonstrated at a higher concentration 
(100 mM) for the WE43 in 0.05 M NaCl medium [28]. In the latter case, 
it was shown that Na2MoO4 inhibits corrosion while forming a protec
tive mixed-valence Mo(VI)-Mo(V) layer that prevents further corrosion 
attack.

Among the 151 compounds evaluated by Lamaka et al. [2] (results 
re-discussed recently by Cui et al. [17]) to inhibit corrosion of Mg alloys 
and pure Mg in NaCl media, salicylate derivatives appeared particularly 
promising. Moreover, studies conducted in recent years on iron-rich Mg 
alloys have demonstrated a dual effect based on the formation of soluble 
Fe3+/salicylate complexes, that inhibited iron redeposition, and on the 
stabilization of Mg(OH)2 nanocrystals [29,30]. A noticeable effect of the 
Fe content in Mg has been observed with salicylate, with no inhibition 
properties for a high-purity Mg with 51 ppm Fe [31]. 5-sulfosalicylic 
acid has an inhibitory effect at low concentrations (linked to inhibi
tion of iron redeposition) while, at high concentrations, it increases 
dissolution rate of Mg due to its ability to form soluble complexes with 
Mg2+ [32]. The mode of action of salicylates is therefore multiple and 
highly dependent on the experimental conditions, but most often asso
ciated with inhibition of iron redeposition.

This short review emphasizes that finding an inhibitor, that is effi
cient for a wide variety of Mg alloys (elemental composition and 
microstructure) and corrosive media (corrosive salt concentration and 
pH) and without risk of accelerating dissolution of Mg when its con
centration is insufficient (as in the case of molybdate [28]) or too high 
(as in the case of 3,5-dinitrosalicylic acid on E21 alloy [2]), remains an 
important challenge.

The aim of this work is to gain a better understanding of the corro
sion inhibition mechanisms of the WE43 Mg alloy by salicylate com
pounds. The study was focussed on two derivatives (salicylic acid (SA) 
and 3,5-dinitrosalicylic acid (DNSA)) in order to assess the influence of 
the nitro substitution in salicylic acid on the inhibition properties. To the 
best of our knowledge, no comprehensive studies have been carried out 
on the mechanism of action of salicylate inhibitors on the corrosion of 
rare-earth Mg alloys, such as the WE43 Mg alloy. Electrochemical 
measurements and inductive coupled plasma-optical emission 

spectrometry (ICP-OES) as well as continuous pH monitoring were 
performed after different immersion times in a 0.2 M NaCl solution. 
Scanning electron microscopy (SEM) and energy-dispersive X-ray spec
troscopy (EDX) analyses were conducted to characterize the morphology 
and the composition of the corrosion product layers. The inhibition 
mechanism was finally discussed on the basis of the obtained results and 
in relation to the acid-base properties of the inhibitors and the ther
modynamic equilibrium constants of the various oxides layers likely to 
be formed.

2. Experimental

2.1. Materials and reagents

The WE43 Mg alloy was supplied by Prodem-Bonnans. The nominal 
composition, provided by the supplier, is reported in Table 1 and is in 
accordance with ASTM B951–11. Fig. 1 shows a SEM micrograph of the 
alloy microstructure. As previously described [33], it consists in the 
α-Mg matrix, mainly enriched in Y, and the presence of various particles 
randomly distributed inside the matrix: cubic Y-rich particles and 
Nd-rich particles (Fig. 1). The micrograph also reveals whitish Zr-rich 
regions and a submicrometer acicular phase, identified by Coy et al. as 
β-Mg14Nd2Y [34].

The two inhibitors: salicylic acid (SA) and 3,5-dinitro salicylic acid 
(DNSA) were purchased from Sigma-Aldrich and used as received. Their 
molecular structures are shown in Fig. 2. For each inhibitor, several 
concentrations were tested (50 µM, 500 µM, 5 mM and 10 mM). In the 
present work, only the results for the concentration which gave the best 
inhibition efficiency (5 mM for both SA and DNSA) were reported.

The corrosive medium was prepared from deionized water by adding 
0.2 M NaCl (reagent grade). With the inhibitors, the pH of the solutions 
was adjusted with concentrated NaOH to reach a pH value of 6, corre
sponding to the natural pH of the NaCl blank solution. Both SA and 
DNSA were soluble in the 0.2 M NaCl solution without any addition of 
organic solvent. Their solubility limits, in water at 25◦C, are 11 mM and 
66 mM for SA and DNSA, respectively [35,36]. It can be emphasized that 
DNSA is totally ionized in water. Thus, adding NaOH to reach a pH of 6 
does not alter its solubility. SA, on the other hand, is only partially 
ionized in water (46 % for 5 mM) due to a higher pKa (lower acidity) 
than DNSA. Its solubility therefore increases with its degree of ionization 
when NaOH is added to reach a pH of 6 [37].

2.2. Electrochemical measurements

Electrochemical measurements were carried out using a classical 
three-electrode cell. The working electrode was a rotating WE43 Mg disc 
electrode (RDE). The electrode was fabricated in the form of a cylinder 
with a surface area of 1 cm2. The lateral part of the electrode was 
covered with a heat-skinkable sheath. The electrode was polished down 
to SiC P4000, rinsed with ethanol and dried with hot air prior to im
mersion. A saturated calomel electrode (SCE) served as reference elec
trode and a graphite electrode as counter electrode. The working 
electrode rotation rate was set at 250 rpm. The measurements were 
conducted at least in duplicate with a computer-controlled VSP-300- 
based multichannel system (Bio-Logic SA, France) with EC-Lab ® soft
ware. The electrochemical impedance measurements were carried out 
with a sinusoidal perturbation of 30 mVRMS with 4 points per decade in 
the frequency range 65 kHz to 20 mHz for short immersion times (from 

Table 1 
Nominal composition (wt%) of the WE43 Mg alloy.

Y Nd Zr Zn Mn Fe HRE TRE ORE Mg

4.2 2.2 0.49 0.01 0.01 0.002 0.88 3.1 - Bal

Other Rare Earth (ORE) shall principally be La, Ce, Pr, Nd, Gd, Dy, Er, Yb
HRE Heavy Rare Earth, TRE Total Rare Earth
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the beginning of immersion up to 1 h) and 8 points per decade from 
65 kHz to 4 mHz for longer immersion times (from 1 h up to 24 h). The 
polarization curves were obtained from the cathodic range (-0.5 V below 
the open circuit potential (OCP)) to the anodic range (+0.5 V above the 
OCP) at scan rate of 20 mV min− 1. The polarization curves were cor
rected for ohmic drop by using the high-frequency impedance value as 
the electrolyte resistance.

2.3. pH measurements

The variation in pH of the solutions during the corrosion process was 
monitored continuously by using an Origalys OrigaMeter OpH218 with 
an Ag/AgCl pH electrode. The WE43 Mg RDE was immersed in 60 mL of 
the 0.2 M NaCl solution with and without the inhibitors.

2.4. ICP-MS analysis

Quantitative analyses of dissolved Mg in the electrolyte was con
ducted using a Perkin Elmer NexION 300X ICP-MS instrument. During 
the pH control experiment, 5 mL of the solution were taken after 2 h, 6 h 
and 24 h of immersion to determine the concentration of Mg2+ ions. A 
dilution factor of 10–50 was adopted depending on the sample con
centration to enter the measurement range.

2.5. Characterization of the protective layers: morphology and 
composition

SEM images were obtained with a Zeiss Supra 40 VP/GEMINI Col
umn equipped with an energy dispersive X-ray detector (EDX). SEM 

images and EDX spectra were collected at an accelerating voltage of 
15 kV. Samples (20 mm×20 mm x 3 mm) used for SEM/EDX charac
terization were grounded with SiC papers and polished with diamond 
pastes (down to 1 µm). After the surface preparation, the samples were 
ultrasonically cleaned in ethanol and dried. Then, they were placed face 
up on the bottom of a beaker filled with a 0.2 M NaCl solution with or 
without inhibitor during various periods of time. The SEM/EDX analyses 
were performed on the top surface of the samples.

2.6. Job plot method

The method of Job was used to assess the possibility of molecular 
association (i.e. complexation) between magnesium ions and DNSA 
[38]. Job plots were carried out at two different pH (6 and 11) to cover 
the range of pH of the electrolyte during the corrosion test. Solutions of 
magnesium nitrate (Mg(NO3)2.6H2O) and DNSA were prepared with an 
equal concentration of 1 mM. Various aliquots of these two mother so
lutions were mixed to obtain solutions with different Mg(II) concen
trations (from 0 µM to 200 µM) completed with DNSA to obtain a total 
(Mg(II)+DNSA) concentration of 200 µM. The solutions were adjusted 
to the required pH value with 0.1 M NaOH or HCl. UV–visible spectra 
were recorded on a Shimadzu UV-1800 spectrophotometer.

3. Results and discussion

3.1. Electrochemical measurements

The variation of the OCP for the WE43 Mg alloy during immersion in 
the 0.2 M NaCl solution with and without SA and DNSA is shown in 
Fig. 3a. The modification in pH of the solution in the presence or absence 
of inhibitor is shown in Fig. 3b. Without inhibitor, the OCP increases 
during the first 2 h of immersion and then slightly decreases before 
stabilizing, after about 16 h, at a value of − 1.95 V/SCE. The increase in 
potential, at the beginning of immersion, follows a rapid increase in pH 
up to a maximum value close to 10.6, in agreement with different works 
in the literature [39,40]. The initial increase of the OCP with time is 
generally attributed to the development of a film composed of MgO/Mg 
(OH)2 on the sample surface [20,25,40].

In the presence of SA, the initial OCP values are slightly shifted to 
more negative values compared to the blank solution and then, it follows 
approximately the same variation to reach a stable value close to that 
obtained for the blank solution (-1.92 V/SCE). The addition of SA 
slightly decreases the pH in the first hours of immersion compared to the 
blank solution but the pH reaches values close to 10 after 3 h of im
mersion. In the presence of DNSA, the initial OCP value is significantly 
shifted to a more positive value (-1.65 V/SCE) and then, the OCP de
creases up to − 1.83 V/SCE during the first 2 h. Then, it shows a gradual 
increase throughout the test (24 h) up to a value of − 1.79 V/SCE, which 
is about 160 mV more anodic compared to the blank solution. In the 
presence of DNSA, the pH gradually increases from 6.0 to 9.0 within 
24 h. Thus, the release of hydroxide ions in the solution would be hin
dered in presence of DNSA.

Polarization curves obtained in the 0.2 M NaCl solution with and 
without SA and DNSA after 24 h of immersion at the OCP are shown in 
Fig. 4.

In the anodic domain, in the presence or absence of inhibitors, a 
pseudo-passive behaviour is observed followed by an inflexion point 
that is generally related to the breakdown of the protective film formed 
on the metal surface [33,41]. The anodic current densities in the pres
ence of DNSA are lower compared to those obtained with SA or for the 
blank solution. Thus, DNSA has the characteristics of an anodic inhibi
tor. The difference between the breakdown potential, Eb, and the 
corrosion potential, Ecorr, was calculated to compare the resistance to 
local breakdown of the surface films, formed after 24 h of immersion. 
This parameter is reported in Table 2. The (Eb-Ecorr) difference is around 
60 mV higher in the presence of SA or DNSA in the medium compared to 

Fig. 1. SEM image of the WE43 Mg alloy (as-polished). The elemental 
composition obtained by EDX analysis of the particles indicated by the white 
arrows is also shown.

Fig. 2. Molecular structure of the two inhibitors: salicylic acid (SA) and 3,5 
dinitro-salicylic acid (DNSA).
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the value in the blank NaCl solution. This might indicate that the 
addition of SA and DNSA in the electrolyte results in a modification of 
the oxide/hydroxide layer which would be more resistant to localized 
breakdown.

The instantaneous inhibitive efficiency, η, was graphically assessed 
from the cathodic branch of the polarisation curves, according to the 
following formula: 

η(%) = 100 x
icorr(0)− icorr

icorr(0)
(1) 

Where icorr and icorr(0) are the corrosion current densities in the presence 
and absence of inhibitor, respectively. The values of the cathodic slopes, 
bc, and of the instantaneous inhibitive efficiency, η, are reported in 
Table 2.

The cathodic curves are modified in the DNSA or in the SA- 
containing solutions by comparison with the blank NaCl solution. The 
instantaneous inhibitive efficiency, η, after 24 h of immersion is very 
low (6 %) in the presence of SA and reach a value of 40 % in the presence 
of DNSA.

Fig. 5 compares the impedance spectra obtained at the OCP for the 
WE43 Mg alloy for three immersion times with and without SA or DNSA 
in the NaCl solution. Regardless of the immersion time, the spectra show 
three time constants. The high frequency capacitive loop results from 

the charge transfer resistance, RT and of the oxide film capacitance, Cf. 
The second time constant, at mid-frequencies, corresponds to the 
diffusion of Mg2+ ions through the porous oxide/hydroxide film and the 
inductive loop at low frequency would be related to relaxation process of 
adsorbed species, most likely (Mg+)ads [40,42,43]. The charge transfer 
resistance, RT, was graphically determined from the diameter of the 
high-frequency capacitive loop [20]. The variation of RT with immersion 
time is shown in Fig. 6.

Without inhibitor, the increase in the RT values throughout 24 h 
immersion is attributed to the progressive formation of a surface film, 
probably MgO, which decreases the active surface area [33]. In the 
presence of SA and DNSA in the NaCl solution, the RT values for short 
immersion times (< 2 h) are lower than those determined in the blank 
solution. The alloy surface therefore appears more active for short im
mersion times in the presence of SA and DNSA, which could be due to a 
delaying effect for the formation of the oxide/hydroxide film on the 
surface. This effect appears more pronounced with DNSA, notably at the 
beginning of immersion. In the SA-containing solution, this effect 
gradually diminishes, leading to a RT value (390 Ω cm2) slightly higher 
than that obtained for the blank solution after 24 h of immersion (350 Ω 
cm2). In the presence of DNSA, the increase of RT is significant when the 
immersion time increases. A RT value of around 620 Ω cm2 is reached 
after 24 h of immersion. This might account for the formation of a more 
protective film for longer immersion times, in agreement with the 
polarisation curves. It is also observed that in the presence of DNSA, the 

Fig. 3. Variation with immersion time of: (a) open circuit potential (OCP) for 
the WE43 Mg alloy with or without inhibitors and (b) pH of the 0.2 M NaCl 
solution with or without inhibitors.

Fig. 4. Polarization curves obtained for the WE43 Mg alloy after 24 h of im
mersion in the 0.2 M NaCl solution (blank solution) and in the presence of 
the inhibitors.

Table 2 
Parameter values graphically extracted from the polarisation curves for the 
WE43 Mg alloy after 24 h of immersion in a 0.2 M NaCl solution with and 
without the presence of inhibitors. Mean values of Ecorr and Eb are given with 
standard deviation not exceeding 0.015 V.

Electrolytic 
solution

Ecorr 

(V/ 
SCE)

Eb (V/ 
SCE)

Eb–Ecorr 

(V/SCE)
-bc (mV 
dec− 1)

icorr (µA 
cm− 2)

η 
(%)

Blank − 1.84 − 1.60 0.24 245 ±
10

96 ± 8 -

SA − 1.83 − 1.53 0.30 290 ±
20

91 ± 5 ~6

DNSA − 1.76 − 1.45 0.31 320 ±
20

58 ± 5 ~40
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medium frequency and the inductive loops are more affected compared 
to those obtained in the presence of SA or for the blank solution (Fig. 5). 
The marked increase in the diameter of the medium frequency loop with 
DNSA suggests that the diffusion of Mg2+ through the corrosion products 
is slowed down.

The instantaneous inhibitive efficiency, η, was deduced from the EIS 
results according to the relationship: 

η(%) = 100 x
RT− RT(0)

RT
(2) 

where RT and RT(0) are the charge transfer resistances in the presence 
and absence of inhibitor measured after 24 h immersion, respectively.

From the impedance results, SA and DNSA have an inhibitive effi
ciency of 10 % and of 44 %, respectively. A good agreement between the 
two methods (EIS and polarization curves) used to determine the 

instantaneous efficiencies is noteworthy.
Fig. 7 compares the mean corrosion rates (mm y− 1) calculated from 

the electrochemical data to those obtained from the ICP-OES measure
ments. Details of the expressions used to calculate the mean corrosion 
rates can be found elsewhere [20].

It can be seen that with and without inhibitor, the corrosion rate 
decreases when the immersion time increases. This again confirms the 
gradual deposition of corrosion products on the WE43 Mg alloy surface, 
even in the presence of the inhibitors.

The corrosion rates deduced from the electrochemical data are al
ways lower than those determined from the ICP-OES analyses. This 
agrees with several works which have reported that electrochemical 
data underestimates the corrosion rate of Mg and Mg alloys [20,44–46]. 
It should be noted that using RP, determined from an extrapolation on 
the X-axis at very low frequency, instead of RT in the Stern-Geary rela
tionship would lead to a greater difference between the two methods 
because, as can be seen in Fig. 5, RP values are systematically higher 
than RT values. Moreover, a value of n = 2 was used to calculate the 

Fig. 5. Impedance spectra obtained for the WE43 Mg alloy after three different 
hold times in the 0.2 M NaCl solution: (a) without inhibitor and with the 
addition of inhibitor: (b) SA and (c) DNSA.

Fig. 6. Charge transfer resistance (RT) versus immersion time in the 0.2 M NaCl 
solution: without inhibitor and with the addition of SA or DNSA.

Fig. 7. Mean corrosion rates obtained from the ICP-OES measurements and 
from the electrochemical data [20] for the WE43 Mg alloy after 2 h, 6 h and 
24 h of immersion in a 0.2 M NaCl solution with and without the presence of SA 
and DNSA (5 mM).

F.-X. Perrin et al.                                                                                                                                                                                                                               Corrosion Science 242 (2025) 112558 

5 



corrosion rate from the electrochemical data. It has been proposed that 
the corrosion rate determined from electrochemical data underestimates 
the actual corrosion rate due to a chemical reaction involving adsorbed 
intermediates, such as (Mg+)ads. The hydrolysis of these adsorbed spe
cies generates H2 and Mg2 + ions. Thus, the average number of electrons 
leading to the formation of one Mg2+ ion would be less than 2. 
Considering a value of n < 2 would lead to a better agreement between 
the corrosion rate determined from the electrochemical data and those 
calculated from the ICP-OES analysis. It is shown in Fig. 7 that the 
agreement between the two methods is better when the time range 
considered in the calculation increases. The average corrosion rate 
during 24 h immersion in the blank solution is close to that obtained in a 
0.1 M Na2SO4 solution (between 4 and 5 mm y− 1) [20]. This is consis
tent with previous results which revealed no significant differences in 
electrochemical behaviour of the WE43 Mg alloy between chloride and 
sulfate media [33].

3.2. Surface morphology

The electrochemical results revealed that SA and DNSA have a sub
stantial effect on the WE43 Mg alloy surface at the beginning of im
mersion. Thus, SEM observations were carried out with and without 
inhibitors, after very short immersion times and also after 24 h of im
mersion. Fig. 8 presents the SEM micrographs of the WE43 Mg alloy 
surface after 1 min and 5 min of immersion in the NaCl solution. For 
these short immersion times, hemispherical shape corrosion spots or 
domes are observed with a size ranging from a few µm up to 40 µm in 
diameter (Fig. 8a). Representative EDX spectra of the corrosion spots are 
shown in Fig. 8d. The O and Zr signals are more intense in the dome 
(spectrum 1) than away from the domes (spectrum 2). The high oxygen 

content suggests that the domes are mainly constituted of MgO/Mg 
(OH)2 and the intense Zr signal would be consistent with the fact that the 
Zr-rich precipitates are the main cathodic sites [34]. Thus, H2O reduc
tion reaction over Zr-rich particles and clusters results in local alkalin
isation and precipitation of Mg(OH)2 around these particles. The 
formation of domes on rare earth Mg alloys has been reported by several 
authors [22,34,47].

Fig. 9 presents some SEM images of the WE43 Mg alloy surface after a 
short immersion time (< 5 min) in the NaCl solution with DNSA.

The morphology of the WE43 surface changes drastically in the 
presence of DNSA compared to that observed without inhibitor. Corro
sion spots are virtually absent, replaced by filiform corrosion, clearly 
visible after a few minutes of immersion (Fig. 9a). Since these filiform 
deposits are not present after immersion in the blank solution, it is 
obvious that the presence of DNSA in the solution is responsible for their 
creation. From EDX analysis (Fig. 9d), it is seen that the O content in the 
thread is much more important than outside this area giving a O/Mg 
ratio close to 2, which agrees with a Mg(OH)2 corrosion deposit. At 
higher magnification, the metal surface appears rather smooth, with 
fewer corrosion product deposits (Fig. 9c) than in the uninhibited so
lution (Fig. 8c).

SEM images of the WE43 Mg alloy surface after 24 h immersion with 
and without inhibitors are shown in Fig. 10.

For the blank solution, the surface appears heterogeneous and 
randomly distributed corrosion spots are still visible. At high magnifi
cation, the whole surface is covered by a corrosion product layer with a 
porous platelet-like structure (Fig. 10b). The surface films formed after 
24 h immersion in the 0.2 M NaCl solution containing SA or DNSA show 
distinct morphologies compared to that observed in the blank solution. 
The films are more homogeneous and compact with a typical “mud- 

Fig. 8. SEM images of the WE43 Mg alloy surface in the blank solution (0.2 M NaCl): (a) after 1 min immersion to highlight a dome region; (b) after 5 min immersion 
at low magnification; (c) at high magnification to highlight the surface deposit morphology away from a dome; (d) EDX spectra obtained from selected regions 
referred as “1” and “2” in the SEM micrograph (a).
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cracking” appearance (Fig. 10c and e). Surface cracks might be due to 
dehydration of the films but it is noteworthy, that cracks were also 
observed by optical microscopy, showing that they did not occur after 
vacuum exposure during SEM analysis. From the SEM images at low 
magnification (Fig. 10c and e), there is apparently little difference in the 
morphology of the layer formed in the presence of SA or DNSA. How
ever, at higher magnification (Fig. 10d and f), different film structures 
are visible. With SA, the surface film appears thick and rather porous 
with a morphology quite similar to that observed without inhibitor 
(Fig. 10b). In contrast, in the presence of DNSA, the surface film consists 
of a stack of plate-like grains of different sizes preferentially oriented 
parallel to the substrate (Fig. 10f).

EDX analyses were conducted at different locations on the surface 
(Table 3). Significant differences in the chemical composition of the 
films are observed.

EDX analyses of the corrosion deposit formed in the blank solution 
revealed the presence of O, Mg and of the alloying elements (Y, Nd and 
Zr). For the surfaces exposed to DNSA containing NaCl electrolyte, the 
presence of intense C and N signals indicates that DNSA is incorporated 
in a significant proportion into the corrosion products layer, probably in 
the form of complexes with the alloying elements of the WE43 Mg alloy. 
The intensity of the carbon signal is such that it cannot be associated 
with a simple adsorption of one molecular layer. The signal intensity of 
C is lower for the corrosion products formed in the SA containing elec
trolyte suggesting that this molecule is less likely to form insoluble 
complexes with the elements of the WE43 Mg alloy.

Fig. 11 compares Y/Mg, Nd/Mg and Zr/Mg ratios obtained from the 
EDX data both before and after immersion in the various electrolytes. In 
the presence of SA and DNSA in the electrolyte, the corrosion product 
layers are enriched in Y, Nd and Zr (probably in the form of Y2O3 or Y 

(OH)3, of Nd2O3 and of ZrO2) by comparison with the elemental 
composition of the WE43 Mg alloy before immersion. Moreover, this 
enrichment in alloying elements is significantly higher with DNSA.

In Fig. 12, the variation of O/Mg atomic ratio in the corrosion 
product layers as a function of the exposure time in the electrolyte with 
or without DNSA is reported.

In the blank solution, the O/Mg ratio increases rapidly during the 
first half-hour of immersion, then it stabilizes for longer immersion 
times. In contrast, when DNSA is present in the solution, the O/Mg ratio 
remains low during the first hour of immersion and steadily increases 
thereafter, reaching values well above 2 after 100 h of immersion. For 
short immersion times (30 min), in both the blank and DNSA solutions, 
the metal response contributes to the EDX signal. The increase in the O/ 
Mg ratio suggests a thickening of the oxide layer over time, though this 
process occurs more slowly in the DNSA solution, indicating a potential 
inhibiting effect of the molecule. After 100 h of immersion, an O/Mg 
ratio of 2 suggests minimal substrate contribution to the EDX signal, 
implying a layer thickness in the micrometer range. Additionally, this 
indicates a significant contribution of rare-earth oxides and DNSA to the 
layer composition, in agreement with the results shown in Fig. 11 and 
Table 3.

3.3. Corrosion inhibition mechanisms

In the following, the origin of the greater inhibition efficiency of 
DNSA compared to SA is discussed on the basis of the experimental re
sults. After a brief review of the corrosion mechanism of RE Mg alloys in 
aqueous media, the ability of SA and DNSA to (i) form soluble salts with 
Mg2+, (ii) modify the interfacial pHs or (iii) the composition of the oxide 
layers and (iv) form insoluble organometallic complexes with the 

Fig. 9. SEM images of the WE43 alloy after 5 min immersion in 0.2 M NaCl-5 mM DNSA solution: (a) low magnification; (b) high magnification to highlight the 
morphology of a corrosion filament; (c) the surface deposit morphology away from a filament and (d) EDX spectra obtained from selected regions referred as “1” and 
“2” in the SEM micrograph (b).
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alloying elements, will be successively discussed.
The Mg corrosion mechanism is still being discussed, but the most 

commonly accepted reaction scheme is as follows [40,41,48–51]: 

Mg→Mg2+ + 2 e− (anodic dissolution of Mg) (3) 

2 H2O + 2 e− →2 OH− + H2 (cathodic hydrogen evolution) (4) 

Mg2+ + 2 OH− →Mg(OH)2 (5) 

Then, a MgO layer is progressively formed according to the following 
equilibrium: 

MgO + 2 H2O ↔ Mg(OH)2 (6) 

For the WE43 Mg alloy, several authors have shown that the rare 
earths (Y and Nd) and Zr, present in solid solution in the Mg matrix, are 
also incorporated into the corrosion products layer formed on the sur
face. Their corrosion mechanisms would occur according to similar re
action schemes as for the Mg [24,27]: 

Y→Y3+ + 3 e− (7) 

Fig. 10. SEM micrographs with two magnifications of the WE43 Mg alloy surface after 24 h immersion in: (a, b) 0.2 M NaCl, (c, d) 0.2 M NaCl + SA and (e, f) 0.2 M 
NaCl + DNSA.

Table 3 
Elemental content in wt% obtained from EDX analysis on the WE43 Mg alloy 
surface before and after 24 h immersion.

Immersion 
condition

C N O Mg Y Nd Zr

No 
immersion

- - 0.8 
±0.3

92.1 
±0.3

4.0 
±0.2

2.4 
±0.1

0.64 
±0.21

0.2 M NaCl - - 37±5 56.6 
±5.6

3.5 
±0.3

2.0 
±0.1

0.37 
±0.04

0.2 M NaCl- 
SA

16.6 
±0.6

- 26±4 49.6 
±5.6

4.5 
±0.5

2.7 
±0.3

0.67 
±0.08

0.2 M NaCl- 
DNSA

21.9 
±1.7

3.5 
±0.6

26±6 37.6 
±8.3

6.3 
±0.2

3.5 
±0.2

0.94 
±0.02
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Y3+ + 3 OH− →Y(OH)3 (8) 

Y2O3 + 3 H2O ↔ 2 Y(OH)3 (9) 

The reactions are only shown with Y as the same reaction schemes 
occur with Nd and Zr to lead to Nd2O3-Nd(OH)3 and Zr(OH)4-ZrO2 
deposits.

3.3.1. Complexation of SA derivatives with Mg2+

In the blank solution and, in agreement with previous studies [22, 
34], the most severe localised galvanic attack occurs at the adjacent 
areas of Zr-rich precipitates, as seen from SEM observations for short 
immersion times (Fig. 8). The situation is totally different with DNSA, 
for which filiform corrosion happens in the first moments of immersion 
(Fig. 9). This observation, in agreement with the initial significant shift 
of the OCP towards anodic values (Fig. 3a), suggests that DNSA interacts 
with the surface from the very beginning of immersion. First, it is 
noteworthy that the WE43 Mg alloy used in the present study contains 
only 20 ppm Fe which is a very low content to cause an acceleration of 
the corrosion rate. Thus, DNSA-Fe are unlikely to play a major role on 
the corrosion inhibition of the WE43 Mg alloy.

The Job method was used to investigate the possibility of 

complexation between Mg2+ ions and DNSA. The Job plots based on UV- 
Vis spectra gave a straight line with no curvature (Fig. 13). Therefore, 
unlike other salicylates (such as SA [52]), DNSA do not form complexes 
with Mg2+, in agreement with the results found by Merce et al. [53]. This 
behaviour can be related to the withdrawing effect of the nitro groups 
which decrease the nucleophilicity of the phenolic substituent. The 
formation of soluble complexes between dissolved Mg2+ ions and DNSA 
cannot therefore explain the high rate of Mg dissolution observed at the 
beginning of immersion in the electrolyte.

3.3.2. Buffering effect of SA derivatives
The monitoring of the pH of the solution showed that DNSA 

considerably slowed down alkanisation of the medium while SA has no 
discernible effect compared to the blank solution (Fig. 3b). The acid- 
base properties of the two salicylic derivatives could be at the origin 
of this effect. First and second dissociation constants (pKa values) of 0.3 
and 7.2 (at I = 0.2 M and T = 25◦C) have been previously reported for 
DNSA (H2L) [54]. For SA, the corresponding values are 2.7 and 13.4 
[54]. The lower value of the first dissociation constant for DNSA 
compared to SA (i.e. increased acidity of the carboxyl group) results 
from the electron-withdrawing inductive effect of the nitro groups. The 
lower value of the second dissociation constant (phenol group) results 
from the electron-withdrawing resonant effect of the nitro groups. From 
these pKa values, it appears that SA and DNSA are dissociated in ionic 
form under the initial conditions (pH = 6). Unlike SA, DNSA can 
deprotonate by trapping OH- ions from water reduction (reaction (10)) 
thus, slowing the pH rise at the metal/solution interface. This could 
hinder the formation of Mg(OH)2 at the surface, and explain the high 
initial Mg dissolution with DNSA (Fig. 6 and Fig. 7). 

HL− + OH− →L2− + H2O (10) 

Apart from the above buffering effect, the adsorption of DNSA on the 
surface of the Mg(OH)2 embryos could also slow down the initial growth 
of Mg(OH)2 crystals. Further experimental work would be required to 
investigate the kinetics of Mg(OH)2 growth [17,29].

3.3.3. Enrichment of the corrosion products layers by the alloying elements 
(Y, Nd)

The increase in the charge transfer resistance (RT) with immersion 
time (Fig. 5 and Fig. 6) was associated with the formation of the oxides 
film on the WE43 Mg surface. It is therefore expected that behaviour in 
the event of prolonged immersion will be dominated by the protective 
properties of this layer. EDX analyses showed a marked enrichment in Y 
and Nd of the films deposited on the surface with the two inhibitors, 
with a much higher enrichment with DNSA (Fig. 11). This rare-earth 
enrichment of the corrosion deposits usually leads to more protective 
films, notably due to a higher Pilling-Bedworth (PB) ratio for rare-earth 

Fig. 11. Composition (Y, Nd, Zr / Mg (wt. ratio)) of the WE43 Mg alloy surface 
measured by EDX before and after 24 h immersion in 0.2 M NaCl; in 0.2 M NaCl 
+ SA and in 0.2 M NaCl + DNSA.

Fig. 12. O/Mg atomic ratio obtained from EDX analysis as a function of im
mersion time in a 0.2 M NaCl solution without and with DNSA.

Fig. 13. Job diagram for DNSA and Mg(NO3)2 at pH = 6 and pH = 11 (x 
(DNSA) = mole fraction of DNSA).
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oxides (PB ratio of 1.13 [55] or 1.39 [56] for Y oxides) compared to the 
PB ratio for MgO (0.8 [57]). The progressive Y and Nd enrichment with 
DNSA for long immersion times would be responsible for the increase in 
RT values observed with DNSA (Fig. 6). The solubility products of Y 
(OH)3 (Ksp~10− 28) and Nd(OH)3 (Ksp~10− 23) [67] are lower than that 
of Mg(OH)2 (Ksp~10− 11). Consequently, the pH values required for the 
onset of precipitation of Y(OH)3 and Nd(OH)3 are lower than in the case 
of Mg(OH)2. As discussed in Section 3.3.2, DNSA buffered the bulk pH of 
the electrolyte at a value around pH = 9 after one day of immersion. 
However, it is likely that pH values allowing the deposit of Mg(OH)2 was 
reached at the metal/electrolyte interface (approx. 9.5 for a Mg2+ con
centration of 10− 2 M). The buffering effect of DNSA does not, of course, 
inhibits Mg(OH)2 formation, but it enables greater enrichment of Y and 
Nd than that observed for the blank NaCl solution.

3.3.4. Formation of insoluble SA and DNSA complexes with the alloying 
elements

SEM/EDX surface analysis showed that DNSA and SA are incorpo
rated into the oxide layer (Table 3), suggesting the formation of com
plexes with the rare-earth elements. 1:1 complexes of salicylic acid 
derivatives with Y(III) (Log K1=8.61 for SA, Log K1=5.82 for DNSA) and 
Nd(III) (Log K1=8.15 for SA, Log K1=5.39 for DNSA) metal ions have 
been reported [58,59]. The reactions of the formation of Y(III) and Nd 
(III) complexes can be written as: 

Y3+ + HL− ↔ [Y(III)L ]+ + H+ (11) 

Nd3+
+ HL− ↔ [Nd(III)L ]+ + H+ (12) 

Propensity of Y (III) and Nd (III) to form hydroxo species in aqueous 
solution [60] results in hydrolysis of the complexes at near-neutral 
conditions, according to reactions (13) and (14): 

[Y(III)L ]+ + H2O ↔ [Y(III)(OH)L ] + H+ (13) 

[Nd(III)L ]+ + H2O ↔ [Nd(III)(OH)L ] + H+ (14) 

The stability constants of the hydroxometal-ligand complexes are 
relatively high (Log KY3+ =7.69 and Log KNd3+ =7.87 for SA and Log KY3+

=7.16 and Log KNd3+ =7.37 for DNSA [59]). It has been reported that the 
formation of the neutral hydroxometal-ligand complexes was accom
panied by opacity/turbidity during potentiometric titration [59]. These 
complexes are therefore very slightly soluble in water and can be 
incorporated into the corrosion products formed on the WE43 Mg alloy 
surface. An inhibition mechanism based on the formation of DNSA-Y 
(Nd) precipitates filling the pores of the oxide deposits is supported by 
both the polarisation curves and the EIS results. The chelating and 
precipitation of DNSA with Y (Nd) require Y3+ (Nd3+) ions which mainly 
come from anodic sites. The precipitation would therefore be greater 
under anodic polarization than under cathodic polarization, as seen in 
Fig. 4. This mechanism is also supported by the EIS results (Fig. 5). The 
deposited layer progressively hinders the diffusion of Mg2+, as reflected 
by the gradual increase in the diameter of the mid frequency loop on the 
impedance diagrams. It is also worth noting that reactions (11–14)
contribute, in addition to reaction (10), to limit the alkalinisation that 
accompanies the water cathodic reduction.

Addition of SA demonstrates an acceleration of the Mg dissolution 
for short immersion times and a corrosion rate of the same order of 
magnitude as that observed in the blank NaCl solution for long immer
sion times. This is because SA, unlike DNSA, forms stable complexes 
with Mg2+, Log K1=5.56 [61]. These soluble complexes can accelerate 
Mg dissolution which offsets the beneficial effect associated with the 
formation of Y and Nd complexes. As already noted, second deproto
nation of SA cannot occur in the NaCl solution through reaction (10). 
This leads to a lower Y (and Nd) enrichment than with DNSA and, 
consequently, a lower protective deposit. It is noteworthy that SA has 
shown an inhibiting efficiency of 90 % for CP-Mg with a high content of 

Fe impurity (220 ppm) [62]. The inhibition performance was related to 
prevention of iron redeposition on Mg surface. In the present study, this 
mechanism is clearly not operative due to the low iron content of the 
WE43 alloy (20 ppm).

4. Conclusions

The corrosion inhibition of the WE43 Mg alloy by SA and DNSA was 
studied in a NaCl solution. Electrochemical measurements revealed 
different modes of action for the two compounds, confirmed by SEM and 
EDX analyses which showed that the morphologies and compositions of 
the corrosion product layers differed between the two inhibitors. 
Inhibitory properties were observed for DNSA for long immersion times 
(> 12 h), while SA did not show inhibitive effect.

The main characteristics of DNSA are as follows: 

- it does not form complexes with Mg2+

- it forms sparingly soluble hydroxo-complexes with Y3+ and Nd3+

- it buffers the solution at near neutral pHs which allows the contri
bution of Y and Nd oxides to the deposited layer to be increased.

The formation of the protective layer is a slow process, lasting for 
some hours, because DNSA does not interact with the α-Mg matrix but 
only with the alloying elements (Y and Nd) and under pH conditions of 
Mg dissolution. Therefore, the Y and Nd enrichment of the corrosion 
products layer, in the form of oxides/hydroxides and hydroxo- 
complexes with DNSA, is gradual. In these processes, the acidic prop
erties of DNSA, by buffering the interfacial pH, play a key role in 
explaining Y and Nd enrichments.

The results presented here showed that well-balanced acid-base 
properties of an inhibitor can have a beneficial effect on the corrosion 
inhibition properties of rare-earth Mg alloys in NaCl solutions. Results of 
this study can provide new directions for the development of effective 
corrosion inhibitors for rare-earth Mg alloys.
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[62] S.V. Lamaka, D. Höche, R.P. Petrauskas, C. Blawert, M.L. Zheludkevich, A new 
concept for corrosion inhibition of magnesium: suppression of iron re-deposition, 
Electrochem. Commun. 62 (2016) 5–8, https://doi.org/10.1016/j. 
elecom.2015.10.023.

F.-X. Perrin et al.                                                                                                                                                                                                                               Corrosion Science 242 (2025) 112558 

12 

https://doi.org/10.1016/j.cossms.2014.09.005
http://refhub.elsevier.com/S0010-938X(24)00754-6/sbref52
http://refhub.elsevier.com/S0010-938X(24)00754-6/sbref52
https://doi.org/10.5935/0103-5053.19960038
https://doi.org/10.5935/0103-5053.19960038
https://doi.org/10.1021/ic00138a016
http://refhub.elsevier.com/S0010-938X(24)00754-6/sbref55
https://doi.org/10.1016/j.jma.2015.06.003
https://doi.org/10.1016/j.corsci.2014.08.015
https://doi.org/10.1246/bcsj.49.2142
http://refhub.elsevier.com/S0010-938X(24)00754-6/sbref59
http://refhub.elsevier.com/S0010-938X(24)00754-6/sbref59
http://refhub.elsevier.com/S0010-938X(24)00754-6/sbref59
https://doi.org/10.1016/0022-1902(71)80517-1
https://doi.org/10.1016/j.elecom.2015.10.023
https://doi.org/10.1016/j.elecom.2015.10.023

	Corrosion inhibition of WE43 Mg alloy by salicylic compounds: Influence of nitro substitution
	1 Introduction
	2 Experimental
	2.1 Materials and reagents
	2.2 Electrochemical measurements
	2.3 pH measurements
	2.4 ICP-MS analysis
	2.5 Characterization of the protective layers: morphology and composition
	2.6 Job plot method

	3 Results and discussion
	3.1 Electrochemical measurements
	3.2 Surface morphology
	3.3 Corrosion inhibition mechanisms
	3.3.1 Complexation of SA derivatives with Mg2+
	3.3.2 Buffering effect of SA derivatives
	3.3.3 Enrichment of the corrosion products layers by the alloying elements (Y, Nd)
	3.3.4 Formation of insoluble SA and DNSA complexes with the alloying elements


	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	datalink5
	References


