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Abstract: The effect of a salicylic Schiff base compound (Salcn) on the corrosion of AZ91 alloy in 30% ethylene glycol aqueous
solution (30% EG/W) was investigated by electrochemical methods. Scanning electron microscope was used to observe the alloy
surface in corrosive solution before and after the addition of inhibitor. There was no significant corrosion inhibition at the room
temperature but high inhibition efficiencies were obtained at elevated temperatures due to the formation of chemisorbed inhibitor
monolayer. As the inhibitor concentration increased, the inhibition efficiency increased probably due to more inhibitor adsorption on

the alloy surface.
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1 Introduction

Magnesium alloys are
aerospace and automotive industries owing to their
ultra-lightness (their density is two thirds that of
aluminum and one fourth that of iron) and high specific
strength. These alloys appear to be promising
alternatives to aluminum and steel alloys used in
different applications [1-3]. However, poor corrosion
resistance of magnesium alloys limits their widespread
application. For example, in cooling system of the
magnesium engine, corrosion is always a major concern
[4,5]. The main composition of a conventional coolant
consists of 30%—70% (by volume) ethylene glycols and
some corrosion inhibitors. The inhibitors normally
include molybdate, phosphate, borate, nitrate, nitrite,
tolyltriazole, benzoate and silicate which can protect
traditional engine materials, such as cast iron, aluminum,
copper, steel and lead-tin solder [6]. However,
magnesium alloys are new materials in engine
applications and it is still unclear whether existing
inhibitors can be used for its corrosion protection in
ethylene glycol coolant solution.

Currently, there is limited information about
corrosion inhibition of magnesium or its alloys in
ethylene glycol solutions. Lactobionic acid derivatives
[7] and aliphatic or aromatic carboxylates [5], besides

increasingly used in

some inorganic salts, have been tested in ethylene
glycol/water  solutions as magnesium
inhibitors.

Due to the presence of —C==N group in the Schiff
base molecules, they are likely to be good corrosion
inhibitors [8]. Schiff base compounds have extensively
been investigated as effective corrosion inhibitors for
steel [8—10], aluminum [11-13] and copper [14] in
different corrosive media.

The aim of this work is to investigate the inhibition
effect of a Salicylic Schiff base compound (Salcn) on
AZ91 magnesium alloys corrosion in ethylene glycol
coolant systems. The presented results may form a base
for development of new organic inhibitor packages for
magnesium alloys engine blocks.

corrosion

2 Experimental

2.1 Materials

Chemical structure of the studied Schiff base
compound (Salcn) is shown in Fig. 1. Salen was
synthesized by the condensation reaction between
1,2-cyclohexzandiamin and salicylaldehyde. Firstly, 50
mL ethanol solution containing 4.0 mmol of
salicylaldehyde was added drop wise to 10 mL ethanol
solution containing 2.0 mmol of 1,2-cyclohexzandiamin
under continuous stirring. Precipitation of Salecn
as brilliant yellow flakes in the solution started almost
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Fig. 1 Chemical structure of studied Schiff base compound

immediately. This mixture was then stirred for 1 h in
order to promote the rate of chemical reaction. Then, the
solid was filtered and washed with cold ethanol. Finally,
the obtained compound was recrystallized in ethanol and
dried at room temperature. All chemicals were purchased
from Merck.

The samples for this study were commercial cast
AZ91 alloy. The AZ91 magnesium alloy has a nominal
composition as Al 9% (mass fraction), Zn 1% (mass
fraction) and Mg balance. Alloy samples with
dimensions of 1 ecm x 1 cm x 1 cm were mounted in
polyester in such a way that only 1 cm® of their surfaces
was in contact with corrosive solution. The AZ9l
samples were abraded with 400—800 and 1500 emery
papers and then washed with tap water, and degreased
with ethanol before being immediately immersed in the
corrosive solution. The corrosive solution was 30%
(by volume) ethylene glycol in water (30% EG/W). Two
different concentrations (0.001 and 0.0015 mol/L) of
Salcn were examined for their corrosion inhibition effect.
The concentration of 0.0015 mol/L is the highest level of
solubility of Salcn in 30% EG/W at room temperature.
The volume of test solution for each experiment was 200
mL and all experiments were carried out under ambient
pressure. No solution deaeration was conducted during
tests in this study.

2.2 Methods
2.2.1 Electrochemical methods

A three-electrode cell, consisting of alloy sample as
working electrode, platinum sheet as a counter electrode
(CE), and a saturated Ag/AgCl electrode as reference
electrode, was used in electrochemical measurements.
Electrochemical tests were carried out using a pautolab3
Potentiostat-Galvanostat. Nova (version 1.6) software
was used for data recording. For polarization
measurements, the potential was scanned with a scan rate
of 2 mV/s in the cathodic to anodic direction, so that the
maximum over voltage was around 200 mV. EIS
measurements were performed in the frequency range of
1 MHz—0.4 Hz, at the open circuit potential, by applying
5 mV sine wave AC voltage.
2.2.2 SEM observation

Surface morphology of the AZ91 alloy specimens
was observed by SEM (LEO, VP 1430) instrument

before and after the immersion in the inhibited and blank
coolant solutions.

3 Results and discussion

3.1 Potentiodynamic polarization

The potentiodynamic polarization curves of AZ91
in the 30% EG/W solution with two different
concentrations of the Salen (0.001 and 0.0015 mol/L)
at 25, 50 and 75 °C are displayed in Fig. 2. Activation-
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controlled anodic and cathodic corrosion reactions can be
observed either in the absence or presence of the Salcn at
all temperatures. The anodic process is the dissolution of
the main alloying elements (Mg, Al and Zn) while the
cathodic reaction is the reduction of water which
produces hydrogen bubbles. Both the anodic and
cathodic currents decrease after the addition of the Salcn
Schiff base to the corrosive solution at 50 °C and 75 °C
while there is no significant inhibition effect at 25 °C.
These results suggest that the addition of the Salcn Schiff
base reduces the anodic dissolution and also retards the
hydrogen evolution reaction at elevated temperatures.
The corrosion inhibition effect is more evident in the
cathodic branch of polarization curves. The values of
corrosion potential (¢..) in the absence and presence of
the Salcn at two different concentrations are given in
Table 1. It is clearly seen that the corrosion potential
values shift to the negative direction after the addition of
the Salcn. This fact shows that the Salen mainly acts via
the adsorption on the cathodic corrosion sites. Generally,
if the displacement in ¢, in the presence of inhibitor is
bigger than 85 mV, the inhibitor can be classified as a
cathodic or anodic type; if the displacement is less than
85 mV, the inhibitor can be considered mixed type [5]. In
this case, the maximum displacement in @, value is
lower than 85 mV towards cathodic direction, which
indicates that the Salcn acts as a mixed type inhibitor.

Other corrosion parameters, such as cathodic and
anodic Tafel slopes (B. and B,), polarization resistance
(R,) and corrosion current (Jeor), are also obtained from
the polarization curves (Table 1). At the elevated
temperatures, the addition of Schiff base increases the
polarization resistance of AZ91 and this fact leads to a
reduction in corrosion current. This means that the used
compound acts as an effective inhibitor for AZ91 in the
30% EG/W solution at elevated temperatures. Corrosion
inhibition efficiencies (IE) are calculated from the
following equation [15]:

2579
R_. —R
IE = | —oh__—Blank 1,:1009% (1)
inh
where Rpj.nx and R;,, are polarization resistance of the
uninhibited and  inhibited corrosive  solutions,
respectively. The wvalues of corrosion inhibition

efficiencies are also listed in Table 1. As the inhibitor
concentration increases, the inhibition efficiency
increases at all temperatures studied, probably because of
more inhibitor adsorption on the alloy surface.

Analysis of the temperature dependence of
inhibition efficiency gives some useful information about
the mechanism of inhibitor adsorption. A decrease in
inhibition efficiency with rise in temperature is
frequently interpreted as being suggestive of multilayer
physical adsorption mechanism, while the reverse effect,
corresponding to an increase in inhibition efficiency with
rise in temperature, suggests the formation of a
chemisorbed monolayer [16—19].

It is clear from Table 1 that there is no significant
inhibition efficiency at 25 °C and only the low level of
corrosion inhibition can be observed in the presence of
0.0015 mol/L Salcn. Different results can be observed at
elevated temperatures where the Salcn effectively
inhibits the corrosion process. Therefore, it seems that a
higher temperature is favorable for the adsorption of
inhibitors on the alloy surface. These results indicate that
the studied inhibitor acts on the alloy surface via
chemical adsorption.

The overall corrosion reaction of magnesium in
aqueous solution is [20]

Mg +2H,0 — Mg(OH), +H, )

Therefore, in water containing solution, the surface
of a Mg alloy is likely covered by a layer of Mg(OH),
film, which has many defects or pores and is not
completely protective. The adsorption of Salcn on the
metal surface through the pores should be responsible for

Table 1 Polarization parameters for AZ91 alloy samples in 30% EG/W in the absence and presence of Salcn at different temperatures

Temperature/ Salen concentration/ Peor(Vs Ag/AgCl)/ Ry B./ B/ Jeor! 1E/%
°C (mol-L™" \4 (kQ-em?)  (mV-dec!) (mV-dec) (pAcm?d)
Blank —-1.190 68.8 109 140 0.39 -
25 0.0010 —1.246 62.7 117 135 0.43 -9.73
0.0015 —1.241 74.0 107 145 0.36 7.03
Blank —-1.261 4.7 94 163 5.45 -
50 0.0010 —1.280 13.8 150 149 2.35 65.94
0.0015 -1.297 24.8 216 90 1.11 81.05
Blank -1.279 32 166 150 10.69 -
75 0.0010 —1.287 3.9 144 170 8.75 17.95
0.0015 —-1.320 11.1 184 142 3.15 71.17
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the improved polarization resistance. In other words, the
adsorption of the Schiff base molecule on the film-free
area maks the surface film denser or less defective and
significantly decreases the dissolution of Mg through the
pore [20]. Salen contains oxygen and nitrogen hetro
atoms, C=N groups and also aromatic rings and
therefore can provide electrons to unoccupied orbital of
the alloying metals to form covalent bonds. Also the
chemical adsorption may be possible via the
condensation reaction between the OH groups of the
Schiff base molecule and the magnesium hydroxide film.

Inhibition efficiency decreases with increasing
temperature from 50 °C to 75 °C especially at low
concentration of inhibitor. This is due to high corrosion
rate and also may be related with high rate of hydrogen
evolution which can facilitate desorption of the inhibitor
molecules [20]. However, the Salcn Schiff base keeps the
high level of corrosion inhibition at 0.0015 mol/L
concentration even at the highest elevated temperature. It
should be stressed that a high inhibition efficiency at a
high temperature is a critical property of an inhibitor in
the engine coolant application. Not many inhibitors can
maintain high inhibition efficiency at an elevated
temperature.

3.2 EIS analysis

Electrochemical impedance spectroscopy was also
employed as a powerful complementary technique to
study the corrosion inhibition effect of the Salen Schiff
base in 30% EG/W. The impedance response (Nyquist,
modulus and phase Bode plots) of AZ91 in the absence
and presence of the Salcn at different temperatures are
shown in Figs. 3—5.

In the Nyquist plots, there are two well defined
capacitive loops at the high and low frequency ranges,
respectively. The first loop at the higher frequencies
could be assigned to the capacitance and resistance of the
porous film on the AZ91 alloy surface, while the second
loop at low frequencies should be related to the electrical
double layer between the metal and the corrosive
solution. In fact, the second loop is related to the charge
transfer process at the boundary between the metal
surface and corrosive solution through the pores in the
film. In order to obtain quantitative results, the
impedance spectra were fitted using a convenient
equivalent circuit model (Fig. 6). In this model, R, R
and R, characterize the solution resistance, the charge
transfer resistance and the pores resistance, respectively.
The first capacitive element (Cy) is related to the porous
film capacitanc, while the other time constant is
representative of the electrical double layer capacitance
(CPEy). The constant phase element (CPE) is used
instead of ideal capacitive component to account
for non-ideal behavior of double layer capacitor due to
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Fig. 3 Nyquist (a), modulus (b) and phase Bode (c) plots of
AZ91 in 30% EG/W in the absence and presence of Salcn at
25°C

surface inhomogeneity, roughness and adsorption effects

[5,8,9,21]. The impedance of CPE is given in Ref. [22]
as

1. -n
Zepg = E(Jw) (3)

where Q is the CPE constant; @ is the angular
frequency; j=+/—1 is the imaginary number; n is a
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Fig. 4 Nyquist (a), modulus (b) and phase Bode (c) plots of
AZ91 in 30% EG/W in the absence and presence of Salcn at

50 °C

CPE exponent which can be used as a gauge of the
heterogeneity or roughness of the surface [23]. Depending
on the value of n, CPE can represent resistance (n=0,
0O=R), capacitance (n=1, 0=C), inductance (n=—1, O=L)
or Warburg impedance (n=0.5, O=W) [24]. The
capacitance values of electrical double layer were
calculated according to the following equation [25]:
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Fig. 5 Nyquist (a), modulus (b) and phase Bode (c) plots of
AZ91 in 30% EG/W in the absence and presence of of Salcn at

75 °C

1

C=(QR;™)" (4)
The EIS data were fitted by Zview2 software using
the described electrical model. The quantitative

impedance parameters are collected in Table 2. The total
resistance of the electrode surface (Riow=RitRpore) Was
used to calculate the inhibition efficiencies of the Salcn
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Table 2 Impedance parameters for AZ91 alloy samples in 30% EG/W in the absence and presence of of Salen at different

temperatures
Temperature/ Salen concentration/ Cy Ryore/ Oa/ Ca/ R/
°C (mol-L™" (F-cm®)  (kQ-cm?) (us"Q em %) a (uF-cm?)  (kQ-cm?)
Blank 0.099 14.58 9.450 0.831 6.992 24.11
25 0.0010 0.116 12.48 8.607 0.847 6.525 25.14
0.0015 0.115 15.36 7.820 0.861 6.311 34.07
Blank 0.719 1.81 11.353 0.758 3.287 1.82
50 0.0010 0.464 3.44 7.627 0.904 5.781 9.59
0.0015 1.144 1.68 7.263 0.876 5.501 19.21
Blank 0.650 1.75 0.194 0.74102 3.879 0.51
75 0.0010 0.720 1.37 7.536 0.8561 3.579 1.58
0.0015 0.463 2.17 5.074 0.882 3.379 9.43
of the inhibitors. On the other hand, the values of CPEy
decrease with an increase in the inhibitors concentration
thus with inhibition efficiencies. This situation is the
result of an increase in the surface coverage by the
] inhibitor, which leads to an increase in the inhibition
efficiency. The decrease in the CPEy, which can result
from a decrease in local dielectric constant and/or an
R/ _ increase in the thickness of the electrical double layer,
Substrate t Film
suggests that the Salcn molecule acts at the

Fig. 6 Equivalent circuit used for fitting of EIS data

Schiff base at different concentrations based on the
following equation:

0
IE = ( Rtotal — Rtotal ] «100% (5)

total

where R_. and R, are the total resistances of AZ91
alloy in the blank and inhibited solutions, respectively.
The calculated values are given in Table 3. The inhibition
efficiencies calculated from EIS results show the same
trend as those obtained from potentiodynamic
polarization measurements. It is clear from Table 2 that
the R, values increase with the increasing concentration

Table 3 Calculated IE values by Eq. (5)

Temperature/ Salcn conceritlration/ Rigal/ L IE%
°C (mol-L™) (kQ-cm?)
Blank 38.69 -
25 0.0010 37.62 284
0.0015 4943  21.73
Blank 3.63 -
50 0.0010 13.03  72.14
0.0015 20.89  82.62
Blank 2.26 -
75 0.0010 295 23.39
0.0015 11.60  80.52

metal/solution interface by adsorption [8,9,26].

3.3 SEM observation

The SEM images of AZ91 samples in the blank
corrosive solution and in the solution containing 0.0015
mol/L Salen after 2 d immersion at 50 °C are shown in
Figs. 7 and 8, respectively. The related images are shown

h T

Fig. 7 SEM images of AZ91 alloy sample in blank corrosive
solution after 2 d immersion at 50 °C at low (a) and high (b)
magnifications
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A &

Fig. 8 SEM images of AZ91 alloy sample in test solution
containing 0.0015 mol/L Salcn after 2 d immersion at 50 °C at
low (a) and high (b) magnifications

in two different magnifications. It can be seen from Figs.
7(a) and (b) that the alloy surface is strongly damaged in
the absence of inhibitor. In the case of inhibited samples,
it can be seen that the alloy surface is uniform without
obvious defects. The related images (Figs. 8(a) and (b))
show that the surface of the alloy is absolutely free from
any pits and cracks so that the polishing scratches are
also visible, indicating the very low corrosion of the
sample during the immersion period.

4 Conclusions

1) Salen acts as effective corrosion inhibitor for
AZ91 magnesium in 30% EG/W solution.

2) Corrosion inhibition efficiencies of the Salcn
Schiff base increase with increasing concentration due to
more inhibitor adsorption on the alloy surface, and the
results obtained from polarization and EIS methods
match one another.

3) The inhibition efficiency of the Salcn increases
with increasing temperature from 25 °C to 50 °C,
indicating the chemisorption of the inhibitor molecules
on alloy surface.

4) As the inhibitor concentration increases, the
values of R increase and the values of CPEy decrease.
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