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ABSTRACT

The idea of smart corrosion inhibition is basis on either inhibitor consumption where it is needed or reducing
harmful matrix interaction with it. In addition, applying corrosion inhibitor in a coating causes many problems such
as loss of inhibition capability, coating degradation, or both. A useful technique to overcome this problem is applying
of inert host systems of nanometer dimensions as nanocontainers, which is loaded by corrosion inhibitors. In the
present study, mesoporous silica nanocontainers with and without inhibitor (fluoride) were dispersed in the Alkyd
coatings to improve corrosion resistance of Mg metal. Then, corrosion behavior of these coatings was studied in
comparison with Mg in the NaCl solution. Electrochemical tests showed that theses coatings could protect the
surface from chloride solution. In addition, fluoride release from mesoporous silica nanocontainers causes MgF,
formation in the interface, as an inhibitive compound. Furthermore, the corrosion mechanism of Mg in the chloride

media was attributed to the formation of MgH, and Mg(OH),.
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1. INTRODUCTION

Magnesium is the lightest structural metals and its al-
loys have quite special properties leading to specific
applications in automotive, aerospace, and other in-
dustries [1, 2]. Unfortunately, pure magnesium and
its alloys corrode too quickly at the physiological pH
(7.2-7.4) as well as in physiological media containing
high concentrations of chloride ions, thereby losing
mechanical integrity before the tissues have sufficient
time to heal. Besides, during the corrosion process, re-
lease of hydrogen gas may be too fast to be endured by
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the host tissues [3].

In general, there are a few approaches to improve
corrosion resistance of magnesium including changing
in composition of alloy and surface treatment. Various
surface treatment techniques have been used to en-
hance the corrosion resistance of magnesium including
physical vapor deposition [4, 5], electroless plating [6,
7], plasma electrolytic oxidation [8, 9], chemical con-
version treatments [10-12], sol-gel coatings [13-15],
calcium phosphate coatings [16, 17], hydroxyapatite
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coatings [18-20], and polymer coatings [21-23]. On
the other hand, some organic coatings which can ap-
ply on the Mg alloys may endure corrosion and do
not possess good properties. One of the main routes
to improve corrosion resistance of polymer coating in
corrosive media is to incorporate inert particles into
their structures.

In this study, the mesoporous silica powders were
applied as incorporating particles to serve as corrosion
inhibitor hosts. This material has a hexagonal packing
of uniform cylindrical pores with the diameter in the
range of 2-50 nm, high surface area (500-1500 m?.g™"),
large pore volume (1 cm?.g™"), high chemical and ther-
mal stability, and easy functionalization [24, 25]. Fur-
thermore, these materials have found to be biocom-
patible for different application such as drug delivery.
Therefore, the incorporation of mesoporous materials
in the polymer matrix is not harmful for internal tis-
sues [26].

The main purpose of this work is to study corrosion
behavior of Alkyd coating impregnated by mesoporous
silica nanocontainers coated on Mg. In this regard, we
applied air dried Alkyd resin with Soya solvent as a
coating on Mg. Fluoride ion corrosion inhibitor was
loaded in the functionalized mesoporous silica. Then,
these loaded mesoporous silica powders were dis-
persed in the Alkyd coatings. Next, these composite
coatings were characterized in the NaCl solutions. By
immersing Alkyd/inhibitor loaded mesoporous silica
in the corrosive media, it is expected that the corrosion
inhibitors release and subsequently hinder the corro-
sion process. Besides, these powders can serve as a
barrier delaying the movement of corrosive species to
the metal surface. To prove effectiveness of the inhibi-
tor containing coatings, functionalized mesoporous
silica without any adsorbed inhibitor was loaded in
the Alkyd coatings and the corrosion properties were
compared with the case of using adsorbed inhibitor
and bare Mg.

2. EXPERIMENTAL

Materials and Methods
Mesoporous silica powders were synthesized by mix-
ing surfactant molecules such as cetyltrimethylammo-
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niumbromide (CTAB) and a silica precursor (tetraeth-
ylorthosilicate, TEOS) as reported in literatures [24].
Then, the initial mesoporous silica was functionalized
by silane group (1-(2-aminoethyl)-3aminopropyltri-
methoxysilane) in the toluene and heated up to 400 K
in inert ambient for 16 h. The powders were filtered and
washed by ethanol. In the next step, Fe’* (FeCl,) was
incorporated in the functionalized mesoporous silica
in the propanol solution at ambient temperature for 6
h. The powder obtained from filtration and washing is
denoted as MS. Finally, the corrosion inhibitor (NaF)
adsorption process was carried out for 24 h, following
by filtering and washing by ethanol and drying. The
obtained powder denoted as MSInh can be applied as
corrosion inhibitor nanocontainer in the coatings. The
size and morphologies of mesoporous silica powder
were studied using a high resolution scanning electron
microscope (FESEM Hitachi SU8040, 40 kV) and a
transmission electron microscope (TEM Tecnai G2
F30 at 300 kV). The specific surface area, average
pore diameter, and pore volume were obtained from
N, adsorption—desorption isotherms (BELSORP mini-
I). The specific surface area was calculated using
the adsorption data in the low pressure range by the
Brunauer—Emmett—Teller (BET) method. The average
pore diameter and the pore volume were determined
from N, desorption branch of the nitrogen isotherms
using the Barret-Joyner—Halenda (BJH) method.

The Alkyd resin was mixed with reactive diluent.
Then, mesoporous silica powders (with or without in-
hibitor) were added to the mixture (1 wt.%). The sus-
pension was stirred at 1200 rpm for 2 h. The mixtures
were then sonicated for 1 h and mixed with hardener
in 10:1 ratio. The synthesized composites were ap-
plied on Mg plates and cured at room temperature for
two days.

Corrosion properties of Mg, Alkyd/MS, and Alkyd/
MSInh coatings in the NaCl solution were investigated
at various times (1 h, 5 h, 1 day, and 1 week) by elec-
trochemical tests. The electrochemical measurements
were carried out in a classical electrochemical cell with
an Mg and Mg plates coated by Alkyd/MS and Alkyd/
MSInh as working electrode with an exposed area of 1
cm?. A platinum plate was used as the counter electrode,
while a saturated calomel electrode (SCE) was taken as
a reference electrode. All OCP tests were performed on
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an EG&G potentiostat-galvanostat 273A model equip-
ment controlled by software M352. The AC amplitude
was 5 mV and the frequency was set in the range of
100 kHz to 10 MHz using a 1260 Solarton frequency
response analyzer (FRA). Surface morphology after
corrosion was examined using the high resolution scan-
ning electron microscope (FESEM ZEISS) and optical
microscope (Gippon Inc.)

3. RESULTS AND DISSCUSION

3.1. Mesoporous silica analysis

Figure la-d illustrates micrograph and schematic fig-
ure of mesoporous silica. Figure 1a shows morphol-
ogy of mesoporous silica, where diameter of each
mesoporous silica tube varies from 50 to 300 nm,
while their length was in micrometer range. Also, Fig-
ure 1b shows TEM micrograph of mesoporous silica
with hexagonal pores. The average diameter of the
pores obtained by TEM was about 4 nm. Figure 1c
demonstrates schematic view of hexagonal mesopo-
rous structures with Si-OH configuration in the pores
(Figure 1d).

Specific surface area, pore volume, and average
pore diameter of the mesoporous silica was obtained
776.2 m*.g!, 0.84 cm’.g!, and 4.23 nm, respectively
by N, adsorption/desorption technique. These param-
eters for MSInh were gained 540.1 m%.g"', 0.55 cm®.g!,
and 3.5 nm, respectively. Specific surface area, pore
volume, and pore diameter size decreased after func-
tionalization and adsorption of fluoride ions on the
surface of mesoporous silica.

silica, (c) schematic form of hexagonal mesoporous struc-

tures, and (d) Si-OH configuration in the pores.

3.2. Corrosion investigation of alkyd coatings
Figure 2a-b shows schematic Nyquist plot of Mg,
Alkyd/MS and Alkyd/MSInh in the NaCl solution
at the initial and final immersion times. As observed
in these figures, Mg shows a capacitive loop at high
frequencies followed by an inductive loop at low fre-
quencies. There are various explanations for this in-
ductive loop such as relaxation process of adsorbed
species [27-29], pitting [30, 31], hydroxide formation
[32, 33], partial protection of oxide film on the surface
[34], or auto catalytic damage process of the surface
film [35]. Some remarks about corrosion mechanism
of Mg are presented in section 3.3.

The related Nyquist plot for coatings shows two
time constant at high and low frequencies. High fre-
quency loop is related to coating resistance, while low
frequency loop shows charge transfer resistance in the
Mg/polymer interface. At initial times, contribution of
charge transfer is very low due to the inadequate dif-
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Figure 2: Schematic Nyquist plot of Mg, Alkyd/MS and Al-
kyd/MSinh in the NaCl solution at the initial and final times
of immersion.
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Figure 3: Equivalent circuits for (a) Mg and (b) Alkyd coat-
ings in the NaCl solutions.

fusion of corroding ions to the interface. In compari-
son, by applying Alkyd coatings, the inductive loops
disappear, which could be due to preventing corrosion
and insufficient access of corrosive ions to the surface.
Therefore, it could be stated that the formation of in-
ductive loop is because of the formation of corrosion
product on the surface.

Figure 3a-b shows equivalent circuits for these two
Mg and Alkyd coatings, respectively. The model in-
cludes the solution resistance R , a series combination
of resistance, R, and inductance, L, in parallel with
charge transfer resistance R

ot
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element (CPE). CPE was used instead of a pure ca-
pacitance (C) accounting for a non-ideal capacitive
response of the interface. The impedance of a CPE is
equal to A (i )™, where A is the constant correspond-
ing to the interfacial capacitance, i is the imaginary
number, ® is the angular frequency, and n is an expo-
nential factor in the range between -1 and 1. Depend-
ing on the value of n, CPE can represent resistance
(n=0, A=R), capacitance (n = 1, A = C), inductance
(n=-1, A= L) or Warburg impedance (n = 0.5, A =
W). Pure capacitance behavior is indicated by n = 1,
while in practice n often ranges from zero to 1. Het-
erogeneity of the water uptake phenomenon could im-
pose deviating from pure capacitor [36, 37].

Besides, n is associated to the degree of roughness
and the geometry of the coatings [38]. R  is defined

as the value corresponding to Z” when —Z” = 0, com-
monly obtained at intermediate frequencies, while R,
is defined as the zero frequency impedance at —Z” =0
often assessed at f—0 [39]. Ret for this kind of plot is
calculated according to fitting results. R  for Mg after
corrosion for 1 h, 5 h, 1 day, and 1 week was obtained

as 1310, 1270, 990, and 890 Q.cm?, respectively.
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Figure 4: Bode plots for Mg, Alkyd/MS, and Alkyd/MSInh in NaCl solution after 1 h, 5 h, 1 day, and 1 week immersion.
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Table 1: Impedance data obtained for Alkyd/MS and Alkyd/MSinh at different times in NaCl

solution.

Time C (nF) 1Z], ,,,(kQ.cm?) V-

Alkyd/MS 1h 0.23 279493 84
5h 0.35 98.6 47.2

1 day 0.43 106.4 39.9

1 week 1.7 40.9 18.2

Alkyd/MSInh 1h 0.13 176051.6 83.9
5h 0.15 294421 83.7

1 day 0.16 45348.8 83

1 week 0.46 160.3 27.5

Figure 4a-d shows Bode plots for Mg, Alkyd/MS,
and Alkyd/MSInh in NaCl solution after 1 h, 5 h,
1 day, and 1 week immersion.

To determine electrochemical properties of Alkyd
coatings, three different parameters C, |Z|,,, MHz and
0,, kHz were chosen [40]. The higher is the value of
these parameters, the greater is the corrosion resis-
tance. Impedance magnitude at 100 MHz (|Z|
and phase angle at 10 kHz (0, ., )

information about corrosion protection. Once a ca-

100 MHZ)
give qualitative

pacitor and a resistor are parallel, phase difference
between current and voltage is a criterion for current
to transmission through either capacitor or resistor.
The electrochemical behavior of metal-electrolyte in-
terface is capacitive if charge transfer resistance and/
or double layer capacitance are high. In such a case,
current would mostly pass through capacitor and,
therefore, phase angle would be near 90°. Moreover,
the electrochemical behavior of metal-electrolyte in-
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Figure 5: XRD patterns after corrosion for (a) Mg, (b) Alkyd/

MS, and (c) Alkyd/MSinh.

terface is resistive if resistance and/or capacitance
are low. Consequently, current would frequently pass
through resistor; therefore, phase angle would be near
zero [40]. According to Table 1, the highest value of
phase angle at 10 kHz (0, . .. ) obtained for Alkyd/MS
solution is about 84°.

10 kHz

It was shown that for intact coatings the value of 0 is
close to 90° [40]. Phase angle at initial times is close
to each other for both Alkyd/MS and Alkyd/MSInh,
implying the insufficient release of fluoride ion from
MSInh. On the other hand, at the initial times cor-
rosive ions do not have enough time to pass through
polymer matrix. As time proceeds, phase angle for Al-
kyd/MSInh becomes greater than that of Alkyd/MS,
which could be attributed to the formation of protec-
tive compounds due to fluoride release from MSInh.
On the other hand, by passing time, coatings had the
higher affinity to ions and became more conductive.
In other words, an increase in the C, value is attributed
to the accumulation of conducting species into the
porosities of the coatings.

XRD patterns after corrosion revealed that MgO
(dried Mg(OH),) is the most corrosion product on the
Mg surface, while trace of MgCl, is also detectable in
XRD pattern (Figure 5). Coatings had more intact Mg
peaks due to lower corrosion products. Besides, Al-
kyd/MSInh presented a peak related to MgF,. It seems
that the Mg(OH), film (slightly stable in water) reacts
with fluorides and develops fluoride containing Mg
compounds according to Eq. 1:

Mg(OH), +2F — MgF, +20H" (1
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Figure 6a-c shows optical surface morphology after
corrosion where Mg surface is highly corroded; how-
ever the mentioned two coatings show more intact
surfaces. In addition, Alkyd/MSInh also had no obvi-
ous pit on its surface, while Alkyd/MS revealed some
pits on its surface due to chloride attack. Development
of several white spot on Alkyd/MS and Alkyd/MSInh
might be attributed to corrosion production such as
MgO.

3.3. Some comments about corrosion of Mg
According to Pourbaix diagram proposed by Chen et
al. [41] (Figure7), it assume that in the initial times of
corrosion (A: pH = 7.3, OCP = -1.5 V vs. SCE), the
state of Mg is MgH,. Besides, Mg(OH), does not form
before pH 8.4.

Owing to hydrogen generation, the local pH at the
interfaces of matrix and electrolyte would be promoted
causing alkalization effect, prompting the formation
of Mg(OH),. According to Song et al. [42, 43], the an-
odic dissolution of magnesium is a transient process,
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Figure 7: Proposed Pourbaix diagram for Mg in water [41].

10mm

which is related to the formation of monovalent mag-
nesium ion. However, monovalent magnesium ion
has not been detected by any electrochemical meth-
od. Besides, there has been no thermodynamic data
of the formation of monovalent magnesium ion [41].
According to Perrault [44], the Gibbs energies of the
formation of Mg*, MgH,, and Mg(OH), are all below
zero, implying their spontaneous formation processes.
Furthermore, Mg cannot effectively hold hydrogen in
its interior structure [41], leading to hydrogen release
from its structure begins and therefore, such forma-
tion of MgH, does not require development of the uni-
positive Mg ion as an intermediate in the corrosion of
Mg. Moreover, when the hydrogen over-potential is
high enough, formation rate of magnesium hydride is
greater than the decomposition rate, and partial mag-
nesium hydride becomes one of corrosion products
left on the surface. It must be noted that hydride devel-
oped at interior of matrix by the reaction of hydrogen
and matrix is stable (Eq. 2) [41]:

Mg+2H,, > MgH, 2)

The presence of this composition was also confirmed
by SIMS in situ observation [41, 45]. MgH, can be
developed on the whole range of pH; however it de-
composes into hydroxide and hydrogen gas when con-
tacting water, according to Eq. 3 [41]:

MgH, +2H,0 — Mg(OH), +2H, T 3)
Yao et al. [46] reported that the film on pure Mg

formed in 3% NacCl solution is more hydrated than
that formed in distilled water. The hydration of the
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oxides causes the conversion of the cubic oxide to
hexagonal magnesium hydroxide with twice vol-
ume of the original oxide, resulting in a considerable
disruption of the film [47]. The main role of the CI
anions in film breakdown has been attributed to the
formation of soluble magnesium hydroxy-chloride
complexes. It has been demonstrated that the solubil-
ity product (Ksp) of Mg(OH), increases with chloride
ion concentration. Investigation of the film formed
on the Mg surface revealed presence of magnesium
chlorides and hydroxy-chlorides within the Mg(OH),
layer, indicating that incorporation of CI™ is a precur-
sor to film breakdown. Therefore, breakdown occurs
at a weak point in the surface film, where Cl™ migra-
tion causes an increase in the solubility of Mg(OH),
[48, 49].

At final times of corrosion (B: pH = 11.2, OCP =
-1.39 vs. SCE), the presence of Mg(OH), on the sur-
face is emphasized by Pourbaix diagram. Here, an
increase in OCP towards positive direction is a sign
of development of more protective compound such
as Mg(OH),.Therefore, it is expected that corrosion
mechanism as well as inductive loop at the initial
times (pH<8.4) is not attributed to Mg(OH), forma-
tion. Thus, it can be postulated that the formation of
inductive loop in the low frequency region could be
attributed to several processes at these times. Devel-
opment of such a loop can be attributed to formation
of MgH, and Mg(OH), at the initial and final times,
respectively. In addition, the presence of chloride ion
could introduce some pits on Mg(OH), surface.

4. CONCLUSIONS

In this article biocompatible mesoporous silica was
used as a host for corrosion inhibitor for Mg. These
particles were embedded in the Alkyd resin and ap-
plied on the Mg surface. Then corrosion properties
of Mg were compared to those of Alkyd coating.
Results showed that coating with mesoporous silica
loaded by corrosion inhibitor has a higher corrosion
resistance compared to Mg and Alkyd/MS. More-
over, the surface of Alkyd/MSInh after corrosion
showed more intact surface in comparison with the
other samples.
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