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Abstract: Sol—gel coatings containing various amounts of hydroxylated nanodiamond (HND) particles were applied on
the magnesium alloy for corrosion protection. The micrometric defects in the sol—gel coating completely disappeared
after adding 0.01, 0.02 and 0.05 wt.% of the HND nanoparticles. The AFM analyses showed that average roughness of
the sol—gel film is about 6.7 nm which increases to 16.1 and 20.2 nm after incorporating 0.005 and 0.02 wt.% of the
HNDs, respectively. The corrosion resistance of the coatings was tested in Harrison’s solution by means of EIS
technique after 15, 30, 60 and 120 min immersion. The corrosion resistance of the sol—gel coating was remarkably
enhanced by incorporating different contents of the HNDs and the best result was obtained for 0.01 wt.%. The results of
the EIS experiments were confirmed by the potentiodynamic polarization tests. The corrosion resistance enhancement
was attributed to the film compactness (due to the chemical interaction with the HNDs), formation of tortuous pathways
for diffusion of the corrosive solution, and filling of the defects by the nanoparticles. However, the beneficial effect of
the HNDs on the corrosion resistance gradually diminished as the content of nanoparticle was increased. Finally, the

micromorphology of the sol—gel nanocomposites was studied after the corrosion tests.
Key words: magnesium alloy; corrosion; coating; sol—gel; nanodiamond

1 Introduction

Magnesium alloys with a density of about
1.7-2 g/em’ are lighter than other structural metals
and therefore are being increasingly used in
transportation and aerospace industries [1-3].
However, magnesium alloys have high electro-
chemical reactivity and hence poor corrosion
resistance. In addition, these alloys are prone to the
galvanic corrosion which occurs between the
magnesium matrix and second phases or impurities
(micro-galvanic corrosion) in the alloy or in contact
with other structural metals [4,5]. Therefore, it is
necessary to improve the resistance of the
magnesium alloys against the corrosion before
using of them in outdoor applications. Conversion
film, organic coating, micro arc oxidation (MAO),

layered double hydroxide (LDH), etc, are the
most cost-effective and useful strategies for
corrosion protection of the magnesium-based
substrates [6—13].

Another surface technology is the sol—gel
coating which has recently attracted much attention
as a simple and environmentally-friendly method.
The sol—gel process has a number of advantageous
properties such as mild pressure and temperature,
high homogeneity, possibility of the coating
application on the substrates with complex shape,
and chemical/thermal stability of the resultant
film [14—-17]. Also, the sol—gel films show good
adhesive strength due to the formation of covalent
links with the metal surface. However, the sol—gel
coatings typically contain many structural defects
(such as cracks, pores, and parts with low cross-
linking density) that allow the corrosive agents to
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penetrate toward the film/metal interface. Cracks
and pores in sol—gel coatings generally form during
the heat treatment process due to the rapid
evaporation of unreacted water and alcohols.
Besides, difference between expansion thermal
coefficients of the substrate and sol—gel film is
another main reason of the defect formation during
the curing process.

Hybrid organic—inorganic sol—gel films can
be obtained by adding the organo-modified
components to the inorganic ceramic network.
Compared to the inorganic sol—gel films, the hybrid
sol—gel films are flexible, thick, and defect-free and
can be obtained at lower curing temperatures. The
hybrid sol—gel films have been frequently used to
increase the corrosion resistance of different
substrates [18,19]. Also, addition of the nano-
structures causes the enhancement in the barrier
properties of the sol—gel coating due to the filling of
the possible defects and the formation of more
compact ceramic structure. For instance, it has been
indicated that the anticorrosion and mechanical
properties of the sol—gel film can be enhanced by
addition of SiO, nanoparticles [20]. PERES
et al [21] have also prepared silica-loaded
hybrid sol-gel nanocomposites on AZ31 Mg
alloy by using tetraethoxysilane (TEOS) and
3-glycidoxypropyl trimethoxysilane (GPTMS)
precursors. Based on the electrochemical
impedance spectroscopy (EIS) analyses, the coating
with 300 mg/L SiO, nanoparticles showed the
greatest value of the corrosion resistance.
Additionally, CLAIRE et al [22] have synthesized a
multilayer alumino-silicated epoxy-based sol—gel
coating on stainless steel containing zirconia
nanoparticles and the applied nanocomposites
showed good corrosion and wear resistance. Also,
silane  sol-gel  films  containing
concentrations of sodium  montmorillonite
nanoclays were deposited on the galvanized steel
substrate [23]. It was revealed that the barrier
characteristics of the sol—gel film are remarkably
promoted by incorporation of 2 wt.% nanoclay.
ASADI et al [24] have prepared nanocomposite
sol—gel coatings with various contents of cloisite
nanoparticles for deposition on the steel substrate.
The nanocomposite with 0.1 wt.% cloisite showed
the best protection performance so that its corrosion
resistance was two magnitude orders greater than
the neat silane film after 4 h immersion in the NaCl

various

corrosive media due to the formation of a dense
silica film and good dispersion of the nanoparticles
in the silica network. Also, the influence of curing
conditions (time and temperature) on the corrosion
protection of the hybrid silane layer loaded with
the clay nanoparticles was investigated by FEDEL
et al [25]. They reported that the high curing
temperature causes the formation of a dense film on
galvanized steel which sufficiently reduces the
cathodic current and so, leads to the enhancement
of corrosion resistance. Also, it was found that the
formation of an intermediate layer between the
sol-gel nanocomposite and steel substrate is
responsible for better anticorrosion performance.
Also, YU et al [26] has prepared CuO/SiO, and
NiO/Si0O, nanocomposite films on aluminum alloy
by in-situ synthesis of CuO and NiO nanoparticles
in the sol solution. The corrosion protection and
thermal conductivity of the coatings were improved
after the addition of the nanoparticles.

In recent years, carbon nanostructures
(graphene, fullerenes, nanodiamond and carbon
nanotubes) are extensively used as nano-filler in the
composite materials due to their appropriate
properties such as excellent functionalization ability,
high aspect ratio, high mechanical strength, good
electrical properties, and excellent chemical
inertness [27,28]. There are few report about
incorporation of carbon nanostructures in the
sol-gel coatings as promoter of the corrosion
resistance. For example, LI et al [29] added
functionalized graphene oxide (GO) nanosheets as
reinforcement to a hybrid silane coating in order to
enhance the corrosion protection properties. The
surface of the GO was functionalized by TEOS
molecules before addition to the sol in order to
improve chemical interaction between the GOs and
silane matrix. Also, RAMEZANZADEH et al [30]
used a sol-gel based silane film (TEOS +
3-aminopropyl triethoxysilane) filled with silanized
GO nanosheets as primer of epoxy coating on the
steel substrate. Adding of GO nanosheets improved
the anticorrosion performance of both sol—gel and
epoxy coatings and decreased the cathodic
delamination of composite coating. Furthermore,
multi-walled carbon nanotubes (MWCNTSs) were
added to bis-[triethoxysilylpropyl] tetrasulfide
(BTESPT) silane film by LIU et al [31]. The
MWCNTs were carboxylated before incorporation
in the sol—gel coating in order to get better chemical
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interaction with the silane network. Electrochemical
tests showed lower corrosion rate for the
nanocomposite compared to the pure sol—gel film.

Nanodiamond (ND) has attracted much
attention for application as nano-filler in the
coatings due to its special properties, including
mechanical stability, hardness, crystallinity, narrow
particle size distribution, chemical inertness of core,
and surface reactivity [32—34]. The effect of
nanodiamonds inclusion on the anticorrosion
performance of the sol—gel coatings has not been
investigated yet, whereas they have
advantages such as relatively low-cost and
commercial accessibility.

The aim of the present work is providing
sufficient corrosion protection for the AMO60B
magnesium alloy by applying hybrid sol—gel
coatings loaded with nanodiamond particles. First
of all, the NDs were functionalized to increase the
number of hydroxyl groups on the surface in order
to obtain better dispersion and chemical interaction
with the silane matrix. Afterward, the hybrid
sol—gel film (TEOS+GPTMS) containing various
contents of hydroxylated nanodiamonds (HNDs)
was synthesized and then deposited on the
magnesium alloy. Functionalized nanodiamond
particles and sol—gel nanocomposites
characterized wusing several surface analysis
techniques involving scanning electron microscopy
(SEM), XRD (X-ray diffraction), FTIR (Fourier
transform infrared), and AFM (atomic force
microscopy). In addition, the effect of the
nanodiamond addition on the corrosion protection
capacity of the silane sol—gel coating was evaluated
by the -electrochemical corrosion tests and
subsequent morphological analyses.

several
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2 Experimental

2.1 Hydroxylation of ND particles

Nanodiamond particles (>98%) synthesized by
detonation technique were supplied by US Research
Nano (USRN). Before hydroxylation, a suspension
containing 500 mg nanodiamond and 30 mL dry
tetrahydrofuran (THF) was prepared and then was
stirred for about 5 min. It should be mentioned that
the THF was predried overnight by potassium
hydroxide before using. Then, 5 mL of 1 mol/L
BH;.THF (AcroSeal) solution, as reducing agent,
was gradually added while the solution was stirred.

The suspension was refluxed for about 24 h and
then slowly cooled down to environment
temperature. Afterward, 2 mol/L HCI was added to
the mixture until hydrogen evolution finished. The
HND product was collected by centrifugation and
then washed with distilled water and acetone until
the pH of supernatant solution became 7. Finally,
light gray product was dried at 60 °C for about 24 h
in a digital oven [35].

2.2 Nanocomposite sol preparation

The hybrid sol was prepared by mixing
0.02 mol TEOS and 0.02 mol GPTMS precursors.
Then, hydroxylated ND particles were dispersed in
the solution for 20 min in ultrasound bath
(BANDELIN SONOREX). In order to initiate the
hydrolysis, acidic water (pH=1, HCI) was added to
the sol with 1:1 alkoxy to H,O molar ratio. The
prepared sol was stirred by a magnetic stirrer
(700 r/min) for 2 h at ambient temperature (=23 °C)
and finally, absolute ethanol with equivalent
volume was added to decrease the viscosity.
Nanocomposite coatings were prepared by adding
various concentrations (0, 0.005, 0.01, 0.02 and
0.05 wt.%) of the hydroxylated nanodiamonds to
the sol solution.

2.3 Deposition of coatings

The substrate used in this work was AM60B
magnesium alloy plate (Nanjing Welbow Metals
Company) having an elemental composition of
6.33 wt.% Al, 0.68 wt.% Zn, 0.24 wt.% Mn and
balanced Mg. The alloy samples with a thickness of
2 mm were cut to a size of 3 cm x 1.5 cm and then
polished with SiC sand papers of different grade
numbers (100, 400, 800, and 1000). Next, the alloy
pieces were cleaned with deionized water and then
were dried by a warm air stream. Afterward, the
samples were ultrasonically degreased in acetone
(Atlas Shimi, 99 %) for about 20 min at 40 °C using
the ultrasonic bath.

The silane coatings were applied on the
samples using a dip coater device (Pasargad Nano
Equipment). The withdrawn speed of the samples
and immersing time in the sol solution was about
10 cm/min and 2 min, respectively. After deposition,
the coated samples were exposed to thermal
treatment in order to complete the condensation
process and also to remove the residual water and
alcohol. In order to avoid cracking, the coated



1538 S. NEZAMDOUST, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1535-1549

samples were initially held at 60 °C in a digital
oven (Pars Azma Co.) for 2h and then the
temperature was increased to 130 °C with a slow
speed of 2 °C/min. After 1h curing, the coated
samples were cooled to the
temperature naturally.

environment

2.4 Characterization

Scanning electron microscopy (LEO, VP 1430)
was used to conduct morphological analysis of the
ND and HND nanoparticles. Also the surface and
cross-section morphologies of the prepared nano-
composites were studied by the SEM. For the SEM
analyses, an accelerating voltage of 15 kV and a
backscattered electron detector were utilized under
high vacuum condition and the samples were gold
plated for 5 min under Ar gas flow (2 Pa) before the
characterization. A Polaron sputter coater device
with 1200 V direct voltage was used for the gold
plating. Also, the silica coated specimens were
carefully cut and then were mildly polished by fine
(1000 and 2000 grits) SiC sandpapers for
preparation of the cross-sectional area. Next, the
cross-sectional areas of the coated samples were
morphologically analyzed by the SEM after
cleaning (with deionized water and ethanol) and
gold plating in the above-mentioned manner.
Topography and average surface roughness (R,) of
the sol—gel films were analyzed by the AFM device
(Veeco CP-II) with boron-doped silicon cantilever
operating in the contact mode and scanning scale of
5 um % 5 um. The FTIR spectra of the NDs and
HNDs were recorded by Perkinelmer spectrum RX
device. Also, the XRD patterns of the NDs and
HNDs were obtained using a Philips Xpert
analytical diffractometer by a Cu K, source with
wavelength of 0.154 nm.

2.5 Corrosion tests

Corrosion resistance of the nanocomposites
was estimated by means of the electrochemical
impedance spectroscopy (EIS) experiments in
Harrison’s solution (0.35 wt.% (NH4),SO4 and
0.05 wt.% NacCl). The tests were carried out at room
temperature using a pautolab3 Potentiostat—
Galvanostat connected to a personal computer with
Nova 1.6 software. A typical electrochemical cell
configuration, with a saturated Ag—AgCl electrode
as reference electrode and a platinum sheet as
auxiliary electrode, was used. The sol—gel coated

samples, which were isolated by the epoxy resin to
leave an exposed surface area of 1 cm’, were used
as the working electrode. The EIS examinations
were performed in frequencies across the range
from100 kHz to 0.01 Hz by applying 10 mV sine
wave alternative voltage around ¢, (corrosion
potential). Prior to the EIS experiments, the samples
were left in contact with 200 mL of the Harrison’s
corrosive electrolyte for different time.

In addition, the potentiodynamic polarization
curves of the coated samples were recorded in
the Harrison’s solution after 3 h immersion by
scanning the potential of the working electrode with
a rate of 1 mV/s from the cathodic to anodic
direction using the above-mentioned electro-
chemical cell arrangement.

3 Results and discussion

3.1 Characterization of nanoparticles

Surface of the detonation ND particles
contains many functional groups such as carboxyl,
lactone, hydroxyl and ketone. Hydroxyl groups on
the ND particles can be chemically attached to the
silanol groups of the hydrolysed silane precursors
via condensation reaction. On the other hand, the
strong chemical interaction between the silane
matrix and incorporated ND particles may improve
the nanoparticles dispersion in the sol—gel film.
This is important from the corrosion protection
point of view since agglomeration of the
incorporated nanoparticles causes the formation of
defects and discontinuities in the coatings as
potential penetration pathways for the corrosive
species. Also, good conjugation enhances the
reinforcement effect of the nanoparticles in the
matrix. It is obvious that the increase in the number
of hydroxyl group on the nanodiamond can provide
new possibilities for better chemical interaction
with the silane network. Borane is able to reduce
the carbonyl functional groups on the NDs, leading
to the formation of homogeneous hydroxylated
surface. Therefore, the nanodiamond particles were
hydroxylated using borane reducing agent
according to the experimental procedure that was
previously explained elsewhere [35—37]. Generally,
it is difficult to confirm the enrichment of the
hydroxyl groups on the ND particles after reduction
process due to the adsorption of water by both the
raw and hydroxylated ND particles. However, the
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FTIR spectra of the ND and HND particles are
recorded (Fig. 1). Complete agreement between the
recorded FTIR spectra with those obtained
previously [35,37] was observed, indicating
successful hydroxylation of the ND particles. The
C—H stretching bands at around 2800—3000 cm™'
with a considerable intensity can be observed
before and after the hydroxylation. Also, a wide
adsorption band at around 3100-3600 cm’
associated with O—H stretching modes of the
adsorbed water can be easily detected. Furthermore,
a number of new IR bands at 800—1000 cm ™' which
are characteristics of the hydroxylated nano-
diamonds are observed in FTIR spectrum of HND.
The peak at 1258 cm™' can be assigned to 6-OH
vibration and bands at around 1000—1200 cm '
may be ascribed to C—O vibration of alcohol
groups [38].

N
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E //0 — H stretching C — O vibration

J-OH vibration

OTming s s s . . .
4000 3600 3200 28002400 2000 1600 1200 800 400
Wavenumber/cm™

Fig. 1 FTIR spectra of ND and HND particles

Also, the XRD patterns of the nanodiamond
particles before and after the hydroxylation are
shown in Fig. 2. There is no significant difference
in the XRD patterns of the ND and HND particles.
This result is due to the fact that the hydroxylation
process only modifies the surface chemistry of the
particles and the crystalline structure stays
unchanged [38]. However, the broad peak at
260=20°-30° corresponding to the graphitic
fragments on the surface of the nanoparticles
disappeared since the raw nanodiamonds were
practically purified by the hydroxylation [39].

Moreover, the morphological features of the
ND and HND particles were compared to each
other by using the SEM technique. Figures 3(a) and
3(b) display the morphological images of the ND
and HND particles, respectively. No significant

§
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N -W.’W.W " M'( ,\L‘\‘
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200(°)
Fig. 2 XRD patterns of ND and HND particles

311)

Pa2=52.79 nm |
Pb2=209.7°

Fig. 3 SEM images of ND (a) and HND (b) particles

morphological difference was observed between the
raw and hydroxylated nanodiamond particles. Also,
it is clear that the ND and HND particles tend to
form agglomerates owing to the high surface energy
and the presence of active groups.

3.2 Characterization of coatings

SEM morphological images of the sol—gel
films containing 0, 0.005, 0.01, 0.02 and 0.05 wt.%
of the HND particles are represented in Fig. 4.

Relatively uniform and continuous sol—gel
coating (Fig. 4(a)) can be seen on the magnesium
alloy. However, some micro-sized defects can be
easily detected on the pure sol-gel film. The
existence of such defects is related to the reaction
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Fig. 4 SEM images of silane nanocomposites containing 0 (a, b), 0.005 (c), 0.01 (d), 0.02 (e) and 0.05 wt.% (f) of HND

particles

between the active magnesium alloy and acidic sol
solution, which leads to the formation of hydrogen
gas bubbles and hence, the pores and other local
defects in the final silica film. One of the observed
high
magnification in Fig. 4(b). Such defects have been
previously seen in the monolayer sol—gel films on
the magnesium alloys and may be removed by
applying multilayer sol—gel films [7]. Also, some
nanometric cracks can be seen in the high-
magnification SEM image inserted in Fig. 4(a).
Such nanometric defects in the sol—gel coatings
form during evaporation of the solvents in the
curing process [40]. After incorporation of the HND
nanoparticles at concentration of 0.005 wt.%, the
size and number of the micrometric defects were
significantly decreased. Also,
defects were completely removed after loading of
the HND particles at higher concentrations (0.01,

micrometric defects is illustrated at

the micrometric

0.02 and 0.05 wt.%). These observations are more
probably related to the existence of strong chemical
interaction between the embedded particles and
sol—gel coating via their hydroxyl groups as
mentioned above. The mechanism of the chemical
interaction has been schematically illustrated in
Fig. 5.

As it is clear, the HND particles have more
possibilities  for  chemical interaction via
condensation reaction with the sol—gel matrix
compared to the raw ND particles. Based on the
illustrated scheme, each HND particle acts as bridge
between several hydrolyzed silane precursors to
form defect-free and compact sol—gel film on
the magnesium alloy. In the other words, it seems
that the HND addition causes the promotion of
the chemical interaction between the silane
monomers leading to the formation of more
compact sol—gel coating. However, there is no
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Fig. 5 Schematic illustration of chemical interaction between HND particles and sol—gel coating

significant morphological difference between the
high-magnification SEM images before and after
incorporation of the HND particles at different
concentrations so that the nanometric defects were
observed in all of the applied coatings.

In addition, agglomeration tendency of the
incorporated HND particles is minimized due to
their strong chemical interaction with the silane
network so that no agglomeration was observed in
the SEM images of the nanocomposites containing
0.005, 0.01 and 0.02 wt.% of the HND. However,
partial agglomeration was observed in the sample
with the highest concentration of the HND
(0.05 wt.%).

The thickness of the sol—gel coating is a very
important parameter which influences its corrosion
protection properties. Thus, the thickness of the
sol—gel coatings was evaluated by the cross-
sectional SEM images before and after
incorporation of the HND particles (at 0.01 wt.%
concentration). The thickness of the hybrid coatings
either before (Fig. 6(a)) or after (Fig. 6(b))
incorporation of the HND particles was about
0.7-0.8 um, meaning that the nanoparticles addition
did not change the film thickness. Similar results
were observed for other concentrations of the HND
but the results were not reported here to avoid the
repetition. Additionally, the film detachment was
not seen at the substrate/coating interface more
probably due to the formation of covalent bond

Substrate

Pa 1=744.4nm Pa2=825.8 nm
Pb 1=266.8° Pb 2=90.0°

Fig. 6 Cross-sectional views of sol-gel coating
containing 0 (a) and 0.01 wt.% (b) of HND particles

(Mg—0O—Si) between the silane coating and
magnesium alloy surface [40].

The effect of the HNDs incorporation on the
surface roughness of the sol—gel film was also
investigated by the AFM. Figure 7 shows the
surface topography of the sol—gel films filled with
nanoparticles. It is clear that the alloy samples were
covered by the sol—gel layers having similar
topographic features. However, the nanocomposite
sol—gel films appear to have higher roughness than
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Fig. 7 Topographic AFM images of sol—gel films
containing 0 (a), 0.005 (b) and 0.02 wt.% (c) of HND
particles

the pure film. The average roughness (R,) of the
pure sol—gel film was about 6.7 nm while the
corresponding values after incorporation of 0.005
and 0.02 wt.% of the hydroxylated nanodiamonds
were 16.1 and 20.2 nm, respectively. So, the surface
roughness was increased by addition of the
nanoparticles into the sol—gel film as previously

reported for other types of the sol—gel
nanocomposites [41—43].
100
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3.3 Corrosion measurements

The influence of the HND particles on the
corrosion resistance of the sol—gel coatings was
evaluated by the EIS. The impedance responses of
the sol—gel coatings (in the form of Nyquist, and
phase Bode plots) containing various amounts of
the HND nanoparticles after 15, 30, 60 and 120 min
immersion in Harrison’s corrosive solution are
shown in Figs. 8, 9, 10 and 11, respectively. The
EIS response of the sol—gel coating containing
0.01 wt.% of the raw ND particles was also
obtained to reveal the effect of the hydroxylation
process (Fig. 12).

Zero frequency limit of the impedance module
(1Z]~0) can be regarded as a measure of the
corrosion resistance. A significant increment in
|Z|~o of the nanocomposites containing
hydroxylated nanoparticles was observed with
respect to the neat coating over the immersion
period and the best results were observed when
0.01 wt.% of the HND particles was used.

The Nyquist plots of the neat and
nanocomposite coatings showed three capacitive
semicircles at high, medium and low frequency
ranges plus an inductive semicircle at the lowest
frequencies. The first semicircle on the left side of
the Nyquist plots can be ascribed to the outer
sol—gel layer. The second arc is attributed to the
nanometric inner layer as product of the chemical
reaction between the alloy surface and initial sol
solution which has been previously discussed in
literatures [40,44]. Also, the last capacitive
semicircle is related to the natural oxide/hydroxide
film on the magnesium alloy. In addition, the

80
(b)
60t o —0wt%
2 —0.005 wt.%
5 «—0.01 wt.%
< 40 <—0.02 wt.%
ED —0.05 wt.%
s
[}
8 20¢
<=
~
0 L
=20
-2 0 2 4
lg(f/Hz)

Fig. 8 Impedance response of nanocomposite films with different concentrations of HND particles after 15 min

exposure in Harrison’s solution: (a) Nyquist plots; (b) Bode plots
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Fig. 9 Impedance response of nanocomposite films with different concentrations of HND particles after 30 min

exposure in Harrison’s solution: (a) Nyquist plots; (b) Bode plots
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Fig. 10 Impedance response of nanocomposite films with different concentrations of HND particles after 60 min

exposure in Harrison’s solution: (a) Nyquist plots; (b) Bode plots
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Fig. 11 Impedance response of nanocomposite films with different concentrations of HND particles after 120 min
exposure in Harrison’s solution: (a) Nyquist plots; (b) Bode plots; (c) Suitable equivalent circuit
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inductive arc in the Nyquist plots is typically
observed for the magnesium alloy in the aqueous
corrosive solution [40]. A suitable circuit model
having three capacitive and one inductive time
constants was used to fit the experimental EIS data
(Fig. 11(c)). In this circuit, Ry, Ry, R and Rox.nyd
describe the resistive behaviour of the corrosive
electrolyte, outer sol—gel film, inner layer and
oxide/hydroxide layer, respectively. Moreover, three
constant phase elements (CPE), including CPE,
CPE; and CPE,.hy4, were used to account for the
non-ideal capacitive behaviour of the sol—gel film,
the inner layer and the oxide/hydroxide layer,

6
(@)
o — 15 min
41 — 30 min
— 60 min

0 — 120 min

-Z/(kQ+cm?)
(3]

ZJ)(kQ+cm?)
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respectively. The fitting curves were superimposed
on the experimental plots and the extracted
results were plotted versus the
immersion time in Fig. 13. The polarization
resistance (R,) values were calculated as R,=R¢tR;+
Roxhyd- Also, Op, O; and Qoxnyg are the constants
of the CPE; CPE;, and CPE . elements,
respectively (Fig. 13). By comparison of the EIS
results of the pure sol—gel coating with those
previously reported for the bare AM60B alloy [40],
significant improvement in the corrosion resistance
was revealed. The polarization resistance of
the pure sol—gel coating was mildly increased by

quantitative
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Fig. 12 Impedance response of nanocomposite films containing 0.01 wt.% of unhydrolyzed ND particles after various

immersion time in Harrison’s solution: (a) Nyquist plots; (b) Bode plots
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extending the immersion time from 15 to 30 min
more probably due to the filling of the micrometric
defects (Figs. 4(a, b)) with the corrosion products.
However, the polarization resistance of the
mentioned sample was gradually decreased by
increasing the exposure time due to the penetration
of the corrosive solution toward the alloy surface.
The polarization resistance of the pure sol—
gel coating was remarkably improved after
incorporation of the HND particles over the whole
immersion time. The best results were obtained
after addition of 0.01 wt.% of the HND particles to
the sol—gel coating. For instance, the polarization
resistance of the sol—gel coating was increased from
12.09 to 111.01 kQ-cm® after 60 min immersion
after incorporating 0.01 wt.% of the HND particles,
indicating significant improvement in the corrosion
protection. Incorporation of the HND particles into
the sol-gel coating increases its network
compactness and integrity because of the strong
chemical interaction between the HND particle and
sol—gel coating (Fig.5), leading to the better
corrosion protection. Incomplete cross-linking due
to the incomplete hydrolysis of the precursors as
well as the steric hindrances leading to the low
compactness is considered as one of the main
drawbacks of the sol—gel coatings. It appears that
the chemical interaction of the hydroxylated
nanoparticles with the silanol molecules in the
initial sol solution (via water condensation reaction)
leads to an increase in the density of final sol—gel
coatings, which results in improved corrosion
protection properties [45,46]. Generally, hydrolysis
of the metalosiloxan (Mg—O—Si) bonds at the
coating/substrate interface and the polysiloxane
network due to the penetration of the corrosive
solution are responsible for the film detachments
and degradation, respectively [47,48]. After the
addition of the HND particles, these problems were
resolved due to the formation of much denser
sol—gel coatings which effectively resist against the
penetration of the aqueous corrosive solution. Also,
the embedded HND particles force the corrosive
electrolyte to penetrate from longer tortuous
pathways in the coatings. In addition, the HND
particles fill the structural defects in the sol—gel
coating, which leads to the better corrosion
protection. However, when the HND content was
increased from 0.01 to 0.02 and 0.05 wt.%, its
beneficial influence on the R, was gradually

decreased at all the immersion time, maybe due to
the partial agglomeration (Fig. 13).

The R, value of the coating containing
different contents of the HND particles were
generally decreased by extending the immersion
time due to gradual penetration of the corrosive
solution through the micro and nano-metric defects.
However, the polarization resistance of the sol—gel
nanocomposite containing 0.01 wt.% of the HND
particles was at least 4 times higher than that
observed for the neat sol—gel coating as indication
of its better protection capacity against the
corrosion (Fig. 13).

As indicator of the sol—gel film capacitance,
the values of the O for all of the applied coatings
were generally increased by increasing the exposure
time certainly due to the diffusion of the aqueous
electrolyte into the sol—gel coating (Fig. 13). The
lowest Qr values over the whole exposure period
were seen for the sol—gel nanocomposite containing
0.01 wt.% of the HND particles indicating its more
compact structure which limits the amounts of the
diffused electrolyte leading to the better corrosion
protection. Exceptionally, the Qr values for the
sol—gel coating containing 0.02 wt.% of the HNDs
were mildly decreased by extending the immersion
time from 30 to 60 min. This unusual behaviour
may be related to the coating blistering due to the
accumulation of the hydrogen gas bubbles as result
of undercoating corrosion. The same behaviour was
shown for the sol—gel nanocomposite containing
the highest concentration of the HND particles by
extending the immersion time from 60 to 120 min.

The sol—gel coating containing 0.01 wt.% of
the unhydrolysed ND particles has
polarization resistance not only than the
corresponding HND containing coating but also
than the pure sol—gel coating (Fig. 13). This result
is more probably related to the agglomeration of the
ND particles due to their weak chemical interaction
with the silane network, as shown in Fig. 5.

The potentiodynamic polarization tests were
also performed in the same corrosive media as
complementary of the EIS experiments (Fig. 14).

The recorded polarization curves were
analyzed using the cathodic Tafel extrapolation
technique [49] and the results including corrosion
potential (@), cathodic Tafel slope (b.), and
corrosion current density (J.,r) were collected in
Table 1. The J.,; of the neat sol—gel coating was

lower
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content to 0.02 and 0.05 wt.%. However, all of the
-3 nanocomposites showed lower corrosion current
density than the neat sol—gel coating. These results
are in consistent with those obtained by the EIS
method.

0.005 wt.%

[ 0.02 wt.% Table 1 Polarization parameters obtained for nano-

composite sol—gel coatings after 3 h immersion in

lg[J/(A+cm™)]
N

Harrison’s solution
~
HND Dcorr bc/ J. corr/

87 0.01 wt.%
L5 0.05 wt.% content/wt.% (vs Ag—AgCl)/V (mV-dec!) (uA-cm?)
-1.8 -1.7 -16 -15 -14 -13 -12 -1.1 0 -1.519 182 2.202
o(vs Ag-AgC/V 0.005 -1.511 193 1.305
Fig. 14 Potentiodynamic polarization curves of coated 0.01 1335 264 0.476
samples after 3 h immersion in Harrison’s solution
0.02 —1.527 189 0.745
decreased by the addition of the HND nanoparticles 0.05 —1.473 214 1.884
in 0.005 wt.% concentration. This effect was
promoted by increasing the HND content of the Surface morphologies of the sol—gel coatings

coating to 0.01 wt.% so that the lowest J.,, was containing different contents of the HND particles
obtained among the tested samples. However, the after the corrosion tests were studied by the SEM in
corrosion current density of the coated sample was order to confirm the results of the EIS studies
mildly increased by further increasing of the HND (Fig. 15). The SEM images of the coatings with 0

(a)

a SR
\
30 pm
(b) (©)
S 2 P
>
50 pm 50 pm
(d) (e)
100 pm IOHm

Fig. 15 SEM images of silane coating containing 0 (a), 0.005 (b), 0.01 (c), 0.02 (d) and 0.05 wt.% (e) of HND particles
after corrosion tests
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and 0.005 wt.% nanoparticles show localized
corrosion signs while no visible signs of the
corrosion and film delamination are shown in
the case of the sol—gel films filled with 0.01 and
0.02 wt.% HND particles, demonstrating their
suitable corrosion protection capacity. But, the
sol—gel layer delamination can be clearly observed
for the coating containing 0.05 wt.% of the HND
particles due to the penetration of the corrosive
electrolyte in the substrate/coating interfacial region
leading to the breakage of the Mg—O—Si bonds.
This finding is in good agreement with that
obtained by the EIS measurements.

4 Conclusions

(1) The sol—gel coatings containing various
concentrations (0—0.05 wt.%) of the HNDs were
applied on AM60B magnesium alloy. The size and
number of the micrometric defects were decreased
after incorporating 0.005 wt.% of the HNDs. Also,
the micrometric defects completely disappeared
by increasing the HND concentration to 0.01—
0.05 wt.%.

(2) The average roughness of the sol—gel film
was increased after incorporation of the HNDs.

(3) The corrosion resistance of the sol—
gel coating was significantly improved by
incorporating different contents of the HNDs and
the best results were seen for 0.01 wt.%. However,
the positive effect on the corrosion resistance
gradually disappeared when the nanoparticle
content was increased from 0.01 to 0.05 wt.%.

(4) The obtained by the EIS
examination were confirmed by the potentio-
dynamic polarization tests.

(5) The SEM images of the sol—gel coatings
with 0 and 0.005 wt.% HNDs showed localized
corrosion signs after the corrosion tests while no
visible evidence of the corrosion and film
delamination were observed for the sol—gel films
filled with 0.01 and 0.02 wt.% of the HNDs.

results
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