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Abstract: Corrosion protection coatings need frequent developments to cater to different challenges
arising from users. In addition to a long lasting corrosion protection, aesthetic requirements and
multi-functional properties by the same coating system are prominent demands to be considered.
Productivity is another vital factor to be considered, as there is a thriving demand from users to
have more productive coating systems, such as a smaller number of layers in a system. Thus,
attention to using different coating technologies is an essential step to fulfil these demands. This work
investigates the use of sol-gel technology as a topcoat on a zinc rich primer to form a two-coat system.
A colored sol-gel topcoat on a zinc primer was developed as a two-coat system to replace the current
three or multi-coat systems to improve productivity while maintaining the sacrificial protective
capability. The overall corrosion protection performance together with the color retaining capability
was evaluated in this development. As another step forward, the development of sol-gel technology
as a topcoat with additional inhibitive corrosion protection was investigated. Two corrosion
inhibitors, namely molybdate and cerium(Ill), were loaded onto suitable inorganic oxide carriers
and then incorporated into sol-gel coatings to provide an inhibitive protection other than the barrier
protection. The corrosion performance of the coatings was evaluated using electrochemical impedance
spectroscopy (EIS). Sol-gel coating with a cerium(IIl) system attained the highest impedance and
proved to be the best candidate. The mechanical and physical properties of the coating systems are
tested using international standard methods.

Keywords: sol-gel coating; corrosion protective coating system; two-coat system; corrosion inhibitor;
electrochemical impedance spectroscopy

1. Introduction

Coatings play a major role in saving cost and preventing failures due to corrosion. Progress
and numerous advances have been made in corrosion protection coating technologies. There is an
increasing demand from various sectors in the industry for cost-effective coatings with enhanced
protection and multi-functional capabilities. However, current developments are still not adequate
in some aspects of the industry supply chain. This poses the challenge of having coatings with
multi-functional properties without compromising the corrosion protection capabilities. The interest
in multi-functional properties differs from one application to another. These include aesthetic
requirements, wear and abrasion resistance, and also fire and thermal resistance. Furthermore,
industries are always looking for innovative ways to gain more revenue by increasing their productivity.
One such example is through a cost-effective process that consists of a coating system with less layers.

Coatings 2019, 9, 52; d0i:10.3390/ coatings9010052 www.mdpi.com/journal/coatings


http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-0725-8915
http://dx.doi.org/10.3390/coatings9010052
http://www.mdpi.com/journal/coatings
http://www.mdpi.com/2079-6412/9/1/52?type=check_update&version=2

Coatings 2019, 9, 52 2 of 15

The main challenge in this case is to provide a coating with similar or better corrosion protection,
together with other functional properties and uncompromised adhesion. Selecting a suitable coating
system for further developments to achieve this goal is the first step towards success.

Sol-gel coatings have been used for various applications including corrosion protection in the past
few decades [1-5]. As discussed widely, sol-gel coatings have many advantages—(a) a relatively low
process temperature [6], (b) a good chemical resistance and thermal stability [3,7], (c) a versatile process
to add multi-functions, such as superhydrophobicity [8], scratch-resistance [4], self-cleaning [5] etc., and
also (d) environmental friendliness [1,6]. Investigations on sol-gel coatings for their corrosion protection
capabilities are also widely reported [1,2,9,10]. Currently, most of the sol-gel coatings were used to
protect metal/alloy substrates, like aluminum [1,2], magnesium [4,11], stainless steel [12,13] and carbon
steel [10,14]. There is much investigation on the influences of formula [12,15,16] and process conditions,
such as the surface condition [17,18] and the curing temperature [19] on the corrosion protective
performance of sol-gel coatings. Ferreira [1,9,20-24], Montemor [1,24-26], Zheludkevich [1,9,20,27-29],
Duran [30-33], have done extensive work on the usage of sol-gel as a corrosion protective coating.
Some of their works include the incorporation of corrosion inhibitors into sol-gel coatings to provide
additional inhibitive protection against corrosion [9,22,23,25-29,34].

Zinc based coatings are used in various applications due to their sacrificial corrosion protection
properties. Although hot-dip galvanizing is widely use in this aspect, there has been an increasing
demand in recent years for zinc rich coatings to replace hot-dip galvanizing for some applications.
One major issue with zinc rich coatings is their appearance, because the color of zinc is not aesthetically
attractive in some applications.

To provide a colored presence to zinc rich primers, a common practice is to apply multi layers,
which could be as many as four additional layers of coatings. The intermediate layers are used to
enhance the adhesion and compatibility of the coating system. However, this is a major drawback
to industries in terms of productivity and cost, as more raw-materials and manpower are required.
This may also restrict the sacrificial protection properties of the zinc primer.

The present work aimed to investigate the use of sol-gel technology as a top coat for a zinc
rich primer in a two-coat system. The compatibility between the two layers was considered in this
development to investigate the overall performance using accelerated corrosion tests. In addition,
initial developments in sol-gel technology as a top coat with enhanced corrosion properties were
also studied. A commercial zinc rich coating system was used to benchmark the corrosion protection
performance. Various corrosion inhibitors such as molybdate and cerium(IIl) were added to the
sol-gel coating to study their effects on corrosion protection properties. Electrochemical impedance
spectroscopy (EIS) or accelerated salt spray test were used to evaluate the corrosion performance of
the various coatings.

2. Materials and Methods

2.1. Materials

Tetraethyl orthosilicate (TEOS, Sigma-Aldrich, Singapore) and (3-glycidyloxypropyl)trimethoxysilane
(GLYMO, Sigma—Aldrich) were used as sol-gel precursors. Itaconic acid (>99%, Sigma—Aldrich) was
used as the hydrolysis catalyst, while LUDOX® AS-40 colloidal silica (Sigma-Aldrich) was added to
enhance the coating mechanical properties. The corrosion inhibitors used in this report include sodium
molybdate (Sigma—Aldrich) and cerium(III) nitrate hexahydrate (Sigma—Aldrich). The carriers used
for inhibitor entrapment were bentonite (Sigma-Aldrich) and hydrotalcite (Sigma—Aldrich). Heliogen
Green L8605 (BASF, Singapore) was used to provide green color, while Degussa P25 TiO, (Evonik,
Singapore) was used as the pore filler and color tuner. All chemicals were used as received without
further purification. A36 carbon steel was used as the coating substrate.

MS-52M Multi Position Magnetic Stirrer (Lab Companion, Jeio Tech Co., Ltd., Seoul, Korea) was
used to prepare inhibitor loaded materials and sol-gel. LUNA-L-LD-1.0 Low Volume Medium Pressure
(LVMP) Spray Gun (DeVILBISS, Scottsdale, AZ, USA) was used to apply spray coating.
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2.2. Inhibitor Loading Process

The ion-exchange process was employed to prepare two different corrosion inhibitor loaded
materials. Bentonite was used to entrap cerium(Ill) and the product was named Ce-BTN in this work.
Similarly, hydrotalcite was used to entrap molybdate and the product was named Mo-HT in this work.
The solid carrier was added into the aqueous inhibitor solution and stirred for 24 h. The mixture was
centrifuged at 5000 rpm for 10 min, then the residue was washed with ethanol three times. The slurry
was dried at 80 °C for 24 h, before being ground into fine powders.

2.3. Coating Preparation

The commercial zinc rich coating systems were prepared by a spray coating technique, following
the instruction by the technical data sheet (TDS) and the application guide. A36 carbon steel substrates
were cut into 100 mm x 150 mm x 3 mm and sandblasted to comply with SA2.5, according to the
International Standard ISO 8501 [35].

The formula of sol-gel coating was reported in our previous work [36]. TEOS and GLYMO were
mixed with in molar ratio of 3:2 and hydrolyzed in 0.5 M itaconic acid solution, with the presence of
5 wt.% LUDOX® AS-40. The mixture was stirred under 500 rpm for 72 to 120 h to ensure a complete
hydrolysis before aging. Before the spray application, Heliogen Green L8605 and Degussa P25 TiO,
blend was ball-milled overnight and added into the coating solution to tune the color. The inhibitor
loaded material was also added at this stage, if needed. The sol-gel coating was applied by spray
coating technique and cured at 150 °C for 30 min. For the two-coat system, zinc rich primer was
simply cleaned by compressed air, before the application of sol-gel coating. To prepare the samples for
electrochemical analysis, the A36 carbon steel substrate was pre-finished by sandblasting with #120
aluminum oxide for the direct application of sol-gel coating.

2.4. Characterizations

The pencil hardness of sol-gel coating was evaluated following the international standard ASTM
D3363 [37]. The adhesion of the coating systems was evaluated by cross hatch testing (international
standard ASTM D3359 [38]). The thickness of the coating was verified by Elcometer 456 coating
thickness gauge (Elcometer, Manchester, UK).

The corrosion protection performance of the coated samples was evaluated after the exposure to
continuous salt fog conditions according to ASTM B117 [38], using an accelerated exposure corrosion
chamber (SF-500, Atlas, Mount Prospect, IL, USA). Both scribed and non-scribe samples were used to
assess the sacrificial and overall corrosion/degradation protection properties.

Image analyzing software (Olympus Stream Essentials, Version 2.3.2) was used to quantify the
percentage of rust on the samples. High resolution photographs were taken on gently washed and
dried samples. Software was used to distinguish the appearance of different products based on contrast
variations for each pixel. The percentages of each different product were quantified at various time
intervals using the software.

Electrochemical impedance spectroscopy (EIS) was utilized to evaluate the coating performance
using a Reference 600+ potentiostat (Gamry Instruments, Warminster, PA, USA). A standard three
electrode system was used with a coated carbon steel of 100 mm x 150 mm x 3 mm (exposed
area = 10 cm?) as the working electorate, and a graphite rod as the counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. The experiments were performed in 0.1 wt.%
chloride solution and the frequency ranged from 10° to 0.1 Hz over an alternating voltage of 10 mV
amplitude. The EIS results were analyzed using Gamry Echem Analyst (Version 6.33).

3. Results

3.1. Evaluation of Commercial Zinc Rich Coating System

In this work, a commercial zinc rich primer and a three-coat system (with the same zinc primer)
were used for benchmarking. Figure 1 presents the photographic evidence of these coatings systems
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after exposure for 30 days. The samples were removed from the corrosion test chamber periodically
for evaluation along the exposure period of 30 days. The non-damaged commercial three-coat system
showed excellent corrosion resistance, while keeping its aesthetic appearance as seen in Figure 1c.
However, the sacrificial corrosion ability of this three-coat system was greatly compromised in the
presence of a scribe. Red rust started appearing along the scribe after 10 days as seen in Figure 1d
and further deteriorated along prolong exposure. Clearly, the additional topcoat layers significantly
compromised the sacrificial corrosion protection capability, which is critical when the coating system is
damaged. One of the main causes of such a failure can be an insufficient interlayer adhesion, although
the details of the failure can be rather complex.

Before Exposure

10 Days Exposure 20 Days Exposure 30 Days Exposure

(d)

Figure 1. Appearance of coating systems after accelerated exposure corrosion test of (a,b) Commercial
80 um zinc rich primer and (¢,d) Commercial three-coat system (80 um zinc rich primer, 100 pm
intermediate layer, 50 um top coat). (a,c) non-scribe; (b,d) scribe.
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3.2. Two-Coat System with Sol-Gel Topcoat

The same commercial zinc rich primer with 80 um thickness (used in Section 3.1) was used as the
base coat to develop the two-coat system with a sol-gel topcoat, the thickness of which was varied
between 20 and 30 um. Considering the silicate binder in this primer, a colored sol-gel topcoat was
developed to form a two-coat system. Table 1 presents the mechanical and physical coating properties
of this two-coat system. According to ASTM D3363 [37] (pencil hardness test), the hardness of the
sol-gel topcoat is classified under “2H”. Furthermore, a cross hatch asdhesion test was performed on
the coating and achieved a rating of “4B” according to ASTM D3359 [38].

Table 1. Basic coating properties of two-coat system with sol-gel topcoat.

Description Property
pencil hardness test 2H
cross hatch adhesion test 4B

topcoat thickness 20-30 pm

The hardness value of the sol-gel coating according to the pencil hardness test is 2H, which shows
enhanced mechanical property of the coating system, as the hardness of the zinc rich primer used is
HB. According to the cross hatch test result suggested the strong adhesion of this two-coat system.
The involvement of GLYMO in the sol-gel topcoat improves the flexibility of the coating for better
interfacial adhesion.

For the two-coat system developed, the 80 um zinc rich primer is the same commercial one
as in Figure 1. The sol-gel topcoat (TC1) was 20 um in thickness. The two-coat system samples
were also placed in the accelerated exposure corrosion chamber. Similar to the procedures for the
commercial samples, a mechanical damage was made to the coating and subsequent exposure results
are presented in Figure 2. In contrast to the commercial three-coat system, the sacrificial corrosion
protection capability was well retained in this two-coat system. As seen in Figure 2, no red rust of the
steel substrate was observed in the scribe upon 30 days of exposure, suggesting that the additional
sol-gel topcoat did not adversely affect the sacrificial protection of the zinc rich primer. However, close
to 6% of the coating area was covered with white rust, due to zinc corrosion after 30 days of exposure.
This may imply retaining of sacrificial protection property of zinc layer though aesthetic appearance
was affected due to formation of white rust.

1 Day Exposure 10 Days Exposure

20 Days Exposure

30 Days Exposure

@ (b) © )

Figure 2. Appearance of coating system after accelerated exposure corrosion test of two-coat system
with scribe. The values indicated below the images are the percentages of white rust area over the total
area: (a) N.A.; (b) 2.43%; (c) 4.28%; (d) 6.30%.

We hypothesized that the presence of the white rust on the surface was due to the porous nature
of the sol-gel coating caused by relatively lower curing temperature used in this work. The pores
provided a pathway for moisture to migrate into the coating and reach the zinc primer layer to form
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the white rust. Thus, the porosity should be minimized to retain the color in long term use and to
maintain the sacrificial protection properties at the same time.

The preparation parameters of the sol-gel coating were varied as described in Table 2. As shown,
the effects of the curing duration, curing temperature and coating thickness were investigated. A longer
curing duration and/or higher curing temperature would reduce the porosity of the sol-gel coating [39]
and thus reduce the amount of white rust on the surface. With a thicker topcoat, the pathway for the
white rust to reach the surface would be longer. The accelerated exposure results of the improved
two-coat system samples are provided in Figure 3. These results confirmed the above hypothesis,
as significantly less white rust was observed on these improved coating systems. To show the corrosion
protection performance and color retainment, the test results after 20 days (500 h), 42 days (1000 h)
and 84 days (2000 h) are provided in Figure 3. By comparing the TC1 system with TC2 system,
we confirmed that the coating system with a longer curing duration reduced the white rust presence
on the surface. The improved performances of TC3 system against TC1 system suggests the positive
effect of the higher curing temperature which is more effective than longer curing duration. Please
confirm meaning is retained Additional topcoat thickness (TC4 system) prolongs the presence of white
rust, due to the longer pathway for the growth of white rust from the coating interface to the surface
of topcoat.

Table 2. Curing temperature and duration of sol-gel topcoat with their respective thickness values.

Sample ID Curing Conditions Thickness

TC1 150 °C, 30 min 20 pm
TC2 150 °C, 120 min 20 um
TC3 160 °C, 30 min 20 pm
TC4 150 °C, 30 min 30 um

1 Day Exposure 20 Days Exposure 42 Days Exposure 84 Days Exposure

0.00% 0.00% 0.46% 0.93%
(b)

Figure 3. Cont.
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0.00% 0.00% 0.78% 1.80%
(©)

Figure 3. Appearance of coating systems (80 um zinc rich primer with (a) 20 um TC2 topcoat
(Primer + TC2, non-scribe); (b) 20 pum TC3 topcoat (Primer + TC3, non-scribe); (¢) 30 um TC4 topcoat
(Primer + TC4, non-scribe)) after the accelerated exposure corrosion test of two-coat system without
scribe. The values indicated below the images are the percentages of white rust area over the total area.

As summarized, the developed two-coat system with zinc rich primer and sol-gel topcoat
performed well in both corrosion protection and color retaining aspects. The sacrificial corrosion
protection was well retained with limited white rust observed after 84 days of exposure under
accelerated conditions. Furthermore, the developed two-coat system had a significantly higher
application productivity than the current multi-layer coating systems.

3.3. Electrochemical Impedance Spectroscopy (EIS) Study on Ce-BTN/Mo-HT Incorporated Sol-Gel Coatings

The Ce-BTN or Mo-HT were incorporated into the sol-gel coatings for further investigation on
the influences of corrosion inhibitors on the corrosion protection performance. Different coatings were
prepared, as described in Table 3. The performance of the coated samples was studied using EIS for an
immersion up to 20 h in 0.1 wt.% NaCl solution. Impedance data were recorded throughout the entire
duration (20 h) with a 1 h interval, to gain an insight into the initial performance of the coated samples.

Table 3. Description of coatings for EIS study.

Sample ID Coating Description (Directly on Carbon Steel)
S1 Original sol-gel coating
52 Sol-gel coating incorporated with 0.2 wt.% Ce-BTN
S3 Sol-gel coating incorporated with 0.2 wt.% Mo-HT
S4 Sol-gel coating incorporated with 0.5 wt.% Ce-BTN

Figure 4a—c present the Bode plots of the S1, S2 and S3 after an immersion in 0.1 wt.% chloride
solution for 1, 10 and 20 h respectively. Moutarlier et al. [40] and Yasakau et al. [41] suggested that the
addition of certain types of inhibitors/additives to sol-gel coatings may disrupt the stability of the
sol-gel matrix, which can lead to the weakening of its corrosion protection abilities. It was discussed
that the reduced performance is related to the high solubility of ions and the precipitation of foreign
particles [40,41]. However, from the results in Figure 4, all the coating systems demonstrated generally
high impedance values (107), comparable with the reported data for sol-gel based coatings [24,27,42].
The relatively high impedance values of the coating systems demonstrated that the addition of
a relatively low concentration of inhibitors did not degrade the initial protection properties of
sol-gel coatings.
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Figure 4. Bode plots of the three different coating systems after; (a) 1 h immersion, (b) 10 h immersion,
and (c) 20 h immersion in 0.1 wt.% NaCl solution.

Comparing the impedance values in Figure 4a, we find that the corrosion resistance of S3
(1.4 x 107 Q-cm?) is slightly higher than that of 52 (1.1 x 107 -ecm?) and S1 (1.0 x 107 Q-cm?)
after 1 h immersion in chloride solution. Figure 4b depicts the corrosion resistance of the coating
systems after an immersion of 10 h in 0.1 wt.% NaCl solution. Generally, it shows a decrease in
the impedance magnitude of all the coated samples after 10 h immersion in the chloride solution,
compared to the results obtained after 1 h immersion. However, there was a rearrangement in the
corrosion performance ranking based on the impedance values with S2 (9.7 x 10° O-cm?) exhibiting
the highest corrosion resistance, followed by S3 (8.5 x 10® Q-cm?) and then S1 (7.4 x 10° Q-cm?).
Lastly, Figure 4c illustrates all the coating resistance values after 20 h immersion and the ranking in
terms of their impedance values as S2 > S1 > S3.

As observed in Figure 4a, the higher impedance magnitude (1 Z 1) of S3 can be associated with the
quick release of molybdate into the system, which may have helped to passivate and strengthen the
interface between the coating and the carbon steel substrate. Furthermore, the addition of hydrotalcite,
which was used as an inhibitor carrier, helps to adsorb chloride ions through an ions exchange,
reducing the amount of chloride ions from reaching the substrate surface [43,44]. This could explain
the higher initial impedance exhibited by S3. On the other hand, there was a significant decrease in
impedance of S3 after 20 h immersion as seen in Figure 4c. The majority of the loaded molybdate ions
having already exchanged with CI™ could be the main reason for this observation.

The higher resistance observed in 52 compared to S3 after 20 h immersion can be attributed to
the controlled release of cerium ions from the sol-gel coating. It is widely discussed and known that
the addition of cerium ions results in the precipitation of cerium oxides on cathodic sites, preventing
oxygen reduction [1,24,45-48]. This could result in the higher impedance values recorded by S2 after
20 h immersion in 0.1 wt.% NaCl. To further investigate on the electrochemical impedance behavior of
the coating systems, an equivalent circuit is deployed, as shown in Figure 5.
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R2 R3
—AAA NAﬁi—J
R1 —>>
—AA——] Q3 —
A/
Q2

Figure 5. Equivalent circuit used for fitting of EIS data.

The equivalent circuits used for studies in inhibitors incorporated sol-gel coatings have been
extensively described by Ferreira et al. [1,49], Trabelsi et al. [24] and Wang et al. [42]. It is reported that
the second time constant may represent charge transfer regions, an oxide layer, or an intermediate
layer [42]. A two-time constant model is proposed in this study with the second time constant is
assigned to represent an intermediate layer. A similar approach was been made by Wang et al. [42],
associating the second time constant as an intermediate layer. Pure capacitance elements are replaced
by constant phase elements in the equivalent circuit. Figure 5 shows the circuit elements used in the
equivalent circuit; (i) Ry = electrolyte resistance, (ii) R, = coating resistance, pore structure of coating
is accounted in this element, (iii) Q, = constant phase element related to coating, (iv) R3 = resistance
of intermediate that forms between coating and metallic substrate, (v) Q3 = constant phase element
related to intermediate layer. Consequently, the experimental results were simulated based on this
circuit to obtain the values of each element. The proposed equivalent circuit simulates and fits well
with the Nyquist plot, as observed in Figure 6.

2.0x107
1.5x10"
1.0x10"

5.0x10°

NormZreal (Q cm?)

0.0

0 X107 2x107 3107 4xA0
-NormZimag (Q cm?)

Figure 6. Nyquist plot of 54 fitted using the equivalent circuit (Figure 2) after immersing for 1 h in
0.1 wt.% NaCl.

For further investigation of the behavior of the coating, the change of R, and R3 values along the
exposure time are plotted along the exposure time in Figure 7. The coating with 0.2 wt.% Mo-HT (S3)
shows the highest resistance with the highest R3 values up to the first five hours of immersion, as seen
in Figure 7b. However, after 20 h immersion in chloride solution, both R, and R3 values for S3 declined
significantly. Notably, the R, and R3 values of Mo-HT loaded coating (S3) was even lower than the
coating without any inhibitor added (S1). This suggests that the addition of molybdate may have
an adverse effect on the corrosion protective properties of sol-gel coating. Nevertheless, the coating
with 0.2 wt.% Ce-BTN (52) shows comparatively less reduction in R, values and at the same time,
achieved the highest resistance values after 20 h immersion. The values of R, of S2 were relatively
stable, indicating a very stable intermediate layer.
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Figure 7. Evolution of fitting parameters for S1, S2 & S3 using the equivalent circuits in Figure 5
following 20 h immersion in 0.1 wt.% NaCl Solutions. (a) Coating resistance R, and (b) intermediate
layer resistance R3.

The effects of cerium salts as a corrosion inhibitor on various metal alloys have been heavily
studied by researchers. The mechanism of its inhibition was reported by Hinton [50] and
Montemor et al. [1,24,45]. Montemor suggested that the main form of protection arises from the
precipitation of cerium oxide/hydroxide on cathodic sites which minimizes oxygen reduction from
occurring. As cerium nitrate readily dissolves in an aqueous solution, it leads to the release of Ce3* into
the system. Ce3* preferentially forms Ce(OH)3 in the presence of hydroxide ions (OH™). As Ce(OH)3
is readily available, it may react with hydroxide ions to precipitate cerium oxide (CeO,), covering the
cathodic regions and also hindering its counter anodic reactions (oxidation of Fe to Fe?*) to prevent
further corrosion from occurring. Furthermore, as reported by Barranco et al. [20], the formation of the
CeO; precipitates may help to block the pores of the bottom most layer in the porous sol-gel coating,
which helps to slow down the corrosion process. The EIS results depicted in Figure 7 support the work
by Montemor and Barranco, with the highest R, & Rz values of S2 compared to that of S1 and 53 along
prolong exposure in 0.1 wt.% chloride solution.

Environmental friendly corrosion inhibitors, such as molybdate, have been successfully
incorporated into various protection systems [51,52]. MoO42~ is a non-oxidizing (anodic) inhibitor
that requires the presence of oxygen or an oxidizing agent for passivation to occur on metal surfaces.
It is reported that its inhibition effect is due to the adsorption of MoO42~ ions onto the steel surfaces
that was followed by the reduction of MoO42~ to MoQ,. The reduction reaction also helps to reduce
the localized aggressive environment through the reduction in H* ions [53-56]. It was also suggested
that the precipitation of FeMoO; helps to re-passivate active sites, forming a thin film that inhibits
corrosion [57]. The addition of sodium molybdate into the coating (S3) is evident in Figure 7 as higher
impedance readings were observed compared to S1. As discussed earlier, the higher Rz values of 53
may be due to the fast release of the molybdate ions from S3, which resulted in the strengthening of
the intermediate layer between the coating and substrate. However, when most of molybdate within
the effective area was consumed and not replenished after prolonged exposure, the intermediate
layer may have weakened and lost its resistance, which is evident as both R, and R3 values of S3
decreased significantly after 20 h immersion. These results coincide well with the work reported by
Moutarlier and Voevodin [40,58]. It was suggested that the presence of molybdate inhibitors leads to
the disruption of sol-gel coating, affecting its corrosion protection properties.

After confirming the better effect in terms of potential long term corrosion protection of Ce-BTN
than Mo-HT based on EIS results, further studies were designed to investigate the effect of the
concentration of Ce-BTN in sol-gel coatings. The concentration of Ce-BTN was increased from 0.2 to
0.5 wt.% while keeping the same coating thickness. Figure 8 shows the Bode plot of two concentrations
of Ce-BTN (0.2 & 0.5 wt.%) after 2 h immersion in 0.1 wt.% chloride solution. The coating with 0.5 wt.%
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cerium concentration (54) shows higher total impedance, implying that the increase in cerium content
may help to enhance the corrosion protection properties of sol-gel coatings. The total impedance of 54
is around 3.9 x 107 Q-cm? which was one order of magnitude higher than that of S2 which is around
7.2 x 10° Q)-cm? as depicted in Figure 8.
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Figure 8. Bode plots of S2 & S4 after 20 h immersion in 0.1 wt.% NaCl.

To analyze the behavior of the effects of Ce-BTN concentration on the coating performance along
with exposure time, changes in Ry and Rj values obtained through numerical fitting of the Bode plots
using the equivalent circuit are presented in Figure 9. The difference in the R, and Rj3 readings of
52 & 54 were compelling, with the later showing greater superiority in its ability to resist corrosion.
In addition, the R, values of 54 increased along the immersion period (up to the first 10 h). With the
release of a higher amount of Ce3", it leads to increase in formation of hydroxides/oxides. This helps to
block the bottom of the linked pores in the sol-gel coating which could be the reason for the increase in
corrosion resistance. These results are in good agreement with the work covered by Trabelsi et al. [24]
and Barranco et al. [20]. Furthermore, higher numbers of inhibitors may also provide a better coverage
of the effective area with the same number of pores. As evidenced in this study, the incorporation of
Ce-BTN helped to improve the corrosion protection properties of sol-gel coatings.
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Figure 9. Change of fitting parameters: (a) coating resistance R, and (b) intermediate layer resistance
Rj3 of S2 and 54 along the exposure time (up to 20 h of immersion) in 0.1 wt.% NaCl solutions.



Coatings 2019, 9, 52 12 of 15

4. Conclusions

In this work, the development of a two-coat corrosion protective system with a sol-gel topcoat on
zinc rich primer is investigated. The developed sol-gel topcoat provides an aesthetic presence to the
coating system without an adverse effect on the corrosion protection performance, especially on the
sacrificial corrosion protection capability of the zinc rich primer. Coating systems were assessed by
accelerated corrosion exposure and subsequent coating performance evaluation. The investigation of
the parameters of sol-gel coating application suggested that a higher curing temperature of the sol-gel
significantly reduced the white rust formation due to the underlying zinc primer, whilst longer curing
duration also can be an alternative solution.

As another step forward, corrosion inhibitors were incorporated into the sol-gel coating, aiming
to provide additional inhibitive corrosion protection. In order to reduce the negative effect on
the stability of the sol-gel coating, inhibitors were loaded onto suitable inorganic oxide carriers
before being incorporated into the sol-gel coating. The total impedance of the coating with Ce-BTN
(7.2 x 10° O)-cm?) was superior to the coatings with Mo-HT (3.3 x 10° ()-cm?) and without inhibitors
(5.7 x 10° Q-cm?) after 20 h immersion in 0.1 wt.% chloride solution. Moreover, the concentration of
Ce®" was investigated and found that the coating with 0.5 wt.% cerium concentration was one order of
magnitude higher than that of 0.2 wt.% cerium concentration after 20 h immersion. Electrochemical
impedance spectroscopy (EIS) results clearly demonstrated the improvement of corrosion protection
due to the incorporation of inhibitor loaded materials.

Further investigations and developments are in progress to achieve the best overall performance of
the coating systems by optimizing the concentrations of inhibitors in each case without compromising
other physical and mechanical properties of the coating system. The investigation on the two-coat
system of the inhibitor loaded colored sol-gel on the zinc primer will be carried on. The corrosion
mechanism and incorporation of two layers will be studied.
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