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ABSTRACT

The cathodic delamination and wear resistance of epoxy powder coatings were evaluated after adding 3 % (by
wt.) of calcium ion exchanged micropigments from amorphous synthetic silica. The materials were manufactured
through the innovative and economical hot mixing method, and three different coatings were considered:
commercial epoxy, epoxy without micropigments submitted to the hot mixing treatment, and epoxy with
micropigments. The curing kinetics of the powder coatings was studied in order to evaluate the possible effects of
the micropigments on the epoxy, using differential scanning calorimetry (DSC). In addition, mechanical prop-
erties of coatings (hardness and scratch resistance) and their wear resistance (reciprocal tribometer tests) were
assessed. After provoking a controlled mechanical failure in the coatings, their delamination resistance was
analyzed by scanning Kelvin probe (SKP). The delamination front was calculated after adding a drop of 3.5 %
NaCl solution and taking measurements for 26 days. The results show that the corrosion attack progresses
through a cathodic delamination mechanism. The addition of corrosion inhibitors in epoxy powder coatings has
not only allowed a considerable improvement in delamination resistance, but has also led to greater mechanical
and wear resistance. At the same time, it has simultaneously reduced the chances for mechanical failure of the
coating and decreased the progression rate of damage, if it occurs. The study has also been completed with
electrochemical impedance spectroscopy and polarization measured of fully-immersed defective coatings in 3.5

% NaCl.

1. Introduction

Corrosion is an extremely crucial problem that is of concern in many
different applications. The use of organic coatings is one of the most
efficient and used methods to protect metals since, in addition to being
economical, they are exceptionally versatile [1]. In recent years, organic
powder coatings have been increasingly used because of their important
advantages with respect to conventional liquid organic coatings. Their
strong point is that they have no solvents in their compositions, making
them eco-friendly materials. This is of great interest due to current re-
strictions limiting volatile organic compounds (VOCs) in both water-
based and solvent-based products [2]. Some other advantages of these
coatings are, for instance, the possibility of recovering 99 % of the
powder lost during the coating process and the superior finish that this
type of coating [3,4] has. In fact, it is considered to comply with the “4E
principle” (environment, efficiency, ecology and economy) in the
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coating industry, making its development of special interest [5].

Different studies are found in the literature regarding improvement
of protection given by the coatings to the metal substrates in aggressive
environments. Some work has been able to obtain mechanical im-
provements in coatings with different types of inert reinforcements
[6,7]. At the same time, other authors have focused more on
manufacturing anticorrosive coatings with the addition of smart corro-
sion inhibitors that present different protection mechanisms when the
corrosive agents appear.

Silica additions are very common in organic coatings. Silica micro-
particles usually act as extenders, with the advantage of being inert, and
also promoting abrasion resistance. Silica particles can act as fillers,
decreasing the permeability of the coatings and so affecting the corro-
sion behaviour of the metallic metals. The SiO, microparticles addition
to the organic coating has also proven to have a positive effect on sur-
faces pretreated with silanes [8].
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On the other hand, it has also been shown that SiO, nanoparticles can
release SiO3 ions at alkaline pH, helping to the passivation of galva-
nized steel [9]. Moreover, it has been recently reported that mesoporous
nanosilica particles can exert an inhibitory effect against delamination
[10]. As far as nanoparticles are concerned, their direct effect in metal-
coating adhesion improvement and polymer crosslinking cannot be
ignored [6], as well as the improvement of strength and barrier prop-
erties of coating [10]. However, the use of nanosilica as smart carriers
for corrosion protection has been strongly developed in recent years,
acting as reservoir for functional species (inhibitor/self-healing agent).
Non-modified silica has not been considered up to now a typical
corrosion inhibitor, even when particles in the nanoscale are concerned
[11,12], although degradation products of silica can be expected in the
alkaline environment of the delaminating interface [10].

Ion-exchanged silica are anticorrosive pigments that were already
introduced in the 1980s and that can affect the corrosion by developing
an essentially electrochemical active action [13]. Due to metallic cation
releasing, exchanging or adsorbing on the metal surface, clear im-
provements in corrosion resistance have been reported [14].

In general, it can be considered that ion-exchanged silica anticorro-
sive pigments have become a non-toxic alternative to chromate for
increasing the effectiveness of protective organic coatings. One of the
corrosion inhibitors often considered in previous relevant studies for
defective liquid coatings was silica calcium-ion exchanged particles.
They must be considered of special interest because of their eco-friendly
characteristics. The inhibition mechanism of these Ca/Si pigments is
assumed to be based on the precipitation of a protective film between
anodic and cathodic sites of the metal surface [13]. This film is formed
when water and aggressive ions provoke the release of calcium and
silicon ions and their precipitation in the interface, and its presence is
assumed to hinder the ionic movements between anodic and cathodic
sites. The effectiveness of this mechanism can be affected by the
chemistry and morphology of the pigment particle [13].

The inhibitory properties of Ca-exchanged silica in liquid epoxy
coating have been already tested and results supporting the formation of
the interfacial protective silica layer reported [15,16]. The protection
against corrosion is due to the formation of a calcium silicate film in the
coating-metal interface, thought the additional formation of other sili-
cates after the reaction with the metal substrate cannot be discarded
[13]. The alkaline pH of the pigments, due to silica nature, also con-
tributes to decrease the aggressivity of the media, as they would react
with OH™ generated in the cathodic regions [13].

In general, many studies with ion-exchanging corrosion inhibitors
can be found for other types of liquid and sol-gel coatings [16-22], but
only one previous research has been found for their use in powder
coatings [23].

These ion-exchange Ca-pigments were successfully used in liquid
organic coatings improving their corrosion resistance with contents up
to 5 wt% of particles [22], but positive results are obtained at lower
concentrations. For powder coatings, the requirements of the organic
powders to be electrostatically charged limits the presence of inorganic
particles as in their surface.

For coatings whose electrical resistance and permeability to water
and oxygen are not enough to avoid the formation of anodes and cath-
odes in the metal substrate, the addition of inhibitive pigments can
contribute to decrease the corrosive attack. However, the degradation
process for coatings with good barrier properties starts by a mechanical
failure. The coating is damaged by an external agent, leaving the metal
substrate exposed to the atmosphere. The inhibition of the progress of
the delamination front is the key for limiting the progress of the
destructive process through the material. The steel regions exposed to
the environment through a defect corrode in a generalized way, whose
rate can be increased by the formation of differential aeration cells as the
ones often generated between the non-covered metal region and the
limit of the coating on the defect. The formation of this type of cells not
only causes a higher corrosion rate in the regions that become
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preferential anodes; their most dangerous effect is to cause the
debonding of the coating and the dramatic increase of the amount metal
surface exposed to corrosion. The debonding of the coatings can take
place through two different mechanisms: cathodic delamination [24] or
anodic undermining.

Scanning Kelvin probe (SKP) technique is an ideal tool for in situ
monitoring of the degradation processes at the interface between the
coating and the metal [25]. SKP is a non-contact and non-destructive
technique that is used for studying atmospheric corrosion of polymeric
coated metals, since it was proposed 1983 by Leidheiser and col. [26].
SKP allows obtaining information in condition where other, more
traditional, electrochemical techniques are not applicable. SKP allows
the delamination mechanism of the painted system to be understood,
once a defect has been previously made in the coating, and the damage
progresses under drops or ultra-thin electrolyte layers [27]. Moreover,
using SKP, it can be obtained information about the delamination rate
and how it evolves with time [6], and also identify the rate-determining
step of the mechanism [28]. Though many studies have been published
with interesting results using SKP in liquid organic coating systems
[17,29,30], there is currently only one that examines the progress of the
delamination front of powder coatings using this technique [6]. Other
techniques, as electrochemical impedance spectroscopy (EIS), often
used to evaluate anticorrosive properties of coatings, have shown not to
be sensitive enough to monitor the electrochemical attack under the
coating when starting from a defect, when thick, highly protective epoxy
powder coatings are considered. In [6], there are 1-year exposure results
obtained with EIS and a discussion that can help to understand in-depth
this fact. A review about cathodic disbondement of organic coatings has
also come to the same conclusions about the limitations of EIS for
cathodic delamination studies [31].

Moreover, in order to minimize the onset of mechanical damage of
the organic coatings during their in-service life, different strategies of
functionalization have recently been explored to develop new protective
coatings. Within powder organic coatings, different types of micropar-
ticles [32] and nanoparticles [3,33-35] have been added to improve
both mechanical properties and wear resistance. Furthermore, nano-
particles can improve other properties, as UV degradation -nanosilica
slow down this degradation process [36]- or antibacterial properties
-using nanosilver additions [37]-.

On the other hand, it is very important not only to add appropriate
reinforcements to improve the adhesion, protective and mechanical
properties of powder organic coatings, but also to obtain homogeneous
mixtures, ensuring that the particles are well embedded in the polymeric
resin after curing [38], since heterogeneities can even cause coating
failure [39]. Furthermore, another novelty of this work is the mixing
method used. Generally, researchers who have carried out studies on
anticorrosive particles in powder coatings use more expensive mixing
methods such as extrusion [40,41]. In this case, the mixing method used
(hot mixer) requires lower temperatures and shorter mixing times than
extrusion. Along these lines, recently published results about other
mixes of functionalized powder coatings [42,43] have proven the ability
of hot mixing to provide homogeneity in the particle distribution and
good bonding with the polymeric matrix.

It is clear that, to ensure a good in-service performance under ex-
posures in corrosive atmospheres, it is important not only to have
coatings that hinder delamination of the coatings from defects due to
metal corrosion under drops or thin condensed electrolyte layers, but
that also to limit prior mechanical failures of the coating. Therefore, the
objective of this work is to obtain a powder coating with an excellent
performance in order to have a longer service life. For this, the study is
focused on the improvement of the mechanical properties (hardness and
scratch) and wear resistance (with reciprocating tribometer) of the
coatings to delay the mechanical failure of the coating. On the other
hand, it is pretended to obtain coatings that, in the event of a mechanical
failure, have better corrosion resistance thanks to a decrease in their
cathodic delamination, studying this mechanism with the SKP
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technique. In order to achieve this goal, the effect of calcium ion-
exchanged silica micropigments was studied on the wear resistance
and delamination of epoxy powder coatings. To do this, these pigments
were added through hot-mixing in the epoxy powder, and also the
feasibility of using this innovative mixing method for functionalizing
powder coatings (that have previously been explored for adding nano-
particles [4,6]) was studied for particles with bigger size, as the tested
corrosion inhibitors.

2. Materials and methods
2.1. Manufacturing of organic coatings

An epoxy powder coating provided by Cubson International (Hu-
manes de Madrid, Spain) was used to manufacture different organic
coatings. The composition of this epoxy powder coating also contains
pigments such as TiO, (2 wt%) and additives like dolomite (24 wt%) and
talc (14 wt%). The Shieldex® C 303 particles used (W.R. Grace & Co.-
Conn., USA) are non-toxic and anticorrosive pigments, which are cal-
cium ion-exchanged, synthetic amorphous silica. These anticorrosive
pigments have particle sizes ranging from 1 to 10 pm, with a D50 of 3.6
pm. Fig. 1 shows the morphology of the micropigments and their particle
size distribution.

The epoxy powder coating and the anticorrosive pigments were
mixed through a hot mixer Haake Rheocord 252p (Thermo Fisher Sci-
entific Inc., USA) for 15 min at 72.0 £ 0.5 °C, at 40 rpm and under dry
conditions. Three different organic coatings were studied: the com-
mercial as received epoxy coating (labeled as EP), the EP passed through
the hot mixer (labeled as 0 %) and the hot mixed coating with 3 % (by
wt.) anticorrosive micropigments. If pigments in amounts higher than 3
% were added to the epoxy powders, the electrostatic gun started
showing charge limitations that affected the final quality of the organic
coatings.

In liquid coatings, other authors have determined additions up to 6.5
% [15] or 10 % [44] as being optimum. However, for the epoxy powder
under study and the electrostatic method that must be employed,
amounts higher than 3 % in the mix start to hinder the powder
application.

Once the powder coatings and the pigments were mixed, the mate-
rials were deposited on degreased carbon steel sheets, using a COLO-
900 T control unit, with a voltage source of 100 kV and a COLO-07
electrostatic spray gun (COLO, China). After the coating process and
according to the manufacturer, the coatings were cured for 15 min at
180 °C. The thicknesses of the coatings were about 60-70 pm.

To evaluate the effect of the microparticles on the curing of the epoxy
powder, a kinetic study was performed. Differential scanning calorim-
eter (DSC) equipment, model 822 (Mettler Toledo GmbH, Switzerland),
was used for the three organic powders under study. The tests were
carried out in the range of 25-250 °C, using aluminum crucibles
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(capacity of 40 pl) and with nitrogen as purge gas (flow of 35 ml-min1).
The epoxy sample weight was 10.4 + 0.1 mg. To calculate the activation
energy (E,) of the curing reaction of each organic powder, two methods
were performed: the Kissinger and the Model Free Kinetics (MFK)
methods. As both methods require testing at three different heating rates
for the calculation of E,, tests on each powder were carried out at 5, 10
and 20 °C-min L. The Kissinger method [45] allows the constant E, of
the curing process to be known and was calculated with Eq. (1), where
Ty is the peak of the curing curve, p is the heating rate, R is the gas
constant, and C is a constant.

B\ _ L
ln<ﬁp> =7 +C €h)

p

On the other hand, the MFK method [46,47] supposes an E, that
varies with the curing degree () of the resin and was calculated with the
STARe software (Mettler Toledo GmbH, Switzerland). This method al-
lows simulate reliable predictions about conversions of reactions and
calculate the E, [48], being based on Vyazovkin and Wight assumptions
[49] Its fundamental assumption is that the reaction model f(x) is not
dependent on temperature or heating rate.

2.2. Characterization of organic coatings

Universal hardness (HU) was measured with a ZHU 2.5 universal
hardness tester (Zwick Roell, Germany), and a Vickers pyramidal dia-
mond indenter was employed. At least nine measurements were per-
formed on each coating. The conditions applied were a load of 5 N and a
load application speed of 1 mm-min".

Scratch resistance tests were carried out in order to evaluate the
adherence between the epoxy coating and the carbon steel substrate. For
this purpose, an Elcometer 3000 Clem Unit (Elcometer, UK) was used.
The scratch test was performed under a mass of 5 kg. Image-Pro Plus 5.0
software was used in order to evaluate the scratched area in each
coating. The ratio between the delaminated area and the length of the
scratch was represented. A minimum of eight measurements were car-
ried out in each epoxy-based coating.

To evaluate the delamination resistance, the scanning Kelvin probe
(SKP) was used to study the delamination of each coating. SKP is a non-
destructive and non-contact technique for measuring the potential be-
tween the sample (working electrode) and the reference electrode [50].
The equipment used was a Height-Regulating Scanning Kelvin Probe
(HR-SKP) from Wicinski & Wicinski GmbH (Germany). This system
maintains a constant tip-sample distance. A flat-ended cylindrical Ni/Cr
(Ni80/Cr20, Goodfellow, UK) probe with a diameter of 50 pm was used
as the needle, which was moved by means of three stepping motors for X,
Y, and Z directions. Before measuring, the Kelvin probe was calibrated
using a standard Cu/CuSOy solution in order to establish a relation be-
tween the work function and corrosion potential. SKP potentials are
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Fig. 1. a) Morphology and b) particle size distribution of micropigments used.
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given relative to the potential of the Standard Hydrogen Electrode (SHE)
[51].

The size of the tested sample was 3 x 2 cm? and the mechanical
defect in the organic coating was 1 x 2 cm?. An electrolyte reservoir was
performed with an adhesive resin around the defect in order to place the
3.5 % NaCl drop. All the scans were performed stepwise and were fully
automated. The scanned area was 3000 x 500 pm? with a step of 50 pm
in both X and Y directions, and the speed was set at 5 pm/s. All mea-
surements were carried out in a humid environment with 99 % RH and
at 25 °C. Before the measurements, the samples were placed in the
chamber for 24 h. The delamination front of the coatings was studied for
26 days, obtaining SKP profiles also at intermediate days (1, 6, 8, 12, and
19 days) after the depositing the 3.5 % NaCl drop. Four scans to obtain
several SKP profiles were performed for each coating and each day
studied. Finally, the delamination front of each coating was calculated
taking into account the criterion established in previous studies [52].
Cathodic delamination errors have been calculated as the standard de-
viation of each scan performed for each coating and each day. After
performing the SKP measurements, the samples were storage in an inner
atmosphere with RH about 45 % and then immersed in 65 % HNOg for
80 s. Just after acid immersion the formed rust and organic coating that
become detached from the metal substrate due to the acid cleaning were
carefully eliminated.

Moreover, another electrochemical analysis were carried out on
coated samples, on which a defect was created. All defects were created
with a standardized tool, showing an average area of 1.7 + 0.5 mm?.
The area was measured with an optoelectronic microscope (Olympus
Corporation, Japan), to normalize the electrochemical parameters on
each different coating. A 4.6 cm diameter polymethylmethacrylate tube
was adhesively bonded to the coating to limit the testing area. A 3.5 %
NaCl solution was used. Electrochemical impedance spectroscopy (EIS)
measurements were carried out using a Gamry 600+ potentiostat
(Gamry Instruments, USA). A three-electrode cell was always employed.
A saturated calomel electrode (SCE) was the reference electrode, a
graphite bar was the counter electrode, and the defective steel coated
samples acted as working electrode. The study was carried out at open
circuit potential (OCP) with a signal amplitude of 10 mV . Frequency
ranges were 10° to 5:10~2 Hz. Samples were tested for 35 days. The
subsequent analysis of EIS spectra was performed with the ZView4
software (Scribner Associates).

Polarization curves were also carried out the days 1 (obviously, this
sample was then discarded and not used for EIS) and 35. The same cell
configuration, electrolyte and equipment used for the EIS measurement
were used for the polarization curves. Voltages were swept from —0.2 V
to 0.2 V (always vs OCP), and scan rate was 0.5 mV/s.

The wear resistance was studied for all organic coatings. An UMT
Tribolab reciprocated tribometer (Bruker Optik GmbH, USA) was used
at room temperature and under dry conditions. Four experiments were
carried out on each organic coating and the conditions were: 10 Hz
frequency, 5 mm amplitude, a time of 10 min and a 5 N load applied. The
coefficient of friction (COF) was also measured during each wear test.
Average depth and width of wear tracks were measured (nine values
were taken in each wear track) with the optoelectronic microscope. The
wear mechanism of each organic coating was also evaluated with
scanning electron microscopy (SEM), under a Teneo-LoVac equipment
(Thermo Fisher Scientific Inc., USA).

3. Results and discussion

The possible effect of microparticles on the curing kinetics of the
epoxy powder is the first important aspect to analyze. Powder samples
were analyzed with DSC after the hot mixing process. Fig. 2 shows ex-
amples of DSC curves for the three powders studied. In all the curves, an
exothermic peak related to curing can be appreciated. During this stage,
the crosslinking of the epoxy resin takes place. In the case of plotted
curves, when the heating rate is 20 °C-min~?, the curing peak starts at
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Fig. 2. DSC curves of the three epoxy-powders measured at 20 °C-min 1.

approximately 110 °C, finishing at 230 °C. At first sight, it seems that the
curing is somewhat similar for the three materials. The main difference
found is the presence of an endothermic peak at around 80 °C in the EP
material, that is, in the only material that has not been passed through
the hot mixer (Fig. 2). This peak could correspond with the relaxation
enthalpy of the polymer, a common phenomenon in polymers, which
has been previously seen for epoxy powder coatings with nanoparticles
[38,42]. The fact that the other two powders (0 % and 3 %) do not show
this peak can be easily explained. As the hot mixing process was carried
out at 72 °C, the heat input during mixing has been able to relax the
stresses in the as-manufactured powder, thus provoking the disappear-
ance of this endothermic peak in the DSC curves.

Moreover, a deeper analysis of DSC results can be carried out
through the Kissinger and MFK methods. These methods allow the
activation energy (E,) of the curing process to be calculated. Table 1
shows the calculated values for the three epoxy-based powders. First, it
has to be pointed out that the differences in E, values between both
methods clearly depend on their specific assumptions. On one hand, the
Kissinger method supposes a first order curing reaction during the whole
process to calculate a constant curing E,, using Eq. (1), with plots as
those shown in Supplementary Material (Fig. S1). On the other hand, the
MFK method assumes a varying E, with the curing degree, without
defining a specific order of the reaction model, taking into account the
influence of heating rate on curing reaction and of the latter on E,
(Supplementary Material, Figs. S2 and S3) [42].

As can be clearly seen (Table 1), E, of unloaded powders (EP and 0
%) are very similar, as could be expected. This shows that the hot mixing
process carried out has not affected the curing process of the resin, and
the temperature was kept low enough to avoid any partial curing or
modification of the original epoxy powder. However, the material with
added microparticles (3 %) clearly presents higher E, values than the
other two powders (Table 1). As the resin has not been affected by the
hot mixing method (as indicated when comparing EP to 0 %), the only

Table 1

E, (kJ/mol) of the curing process of epoxy powders, obtained through the Kis-
singer and MFK methods from DSC data. Curing time (min) for a 99 % curing
degree at 180 °C calculated from the MFK method.

Method EP 0% 3%

Kissinger 69.7 69.0 72.2

Ea (kJ/mol) MFK 73.2 72.9 83.9
t (min) 5.8 5.7 8.8
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reason is the presence of the microparticles, which must slightly hamper
the curing process. Possible reasons for this effect could be an increase in
the viscosity of the resin during the curing process due to microparticles,
or a hindering of the diffusion of species when crosslinking takes place,
among others. The presence of hydroxyl functional groups on the surface
of the added pigments has been reported [13]. Any acidic group existing
in the epoxy resin can lead to acid-base interactions with micropig-
ments, instability of viscosity and a reduction in the curing rate [13].

Moreover, the MFK method is able to simulate the time required for
curing at a fixed temperature. Accordingly, the changes of E, can be
taken into account for the real curing process. As the manufacturer
conditions for curing are 180 °C, this temperature was selected for
calculating the curing times in Table 1. These tabulated times are the
ones required for 99 % curing of each coating at this temperature.
Obviously, the values are consistent with E, analysis (Table 1): very
similar for EP and 0 % resins, and somewhat higher for 3 %. However,
the typical curing conditions for EP suggested by the manufacturer are
15 min. That is, the addition of the micropigments affects the curing
process in such a moderate way that it is not necessary to modify the
traditional parameters for the industrial curing of the epoxy powder.

Once the coatings were cured, the hardness was measured (Fig. 3).
The achieved hardness is indicative of an adequate curing process, and
the differences in hardness between EP and 0 % are plainly negligible, as
could be expected from the DSC results (Fig. 2, Table 1). Average
hardness results of 3 % coating are slightly higher than unloaded coat-
ings. This indicates that not only has the epoxy resin cured properly, as
there is no hardness reduction in spite of the E, decrease and the no
change in the curing, but also that some beneficial effect could have
been generated due to the presence of microparticles. The ceramic na-
ture of the amorphous silica microparticles could be responsible for this
suggested slight increase (although error bars overlap in Fig. 3). How-
ever, this increase is not as big as that found in studies with other silica
nanoparticles [43], whose smaller size very effectively limits the sliding
and movement of the polymer chains, and significantly increases the
hardness and stiffness of the coatings. The present results are consistent
with other research using microadditions. For instance, CaCO3 micro-
containers on epoxy coating, in the same amount and with a similar
sieve size, do not change the hardness of the coating [53], although the
pencil method is used and this technique is not as accurate as micro-
hardness for detecting small differences. The addition of 6 % SiC mi-
croparticles to an epoxy resin only slightly increased the Shore D
hardness of the material [54].

The adhesion of the developed organic coatings to the steel substrate

420
400 -

380

360 -

340 -

HU (N/mm?

320 -

300 +

280 -

EP 0% 3%

Fig. 3. Universal hardness (HU) results for the surface of the three
organic coatings.
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was likewise measured. Results are shown in Fig. 4a. The data reflect the
delaminated area during the scratch test (Fig. 4b); thus, higher values
imply lower adhesion. As expected, all the coatings behave in a very
similar manner; but there is a slight trend for the 3 % to delaminate less.
A naked-eye comparison among scratches seems to show slightly wider
scratches on coatings without micropigments (EP and 0 %), with more
straight boundaries, while somewhat narrower scratches on 3 % are
more irregular (Fig. 4b). The observed increase in hardness caused by
the additions (Fig. 3) can be responsible for lower crack propagation and
delamination when the scratches are made.

The SKP measurements allow the potential in each part of the coated
system to be measured: in the metal, under the intact coating and in the
metal-coating interface. In this way, it is possible to understand the
debonding mechanism of the coating and quantify the damage. Fig. 5
shows the SKP profiles (the distance from the defect made in the coating
vs the potential) of the coatings under study at days 1, 8 and 26, as an
example. The delamination front of the curves on day 26 has been
marked with a red cross. First, the SKP profiles obtained for all the epoxy
coatings are similar to those obtained for another steel protected with
other coatings in similar conditions [6,55]. In the defect area, low po-
tential values, typical from anodic regions, are detected. High potentials
with stable values monitored at a certain distance correspond to regions
of intact coating well bonded to the substrate. Intermediate potentials
values allow the identification of regions where the cathodic reactions
are located. This type of profiles suggests that a cathodic delamination
mechanism is occurring in the metal-coating system [6,56]. In all cases,
the SKP profiles start at low potentials, corresponding to the defect, and
therefore to the metal (anodic behaviour). Then, it is observed how the
potential increases, up to values practically of 0 mV potential, which
corresponds to the intact metal under the adhered organic coating. The
intermediate zone between the anodic behaviour and the intact coating
relates to the cathodic activity that promotes the loss of adherence of the
coating with the metal.

The delamination front is identified with the midpoint between the
anode and the intact coating. To do this, the first derivative of each curve
is calculated, as described in other previous work [51,57]. In Fig. 6, the
delamination front values of the three epoxy coatings at the different
times can be observed. The coating containing microparticles clearly has
the lowest delamination rate. During the first 6 days of measurement,
there are practically no differences between the cathodic delamination
of the epoxy coatings. However, as of day 8, the coatings without mi-
croparticles experience an increase in their delamination rate, while the
3 % displays a slow progression of the delamination attack. In fact, in the
3 % coating, the delamination is practically constant throughout the
test. The microparticles manage to hinder this delamination mechanism
considerably. At day 26, the cathodic delamination is three times
smaller in the 3 % coating than in the EP coating.

In studies carried out with thin coatings [58,59], it has been
observed that non-inhibited systems have a cathodic delamination
process only controlled by the diffusion of Na™ cations, which advance
from the electrolyte (drop) to the cathodic region. In this way, the large
local increase of OH™ in that cathodic region causes a debonding of the
coating with the metal [60] in the absence of pigments. However, for
thicker coatings with low permeability like the ones considered in this
study, the phenomenon is more complex [6] and the influence of oxygen
diffusion through epoxy coating in environments with high relative
humidity cannot be disregarded.

One of the strategies that can be used to hinder the progress of the
cathodic delamination is the presence of a poorly conductive layer at the
coating/substrate interface [24]. Previous studies have suggested that
these pigments effectively delay the progress of the delamination front
from a defect [13,16]. Under corrosive exposure conditions, water and
aggressive ions provoke the release of metal ions (Ca®") and soluble
silica from the micropigment particles. They migrate to the steel-coating
interface, the area under study with the SKP test, possibly being able to
find Si enrichment on the interface, forming a protective silicate film on
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Fig. 4. a) Adherence (delaminated area by unit length) of the three organic coatings to the carbon steel substrate determined using the scratch test. b) Examples of

scratches made on coatings.
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Fig. 5. SKP potential profiles of the three organic coatings (days 1, 8 and 26).

the steel surface [16,23,44]. For coatings with this type of pigments, EIS
results compatible with the formation of film in the coating-metal
interface at a slow rate can be found in the literature [15]. This film is
proposed to hinder the migration of Fe?' cations from the anode,
slowing down the strength of the corrosion cell. At the same time, the
negative charge of the micropigments suggested in the literature [16]
can reduce the migration of the chlorides to the anodes, lessening the
contribution of this ion-concentration cell to the development of the
attack. Moreover, when the progress of the attack is based on the
cathodic delamination caused by OH™ (as it is the case), the presence of
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Fig. 6. Progress of delamination front from the defect obtained through the
SKP measurements carried out for the three organic coatings studied.

a calcium silicate layer in the interphase [15,16] can partly neutralize
local alkaline pH and reduce the rate of coating debonding.

Hence, the positive effect of the tested ion-exchanged pigments has
been proved for the hindering of the progress of the attack from a
defective epoxy powder coating when they have previously been added
by hot-mixing. It can be related to synergistic effect of the presence of
calcium and silica, as it has been traditionally assumed [15,16,21].
However, the obtained results do not allow to deepen more into this
mechanism up to the point of concluding with confidence what would
have occurred if pristine mesoporous silica containers would have been
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added. Previous results about the effects of pristine silica have been
reported only for mesoporous, nanometric silica particles and have been
positive for Zn surfaces, but not for steel [10]. In our research, micro-
metric silica (that would be less reactive than nanometric) is considered,
and iron silicates, if formed, are considered non-protective [10].

Moreover, though the exchange ability of this pigment in media with
high amounts of chlorides is very limited and has been questioned by
some authors [16], it has been demonstrated that Na™ ions of the me-
dium (relevant for the development of the cathodic delamination pro-
cess) are exchanged by calcium ions [44]. However, basic further
research about the mechanism of this pigment to control the cathodic
debonding, once the practical interest of the coating has been demon-
strated, will become clearly interesting.

In Fig. 7, it can be seen the visual aspect of each type of coating (in
blue) under study after the SKP testing and the nitric acid cleaning of the
oxides. It is obvious that the coating detachment taking place in the
coating functionalized with 3 % silica exchange pigments is much lower
and that the additions have been clearly efficient for delaying the
progress of the attack by cathodic delamination.

The relevance and sensitivity of SKP measurements for monitoring
the cathodic debonding and the progress of the corrosive attack for high-
resistive, defective coatings were checked through a parallel study with
EIS and polarization curves. After the EIS and polarization tests, coating
detachment was intended using the same conditions than those used for
obtaining the images in Fig. 7, and even also other ones slightly more
aggressive, but no debonding of the coating have been observed after a
very careful visual exam. This result proves that the coating degradation
mechanism is highly determined by the specific exposure conditions to
NaCl solution. The studies carried out under droplets, simulating at-
mospheric corrosion attack, which are the ones SKP tests replays, favour
the location of preferential cathodes and clear cathodic debonding of the
coatings in less than 30 days (Fig. 7). Fully immersion in NaCl solution,
which is the condition where the EIS and polarization tests were carried
out, modifies the oxygen access and affects the cathode distribution,
which has clearly changed for the coating under study, and the degra-
dation mechanism.

In Fig. 8, the time evolution of the EIS spectra of the samples can be
observed. The three coatings under study exhibit a similar performance.
The experimental spectra obtained prove a clear decrease of the low-
frequency impedance for all the cases, being the magnitude of the im-
pedances at low frequency very similar for identical exposure times.

The experimental impedance data can be properly simulated using a
Randles circuit with a Warburg element (W), that is to say, a
Rs(CPEqR{(W) circuit. CPEg and Ry are used to simulate the capacitive
behaviour of the double layer and charge-transfer resistance and W the
contribution of the diffusion stage to the kinetics. The quality of the
fitting obtained using this equivalent circuit can be easily checked in
Fig. 8. This equivalent circuit is typical of uncoated corroding steel and
informs that the electrochemical response of the systems corresponds to

0%

COATING
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that of the bare steel surface exposed directly to the solution through the
small defect.

In Fig. 9, the resistance values obtained for the fitting, which are key
points for estimating the kinetics of the processes, are plotted. It can be
seen that the resistance associated to diffusion (Rw) is the one that
control the process, as it is expected for steel immersed in a still elec-
trolyte with high salinity (and low oxygen solubility).

In Fig. 10, results of destructive polarization tests are shown for the
same exposure conditions used for EIS (Fig. 8). It can be seen that, for all
the cases, there exists a clear control of the kinetics of the process by
diffusion. The corrosion rate (icor) is determined by the cathodic pro-
cess, confirming the conclusions drawn for the simulation of the EIS data
(Fig. 9).

The numerical results obtained from the analysis of the polarization
curves can be seen in Table 2. The results from the dc potentiodynamic
tests are coherent with those obtained from the ac ones: the corrosion
rates (icor) are similar for all the defective systems for the same im-
mersion time, and the i of all the systems increases as the exposure is
extended. The increase on the corrosion potential (Eo,,) is also coherent
with an increase of the i.or in processes with kinetics determined by the
cathodic process.

It can be seen that, for high-resistive coatings, traditional electro-
chemical techniques as EIS or potentiodynamic curves are unable to
offer information about the delamination that progresses from the
defect, at least in moderate exposure periods, and to explain phenomena
such as that shown in Fig. 7, that occurs under droplets. The limitation of
techniques as EIS for obtaining information regarding processes taking
place under resistive epoxy coatings have also been recently discussed in
a different publication [6]. Moreover, the modification of oxygen dis-
tribution that takes place under fully immersion condition in compari-
son to atmospheric exposures, is another reason of the clear limitations
of traditional electrochemical methods for studying delamination under
coatings such the ones considered in this study with high resistivity (able
to hide the electrochemical response of the metal surface in the
delaminated region) [6,31]. A transmission line model has been previ-
ously proposed to simulate the high attenuation of the electrochemical
response and the shift of the contribution of cathodes under the coating
to the frequencies lower than those experimentally considered for EIS
corrosion studies. Hence, information obtained with EIS and polariza-
tion curves essentially correspond to the exposed metal surface and, in
cases as the ones under study, it is mandatory to resort to techniques as
SKP to be able to quantify the progress of the cathodic delamination.
Moreover, under full immersion, the degradation mechanism of these
type of coatings can change and become anodic [6] unlike that occurring
under drops (Fig. 5) as the oxygen diffusion, that has been proved to be
the rate controlling step (Figs. 9 and 10), can obviously be affected by
the thickness and extent of the coverage of the electrolyte.

The results obtained in this research by SKP shows the lower
delamination of the innovative epoxies formulated. This would allow

Fig. 7. Images of the samples after SKP measurements and further HNO3 cleaning.
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Fig. 10. Polarization curves of the defective systems under study after 1 and
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Fig. 8. Time evolution of the EIS spectra measured on defective coatings fully
immersed in 3.5 % NaCl solution: a) EP; b) 0 %; c) 3 %. Experimental data are
plotted with symbols and the fitted data with lines.

Table 2
Numerical parameters obtained from the analysis of the polarization curves.
Day Ecorr icorr
(mV vs SCE) (mA/em?)
EP 1 —705 0.06
35 —655 0.21
0% 1 —740 0.06
35 —655 0.22
3% 1 —720 0.04
35 —640 0.14

that, if the organic coating suffers a mechanical damage, the develop-
ment of the corrosive attack and further exposure of a higher amount of
metal surface would be hindered by the slower progress of the polari-
zation front. Fig. 11 shows images of the wear tracks obtained with the
optoelectronic microscope. The green parts of the image in each case
correspond to the intact epoxy coating, whereas the wear tracks corre-
spond to the blue zones. As expected, hardly any differences can be
found between EP and 0 %. The fact that both materials cure in the same
manner (Fig. 2) and develop a similar hardness (Fig. 3) and scratch
resistance (Fig. 4) clearly explain that the tracks are similar, as is their
depth distribution (violet areas). In fact, when measuring both width
and depth of tracks, the results are nearly the same (Fig. 12), as could be
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EP 0% 3%

Fig. 11. Optoelectronic images corresponding to the tracks generated by the
wear tests on the three studied organic coatings.

expected. The material with microparticles (3 %), on the other hand,
presents narrower wear tracks (Fig. 11), but its lower depth is more
significant. Violet zones, pertaining to the deepest areas, are not found at
all in the 3 % material, clearly indicating that the tracks are also shal-
lower. After measuring the depth and width of 3 % wear tracks (Fig. 12),
those values are smaller than both unloaded epoxy coatings. Hence, the
3 % has the best wear performance among the materials studied.

The evolution of COF during the wear test can be seen in Fig. 13.
Typically, this type of coating shows a time evolution in three stages that
can be observed during the wear test: a) a sliding stage, with constant
and low COF; b) the start of wear, characterized by the increase of COF;
and c) the development of wear in a well-defined track, characterized by
high, almost constant COF [61]. The effect of the micropigments is clear
in the formation step of the track. For the 3 %, the initial sliding stage
cannot be observed during the tests, unlike what occurs for EP and 0 %.
This fact suggests that the micropigments could become detached from
the surface of the coating from the very beginning of the test. The par-
ticles would initially act as a third body contributing to an early onset of
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Fig. 12. Depth and width of wear tracks of the three organic coatings studied
after the wear tests, obtained from optoelectronic characterizations as those
shown in Fig. 11.
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Fig. 13. Examples of COF evolution with sliding time during the wear test of
the three organic coatings studied.

the formation of the wear track. However, the COF results suggest that
the effect of the pigments is not clearly adverse, since, although the
second stage starts earlier for the 3 %, it ends later. The formation of
well-defined wear tracks is slower in the presence of micropigments, as
they could also form a discontinuous, hard barrier between the steel ball
countermaterial and the coating. Hence, the pigments could delay the
progression of the wear, as it has been shown in the results in Figs. 11
and 12.

The SEM observations of wear tracks (Fig. 14) can provide a better
understanding of the role of the micropigments in the wear of these
organic coatings. EP and 0 % organic coatings show a well-defined wear
track (in accordance with Fig. 11). The back and forth reciprocal
movement during the test has created a very slight accumulation of
worn material al the tip of the track, indicating that removed material
has formed debris that is non-bonded to the track. Additionally, trans-
verse cracks can be clearly seen in the wear tracks (marked with yellow
arrows). These transverse cracks could be related to tensile loadings
during the reciprocal wear test [62], as the high stable COF of the
coatings (0.57 as can be seen in Fig. 13) suggests. Nevertheless, fatigue
cracking (related to change of direction of movement) [63] cannot be
discarded.

On the other hand, the 3 % powder organic coating shows less
damage than the other two coatings at low magnifications (Fig. 14);
although scratches, typical of abrasive wear, can still be seen, they are
much less numerous and smaller in size.

The surfaces of the as-manufactured coatings at higher magnifica-
tions can be seen in Fig. 15a and b, and the worn surface of the coatings
(Fig. 15c and d) at the same magnification is also shown. The addition of
silica micropigments increases the amount of inorganic fillers in the
coating as can be seen when comparing Fig. 15a with b. Bearing in mind
the size of the micropigments (Fig. 1), it is clear that additions essen-
tially contribute to increase the fraction of inorganic fillers of the coating
with the biggest sizes [6,36,43]. The micropigments cannot be distin-
guished with confidence from other fillers of the commercial powder, as
calcium silicate (talc) is present among these fillers.

After the wear tests (Fig. 15¢ and d), the wear reduces the amount of
particles that can be seen in the surface, especially those big ones that
are compatible with silica micropigments (compare Fig. 15b with d).

The sliding stress on the ceramic particles causes the wear of their
surfaces (that causes their loss of material), but also the detachment
from the epoxy matrix, or the breakage of some of them (bearing in mind
that their nature must be essentially brittle). The detached particles and
the pieces of the worn/broken ones can be re-embedded in the epoxy
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Fig. 14. SEM micrographs showing the wear mechanism of the three tested organic coatings.

after being pulled along by the countermaterial ball. This phenomenon
will explain the white trails in 3 % wear track (enriched in inorganic
particles) that can be seen in the lowest, right image in Fig. 14. The
nature and structure of the pigments can make them more prone to be
broken than other ceramic fillers present in the commercial epoxy
powder.

The progress of small initial cracks through the epoxy matrix can be
effectively hindered by the higher amount of bigger ceramic particles in
3 % coatings than in the two other coatings under study. Moreover,
when the cracks develop, the higher amount of broken particles con-
tributes to fill them, improving the withstanding of the stress distribu-
tion caused by the countermaterial. Debris filled cracks are easily
observed (marked with blue arrows) in Figs. 14 and 15d.

The white trails inside the wear track correspond to the surface re-
gions that support, at this moment of the test, the wear loads. In Fig. 14,
it can be checked that between this debris enriched regions, other darker
trails with big particles (marked with red circles) that cannot be iden-
tified in the white trails exist. The darker trails correspond to regions of
the surface the countermaterial has not worn yet, and the particles that
can be identified with pigments are not broken and transformed in white
finer debris. The protective effect of the broken pigments provides a
better understanding of the slower track definition (second stage of COF

evolution) observed for 3 % in Fig. 13 and justifies the good results for
this material in Figs. 11 and 12.

4. Conclusions

The main conclusion that can be drawn from the results obtained is
that the addition of calcium-exchanged silica micropigments can be a
good option for increasing the durability of epoxy powder coatings in
aggressive exposure conditions. This conclusion is based on the
following experimental results:

— The addition of 3 % (by wt.) of amorphous silica micropigments does
not meaningfully affect the curing process of the selected epoxy
powder coating, maintaining or even slightly increasing its hardness
and adherence to the steel substrate.

— The calcium ion-exchanged silica micropigments added to the epoxy
coating by hot mixing are able to delay the detachment of the coating
from a mechanical defect when the coating is exposed to drops of
Nacl solution.

— The wear resistance of epoxy powder organic coating with 3 %
micropigments is better than neat epoxy resins, with the depth of
wear track being reduced by a third under the tested conditions. The
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Fig. 15. High-magnification SEM images of the surfaces of the 0 % and 3 % coatings (images corresponding to EP coatings are not included for being almost identical
to those corresponding to 0 % coatings: a) 0 % surface before being worn; b) 3 % surface before being worn; c¢) 0 % surface inside the wear track; d) 3 % surface

corresponding to the white trails inside the wear tracks.

detachment and/or fragmentation of the micropigments into parti-
cles filling the scratches and covering the contact surface, that helps
to better withstanding loads during the wear test and explains the
increased wear performance.

— Fully-immersion in 3.5 NaCl solutions affects the development of
delamination process, being demonstrated that takes place under the
droplets used to simulate atmospheric corrosion.
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