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Abstract
Powder coatings have been used for coating metal substrates in industrial applications. The incorporation of nanofillers as
muscovite mica and montmorillonite (MMT) can improve the properties of the coatings. The objective of this study is to
develop, apply and characterize a hybrid powder coating (30% epoxy/70% polyester) adding nanofillers in concentrations
of 2, 4 and 6 phr separately in a twin screw extruder. The characterization of the coatings was performed by thermal,
mechanical and chemical analysis. The incorporation of clay into the polymer increased the surface roughness resulting
in a diffuse reflection of incident light and on a gloss reduction. The muscovite mica presented a lamellar structure,
constituted by a set of overlapping parallel plates. The morphology analysis showed that the MMT presented irregular
agglomerates resulting in inferior mechanical properties to coatings with muscovite mica. In the salt spray test, all
samples showed high corrosion protection, around 850 hours.
Keywords: epoxy/polyester resin, montmorillonite, muscovite mica, powder coating.

1. Introduction
One of the most used metal substrate protection
systems in industry is the powder coating, because it has
excellent mechanical and chemical resistance and corrosion
properties. Moreover, these coatings are free from volatile
organic compounds (VOCs). One of the advantages of the
powder coatings is their preparation and application, as the
electrostatic spraying enables the reuse of the material that
has not adhered on the surface of the substrate[1-6].
The mechanical, thermal and chemical properties of the
coatings are influenced mainly by the type of resin that is used.
The polyurethane, acrylic, silicone, polyester and epoxy[4,7]
are among the most commonly used commercial resins.
The epoxy-based coating has a high performance which
provides stability in a corrosive environment, good adhesion
properties on metallic substrates as well as good mechanical
and thermal properties, but it has a low resistance to natural
weathering[1,8,9]. The polyester-based coating presents an
excellent stability to heat and resistance to light and to natural
weathering, and an excellent finishing appearance with
respect to gloss and leveling[1,10]. Hybrid powder coatings
are formulated from balanced proportions of two kinds of
resin. The hybrid coatings (epoxy/polyester) are aimed at
reconciling the weathering resistance characteristics and
the action of UV rays with the chemical resistance and
mechanical characteristics[8-10].
To improve the mechanical, thermal and chemical
properties of the powder coatings, nanofillers are incorporated
in the chemical composition of the coatings. Clay minerals,
such as muscovite mica and montmorillonite (MMT) are
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among the nanometer-scaled materials that can be used.
MMT clays generally provide better mechanical properties
and improve the thermal stability, with an elevated heat
distortion temperature and flame retardant ability[11].
Studies with muscovite mica, which is a layered structure
with a high degree of crystallographic orientation, show an
improvement in barrier properties such as gas permeability,
chemical resistance and flammability. Another feature is the
low cost of these clays and thus a smaller load combined
with a high level of performance can be used[12-14].
Recent researches found that the use of clay concentrations
up to 10%[12,15,16] produces significant improvements in the
thermal, mechanical and chemical properties of powder
coatings[13,15-19]. Thus, the objective of this work is to produce,
apply and characterize a hybrid powder coating by separately
adding mica muscovite and MMT 30B at concentrations of
2, 4 and 6 phr, evaluating the thermal, mechanical, chemical
and morphological properties resulting from the addition
of these clay minerals.

2. Materials and Methods
2.1 Materials
The materials used in the formulation of the powder
coating used in this work were the polyester resin CrylcoatTM
1783-0 from Cytec and the epoxy resin GT 7220 from
Huntsman. The spreading agent was supplied by Estron
Chemical Inc. (trade name ResiflowTM PV-60); benzoin
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(surfactant) was provided by Datiquim Chemicals Ltd; the
polyethylene wax was provided by Clariant; the muscovite
mica clay was provided by Lamil Lage Minérios and MMT
30B, provided by Southern Clay Products Inc., (Cloisite30B).
The identification of the samples is shown in Table 1.

2.2 Surface preparation
The metal substrates AISI 1010 carbon steel with
dimensions of 70 × 120 × 0.65 mm were mechanically
prepared with sandpaper with the following grain sizes:
#320, #400 and #600, sequentially. They were subsequently
subjected to a phosphating pre treatment with zinc phosphate
by the dipping method. This pre treatment is performed to
improve the adhesion of powder coatings.
The phosphating process included the degreasing stages
using the commercial product Saloclean 679 RZ at 60 °C
for 10 minutes. This product is composed of a mixture of
anionic, nonionic surfactants, phosphates and silicates. It is
recommended for the degreasing of iron and steel parts.
Completely removes greases and oils leaving the substrate clean
to receive further treatment. In refiner stage the commercial
product Salocoloide 507 was used at room temperature (25 °C)
for 1 minute. This product is formulated based on sodium
salts and titanium complexes. It was developed to produce
on the metal surface a micro crystalline layer of titanium
salts, which will serve as the nucleus for the deposition
of the zinc phosphate grains. In the phosphating stage the
commercial products Salofos 715 and 903 Salotex were used
at 30 °C for 10 minutes. It is a product that has the function
of depositing a micro crystalline layer of zinc phosphate on
ferrous metals, increasing the resistance to corrosion and
providing greater adhesion. It is formulated based on zinc
salts, organic and inorganic acids and special inhibitors.
The product which was used for the passivation was the
Salomix 307, used at room temperature for 90 seconds.
It is a product whose purpose is to level the crystals of the
phosphate layer by increasing the corrosion resistance of
the treated parts. After that, the samples were dried in an
oven for 10 minutes at 100 °C.

2.3 Development of the powder coating
The clays (muscovite mica and MMT 30B) were dried
at 60 °C for 8 hours. All of the constituents of the powder
coating were mixed manually, with the incorporation of
2 phr, 4 phr and 6 phr of the two clays separately, using
the commercial formulations of the hybrid powder coating
as shown in Table 2.
In the epoxy/polyester hybrid system curing (crosslinking)
occurs through chemical reaction between the resins
transforming the linear system into a three-dimensional
structure system, ie, infusible, with high solvent resistance,
excellent adhesion and flexibility, impact resistance and to
chemical agents.
The epoxy resin acts as a curing agent for the polyester
resin. Depending on the choice of resins and their relative
proportions, the properties of the hybrid will be between
those of the pure epoxy and the pure polyester. The presence
of the epoxy resin leaves this type of resin susceptible to
calcination by solar exposition[1,6]. Figure 1 present the
356 356/367

Table 1. Identification of hybrid powder coatings.
Identification
TH/0
TH/2/MICA
TH/4/MICA
TH/6/MICA
TH/2/MMT 30B
TH/4/MMT 30B
TH/6/MMT 30B

Filler content (phr)
No filler
2
4
6
2
4
6

Clays
−
Muscovite mica

MMT 30B

Table 2. Formulation of hybrid powder coatings.
Material
Polyester resin
Epoxy resin
Spreading agent
Surfactant
Polyethylene wax
Muscovite mica / MMT 30B

Composition (g)
700
300
10
5
5
20, 40 and 60

Figure 1. Chemical reactions for the curing process of the
epoxy/polyester coatings (a) reaction of carboxyl group with
epoxy group (b) reaction of ester of hydroxyl group with carboxyl
group (c) reaction of hydroxyl group with epoxy group.

chemical reactions responsible for the curing process of
the epoxy/polyester coatings.
The reaction between the carboxyl and glycidyl groups is
catalyzed by basic catalysts (tertiary amines and quaternary
ammonium salts); when the ratio between these groups is 1:1,
the reaction (a) is favored. However, when there is an excess
of glycidyl groups, reaction (c) occurs in a significant way
even in the absence of acid catalysis; the reaction (b) occurs
when there is an excess of carboxyl groups on the glycidyl[1].
The mixture of the constituents was then processed in
a double-screw co-rotating extruder MH-COR-20-32 MH
Equipment Ltd under the following conditions: Speed of
200 rpm and 70 °C (zone 1), 80 °C (zone 2) and 90 °C
(zone 3-9). After the extrusion the material was manually
capped and granulated in the form of chips. The chips were
milled in a Cadence knife grinder (model: MDR301) and
after they were sieved in a 200 mesh Tyler sieve (75 µm).

2.4 Powder coating application
The phosphatated mild steel panels were painted by
electrostatic spray, with a corona TCA ECO TECNOAVANCE
model 301 spray, using an electric generator with a voltage
Polímeros, 28(4), 355-367, 2018
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output of up to 100 kV, a current 60 mA, and a pressure air
stream speed of 1 psi. Thereafter, the panels were placed
in a MDH DeLeo Laboratories greenhouse for 15 minutes
at 200 °C to obtain the curing of the coating.

2.5 Characterization of the coatings
The TGA analysis was performed on a Shimadzu TGA‑50
device with a pre-defined temperature range from 25 to 500 °C
under an inert N2 atmosphere, and 500 to 900 °C in an artificial
synthetic air atmosphere, at a rate of 10 °C·min-1 and a flow
of 50 mL·min-1 of N2. The DSC test was performed on a
Shimadzu DSC-60 device with a variation in temperature
from 25 to 275 °C at a rate of 10 °C·min-1 and a flow
50 mL·min-1 of N2. The FTIR analysis was performed with
a Thermo Scientific Nicolet 10 iS equipment using KBr
pellets in the spectral range of 400 to 4000 cm-1. A total of
32 scans with a resolution of 1 cm-1 was performed.
The scanning electron microscopy by field emission
(SEM-FEG) of the powders were held under a microscope
TESCAN MIRA 3, with an acceleration voltage of 15 kV.
The samples were fixed in metal brackets (stubs) with the
aid of a conductive adhesive (a ribbon) and covered with a
thin layer of gold by plating.
The thickness measurement of the hybrid powder
coatings was carried by the magnetic method as per the
ASTM D7378-10 standard[20] with the thickness gauge
instrument ELCOMETER 345 for metallic substrates.
The pencil hardness test was performed according to the
ASTM D3363-05E2 standard[21]. The tests were performed with
a set of pencils with different hardness of graffiti. The pencil
hardness value was regarded as the hardness of the pencil
that did not cut or caused grooves in the film. The adhesion
of the coating to the metal substrate was evaluated by the
method B of ASTM D3359-09[22]. The brightness analysis
was performed according to the ASTM D523-08 standard[23],
using the Multi Gloss meter 268 plus, from Konica Minolta,
at an angle of 60°. The coating flexibility test was carried
out following the method described in the conical mandrel
test from ASTM D522-93[24], using the Gardner Conical
Mandrel BYK device. The impact resistance test was

conducted in a Heavy-Duty Impact Tester BYK Gardner
equipment, according to the ASTM D2794-93 standard[25],
using an impact force of 50 kg·cm both for the direct impact
as to the reverse.
The salt spray test followed the ASTM B117 the standard[26],
for 850 hours in a closed Mark Bass USX‑6000/2012 chamber.

3. Results and Discussion
The TGA and DTG thermograms obtained with the
analysis of the hybrid powder coating and a commercial
formulation of coatings incorporating 2, 4 and 6 phr of
muscovite mica and MMT 30B are shown in Figure 2 and
Figure 3.
It is observed that the muscovite mica has a high thermal
stability and little weight loss (approximately 5%). On the other
hand, it is clear that the MMT 30B shows a marked weight loss
from 178 °C. According to Paiva et al.[27] the decomposition
process MMT has three steps: the first and the second relates
to the decomposition of the surfactant (180 to 384.5 °C)
and the third stage is related to the dehydroxylation of the
clay (556 to 636.4 °C). This may be related to the fact that
muscovite mica has the characteristic of promoting the
formation of transitional coal, which begins to degrade only
at high temperatures[28]. In addition, chemically, muscovite
mica presents a differential in relation to the other clay
minerals, since its interlayer cations are not interchangeable
under environmental conditions; only surface cations can
be exchanged at room temperature[29]. The hybrid powder
coatings showed two mass loss events, the first observed
event in an inert N2 atmosphere (350 °C to 500 °C) and the
second corresponds to the effect of changing the atmosphere
of the synthetic air from the equipment, which accelerates
the resin degradation process (500 °C to 600 °C). A higher
weight loss of the samples is associated with the degradation
of the polymeric matrix, which starts at about 350 °C[30].
A similar behavior was observed by Bharadwaj et al.[31],
who evaluated the influence of the addition of different
clay concentrations on the morphology and properties of
a polyester based nanocomposite and noted that even with

Figure 2. Thermograms of (a) TGA and (b) DTG of the hybrid powder coatings with the addition of different levels of muscovite mica.
Polímeros, 28(4), 355-367, 2018
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Figure 3. Thermograms of (a) TGA and (b) DTG of the hybrid powder coatings with the addition of different levels of MMT 30B.

a good dispersion of clay in the polymer matrix, there
is a slight acceleration of the thermal degradation of the
sample in the range from 25 to 400 °C due to the presence
of hydroxyl groups in the organic modifier which provides
a supply of oxygen.
Table 3 shows the data obtained from the TGA and DTG
curves and also the residue content of the hybrid powder
coatings containing different levels of muscovite mica and
MMT 30B.
From Table 3, it is possible to see that all coatings, except
TH/6/MMT 30B, showed reduction in Tmax. This result was
found by other authors who justified this behavior in different
ways. Oliveira Jr.[32]. observed that the incorporation of the
modified clay in the polypropylene did not significantly
improve the thermal stability of the microcomposite and
attributed this fact to the low dispersion of the clay in the
polymer matrix and formation of agglomerates. Ollier et al. [33]
observed that the incorporation of the modified clay did
not significantly influence the degradation temperatures
of the nanocomposites to the organic modifier present in
the MMT structure.
Thus, the lower thermal stability presented by the
clay‑containing coatings may be related to the form of
dispersion and the interaction of the clay-mineral with
the polymer matrix. In the case of MMT 30B coatings,
this reduction may be associated to the organic modifier
decomposition of the clay, accelerating the loss of mass.
In the case of coatings incorporating muscovite mica, the
reduction can be attributed to the catalytic effect caused
by the clay and the dispersion of the filler. In this way, it
is clear that the thermal stability of the coatings decreased
due to the addition of clay minerals.
The increase of muscovite mica and MMT 30B content
incorporated in the powder coating resulted in an increase
in the final residue as shown in Table 3. In addition, it was
observed that the TH/6/MICA and TH/6/MMT 30B coatings
showed the highest levels of residue due to the presence of
the inorganic phase of clays. This was expected, given that
an increase in the percentage of clay incorporated in the
358 358/367

Table 3. Residue content and maximum temperature of degradation
of the hybrid powder coatings.
Sample

Tmáx

Residue content (%)

TH/0
TH/2/MICA
TH/4/MICA
TH/6/MICA
TH/2/MMT 30B
TH/4/MMT 30B
TH/6/MMT 30B

439 °C
430 °C
426 °C
428 °C
432 °C
432 °C
440 °C

4.4
4.8
7.3
10.4
5.5
7.5
8.1

coatings means an increase of the thermal stability of the
polymer matrix, thus restricting the output of the volatile
formed by the decomposition of the polymer. In addition,
this behavior may also be associated with the greater
dispersion of this clay in the resin, increasing the pathway
for transport of oxygen and volatile compounds through
the coating film[30,34].
The DSC thermograms of the hybrid powder coatings
with the addition of clay are shown in Figure 4.
This analysis shows two significant thermal events.
The first refers to the glass transition temperature (Tg)
and the second to the crosslinking temperature (Treticulation).
The dispersion of inorganic particles (lamellar silicates) in
reaction medium strongly affects the mass and heat transfer,
making the system less reactive, as can be observed with
the decrease of Tg. A dispersant could be added to the ink
formulation in order to assist the interaction between the
polymeric matrix with the muscovite mica and MMT 30B
particles
However, the hybrid inks with the addition of MMT 30B
showed an increase of Treticulation from 171.7 °C to 187.3 °C
(Figure 3b). This may be related to the difficulty of molecular
mobility due to the strong interaction that occurs between
the polymer matrix with nanoparticles of MMT 30B, as
suggested by other authors[10,35,36].
Polímeros, 28(4), 355-367, 2018
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Figure 5 shows the FTIR spectrum of the pure hybrid
coating and the coating containing mica muscovite and
MMT 30B.

The characteristic absorption bands of the polyester/TGIC
structure (triglycidylisocyanurate curing agent) were
observed in 1720 cm-1 due to stretching C=O, 2969 cm-1, and

Figure 4. DSC thermograms of the hybrid powder coatings with different levels of (a) muscovite mica and (b) MMT 30B.

Figure 5. FTIR spectrum for powder coatings by incorporating (a) muscovite mica and (b) MMT 30B.
Polímeros, 28(4), 355-367, 2018
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2891 cm-1 due to the asymmetric and symmetric stretching
of the CH2 group. For coatings containing muscovite
mica, the presence of nanoparticles in the polymer matrix
introduced no new peaks in the FTIR spectrum. However,
as the concentration of MMT 30B increased, it was
observed that the intensity of the band at 460 cm-1 related
to the Si-O-Si links became more evident as was expected.
Comparing the spectra of other hybrid coatings with the
clay minerals, it was observed that there is an overlapping
in most of the absorption bands.
Figure 6 shows the morphological analysis of muscovite
mica clay obtained by SEM-FEG. Through this analysis, it
was observed that muscovite mica clay showed a morphology

constituted by overlapping a set of parallel plates, a lamellar
structure, as expected. This morphological structure of
muscovite mica was also observed by other authors[37-39].
The interactions between the polymer matrix and the
reinforcing fillers favor the aggregation and incorporation
of the same. Inorganic particles, such as clays, tend to
aggregate into a polymer matrix independent of the type
or size of the material. The tendency to fillers aggregation
increases with the decrease of the particle size and this is
due to the increase of the contact surface[40,41].
Figure 7 shows the morphology of MMT 30B. It was
found that the clay mineral shows irregular agglomerates

Figure 6. Micrographs obtained by SEM-FEG of muscovite mica clay in different magnitudes.

Figure 7. Micrographs obtained by SEM-FEG of MMT 30B clay in different magnitudes.
360 360/367
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constituted by relatively flat sheets. According to Wang et al.[42]
the surfaces of the SiO2 particles have a large number
of hydroxyl groups due to the hydrogen bonding to the
nanoparticles through Van der Waals forces that causes
aggregation of nanoparticles. Due to the strong tendency to
agglomerate, the SiO2 particles are very difficult to achieve
a homogeneous dispersion in the polymer. Coatings with
such agglomerates generally exhibit inferior mechanical
properties.
When modified clays are used, the intercalation ability
of the polymer depends on the length of the surface modifier.
The larger the modifier, the greater the space between the
layers of clay and therefore the greater the probability
of intercalation. The smaller the modifier, the lower its
miscibility with the polymer[43].
The MMT clays in the natural state have hydrophilic
character and when added in a polymer matrix they tend
to form agglomerates, not dispersing. This is due to the
intensity of the ionic forces existing between the layers of
clay, where the clay surface energy will be higher than that
of the polymer[44-46].
Modification of MMT aims to improve the compatibility
and dispersion of the clay in the polymer matrix. The method
most commonly employed in the modification of MMT
clay is the ion exchange of the inorganic cations present
in its structure by cationic surfactants, such as quaternary
ammonium salts[47,48]. This process produces a clay with
organophilic character and with greater interlamellar space.
The presence of the ammonium salts in the interlamellar
space weakens the interaction between the layers of the
clay, facilitating their intercalation and/or exfoliation in the
polymeric matrix[47-49]. However, since quaternary ammonium
salts undergo degradation at temperatures close to the
processing temperature of many polymer resins, the thermal
instability of organophilic clay becomes a strong limitation
in the processing of polymer/clay nanocomposites[50-51].
In Figure 7, agglomerates of MMT 30B were observed.
This morphology denotes that the use of this clay was not
efficient to promote a strong interaction with the polymer matrix.
In the XRD analysis it is observed based on the first
characteristic peak of muscovite mica at 8.80° (2theta), basal
spacing identified as d001 correspond to 1.01 nm. Evaluation
of basal spacing d001 of such phyllosilicate incorporated
into the coating did not evince modification (presenting
the same value of 1.01 nm), indicating that it was not
possible to identify neither exfoliation nor intercalation of
the polymeric matrix into the mineral lamellae with such
analysis[52-54]. The graph and values obtained in the XRD
analysis are shown in Figure 8 and Table 4.
In the diffractogram of the coating with MMT 30B
(Figure 9) it can be observed that, based on the first
characteristic peak of montmorillonite at 4.95° (2theta), the
basal spacing d001 is 1.79 nm. When evaluating the basal
spacing d001 of this clay when incorporated in the coating,
the values are verified and shown on Table 5. Thus, it was
verified the occurrence of intercalation of the polymeric
matrix within the galleries, possibly with clays dispersed
randomly. It was also verified that higher clay concentrations
resulted in smaller spacing, indicating that with lower
contents the exfoliated phase is prevailing, and that for
higher concentrations intercalation occurs[16].
Polímeros, 28(4), 355-367, 2018

The results of measurement of the thickness of the
coating layer, the pencil hardness and the adhesion test are
shown in Table 6.

Figure 8. X-ray diffraction of muscovite mica of hybrid powder
coatings before curing with different muscovite mica contents.

Figure 9. Overlap of the MMT 30B X-ray diffractograms of the
hybrid powder coatings, before curing, with different levels of
MMT 30B.
Table 4. Basal spacing values “d001” calculated by Bragg’s law for
hybrid powder coatings before curing with addition of different
muscovite mica contents.
Sample

2θ (°)

Distance d001 (nm)

TH/0
TH/2/MICA
TH/4/MICA
TH/6/MICA

8.8
8.8
8.8
8.8

1.01
1.01
1.01
1.01

Table 5. Basal spacing values “d001” calculated by Bragg’s law for
hybrid powder coatings before curing with addition of different
levels of MMT 30B.
Sample

2θ (°)

Distance d001 (nm)

TH/0
TH/2/MMT 30B
TH/4/MMT 30B
TH/6/MMT 30B

4.95
1.9
2.3
2.5

1.79
4.65
3.84
3.54
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It was observed that the coatings exhibit little difference
in the value of the average thickness among the samples.
This fact is important to compare the mechanical and chemical
resistance results that are presented below.
The incorporation of the clay resulted in an increased
pencil hardness of the coatings. The TH/0 powder coating
showed a lower pencil hardness being classified as HB, the
coating TH/4/MMT 30B showed a pencil hardness of 2H,
and other coatings exhibited a hardness of H. The increase
in the hardness of the powder coatings may be due to the
presence of particles of clay on the surface[55]. Lv et al.[56]
verified the increase in pencil hardness in nanocomposites
with added clay and attributed this result to a greater
compatibility and to the high density of crosslinking between
the clay and the polymer matrix. They observed that the
filler loading increases the hardness of the coating due to
increased film stiffness.
The appearance of the hybrid coatings containing different
levels of muscovite mica clay and MMT 30B applied on
carbon steel after the adhesion test is shown in Figure 10.
All coatings showed an adhesion of 5B. These results
demonstrate the formation of coatings with a high mechanical
resistance with respect to the grip factor, which is of extreme
importance to the anticorrosive properties of the coatings.
Table 6. Thickness, pencil hardness and adhesion testing results
of hybrid powder coatings.
Average
thickness (μm)
TH/0
77.7 ± 7.3
TH/2/MICA
74.8 ± 6.5
TH/4/MICA
68.7 ± 6.8
TH/6/MICA
74.7 ± 6.3
TH/2/MMT 30B
77.4 ± 6.1
TH/4/MMT 30B
68.9 ± 7.2
TH/6/MMT 30B
76.1 ± 6.3
Samples

Pencil
hardness
HB
H
H
H
H
2H
H

Adherence
rating
5B
5B
5B
5B
5B
5B
5B

The adhesion of the hybrid powder coatings indicate that
the phosphating pretreatment enhances the adhesion of
the coating to the metal substrate. The results presented in
the adhesion test confirm that the presence of MMT 30B
and muscovite mica clays did not affect the adhesion
characteristics of the hybrid coating to the metal substrate.
Similar results were found by Piazza et al.[57] to evaluate
the incorporation of MMT 30B in an epoxy based coating.
Bagherzadeh and Mahdavi[58] and Navarchian et al.[59] also
found that the presence of clay does not alter the adhesion
of the coating to the substrate. According to Garcia et al.[60],
the adhesion properties may be associated with hydroxyl
groups produced in the curing reaction of the material and
its ability to establish hydrogen bonds between the coating
and the substrate.
Figure 11 shows the results of the gloss analysis with
its standard deviations.
The increase of muscovite mica and MMT 30B content
in the powder coating formulation caused a reduction of
gloss. The sample with 2 phr of MMT 30B did not influence
the gloss of the powder coating, and a similar value to
the coating without the addition of fillers was obtained.
The samples with 6 phr of muscovite mica and MMT 30B
showed less than 80 G.U. for gloss, and were thus classified
as semi-gloss varnish, which according to industry standards
are the ones in the 50-80 G.U. range. The gloss value for
the remaining samples were above the required industry
standard for high-gloss varnishes (G.U. > G.U. 80).
These results may be associated with the formation
of clay agglomerates which intersect the surface finish
and increase the surface roughness resulting in a diffuse
reflection of incident light and on a gloss reduction[61].
This result corroborates the data observed by Wicks et al.[62],
who report that the size as well as the concentration of the
filler particles significantly affects the characteristics of
the coating as mechanical properties, barrier properties,
corrosion and especially gloss.

Figure 10. Results of adhesion test performed with the hybrid powder coatings (a) TH/0, (b) TH/2/MICA, (c) TH/4/MICA, (d) TH/6/MICA,
(e) TH/2/MMT 30B, (f) TH/4/MMT 30B and (g) TH/6/MMT 30B.
362 362/367
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Figure 12 shows the result of the conical mandrel
flexibility test performed on carbon steel panels coated with
the hybrid powder coating containing different amounts of
muscovite mica and MMT 30B.
A qualitative analysis of samples submitted to the
flexibility test indicated the absence of cracks or peeling
for coatings with the incorporation of muscovite mica.

This was due to the adhesion between the coating and
the metal substrate and the cohesion between the coating
molecules. The muscovite mica additions in the tested
concentrations did not affect the flexibility of the coating.
Panels with the coating incorporating MMT 30B clay in
different concentrations showed failures in flexible hybrid
coating. This was due to the greater amount of clay, which
favors the formation of MMT agglomerates, as observed
in the morphological test (Figure 7). The increase in the
MMT content in the formulation of the coatings makes them
more fragile, associated with decreased molecular mobility
restrictions imposed by the merging of the molecules of the
hybrid resin inside the clay mineral[57].
Figure 13 shows the appearance of the coated metal
substrates with hybrid powder coatings free of clay and
with the addition of 2, 4 and 6 phr of muscovite mica and
MMT 30B which underwent a resistance review of rapid
deformation (impact).

Figure 11. Gloss analysis of hybrid powder coatings with different
levels of muscovite mica and MMT 30B.

Based on a visual analysis of the samples, it can be seen
that the sample without addition of clay mineral and the
TH/4/MICA sample showed resistance to impact. The best
performance, coating, TH/4/MICA, can be associated to
an increase in cohesive forces in the coating caused by

Figure 12. Images analysis result of the flexibility of hybrid powder coatings applied on carbon steel after curing: (a) TH/0, (b) TH/2/MICA,
(c) TH/4/MICA, (d) TH/6/MICA, (e) TH/2/MMT 30B, (f) TH/4/MMT 30B e (g) TH/6/MMT 30B.
Polímeros, 28(4), 355-367, 2018
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Figure 13. Images of the quick deformation resistance test (ASTM D2794) of paints based on epoxy / polyester powder coating after curing,
and applied to mild steel panels: (a) TH/0, (b) TH/2/MICA, (c) TH/4/MICA, (d) TH/6/MICA, (e) TH/2/MMT 30B, (f) TH/4/MMT 30B
e (g) TH/6/MMT 30B.

the presence of muscovite mica in the powder coating.
The TH/2/MICA and TH/6/MICA samples presented a low
resistance to impact deformation, cracks and spalling as seen
in Figures 13b and 13d. The increase of the muscovite mica
concentration to 6 phr may have favored the formation of
clay agglomerates, resulting in a greater level of brittleness
in the regions where cracks have occurred[63,64]. The coatings
containing different concentrations of MMT 30B showed
spalling and cracks in the direct and reverse impact. The lower
impact resistance of these samples may be associated with
an increased stiffness of the material that can be associated
with the high aspect ratio of clay nanoparticles and to the
decrease in the molecular mobility may have been caused
by the restrictions imposed by an intercalation of epoxy and
polyester resin molecules in the inside the MMT galleries.
Piazza et al.[57] have argued that the low resistance to
deformation by impact of epoxy-based coatings containing
different concentrations of MMT 30B are due to three factors:
the formation of clay agglomerates which results in favorable
364 364/367

fracture points; the increase in the stiffness of the material
and the reduction of the reactivity and crosslink density.
Other researchers analyzed the influence of MMT clay on
epoxy base powder coating and found similar morphological
results to those found in this article. The authors associated
the fragility of the coatings to the characteristic stiffness of the
predominantly exfoliated structure of the nanocomposites[64],
morphology is observed in the XRD diffractograms of the
cured samples and corroborated in the micrographs obtained
by transmission electron microscopy.
According to Mirabedini and Kiamanesh[55] the presence
of inorganic particles in the coating reduces the dissipation
of energy, after the application of an external force causing
the fracture of the coating.
The salt spray test evaluated the protection against
corrosion performance in hybrid powder coatings with and
without the addition of clay minerals. To perform this test
were chosen coatings with better performance in thermal
and mechanical tests. Figure 14 shows the appearance of the
Polímeros, 28(4), 355-367, 2018
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Figure 14. Images of the samples after 850 hours of exposure to the salt spray test (ASTM B117) (a) TH/0, (b) TH/4/MICA e
(c) TH/2/MMT 30B.

exposed samples after 850 hours of salt spray, indicating the
presence of corrosion products near the incision.

mica coatings it was not possible to identify exfoliation or
intercalation of the polymer matrix with the clay minerals.

Neither blistering nor corrosion spots were observed on
the surface of any of the samples, indicating the effectiveness
of the barrier effect provided by the clays. The increased
corrosion resistance is associated to the nature, form and
size of the filler. Piazza et al.[10] reported an increased barrier
effect with the addition of MMT to a polyester-based powder
coating. Ghoudalakis[65] considered this effect to be due
to the increase in the difficulty of diffusion (tortuosity) of
liquid or gas molecules throughout the polymer film due
to the predominantly exfoliated nanocomposite structure.
The highest displacement values were verified for samples
incorporating MMT 30B. This corroborates with the results
of the mechanical tests (flexibility and impact) in which it
was identified that the coatings incorporating MMT 30B
presented inferior properties to the coatings with the addition
of muscovite mica.

The results of the mechanical characterization show
that when the coating was subjected to a slow deformation
(adhesion and flexibility) the incorporation of the clay did
not affect the performance of the coatings. However, when
an instantaneous force is applied, the coatings containing
clays showed a peeling of the film. Thus, it can be considered
that time is needed for the polymer and the clay to adjust to
the mechanical deformation for the film not to be broken.

4. Conclusions
The thermal analyzes of TGA, DSC and FTIR showed
that thermal stability of the coatings decreased when it was
added clay mineral.
With the SEM-FEG analysis it was possible to identify
that the muscovite mica has a lamellar structure and the
MMT 30B shows irregular agglomerates consisting of
relatively flat sheets.
Through the XRD analysis, an increase in the basal
spacing was observed for the coatings with MMT 30B
incorporation, predominating exfoliated phase for lower
concentrations of clay and intercalation for coatings with
higher concentrations of MMT 30B. For the muscovite
Polímeros, 28(4), 355-367, 2018

All the coatings with the addition of clay minerals
presented corrosion performance similar to non-clayey
coatings. None of the coatings showed blistering or corrosion
spots on the surface.
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