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Abstract
The wear resistance of organic coatings is a key factor in preserving their barrier effect against
corrosion. In this research, epoxy-based powder coatings were loaded with different
percentages of SiO2 nanoparticles (1, 2 and 3% by wt.) to improve their wear resistance. The
innovative mixing method used to homogenize the nanoparticles in the matrix was a hot mixer.
The modified organic powders were applied by electrostatic gun on carbon steel substrates.
After curing, sliding wear tests were performed at 5 N using reciprocating wear equipment, and
measuring the coefficient of friction (COF). The wear mechanism was analyzed and the width
and the depth of each track were measured through scanning electron microscopy (SEM) and
optoelectronic microscopy. Wear results were analyzed considering the increase in hardness
and scratch resistance, and the decrease in ductility of the coating caused by the
nanoparticles. As no wear track was found on 3% SiO2 containing coatings under this load due
to its properties, it was decided to perform more tests at higher loads to delve further into its
wear mechanisms. This coating withstands wear with very small damage under moderate
loads, but starts to show abrasive wear and high COF when the load increases.
Keywords: epoxy powder coating, silica, nanoparticles, reciprocating wear, wear mechanism.

1.

Introduction
Epoxy based liquid coatings are the conventional coatings that contain solvents before

they are cured. Powder organic coatings are an alternative of great use in many applications
and in different industries due to their good properties [1]. Moreover, they have environmental
advantages over conventional liquid coatings, as they do not have solvents in their composition
[2]. Hence, they are increasingly being used in domestic appliances, automotive interiors, and
aeronautic components [3] among other applications.
Among the powder organic coatings, epoxy-based resins have better mechanical
properties [4,5]. They have a high degree of stiffness and hardness, thereby promoting good
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wear resistance. In addition, epoxy powder coatings also have the advantage of having good
corrosion resistance [6].
Organic coatings often fail due to the corrosion of the base metal when it is locally
exposed to a corrosive environment. These types of failures usually are caused by mechanical
damages that spoil the barrier properties of the coatings. To achieve good in-service behavior
of the organic coatings, it would be of interest for them to have high-wear resistance, as an
increase in the abrasion resistance of the organic coatings would allow them to keep their
protective effect [7].
Moreover, today the use of nanoparticles as reinforcement in organic coatings to
improve certain properties such as corrosion or wear resistances is a constantly growing area
of study [8,9]. The majority of previous work focuses on the importance of obtaining
homogeneous coatings [10]. Authors use nanoparticles of different types to improve the wear
performance of different resins, e.g. clay [1], ZrO2 [11], SiAlON [12], TiO2 [13], or even silica
nanocontainers [14], with SiO2 nanoparticles being the ones most used [5,10,15-17].
Nanoparticles can lead to an improvement of wear resistance when it is tested against steel,
mainly due to an increase in the stiffness and hardness of the coating [18]. For that, it is
necessary to add an appropriate percentage of nanoreinforcements and have a good
homogeneity in the polymer matrix, because a high quantity of nanoparticles and the presence
of agglomerates, can lead to an embrittlement and consequently, a worse wear performance
[19,20].
Many studies have been carried out to examine wear in epoxy-based liquid coatings
without nanoparticles [4,21-23], often using a pin on disc test. With reference to epoxy- based
coatings with nanofillers, Rahsepar et al. [14] investigated wear resistance by pin on disc of an
epoxy coating with mesoporous silica nanoadditions (until 2% by wt.), achieving a decrease of
the mass loss by increasing the percentage of nanoparticles. Authors such as Palraj et al. [10]
also demonstrate how the use of silica nanoparticles, as opposed to microparticles, greatly
improves the abrasive behavior of the epoxy coating by Taber test. Kang et al. [5] also studied
conventional epoxy coatings using the sliding wear technique, and verified an increase in wear
resistance when adding nanosilica, finding abrasive wear, plastic deformation and microcracks.
Most wear research deals with conventional liquid coatings, but very scarce with
powder coatings. Another study with epoxy powder coating and alumosilicate nanoparticles
[24] shows how tribological properties are improved thanks to the nanoaddition. This research
also relates the improvement of wear resistance to the reduction of coefficient of friction (COF)
due to the appearance of elastic deformations. There are studies dealing with polyester powder
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coating [17], where it has been reported that small amounts of silica allow a decrease in the
mass loss of the polyester coating during the pin on disc test.
In addition to the type of nanoparticle that can be used, the mixing method with the
resin is also important for the final properties of the coating, as this method determines the
distribution of the nanoreinforcements. The degree of homogeneity is of essence in obtaining
the best results, since mechanical properties will be worse if there are many defects and few
interfaces created between the matrix and the nanoreinforcement [15]. The traditional mixing
method for powder organic coatings is extrusion [25-28], although there are other works that
propose mechanical mixing [17,29]. In this work, a hot mixer is used. This is a novel method
that has advantages over the conventional extrusion method, including lower energy
consumption, since it does not require a second grinding stage to obtain the powder before its
application on the substrate. Moreover, compared to a conventional mechanical mixing
method, hot mixing can improve the adherence of nanoparticles through a process known as
bonding, as the base powder is heated close to its softening point. The effectiveness of this
innovative process has recently been demonstrated in another study [30].
In this research, nanosilica reinforced epoxy coatings were manufactured and
characterized from the wear point of view. These coatings with better mechanical properties
and wear resistance can be used in different applications such as protective coatings for
appliances, pipes, electronic instruments and automotive and aeronautic industries [31,32]. As
a novelty, nanoreinforcements are added to powder coatings and are manufactured through a
hot mixer. Moreover, reciprocating-sliding is the employed to determine the wear resistance of
functionalized epoxy powder coatings. To the best of our knowledge, this way of testing the
wear resistance of organic coating is also innovative. This test simulates wear efforts which
imply reversals in the sliding direction. The wear resulting from this mode of movement may
differ from that experienced by the same materials sliding continuously in only one direction
(as ASTM G133 states) and might be more similar to some random environmental stresses
promoting wear.

2.

Materials and Methods
The scheme of the whole process and materials used in this study can be seen in the

Fig. 1. The organic coating used was an epoxy powder coating (RAL 5005), provided by
Cubson International Consulting S.L. (Spain). Hydrophilic fumed silica AEROSIL® 90
(Degussa, Germany) nanoparticles were used as reinforcement (surface area: 75-105 m2/g;
average size: 20 nm). To homogenize the nanoparticle distribution in the organic powder
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matrix, a hot mixer was used (Haake Rheocord 252p, Thermo Fisher Scientific). The mixtures
were made at 72±1 oC, 15 min and 40 rpm under dry conditions. Five different organic powders
mixtures were manufactured and their designations are summarized in Table 1. No amount
higher than 3% by wt. has been tested, as it has been checked in our laboratory that the
nanoparticles, when they are in higher amounts with the used mixing method, start to hinder
this electrostatic charging process of the powders. Some defects are more prone to appear in
reinforced coatings with higher amounts of nanosilica. The reinforced coatings studied in this
work keep their barrier effect unaffected.

Fig. 1: Scheme of the process.

Table 1: Organic coating samples studied in this work.
Sample

Definition

AR

As received organic powder

0%

AR passed through the hot mixer

1%

Same as 0%, but with 1% SiO2 by wt.

2%

Same as 0%, but with 2% SiO2 by wt.

3%

Same as 0%, but with 3% SiO2 by wt.

The coating process was performed at Cubson International Consulting S.L. The
organic powders were applied on degreased carbon steel substrates (152 mm x 76 mm x 0.8
mm). Their application was made with an electrostatic spray gun (Pulverizadora Manual
Easyselect) with a control unit OPTITRONIC (ITW GEMA, San Galo, Switzerland), using a 100
kV DC voltage source. The curing was carried out in an oven, at 180 °C for 15 min, according
to the manufacturer’s conditions. The thickness obtained for the organic coatings was about
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120±20 µm and they were measured with a thickness gauge (Elcometer 456, Manchester,
UK).
The organic coatings were observed by scanning electron microscopy (SEM), using
Teneo-LoVac (Thermo Fisher Scientific Inc., Waltham, USA) equipment, in order to obtain
information on the distribution of the silica nanoparticles and to study if there was any
modification on their morphology due to the mixing method. Semi-quantitative analyses were
also performed with an energy-dispersive spectroscopy (EDS) analyzer using a 10 kV electron
beam to identify all the elements of the organic coatings.
In order to measure the mechanical properties of the coatings, a universal
hardnessmeter ZHU 2.5 (Zwick Roell, Ulm, Germany) was used. The applied load was 5 N,
the speed load application was 1 mm/min and the speed load removal was 10 mm/min. Two
parameters were measured: plastic work (W plast) and universal hardness (HU) of the organic
coatings. The W plast is measured during the application of the load (the area under the curve
of applied force versus depth) and the HU is determined as the test load divided by the
apparent area of the indentation obtained [33]. Nine measurements were carried out on each
organic coating.
To determine the scratch resistance of the organic coating to the steel, scratch tests
were carried out with the Elcometer 3000 Clemen Unit (Elcometer, Manchester, UK). The test
was carried out with a mass of 5 kg. Once the scratch mark was made, Image-Pro Plus 5.0
image analysis software was used to evaluate the delaminated lateral area. The data were
represented with the ratio between the delaminated area and the length of the scratch (always
16 mm). Nine different areas were measured in each epoxy powder coating. Scratch resistance
was measured on organic coatings with 65±5 µm thickness.
Sliding wear determination was performed using a UMT Tribolab (Bruker,
Massachusetts, USA) tribometer. The tests were carried out under dry conditions. The
countermaterial was a stainless steel ball with a diameter of 6 mm. Samples were moved in a
reciprocating plate adapter generating a harmonic wave. The conditions for each sample are
shown in Table 2. Three tests, for each condition, were performed in each organic coating at
a frequency of 10 Hz. These experiments also allowed the COF and their evolution in each
test to be determined. The wear test conditions were carefully chosen after looking other wear
studies of epoxy coatings in the literature [12,23,34] and verifying that the substrate is not
reached in any of the cases.
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Table 2: Summary of wear tests
Tested coatings

AR, 0%, 1%, 2%

3%

AR, 3%

3%

Normal load (N)

5

5, 7.5, 10, 15, 18

2.5

5

t (min)

10

10

45

31 and 45

Sliding distance (m)

60

60

270

186 and 270

An opto-digital Olympus DSX500 (Olympus Corporation, Tokyo, Japan) microscope
was used to analyze the wear tracks. The width and the depth of the wear tracks were
measured. At least six measurements were made in each wear track. A frequentist statistical
study of both parameters (width and depth of the wear track) was carried out with Statgraphics,
as at least 18 values were obtained for each parameter. Moreover, data of materials tested at
5 N were statistically compared to that of AR material. All statistical data can be found is in the
Supplementary Material.
SEM was also used to study the wear tracks. Five and 10 kV electron beams were
selected for the images. Images were taken of the worn samples with different percentages of
nanoparticles, and of the worn 3% material at different loads.

3.

Results and discussion

3.1.

Characterization of organic coatings
Fig. 2 shows the SEM analysis of the AR and 3% organic coatings. Thanks to the

analysis carried out by EDS, the pigments and two of the fillers that the organic powder coating
presents can also be identified: TiO2 (the small white particles) and dolomite and talc (the big
white particles). According to the manufacturer, the powder coating contains 24% dolomite,
14% talc and 2% TiO2 (% by wt). As no large agglomerates are formed, the nanoparticles
cannot be seen with this technique, but certain morphological differences can be observed
between the two coatings due to their nanoparticles.
The heaviest elements are known to have the lightest contrast in SEM, while those that
are weigh the least have a dark contrast. The epoxy matrix has a homogeneous dark color,
while a lighter contrast is observed for the 3% organic coating, due to the presence of silica
nanoparticles. This contrast can also be observed in the other organic coatings (1% and 2%),
although they are lighter, since the percentage of silica is lower. As several EDS analysis were
performed, a good distribution of silica nanoparticles in the epoxy matrix is suggested.
6

Fig. 2: SEM analysis of AR and 3% organic coatings.

Fig. 3 shows the results of the plastic work (Wplast) and universal hardness (HU),
properties that can be related to wear resistance. The data shown in all the figures correspond
to the mean value, together with the standard deviation of measured data. In abrasive wear
conditions, it is very important to study the hardness of the organic coatings [35]. As for the
Wplast, it decreases slightly as the percentage of nanoparticles increases, because hard
particles in a soft matrix reduce the plastic deformation capability of the organic coating [36].
On the contrary, showing a predictably opposite behavior to the reduction of W plast, hardness
increases when there is a greater percentage of nanoparticles. This behavior is logical because
SiO2 nanoparticles increase the hardness and the stiffness of epoxy and the organic matrix
becomes brittle and rigid [37-39]. This increase in the hardness of the organic coatings is also
due to the fact that silica nanoparticles limit the sliding and the movement of the polymer chains
[40]. Moreover, the large interface area between nanoparticles and polymer matrix promotes
a better bond between the different phases. The most important effect is found for the 3%
sample, where the hardness increases by about 55% with respect to the AR. No agglomerates
have formed, otherwise, the mechanical properties would be impaired [20].
The homogeneity of the distribution of nanoparticles throughout the organic coating is
also important to obtain an increase in the mechanical properties [10,41]. The innovative
method of hot mixing used in this research has proved to be adequate, as the low scattering
in micromechanical properties (Fig. 3) shows. Previous studies [17,42] have already shown
that a mechanical mixture provides a good dispersion of nanoparticles in the organic powder,
but the mechanical mixing with temperature used in this case can lead to better bonding.
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Fig. 3: HU and W plast of all the studied organic powder coatings.
In Fig. 4, the results obtained after the scratch test can be observed. The data show
the mean value and standard deviation of the delaminated area of each organic coating, so
the smaller this value is, the greater the scratch resistance of the organic coating. It can be
seen how the delaminated area of the AR and 0% is similar. By adding 1% and 2% of
nanoparticles, a slight improvement is obtained, so the addition of SiO2 promotes better scratch
resistance to the substrate. Substantial improvement is obtained in the 3% organic coating,
where the delaminated area is almost 5 times lower than the AR. This is related to the
catalyzing effect of nanoparticles during the curing process of the epoxy, which enhances its
scratch resistance to the substrate.
In addition, hardness and scratch resistance are two mechanical properties that are
related. As can be seen in Fig. 3, the hardness increases with the percentage of silica, so it is
logical that the scratch resistance of the organic coatings with SiO2 nanoparticles is higher, as
has been previously shown for different resins with Al2O3 and SiO2 nanoparticles [43,44].
Images of coatings after a scratch test can be seen in Fig. 5. It can be clearly observed that
the 0% organic coating presents a greater delaminated area than the 3% organic coating. This
delaminated area can be observed on both sides of the scratch of the 0% organic coating. For
the 3% coating, the scratch made almost exclusively by the tip can be appreciated.
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Fig. 4: Adherence of all organic coatings to the substrate through the scratch test.

Fig. 5: Images corresponding to 0% and the 3% coatings after the scratch test.

3.2. Wear performance of coatings tested at 5 N
Fig. 6 shows the COF of all organic coatings throughout the wear test (600 s). Two
different behaviors in the COF can be seen: on one hand, the 3% shows a practically constant
COF during the entire test; on the other, the rest of the coatings show a clear increase in the
COF due to the wear, always showing the same pattern. In all coatings except 3%, there is a
first stage (until approximately 60-65 s for AR) where the test presents a low, constant COF,
typical of sliding conditions. Then, there is a second stage, where an increase in the COF is
found. This second stage corresponds to the beginning of the wear. Finally, the third stage
takes place when the COF becomes constant and lasts until the end of the tests. Other authors
[45] also find that COF usually grows from the start of the test and then remains constant. The
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final COF takes the value of approximately 0.55 for AR, 0% and 1% organic coatings. These
COF correspond to values similar to other epoxy systems [45,46].

Fig. 6: COF of all organic coatings at different loads.
The 1% has a behavior similar to the AR and the 0%. The main differences are that the
increase and stabilization of its COF appear later. This would indicate that 1% nanoparticles
slightly increase the resistance of the material to wear. For 2%, the behavior remains similar,
but the second stage begins later. Moreover, the final COF of 2% is smaller than 1%
(approximately 0.1 less), and this decrease in the COF is usually related to an increase in wear
resistance. As mentioned above, the 3% has a totally different behavior. The COF increases
very slightly from start to finish; there is a sliding behavior instead of abrasive wear.
Other authors who studied the COF in powder organic coatings also obtain reductions
in the COF, thanks to the addition of nanoparticles. Moradi et al. [12] observe the decrease of
the COF from 0.4 to approximately 0.25 with epoxy powder coating systems and SiAlON
nanoparticles (10% by wt.). Kang et al. [5] check too how the COF decreases in a liquid epoxy
coating with silica nanoparticles. Furthermore, the introduction of nanoparticles encourages
elastic deformations, while the COF decreases, due also to the increase of stiffness and the
greater wear resistance [25]. For these epoxy coatings, it can also be observed how the W plast
decreases (Fig. 3) as the COF does (Fig. 6).
Fig. 7 shows images obtained by the optoelectronic microscope of the wear tracks at 5
N. As it happened with the COF (Fig. 6), there is hardly any difference among the AR, 0%, 1%
10

and 2% samples. Moreover, the path of the wear track is less straight when the percentage of
nanoparticles increases. The main difference is appreciated for the 3% organic coating, where
only slight damage can be seen in comparison to those observed for the other organic
coatings. This may be due to the increased hardness of the organic coating when the
nanoparticles are added.
Clearly, the 3% organic coating performance is in accordance with the COF obtained,
where the wear stage does not exist as in the rest of the organic coatings. The increase in the
percentage of nanoparticles up to 3% considerably improves the wear resistance of the organic
coating, since there is no material removal.

Fig. 7: Wear tracks of all the studied organic coatings after testing at 5 N.
The values of width and depth of the wear tracks were measured in order to study the
organic coatings in depth. The results obtained (mean value and standard deviation) are shown
in Fig. 8. All measured data (except depth of 2%) show a normal distribution, as kurtosis and
skewness of the distribution vary between -2 and +2 (see Supplementary material). The width
and the depth of the wear track slightly decrease as the percentage of nanoparticles increases
for the range of samples of AR-1%. In the case of the 2%, the depth of this wear track clearly
decreases compared to the other organic coatings. It is the only depth distribution with
statistical meaningful difference to AR (see Supplementary material) with a 95 % confidence
level. It is also quite irregular (higher experimental dispersion), demonstrating that
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nanoparticles hinder the development of the wear process when there is a sufficient amount.
This confirms that the reduction of COF (Fig. 6) has an effect on wear. However, the difference
among the four coatings is very small.
As is also shown in Fig. 7, the 3% sample is completely different from the other ones,
since wear practically does not exist. In fact, neither width nor depth values can be measured
(Fig. 8), since the coating only has a slightly damaged region, not a clear wear track. The 3%
addition implies a change in the wear behavior of the organic coating. As has been already
mentioned, this improvement in wear resistance is related to the increase in hardness of the
organic coatings [12,47] (Fig. 3).

Fig. 8: Width and depth of the wear track of organic coatings tested at 5 N.

Fig. 9 shows the worn surfaces in more detail. At the end of the wear track, an area
with high plasticity can be observed, especially in AR. These images are also in accordance
with the W plast results (Fig. 3). All the wear tracks studied present cracks transverse to the
sliding direction and debris, as has been previously shown [48]. Nanoparticles reinforce the
polymer matrix and therefore, promote less wear on the organic coatings. Kang et al. [5] also
found plastic deformation and cracks in their epoxy coatings after using a steel ball as
countermaterial. Hence, an abrasive wear mechanism takes place in coatings up to 2%, as
COF evolution suggested.
Fig. 10 shows a detail of a transversal crack on the wear track of the 0% organic
coating. This coating cracking, showing no delamination, is related to the strong interface
12

adhesion, which is formed due to the rigidity of the epoxy matrix. Testing under reciprocating
conditions makes it difficult to clearly determine the origin of cracks, as the sliding direction
changes in each cycle. The large COF favors tensile trailing cracks [49] which could explain
those found in the coatings. The 3% coatings present the best wear performance among those
studied, and warrant deeper study.

Fig. 9: SEM images of the wear mechanism of AR, 0%, 1% and 2%.

Fig. 10: SEM image of a crack on wear track of 0% organic coating.

13

3.3. Wear performance of 3% coatings tested at different loads
In order to study in detail the 3% coating due to its high wear resistance, tests were
carried out at different loads (5, 7.5, 10, 15, 18 N). Fig. 11 shows the variation of the COF with
time for all tests performed on the 3% organic coating. Two very different performances are
observed, as previously found in Fig. 6. The tests carried out at low loads (5 and 7.5 N) have
a more constant and regular COF over time. although they increase a bit from start to finish
(sliding mechanism). However, the COF of the tests at higher loads (10, 15 and 18 N) present
the same evolution as the three stages previously shown (Fig. 6). Initial and final COF are
similar for these three loads, and only the time when transitions take place is affected. The
higher the load applied in the test, the earlier the COF increases because the wear starts
sooner. Moreover, these COF measurements have a noisier signal. The fluctuations that exist
especially in high loads are normal, because the force that withstands the organic coating is
very high.

Fig. 11: COF of 3% organic coatings.
These results also correspond to the wear tracks obtained (Fig. 12), since for 5 N and
7.5 N, the tracks are practically non-existent. This is because at low load, more than wear,
there is a sliding that provokes slight damage in the organic coating. In the case of high load,
there is wear, therefore the behavior is similar to the behavior already observed in Fig. 6.
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Fig. 12: Wear tracks of 3% organic coating at different loads.

Fig. 13 shows the width and the depth of the 3% organic coating at different loads. All
measured data show a normal distribution, as kurtosis and skewness of the distributions range
between -2 and +2 (see Supplementary material). It can be clearly seen that, as the load
increases, the width and depth increase too. In the 7.5 N tests, the mechanism is similar to the
5 N tests, but it is possible to measure the width and depth of the wear track, even though they
are small. These results also indicate that the 3% coating holds without wearing down to a
maximum load of 7.5 N under studied conditions.
The ends of the wear tracks are observed after testing at different loads (5, 10, 15 and
18 N) in Fig. 14. It can be observed how the width of the wear track increases with the increase
of the load in the tests. Other authors [5] observe very similar wear behaviors in epoxy liquid
coatings with additions of silica nanoparticles by magnetic stirring. There are cracks
perpendicular to the direction of sliding wear movement, material waves and the residual
material removed, as was seen in Fig. 9 for the other organic coatings. The absence of wear
after the 5 N test is also observed. Some slight damage is intuited, but it is clearly observable
15

that there is no wear of the material. Very high loads have to be applied on the 3% reinforced
coating in order to cause severe damage through reciprocating tests that can affect the global
performance of this coating.

Fig. 13: Width and depth of 3% at different loads.

Fig. 14: SEM image of wear mechanism of the 3% organic coating at 5, 10, 15 and 18 N.
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3.4. Wear performance of AR and 3% coatings tested longer times
In order to study in detail the functionalized coating with the best wear performance
(3%), tests were also performed on it for longer times (up to 45 min). Non-functionalized AR
coating has also been included in this part of the study as reference.
First, a comparison was carried out between AR and 3% organic coatings, tested at a
lower load (2.5 N). In Fig. 15, it can be seen that the AR has a wear track after the test, as
occurred with the 5 N test (Fig. 7). The depth and the width values of the wear track (Fig. 15)
are similar to those obtained with the shorter, higher load test (Fig. 8). However, the 3% organic
coating presents only slight damage but no a defined wear track when it is tested at 2.5 N for
45 min, as occurred, with higher loads (5 N in Fig. 7 and 7.5 in Fig. 12) but a shorter time.
Moreover, to study when the 3% organic coating begins to wear with the same
conditions used in the first test (5 N), longer tests were also performed. COF evolution during
these tests presents the same 3-stages pattern than the other coatings tested at 5 N The onset
of the wear process -detected at approximately 1 min for AR (Fig. 6)- occurs at 22±2 min in
the 3% coating. Hence, the 3% coating suffers wear degradation in this condition but the onset
of the attack is strongly delayed by the addition of nanosilica to the organic coating.
A test was designed to compare the progress of the wear on both coatings (AR and
3%) after the sliding stage.. As AR coating worn 9 min from the onset of wear to the end of the
test at 5 N (Fig. 6), 3% was tested 9 min from its own increase of the COF, finishing the test at
31 min. In this way, the wear rate can be compared, as the wear times after sliding are very
similar. The addition of 3% SiO2 nanoparticles provokes that the depth of the wear track after
9 min of effective wear diminishes from 42 (AR, Fig. 7) to 28 µm (Fig. 15), demonstrating that
the enhancement of mechanical properties (Figs. 3 and 4) not only reduces the onset of wear
but increases the wear resistance during the wear process. As expected, if the length of the
test is increased at 5 N (up to 45 min, Fig. 15), wear damages (depth and width of wear track)
also do.
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Fig. 15: Wear tracks of AR and 3% organic coatings tested longer times.

4.

Conclusions

Some of the most relevant conclusions that can be drawn from this work are:
o

Hot mixing has proved to be an adequate alternative for manufacturing epoxy powder
coatings functionalized with silica nanoparticles.

o

The scratch resistance of the epoxy coatings with the steel substrate has been
improved thanks to the nanoaddition of SiO2.

o

There is great improvement in the wear resistance of the 3% organic coating compared
to the other studied organic coatings. The nanosilica delays the onset of wear during
reciprocating sliding test and also decreases the wear rate when the track is already
formed.
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o

The improvement achieved by nanosilica additions is related to the increase in
hardness and decrease in W plast of this organic coating and the improvement in scratch
resistance.

o

Coatings with a three stage COF evolution present mainly an abrasive wear
mechanism.
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