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Abstract  

Epoxy powder coatings were functionalized with nanosilica to improve wear resistance. 

Ten different organic coatings were studied: 0.25-1% (by wt.) of SiO2 nanoparticles 

(both hydrophilic -HL- and hydrophilic -HB-) were added to epoxy powders. The 

homogeneity of the distribution of the silica nanoparticles in the epoxy powder matrix 

was achieved with an innovative ball-milling mixing method. This homogeneity was 

confirmed through transmission electron microscopy (TEM) observations. Powder 

coatings were sprayed and cured on steel sheets. The wear resistance of the coatings 

was evaluated in reciprocating wear equipment, measuring the depth and the width of 

the wear tracks obtained by an optoelectronic microscopy. Results reveal very 

significant improvement in wear resistance, with the best wear performance being 

observed for the epoxy reinforced with 0.75%HB SiO2 nanoparticles. This is related to 

the enhanced crosslinking of the matrix in the coatings due to SiO2, as shown by the 

mechanical properties. The curing kinetics of the functionalized epoxy powders was 

studied by non-isothermal differential scanning calorimetry (DSC). Activation energies 

(Ea) calculated from DSC are related to in the diffusion-controlled reactions. 
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1. Introduction 

Organic coatings have an important role in the protection of metals against corrosion. It 

is important to assure their mechanical and wear resistances in order to maintain their 

physical barrier effect and to extend their service behavior. Regarding the different 

types of polymers used as organic coatings, epoxy resins stand out because of their 

mechanical properties, as higher stiffness and wear resistance and lower friction [1-4]. 

However, the resistance of pure epoxy is often not enough to guarantee its durability 

during its service life. Up to now, the mechanical properties can be improved thanks to 

the addition of nanofillers that provide increased hardness, stiffness and wear 

resistance to the epoxy liquid coatings [2,4], with silica being one of the most used 

nanofillers to improve these coatings [1,5-7] thanks to its good chemical stability and 

ease of dispersion. 

Powder organic coatings have clear advantages in comparison with liquid coatings as 

they do not contain volatile organic solvents and only a small amount of material is lost 

during the electrostatic spray process [8,9]. However, there is little literature regarding 

the functionalization of powder organic coatings to improve their properties compared 

to that already published in this line for conventional liquid coatings. For instance, 

focusing on SiO2 additions to liquid epoxy coatings, it has been shown that 

nanoparticles improve their abrasion resistance more effectively when compared to 

microparticles [10]. On the other hand, SiO2 nanocontainers improve the wear 

resistance of liquid coatings through the hardening of the material [11].

The few studies already carried out about functionalized powder coatings have proved 

that the addition of nanoparticles improves the adhesion to substrate and the hardness 

of polyester powder coatings [12-13]. Moreover, the hardness [14] and impact 

resistance [15] of epoxy powder coatings can be enhanced as well through 

nanoadditions. With SiAlON [16] and silicoaluminates [17] nanoparticles, epoxy powder 

coatings under abrasion tests have been shown to be able to increase their hardness 

and stiffness [16] and to modify their viscoelastic properties [17]. Under erosive wear 

conditions, SiC [18], Al2O3 [18], or silicates [19], have shown that functionalizing 

powder epoxy resins with micrometric particles is also positive, with the fraction and 

size of fillers being extremely important [18]. Initial findings about the effect of SiO2

nanoparticles on wear properties of powder organic coatings have already been tested 

in polyester resins [20].

At any rate, all of the research studies related to the addition of nanoparticles to 

organic coatings clearly underline the importance of embedding the particles properly 
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into the polymeric matrix. A homogeneous distribution, a correct nanoparticle-matrix 

interaction [5] and avoiding the formation of agglomerates of nanoparticles [21] are of 

great importance in order to optimizing the properties of organic coatings. However, the 

mixing methods used for adding nanoparticles liquid organic coatings [22]. cannot 

always be used with powder organic coatings. To date, most of the mixtures of powder 

organic coatings are made by extrusion [14,15,17,23-25]. The ball milling mixing 

method is an alternative to mixing the materials for the powder coating without 

temperature [20] and without having to grind the powder again after the mixing, which 

make it more economical than the extrusion. It can be considered a quite innovative 

method as there are very scarce precedents in the literature about the use of this 

method to manufacture functionalized organic powders for coatings [16,20]. Moreover, 

to the best of our knowledge, it is the first study that uses this method for introducing 

silica nanoparticles in epoxy powders. 

An aspect that is usually overlooked regarding SiO2 nanoparticles is their nature. As 

initially manufactured, they are hydrophilic due to the freely accessible silanol groups 

(Si-OH) on their particle surface. A post-treatment step is required to transform them 

into hydrophobic [26]. A very limited number of research studies compare both of them 

[27]; for instance, excellent dispersion and enhanced mechanical performance are 

found for hydrophobic SiO2 with a certain polyurethane matrix, while hydrophilic ones 

lead to a lubricating behavior [27]. Although epoxy resins are often considered as 

hydrophilic [28], commercial powder organic coatings generally have fillers and 

pigments, so the hydrophilic nature of the whole coating is not always clear. 

The aim of this investigation is to manufacture epoxy-based powder coatings with SiO2

nanoparticles through ball milling with improved wear performance, ensuring a good 

homogeneity in their distribution in the epoxy powder coating. In addition, the difference 

between hydrophilic and hydrophobic nanoparticles will be studied. Finally, an 

approach to the curing kinetics of those coatings will be presented. 

2. Experimental 

2.1 Materials and samples preparation 

A commercial epoxy powder provided by Cubson International Consulting S.L. 

(Humanes de Madrid, Spain), was used for the manufacturing of the organic coatings. 

Silica nanoparticles were purchased from Aerosil® (Evonik, Essen, Germany). Both 

hydrophilic (Aerosil® 90, with Si-OH groups on the surface) and hydrophobic (Aerosil® 
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R202, with Si-CH3 groups on the surface) nanoparticles were used. Their properties 

are shown in Table 1. 

Table 1: Properties of silica nanoparticles (according to the supplier). 

Model Nomenclature
Surface area

(m2·g-1)

Average size

(nm)

Hydrophilic SiO2 Aerosil 90 HL 75-105 20

Hydrophobic SiO2 Aerosil R202 HB 80-120 14

For mixing the matrix and the reinforcements, a two-body planetary ball mill 

Pulverisette 5 was used (Fritsch, Idar-Oberstein, Germany) for 10 min. During the ball 

milling process, the collision with hard balls promotes the mixing of the nanoadditions 

with the painting powders. In this case, stainless steel balls with 8 mm diameter were 

used and the ratio of material/balls was 1:10. All the mixtures were made under dry 

conditions in a vessel with a volume of 250 ml.  

Ten different organic coatings were studied: the as received epoxy powder coating 

(AR), the AR milled without nanoparticles (0%), 4 different mixtures with different 

percentages of hydrophilic SiO2 nanoparticles (0.25%HL, 0.5%HL, 0.75%HL, 1%HL) 

and 4 different mixtures with the same percentages of hydrophobic SiO2 nanoparticles 

(0.25%HB, 0.5%HB, 0.75%HB, 1%HB). All percentages are expressed by weight.  

Degreased carbon steel substrates (152 x 76 x 0.8 mm) were used (EspanColor S.L.,

Barcelona, Spain) to apply the different epoxy organic powders. The coating 

application was performed with an electrostatic spray gun (Pulverizadora Manual 

Easyselect) with a control unit OPTITRONIC (ITW GEMA, San Galo, Switzerland). The 

voltage source was 100 kV DC. The curing was carried out in an oven according to the 

all epoxy powder coatings, measured with a thickness gauge (Elcometer 456, 

Manchester, UK). 

2.2 Characterization and testing 
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A study of the homogeneity of the distribution of the silica nanoparticles in the epoxy 

powder was carried out by Transmission Electron Microscopy (TEM). Also, the 

interaction between nanoparticles and epoxy matrix was analyzed. The samples were 

characterized by means of high resolution TEM (HRTEM), Z-contrast Scanning TEM 

(STEM) mode using a high angle annular dark field (HAADF) detector and high 

resolution energy dispersive X-ray emission (EDS). TEM measurements were 

performed at 200 keV on Philips Tecnai F20 (Philips, Eindhoven, The Netherlands). 

The samples were prepared using the carbon grid, selecting those powders with 

highest amount of silica. 

In order to evaluate the wear resistance of the manufactured organic coatings, sliding 

wear determination was performed using a UMT Tribolab tribometer (Bruker, Billerica, 

USA). A stainless steel ball (Ø = 6 mm) was used as countermaterial. The tests were 

carried out for 10 min, under dry conditions, using a load of 5 N and a frequency of 10

Hz. Three tests were made on each sample. All the tests were performed at room 

temperature (25 oC approximately). The coefficient of friction (COF) was also measured 

during each wear test.  

Wear tracks were analyzed with Olympus DSX500 optoelectronic microscopy 

(Olympus Corporation, Tokyo, Japan). The depth and the width of each wear track 

were measured. At least six measurements were made in each wear track. 

Micrographs of the worn coatings were also taken using this technique. Scanning 

electron microscopy (SEM) was also used to study the wear mechanisms of the

organic coatings. Images were taken with a 10 kV electron beam and two different 

detectors: an Everhart-Thornley Detector (ETD) and a Circular Backscatter Detector 

(CBS). 

The contact angle and the surface energy of the cured epoxy coatings were measured 

with a Dataphysics OCA15 plus goniometer and a SCA20 software (DataPhysics 

Instruments GmbH, Filderstandt, Germany). Three liquids with different polarities were 

used for determining the surface energy: water, diiodomethane and glycerol. The 

Owens-Wendt-Rable-Kaelble (OWRK) method [29,30] was used to calculate the 

dispersive and the polar components. Nine measurements were carried out for each of 

the liquids used for testing on each coating. 

The stiffness, the universal hardness (HU) and the plastic work (Wplast) of all the organic 

coatings were measured to evaluate their mechanical properties with a universal 

hardness tester ZHU 2.5 (Zwick Roell, Ulm, Germany). The conditions established 
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were: a load of 5 N, a load application speed of 1 mm·min-1 and a load removal speed 

of 10 mm·min-1. Nine measurements were made on each epoxy-based cured coating. 

The glass transition temperature (Tg) of the cured organic coatings was determined by 

a differential scanning calorimeter (DSC), model 822 (Mettler Toledo GmbH, 

Greifensee, Switzerland). Nitrogen was used as purge gas with a 35 ml·min-1 flow and 

all the samples were tested in a temperature range of 25-125 °C. Aluminum crucibles 

of 40 µl were used with a sample weight of 10.5±0.5 mg. A heating rate of 20 o·min-1

was used.  

A kinetic study on the curing of the epoxy powders was carried out in order to study if 

there is an effect of the SiO2 nanoparticles in the curing process of the epoxy powder 

coating. A DSC was also used to calculate the different thermal measurements. 

Aluminum crucibles of 40 µl were used with a sample weight of 10.5±0.3 mg. Nitrogen 

was used as purge gas with a 35 ml·min-1 flow and all the samples were tested in a 

temperature range of 25-250 oC. Three different tests were carried out for each organic 

coating, at 3 different heating rates: 5, 10 and 20 °·min-1. 

Two different methods were used to determine the activation energy (Ea) of the cure 

reaction of each organic powder coating: the Kissinger method and the Model Free 

Kinetics (MFK) method. The Kissinger method is defined by Eq.1 [31] where Ea is the 

activation energy (J·mol-1), Tp is the peak of curing curve (K), is the heating rate 

(°·min-1), R is the gas constant (J·mol-1·K-1) and C is a constant. This method calculates 

a constant Ea throughout the whole polymer coating curing process. The MFK method 

[32,33], however, supposes an Ea that varies with the curing degree ( ) and was 

calculated with the STARe software (Mettler Toledo GmbH, Greifensee, Switzerland).

(1)

3. Results and discussion 

3.1 Interaction of silica nanoparticles with the epoxy powder  

Low magnification TEM images together with STEM measurements were acquired to 

characterize the SiO2 nanoparticles distribution in the epoxy powder. TEM images were 

used to determine the size of the SiO2 nanoparticles, as well as their distribution in the 

epoxy. Although the manufacturer provides an average particle size (shown in Table 

1), the nanoparticle size distribution is very wide. Fig. 1 gathers representative TEM 

images of the HL and HB SiO2 nanoparticles. As can be observed in Fig. 1a and Fig. 



7 
 

1b, in general, HB nanoparticles have a more uniform size and are smaller than HL 

nanoparticles. For the case of HL nanoparticles, there is a wider particle distribution 

with nanoparticles that measure up to about 150 nm diameter (Fig. 1a). In Fig. 1c and 

Fig. 1d, two average sized HL and HB isolated nanoparticles are shown. The diameter 

of these two specific silica nanoparticles are 52 nm and 40 nm, respectively. Regarding 

the morphology of the SiO2 nanoparticles, both HL and HB are very similar, as both are 

amorphous silica (since no crystalline planes have been detected) and have a very 

rounded shape.  

Fig. 1: Bright-field TEM images of the SiO2 nanoparticles: a) HL and b) HB SiO2

nanoparticles distribution; c) HL and d) HB isolated nanoparticles. 

In order to study this in detail, the dispersion of silica nanoparticles in the epoxy matrix, 

chemical compositional maps and EDS spectra of the nanoparticles have been 

achieved using EDS together with Z-contrast images. Fig. 2 shows the STEM analysis 

of the 1%HL (Fig. 2a) and the 1%HB (Fig. 2b) organic coatings. The darker areas 
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correspond to the organic material (epoxy powder) and the lighter areas to inorganic 

materials (either nanoparticles or fillers).  

Fig. 2a shows a STEM image of 1%HL powder, together with an EDS compositional 

maps of Si (K) and O (K) of the region limited by the red square on the epoxy powder 

coating (Fig. 2b). Analyzing the data presented, it is possible to easily determine the 

existence of several SiO2 nanoparticles sized below 100 nm and embedded in the 

epoxy. Those nanoparticles are distributed homogeneously in the epoxy matrix. In Fig. 

2c a STEM image can be seen of the 1%HB organic powder and an EDS spectrum of 

the region delimited by the white circle (20 nm radius), revealing that it is SiO2 (Fig. 2d).

In this case, the contrast of the HB SiO2 nanoparticles with respect to the matrix is 

lower. This is due to the smaller size of HB nanoparticles, as demonstrated in Fig. 1. 

These results confirm a good homogeneity in the distribution of nanoparticles since no 

agglomerates are observed. 

Fig. 2: a) STEM images of 1%HL organic coating; b) EDS compositional maps of Si 

(K) and O (K) of the region limited by the red square on the epoxy powder coating in 

figure a; c) 1%HB organic coating; d) EDS spectrum of a SiO2 nanoparticle in figure c. 
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Fig. 3 shows the epoxy powders with a HL (a) and a HB (b) nanoparticle respectively, 

after the ball milling process. These samples correspond to the epoxy powder that 

contains the highest percentage by weight (1%) of SiO2 nanoparticles. An EDS 

spectrum was carried out on the nanoparticles to verify that they are SiO2. Fig. 3c 

gathers the EDS spectrum measured at the red cross plotted in Figure 3a. As can be 

observed, O-K line (0.48 keV) and Si-K line (1.71 keV) are clearly measured. The same 

spectrum has been achieved for HB isolated nanoparticles (not shown here). The 

quantification of the spectrum reveals a composition compatible with SiO2. It can be 

seen again how HB nanoparticles are generally smaller compared to HL nanoparticles.  

Moreover, Fig. 3 allows confirming how both nanoparticles are embedded in the epoxy 

powder, so the interaction of the nanoparticles with the epoxy matrix has been 

achieved correctly. Hence, the innovative mixing method (ball milling) selected has 

provided a correct distribution of the nanoparticles in the polymer, without 

agglomerates (Fig. 2) together with good interaction between nanoparticles and epoxy 

(Fig. 3), which can lead to a correct curing process of the organic coating and to 

achieving better properties in the coating.  
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Fig. 3: a) HL and b) HB SiO2 nanoparticles embedded in the epoxy powder after ball 

milling. c) EDS spectrum of a SiO2 nanoparticle. 

3.2 Influence of silica nanoparticles on the properties of the organic coating  

The main purpose of the addition of SiO2 nanoparticles in these functionalized epoxy 

coatings is to increase their wear resistance. In order to characterize the wear 

resistance and to study the influence of the nanosilica on the wear mechanism, all the 

wear tracks of the different epoxy coatings were analyzed after testing. The 

morphology of the tracks was analyzed with optoelectronic microscopy obtaining 

images like those shown in Fig. 4.  
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Fig. 4: Wear tracks of 0%, 0.75%HB and 0.25%HL organic coatings. 

The most relevant results obtained from the analysis of images of the track such as 

those in Fig. 4 are plotted in Fig. 5. The data presented correspond to the average 

values for the depth and the width of all the wear tracks and the standard deviation of 

the measured parameters. It can be seen that the greatest differences are observed in 

the depth rather than in the width of the wear tracks, although the evolution of both 

parameters is related. The width of the track is clearly limited by the diameter of the ball 

(countermaterial), so it is less sensitive to the aggressiveness of the wear attack.   

When comparing the wear tracks in the AR and the 0% coatings, it can be checked that

they have similar depth and width values. This indicates that the ball milling process 

has not affected the wear properties of the epoxy material. As silica nanoparticles are 

added, both values decrease (Fig. 4), indicating improved wear resistance.  

However, different behaviors can be observed for both types of SiO2 nanoadditions. In 

the case of coatings with 0.25% HL nanoparticles, the depth of the track is already 10 

µm lower than the depth in non-functionalized coatings. This value remains practically 

constant for 0.5%HL coatings, and subsequently, for higher amount of HL additions, 

the depth increases slightly. The same trend can be observed for the width values of 

the wear tracks, although in a less marked way. Regarding the organic coatings that 
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contain HB nanoparticles, the depth of the wear track is progressively reduced when 

the amount of silica increases. The best result is obtained for the 0.75%HB, although 

the improvement achieved from the 0.25% addition is noticeable. However, the 1%HB 

coating experiences considerable worsening in its wear performance, although the 

TEM results (Figs.2b and 3b) can allow us to discard the presence of the 

coating when the nanoparticles are added in high amounts [6,21].  
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Fig. 5: Wear track analysis: a) depth and b) width of the wear track of the functionalized 

and non-functionalized studied epoxy coatings. 

The wear mechanisms can explain the differences found between the performance of 

the different coatings studied. In Fig. 6, SEM images of the wear tracks of the 0% (a 

and b), 0.75%HB (c and d), 1%HL (e and f) and the 1%HB (g and h) are observed. The 

0% coating clearly shows cracks transverse to the sliding direction, especially 

appreciated at the highest magnification (Fig. 6b). This failure mode is similar to those 

reported in other studies [34]. No scratches, typical of an abrasive wear mechanism, 

are found (Fig. 6a). In polymer-on-metal sliding, there is a natural tendency for 

polymeric material to be transferred to the metallic countermaterial. The flat worn 

surface of 0% (Fig. 6a) can correspond to a soft material, where transfer (wear) of 

material takes place more easily. Material transferred during each stroke of the cycle is 

loosened and could be removed by the reverse stroke, with the removal of material 

being more dominant under high contact stresses. Material loss reveals that the 

adhesive wear mechanism plays a main role in the damaging process. Shear 

deformations at adhesive seizure are commonly associated with the fracture of a 

polymer surface as that shown in Fig. 6a [17]. 

All coatings but 1%HB show the same performance just discussed for the 0%. As an 

example, the 0.75%HB (Fig. 6c and 6d) and the 1%HL (Fig. 6e and 6f) organic 

coatings show the same tensile cracks on their surface than the 0% (Fig. 6b) and with 

the rest of the epoxy coatings (not included in Fig. 6). Differences in wear depth results 

(Fig. 5a) could be related, for instance, to the mechanical properties of each individual 

coating. The addition of 1%HL SiO2 nanoparticles (Fig. 6e), which are adequately 

incorporated to the epoxy matrix (Fig. 3), makes the transfer of material more 

complicated, and the worn surface changes macroscopically. Evidently, the bonding 

between SiO2 nanoparticles and the epoxy increases the integrity of the composites, 

leading to some deformation on the surface and less removal of material. 

On the other hand, 1%HB (Fig. 6g and 6h) shows a completely different behavior. The 

transverse cracks are bigger and deeper than in the other materials, and longitudinal 

cracks (clearly observable at low magnification) also appear. This behavior suggests a 

higher brittleness for this coating, which could have negatively affected its wear 

performance (Fig. 4). Other authors [35,36] have found similar situations in epoxy 

polymers with an amount of SiO2 nanoparticles between 3-6 % by wt.   
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Fig. 6: Wear tracks of 0% (a and b), 0.75%HB (c and d), 1%HL (e and f) and 1%HB (g 

and h) organic coatings. 

In Fig. 7, the evolution of COF obtained during some of the wear tests (600 s) are 

shown. In all cases, 3 different stages in the COF can be observed: a first stage where 

the COF stays low and grows slightly (typical of sliding conditions), a second stage 

where COF grows very fast (the beginning of the wear) and finally, a third stage, where 

the COF is again more or less constant during the rest of the wear test. Other authors 

[37] have also found that COF during wear test grows from the start and then remains 

constant. All the organic coatings studied have a similar behavior since they present 

the 3 stages, but these stages start and end at different times, thus defining the wear 

resistance of each epoxy coating. The original epoxy coating (AR) and those containing 

HL nanoparticles present a short first stage before the wear starts (at approximately 50 

s). Nevertheless, the organic coatings with HB nanoparticles delay the appearance of 

the wear up to 4 times more than for the other coatings (at 230-280 s approximately). 

This can be observed because the sliding stage (first stage) is much longer due to the 

mechanical properties of the coating, as it will be discuss later. Regarding the 

0.75%HB, which is the organic coating that presents less deep tracks (Fig. 5a), and 

this corresponds to a delay in the onset of wear. The 1%HB can be seen to further 

delay the beginning of the wear, but as seen in Fig. 6h, the wear mechanism could 

result in being more aggressive due to the observed trend of developing brittle cracks. 

Those higher wear losses in the 1%HB (Figure 4) can also be related to the marked 

fluctuations observed in the third stage of COF (Fig. 7). 
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Fig. 7: COF evolution of selected organic coatings during wear test. 

Regarding the final COF values, there are no major variations between the different 

epoxy coatings. The final COF of the organic coatings (approximately 0.5) corresponds 

to similar values studied in other epoxy systems [1,36]. The lowest value obtained was 

for 1%HB and the maximum for the 1%HL. Differences in the COF value between AR 

and 0.75%HB do not exist, but the delay in the beginning of the wear of the coating 

makes 0.75%HB the best option out of all the coatings studied. 

The results on the wear performance found in the coatings studied can be understood 

bearing in mind those corresponding to their mechanical properties (Fig. 8). It has been 

shown that the curing degree of SiO2 containing epoxy resins affect the final 

mechanical properties [18]. As expected, SiO2 nanoparticles have converted the epoxy 

into a more rigid and brittle matrix [7,28,38], and with greater hardness as well [39].

The hardness and the stiffness increase with the percentage of SiO2 and consequently, 

Wplast decreases when the percentage of silica increases (Fig. 8). It can be assumed 

that bonds are formed between nanoparticles and the polymer, immobilizing polymeric 

chains and increasing the crosslinking of the polymer [40] and the stiffness of the 

matrix around the particles. The Wplast is related to the stiffness: the higher the stiffness 

of the organic coating, the lower its Wplast. The increase of stiffness confirms that the 

crosslinking of the polymer has been clearly fostered by the silica additions, increasing 

this effect as the amount of nanoreinforcements in the coating is also increased. These 

results confirm the TEM observations that a good interaction between nanoparticles 

and epoxy has been achieved, with a homogeneous distribution of nanoparticles and 
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finding neither aggregates nor agglomerates. This distribution promotes a high amount 

of interface capable of transferring stresses from the matrix to the fillers [41]. The 

relatively similar surface of the HB particles added in comparison to that of HL particles 

(Table 1 and Fig. 1) could be related to similar results observed in Fig. 8 for the 

mechanical properties of the coating when identical amounts of hydrophilic and 

hydrophobic particles are added. It is true that the effect of the particles on the 

crosslinking not only depends on the amount of the interface, but also on the quality of 

the interaction between them and the matrix. From the results in Fig. 8, no clear 

advantage of one kind of particle or another can be observed.  

The positive influence on wear resistance of the organic coating is also related to the 

nanoadditions, as has previously been reported for other systems [16,40,42]. The 

improvement on the wear results observed in Figs. 4 and 5 could be related to this 

increase on the crosslinking of the polymers caused by the nanoparticles that the 

mechanical tests have demonstrated (Fig.8). The increase of the crosslinking of the 

matrix allows a better stress transfer. The longer sliding stage of COF (Fig. 7) observed 

for 0.75%HB and 1%HB also relies on the cross-linking phenomenon and its 

enhancement due to the presence of nanosilica.    

However, a high level of crosslinking can lead to an embrittlement, as occurs with the 

1%HB coating (Fig. 6h). For this coating, hardness and stiffness increase somewhat 

more than the other coatings (Fig. 8a) and it exhibits a clear decrease in its Wplast. The 

largest amount of hydrophobic particles studied promotes such an intense curing 

process that the wear mechanism changes, and the wear resistance decreases. This 

type of reduction in the in-service performance due to the addition of a large amount of 

particles has been previously reported [4].  
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Fig. 8: a) HU, b) stiffness and c) Wplast values of all epoxy coatings. 
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To obtain more information about how the hydrophilic or hydrophobic nature of 

nanoparticles can affect their interaction with the epoxy coating, contact angles were 

measured and the surface energies were calculated on the cured coatings. Table 2 

collects the static contact angles with water and the surface energies of the AR, 

0.75%HL, 0.75%HB, 1%HL and 1%HB cured organic coatings. As the dispersive part 

of the surface energy is larger than the polar part, it can be concluded that epoxy 

organic coating surface has a predominantly hydrophobic nature. It is well-known that 

epoxy resins have several polar groups that provide them with hydrophilic properties. 

However, the presence of meaningful amounts of the other different chemical 

compounds in the powders as well as the influence of the surface roughness in the 

hydrophobicity can explain the obtained results. The values in Table 2 are similar to 

other studies of epoxy organic coatings [1,5]. The difference between the contact angle 

results obtained for the three studied organic coatings is practically insignificant. As the 

amount of nanoparticles used is much reduced, these hardly noticeable effects are 

logical. Moreover, as no huge deviation in data was obtained, the homogeneity of the 

coating can be considered to be in line with the good dispersion observed for the 

nanoparticles (Fig. 2). 

 Table 2: Contact angle (with water) and surface energy of AR, 1%HL and 1%HB. 

Contact angle (o) Surface energy (mJ·m )

Total Dispersive Polar

AR 79±2 39±3 35±3 4±1

0.75%HL 78±1 39±2 34±2 5±1

0.75%HB 80±2 39±3 35±3 4±2

1%HL 78±2 39±3 34±3 5±1

1%HB 81±4 38±3 34±2 4±1

The non-clear hydrophilic or hydrophobic character of the resin is in accordance with 

the absence of dramatic differences between coating with HB and HL particles when 

they are added in small amounts (Fig. 5 and 8). Although the AR coating can be 

considered more hydrophobic than hydrophilic, the results in Table 2 suggest that the 

resin has components that can promote positive interactions with HB particles as well 

as with HL particles. The higher ability of 1%HB to promote hardening (Fig. 8) could be 

related to the lower size and higher surface of these particles in comparison to HL 

(Table 1 and Fig. 1). In previous studies, it has been concluded that the lower the 
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nanoparticle size, the higher the increase produced on the properties [10]. However, 

the size of the particles is not so different, and a certain influence of the hydrophobic 

nature of the particles in promoting a better anchoring of the matrix cannot be 

discarded.  

3.3 Insight on curing kinetics 

Table 3 shows the different glass transition temperatures (Tg) obtained by DSC for the 

different epoxy cured coatings. Very small differences can be appreciated among all 

the organic coatings, since Tg values lie at 95±1 oC. No effect on Tg is found due to the 

different SiO2 nanoparticles (HL and HB). These results also address the idea of the 

homogeneity of the mixture and are consistent with the results obtained by TEM (Figs. 

2 and 3). If the Tg had decreased with SiO2 nanoparticles, it would have meant that 

agglomerates were present, not allowing a good crosslinking of the organic coating and 

consequently, the mechanical properties would have also gotten worse [38,43].  

Table 3: Tg values of all epoxy-based coatings. 

Tg (oC)

AR 95
0% 96

0.25%HL 94
0.5%HL 95

0.75%HL 94
1%HL 96

0.25%HB 95

0.5%HB 96
0.75%HB 95

1%HB 95

The curing kinetics of the coatings studied was evaluated in order to analyze if the 

crosslinking enhancements shown through wear (Figs. 4 and 6) and mechanical (Fig. 

8) behavior can be appreciated. It is clear that nanoparticles and their dispersion can 

affect the curing of polymers [43]. There are very few studies related to the curing 

process of organic powder coatings, and they are mainly devoted to defining the 

temperatures of the process for polyester and polyester-epoxy coatings [13,44-46] or to 

the study of conversion of polyester coatings [47]. Using this technique, it has been 
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seen that calcium carbonate [13] and TiO2 [25] nanofillers reduce Ea of polyester based 

resins. 

As an example, some of the DSC curves obtained at 20 °·min-1 are shown in Fig. 9, 

although two other testing conditions (at 5 °·min-1 and 10 °·min-1) were also used in 

order to allow the Kissinger and MFK methods to be applied. For all samples and all 

heating rates, two different peaks can be observed: the first peak (endothermic) 

corresponds to an enthalpy relaxation of the epoxy polymer (at 80 °C approximately) 

and the second peak (exothermic) corresponds to the curing reaction (epoxy 

crosslinking). This interpretation for the first peak can be verified because when a 

second scan is being done, this peak disappears. At any rate, enthalpy relaxation is a 

common phenomenon in polymers and is not relevant in this case. Moreover, silica 

nanoparticles do not seem to influence it, as has been already shown in previous 

studies [48]. As for the curing peak, it starts and ends at different temperatures, 

depending on the heating rate. In the case of the 20 °·min-1, the cure peak begins at 

approximately 130 to 240 °C, as can be seen in Fig. 9, and at lower heating rates, the 

peak shifts to lower temperatures. 

Fig. 9: Non-isothermal DSC curves (20°·min-1 heating rate) of AR, 0%, 1%HL and 

1%HB epoxy powders. 
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Once the DSC curves were obtained, the curing peak was studied using the Kissinger 

and MFK methods. To calculate the Ea with the Kissinger method, Eq. 1 was used. The 

Ea value of the curing reaction was obtained by plotting ln( /Tp
2) vs. 1/Tp. Table 4 

collects the values of the peak temperature (Tp) obtained from the DSC curves 

necessary for the resolution of the Kissinger equation, and the Ea obtained for each 

epoxy powder coating. Kissinger assumes a first order reaction to calculate a constant 

Ea during the whole process, since this method assumes that the curing reaction is of 

order 1. The values obtained are similar to other epoxy systems also evaluated with the 

Kissinger method [49,50,51]. 

As many epoxy systems present a nth order reaction [52], the MFK method allows 

completing the information given by the Kissinger method described above. MFK is 

more complex, since more parameters are required and, besides that, the Ea changes 

according to the curing conversion, without the assumption of a particular order of the 

reaction model [53]. In Fig. 10, the Ea of all epoxy powder coatings are represented 

versus the curing conversion (%). The variation of Ea range out of 10 to 90% has been 

skipped over as it could be greatly affected by errors in the baseline [54]. The Ea values 

for AR and 0% organic coatings are plotted in both graphs in order to compare them 

more easily.  

Generally, the first stages of conversion are related to chemically-controlled reactions 

while later stages are related to diffusion-controlled reactions. The well-known effect of 

nanoparticles, acting as interaction points with the resin chains [13], adsorbing them on 

the surface and creating high density layers [39], could provoke a catalytic effect, 

reducing Ea values. For the powder coatings studied, this effect is not detected and the 

changes in Ea found during the first stages of curing (Fig. 10) can be the results of 

complex influences. The curing of powder coatings proceeds under high viscosity 

conditions to avoid flow problems on the surface of samples. The viscosity of the resin 

during the curing is much higher than for liquid coatings, and additions of nanoparticles 

increase it. This effect could be responsible for the lower mobility of species during 

chemically-controlled first stages of reaction [55], shifting Ea to higher values when 

SiO2 nanoparticles are present. Moreover, the effect of increasing reaction points, 

requiring more global energy per moll, cannot be ignored. The superposition of those 

effects can explain the observed values. At this stage of curing, there can be a mixed 

control of the curing reaction, where both the chemical process and the diffusion 

determine the rate of the polymerization process.   
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The diffusion control of the polymerization is later affected when species have to 

diffuse through the forming crosslinked network and the autocatalytic nature of epoxy 

curing reaction [53]. After a certain time, the value of Ea begins to stay almost constant. 

The values of the Ea at 50% curing degree (which is generally when the value of Ea is 

kept constant) of all epoxy based powders are shown in Table 4. This proposed 

mechanism is in accordance with the increased crosslinking that wear (Fig. 4) and 

mechanical properties (Fig. 8) show due to the effect of the addition of nanoparticles. 

Nanoparticles provoke an increase in the value during its evolution, as the example in 

Table 4 shows, clearly supporting the fact that a more crosslinked network exists when 

they are present, and, hence, diffusion of species (their mobility) is more complicated. 

1% HB shows the highest values, implying that the degree of crosslinking is higher, 

affecting performance in a way that has even changed the wear mechanism (Fig. 6g 

and 6h).  

Table 4: Tp (
oC) and Ea values calculated with the Kissinger equation (eq. 1) and MFK 

for all epoxy powder coatings. 

Tp (oC) Ea

Kissinger 
(kJ·mol-1)

Ea

MFK 
(kJ·mol-1)

o·min-1) 5 10 20

AR 150 165 180 65 67

0% 150 164 181 65 66

0.25%HL 151 165 181 65 72

0.5%HL 151 164 180 69 71

0.75%HL 150 164 179 69 74

1%HL 151 165 179 70 74

0.25%HB 150 164 180 68 70

0.5%HB 151 165 180 69 71

0.75%HB 151 164 180 70 71

1%HB 151 165 179 71 78
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Fig. 10: Ea vs. curing degree by the MFK method for epoxy coating with: a) HL 

nanoparticles and b) HB nanoparticles. 

4. Conclusions 

In this work, two different silica nanoparticles were used to manufacture epoxy powder 

coatings for wear applications. After carrying out this investigation, the following main 

conclusions can be drawn: 
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 The ball milling method has allowed to obtain a good homogeneity for the 

dispersion of the silica nanoparticles in the epoxy powder coating. TEM studies 

have confirmed a correct embedding of the nanoparticles in the epoxy powder 

for both types of SiO2.

 The small percentages of SiO2 nanoparticles studied increase the wear 

performance of the epoxy based powder coating, due to the extension of sliding 

conditions during the wear test. 

 The hardness and stiffness indicate that crosslinking is enhanced due to the 

addition of nanoparticles, increasing as the percentage of silica nanoparticles is 

higher. In the case of 1%HB, this increase is so high that coating becomes 

embrittled and the wear mechanism changes.  

 The kinetic study carried out with DSC reflects the influence of the diffusion 

stages in the polymerization process. 
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