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Abstract 

An APPJ system was used to deposit a coating that combines a low friction coefficient with a 

high water contact angle (WCA) on a thermoplastic elastomer substrate (TPE) that is used in 

automotive profiling. The main drawback of this research is that groups that improve the 

hydrophobicity of the surface worsen its tribological properties. To overcome this, this study 

explored the use of various mixtures of differing proportions of two precursors. They were a 

siloxane, aminopropyltriethoxysilane (APTES) that was used to reduce the friction coefficient 

by its content of SiOx and a fluorinated compound, (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)trimethoxysilane (FLUSI) that was used to improve the water-repellency 

characteristics, due to the presence of CF2 long chains. The coatings were characterized by 

Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), Attenuated Total 

Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR), X-ray Photoelectron 

Spectroscopy (XPS), dynamic Water Contact Angle (WCA), stability tests and tribological 

tests. It was found that an increase of the absorbance area under the SiOSi peak and inorganic 

groups is related to lower friction coefficients. On the other hand, the higher the CF2 

percentage is, the higher the WCA is. The sample that was coated with 25% of FLUSI and 

75% of APTES combined the improvements of both functional properties, the friction 

coefficient and the WCA. It has an average friction coefficient that is (0.530 ± 0.050) 51.5% 

lower and a WCA that is (θadv= 119.8º ± 4.75) 4.4% higher than the uncoated TPE sample. A 

satisfactory stability in humid ambient for twelve months showed a slight decrease of WCA 

(4.4%) for this sample. The results of this study permit one to realize the effectiveness of 

using fluorinated precursors to avoid a significant decrease in the WCA when applying a 

precursor to anti-friction improvement. 

Keywords: Friction Coefficient; Hydrophobic; APTES; FLUSI; Atmospheric-Pressure 

Plasma Jet; Plasma Polymerization 
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1. INTRODUCTION 

The high performance and relatively low cost of elastomer-based materials has led to an 

increase in their use [1]. Thermoplastic elastomers (TPEs) combine the mechanical properties 

of vulcanized rubber (softness, flexibility and resilience) with the ease of processing of 

thermoplastics [2-3]. This enables the production of rubber-like articles using the rapid 

processing techniques developed by the thermoplastics industry, with properties optimized for 

the application [3-4]. TPEs are: moderate in cost and light in weight. They have excellent 

mechanical properties (high elasticity, good flexibility, and toughness), and high resistance to 

tears and oxidation. In addition, they are hydrophobic in character, possess chemical 

resistance, offer a wider processing window, and provide an ability to bond with multiple 

thermoplastics and an excellent price-performance ratio, all of which make them ideal for 

huge industrial applications [2, 5]. Nowadays, the global TPEs market is one of the most 

dynamic markets in the world. The diversity of TPEs means that the market now covers a 

range of different applications, such as in the automotive industry, wire and cable industry, 

medical applications, engineering, etc. [4-6]. The use of TPEs in the automotive industry 

represented over 42% of its market during the period of 2011 to 2013 [6]. In particular, TPEs 

are widely used in the automotive sealing industry to produce components for various 

automotive parts that are water tight, dust proof and noise proof. 

In some areas of the vehicle, in which there is a slippage, such as between the window 

channels and the glass and the windshield wipers, the TPE must have a low friction 

coefficient and high hydrophobicity. 

With the aim of providing TPE with a low friction coating, the authors have proved SiOx 

based-coatings on ethylene propylene diene monomer (EPDM) and TPE substrates with 

different precursors (tetraethoxysilane –TEOS- and aminopropyltriethoxysilane –APTES-, 

respectively) that were deposited using different atmospheric pressure plasma jet (APPJ) 



3 

systems [7-8] (PlasmaPlus®, Plasmatreat GmbH, Germany and Plasma Spot®, VITO, 

Belgium, respectively) and achieved low friction coefficients [9-10]. However, the 

hydrophobic character of these coatings surfaces was noticeably reduced, quantified by 

measuring the contact angle of water droplets with the surface (WCA), similarly to anti-

friction coatings of others works [11-12]. This study explored the use of various mixtures 

with different proportions of two precursors to enhance both the friction coefficient and the 

hydrophobicity of the polymer surface. A siloxane, aminopropyltriethoxysilane (APTES) was 

used to reduce the friction coefficient by its content of SiOx and a fluorinated compound, 

(heptadecafluoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane (FLUSI) was used to improve the 

water-repellency characteristics, due to the presence of CF2 long chains. Plasma 

polymerization by an APPJ system is an appropriate method for depositing such coatings. 

Compared to current methods of coating, APPJ has many advantages: [a] a solvent-free 

process, [b] a clean process, [c] no need for vacuum equipment, [d] a lower processing costs, 

[e] easy scalability for industrial on-line processing, [f] moderate substrate temperature and 

[g] relatively easy control of plasma parameters (plasma power, gas flow…) [1, 13-15]. The 

objective of this study is to apply an anti-friction coating to a TPE substrate (used in 

automotive profiling) whose hydrophobicity surface is not reduced significantly. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials 

A siloxane, aminopropyltriethoxysilane (APTES), to reduce the friction coefficient and a 

fluorinated compound, (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane (FLUSI) to 

improve the hydrophobicity were used as liquid precursors. The chemical structures of these 

precursors are shown in Fig. 1. The polymer substrates used in this study were TPE (EPDM + 
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PP) sheets provided by Standard Profile SA (Spain), an automotive sealing factory. The 

sheets were cut into samples of 100 x 50 x 2 mm. 

2.2. Atmospheric pressure plasma jet (APPJ) and the deposition process 

The schematic diagram of the Plasma Spot® APPJ set-up for coating samples can be seen in a 

previous work by these authors [10]. The deposition process was carried out in two steps - the 

activation phase and the coating phase. During the activation phase, each sample was treated 

with nitrogen as the ionization gas at a flow rate of 80 slm, without using any precursor to 

activate the surface. In the coating phase, each sample was coated by a two-pass process. 

Nitrogen was used as the carrying gas at a flow rate of 1.5 slm. A different mixture of FLUSI 

and APTES precursors was employed for each sample. Such mixtures are described in Table 

1. Throughout this paper, the term -fluorinated coatings- refers to AF0, AF25, AF50 and AF75 

samples. The process settings during the APPJ deposition, which were the same for all 

samples, are shown in Table 2. 

2.3. Characterization of coatings 

2.3.1. Scanning electron microscopy (SEM) 

A JEOL JSM-840 Scanning Electron Microscope (SEM) operating at 10-15 kV was used to 

examine the coating surface morphology. The wear track produced during the tribological test 

was observed by the use of a HITACHI S-2400 SEM at an operating voltage of 18 kV. 

Because the samples are non-conductive, samples surfaces were coated with a thin layer of 

gold using a plasma sputtering apparatus before the SEM examination. 

2.3.2. Atomic force microscopy (AFM) 

Atomic force microscopy was used to investigate the surface morphology of the samples. 

AFM data is collected on a Veeco Instrument with a Nanoscope V system. Samples were 
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measured in taping mode. Surface roughness measurements were based on root mean square 

(RMS) roughness values. 

2.3.3. Film thickness 

To determinate the thickness of the coatings, silicon wafers were coated using the same 

process parameters as for coated samples (Table 2). The samples were fractured by the use of 

liquid nitrogen. The fractured samples were tilted at an angle of 80° from a horizontal plane 

inside the SEM chamber before taking the images. The thickness of the coated silicon wafers 

was assumed to be the same as that of the TPE samples. 

2.3.4. Attenuated total-reflectance-Fourier transform infrared spectroscopy (ATR-

FTIR) 

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) was used to 

study the chemical composition of each coating. Spectrums were recorded by a BRUKER IFS 

66 FTIR spectrometer with a Specac Golden Gate ATR accessory based on a single bounce 

diamond prism. Each spectrum was recorded in the 600-4000 cm-1 region with a resolution of 

2 cm-1 and 64 scans. FTIR deconvolutions were undertaken with the aid of the spectrum 

analysis program PeakFit 4.12 (SPSS Inc.). Each spectrum was fitted with a mixture of 

Gaussian and Lorentzian functions. 

2.3.5. X-ray photoelectron spectroscopy (XPS) 

Surface chemical characterization was carried out by X-ray Photoelectron Spectroscopy 

(XPS). The system used was a Physical Electronics PHI 5700 spectrometer with a multi-

channel hemispherical electron analyzer. The base pressure in the UHV analyzing chamber 

was below 1.33 x 10-7 Pa. Excitation was accomplished via the Mg Kα line (300 W, 15 kV 

and 1253.6 eV). The high resolution spectrums were registered in the constant analyzer 

energy mode with 29.35 eV pass energy. The PHI ACCESS ESCA-V8.0C software package 
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was used for acquisition of the data. Atomic concentration percentages of the characteristic 

elements were determined from the spectrum after subtracting a Shirley-type background, and 

taking into account the corresponding area sensitivity factor for every photoelectron line.  

XPS deconvolutions were undertaken with the same software as used for the FTIR analysis. 

The observed XPS bands were curve-fitted using a mixed Gaussian-Lorentzian component 

profile. For the uncoated TPE and A100 samples, a value of 285.0 eV for the hydrocarbon C1s 

core level was used for calibration of the energy scale. For the fluorinated coatings, the 

spectrum were corrected for the charging effect by setting the -CF2 component to a binding 

energy of 291.4 eV.  

2.3.6. Dynamic water contact angle (WCA) measurements 

The “tilting plate” method was used to measure the advancing and receding contact angles of 

all the samples. After each sample was adhered to the plane, a 10 µL deionized water drop 

was dropped on the sample surface by using a micropipette. The sample surface was then 

slowly tilted from 0º to 90º at a rate of 1º/s.  A video for the drop was continuously recorded. 

All contact angle measurements were performed at ambient temperature. Three measurements 

were done for each sample. 

2.3.7. Stability tests 

In order to have a study about the coatings´ stability in humid environment and the durability 

of the hydrophobic property, samples were aged in air for twelve months. The test chamber 

was set at 67% of relative humidity and 15ºC. At the beginning and upon completion of the 

test, the repellency toward water was measured and the ATR-FTIR spectrums were taken for 

all the samples. Static water contact angles (WCA) based on the sessile drop method were 

recorded using a commercial Contact Angle System OCA15plus system (Dataphysics, 

Germany) and SCA200 software. A total of 4-5 drops (3µL/drop) were taken and averaged to 
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obtain a value that was characteristic of the contact angle for each sample. The ATR-FTIR 

spectrums were recorded with the abovementioned spectroscope (see section 2.3.4). 

2.3.8. Tribological tests 

The tribological behavior of the coatings was investigated with a ball on disk tribometer 

(CSM Instruments). Two tribological tests with two different counterparts were performed for 

each sample. In the first one a hardened 100Cr6 steel ball (60-62 HRC, 6 mm in diameter) 

was used as a counterpart and in the second one a glass ball (6 mm in diameter) was used.  

The friction coefficient was recorded continuously during the test. The normal load applied 

was 1 N, the radius was 2.5 mm, the sliding speed was 2 cm/s and the total distance was 1000 

m.  

3. RESULTS AND DISCUSSION 

3.1. Thickness, roughness and SEM analysis 

The thickness and roughness of all coated samples are illustrated in Fig. 2. Fig. 3 shows SEM 

images of the uncoated TPE and the coated samples AF50 and AF75 and A100.  

The differences in the thickness and topography of the samples seem to be determined by the 

APTES percentage in the precursor mixture. NH2 groups of APTES play an important role in 

the adhesion enhancement of the coatings on substrates [16-17]. The absence of APTES and, 

therefore, NH2 groups is decisive for the AF0 sample, which possesses the thinnest coating of 

all coated samples (33 nm). This sample was coated using just FLUSI as a precursor, the 

molecule of which is mostly fluorocarbons (Fig. 1). Several authors have identified the 

problem of adhesion of these groups to substrates [18-19]. In this regard, as shown in Fig. 2, 

the higher the percentage of APTES in the mixture of precursors, the greater is the thickness 

of the coating. Furthermore, an increment in the APTES percentage results in a decrement of 

the flash point of the precursor mixture. The flash point of a liquid is that temperature at 
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which the liquid emits sufficient vapor to form a combustible mixture with air. The flash point 

of FLUSI is 168º C and the flash point of APTES is 96º C. An increment in the plasma 

polymerization in the gas phase and a reduction of plasma polymerization in the substrate take 

place by lowering the flash point of the precursor mixture [20]. 

In Fig. 3 (a) and (b), one observes a rough and fibrous appearance of the uncoated TPE 

sample. This sample has a roughness of 328 nm. In Fig. 2 and Fig. 3, the AF50 sample shows 

the smoothest surface of all samples studied (RMS: 180 nm). This suggests that 

polymerization occurs predominantly in the substrate surface. The polymer film grows by 

reacting with the monomer fragments that reach the surface [21]. Fig. 3 (e) and (f) show that 

the surface of the AF75 sample has an appearance that is similar to the uncoated TPE surface. 

The roughness of this sample (RMS: 291 nm) is similar to the uncoated TPE roughness 

(RMS: 328 nm) (Fig. 2). A much higher level of spherical particles of 100 nm in diameter is 

observed to cover practically the entire surface in Fig. 3 (f) (white circle). These particles are 

formed as a result of gas phase plasma reactions [20]. Similar particles are observed on the 

AF50 sample (white circle in Fig. 3 (d)), although the concentration is much lower. In Fig. 3 

(g) and (h), a coating formation is clearly visible on the surface of the A100 sample. In this 

case, using just APTES as a precursor, the degree of plasma polymerization in the gas phase 

is highest resulting in an increase in particle formation. Such particles land on the surface to 

grow a smooth layer by the van der Merwe growth mechanism [22]. The creation of such a 

layer leads to a roughness of 205 nm lower than the AF75 roughness (RMS: 291 nm). In 

addition, one can observe cracks (white arrows), which are typical of coatings that use 

APTES as a precursor [10]. Surface cracking of this sample can be a direct result of the 

difference in the densities of uncoated TPE and coated samples, which leads to an uneven 

shrinkage of the rubber material [23]. Some of these cracks can be seen on the surface of the 
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AF75 sample (white arrow in Fig. 3 (f)), and probably are caused by the creation of an 

emerging layer.  

3.2. ATR-FTIR analysis 

The ATR-FTIR spectrums of uncoated TPE and coated samples in the region of 600-4000 

cm-1 are shown in Fig. 4. For purposes of clarity, these spectrums were displaced from their 

expected locations. Fig. 5 depicts the ATR-FTIR spectrums of uncoated TPE and coated 

samples that are related to the three main regions: (I) 980-1280, (II) 1500-1800 y (III) 3000-

3700 cm-1. 

The uncoated TPE spectrum is characterized by various peaks. Three small peaks located at 

∼721, ∼808 and ∼840 cm-1 are characteristic of CH2 rocking vibrations. Moreover, the small 

peaks that appear at ∼896, ∼973 and ∼998 cm-1 correspond to C-C asymmetric stretching 

vibration and CH3 asymmetric rocking. The peak located at 1164 cm-1 is characteristic of CH3 

asymmetric rocking, C-H wagging vibrations and C-C asymmetric stretching. Finally, the 

peaks at ∼1303, ∼1377, ∼1460 cm-1 are related to the CH2 wagging vibration, the asymmetric 

stretching mode of -CH3 and the scissoring vibration of -CH2 respectively. In addition to the 

foregoing, there are three main absorption bands. First, the strong band at ∼1080 cm-1 

corresponds to a C-O stretching vibration. A second band in the region of 1500-1800 cm-1 is 

related to two different peaks: the -COOH bond (∼1600 cm-1) and the C=O bond (∼1700 cm-

1). The last band, which consists of three peaks, is situated in the region of 2852-2950 cm-1and 

is attributed to different saturated hydrocarbons [10]. 

As shown in Fig. 4 and 5, the same peaks that are observed in the characteristic spectrum of 

the uncoated TPE are also identified in all of the coated samples. However, the coated 

samples exhibit a noticeable increase of such peaks in the three main regions: (I) 980-1280, 

(II) 1500-1800 y (III) 3000-3700 cm-1.  
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In regards to the A100 sample, a broad band can be observed in Region (I) that corresponds to 

the overlapping of five different functional groups: the stretching vibration of Si-O-Si at 

∼1042 cm-1 [10, 24-26], the SiOC ring link at ∼1074 cm-1 [10], the SiOC open link at ∼1115 

cm-1 [10], the SiOC cage link at ∼1172 cm-1 [10] and OCH2CH3 ∼1200 cm-1 [10,17,25]. In 

Region (II), the new adsorption band in the range of 1500-1800 cm-1 corresponds to the 

overlapping of the nitrogen-containing groups (NH2, NH, C-N, C=N) [15-17,25,27-28] at 

∼1615 cm-1 and the unsaturated double bonds associated C=O stretching vibration [16,23,29-

30] at ∼1700 cm-1. In Region (III), the new wide band that is located around 3000-3700 cm-1 

is assigned to the overlapping of OH stretching vibration mode [15,27-28,31] and symmetric 

and asymmetric NH stretch of amino groups [15,17,25,28]. The existence of OH groups is 

due both to water when coated samples are exposed to the air humidity following the plasma 

treatment [10,29,31] and water vapor, which can enter the discharge channel from the air 

during the plasma polymerization at atmospheric pressure [15]. Besides these regions, a small 

peak can be identified around ∼1419 cm-1 that is related to the Si-CH2 bond [25]. 

In regard to fluorinated coatings, all spectrums show some absorption bands that are similar to 

those observed in uncoated TPE and A100 spectrums. Moreover, new overlapped peaks can be 

identified in Regions (I) and (II). In Region (I) CFx (x = 1, 2 and 3) groups can be identified at 

three different frequencies: ∼1150 cm-1 [24,27,32], ∼1208 cm-1 [23,27,33], and ∼1242 cm-1 

[24,32-33]. In Region (II), the new adsorption band corresponds to C=CF2 groups [23,33] at 

∼1700 cm-1. 

It has been noted that, for all of the coated samples, the behavior of these regions’ bands 

depends largely on the APTES percentage in the precursor mixture. In order to understand 

these relationships, a more in-depth study of the bands intensity of Regions (I), (II) and (III) 

was conducted. The spectrums of Regions (I) and (II) of all of the studied samples were 
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deconvoluted into their overlapping peaks. The deconvolutions can be seen in Fig. 6 and Fig. 

7.  

Fig. 8 shows the absorbance area under the peaks related to SiOSi, CFx, C=O, OH and N-

groups of all of the coated samples. These peaks are associated with enhancement of 

tribological properties, hydrophobicity and coating adhesion. Fig. 8 (a) illustrates the 

absorbance area of the peaks of Region (I) with the APTES percentage. In this Figure, one 

can observe the increase of the absorption areas of SiOSi groups by increasing the APTES 

percentage in the mixture of precursors. This could be justified by a greater contribution of 

SIO groups of APTES than FLUSI. CFx (x = 1, 2 and 3) groups can be seen at three different 

frequencies (∼1150, 1208 y 1242 cm-1). Thus, the variation of CFx groups in Fig. 8 (a) is the 

sum of the absorbance areas of these three peaks, despite the overlapping of CFx and 

OCH2CH3 of APTES at 1208 cm-1. The lower the percentage of FLUSI (more APTES) in the 

precursor mixture, the lower is the absorbance area of AF25, AF50, AF75 y A100 samples. The 

absorbance area of AF0 is the lowest of those of the fluorinated samples. This is probably due 

to the poor adhesion of fluorocarbons to the TPE substrate. Fig. 8 (b) illustrates the 

absorbance area of the peaks of the Region (II) with the APTES percentage. The higher the 

APTES percentage, the greater is the absorbance area of N-groups and C=O/C=CF2 peaks. 

This is related to amines and dissociation of the amines and the ethoxy radicals of APTES 

molecule [16]. The coating of the AF0 sample contains N-groups due to the nitrogen 

employed during the activation and coating phases. In Fig. 8 (c), one can observe how, as Fig 

8 (b), an increase in the APTES percentage results in an increase in the absorbance area of the 

NH/OH peak. It is known that the APTES molecule contains a NH2 bond. Therefore, such an 

increase could be due to the increase in that group, since it is assumed that absorption of OH 

groups should be similar for all coated samples.  
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Based on the foregoing, it can be concluded that the SiOSi groups (tribological properties) 

and NH groups (adhesion) are directly related to the APTES percentage, whereas CFx groups 

(hydrophobicity) show an inverse relationship. 

3.3. XPS analysis 

XPS analysis was used to quantify the elements on the surface of the uncoated TPE and 

coated samples. Atomic concentrations from survey scans of the coatings show clear 

differences in the concentrations of chemical groups that were found in the coatings as a 

function of the APTES percentage.  

Fig. 9 shows the atomic compositions (at. %) of all coated samples as a function of the 

APTES percentage. The uncoated TPE sample has the following atomic composition: C1s of 

94.3%, O1s of 4.5% and Si2p of 1.2%. The presence of oxygen is derived from the oxidation 

that takes place during the transformation of pellets into sheets. The silicon traces are likely 

caused by cross contamination.  

In order to study the likely reaction of the nitrogen used as the plasma gas with the polymer 

film, a pretreated sample was treated with nitrogen as ionization gas at a flow rate of 80 slm, 

without using any precursor, by a two-pass process. The atomic composition of the activated 

sample was the following: C1s of 79.2%, O1s of 16.1 %, Si2p of 1.7% and N1s of 1.6%. If 

we compared the atomic composition of the uncoated TPE with the activated sample, one can 

observe, apart from carbon, oxygen and silicon, a small percentage of nitrogen which means 

that some of the nitrogen from the plasma gas has reached the surface of the TPE. 

It can be seen that for the AF25, AF50 and AF75 samples, the higher the APTES percentage is, 

the greater are the oxygen, silicon and nitrogen percentages and the lower is the fluorine 

percentage. Such variations are due to the decrease in the FLUSI percentage in the precursor 

mixture, since it is FLUSI that provides fluorine to the coatings (Fig. 1). The chemical 

composition of the AF0 sample is determined by the absence of the NH2 groups of APTES. 
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This absence affects mainly the non-adherence of fluorocarbons to the substrate, since SiOx 

groups have inherently good adhesion [34]. Therefore, the atomic percentage of fluorine in 

this sample is the lowest (F1s: 15.5%) of all fluorinated coatings (AF25: 46.2%, AF50: 39.8% y 

AF75: 23.1%), whereas the silicon percentage (Si2p: 14.3%) and the oxygen percentage 

(O1s:23.1 %) have relatively high values. The carbon percentage (C1s: 46.6%) is the highest 

of that of all the fluorinated coatings (AF25: 33.3%, AF50: 29.8 y AF75: 38.0%). A factor 

influencing the increase in the C1s percentage may be the low F1s percentage. The nitrogen 

(N1s: 0.5 %) is derived from the N2 plasma gas which can react and reach the surface of the 

film as was explained before. The absence of fluorine in the A100 sample is balanced by the 

increase in carbon (C1s: 60.0%). The oxygen (O1s: 23.3%), silicon (Si2p: 11.8%) and 

nitrogen (N1s: 3.4%) percentages remain largely the same as in the AF75 sample (C1s: 38.0%, 

O1s: 24.0%, Si2p: 11.9%, N1s: 3.0%, F1s: 23.1%).  

In order to study the relationship between the hydrophobicity and the chemical composition 

of the coatings, C1s spectrums were deconvoluted into the six most representative 

components that correspond to the main bonding regions. Due to the small differences in 

energy between some functional groups, it was not possible to get a unique distinction of 

some peaks [14]. Table 3 shows the assigned chemical components and the peak position in 

the deconvoluted high resolution C1s spectrum. Representative, deconvoluted, high-

resolution, C1s spectrums of all samples are shown in Fig. 10. The C1s spectrum of the 

uncoated TPE and the A100 sample show a main peak at around 285 eV. The deconvolution of 

these samples is comprised of C-Si, C-H/C-C, C-O/C-N and C=O bonds. Fluorinated 

coatings, besides the mentioned peak, show a new peak situated at about 291.4 eV, which is 

related mainly to CF2 bonds.  

Fig. 11 (a) shows the relative percentage of fluorine-containing chemical bonds (components 

D, E and F) as a function of the APTES percentage. In Fig. 9 and Fig. 11 (a), one can see that 
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an increment in the APTES percentage results in a similar variation of the fluorine atomic 

(AF0: 15.5%, AF25: 46.2%, AF50: 39.8%, AF75: 23.1%) percentage and CF2 relative 

percentage (AF0: 4.3%, AF25: 20.1%, AF50: 12.5%, AF75: 7.5%) for all fluorinated coatings. 

In the case of AF25, AF50, AF75 and A100 samples, the higher the APTES percentage is, the 

higher the C=O/CF relative percentage (AF25: 0.0%, AF50: 1.8%, AF75: 4.7%, A100: 6.7%) is 

that is due to the decomposition of APTES molecules that produce hydrophilic polar groups 

like C-O, C=O, C-OH, C-N and NH2 [17,23,27], which are incorporated in the TPE surface 

by the plasma-polymerization process. For these reason, the C=O group plays a key role in 

the composition of the D component. Only AF0 and AF75 samples contain a small percentage 

of CF3. 

In order to study the relationship between the tribological properties and the chemical 

composition of the coatings, Si2p spectrums were deconvoluted into the five most 

representative components that correspond to the main bonding regions. Table 3 shows the 

assigned chemical components and peak position in the deconvoluted high resolution Si2p 

spectrum. Representative deconvoluted high resolution Si2p spectrums of all samples are 

shown in Fig. 12. Fig. 11 (b) shows the relative percentages of components G, H, I, J and the 

accumulated proportion of G component added to H component and I component added to J 

component as a function of the APTES percentage. The chemical bonds (CH3)4Si (component 

G), (CH3)3SiO (component H) and (CH3)2SiO2 (component I), are referred to as the organic 

nature, and the chemical bonds of CH3SiO3 (component J) and SiO4 (component K) are 

referred to as the inorganic nature [36]. Some authors associate the inorganic character with 

the surface hardness of a coating [36-37]. As can be seen in Fig. 11 (b), for AF25, AF50, AF75 

and A100 samples, when the APTES percentage is increased, a high accumulated proportion of 

chemical bonds CH3SiO3 and SiO4 is obtained (AF25: 7.5%, AF50: 8.8%, AF75: 10.6%, A100: 
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11.8%). This results in a greater inorganic character and a greater surface hardness of the 

coatings [36].  

3.4. Hydrophobicity 

Since the equilibrium contact angle cannot be determined on practical polymer surfaces due to 

their chemical heterogeneity and surface roughness [38-39], the hydrophobic nature of the 

surfaces was quantified by measuring the dynamic WCA. In this way, advancing and receding 

contact angles were measured and the hysteresis, the difference between the advancing and 

receding contact angles, was calculated. It is well established that the advancing contact angle 

is more sensitive to the low energy components, like CFx or CHx, whereas the receding 

contact angle is more sensitive to the high energy groups, like polar groups [38-39]. In terms 

of topography, the advancing and receding contact angles can respond differently to 

increasing surface roughness. An increase in roughness means an increase of the advancing 

contact angle and a decrease of the receding one [38]. 

The surface of the uncoated TPE has a hydrophobic character (θadv=114.9º; θrec=77.1º), 

probably due to the long hydrocarbon chains in the polymer backbone [24]. In addition to 

this, a certain hysteresis is probably due to the surface roughness of the substrate (RMS: 328 

nm). Fig. 13 shows the advancing and receding contact angles, relative percentage of the CF2 

(component E) and relative percentages of the polar groups: C-O/C-N (component C) added 

to C=O (component D) of the coated samples as a function of the APTES percentage. As 

mentioned in the XPS analysis, it is believed that the major contribution of D component is 

attributable mainly to C=O groups. Similar to other studies [14, 24], and as Fig. 13 illustrates, 

the WCA values, especially the advancing contact angle values, are directly correlated to the 

relative percentage of CF2. The higher the CF2, the higher is the advancing contact angle. It is 

known that an ideal hydrophobic fluorine-containing polymer surface should have a structure 

that is based on CF2 long chains like PTFE [14].  
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Despite only using a fluorinated compound as precursor, sample AF0 has a dynamic WCA 

lower than dynamic WCA of the other fluorinated samples (AF25, AF50 and AF75). This 

situation shows the synergistic effect produced by mixing precursors as FLUSI and APTES. 

A hypothesis which can justify the abovementioned results would be that an improvement of 

the adhesion of fluorinated compounds is obtained thanks to the amines produced by the 

APTES decomposition. 

Sample A100 has the lowest dynamic WCA of the samples studied. This sample contains the 

highest relative percentage of hydrophilic polar groups of APTES decomposition. These high 

energy groups promote a reduction of the contact angles, primarily the receding contact angle 

[38-39]. For AF25, AF50, AF75 and A100 samples, the higher is the APTES percentage, the 

higher is the relative percentage of hydrophilic polar groups (C component added to D 

component and the lower is the advancing and receding contact angles [1,23,30]. However, 

this trend is not satisfied for sample AF50, since this sample should have a receding contact 

angle lower than sample AF25. This could be justified by the low roughness of AF50 (RMS: 

180 nm), which contribute to a higher receding contact angle for such sample. Therefore, it 

can be concluded that the hydrophobicity of the coated samples is directly correlated to CF2 

groups and inversely correlated to polar groups.  

3.5 Stability tests 

Stability and durability are important properties in evaluating further industrial feasibility. 

Related to the ATR-FTIR spectrums, Figure 14 illustrates the ATR-FTIR spectrums of two 

regions (Regions I and II) for the most representative samples (uncoated TPE, AF25 and AF75) 

at the beginning and upon completion of the stability test. In Region I (980-1280 cm-1), the 

decrease in the intensity of the main peak around 1070 cm-1 of the uncoated TPE is probably 

related to the loss of C-O groups for the aging process. It is possible to identify this reduction 

in the spectrums of AF25 and AF75 samples. For these samples there is no lessening of the 
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intensity of peaks related to fluorinated compounds (∼1150 and ∼1240 cm-1). The absorption 

band in Region II (1500-1800 cm-1) is practically unchanged for uncoated TPE, whereas for 

AF25 and AF75 samples one can note a decrease in the intensity of the peak related to C=O and 

C=CF2 groups (∼1700 cm-1). For AF25 sample, this decrease results in the disappearance of 

the peak. This reduction is likely due to the humid ambient. 

Figure 15 shows the static WCA obtained from the stability test performed to all the studied 

samples. On one hand, the WCA of AF0 and A100 remained unchanged. On the other hand, a 

decrease in the WCA was produced for uncoated TPE, AF25, AF50 and AF75 samples.  This 

decrease is more marked for lower APTES percentages. This fact seems to be related with the 

decrease of the intensity of C=O/C=CF2 peak identified in Figure 14. 

3.5. Tribological tests 

This section analyzes the relationship between the APTES percentage, the chemical 

characteristics and the friction coefficient of all of the samples. Table 4 presents the 

measurements of the average friction coefficient for all samples with both the steel ball and 

the glass ball as counterpart. These samples were tested by applying 1 N at 2 cm/s for a 

sliding distance of 1000 m. Fig. 16 illustrates the variation in the friction coefficient with the 

sliding distance for all the samples tested with the steel ball. In regards to the AF25 sample, 

two different stretches are shown, namely AF25 [a] tested during a sliding distance of 22 m 

and AF25 [b] tested during a sliding distance of 1000 m. In order to make them easily visible, 

these tests are presented in a subfigure that shows the first 25 meters of the tribological tests.  

SEM micrographs in Fig. 17 show the wear tracks of the uncoated TPE, AF25 [a], AF25 [b] and 

A100 samples at two different magnifications (x 80 and x 600). Fig. 17 (a), (c), (e) and (g) 

show the friction zone outlined by dashed lines. Fig. 17 (b), (d) and (f) provide a detailed 

view that corresponds to the white box in Fig. 17 (a), (c) and (e). Fig. 17 (c) – (f) shows the 

wear tracks of two stretches of the AF25 sample after a sliding distance of 22 m (AF25 [a]) and 
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1000 m (AF25 [b]). In Fig. 17 (c) and (d) one can see ridges that formed on the surface of the 

sample arranged perpendicular to the sliding counterpart movement. These are probably due 

to delamination wear of both the coating and the surface of the TPE substrate. This wear 

mechanism seems to be emphasized by hard debris, consisting of SiOx, which detached from 

the coating at the beginning of the test. The hard debris results in an increase in the friction 

coefficient, reaching a maximum value during the running-period. The friction coefficient 

gradually decreases while the ridges are being removing from the surface of the track that 

carries the hard debris. Once the ridges and hard debris disappear, a stabilization of the 

friction coefficient occurs during the steady-state period. During this period the exposed 

surface consists of worm areas of TPE substrate, coated areas (Fig. 17 (f)) and the soft debris 

of the remains of ridges (white circles in Fig. 17 (e)). This agrees with the results obtained by 

others authors who have used polymer substrates [40]. As a result, the surface of the AF25 [b] 

sample (Fig. 17 (e) and (f)) is smoother than that of the AF25 [a] sample (Fig. 17 (c) and (d)). 

It is not possible to see any ridges, but some detachment of the coating adhering to the surface 

(white arrows in Fig. 17 (f)) can be expected. Most of the wear of the AF25 sample takes place 

at the beginning of the friction test. In Fig. 17 (c) and (e) one can see that the track width after 

22 m of sliding distance (22 m: ∼ 0.6 mm) represents 60% of the track width reached at the 

end of the test (1000 m: ∼ 1 mm). The absence of hard debris in the wear mechanism of the 

uncoated TPE sample justifies the non-existence of the maximum peak in the running period 

of this sample’s friction test (Fig. 16). After 1000 m of sliding distance, ridges that originated 

due to substrate delamination wear can be identified (Fig. 17 (a) and (b)). 

In Table 4 and Fig. 16, one can see that the wear mechanism described above for the AF25 

sample is similar to that of the AF0 and AF50 samples. As mentioned in the XPS analysis, the 

inorganic character and hardness of the coatings are directly correlated to the APTES 

percentage. Therefore, the lower the APTES percentage is, the softer the coating is, the higher 
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the wear is and the faster hard debris form resulting in wear delamination of the surface. This 

is consistent with the delayed onset of the peak of the friction coefficient tests for the AF0, 

AF25 and AF50 samples. The higher the APTES percentage is, the greater is the delay in the 

growth of the peak. This wear mechanism is particularly relevant for the AF0 sample, since 

the maximum value of its friction coefficient reached in the first 8 m is higher than the 

uncoated TPE sample average friction coefficient. 

The study of AF75 and A100 samples revels that the wear mechanism identified differs from 

that mentioned above for AF0, AF25 and AF50 samples due to the greater hardness of these 

coating, which results in a less wear. In the friction coefficient tests of AF75 and A100 samples 

(Fig. 16), it was not possible to identify the characteristic peak of AF0, AF25 and AF50 samples 

at the beginning of the test. The greater wear resistance of AF75 and A100 samples prevents 

delamination wear and a consequent detachment of hard debris of the coating surface. 

The surface of the track of sample A100 after a sliding distance of 1000 m can be seen in Fig. 

17 (g). In this image, it is possible to observe the typical cracks (white arrows in Fig. 17 (g)) 

that were identified on the original coating surface (white arrows in Fig. 3 (h)). Therefore, 

apart from some detachment (white circle in Fig. 17 (g)), most of the original coating has 

been maintained during the tribological test. In Fig. 16, one can see that the friction 

coefficient of samples AF75 and A100 is noticeably lower than those of the remaining coated 

samples. For these samples, the friction coefficient increases gradually with sliding distance 

due to the increase in the real area of contact between the steel counterpart and the surface of 

the coating [41]. This increase is more pronounced for the AF75 sample because of the lower 

hardness of its coating. 

Since for a specific application of such coating to window channels, the materials in contact 

are the windoglass with the TPE sealing, the tribological behavior of all the samples with a 

glass ball as counterpart were tested. As one can see in Figure 16, Figure 18 and Table 4, the 
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measurements using a glass ball as counterpart are higher than the ones obtained by using a 

steel ball. Furthermore, similar relationships between the measurements performed with glass 

and steel balls were found, that is, the more APTES percentage, the lower friction coefficient.  

In order to determinate the relationship between: [a] the APTES percentage [b] the chemical 

structure of the coating, [c] the hydrophobicity character and [d] the average friction 

coefficient, the most relevant results are provided in Fig. 19. With regard to the average 

friction coefficient, Fig. 19 (a) and (e) show that the absorbance areas under the SiOSi peak 

are inversely correlated to the friction coefficient. It may be noted that an increment of SiOSi 

peak is related to the an improvement of the tribological properties of the coated samples as 

various works reported in the literature [10,37]. Moreover, in Fig. 19 (b) and (e), for the AF25, 

AF50, AF75 and A100 samples, an inverse relationship between the relative percentage of 

inorganic groups (CH3SiO3 added to SiO4) and the average friction coefficient can be 

observed. As has been noted already by other authors, the higher proportion of the CH3SiO3 

and SiO4 chemical bond provides an increase in the wear resistance of the coating. This leads 

to a decrement of the friction coefficient [10,36]. In regards to the hydrophobicity, Fig. 19 (c), 

(d) and (e), for AF25, AF50, AF75 and A100 samples, the relationship between the advancing 

WCA and the relative percentage of CF2 and the relative percentage of polar groups (sum of 

C-O, C-N and C=O) is positive and negative respectively. 

The chemical characteristics of the AF0 sample depend largely on the fluorocarbons’ poor 

adhesion to the substrate because of the absence of NH groups of the APTES molecule. 

In Fig. 19, one can see that the A100 sample has the highest values of: [a] SiOSi, [b] polar 

groups and [c] inorganic groups (regardless of the AF0 sample) besides a total absence of CF2, 

which seem to justify both the lowest average friction coefficient (0.461 ± 0.015) and 

advancing WCA (89.0º ± 1.56). These results confirm that sample A100 would perform well in 

applications in which anti-friction is required, but poorly in water-repellency applications. 
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However, although the AF75 sample has an average friction coefficient (0.530 ± 0.050) that is 

14.9% higher than that of the A100 sample, its hydrophobic character (θadv = 119.8º ± 4.75) is 

25.7% greater. This is why the AF75 sample satisfies the main objectives of this work. It 

possesses optimal values in both friction coefficient and hydrophobicity at the same time, 

although such values were not the best values of all samples that were studied. 

4. CONCLUSIONS 

An APPJ system was used to deposit a coating that combines a low friction coefficient with a 

high WCA. In order to satisfy this objective, several mixtures with different proportions of 

APTES and FLUSI were tested.  

As a result of the studies and analysis, it was discovered that there is a clear relationship 

between: [a] the functional properties of the coating (friction coefficient and hydrophobicity), 

[b] the absorbance area under SiOSi peak, [c] the relative percentage of inorganic groups, [c] 

the relative percentage of CF2 and [d] the relative percentage of polar groups as a function of 

the APTES percentage in the precursor mixture. 

In view of the AF0 sample characteristics, it can be stated that NH groups must be provided to 

the coatings to ensure that the fluorocarbons of the fluorinated precursor adhere to the 

substrate. In this paper, the APTES precursor is responsible for providing the NH groups. 

The A100 sample has an average friction coefficient (0.461 ± 0.015) and an advancing WCA 

(89.0º ± 1.56), which is 57.5% and 22.5% lower respectively than that of the uncoated TPE 

sample (CoF: 1.084 ± 0.019 and θadv: 114.9º ± 5.27). The AF75 sample has an average friction 

coefficient (0.530 ± 0.050) 51.5% lower and an advancing WCA (119.8º ± 4.75) 4.4% higher 

than the uncoated TPE sample. Taking into account the little difference in the improvement 

percentage of the friction coefficient values for samples AF75 and A100 and the low WCA of 

the A100 sample with respect to the uncoated TPE sample, one can conclude that the AF75 

sample combines the improvement in both functional properties, which were the aim of this 
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work. In addition, this sample shows a good behavior in the stability test, since its chemical 

nature has remained unchanged, so that its WCA has just decreased in 4.4% for one year. It is 

worth underscoring the effectiveness of using fluorinated precursors as FLUSI to avoid a 

significant decrease in the WCA of the surface of samples when applying a precursor 

(APTES) to anti-friction improvement. However, the fluorinated precursor proportion used in 

the mixtures should not exceed 25% to avoid significant deterioration of the tribological 

properties of the coatings. 

In future research, the authors will study the lowest FLUSI percentage to use in the mixture to 

significantly reduce the friction coefficient, while maintaining the hydrophobicity character. 

Other precursors (silanes and fluorocarbons) will be explored in order to improve both the 

friction coefficient and the WCA achieved in this work with APTES and FLUSI. 
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LIST OF FIGURE CAPTIONS 

Fig. 1. Chemical structures of the precursors: (a) aminopropyltriethoxysilane (APTES) and 
(b) (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane (FLUSI). 

 

Fig 2. Thickness and roughness of all coated samples as a function of the APTES percentage. 
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Fig. 3. SEM images of the surface of (a, b) uncoated TPE and coated samples: (c, d) AF50, (e, 
f) AF75 and (g, h) A100 at magnifications of x1000 and x5000 respectively. White arrows 
indicate the location of surface cracks and white circles indicate particles in the coatings. 
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Fig. 4. ATR-FTIR spectrums (600-4000 cm-1) of uncoated TPE and coated samples. The 
spectrums are displaced from their expected locations by an equal amount of absorbance for 
purposes of clarity. 

 

Fig. 5. ATR-FTIR spectrums of the Regions: (I) 980-1280, (II) 1500-1800 and (III) 3000-
3700 cm-1 of uncoated TPE and coated samples without any displacement. 
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Fig. 6. ATR-FTIR deconvoluted spectrums of Region (I) of uncoated TPE and coated 
samples. 

 

Fig. 7. ATR-FTIR deconvoluted spectrums of Region (II) of uncoated TPE and coated 
samples. 

 

 

 



31 

Fig. 8. The absorption areas under the peak of: (a) SiOSi and CFx, (b) C=O/C=CF2 and N-
groups and (c) OH/NH of coated samples. 

Fig. 9. Atomic compositions (at.%) of the coated samples as a function of the APTES 
percentage. 

 

Fig. 10. Deconvolution of high resolution C1s spectrums of all samples. 
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Fig. 11. Relative percentages of chemical bonds: (a) C=O/CF, CF2 and CF3 and (b) 
(CH3)3SiO, (CH3)2SiO2, CH3SiO3, SiO4 and their accumulated proportions of the coated 
samples. 

Fig. 12. Deconvolution of high resolution Si2p spectra of all samples. 

Fig. 13. Advancing (Adv) and Receding (Rec) WCA measurements, the relative percentage of 
CF2 and the relative percentage of polar groups of the coated samples as a function of the 
APTES percentage. 
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Fig 14. ATR-FTIR of uncoated TPE, AF25 and AF75 samples at the beginning and upon 
completion of the stability test. 

Fig. 15. Static WCA of all the studied samples at the beginning and upon completion of the 

stability tests. 



34 

Fig. 16. Friction coefficient of all samples tested with a steel ball. 

 

Fig. 17. SEM images from the wear tracks at different magnification (x 80 and x 600) of 
samples: (a) and (b) Uncoated TPE, (c), (d), (e) and (f) AF25 and (g) A100. Images (a), (b), (e), 
(f) and (g) at a sliding distance of 1000 m and (c) and (d) at a sliding distance of 22 m. The 
tests were done with a steel ball. 
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Fig. 18. Friction coefficient of all samples tested with a glass ball. 
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Fig. 19. (a) The absorbance area under the peak of SiOSi, (b) the relative percentage of 
inorganic groups, (c) the relative percentage of CF2 groups, (d) the relative percentage of 
polar groups and (e) the average friction coefficient and advancing WCA of coated samples. 
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LIST OF TABLE CAPTIONS 

Table. 1. Label of each sample according to the percentages of APTES and FLUSI in the 
precursor mixture. 

Sample label 
Precursor (%) 

APTES FLUSI 
AF0 0 100 
AF25 25 75 
AF50 50 50 
AF75 75 25 
A100 100 0 
Uncoated TPE 0 0 

Table. 2. Process parameters for plasma deposition by APPJ. 

Parameter Setting 
Plasma power (W) 450 

Frequency (kHz) 75 
Ionization gas flow (N2) 80 slm 
Precursor flow rate 1.5 slm 

Gun speed (m/min) 6 
Track pitch (mm) 2 
Gap distance (mm) 6 

Table. 3. Assigned chemical components and peak position in deconvoluted high resolution 
C1s and Si2p spectrums. 

 Component Chemical 
components 

Peak position 
(eV) References 

C1s 

A C-Si ∼284.3 [24,35] 

B C-C 
C-H ∼285 [21,24,28,35] 

C C-N 
C-O ∼286 [17,24,26,28] 

D C=O 
CF ∼288 [21,26,28] 

E CF2 ∼291.4 [21,24] 
F CF3 ∼293.8 [14,21,24,35]  

Si2p 

G (CH3)4Si ∼100.9 [36] 
H (CH3)3SiO ∼101.5 [36] 
I (CH3)2SiO2 ∼102.1 [36] 
J CH3SiO3 ∼102.8 [36] 
K SiO4 ∼103.4 [36] 
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Table 4. Average friction coefficient of all samples with both the steel ball and the glass ball as 
counterpart. 

Sample 
label 

Steel ball as counterpart Glass ball as 
counterpart 

Total 
sliding 

distance 
(meters) 

Average 
friction 

coefficient 

Maximum friction 
coefficient (at 

sliding distance in 
meters) 

Average 
friction 

coefficient 

Uncoated 
TPE 1000 1.084 ± 0.019 1.22 (0) 1.120 ± 0.026 

AF0 1000 1.006 ± 0.072 1.16 (8) 1.025 ± 0.021 
AF25 [a] 22 0.701 ± 0.058 0.99 (22) 0.974 ± 0.038 
AF25 [b] 1000 0.796 ± 0.055 1.05 (36) - 
AF50 1000 0.802 ± 0.056 1.05 (77) 0.982 ± 0.021 
AF75 1000 0.530 ± 0.050 0.60 (996) 0.822 ± 0.027 
A100 1000 0.461 ± 0.015 0.48 (996) 0.616 ± 0.008 
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