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ABSTRACT 
The study of the friction coefficient and the hydrophobic character has long been of great 
importance in the automotive industry where some areas of the vehicle are subject to slippage. 
One example is the space between the window channels and the glass. The polymeric materials 
that are used in these areas, like thermoplastic elastomers (TPEs), involve a high degree of 
friction. So, in order to decrease the friction coefficient of the TPE, companies are using techniques 
as flocking. However, its high energy consumption, irregular distribution of fibers, poor adhesion 
and superhydrophilic character are the main drawbacks. Since TPE is a heat-sensitive material, 
an Atmospheric Pressure Plasma Jet (APPJ) system with a Dielectric Barrier Discharge (DBD) 
was used in this thesis. 

During the first group of scientific publications, with the objective of reducing the friction coefficient 
of TPE, the siloxane, aminopropyltriethoxysilane (APTES) was used as precursor. The influence 
of the plasma power and number of passes was characterized by Profilometry, Atomic Force 
Microscopy (AFM), Scanning Electron Microscopy (SEM), Attenuated Total Reflectance-Fourier 
Transform Infrared (ATR-FTIR) Spectroscopy, X-Ray Photoelectron Spectroscopy (XPS), Water 
Contact Angle (WCA) measurements and friction coefficient.  The average surface temperature 
of the samples and the coating thickness seemed to be the key variables in determining the friction 
behavior. Successful samples (those that have a lower friction coefficient than those of the current 
industrial solutions) were coated at an average surface temperature of less than 92 ºC and 
thickness of the coatings was greater than 1000 nm. Sample coated in six passes and the lowest 
power proved to have the best friction performance. This sample had a friction coefficient that was 
46% lower than that of the flocked seals.  

Whereas in the second group of scientific publications, the aim was promoting the adhesion of an 
antifriction (based on APTES) and hydrophobic (based on a fluorinated precursor) coating by the 
adhesion promoter, APTES. Different mixtures of APTES with FLUSI (heptadecafluoro-1,1,2,2-
tetrahydrodecyl)trimethoxysilane) and PFH (1-perfluorohexene) were applied. The 
abovementioned characterization techniques together with the lap-shear test were used to study 
the influence of each precursor percentage. The main difficulty in this work lied in the hydrophilic 
character of APTES (for example, -NH2) and the low adhesion of the fluorinated coatings. On one 
hand, the sample that was coated with 25% of FLUSI and 75% of APTES combined the 
improvements of both functional properties. It had an average friction coefficient that was 51.5% 
lower and a WCA that was 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. On 
the other hand, the sample coated with a mixture of 50% APTES and 50% PFH was found to be 
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the best one to satisfy both properties at the same time, despite not having the highest dynamic 
WCA or the lowest friction coefficient. 

Finally, it can be concluded that an APPJ system has been used to deposit a coating over TPE 
substrates with a friction coefficient lower than the current industrial solutions (flocked seals and 
polyamide tape) and a hydrophobicity higher than the uncoated TPE. Thus, it is considered that 
the two proposed objectives have been successfully fulfilled.  This allows one to conclude that this 
technology could be a promising alternative to the current industrial solutions. 
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CHAPTER 1 

INTRODUCTION 
1.1. BACKGROUND 
1.1.1. PLASMA TECHNOLOGY 
Plasma technology is becoming more and more popular as a way to modify the intrinsic properties 
of substrate materials by coating or activation [1–3]. Related to the coating deposition, the method 
is called Plasma Polymerization and it consists of the deposition of thin films on different 
substrates from a liquid or gas precursor or a mixture of precursors which are exposed to plasma. 
Moreover, the plasma is generated by ionization. The selection of precursors and the plasma 
polymerization parameters (plasma power, precursor gas flow, plasma gas, etc.) define the 
characteristics of the coating and, therefore, of the modified surface [4,5], which can be 
hydrophilic, hydrophobic, adhesion promoter, anti-adherent, friction-reducing, anticorrosive, 
absorbance-enhancing of light, etc. 

During the last 30 years, plasma equipment for the deposition of solid coatings (for instance, hard 
coatings for cutting tools) have been commonly employed. These equipment, such as the 
Chemical Vapor Deposition (CVD) or the Physical Vapor Deposition (PVD), use chamber 
deposition methods with thermal plasmas in which the coating temperature fluctuate between 200-
1000 ºC and they are known of their specific properties, such as their chemical structures and 
protective coating [6]. However, these coating methods are unsuitable for products that are made 
from heat-sensitive materials, such as thermoplastic elastomers (TPEs), because of their high 
processing temperatures [7]. In addition, the low-temperature, Plasma Enhanced Chemical Vapor 
Deposition (PE-CVD) method is characterized by deposition temperatures that are considerably 
lower than experienced in other methods [8]. In spite of its excellent coating efficiency, the use of 
this technique is limited due to the restricted volume of the plasma reactor, the requirement for 
one or more chemical cycles and the need for a vacuum pressure environment. 

This is why, several techniques of cold deposition of solid coatings have been investigated using 
different sources of Atmospheric Pressure Cold Plasma (APCP) or Atmospheric Pressure Plasma 
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Jet (APPJ). Compared with thermal plasma, the temperature of the electrons in the cold plasma 
is much higher than the temperature of the ions and neutral particles, since the energy applied is 
channeled preferably towards the electrons. Since ions and uncharged particles do not heat as 
much as electrons, this plasma is called "cold" or "non-thermal". Due to its low temperature, cold 
plasma treatment is much more careful. The temperature of the ions and neutral atoms does not 
exceed 100 ºC, while the electrons reach a temperature of about 100.000 ºC. Thus, it can be said 
that in these techniques the deposition temperature of the coating varies between 30-100 ºC, 
being the only technique to deposit a solid coating by plasma technology that does not 
compromise the integrity of any heat-sensitive material, like TPE. As with vacuum techniques 
(PVC, CVD and PE-CVD), they avoid the use of organic solvents and have a good energy 
efficiency [5,9,10]. In addition, the use of expensive pumping systems and the construction of air-
vacuum chambers are avoided, which makes it possible to reduce costs [10–12]. In this way, the 
parameters of the plasma polymerization process are easier to control [9]. Therefore, they can be 
easily implemented in an industrial production line [11,13]. Recent studies have identified and 
described the types of APCP technology for deposition of coatings [14,15]: [a] Corona Discharge, 
[b] Dielectric Barrier Discharge (DBD), [c] Radio-Frequency Discharge (RF).  

In this thesis an Atmospheric Pressure Plasma Jet system operating in a Dielectric Barrier 
Discharge configuration is used, since it is particularly suitable for the treatment of heat-sensitive 
materials, such as TPE [3,13]. In addition, compared to current methods of coating, APPJ has 
many advantages: [a] a solvent-free process, [b] a clean process, [c] no need 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…) [4,11–13]. 

1.1.2. THERMOPLASTIC ELASTOMERS 
The use of elastomer-based materials has increased because of their high performance, relatively 
low cost and light in weight [12]. Thermoplastic elastomer refers to a series of commercial plastic 
materials that are both relevant and interesting [16]. TPEs are multifunctional polymeric materials 
that combine the processability of thermoplastics and the softness, flexibility and resilience of 
vulcanized rubber. In general, they are biphasic materials that: [a] possess the combined 
properties of the glassy or semi-crystalline thermoplastics and soft elastomers and [b] enable 
rubbery materials to be processed as thermoplastics [14–17]. TPEs are characterized by 
moderate cost, excellent mechanical properties (high elasticity, good flexibility, hardness, etc.), 
high tensile strength, chemical resistance and hydrophobic character. Furthermore, they offer a 
wider processing window which makes them ideal for huge industrial applications [14,18]. 

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. [18–21]. The 
use of TPEs in the automotive industry represented over 42% of its market during the period of 
2011 to 2013 [20]. In particular, TPEs are widely used in the automotive sealing industry to 



 
INTRODUCTION 3 

 

 
 

produce components for various automotive parts that must be water tight, dust proof and noise 
proof so, the intrinsically high friction of TPEs is needed [22]. Nevertheless, this high friction 
coefficient can be a serious problem in some areas of the vehicle in which there is a slippage, 
such as the space between the window channels and the glass, or between the wind-shield and 
the wind-shield wipers, where a low friction coefficient is necessary to prevent jams. Furthermore, 
a high hydrophobicity would be desirable in order to evacuate the stored water in the operation. 
Currently, with the aim of improving the friction performance, companies are using two different 
techniques, such as the electrostatic flocking and a polyamide tape affixed to the tape seals. At 
present, the electrostatic flocking is the most widely used industrial alternative because there is 
no other technology with better results in terms of friction coefficient. This consists of the 
incorporation of polyamide and polyethylene fibers on the seal surface, which is pretreated by 
applying adhesives. However, the main drawbacks of this method are: irregular distribution of 
fibers, poor fiber orientation, poor adhesive distribution, poor performance in the installation, long 
flocking lines and high energy consumption. 

 
Figure 1.1. [a] Flocked seals, [b] detail micrograph of correct seals and [c] detail micrograph of defective seals. 

1.2. MOTIVATION AND OBJECTIVES 
Recent advances in APPJ technology have opened a new field in the search of solutions to several 
industrial problems. The application of functional coatings by this technology allows a simple 
control of the functional properties that are desired to obtain on the substrate, in addition to an 
easy implementation of the same in existing production lines on a large scale. In the field of sealing 
automotive industry, it would be very convenient to replace the current electrostatic flocking 
technique with a simpler solution with better industrial performance. 

[a] [b]

[c]
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Taking the above into account, the main aims of this thesis, including the work of the last four 
years, are: 

OBJECTIVE 1:  

Deposition of SiOx-based functional coatings produced by an Atmospheric Pressure Plasma 
Jet system over TPE substrates, which have friction coefficients that are similar to, or lower 
than, the current industrial solutions with the same or greater durability. 

 

OBJECTIVE 2: 

Deposition of functional coatings produced by an Atmospheric Pressure Plasma Jet system 
over TPE substrates to improve both the tribological and hydrophobic properties of the 
uncoated TPE by using a mixture of two liquid precursors.  

1.3. THESIS CONTRIBUTIONS 
The two objectives mentioned were achieved and were materialized in four scientific publications 
that are briefly described below. 

1.3.1. SCIENTIFIC PUBLICATIONS 

Tribological behavior of plasma-polymerized aminopropyltriethoxysilane films 
deposited on thermoplastic elastomers substrates. F. Alba-Elías, E. Sainz-García, A. 
González-Marcos, J. Ordieres-Meré, Thin Solid Films 540 (2013) 125-134. 

With an objective of reducing the superficial friction coefficient of TPE, this work analyzes the 
characteristics of coating films that are based on APTES over a TPE substrate. Since this material 
is heat-sensitive, it is necessary to use a technology that permits the deposition of coatings at low 
temperatures without affecting the substrate integrity. Thus, an APPJ system with a DBD was 
used in this study. After the morphological, chemical and tribological analysis of the coated 
samples, the studies showed that the coated samples that contain a higher amount of forms of 
SiOSi and nitrogen-containing groups have lower friction coefficients. The sample coated at a 
specific plasma power of 550 W and an APTES flow rate of 1.5 slm had the highest values of 
SiOSi and nitrogen-containing groups peak intensity and atomic percentages of Si2p and SiO4, 
and the lowest percentages of C1s and average friction coefficient. The results of this research 
permit one to conclude that APPJ with a DBD is a promising technique to use in coating SiOx and 
nitrogen-containing groups layers on polymeric materials. 
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Figure 1.2. Graphical abstract of Alba-Elías et al. [22]. 

Antifriction aminopropyltriethoxysilane films on thermoplastic elastomer substrates 
using an APPJ system. E. Sainz-García, F. Alba-Elías, R. Múgica-Vidal, A. González-Marcos, 
Surface & Coatings Technology 310 (2017) 239-250. 

This publication deals with the synthesis and characterization of SiOx-based coatings that were 
deposited on TPE substrates that produced by an APPJ with a DBD system. The main purpose 
was to obtain a coating that had friction coefficients that were similar to, or lower than, the current 
industrial solutions with the same or greater durability. The influence of the plasma power and 
number of passes was characterized by morphological, chemical, tribological and wettability 
analysis. The average surface temperature of the samples and the coating thickness seemed to 
be the key variables in determining the friction behavior. Successful samples were coated at an 
average surface temperature of less than 92 ºC and thicknesses of the coatings were greater than 
1000 nm. Sample coated in six passes and the lowest power proved to have the best friction 
performance. This sample has a friction coefficient that is 46% lower than that of the flocked seals. 
The results of this research allow one to conclude that a promising antifriction technology using 
APPJ with a DBD could be an alternative to the current industrial solutions. 

 
Figure 1.3. Graphical abstract of Sainz-García et al. [23]. 
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Enhanced surface friction coefficient and hydrophobicity of TPE substrates using an 
APPJ system. E. Sainz-García, F. Alba-Elías, R. Múgica-Vidal, A. González-Marcos, Applied 
Surface Science 328 (2015) 554-567. 

An APPJ system was used to deposit a coating that combines a low friction coefficient with a high 
Water Contact Angle (WCA) on a 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, 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. After the characterization of the coatings, 
it was found that an increase of the absorbance area under the SiOSi peak and inorganic groups 
was related to lower friction coefficients. On the other hand, the higher the CF2 percentage was, 
the higher the WCA was. 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 
had an average friction coefficient that was 51.5% lower and a WCA that was 4.4% higher than 
the uncoated TPE sample. A satisfactory stability in humid ambient for twelve months showed a 
slight decrease of WCA 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 antifriction improvement. 

 
Figure 1.4. [a] Graphical abstract of Sainz-García et al. [24] and [b] graphical abstract of Sainz-García et al. [25]. 
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Promotion of tribological and hydrophobic properties of a coating on TPE substrates by 
atmospheric plasma-polymerization. E. Sainz-García, F. Alba-Elías, R. Múgica-Vidal, M. 
Pantoja-Ruiz, Applied Surface Science 371 (2016) 50-60. 

This publication’s objective is the promotion of adhesion of an antifriction (based on the silane 
APTES) and hydrophobic (based on the fluorinated precursor 1-perfluorohexene -PFH-) coating 
by the adhesion promoter, APTES. Different mixtures of APTES and PFH were applied to a TPE 
substrate by an APPJ system with DBD in order to determine the optimal mixture of precursors. 
The main difficulty in this work lied in the hydrophilic character of APTES and the low adhesion of 
the fluorinated coatings. The sample coated with a mixture of 50% APTES and 50% PFH was 
found to be the best one to satisfy both properties at the same time, despite not having the highest 
dynamic water contact angle or the lowest friction coefficient. 

1.3.2. TOPIC OF THE THESIS 
The scientific publications presented are within the scope of the application of functional coatings 
by APPJ system on TPE substrates used in the automotive sealing industry. 

 On the one hand, the first two scientific publications mentioned in the previous section [22,23], 
are directly related to OBJECTIVE 1 of this thesis, focused on the deposition of SiOx-based 
coatings which have friction coefficients that are similar to, or lower than, the current industrial 
solutions. In Alba-Elías et al. [22] preliminary results obtained allowed to identify the main 
variables that control the plasma polymerization process to reduce the coefficient of friction of 
TPE, whereas in Sainz-García et al. [23], taking into account the optimal variables obtained in 
the previous publication [22], Objective 1 was successfully achieved. 

 On the other hand, the last two scientific publications cited in the previous section [24,25], are 
directly related to the OBJECTIVE 2 of this thesis, focused on the deposition of functional 
coatings to improve both the tribological and hydrophobic properties of the uncoated TPE by 
using a mixture of two liquid precursors, APTES and a fluorinated compound. In both 
publications, the antifriction property was improved by the silane, APTES; whereas, the 
precursor used for the improvement of the water-repellency was different in each work (FLUSI 
and PFH). The main difference between these fluorinated precursors is related to the type of 
plasma polymerization that predominates (gas or substrate) which in turn is determined by the 
flash point of the precursor mixture. 

1.4. STRUCTURE OF THE DOCUMENT 
In this chapter it has been introduced the background, the motivation and objectives and the 
scientific publications of this thesis. The rest of the document is organized as follows: Chapter 2 
presents the materials and the plasma polymerization system used to coat the samples, as well 



 
8  CHAPTER 1 

 
as the different techniques of analysis and tests used for the study of coatings obtained. In Chapter 
3, the results obtained are discussed. Finally, Chapter 4 shows the conclusions and future lines 
of research. 

 



CHAPTER 2 

EXPERIMENTAL 
2.1. MATERIALS 
The material used as substrate in this research was produced from pellets of Santorene™ 121-
67W175, that has an ISO 18064 code of TPE-(EPDM+PP). This means that the elastic phase is 
Ethylene Propylene Diene Monomer (EPDM) and the plastic phase is Polypropylene (PP). The 
raw material was provided by an automotive sealing factory, Kaufil Sealing Technologies SA 
(Spain). Pellets were injected into a mold to produce sheets of 300 x 200 x 2 mm. The sheets 
were cut into samples of 100 x 50 x 2 mm. 

 
Figure 2.1. [a] TPE sheets and [b] TPE sample during the coating process. 

The selection of the liquid precursors used were determined according to the objectives mentioned 
in this thesis. In this regard, the silane APTES was chosen because of both the antifriction ability 
of SiOx groups and its adhesion-promoting action due to the NH2 group of its molecule [26,27]. On 
the other hand, related to the wettability, by introducing low surface energy chemical components, 
such as CFx groups, an increase in the contact angle of the surface, and hence the hydrophobicity 
thereof, is achieved. Thus, hydrophobic coatings based on fluorocarbons, ensure the elimination 
or reduction of adhesion of water, bacteria, grease, oil, dust and other surface contaminants, which 
is an advantage in many applications [11]. This is the reason why the fluorinated compounds 
FLUSI and PFH were selected to improve the hydrophobicity of the coated samples. The silane 

[a] [b]
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APTES was provided by Sigma Aldrich and the fluorinated compounds (FLUSI and PFH) were 
provided by Fluorochem. The chemical structures of these precursors are shown in Figure 2.2. 

 
Figure 2.2. Precursor molecules of: [a] APTES, [b] FLUSI and [c] PFH. 

2.2. PLASMA POLYMERIZATION PROCESS  
Previous work by these authors [28] demonstrated the feasibility of reducing the friction coefficient 
of EPDM substrates –another popular material used in the automotive sealing industry– with 
plasma polymerized tetraethoxysilane (TEOS) films that were based on silicon oxides and 
deposited using an APPJ system [29]. In this research, a different APPJ system and different 
process parameters (plasma and precursor flow rate, plasma power, ionization gas, number of 
passes, etc.), substrate (TPE) and precursors (APTES, FLUSI, PFH) were used.  

A schematic diagram of the APPJ system of PlasmaSpot® (PlasmaSpot 500, VITO, Belgium) that 
was used to coat the samples is shown in Figure 2.3 This system consists of an Al2O3 dielectric 
tube between two cylindrical electrodes; the outer electrode is connected to high voltage during 
operation and the inner electrode is grounded. Between these electrodes circulates the ionization 
gas which the plasma is generated with. The function of the Al2O3 dielectric tube is to prevent 
disturbances in the plasma jet and to achieve a more homogeneous treatment. In all cases, the 
jet moved across the sample´s surface at a scanning speed of 6 m/min and a track pitch of 2 mm. 
The gap between the discharge plasma and the substrate was set at 6 mm. Nitrogen (99.99%) 
was used as the plasma gas at 80 slm.  

For each sample the coating process consisted of two steps, in which the same plasma power at 
a frequency of 68 kHz was used. In the first step, the sample was scanned once to activate the 
surface. During this activation step, no precursor was introduced into the jet. Only nitrogen (80 
slm, 99.99%) was used as plasma gas. After activation, a process of plasma polymerization with 
a precursor or a mixed of precursors was carried out. A fine aerosol of liquid precursor was created 
using an atomizer (model 3076, TSI). The inlet gas for the atomization was nitrogen (99.99%). 
With the aim of preventing a direct contact of precursor fumes with the plasma operator, owing to 
its toxicity, the coating process was implemented using a fume hood. The ozone generated from 
the air during the atmospheric pressure process was evacuated with the same system. The 
precursor fume from the atomizer was directly transported to the inner electrode via a silicone 
tube. At the bottom of the inner electrode, the precursor fume contacts with the plasma. 

Si
CH2CH2CH2NH2CH3CH2O

OCH2CH3CH3CH2O
SiCH2 CH2CF3 (CF2)7 OCH3

OCH3

OCH3

CF2 = CF CF2 CF2 CF2 CF3

[b] FLUSI [c] PFH[a] APTES
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Figure 2.3. PlasmaSpot 500. 

Table 2.1 shows the plasma polymerization parameters used for each scientific publication. 

 Scientific Publication 

 Alba-Elías et al. 
[22] 

Sainz-García et 
al. [24] 

Sainz-García et 
al. [25] 

Sainz-García et 
al. [23] 

Plasma Power (W) 350-450-550 450 450 350-450-550 
Ionization gas N2 (99.99%) N2 (99.99%) N2 (99.99%) N2 (99.99%) 
Ionization gas flow 
(slm) 80 80 80 80 

Precursor APTES APTES + FLUSI APTES + PFH APTES 
% APTES 100% 100-75-50-25-0% 100-75-50-25-0% 100% 
% Fluorinated 
precursor 0% 0-25-50-75-100% 0-25-50-75-100% 0% 

Precursor flow rate 
(slm) 1-1.5-2 1.5 1.5 1.5 

Number of passes 
(activation) 1 1 1 1 

Number of passes 
(coating) 3 2 2 2-6-12-18 

Table 2.1. Process parameters for plasma deposition by APPJ for each scientific publication. 

Power 
supply

Ceramic spacers
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Grounded electrode
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Cooling Gas (N2)
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2.3. SAMPLE CHARACTERIZATION TECHNIQUES 
2.3.1. THICKNESS MEASUREMENTS 
The intrinsic roughness of the uncoated TPE together with the nano-coatings obtained in some 
samples were a problem in selecting the best method for measuring the thickness of the coated 
samples. This is the reason why different measurement techniques were tested. 

Firstly, in Alba-Elías et al. [22] the thickness of the coatings was measured by optical profilometry 
(ConScan profilometer, CSM Instruments), using the following procedure. First, the film’s surface 
was partially covered with a mask. Second, the sample was coated with a plasma polymerization 
process. Finally, the mask was removed and the height of the step was measured by optical 
profilometry. The thickness range for these samples was 210-810 nm. 

In both Sainz-García et al. [24] and Sainz-García et al. [25], silicon wafers were coated using the 
same process parameters as for coated samples. The coated silicon wafers were fractured by the 
use of liquid nitrogen. The fractured samples were tilted at an angle of 80° from a horizontal plane 
inside a SEM chamber (JEOL JSM-840) before taking the images. The thickness of the coated 
silicon wafers was assumed to be the same as that of the TPE samples. The thickness 
measurements were between 20-220 nm. 

 
Figure 2.4. SEM cross-section images of samples A75P25 and A100 on silicon wafers to thickness measurements [25]. 

Finally, in Sainz-García et al. [23], the thickness of the coatings was evaluated by mechanical 
profilometry using a Taylor Hobson Surtronic 25 profilometer and the TalyProfile software, which 
provides data analysis and images captured by scanning. The scanning length that was chosen 
was 4 mm and the range was 100 μm. Before coating the samples, the TPE´s surface was partially 
covered by a mask, like in Alba-Elías et al. [22]. After the coating process, the mask was removed 
and the step´s height was measured by the mechanical profilometer. The average coating 
thickness of five measurements from each sample was determined. For these samples, the 
thickness range was 190-2938 nm. 

A75P25 A100[a] [b]
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Figure 2.5. Taylor Hobson Surtronic 25 profilometer. 

Taking into account the different thickness results, it is concluded that for thicknesses thinner than 
1000 nm the procedure of coating an indirect substrate (silicon wafers), fracturing with nitrogen 
and analyzing the thickness by SEM images seems to be the most appropriate method. By 
contrast, for coatings that are thicker than 1000 nm, the thickness measurements by mechanical 
profilometry is a cheaper and easier analysis with a good precision. 

2.3.2. SCANNING ELECTRON MICROSCOPY (SEM) 
A Scanning Electron Microscope (SEM) examines structure by bombarding the specimen with a 
scanning beam of electrons and then collecting slow moving secondary electrons that the 
specimen generates. These are collected, amplified, and displayed on a cathode ray tube (CRT) 
although now, most are driven by PCs and these computer-generated images are displayed on 
LCDs. The electron beam is scanned using a raster pattern so that an image of the surface of the 
specimen is formed. Specimen preparation typically includes drying the sample and making it 
conductive to electricity, if it is not already. Photographs are taken at a very slow rate of scan in 
order to boost the signal and capture greater resolution. The SEM is used for conventional 
samples of normal sizes using the airlock. These specimens are usually mounted on "stubs" and 
are observed individually. 

In the publications of this thesis SEM was used to study the morphology of coatings based on the 
parameters of plasma polymerization (plasma power, precursor flow, rate, number of passes, 
APTES percentage in the precursor mixture, etc.), the growth rate mechanisms and the wear track 
after the friction tests. For this purpose, two different SEM were used. 

 A JEOL JSM-840 scanning electron microscope of the Alicante University. This SEM works 
under an operating voltage of 10-15 kV.  

 A HITACHI S-2400 scanning electron microscope of Interquímica (La Rioja). This SEM works 
under an operating voltage of 18 kV.  

As the samples were non-conductive, samples surfaces were coated with a thin gold or gold-
palladium layer using a plasma sputtering device before introduction to the SEM chamber to 
prevent charging during SEM analysis. 
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Figure 2.6. SEM images of the surface of [a, b] uncoated TPE and coated samples: [c, d] A50F50, [e, f] A75F25 and [g, 

h] A100 at magnifications of x1000 and x5000, respectively [24]. 

2.3.3. ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDX) 
Energy Dispersive X-Ray Spectroscopy (EDX) is an X-ray technique used to identify the elemental 
composition of materials. EDX systems are attachments to scanning electron microscopy 
instruments where the imaging capability of the microscope identifies the specimen of interest. 
The data generated by EDX analysis consist of spectra showing peaks corresponding to the 
elements making up the true composition of the sample being analyzed. Elemental mapping of a 
sample and image analysis are also possible. 

The energy dispersive X-ray spectroscope Quantax 200 (Bruker) with an XFlash 5010/30 detector 
and ESPRIT 1.9 microanalysis software that was installed in the HITACHI S-2400 SEM was used 

Uncoated TPE [b]Uncoated TPE [a]

A50F50 [d]A50F50 [c]

A75F25 [f]A75F25 [e]

A100 [h]A100 [g]
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to conduct a qualitative analysis of the chemical composition of the uppermost layer of the wear 
tracks in Sainz-García et al. [23]. 

 
Figure 2.7. SEM (top) and EDX (bottom) images with a magnification of x300 of the wear track of sample S18/550 

after a 4000 m friction test: [a] and [c] limited area coating-wear track, [b] and [d] central area of the wear track [23]. 

2.3.4. ATOMIC FORCE MICROSCOPY (AFM) 
Atomic Force Microscopy (AFM) is a technique to obtain images and other information from a wide 
variety of samples, at extremely high (nanometer) resolution. AFM works by scanning a very sharp 
probe along the sample surface, carefully maintaining the force between the probe and surface at 
a set, low level. Usually, the probe is formed by a silicon (Si) or silicon nitride (Si3N4) cantilever 
with a sharp integrated tip, and the vertical bending (deflection) of the cantilever due to forces 
acting on the tip is detected by a laser focused on the back of the cantilever. The laser is reflected 
by the cantilever onto a distant photodetector. The movement of the laser spot on the 
photodetector gives a greatly exaggerated measurement of the movement of the probe. This set-
up is known as an optical lever. The probe is moved over the sample by a scanner, typically a 
piezoelectric element, which can make extremely precise movements. The amount by which the 
scanner has to move in the z axis to maintain the cantilever deflection is taken to be equivalent to 
the sample topography. The combination of the sharp tip, the very sensitive optical lever, and the 
highly precise movements by the scanner, combined with the careful control of probe-sample 
forces allow the extremely high resolution of AFM.  

The most commonly used modes of operation of an AFM are: contact mode, tapping mode and 
non-contact mode. Contact is often called static mode, and tapping and non-contact called 
dynamic modes, as the cantilever is oscillated in tapping and non-contact modes. The main 
difference between tapping mode and non-contact mode is that in tapping mode, the tip of the 
probe actually touches the sample, and moves completely away from the sample in each 

[a] [b]

[c] [d]

1 2 3

1 2 3

90 μm

90 μm

90 μm

90 μm



 
16  CHAPTER 2 

 
oscillation cycle. In non-contact mode, the cantilever stays close to the sample all the times, and 
has a much smaller oscillation amplitude.  

Two different AFM were used to explore the surface morphology and roughness of the analyzed 
samples together with the plasma polymerization mechanisms according to the process 
parameters (plasma power, precursor flow rate, number of passes, APTES percentage in the 
precursor mixture, etc.). 

 A Multimode AFM from Veeco Instruments equipped with a Nanoscope V controller and 
operated in tapping mode using a phosphorus-doped silicon probe (RTESP) of the Malaga 
University. Sample areas of 10 μm × 10 μm were processed. 

 A XE-70 Atomic Force Microscopy system (Park systems). This AFM was used during my 
research stay in Ghent University (Belgium). Sample areas of 10 μm x 10 μm and 40 μm x 40 
μm were scanned in non-contact mode with a silicon cantilever (NanosensorsTM PPP-NCHR).  

The roughness of each sample was obtained from the root mean square (RMS) values of 
roughness of its AFM images after applying a plane fit algorithm as the average value of the 
measurements of three different spots per sample by means of NanoScope Analysis 1.4 software. 

 
Figure 2.8. AFM images of samples: [a] S2/350, [b] S6/350, [c] S18/350, [d] Uncoated TPE, [e] S6/550 and [f] 

S18/550 [23]. 

2.3.5. ATTENUATED TOTAL REFLECTANCE-FOURIER TRANSFORM 
INFRARED SPECTROSCOPY (ATR-FTIR) 

Infrared Spectroscopy (IR) is the analysis of infrared light interacting with a molecule. This can be 
analyzed in three ways by measuring absorption, emission and reflection. The main use of this 
technique is in organic and inorganic chemistry to determine functional groups in compounds. 
Infrared light imposed on a molecule will not create electronic transitions but it does contain 
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enough energy to interact with a molecule causing vibrational and rotational changes. The 
possible rotations are around the axis of symmetry for a given molecule or either of the two 
perpendicular axis. Vibrations can be in the form of a bend or a stretch for each bond. The IR 
spectrometer with Fourier transform (FTIR) is able to record spectra quickly, accurately and with 
high signal/noise ratios. 

An Attenuated Total Reflection (ATR) accessory operates by measuring the changes that occur 
in a totally internally reflected infrared beam when the beam comes into contact with a sample. An 
infrared beam is directed onto an optically dense crystal with a high refractive index at a certain 
angle. This internal reflectance creates an evanescent wave that extends beyond the surface of 
the crystal into the sample held in contact with the crystal. This evanescent wave protrudes only 
a few microns beyond the crystal surface and into the sample. Consequently, there must be good 
contact between the sample and the crystal surface. In regions of the infrared spectrum where the 
sample absorbs energy, the evanescent wave will be attenuated or altered. The attenuated energy 
from each evanescent wave is passed back to the IR beam, which then exits the opposite end of 
the crystal and is passed to the detector in the IR spectrometer. The system then generates an 
infrared spectrum. 

 
Figure 2.9. ATR-FTIR spectra of the activated samples and the uncoated TPE [23]. 

With the aim of studying the chemical characteristics of all the analyzed samples two different 
ATR-FTIR spectroscopes were used: 

 A Bruker IFS 66 FTIR spectrometer with a Specac Golden Gate ATR accessory based on a 
single bounce diamond prism of the University of Alicante. Each spectrum was recorded in the 
600-4000 cm-1 region with a resolution of 2 cm-1 and 64 scans.  

 A Bruker Tensor 27 spectrometer that was equipped with a single reflection ATR accessory 
(Bruker Optik GmbH) of the University of La Rioja. For each spectrum, 32 scans were collected 
and averaged in the range of 600-4000 cm-1 at a 4 cm-1 resolution. 

Ab
so

rb
an

ce

2000
Wavenumber (cm-1)

0 500 1000 1500 2500 3000 3500 4000

A1/350
A1/450
A1/550



 
18  CHAPTER 2 

 
Deconvolutions of ATR-FTIR spectra were accomplished by use of the spectral analysis program 
PeakFit version 4.12 (SPSS Inc.). The ATR-FTIR spectra were fitted with bands described by a 
mixture of Gaussian and Lorentzian functions. 

 
Figure 2.10. ATR-FTIR deconvoluted spectra of Region I of the PFH-based samples [25]. 

2.3.6. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 
X-ray Photoelectron Spectroscopy (XPS) is a technique for analyzing the surface chemistry of a 
material. XPS can measure the elemental composition, empirical formula, chemical state and 
electronic state of the elements within a material. XPS spectra are obtained by irradiating a solid 
surface with a beam of X-rays while simultaneously measuring the kinetic energy and electrons 
that are emitted from the top 1-10 nm of the material being analyzed. A photoelectron spectrum is 
recorded by counting ejected electrons over a range of electron kinetic energies. Peaks appear in 
the spectrum from atoms emitting electrons of a particular characteristic energy. The energies and 
intensities of the photoelectron peaks enable identification and quantification of all surface 
elements (except hydrogen). 

The quantification of the atomic chemical composition of the upper most layer of samples was 
carried out by a Physical Electronics PHI 5700 spectrometer with a multi-channel hemispherical 
electron analyzer using a Mg-Kα X-ray source (1253.6 eV) operating at 15 kV and 300 W. The 
spectra were acquired at a constant pass energy of 29.35 eV and at a pressure that was below 
1.33 x 10-7 Pa. The PHI ACCESS ESCA-V8.0C software package was used for acquisition and 
data analysis. 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. 
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For samples coated with APTES, activated samples and the uncoated TPE, the atomic 
percentages of C1s, O1s, Si2p and N1s were calculated. For these samples, a value of 285.0 eV 
for the hydrocarbon C1s core level was used for calibration of the energy scale. For samples 
coated with a fluorinated compound (FLUSI or PFH), in addition to the abovementioned elements, 
the F1s atomic percentage was obtained. For these samples, the spectra were corrected for the 
charging effect by setting the CF2 component to a binding energy of 291.4 eV. Finally, XPS 
deconvolutions of C1s, Si2p and F1s were undertaken by means of PeakFit 4.12 (SPSS Inc.) 
software. The XPS bands were curve-fitted using a mixed Gaussian-Lorentzian functions allowing 
variable widths of the peaks. The shape and number of peaks were constrained, whereas variable 
widths were allowed. 

 
Figure 2.11. Deconvolution of high resolution C1s spectra of FLUSI-based samples [24]. 

2.3.7. WATER CONTACT ANGLE (WCA) MEASUREMENTS 
Contact angle is a quantitative measure of wetting of a solid by a liquid. It is defined geometrically 
as the angle formed by a liquid at the three phase boundary where a liquid, gas and solid intersect. 
The well-known Young equation [30] describes the balance at the three phase contact of solid-
liquid and gas. 

 

where ƴlv, ƴsv, and ƴsl represent the liquid-vapor, solid-vapor, and solid-liquid interfacial tensions, 
respectively, and θƴ is the contact angle. From Young’s equation applied to a specific liquid-solid 
system, three thermodynamic parameters, ƴlv, ƴsv, and ƴsl, determine a single and unique contact 
angle θƴ. 
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From Figure 2.12, it can be seen that the low contact angle values indicate that the liquid spreads 
on the surface while high contact angle values show poor spreading. If the contact angle is less 
than 90° it is said that the liquid wets the surface, zero contact angle representing complete 
wetting. If contact angle is greater than 90°, the surface is said to be non-wetting with that liquid. 
Contact angles can be divided into static and dynamic angles. Static contact angles are measured 
when droplet is standing on the surface and the three phase boundary is not moving. 

 
Figure 2.12. Illustration of contact angles formed by sessile liquid drops on a smooth homogeneous solid surface. 

When the three phase boundary is moving, dynamic contact angles can be measured, and are 
referred as advancing (θadv) and receding angles (θrec). Contact angle hysteresis (H) is the 
difference between the advancing and receding contact angles.  

 

Contact angle hysteresis arises from the chemical and topographical heterogeneity of the surface, 
solution impurities absorbing on the surface, or swelling, rearrangement or alteration of the surface 
by the solvent [31,32]. Advancing and receding contact angles give the maximum and minimum 
values the static contact angle can have on the surface. Difference between advancing and 
receding angles can be as high as 50°. Dynamic contact angles and contact angle hysteresis has 
become a popular topic because of the recent interest in superhydrophobic and self-cleaning 
surfaces [33]. 

 
Figure 2.13. Illustration of the advancing (θadv) and receding (θrec) contact angles. 

Since the equilibrium contact angle cannot be determined on practical polymer surfaces due to 
their chemical heterogeneity and surface roughness [34,35] in Sainz-García et al. and Sainz-
García et al. [24,25], the hydrophobic nature of the surfaces was quantified by measuring the 
dynamic water contact angle. Due to its simplicity, the “tilting plate” [36] method was selected to 
measure the advancing (θadv) and receding (θrec) contact angles of these samples. The tilting plate 
method is to slowly tilt a contact angle sample until the sessile drop on it begins to move in the 
downhill direction. At that time, the downhill contact angle is the advancing angle and the uphill 
angle the receding contact angle. Thus, 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 
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recorded. All contact angle measurements were performed at ambient temperature. 3-4 deionized 
water drops were taken and averaged to obtain a value of advancing and receding WCA that were 
characteristic for each sample. 

In Sainz-García et al. [23], since the main objective of this work was not to achieve a coating with 
high WCA, the determination of the wettability of the samples was performed by the static WCA 
measurement, instead of the dynamic ones. Thus, after comparing the results obtained for each 
sample analyzed, we had an idea of the wettability of these samples. Specifically, the static WCAs 
were measured by the sessile drop method using a digital microwebcam to get the digital images. 
The WCA value of each sample was calculated as an average of four measurements (10 μL/drop) 
by image analysis with the ImageJ software. 

2.3.8. TRIBOLOGICAL TESTS 
The friction coefficient describes the opposition to the movement offered by the surfaces of two 
bodies in contact, whose result is expressed by a dimensionless value. In a tribological test, a flat, 
a pin or a sphere is loaded onto the test simple with a precisely known force. The pin is mounted 
on a stiff lever, designed as a frictionless force transducer. The friction coefficient is determined 
during the test by measuring the deflection of the elastic arm. This simple method facilitates the 
study of friction behavior of almost every solid material with or without lubricant. Furthermore, the 
control of the test parameters such as speed, frequency, contact pressure, time and the 
environmental parameters (temperature, humidity and lubricant) allows simulation of the real life 
conditions of a practical wear situation. 

Tribometers are instruments designed for force measurement with high precision and can work in 
two operation modes: linear reciprocating and rotating modes.  

 Linear mode: The linear mode reproduces the reciprocating motion typical of many real world 
mechanisms. The instrument produces a friction coefficient for both the forward and backward 
displacement of the stroke and the software can generate data on Hertzian pressure, static 
partner and sample wear rates.  

 Rotating mode: While the disk is rotating, the resulting frictional force acting between the 
sphere, pin or flat and the disk is measured by the small deflections produced in the elastic 
arm by a Linear Variable Differential Transformer (LVDT) sensor. The friction coefficient of the 
sample and the sphere, pin or flat are calculated from the volume of material lost during the 
test. 
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Figure 2.14. CSM Rotative Tribometer. 

Tribological tests were conducted to study the tribological behavior of the samples. For this 
purpose, a ball-on-disk tribometer (CSM Instruments, Switzerland) with a counterpart of Ø6 mm 
commercial 100 Cr6 steel balls of hardness HRC 60–62 was used. For all tests, the radius was 
2.5 mm and the sliding speed was 2 cm/s. However, as one can observe during the scientific 
publications evolution, test conditions were hardened. The load was increased from 0.25 N in 
Alba-Elías et al. [22]  to 1N in the rest of publications [23–25]. The sliding distance was elongated 
from 10 m in Alba-Elías et al. [22] to 1000 m in Sainz-García et al. and Sainz-García et al. [24,25] 
and  4000 m in Sainz-García et al. [23]. During the test, the sample was spun and the steel ball 
made a circular groove in the sample. The friction coefficient was recorded continuously. 

Moreover, in Sainz-García et al. [24] 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 Ø6 glass ball was used. 

 
Figure 2.15. Evolution of the friction coefficient of: samples coated at 350 W and 550 W, uncoated TPE, flocked seal 

and polyamide tape [23]. 
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2.3.9. ADHESION TEST 
In order to evaluate the durability of the coatings, in Sainz-García et al. [25], the adhesion 
properties were evaluated by a tensile lap-shear strength test. The quasi-static lap-shear 
experiment was based on the UNE-EN 1465:2009. Testing parameters were set on the specimen 
with a cross-head displacement rate of 0.5 mm/min. The machine used was a TRIAX-50 (Controls) 
equipped with a 200 N load cell to measure the load for lap-shear fracture. The test specimen was 
made by affixing 12.5 ± 0.2 mm of the coated sample (1 cm x 2 cm) to the load cell with 3M-600 
tape. The control PC software recorded the lap-shear force in newton. For each sample, four 
specimens sample were tested. Then, the bonding strength was calculated taking into account 
the tested area. An average of these values was taken as the final bonding strength in MPa. 

 
Figure 2.16. [a] TRIAX-50 (Controls) machine, [b] and [c] adhesive union detail. 

2.3.10. STABILITY TEST 
In order to have a study about the coatings´ stability in humid environment and the durability of 
the hydrophobic property, in Sainz-García et al. [24] samples were aged in air for twelve months. 
The test chamber was set at 67% of relative humidity and 15 ºC. At the beginning and upon 
completion of the test, the repellency toward water was measured and the ATR-FTIR spectrums 
(Bruker IFS 66) were taken for all the samples. Static water contact angles based on the sessile 
drop method were recorded using a commercial Contact Angle System OCA15plus system 
(Dataphysics, Germany) and SCA200 software of the Polytechnic University of Cataluña. A total 
of 4-5 drops (3 μL/drop) were taken and averaged to obtain a value that was characteristic of the 
WCA for each sample. 
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CHAPTER 3 

RESULTS AND DISCUSSION 
3.1. COATINGS FOR AUTOMOTIVE INDUSTRY: IMPROVEMENT OF 

TRIBOLOGICAL BEHAVIOR 
As already mentioned in section 1.3.2 Topic of the Thesis the publications Alba-Elías et al. [22] 
and Sainz-García et al. [23], related to the OBJECTIVE 1 of this thesis, are focused on the 
deposition of SiOx-based coatings which have friction coefficients that are similar to, or lower than, 
the current industrial solutions. In both of them, APTES was used as precursor. In Alba-Elías et 
al. [22] preliminary results allowed to identify the main parameters to control the plasma 
polymerization process reducing the friction coefficient of TPE. In particular, the best results 
against friction performance were found with a precursor flow rate of 1.5 slm. For that reason, the 
samples studied in  Sainz-García et al. [23] were coated with a precursor flow rate of 1.5 slm. 
Other parameters such as plasma power and number of passes (deposition time) were varied. 
Thus, the Objective 1 was successfully achieved. Throughout this section the most relevant results 
obtained in both works have been exposed and discussed. 

3.1.1. SAMPLES 
Table 3.1 shows the label of each analyzed sample, as well as plasma power, number of passes 
and APTES flow rate used during the coating process. 

Sample 
label 

Power (W) 
(activation and 
polymerization) 

Number of 
passes 

(activation) 

Number of 
passes 

(polymerization) 

APTES flow rate 
(slm) 

S2/350 

350 

1 2 1.5 
S3/350 (1) 1 3 1 
S3/350 1 3 1.5 
S3/350 (2) 1 3 2 
S6/350 1 6 1.5 
S12/350 1 12 1.5 
S18/350 1 18 1.5 
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Sample 
label 

Power (W) 
(activation and 
polymerization) 

Number of 
passes 

(activation) 

Number of 
passes 

(polymerization) 

APTES flow rate 
(slm) 

S2/450 

450 

1 2 1.5 
S3/450 (1) 1 3 1 
S3/450 1 3 1.5 
S3/450 (2) 1 3 2 
S6/450 1 6 1.5 
S12/450 1 12 1.5 
S18/450 1 18 1.5 
S2/550 

550 

1 2 1.5 
S3/550 (1) 1 3 1 
S3/550 1 3 1.5 
S3/550 (2) 1 3 2 
S6/550 1 6 1.5 
S12/550 1 12 1.5 
S18/550 1 18 1.5 

Table 3.1. Sample identification and deposition conditions of each sample. 

3.1.2. TEMPERATURE MEASUREMENTS 
With the aim of  evaluating the effect of surface temperature on the properties of the coated 
samples in Sainz-García et al. [23], the temperature was continuously measured during the 
coating process using a temperature sensor that was taped to the sample´s surface for the 18-
pass samples. 

 
Figure 3.1. Average surface temperature as a function of the number of passes [23]. 

Figure 3.1 shows clearly that the average surface temperature rises slowly with the number of 
passes for a given power. This increase is due to the energy stored in the plasma and the coating 
during the deposition process [37]. The longer the deposition process is, the higher is the surface 
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temperature that is reached. For a selected number of passes, an increase in the average 
temperature is observed when the power of the plasma polymerization process is raised [38] 
because of the greater number of energetic ions, molecules and particulates [39–41]. As some 
studies have shown [42–45], the surface temperature of the samples and its residence time can 
have a great impact on chemical composition and structure, surface morphology and mechanical 
performance of the as-deposited samples, especially when heat-sensitive substrates, such as 
TPE, are used [46]. 

3.1.3. SURFACE MORPHOLOGY 
Thickness and roughness measurements and SEM and AFM analysis were used to study the 
relationships between the plasma polymerization parameters. Figure 3.2 depicts the thickness 
and growth rate of the samples coated in 2, 6, 12 and 18 passes. Figure 3.3 shows the thickness 
and roughness of the 3-pass samples. Figure 3.4 illustrates the average roughness of the samples 
coated in 2, 6, 12 and 18 passes. 

 
Figure 3.2. [a] Thickness and [b] growth rate of samples coated in 2, 6, 12 and 18 passes [23]. 

Related to the thickness of the coatings, Figure 3.2 [a] shows that, for a specific power, the coating 
thickness increases in linear fashion with the number of passes;  it is a function of the deposition 
time. Thus, plasma jet is working longer, which causes further growth of the coatings with a 
consequent increase in thickness. In Figure 3.3 [a] it can be observed that, in Alba-Elías et al. [22]  
the values of the thicknesses for the samples coated with 1.5 slm and three passes are thicker 
than the 2-pass and thinner than the 6-pass of Sainz-García et al. [23]. 
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Figure 3.3. [a] Thickness and [b] roughness of the 3-pass samples [22]. 

 
Figure 3.4. Average roughness of samples coated in samples coated in 2, 6, 12 and 18 passes [23]. 

The curve of the growth rate (Figure 3.2 [b]) for a specified power reaches a maximum at about 
six passes followed by a linear decrement for up to eighteen passes [47,48]. This behavior seems 
to be related to the roughness of the samples, since the curve of the roughness (Figure 3.4) shows 
an inverse shape to that of growth rate. In this respect, when the 2-pass samples are coated, the 
surface exposed to plasma polymerization appears to be largely determined by the roughness of 
the uncoated TPE sample. During this process, the cavities of the uncoated TPE are being filled 
and as the number of passes increases (from 2 to 6 passes), the sample becomes increasingly 
smooth. That fact is confirmed with the samples coated with 1.5 slm and three passes, since their 
roughnesses are lower than those of their counterparts coated in two passes, and their greater 
thicknesses indicating that the cavities of the uncoated TPE are practically filled. In fact, SEM 
images of these samples, in Figure 3.5, show some cracks, which indicate the incipient growth of 
a homogeneous coating. This decrease in roughness (from 2 to 6 passes) causes the area 
exposed to plasma polymerization to be lower, resulting in a higher growth rate. When reaching 
six passes, the roughness values for these samples are the lowest and therefore the area exposed 
to the plasma polymerization are the lowest. Given that the precursor flow rate is constant (1.5 
slm) throughout the deposition process, a decrease of the area exposed to the plasma 
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polymerization involves an increase of the growth rate. As the number of passes increases (from 
6 to 18 passes), the roughness increases too due to the growth of the particles. This causes an 
increment of the area exposed to the plasma polymerization which, in turn, results in a decrease 
in growth rate. 

3.1.3.1. EFFECT OF THE PRECURSOR FLOW RATE 
With the aim of studying the influence of the precursor flow rate on the morphology of the coatings, 
several samples were coated in three passes and different precursor flow rates (1, 1.5 and 2 slm) 
and plasma powers (350 and 550W). Figure 3.5 shows the SEM images of 3-pass samples coated 
with different precursor flow rates (1.5 and 2 slm) and plasma powers (350 and 550 W).  

As Figure 3.3 [a] illustrates, the thickness of the coatings increases with the APTES flow rate for 
a given power. When the APTES flow rate is equal to 1 slm, there is a positive relationship between 
the plasma power and the thickness. However, this relationship is the inverse at APTES flow rate 
values of 1.5 and 2 slm. In Figure 3.3 [b], it can see the higher the plasma power is for a given 
APTES flow rate, the greater the roughness of the film is. In Figure 3.5, it is possible to identify 
the direction of the gun movement during the deposition process from the noticeable orientation 
of the coating fibers. Samples that were coated at 350 W show a more homogeneous surface, 
whereas samples that were coated at 550 W present a more fibrous and heterogeneous texture. 

 
Figure 3.5. SEM images of 3-pass samples coated with different precursor flow rates (1.5 and 2 slm) and plasma 

powers (350 and 550 W) [22]. 

Related to the precursor flow rate, for a given plasma power, samples that were coated at 1.5 slm 
are not as rough as samples that were coated at 1 and 2 slm. In addition, samples that were 
coated at an APTES flow rate of 1.5 and 2 slm and lower plasma powers (350 W) are thicker, 
more homogeneous and have a smoother surface. Every characteristic can be explained by the 
lower number of active species per precursor molecule that are produced at lower plasma powers. 
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As the number of active species decreases, the plasma polymerization produced on the substrate 
surface increases. In contrast, when the plasma power is increased, higher precursor 
decomposition takes place during the gas phase of the plasma, prior to its deposition [49], and a 
plasma etching of the deposited coating is produced. This causes a greater density of the coatings 
[50,51], an increment of the fibrous aspect and roughness, and a reduction in the coating thickness 
[49]. 

3.1.3.2. EFFECT OF THE NUMBER OF PASSES 
In Figure 3.4 one can see that, for a given power, the roughness increases as the number of 
passes increases. It is noteworthy that, for a specified power, the roughness of samples that were 
coated in two passes is slighly higher than the roughness of samples that were coated in six 
passes. However, the surface of 2-pass samples probably has not been completely coated, since 
such coatings are very thin (160-230 nm) in comparison to TPE´s roughness (RMS: 364±32 nm) 
and its own roughness (276-401 nm). The reliability of the thickness measurements for 2-pass 
samples is questionable since it was difficult to identify if the profilometry measurements 
correspond to the thickness of the coating or to a discontinuity of the raw substrate. As seen in 
Figure 3.3 and Figure 3.5, something similar happened with the 3-pass samples. Nevertheless, it 
was found that the use of six passes to coat samples is sufficient to fully cover the TPE´s surface. 
This provides smoother coatings (257-338 nm) with thicknesses greater than 1000 nm. 

 
Figure 3.6. Tilted SEM images with a magnification of x3000 of samples: [a] S2/350, [b] S6/350, [c] S18/350, [d] 

Uncoated TPE, [e] S6/550 and [f] S18/550 [23]. 

Figure 3.6 illustrates tilted SEM images, whereas Figure 3.7 shows AFM images of samples 
S2/350, S6/350, S6/550, S18/350, S18/550 and the uncoated TPE. Figure 3.8 illustrates SEM 
images with cracks of samples coated with 350 W and 550 W. 

As can be seen in Figure 3.6 and Figure 3.7, SEM and AFM images of the uncoated TPE substrate 
exhibit a highly fibrous aspect and some carbon particles of TPE substrate. Samples coated in 
more than six passes, at 350 W, exhibit a coating that consists of spherical particles that were 
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deposited on the TPE fibers. It would appear that the morphology of APTES coatings relies heavily 
on the uncoated TPE´s morphology. In fact, it is believed that both the fibers and carbon particles 
of TPE substrate probably act as nucleation sites where the coating grows [52]. This agrees with 
the SEM and AFM images of sample S6/350 that show some spherical particles that have been 
deposited on both nucleation sites (see Figure 3.6 [b] and Figure 3.7 [b]). An increase in the 
number of passes results in gas species remaining longer in the plasma jet which favors precursor 
fragmentation and recombination of different particles during the plasma polymerization process 
[53]. In turn, this causes an increase in size and number of spherical particulates. Such spherical 
growth is also promoted by the so-called shadowing effect, which is caused by geometric 
interaction between the surface roughness of the growing film and the angular direction of the 
arriving coating species. That is, the deposition rate at the top of spherical particles is higher than 
at the bottom of the voids [47,52]. As a result of this growth mechanism, an increase in roughness 
and thickness of the coatings was observed.  

 
Figure 3.7. AFM images of samples: [a] S2/350, [b] S6/350, [c] S18/350, [d] Uncoated TPE, [e] S6/550 and [f] 

S18/550 [23]. 

Cracking has been observed clearly on the surface of samples under SEM analysis in Figure 3.8. 
The residual thermal stress that is due to differences between the thermomechanical properties 
of the coating and the TPE substrate [46,54,55], and the coating embrittlement by the higher 
number of passes may be two of the main causes of cracking [2]. It should be noted that the size 
of the cracks is the greatest in the samples that were coated in the greatest number of passes. 
This can be related to the cumulative effect of the surface temperature (see Figure 3.1) due to the 
longer exposure of the sample to an energetic plasma [56,57]. 
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Figure 3.8. SEM images with a magnification of x2000 of samples: [a] S6/350, [b] S12/350, [c] S18/350, [d] S6/550, [e] 

S12/550 and [f] S18/550 [23]. 

3.1.3.3. EFFECT OF THE PLASMA POWER 
Related to the plasma power effect, the higher the power is, the greater is the precursor 
decomposition during the gas phase reactions of the plasma and the higher is the number of small 
particulates on the coating surface [22]. Figure 3.9 shows the AFM profiles of samples that were 
coated in eighteen passes. In this figure, one can note a higher number of smaller particles on 
samples that were coated at higher plasma power. This results in a decrease in roughness with 
increasing power, since spherical particles create a denser and more compact coating that fits the 
uncoated TPE´s morphology better [28,43]. 

 
Figure 3.9. AFM images (top) and cross section along the dashed line (bottom) of samples: [a] S18/350, [b] S18/450 

and [d] S18/550 [23]. 

In all cases, the more energetic ions, molecules and particles that are achieved with higher plasma 
powers cause an increase in the average surface temperature of the samples. In certain cases, 
these particles may become too powerful and cause a high increase in the temperature of the 
sample. This increase, if followed by cooling of the sample after the coating process, generates 
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residual thermal stress. The impact of residual thermal stress will be discussed in section 3.1.7 
Tribological Tests. Regarding the crack formation, it can be observed in Figure 3.8 that the higher 
the power is, the greatest the number of cracks is. This is probably due to the temperature effect, 
which is similar to what happens with the increment of the number of passes. 

Considering the aforementioned, one can conclude that SEM results are in good agreement with 
the AFM images and confirm that the surface roughness was affected significantly by the 
deposition conditions. In this regard, Figure 3.10 illustrates a scheme of the growth mechanisms 
of coating by the plasma power and number of passes. One can see the strong influence of the 
substrate´s morphology during the early growth stages. As the number of passes increases, the 
fibrous aspect of the substrate is replaced progressively by a coating that consists of spherical 
particles from the gas phase reactions. The number and size of the particles depend on the plasma 
power. Once cavities and holes in the TPE substrate have been covered fully, the coating´s 
morphology depends, essentially, on the number and size of the spherical particles that have been 
generated and deposited. This explains the morphology of samples that have been coated in 
eighteen passes. 

 
Figure 3.10. Scheme of the growth mechanisms of SiOx-based coatings  [23]. 

3.1.4. ATR-FTIR ANALYSIS 
ATR-FTIR spectroscopy was used to examine the chemical characteristics of all the analyzed 
samples. The main chemical bonds and frequencies of the uncoated TPE spectrum and the 
coated samples are described in Table 3.2 and Table 3.3, respectively.  

Functional groups Frequency/range (cm-1) Reference 
CH2 rocking ~721, ~808, ~840 [28]
C-C asymmetric stretching and 
CH3 asymmetric rocking ~896, ~973, ~998 [22]

C-O stretching ~1088 [22]
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Functional groups Frequency/range (cm-1) Reference 
CH3 asymmetric rocking, C-H 
wagging and C-C asymmetric 
stretching 

~1164 [58,59] 

CH2 wagging vibration ~1303 [60] 
CH3 asymmetric stretching ~1377 [28] 
CH2 scissoring ~1460 [28] 
saturated hydrocarbons (CHx) ~2852-2950 [58,61] 

Table 3.2. Chemical bonds and frequencies of the uncoated TPE ATR-FTIR spectrum. 

Functional groups Frequency/range (cm-1) Reference 
CH2 rocking ~720 [28,39,57] 
Si-C/SiOSi bending ~805 [28,39,57] 
CH3 rocking ~950 [2] 
SiOSi stretching ~1050 [24] 
SiOC ring link ~1074 [24] 
SiOC open link ~1115 [24,62] 
SiOC cage link ~1172 [24,62] 
OCH2CH3 ~1200 [24,62] 
Si-(CH3)x stretching, C-N, C=O 
and C-C ~1250-1500 [39,57,63] 

Amine, amide, C=O and C=C ~1500-1700 [24,63,64] 
CHx stretching ~2900-2950 [2,63] 
OH and NHX stretching ~3000-3600 [42,44,57] 

Table 3.3. Chemical bonds and frequencies of the coated samples ATR-FTIR spectrum. 

3.1.4.1. EFFECT OF THE PRECURSOR FLOW RATE 
The same bands that were observed in the characteristic spectrum of the TPE were also identified 
in the 3-pass samples. However, the coated samples exhibited a noticeable increase in some of 
the TPE spectrum peaks, as well as some new bands indicated in Table 3.3. It was noted that the 
behavior of peaks that are related to these new bands depends largely on the precursor flow rate. 
Thus Figure 3.11 shows the ATR-FTIR spectra of uncoated TPE and 3-pass samples related to 
the two main bands (980-1250 cm-1 and 1600-1750 cm-1). The resulting spectra after subtracting 
the uncoated TPE spectrum were deconvoluted into their constituents. Figure 3.12 shows the 
deconvolution of samples S3/350 and S3/550. Figure 3.13 illustrates the absorption areas of SiOSi 
and nitrogen-containing groups (N-groups) peaks of the 3-pass samples. 
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Figure 3.11. ATR-FTIR spectra of the uncoated TPE and plasma polymerized films at APTES flow rate of [a] 1 slm, [b] 

1.5 slm and [c] 2 slm at various plasma power values, from 350 to 550 W [22]. 

In Figure 3.11, it may be noted that, no matter what the APTES flow rate is, the increment of 
plasma power leads to an increase in the intensity of these bands [50]. In Figure 3.13, it can be 
seen that, when the precursor flow rate increases for a given plasma power, the absorption area 
that is below the peak of the analyzed groups also increases for most samples. The absorption 
areas that were obtained with a precursor flow rate of 1 slm are lower than those obtained with 
higher APTES flow rates (1.5 and 2 slm). This is probably due to the lower amount of precursor 
that is available to deposit on the TPE substrate. 

 
Figure 3.12. Deconvoluted spectra of samples S3/350 and S3/550 obtained in the region of [a] 980-1250 cm-1 and [b] 

1600-1750 cm-1 [22]. 
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Figure 3.13. Absorption areas under the peak of [a] SiOSi (~1035 cm-1) and [b] nitrogen-containing groups (~1662 cm-

1) of 3-pass samples [22]. 

In Figure 3.13, one can see that, with an APTES flow rate of 1 and 1.5 slm, by increasing the 
plasma power, an increase of the absorption areas of SiOSi and N-groups takes place.  Related 
to SiOSi groups, this increment may be due to the higher precursor decomposition and, in some 
cases, the subsequent rearrangement of the bonding structures in the film [65]. For N-groups, this 
behavior is contrary to what was identified in other works [66,67] where the concentration of 
primary amines was greater at a low plasma power. Unfortunately, since different groups overlap 
at a frequency of ~1662 cm-1, it was not possible to identify and quantify the decrement in the 
content of primary amines by FTIR-ATR analysis [67]. With an APTES flow rate of 2 slm, the 
absorption area at 450 W is greater than the areas at 350 W and 550 W. This phenomenon, which 
is also observed in Figure 3.11, is probably due to plasma saturation with the precursor. Thus, for 
a plasma power of 550 W, an increment in the flow rate from 1.5 to 2 slm reduces the opportunities 
for active species to react with the precursor. This results in a stabilization of the number of SiOSi 
groups. 

As Figure 3.13 shows, sample S3/550, coated with 1.5 slm and 550 W, provided the maximum 
absorption area values of both previously mentioned groups. Therefore, it can be said that, for a 
specific plasma power, an increment of the precursor flow rate does not necessarily lead to an 
increment of the SiOSi and N-groups. 

3.1.4.2. EFFECT OF THE NUMBER OF PASSES 
Figure 3.14 depicts the ATR-FTIR spectra of samples that were coated with 350 W in the 0-4000 
cm-1 range. Chemical bonds for samples coated with more than six passes correspond only to the 
chemical composition of the coatings, since the thickness of these coatings exceeds the depth of 
analysis of this technique (<1000 nm). 

It is evident in a comparison of the peak intensity of the spectrum of the samples that were coated 
at 350 W that the lower the number of passes is, the higher the ATR-FTIR spectrum intensity is. 
This trend is probably explained by the coating morphology. It was seen that a higher number of 
passes resulted in an increase in the number and size of spherical particles of the coating leading 
to a greater roughness. Thus, the intensity signal of the functional groups of these samples would 
be penalized due to the existence of an air gap between the diamond ATR element and the sample 
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surface. This results in a spectrum with lower intensities that is not representative of the nature of 
the coating [68–71]. 

 
Figure 3.14. ATR-FTIR spectra of samples: S6/350, S12/350 and S18/350 [23]. 

3.1.4.3. EFFECT OF THE PLASMA POWER 
Figure 3.15 and Figure 3.16 depict the ATR-FTIR spectra of samples that were coated in six 
passes and two passes in the 0-4000 cm-1 range, respectively. Considering that the thickness of 
2-pass samples is less than 1000 nm, the contribution of the uncoated TPE signal was subtracted 
from their absorption spectra. 

Samples that were coated in six passes have a similar thicknesses and roughnesses (see Figure 
3.2 and Figure 3.4). This is the reason why the ATR-FTIR spectra of these samples show similar 
peaks and intensities in Figure 3.15, with a slight difference in the intensity of the broad band that 
is found around 1050 cm-1.  

 
Figure 3.15. ATR-FTIR spectra of samples: S6/350, S6/450 and S6/550 [23]. 

However, although some authors have identified a relationship between the area under the SiOSi 
peak and the tribological properties of the coatings [22,24,72], there is no relationship to the 6-
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pass samples. This is probably due to the harmful effect of the temperature that is reached during 
the coating process. This effect will be discussed in section 3.1.7 Tribological Tests. 

 
Figure 3.16. ATR-FTIR spectra of samples: Uncoated TPE, S2/350 and S2/550 [23]. 

Whereas, it appears that temperature does not affect the samples that were coated in less than 
six passes, since both the average surface temperature of the samples and their residence times 
have not been sufficiently high to endanger the quality of the coatings. In fact, ATR-FTIR spectra 
of 2-pass samples in Figure 3.16 show an increase of the area under the SiOSi peak at the power 
increase that is related to lower friction coefficients, as will be detailed in section 3.1.7 Tribological 
Tests. This same trend was found for the 3-pass samples in Alba-Elías et al. [22] as one can see 
in Figure 3.13 [a]. 

3.1.5. XPS ANALYSIS 
In regard to the chemical composition, XPS analysis, with an analysis depth of 10 nm [73,74], was 
used to quantify the atomic composition of the analyzed samples. Table 3.4 shows the atomic 
chemical composition (at. %) of all the analyzed samples.  

According to the results of Table 3.4, the surface of the uncoated TPE sample is composed mainly 
of carbon. There are some traces of silicon – which were probably caused by cross contamination– 
and oxygen. The latter was derived from the oxidation that takes place during the thermal 
degradation that occurs during the transformation of santoprene pellets into sheets. No presence 
of nitrogen was observed. 

The variations founded in Table 3.4 for C1s, O1s, Si2p and N1s percentages did not allow to justify 
the tribological behavior as it will be discussed in section 3.1.7 Tribological Tests. However, one 
can observe the increase in the atomic percentage of Si2p and O1s and the subsequent 
decrement of C1s percentage of coated samples with respect to the atomic percentages of the 
uncoated TPE sample. In addition, ATR-FTIR and XPS results of the coated samples showed that 
the major bond of SiOx-based films is SiOSi with characteristics peaks at ~805 cm-1 and ~1050 
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cm-1, and the O/Si ratio of the films between 1.7-2.0. The latter is a value that is close to the 
stoichiometric ratio of silica (O/Si = 2). 

Sample Atomic chemical composition (at. %) 
C1s O1s Si2p N1s 

S2/350 64.2 20.7 11.7 3.4 
S3/350 (1) 83.8 11.2 4.6 0.4 
S3/350 71.7 17.8 8.6 2.0 
S3/350 (2) 65.0 21.5 10.7 2.9 
S6/350 55.3 26.5 14.1 4.2 
S12/350 58.0 24.9 13.7 3.4 
S18/350 56.7 25.2 14.1 4.1 
S2/450 60.9 23.6 12.0 3.5 
S3/450 (1) 83.1 11.2 5.3 0.4 
S3/450 58.7 25.1 12.8 3.5 
S3/450 (2) 59.5 24.7 12.3 3.5 
S6/450 58.3 24.8 13.3 3.7 
S12/450 58.2 24.8 13.6 3.4 
S18/450 53.1 28.1 14.8 4.0 
S2/550 58.4 24.1 14.4 3.2 
S3/550 (1) 70.6 18.7 8.2 2.6 
S3/550 57.0 26.1 13.4 3.5 
S3/550 (2) 59.6 25.1 12.1 3.2 
S6/550 54.0 27.6 15.1 3.3 
S12/550 58.3 25.0 13.4 3.4 
S18/550 51.4 28.7 16.6 3.3 
Uncoated 
TPE 94.3 4.5 1.2 - 

Table 3.4. Atomic chemical composition (at. %) of all the analyzed samples. 

3.1.5.1. EFFECT OF THE PRECURSOR FLOW RATE 
Deconvolutions of the Si2p signal of the 3-pass samples were undertaken to develop a better 
quantification of the relative percentages of (CH3)2SiO2, CH3SiO3 and SiO4. The binding energies 
of silicon chemical bonds are shown in Table 3.5 and their relative percentages appear in Table 
3.6. For all samples, the predominant chemical bonding was CH3SiO3.  

 Chemical component Peak position (eV) Reference 

Si2p 

(CH3)4Si ~100.9 [36 2015] 
(CH3)3SiO ~101.5 [36 2015] 
(CH3)2SiO2 ~102.1 [36 2015] 
CH3SiO3 ~102.8 [36 2015] 

SiO4 ~103.4 [36 2015] 
Table 3.5. Assigned chemical components and peak position in Si2p deconvolution. 
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Figure 3.17 [a] depicts how the absorption area of CH3SiO3 increases with the plasma power when 
the precursor flow rate is 1 slm for the 3-pass samples. In this figure, the same saturation 
phenomenon of SiOSi groups that was identified in the ATR-FTIR analysis when the precursor 
flow rate is equal to 1.5 and 2 slm can be observed.  

In regards to the SiO4 (Figure 3.17 [b]), its percentage increases by increasing the plasma power 
for a given precursor flow rate. It seems that more reactive species of Si and O are formed at a 
higher power [75]. When comparing the samples and taking into account the plasma power, one 
may note that the highest values of SiO4 occur in the samples that were deposited at 1.5 slm, with 
maximum values of 22.9% for SiO4 in sample S3/550. As discussed in section 3.1.7 Tribological 
Tests, for 2 and 3-pass samples, the greater SiO4 content of this sample, in addition to the ATR-
FTIR results, might explain its lower friction coefficient. 

Sample 
Relative percentage (%) 

(CH3)2SiO2 

(~102.1 eV) 
CH3SiO3 

(~102.8 eV) 
SiO4 

(~103.4 eV) 
S2/350 - 7.9 3.8 
S2/550 - 7.4 7.0 
S3/350 (1) - 4.5 0.1 
S3/350 - 8.1 0.5 
S3/350 (2) - 10.1 0.6 
S3/550 (1) - 7.1 1.0 
S3/550 - 10.3 3.1 
S3/550 (2) - 9.5 2.6 
S6/350 2.0 5.0 7.0 
S6/550 0.0 5.2 10.0 
S12/350 2.0 6.2 5.5 
S12/550 1.8 5.8 7.6 
S18/350 3.6 3.9 6.6 
S18/550 0.0 7.3 9.3 

Table 3.6. Relative percentage (%) of (CH3)2SiO2, CH3SiO3, SiO4 of samples coated at 350 W and 550 W. 

 
Figure 3.17. Relative percentage of chemical bonds: [a] CH3SiO3 and [b] SiO4 of 3-pass samples coated with different 

precursor flow rates (1, 1.5 and 2 slm) and plasma powers (350, 450 and 550 W) [22]. 
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3.1.5.2. EFFECT OF THE NUMBER OF PASSES  
As can be seen in Table 3.4, no clear relationship was identified between the atomic composition 
of the analyzed samples when modifying the number of passes. 

This fact seems reasonable since, considering that the predominant type of plasma polymerization 
takes place in the gas phase, a modification of the number of passes practically does not affect 
the atomic composition of the uppermost layer of the coating. This was not the case in the case 
of different precursor flow rates or different plasma powers, since these two variables do modify 
the type of plasma polymerization that takes place and, therefore, the atomic composition of the 
coating. 

3.1.5.3. EFFECT OF THE PLASMA POWER 
On the one hand, for the 2 and 3-pass samples, in Table 3.4, the higher the plasma power is for 
a given precursor flow rate, the lower the C1s atomic percentage is. This is due to the 
decomposition of the ethoxy groups (OCH2CH3) in APTES [51]. On the other hand, the atomic 
percentages of oxygen increase with plasma power [51]. The atomic percentage of nitrogen is not 
significant, and can be considered to be constant with changes in plasma power. 

Deconvolutions of the Si2p signal of the samples that were coated at 350 and 550 W were 
undertaken to develop a better quantification of the relative percentages of (CH3)2SiO2, CH3SiO3 
and SiO4. The binding energies of silicon chemical bonds are shown in Table 3.5 and their relative 
percentages are shown in Table 3.6. It is noted that, for a selected number of passes, the SiO4 
percentage increases with the plasma power, indicating a more inorganic character of the 
coatings. 

3.1.6. WETTABILITY 
To investigate the wettability of the samples, water contact angles of samples were measured. It 
is known that the wettability of a surface is affected by the chemical composition of the first 3 nm 
surface layer and the surface roughness of the coatings [39,74]. Figure 3.18 illustrates the WCA 
of the coated samples, uncoated TPE and the polyamide tape. It was not possible to determine 
the WCA of the flocked seals, since it consist of polyethylene fibers which absorb the test water 
drop. Therefore, it can be said that the flocked seals possess a superhydrophilic character. 

For the coated samples, changes in WCA seem to be explained by its differences in roughness 
together with the inorganic character of the coatings. It was discovered in section 3.1.3 Surface 
Morphology that the growth mechanisms and the roughness of the coatings depended on the 
number of passes and the plasma power. In addition to this, the inorganic character of the coatings 
depended on the SiO4 (Table 3.6). All coated samples, with the exception of sample S6/550, had 
a WCA that exceeded that of the polyamide tape (85.1º ± 7.4) and the uncoated TPE (86.0º ± 
6.4). 
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3.1.6.1. EFFECT OF THE NUMBER OF PASSES 
For any power, as shown in Figure 3.18, WCA usually increases with an increase in the number 
of passes from 2 to 18. These results can often be explained by the roughness values. Increasing 
the number of passes from 6 to 18 for a given power increases the roughness and, therefore, the 
WCA. Similarly, increasing the number of passes from 2 to 6 decreases the roughness and, 
therefore, the WCA (except for 350 W). The wetting behavior of the coatings can be ascribed to 
the formation of spherical particles that create a roughness. Therefore, it can be concluded that a 
rise in WCA is caused by an increase in roughness as other studies have demonstrated [39]. 

 
Figure 3.18. Water contact angles of: the coated samples, the uncoated TPE and polyamide tap [23]. 

3.1.6.2. EFFECT OF THE PLASMA POWER 
Despite the high standard deviation (SD) of WCA, it seems that an increase in plasma power from 
350 to 550 W results in a lower WCA, for samples that were coated in 6, 12 or 18 passes. This is 
in agreement with the increasing inorganic character of the samples with higher power as one can 
see in Table 3.6 since the roughness variations are not so significant to ensure any trend. WCAs 
of samples that were coated in two passes are practically the same (~87º) and are very similar to 
the uncoated TPE WCA. It seems that the use of two passes generates an incomplete coverage 
of the substrate. Thus, there is a minimum number of passes necessary for full-coverage the 
substrate surface [76]. For samples whose roughness were similar to that of uncoated TPE, 
differences in WCAs are explained by their chemical composition, since after deposition of an 
APTES-based coating, the wettability of the sample increased in agreement with the presence of 
SiOx groups that are characteristics of the APTES molecule. Finally, it can be concluded that 
sample S18/350 had the highest WCA (116.5º), that was 37% higher than the WCA of the 
polyamide tape. 
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3.1.7. TRIBOLOGICAL TESTS 
3.1.7.1. EFFECT OF THE PRECURSOR FLOW RATE 
In Alba-Elías et al. [22] the 3-pass samples and the uncoated TPE were subjected to a friction 
coefficient test applying 0.25 N at 2 cm/s for a sliding distance of 10 m. Table 3.7 presents the 
measurements of the average friction coefficient of uncoated TPE and 3-pass samples coated 
using 350 and 550 W. In Figure 3.19, which illustrates the variations of the friction coefficient of 
the abovementioned samples, one can see a friction coefficient stabilization at the end of the test.  

Sample Average friction coefficient 
S3/350 (1) 0.79 ± 0.04 
S3/350 0.32 ± 0.04 
S3/350 (2) 0.22 ± 0.01 
S3/550 (1) 0.49 ± 0.05 
S3/550 0.19 ± 0.02 
S3/550 (2) 0.20 ± 0.01 
Uncoated TPE 0.84 ± 0.03 

Table 3.7. Average friction coefficient of the 3-pass samples (350 and 550 W) and the uncoated TPE after a friction 
test of 10 m [23]. 

 
Figure 3.19. Friction coefficient of the uncoated TPE and 3-pass samples coated with different combinations of 

APTES flow rates (1, 1.5 and 2 slm) and plasma powers (350 and 550 W) [22]. 

In view of the results that appear in Table 3.7 and Figure 3.19, samples coated with a precursor 
flow rate of 1.5 and 2 slm had lower friction coefficients than that of the uncoated TPE sample. 
The friction coefficient of the sample that was coated with a precursor flow rate of 1 slm at a power 
of 350 W tends towards a value that is similar to that of the uncoated sample. This is probably due 
to the total loss of its coating during the test. One can also see that the friction coefficient 
decreases with increasing plasma power, for a given precursor flow rate. An increase of plasma 
power makes for a chemically and mechanically strong bonding with all fragment molecules, ions, 
and radicals that turns into a friction coefficient decrement [77]. As was also noted in the ATR-
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FTIR and XPS tests, the special behavior of sample S3/550 must be mentioned. This sample 
possessed the lowest friction coefficient, although the highest precursor flow rate was not used. 

With regard to the ATR-FTIR analyses, Figure 3.13 and Figure 3.19 show that the values of the 
absorption area that are below the peaks of SiOSi and N-containing groups are correlated 
inversely to the friction coefficient. In regards to the XPS analyses, an inverse relationship between 
the atomic percentage of Si2p and the relative percentage of SiO4 chemical bond and average 
friction coefficient can be seen in Figure 3.17 and Figure 3.19. In turn, the relationship between 
the average friction coefficient and the atomic percentage of C1s is positive (see Table 3.4). The 
reduction of carbon content causes an increment in the coating density because there is a 
diminution in the number of nano-pores in the coating structure. A higher coating density provides 
an increment in the hardness of the coating, with a consequent friction coefficient reduction [78]. 
All of these relationships were coherent with previous results [28,67], where an increment in one 
of the aforementioned groups enabled lower friction coefficients to be obtained. 

Taking into account that, in this work, sample with the best friction performance was coated with 
a precursor flow of 1.5 slm, in Sainz-García et al. [23] all samples were coated with this precursor 
flow rate (1.5 slm) and the influence of different plasma powers and number of passes was 
studied. 

3.1.7.2. EFFECT OF THE NUMBER OF PASSES 
In Sainz-García et al. [23], with the aim of reproducing the rigors of the operation that the coating 
on a seal of a vehicle undergoes during its lifetime a friction test with a sliding distance of 4000 m 
was selected. The friction coefficients of samples that were coated at 350 and 550 W together 
with the uncoated TPE sample and the current industrial solutions (flocked seals and polyamide 
tape) appear in Figure 3.20. Table 3.8 shows the average friction coefficient of all the analyzed 
samples. 

Figure 3.20 shows that the friction coefficient of the flocked seal gradually increases to 3000 m, 
reaching a steady state with a friction coefficient of ~0,3. The friction coefficient of the polyamide 
tape is practically constant during the 4000 m of sliding distance. Finally, it is noted that the friction 
coefficient of all of the coated samples is lower than the one of the uncoated TPE.  As has been 
mentioned, the higher the plasma power and number of passes are, the higher is the average 
surface temperature (Figure 3.1) which can have a significant influence on the tribological behavior 
when a heat-sensitive substrate, like TPE, is coated. The higher the surface temperature, the 
higher is the residual thermal stress of the coating generated due to difference in the thermal 
expansion coefficients of TPE and coating [79–81]. As confirmed Zeghni et al. [82], coatings that 
are subjected to high thermal tensile stress have a poorer friction behavior. 
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Figure 3.20. Evolution of the friction coefficient of: samples coated at 350 W and 550 W, uncoated TPE, flocked seal 

and polyamide tape [23]. 

Sample Average friction coefficient 
S2/350 0.43 ± 0.03 
S6/350 0.13 ± 0.02 
S12/350 0.14 ± 0.01 
S18/350 0.17 ± 0.01 
S2/450 0.39 ± 0.04 
S6/450 0.24 ± 0.02 
S12/450 0.25 ± 0.10 
S18/450 0.35 ± 0.19 
S2/550 0.39 ± 0.02 
S6/550 0.41 ± 0.20 
S12/550 0.44 ± 0.05 
S18/550 0.36 ± 0.06 
Uncoated TPE 0.68 ± 0.02 
Flocked seal 0.25 ± 0.06 
Polyamide tape 0.28 ± 0.01 

Table 3.8. Average friction coefficient of the coated samples, the uncoated TPE, flocked seal and the polyamide tape 
after a friction test of 4000 m [23]. 

Figure 3.20 and Table 3.8 indicate that samples coated with 350 W and more than six passes 
have lower friction coefficients than the current industrial solutions (flock and polyamide tape). 
These friction coefficients decline slightly with a decrease in the number of passes. The best 
sample was S6/350 probably because it was subjected to lower process time. This produces a 
lower average surface temperature, less residual thermal stress and a better friction performance. 
Otherwise, sample S2/350 had a friction coefficient that exceeds the remaining samples that were 
coated at 350 W and the current industrial solutions, probably because its surface was not fully 
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coated. Therefore, it seems that a minimum coating thickness is necessary to enhance a friction 
coefficient that is lower than those of the current industrial solutions.  

Samples that were coated at 550 W had friction coefficients that exceed those of the current 
industrial solutions. As can be seen in Figure 3.20 and Table 3.8, sample S2/550 had a friction 
coefficient that was nearly constant and was the lowest of the 550 W-samples. The surface of this 
sample was not full-coverage, which would cause its friction coefficient to depend not only on the 
coating, but also on the TPE substrate. In addition to this, its antifriction ability was not significantly 
affected by the residual thermal stress of this sample. The surface of sample S6/550 was full-
coverage with a 1402 nm thickness coating and its friction coefficient showed three different 
behaviors. During the first stage (0-1000 m), the friction coefficient increased linearly, since the 
first nanometers of the coating were not subjected to residual thermal stress. In the second stage 
(1000-2000 m), the friction coefficient fluctuated. This was probably due to successive cycles of 
the coating breaking and developing tribofilm. Finally, in the third stage (2000–4000 m), there was 
a sharp increase in the friction coefficient. In this situation, the residual thermal stress was high 
enough to cause complete detachment of the coating so that tribofilm could not be formed. The 
TPE surface was exposed to the steel and so the friction coefficient value was similar to that of 
the TPE. Friction coefficients of samples S12/550 and S18/550 were similar during the entire test. 
Both samples were subjected to the highest temperatures for the longest time. This caused the 
highest residual thermal stress in these coatings.  

 
Figure 3.21. SEM (top) and EDX (bottom) images with a magnification of x300 of the wear track of sample S18/550 
after a 4000 m friction test: [a] and [c] limited area coating-wear track, [b] and [d] central area of the wear track. The 

dashed arrows indicate the sliding direction and the white circles indicate coating debris [23]. 

In order to examine the quality of the coating at the end of the friction test, Figure 3.21 shows SEM 
wear track images and EDX analyses of sample S18/550 after a friction test of 4000 m. In the 
EDX maps, the red color corresponds to carbon, the blue color represents the silicon and the 
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yellow color is associated with oxygen. One can see in Figure 3.21 [a] and [c] different numbered 
regions of the coating. Region 1 corresponds to an undamaged coating area of spherical particles 
of SiOx similar to particles of Figure 3.21 [f]. In fact, its EDX map (Figure 3.21 [c]) evinces a 
uniformly green coating of SiOx that was derived from the mixture of silicon (blue) and oxygen 
(yellow). Region 2 depicts a transition area. This region is shown as a brittle coating where the 
detected cracks of Region 1 have become wider and the spherical particulates of the surface have 
been eroded. Region 3, together with Figure 3.21 [b] and [d], represents the central area of the 
wear track, in which flattened areas of SiOx (green) of the remaining coating and tribofilm appear. 
The wear in this region caused the coating to detach, which resulted in areas where the TPE 
substrate can be observed (red color of carbon). These images show debris of the coating (white 
circles in Figure 3.21 [c] and [d]) from which the tribofilm is created. These flattened areas of SiOx 
at the end of the friction test ensure that the value of the friction coefficient is 50% less than that 
of the uncoated TPE. 

3.1.7.3. EFFECT OF THE PLASMA POWER 
Figure 3.20 and Table 3.8 indicate that, for samples that were coated in 6, 12 or 18 passes, the 
higher the power is, the higher the friction coefficient is for a selected number of passes. This 
probably is related to the high temperature to which both the coating and the TPE substrate were 
subjected during the deposition process and results in an increase in the residual thermal stress 
of the sample. As was discussed earlier, this residual thermal stress has a negative impact on the 
friction behavior of the samples. 

However, the opposite result was found with 2-pass samples. Higher power leds to lower friction 
coefficient. These samples were subjected to different average surface temperatures for the 
shortest residence times. This produced a low residual thermal stress that did not affect to their 
friction behavior. In such a situation, the friction behavior seems to depend on the chemical 
composition of the coatings as was demonstrated by other authors [22,24,25]. In this regard, the 
sample that was coated at 550 W (S2/550) had the highest absorption area under the SiOSi peak 
in the ATR-FTIR spectrum (see Figure 3.16) and the highest SiO4 percentage after the Si2p 
deconvolution in XPS analyses (see Table 3.6). This provided a friction coefficient that was less 
than those of the samples that were coated at a lower power. The same applied to 3-pass samples 
in Alba-Elías et al. [22], where an increase of plasma power resulted in an increase of both the 
absorption area of SiOSi peak (ATR-FTIR) and the relative percentage of SiO4 chemical bond 
(XPS) leading to a lower friction coefficient. 

Finally, it can be concluded that sample coated in six passes and at a power of 350 W proved to 
have the best friction performance. This sample had a friction coefficient 46% and 53% lower than 
that of the flocked seals and polyamide tape respectively. 

 

  



 
48  CHAPTER 3 

 

3.2. MULTIFUNCTIONAL COATINGS: IMPROVEMENT OF 
TRIBOLOGICAL AND WETTABILITY BEHAVIOR 

As already mentioned in section  1.3.2 Topic of the Thesis, the publications Sainz-García et al. 
[24] and Sainz-García et al. [25], related to the OBJECTIVE 2 of this thesis, are focused on the 
deposition of functional coatings to improve both the tribological and hydrophobic properties of the 
uncoated TPE by using a mixture of two liquid precursors, APTES and a fluorinated compound. 
The key was determining the optimal mixture of precursors that produces a coating that is 
satisfactory in both characteristics. The main difference between these two publications is related 
to the different characteristics of the fluorinated precursors used in each case, and more 
specifically, in its different flash point, which has established the prevailing plasma polymerization 
(gas or substrate). In Sainz-García et al. [24] the fluorinated precursor FLUSI was used and in 
Sainz-García et al. [25] PFH. All the analyzed samples were coated with 450 W in a 2-pass coating 
process. The total flow rate of the mixture of precursors (APTES + fluorinated precursor) was 1.5 
slm. Table 3.9 shows the label of each analyzed sample and the percentages of APTES and 
fluorinated precursor. 

Sample label Fluorinated 
precursor % APTES % fluorinated 

precursor 
A0F100 

FLUSI 

0 100 
A25F75 25 75 
A50F50 50 50 
A75F25 75 25 
A0P100 

PFH 

0 100 
A25P75 25 75 
A50P50 50 50 
A75P25 75 25 
A100 - 100 0 

Table 3.9. Sample identification according to the proportions of APTES, FLUSI and PFH. 

In Sainz-García et al. [24], the chemical modification of the coating surface (due to the CFx groups) 
had greater influence in the enhancement of the hydrophobic character of the coating than the 
modification of the surface roughness. The variations that were observed in the surface 
morphology depend on the proportions of APTES and FLUSI when they are mixed. They appear 
to be due to the difference between the flash points of APTES (96 ºC) and FLUSI (168 ºC). The 
higher the percentage of APTES is, the lower the flash point of the mixture is. The flash point is 
the lowest temperature at which a liquid can vaporize sufficiently to form an ignitable mixture in 
air. This determines if a gas phase plasma polymerization predominates for lower flash points, or 
if there is a higher degree of plasma polymerization on the substrate surface for higher flash points. 
In this work, the flash point of the mixture of precursors was higher than 114 ºC.  
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In Sainz-García et al. [25], with the aim of intending a greater influence of the surface morphology 
of the coating in the hydrophobic properties, increasing the gas phase plasma polymerization, the 
fluorinated precursor PFH, with a flash point much lower than the one of the FLUSI (PFH: −17 ºC, 
FLUSI: 168 ºC), was selected. In this way, the flash point of the mixture of precursors was between 
12 ºC and 68 ºC. Moreover, and not less important in a potential industrial application, the cost of 
PFH is substantially lower than that of FLUSI, which is about 3.5 (Synquest Laboratories Inc.) to 
6 (TCI Europe) times cheaper.  

3.2.1. SURFACE MORPHOLOGY 
The thickness and roughness of all coated samples are illustrated in Figure 3.23. Figure 3.24 
shows SEM images of the uncoated TPE and samples A100, A75F25, A75P25, A50F50 and A50P50. The 
differences in the thickness, roughness and surface morphology of the samples seem to be 
determined by the APTES percentage in the precursor mixture. In fact, one can see in Figure 3.23 
that the coating thickness is noticeable only on those samples that were coated by the use of 
APTES. As other authors have noted [5,66], NH2 groups of APTES play an important role in the 
adhesion of fluorocarbons on substrates. This is probably why samples A0F100 and A0P100, which 
were coated only with FLUSI and PFH respectively, possess the thinnest coatings. In this regard, 
the higher the percentage of APTES in the mixture of precursors, the greater is the thickness of 
the coating.  

In regard to the roughness (Figure 3.23) and surface morphology of the samples (Figure 3.24), a 
different trend can be seen for each fluorinated precursor. It appears to be due to the different 
flash point of the precursor mixture. On the one hand, the flash point of APTES is 96°C and the 
flash point of FLUSI is 168°C, so the flash point of mixtures of theses precursors are between 96 
and 168 ºC. On the other hand, the flash point of PFH is -17 ºC, so a mixture of APTES and PFH 
will possess a flash point between -17 and 96 ºC. This determines if a gas phase plasma 
polymerization predominates for lower flash points, or if there is a higher degree of plasma 
polymerization on the substrate surface for higher flash points [83].  

 
Figure 3.22. Prevailing plasma polymerization depending on the fluorinated precursor percentage. 

The surface of the uncoated TPE sample (Figure 3.24 [a]) shows a rough and fibrous appearance. 
For sample A100 (Figure 3.24 [b]), coated only with APTES, the plasma polymerization in the gas 
phase predominates resulting in higher degree of particle formation. Such particles landed on the 
surface to grow a smooth layer by the van der Merwe growth mechanism [84]. In addition to this, 
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this sample’s surface reveals typical cracks in coatings that used APTES as precursor [22,24], 
and they probably were caused by the difference in densities between the TPE substrate and the 
coating, which leads to uneven shrinkage of the TPE substrate [85]. 

 
Figure 3.23. Thickness and roughness of the coated samples as a function of the APTES percentage: [a] APTES + 

FLUSI mixture and [b] APTES + PFH mixture [24,25]. 

In the case of APTES and FLUSI mixtures, Figure 3.24 [c] shows that the surface of the A75F25 
sample has an appearance that is similar to the uncoated TPE surface. A high level of spherical 
particles of 100 nm in diameter is observed to cover practically the entire surface (white circle). 
These particles were formed as a result of gas phase plasma reactions [86]. Some cracks can be 
seen on the surface of this image (white arrow in Figure 3.24 [c]) probably caused by the creation 
of an emerging layer. The A50F50 sample (Figure 3.24 [e]), coated with higher FLUSI percentage, 
shows the smoothest surface of FLUSI-based samples. This suggests that polymerization occurs 
predominantly in the substrate surface. The polymer film grows by reacting with the monomer 
fragments that reach the surface [49]. Thus, it can be said that for the FLUSI-based coatings, a 
decrease in the APTES percentage resulted in an increment of the flash point of the precursor 
mixture and, therefore, a decrease in the gas phase plasma polymerization (an increase in the 
substrate plasma polymerization).   

The use of mixtures of APTES and PFH leads to the formation of coatings rougher than the A100 
sample. In this case, contrary to what happens with FLUSI-based samples, the lower the APTES 
percentage is, the lower is the flash point of the mixture of precursors which results in higher 
plasma polymerization in the gas phase, and it leads to the formation of spherical particles and 
agglomerates of these particles. The surface of sample A75P25 (Figure 3.24 [d]) has a 
homogeneous appearance that is similar to that of sample A100, but with a slightly greater 
roughness. This was likely due to the inclusions in the coating (white circles) caused by the higher 
degree of plasma polymerization in the gas phase. Also, one can identify cracks that are similar 
to those observed in the surface of sample A100. On the surface of sample A50P50 (Figure 3.24 [f]), 
one can see some cracks, which indicate the incipient growth of a homogeneous coating (white 
arrow). In addition, some particles and agglomerates of these particles (white circles) caused by 
the higher degree of gas plasma polymerization of sample A50P50 can be identified, which 
produces a greater roughness. The surface of sample A25P75 exhibits a more fibrous appearance, 
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with craters and some small particles. Taking into account that the degree of plasma 
polymerization in the gas phase of this sample is the greatest of all the analyzed samples, one 
would expect larger agglomerates on its surface. However, this was not the case. This was 
probably because the lower amine concentration of this sample had prevented some of the 
agglomerates from adhering to the substrate. All of this caused this sample to possess a lower 
roughness than that of sample A50P50. Finally, the surface of sample A0P100 has a rough and 
fibrous appearance that is similar to that of the uncoated TPE sample. This is likely due to the 
extremely low coating thickness of this sample. 

 
Figure 3.24. SEM images at a magnification of x5000 of samples: [a] uncoated TPE, [b] A100, [c] A75F25, [d] A75P25, [e] 

A50F50 and [f] A50P50. 

3.2.2. ATR-FTIR ANALYSIS 
The ATR-FTIR spectra of the uncoated TPE and the coated samples in the 600-3800 cm-1 range 
were examined to study the chemical characterization of the coatings. The main chemical bonds 
of the uncoated TPE spectrum can be seen in Table 3.2. As one can observe in Figure 3.25 and 
Figure 3.26, some of the bands that were distinguished in the TPE spectrum were also identified 
in the case of the coated samples. However, a noticeable increase in the intensity of some of 
these bands in the three main regions can be observed (Region I: 960-1280, Region II: 1500-1800 
and Region III: 3000-3800 cm-1). 

Table 3.3 shows the chemical bonds for  A100 sample. The spectra of the fluorinated samples show 
absorption bands that are similar to the A100 bands. In addition, new overlapped peaks were 
identified in Table 3.10. 

A100 [b]

6 μm

A75F25 [c]

A75P25 [d]

6 μm

A50P50 [f]

6 μm

A50F50 [e]Uncoated TPE [a]



 
52  CHAPTER 3 

 
 

 
Figure 3.25. ATR-FTIR spectra of the uncoated TPE and the FLUSI-based samples. Three main regions can be 

identified: Region I (980-1280 cm-1), Region II (1500-1800 cm-1) and Region III (3000-3700 cm-1). 

 
Figure 3.26. ATR-FTIR spectra of the uncoated TPE and the PFH-based samples. Three main regions can be 

identified: I (960-1280 cm-1), II (1500-1800 cm-1) and III (3000-3800 cm-1). 

Functional groups Frequency/range (cm-1) Reference 
CFx ~1150 [87–89] 
CFx ~1208 [85,88,90] 
CFx ~1242 [87,89,90] 
C=CF2 ~1700 [85,90] 

Table 3.10. Chemical bonds and frequencies of the peaks related to the fluorinated coatings in ATR-FTIR spectrum. 

It has been noted that, for all of the coated samples, the ATR-FTIR intensity 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 Region I, Region II and Region III was conducted. 
The spectrums of Regions I and Region II of all of the studied samples were deconvoluted into 
their overlapping peaks. The deconvolution of Region I of FLUSI-based samples can be seen in 
Figure 3.27. 
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Figure 3.27. ATR-FTIR deconvoluted of Region I for FLUSI-based samples [24]. 

Figure 3.28 and Figure 3.29 show 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.  

Figure 3.28 [a] and Figure 3.29 [a] illustrate the absorbance area of the peaks of Region I with the 
APTES percentage. In both figures, one can observe that an increment of APTES percentage in 
the mixture of precursors results in an increment of absorption area under the SiOSi peak. Related 
to the CFx groups, the lower the percentage of the fluorinated precursor in the mixture, the lower 
is the absorbance area. The absorbance area of samples coated just with a fluorinated precursor 
(A0F100 and A0P100) is the lowest of those of the fluorinated samples. This fact may be due to the 
poor adhesion of fluorocarbons to TPE substrates [91,92]. In addition, for sample A0P100, a 
volatilization of fluorine compounds, such as CFx, during the plasma polymerization reactions, 
could occur [9,93]. The used of higher percentages of PFH should provide more fluorine for the 
plasma polymerization process, but the lower flash point of PFH makes the material more volatile 
and more likely to be evacuated. 
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Figure 3.28. Absorption areas under the peak of: [a] SiOSi and CFx (Region I), [b] C=O/C=CF2 and N-groups (Region 

II) and [c] OH/NH (Region III) of FLUSI-based samples [24]. 

Figure 3.28 [b] and Figure 3.29 [b] illustrate 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. This is related to amines and dissociation of the amines of APTES molecule [66]. 
Samples A0F100 and A0P100 contain N-groups due to the nitrogen gas used as supply and carrier 
gas during the activation and coating phases. Referring to absorption area of the peak related to 
C=CF2 groups, for the FLUSI-based samples, this area increases with increasing the APTES 
percentage. However, there is no clear relationship for the PFH-based samples.  

In Figure 3.28 [c] and Figure 3.29 [c], one can observe how, 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. 

 
Figure 3.29. Absorption area under the peaks: [a] SiOSi and CFx (Region I), [b] C=CF2 and N-groups (Region II) and 

[c] OH/NH (Region III) of the PFH-based samples [25]. 

Based on the foregoing, it can be concluded that for both fluorinated precursors, the SiOSi groups 
(tribological properties) and N-groups (adhesion) are directly related to the APTES percentage. 
Related to the CFx groups (hydrophobicity), an inverse relationship with the APTES percentage 
was identified for the FLUSI-based samples and no clear relationship for the PFH-based samples. 
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3.2.3. XPS ANALYSIS 
A XPS analysis was performed to determine the chemical composition and the atomic 
percentages of the surface of the uncoated TPE substrate and the coated samples. Table 3.11 
shows the atomic percentages of carbon (C1s), oxygen (O1s), silicon (Si2p), fluorine (F1s) and 
nitrogen (N1s) on the surface of the samples analyzed.  

Sample Atomic chemical composition (at. %)  
C1s O1s Si2p F1s N1s 

A0F100 46.6 23.1 14.3 15.5 0.5 
A25F75 33.3 12.3 7.5 46.2 0.7 
A50F50 29.8 18.7 10.0 39.8 1.7 
A75F25 38.0 24.0 11.9 23.1 3.0 
A0P100 82.7 10.9 0.8 4.8 0.8 
A25P75 51.9 24.0 11.9 7.0 5.2 
A50P50 50.9 24.9 13.0 6.1 5.1 
A75P25 57.9 21.2 11.3 5.1 4.6 
A100 60.0 23.3 11.8 0.5 3.4 
Uncoated 
TPE 94.3 4.5 1.2 0.0 0.0 

Table 3.11. Atomic chemical composition (at. %) of all the analyzed samples. 

The uncoated TPE sample contains, in addition to carbon, traces of silicon probably due to cross-
contamination and oxygen from the oxidation that takes place during the transformation of the raw 
material. 

On the one hand, for the FLUSI-based samples, atomic concentrations from survey scans of the 
coatings showed clear differences in the concentrations of chemical groups that were found in the 
coatings as a function of the APTES percentage. It can be seen that for the A25F75, A50F50 and 
A75F25 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. The chemical composition of the 
A0F100 sample was determined by the absence of the NH2 groups of APTES. This absence affects 
mainly the non-adherence of fluorocarbons to the substrate, since SiOx groups have inherently 
good adhesion [94]. Therefore, the atomic percentage of fluorine in this sample is the lowest of all 
FLUSI-based coatings. 

On the other hand, the PFH-based samples showed a noticeable percentage of carbon. The 
fluorine percentage in these was fairly low in comparison with that in FLUSI-based samples, likely 
due to the two phenomena that were identified in the ATR-FTIR analysis. 

In order to study the probable relationships between the hydrophobic character and the chemical 
composition of the coatings, the deconvolution of the C1s spectra of the FLUSI-based samples 
were undertaken. Due to the small differences in energy between some functional groups, it was 
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not possible to get a unique distinction of some peaks [11]. Table 3.12 shows the assigned 
chemical components and the peak position in the deconvoluted high resolution C1s spectra. 
Representative, deconvoluted C1s spectrums of FLUSI-based samples are shown in Figure 3.30. 

For these samples, in Figure 3.31 [a]  and Table 3.11, one can see that an increment in the APTES 
percentage results in a similar variation of the fluorine atomic percentage and CF2 relative 
percentage. In the case of A25F75, A50F50, A75F25 and A100 samples, the higher the APTES 
percentage is, the higher the C=O/CF relative percentage 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 
[5,85,88], which are incorporated in the TPE surface by the plasma polymerization process. 

 
Figure 3.30. Deconvolution of high resolution C1s spectra of FLUSI-based samples [24]. 

For the PFH-based samples (A25P75, A50P50 and A75P25), it was no possible to identify any 
relationship between the atomic fluorine percentage and the C-CF/CF relative percentage in the 
C1s deconvolution, since C-CF groups of PFH were overlapped at ~286 eV with C-N and C-O 
groups, both provided by APTES, and CF groups of PFH were overlapped at ~288 eV with C=O, 
provided by APTES. 

In order to study the relationship between the tribological properties and the chemical composition 
of the coatings, Si2p spectrums were deconvoluted into their most representative components 
that correspond to the main bonding regions. Table 3.12 shows the assigned chemical 
components and peak position in the deconvoluted high resolution Si2p spectrum.  

For the FLUSI-based samples, Figure 3.31 [b] shows the relative percentages of the different 
silicon chemical bonds and their accumulated proportions of the coated samples. The chemical 
bonds of (CH3)4Si, (CH3)3SiO and (CH3)2SiO2, are referred to as the organic nature, and the 
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chemical bonds of CH3SiO3 and SiO4 are referred to as the inorganic nature [98]. As can be seen 
in Figure 3.31 [b], for A25F75, A50F50, A75F25 and A100 samples, when the APTES percentage is 
increased, a high accumulated proportion of chemical bonds CH3SiO3 and SiO4 is obtained. This 
results in a greater inorganic character and a greater surface hardness of the coatings [98]. 

 Chemical component Peak position (eV) Reference 

C1s 

C-Si ~284.3 [87,95] 
C-C, C-H ~285 [49,87,95,96] 

C-N, C-O, C-CF ~286 [5,87,96,97] 
C=O, CF ~288 [49,96,97] 

CF2 ~291.4 [49,87] 
CF3 ~293.8 [11,49,87,95] 

Si2p 

(CH3)4Si ~100.9 [98] 
(CH3)3SiO ~101.5 [98] 
(CH3)2SiO2 ~102.1 [98] 
CH3SiO3 ~102.8 [98] 

SiO4 ~103.4 [98] 
Table 3.12. Assigned chemical components and peak position in C1s and Si2p deconvolutions. 

For the PFH-based samples, in Figure 3.31 [c], the higher the APTES percentage is, the greater 
the SiO4 percentage is. This is referred to a higher inorganic nature and greater surface hardness 
[75]. 

 
Figure 3.31. Relative percentages of chemical bonds: [a] C=O/CF, CF2 and CF3, [b] (CH3)3SiO, (CH3)2SiO2, CH3SiO3, 
SiO4 and their accumulated proportions of the coated samples of FLUSI-based samples and [c] CH3SiO3 and SiO4 of 

PFH-based samples [24][25]. 

3.2.4. WETTABILITY 
Since the static water contact angle cannot be determined on practical polymer surfaces due to 
their chemical heterogeneity and surface roughness [34,35], the hydrophobic nature of the 
surfaces was quantified by measuring the dynamic WCA. In this way, advancing and receding 
WCA were measured. 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 [34,35]. In terms of topography, the advancing and 
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receding WCA can respond differently to increasing surface roughness. An increase in roughness 
means an increase of the advancing WCA and a decrease of the receding one [34].  

Figure 3.32 [a] shows the advancing and receding WCA, relative percentage of the CF2 and 
relative percentages of the polar groups: C-O/C-N and C=O of the FLUSI-based samples as a 
function of the APTES percentage. Figure 3.32 [b] shows the advancing and receding WCA and 
the roughness of the PFH-based samples with the APTES percentage.  

The surface of the uncoated TPE had a hydrophobic character (θadv=114.9º; θrec=77.1º), probably 
due to the long hydrocarbon chains in the polymer backbone [87]. In addition to this, a certain 
hysteresis is probably a cause of the surface roughness of the substrate. The dynamic WCA for 
samples A0F100 and A0P100 coated just with FLUSI and PFH respectively, were very close to the 
uncoated TPE because of its low thickness caused by the lack of amino groups produced by the 
APTES decomposition. Sample A100 had the lowest dynamic WCA of the samples studied (θadv= 
89.3º; θrec= 68.1º). This sample, besides having almost the lowest roughness, contains the highest 
absorption areas of polar groups (C=O, N-groups) in the ATR-FTIR analysis and the highest 
relative percentage of hydrophilic polar groups of APTES decomposition which promote a 
reduction of the contact angles, primarily the receding WCA [34,35].  

 
Figure 3.32. [a] Advancing and receding WCA and relative percentage of CF2 and polar groups for FLUSI-based 

samples [24] and [b] advancing and receding WCA and roughness for PFH-based samples [25]. 

On the one hand, for samples coated with an APTES and FLUSI mixture, similar to other studies 
[11,87] and as Figure 3.32 [a] illustrates, the WCA values, especially the advancing WCA values, 
are directly correlated to the relative percentage of CF2. The higher the CF2, the higher is the 
advancing WCA. It is known that an ideal hydrophobic fluorine-containing polymer surface should 
have a structure that is based on CF2 long chains like PTFE [11]. In addition to this, for A25F75, 
A50F50 and A75F25 samples, the higher is the APTES percentage, the higher is the relative 
percentage of hydrophilic polar groups (C-O/C-N and C=O) and the lower is the advancing and 
receding WCA [12,85,99]. However, this trend is not satisfied for sample A50F50, since this sample 
should have a receding WCA lower than sample A25F75. This could be justified by the low 
roughness of A50F50, which contribute to a higher receding WCA for such sample. For these 
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samples, it can be concluded that the hydrophobicity of the coated samples is directly correlated 
to CF2 groups and inversely correlated to polar groups. 

On the other hand, once a mixture of APTES and PFH is used, the dynamic WCA are justified 
solely by the surface roughness of the coatings. It is not possible to relate these results with the 
chemical composition of the samples, since the absorption area of CFx is very similar for these 
samples and the absorption area of C=CF2 groups is practically absent. In addition to this the F1s 
atomic percentage is very low and similar. For all this, Figure 3.32 [b] shows a direct relationship 
between the advancing WCA and surface roughness. In this respect, the higher the roughness is, 
the higher the advancing WCA is. This is attributed to Wenzel´s theory [100], which indicates that, 
if the surface has contact angles that are greater than 90º, an increase in surface roughness would 
result in an increase in the WCA.  This trend is not satisfied for the receding WCA, since the higher 
the roughness, the lower the receding WCA. This situation was explained in Li et al. [101], in which 
the surface roughness of different polymer substrates was increased by sandpapers, resulting in 
a reduction of receding WCA. In our research, sample A50P50 showed a receding WCA lower than 
the samples A25P75 or A75P25 probably because its higher roughness. 

3.2.5. ADHESION TEST 
In order to evaluate the durability of the coatings for the PFH-based samples, the adhesion 
properties were evaluated by a tensile lap-shear strength test. Figure 3.33 [a] shows the average 
lap-shear strength (LST) in MPa that was obtained for each coated sample, the thickness as well 
as the sum of the absorption areas under the peaks of ATR-FTIR that contain NHx (~1600 cm-1 
and ~3500 cm-1). The average lap-shear strength of the uncoated TPE sample was 4.1·10-2 MPa, 
the lowest value.  

 
Figure 3.33. [a] Lap-shear strength (MPa), thickness (nm) and sum of the absorption areas under the peaks that 

contain NHx groups as a function of the APTES percentage and [b] absorption area of the SiOSi peak before and after 
the LST test for PFH-based samples [25]. 

The lap-shear strength value of sample A0P100 was the lowest of all the coated samples mainly 
because of the poor adhesion of this coating to the TPE substrate, its low thickness and its low 
content in NHx groups. Sample A100 that was coated only with APTES, had the highest lap-shear 
strength value because of the good adhesion of silanes with amino functionalities, whose NH2 

0

5

A100A25P75 A50P50 A75P25

4

Ab
so

rb
an

ce
 ar

ea
 (a

.u.
)

3

2

0

12

18

A100A0P100 A25P75 A50P50 A75P25

La
p s

he
ar

 st
re

ng
th 

·1
0-2

 (M
Pa

)

Lap shear strength
Amines (NHx)

9

3

SiOSi before LST
SiOSi after LST

1

[a] [b]

Thickness

Ab
so

rb
an

ce
 ar

ea
 (a

.u.
)

0

250

500

750

Thickness (nm)

15

6



 
60  CHAPTER 3 

 
groups play an important role in improving the adhesion of the coating to the substrates [5,66,102]. 
The lap-shear strength values of the remaining samples (A25P75, A50P50 and A75P25) were very 
similar, like their thickness, and higher than the A0P100 LST value. Taking into account the 
foregoing, one can conclude that the contribution of NHx groups is necessary to promote the 
adhesion of the coating to the TPE substrate which is in accordance with Múgica-Vidal et al. [83]. 
Figure 3.33 [b] shows the absorption area of the SiOSi peak before and after the test. As one can 
see, the absorption area after the test sample is lower than before. This means that the failure 
occurred because of the coating structures [88]. 

3.2.6. STABILITY TEST 
Stability and durability are important properties in evaluating further industrial feasibility. In this 
regard, FLUSI-based samples were aged in air for twelve months. At the beginning and upon 
completion of the test, the ATR-FTIR spectrums were taken and the water contact angles were 
measured for all the samples. 

Related to the ATR-FTIR spectrums, Figure 3.34 [a] illustrates the ATR-FTIR spectrums of Region 
I (980-1280 cm-1) and Region II (1500-1800 cm-1) for the most representative samples (uncoated 
TPE, A25F75 and A75F25) at the beginning and at the end of the stability test. In Region I, 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 A25F75 and A75F25 samples. For these samples there is no lessening of the 
intensity of peaks related to fluorinated compounds (~1150 and ~1240 cm-1). The absorption band 
in Region II is practically unchanged for uncoated TPE, whereas for A25F75 and A75F25 samples 
one can note a decrease in the intensity of the peak related to C=O and C=CF2 groups (~1700 
cm-1). For A25F75 sample, this decrease results in the disappearance of the peak. This reduction 
is likely due to the humid ambient. 

 
Figure 3.34. [a] ATR-FTIR spectra of Region I and II and [b] static WCA at the beginning and upon completion of the 

stability test for FLUSI-based samples [24]. 
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Figure 3.34 [b] shows the static WCA obtained from the stability test performed to all the studied 
samples. On the one hand, the WCA of A0F100 and A100 remained unchanged. On the other hand, 
a decrease in the WCA was produced for uncoated TPE, A25F75, A50F50 and A75F25 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 3.34 [a]. 

3.2.7. TRIBOLOGICAL TESTS 
This section analyzes the relationship between the APTES percentage, the chemical 
characteristics and the friction coefficient of all the samples. Table 3.13 presents the 
measurements of the average friction coefficient and Figure 3.35 illustrates the variation in the 
friction coefficient with the sliding distance for all samples. These samples were tested by applying 
1 N at 2 cm/s for a sliding distance of 1000 m with a steel ball as counterpart. 

Sample Average friction coefficient 
(steel ball) 

Average friction coefficient 
(glass ball) 

A0F100 1.01 ± 0.07 1.03 ± 0.02 
A25F75 0.70 ± 0.06 0.97 ± 0.04 
A50F50 0.80 ± 0.06 0.98 ± 0.02 
A75F25 0.53 ± 0.05 0.82 ± 0.03 
A0P100 0.95 ± 0.01 - 
A25P75 0.60 ± 0.04 - 
A50P50 0.58 ± 0.03 - 
A75P25 0.54 ± 0.01 - 
A100 0.46 ± 0.02 0.62 ± 0.01 
Uncoated TPE 1.08 ± 0.02 1.12 ± 0.03 

Table 3.13. Average friction coefficient of all the samples. 

 
Figure 3.35. Friction coefficients of the: [a] FLUSI-based samples [24] and [b] PFH-based samples together with the 

uncoated TPE [25] (steel ball tests). 

In regards to the A25F75 sample, two different stretches are shown, namely A25F75 [a] tested during 
a sliding distance of 22 m and A25F75 [b] tested during a sliding distance of 1000 m. In order to 
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make them easily visible, these tests are presented in a subfigure that shows the first 25 meters 
of the tribological tests. 

SEM micrographs in Figure 3.36 show the wear tracks of the uncoated TPE, A25F75 [a], A25F75 [b] 
and A100 samples at two different magnifications (x 80 and x 600). Figure 3.36 [a], [c], [e] and [g] 
show the friction zone outlined by dashed lines. Figure 3.36 [b], [d] and [f] provide a detailed view 
that corresponds to the white box in Figure 3.36 [a], [c] and [e]. Figure 3.36 [c] – [f] shows the 
wear tracks of two stretches of the A25F75 sample after a sliding distance of 22 m (A25F75 [a]) and 
1000 m (A25F75 [b]). In Figure 3.36 [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 (see Figure 3.35 [a]). 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 (see Figure 3.35 [a]). During this period the exposed surface 
consists of worm areas of TPE substrate, coated areas (Figure 3.36 [f]) and the soft debris of the 
remains of ridges (white circles in Figure 3.36 [e]). This agrees with the results obtained by others 
authors who used polymer substrates [103]. As a result, the surface of the A25F75 [b] sample is 
smoother than that of the A25F75 [a] sample. Most of the wear of the A25F75 sample takes place at 
the beginning of the friction test. 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 (Figure 3.35). After 1000 m of sliding distance, ridges originated due to 
substrate delamination wear can be identified (Figure 3.36 [a] and [b]). In Figure 3.35, one can 
see that the wear mechanism described above for the A25F75 sample is similar to that of the A0F100 
and A50F50 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 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 A0F100, A25F75 and A50F50 samples. The higher the APTES 
percentage is, the greater is the delay in the growth of the peak.  

 



 
RESULTS AND DISCUSSION 63 

 

 
 

 
Figure 3.36. 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] A25F75 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 [24]. 

Related to the friction coefficient tests of A75F25 and A100 samples (Figure 3.35), it was not possible 
to identify the characteristic peak of A0F100, A25F75 and A50F50 samples at the beginning of the test. 
The greater wear resistance of A75F25 and A100 samples prevents delamination wear and a 
consequent detachment of hard debris of the coating surface which results in noticeably lower 
friction coefficient than those of the remaining coated samples. Thus, the surface of the track of 
sample A100 after a sliding distance of 1000 m (Figure 3.36 [g]) evinces the typical cracks that were 
identified on the original coating surface (Figure 3.24 [b]). Therefore, most of the original coating 
has been maintained during the tribological test. For these samples, the friction coefficient 
increases gradually with sliding distance due to the increase in the real contact area between the 
steel counterpart and the surface of the coating [104]. This is also evident in Figure 3.35 [b] for 
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samples A25P75, A50P50, A75P25 and A100 whose friction coefficient are similar. However, they are 
increasingly lower with increasingly higher APTES percentages. The friction coefficient of sample 
coated only with PFH (A0P100) is similar to that of the uncoated TPE. This may be due to the low 
thickness of the coating, which was damaged during the first meters of the test.  

Since for a specific application of such coating to window channels, the materials in contact are 
the window glass with the TPE sealing, the tribological behavior of all the FLUSI-based samples 
with a glass ball as counterpart were tested. As one can see in Figure 3.35 [a], Figure 3.37 and 
Table 3.13, the 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. 

 
Figure 3.37. Friction coefficients of the uncoated TPE and FLUSI-based samples (glass ball tests) [24]. 

With the aim of related the chemical structure of the analyzed coatings with the average friction 
coefficient, an inverse relationship between absorbance areas under the SiOSi peak and the 
relative percentage of inorganic groups was identified (see Figure 3.10, Figure 3.11 and Table 
3.13). It may be noted that an increment of SiOSi peak and a higher proportion of the CH3SiO3 
and SiO4 chemical bond are related to an improvement of both the tribological properties and wear 
resistance of the coating [22,72,75,98]. 

In regards to the studied functional properties, the results of the following samples are highlighted: 

 The A100 sample showed the highest values of: [a] SiOSi, [b] polar groups and [c] inorganic 
groups besides a total absence of CF2, which seem to justify both the lowest average friction 
coefficient (0.46 ± 0.02) and advancing WCA (89.0º ± 1.6). These results confirmed that 
sample A100 would perform well in applications in which antifriction is required, but poorly in 
water-repellency applications. 

 The A75F25 sample, which was coated by a mixture of 75% APTES and 25% FLUSI, had an 
average friction coefficient 51.5% lower and an advancing WCA 4.4% higher than the 
uncoated TPE sample. This sample possessed optimal values in both friction coefficient and 
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hydrophobicity at the same time, although such values were not the best values of all samples 
that were studied. In addition, it showed a good behavior in the stability test, since its chemical 
nature remained unchanged, so that its WCA had just decreased in 4.4% for one year.  

 Sample A50P50, which was coated by a mixture of 50% APTES and 50% PFH, combined an 
admissible improvement of both functional properties in comparison to the uncoated TPE 
substrate. This sample had an advancing WCA equal and a friction coefficient 47.1 % lower 
than those of the uncoated TPE substrate.  
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CHAPTER 4 

CONCLUSIONS AND FUTURE 
RESEARCH 
6.1. CONCLUSIONS 
An Atmospheric Pressure Plasma Jet system over TPE substrates was used to deposit a coating 
over TPE substrates with a friction coefficient lower than the current industrial solutions (flocked 
seals and polyamide tape) and a hydrophobicity higher than the uncoated TPE.  

Thus it can be concluded that the two proposed objectives have been successfully fulfilled. The 
specific conclusions to each group of scientific publications are given below. 

In relation with the plasma polymerized films of APTES over TPE substrates, the key findings of 
this research are the following: 

 The optimum degree of precursor decomposition relates a certain plasma power and a 
precursor flow rate. 

 It was discovered that the growth mechanisms depend on the plasma power and the number 
of passes, as determined by the roughness measurements and SEM and AFM images. 

 Two key variables that determine the friction performance of the samples are: [a] the average 
surface temperature of the samples during the coating process (depending on the plasma 
power and the number of passes) and [b] the coating thickness. If the average surface 
temperature exceeds a certain value, the residual thermal stress could compromise the 
antifriction ability. However, it is necessary that the substrate surface be covered entirely. 

 Successful samples (those with a friction coefficient that is less than the current industrial 
solutions) were samples that were coated in 6, 12 or 18 passes and a plasma power of 350 W 
or coated in six passes and a plasma power of 450 W. The average surface temperature of all 
of these samples during the coating process did not exceed 92 ºC, and the thickness of the 
coatings was greater than 1000 nm. 
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 The wettability of the coated samples depends mainly on the roughness, as no significant 

chemical variations in the uppermost layer (3 nm) were identified. 

Related to the plasma polymerized films of APTES and a fluorinated precursor (FLUSI or PFH) 
mixture, the following conclusions can be drawn: 

 The precursor flash point determines the type of the main plasma polymerization (gas or 
substrate) that takes place. In the APTES/FLUSI mixtures, an increase in the FLUSI (flash 
point: 168 ºC) percentage means other increase in the degree of the substrate plasma 
polymerization. Otherwise, using APTES/PFH mixtures, an increase in the PFH (flash point: -
17 ºC) percentage is synonym of a higher plasma polymerization in the gas phase. 

 In view of the A0F100 and A0P100 samples characteristics (samples coated just with a fluorinated 
precursor) it can be stated that NHx groups must be provided to the coatings to ensure that the 
fluorocarbons of the fluorinated precursor adhere to the substrate. In this research, the APTES 
precursor is responsible for providing the NHx groups. 

 In regards to the hydrophobicity, for FLUSI-based samples the relationship between the 
advancing WCA and the relative percentage of CF2 and the relative percentage of polar groups 
is positive and negative respectively. However, the modification of the surface morphology for 
PFH-based samples justifies their advancing WCA. In this regard, the lower the roughness of 
these samples is, the lower the advancing WCA is. However, it is not possible to identify any 
relationship between the surface chemical composition and the dynamic WCAs.  

 The friction coefficient of the coatings is directly related to the absorbance areas under the 
SiOSi peak and the relative percentage of inorganic groups (CH3SiO3 and SiO4), which 
depends on the APTES percentage in the mixture of precursors. A higher APTES percentage 
results in a lower friction coefficient.  

 It is worth underscoring the effectiveness of using fluorinated precursors as FLUSI or PFH to 
avoid a significant decrease in the WCA of the surface of samples when applying a precursor 
(APTES) to antifriction improvement. 

6.2. FUTURE RESEARCH 
Based on the succesful results achieved in this thesis, it is estimated that the knowledge generated 
can be applied to other areas. Specifically, it will be undertaken the following for each group of 
publications. 

In relation with the plasma polymerized SiOx-based functional coatings over TPE substrates:  

 Establish the plasma polymerization parameters that provide antifriction properties that are 
similar to those of the current industrial solutions, but are less costly. The intention will be to 
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reduce the costs related to the plasma equipment, plasma gas consumption and other 
consumables in a future industrial process. 

 Identified the growth mechanisms of the coatings and their relationship with the process 
parameters (plasma power, number of passes, precursor flow rate, etc.), the reproduction of 
“lotus leaf” or “month eye” effects will be studied in order to provide to the antifriction coating 
other functional properties like hydrophobicity and antireflection, respectively. 

 Use of other precursors with antifriction ability (HMDSO, TEOS, PMDS, etc.).  

 Verify the effectiveness of the coatings on other substrates like EPDM.    

Related to the plasma polymerized films of the plasma polymerized films of mixtures with different 
proportions of antifriction and hydrophobic precursors: 

 Improve the hydrophobic character, friction coefficient and durability of the coatings without 
worsening of other functional properties. 

 Provide the coating with other functional properties: UV stability, ozone stability, etc. 
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