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Thermoplastic elastomers (TPE) are multifunctional polymeric materials that are characterized by moderate
cost, excellent mechanical properties (high elasticity, good flexibility, hardness, etc.), high tensile strength,
oxidation and wettability. With an objective of reducing the superficial friction coefficient of TPE, this work
analyzes the characteristics of coating films that are based on aminopropyltriethoxysilane (APTES) over a
TPE substrate. Since this material is heat-sensitive, it is necessary to use a technology that permits the depo-
sition of coatings at low temperatures without affecting the substrate integrity. Thus, an atmospheric-
pressure plasma jet system (APPJ) with a dielectric barrier discharge (DBD) was used in this study. The coated
samples were analyzed by Scanning Electron Microscopy, Atomic Force Microscopy, Fourier-Transform Infrared
with Attenuated Total Reflectance Spectroscopy, X-ray Photoelectron Spectroscopy and tribological tests
(friction coefficient and wear rate). The studies showed that the coated samples that contain a higher amount
of forms of silicon (SiOSi) and nitrogen (amines, amides and imines) have lower friction coefficients. The sample
coated at a specific plasma power of 550 Wand 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.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The use of elastomer-basedmaterials has increased due to their high
performance and relatively low cost [1]. Thermoplastic elastomer (TPE)
refers to a series of commercial plastic materials that are both relevant
and interesting [2]. TPEs are multifunctional polymeric materials that
combine the processability of thermoplastics and the elasticity of vulca-
nized 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 [2–5]. TPEs are characterized bymoderate cost, excel-
lent mechanical properties (high elasticity, good flexibility, hardness,
etc.), high tensile strength, oxidation and wettability [5]. These elasto-
mers are widely used in the automotive sealing industry to produce
components for different automotive parts (door glass edges, glass
runweather strips, door weather strips, roof rail weather strips, quarter
window weather strips, deck lid seals, secondary seals, inner and outer
beltstrips, etc.).The elasticity and high friction coefficient of these
elements ensure that they are water tight, dust proof and noise proof.
Nevertheless, this high friction coefficient can be a serious problem in
some areas of the vehicle, such as the window channels, which, for
+34 941 299 794.
lías).
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instance, are usually flocked. The present work concentrates on an
analysis of the deposition of plasma polymer thin films that are based
on silicon oxides (SiOx) and nitrogen-containing groups by using
aminopropyltriethoxysilane (APTES) as a precursor, to reduce the fric-
tion coefficient of the elastomer's surface. Some instances of the depo-
sition of siloxane-based coatings using APTES as a precursor to improve
the tribological properties of hydrogenated nitrile butadiene rubber
can be found in the literature [6,7].

The SiOx coatings deposited by means of such methods as chemical
vapor deposition (CVD), are known for their specific properties, such as
their chemical structures and protective coating [8]. However, these
coating methods are unsuitable for products that are made from heat-
sensitive materials, such as TPEs, because of their high processing tem-
peratures [9].

The low-temperature, plasma-enhanced, chemical vapor deposi-
tion (PE-CVD) method is characterized by deposition temperatures
that are considerably lower than experienced in other methods [10].
However, 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.

The cold atmospheric-pressure, plasma jet systems (APPJ) are
well-known in the literature and used increasingly in industry [11].
The use of a low temperature and low pressure plasma for deposition
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of coatings over polymers has become increasingly common. Since
these systems do not require a vacuum pressure environment, the
cost of the process is reduced significantly. Furthermore, the coatings
that are used to improve the tribological properties of the materials
affect only the outer layers of the substrate that are exposed to the
plasma.

Previousworks by these authors [12] demonstrated the feasibility of
reducing the friction coefficient of Ethylene Propylene Diene Monomer
(EPDM) substrates – another popular material used in the automotive
sealing industry – with plasma-polymerized tetraethoxysilane (TEOS)
films that are based on silicon oxides and deposited using an APPJ sys-
tem [13] (PlasmaPlus®, Plasmatreat GmbH, Germany). In this study,
a different APPJ system and different process parameters (flow rate,
plasma-power values, ionization gas, number of passes, etc.), substrate
(TPE) and precursor (APTES) were used. More precisely, the selected
APPJ system is the Plasma Spot® technology from VITO (Belgium),
which is a plasma torch working at atmospheric pressure [14]. Further-
more, this study analyzes the influence that the nitrogen-containing
groups, in addition to SiOx groups, have on tribological properties.

The original contribution of this paper is in presenting the relation-
ships between: [a] the plasma-polymerization process parameters —

plasma power and precursor (APTES) flow rate, [b] the chemical struc-
ture of the coating and [c] the average friction coefficient andwear rate.
In order to understand the relationships between the essential plasma-
polymerization process parameters and the chemical and functional
characteristics of the deposited APTES films on TPE surfaces, the coated
sampleswere analyzedby Scanning ElectronMicroscopy (SEM), Atomic
Force Microscopy (AFM), Fourier-Transform Infrared with Attenuated
Total Reflectance Spectroscopy (FTIR-ATR), X-ray Photoelectron Spec-
troscopy (XPS), as well as tribological tests.

2. Experimental procedure

Asmentioned above, the samples were coated using an APPJ system
with a dielectric barrier discharge. It employs a plasma torch system at
atmospheric pressure, which is contained in a gun [12]. This device
(Fig. 1) was moved across the surface of the samples in a scanning
motion. The established speed of the gun was 6 m/min and the track
pitch was 2 mm. Each sample was treated first with plasma without
using any precursor in order to activate the surface. Immediately after
Fig. 1. Schematic diagram of the APPJ system (PlasmaSpot®, VITO, Belgium).
activation, the sample was coated in a three-pass process. That is, the
gun was passed over the substrate surface three times with a duration
of 37 s for each pass. During the activation and coating processes, dif-
ferent settings of plasma power of 75 kHz were used (350, 450 and
550 W). Nitrogen gas (99.99%) was used as the ionization gas at a flow
rate of 80 slm. Liquid APTES precursor was nebulized with an atomizer
to produce a fine aerosol. Droplet sizes were distributed in the range of
10–300 nmwith a maximum concentration around 50 nm [6]. Nitrogen
gas was also used as the carrying gas. In this case, three different flow
rates were applied 1, 1.5 and 2 slm. These flow rates correspond with
an atomizer pressure of 5 × 104, 1 × 105 and 1.5 × 105 Pa, respectively.
The N2 that carries the aerosol was directly injected in the afterglow
through a 0.5 mm opening. Otherwise, coating deposition inside the
gun would have occurred and caused many problems. Since the N2

used for the atomization did not go through the plasma, the amount of
active species did not increase. The distance between the jet and the sub-
strate was maintained at 6 mm. During the coating process, the temper-
ature of the substrate surface did not exceed 90 °C.

The material used as a substrate in this work 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
EPDM and the plastic phase is Polypropylene (PP). The raw material
was provided by an automotive sealing factory, Standard Profil
SA (Spain). Pellets were injected into a mold to produce sheets of
300 × 200 × 2 mm. Samples were prepared by cutting to dimen-
sions of 100 × 50 × 2 mm. Table 1 shows the label of each analyzed
sample, aswell as theflow rate and plasma power used during the coat-
ing process. For each sample, three sub-samples were used to conduct
the present study (see Fig. 1).

The following equipment was used to perform the tests necessary
to study the behavior of the coated samples. The film's surface was
observed by the use of a JEOL JSM-840 scanning electron microscope
under the operating voltage of 10 kV. The wear track produced during
the tribological tests was observed by the use of an HITACHI S-2400
scanning electron microscope under the operating voltage of 18 kV.
In order to make the surface of the samples conductive, they were
gold-coated. The morphology of the film's surface was analyzed by
use of a Veeco Instruments, Multimode AFM, operating in tapping
mode. The scanning area of the final samples was 10 μm × 10 μm.
The thickness of the coatings was measured by optical profilometry
(ConScan profilometer, CSM Instruments), using the following proce-
dure. First, the film's surface was partially covered with a mask (see
Fig. 1). Second, the sample was coated with a plasma-polymerization
process. Finally, the mask was removed and the height of the step was
measured by profilometry. A BRUKER IFS 66 FTIR spectrometer with a
Specac Golden Gate ATR accessory based on a single bounce diamond
prismwas used to record the FTIR-ATR spectra. For every ATR spectrum,
64 scans were made at a resolution of 2 cm−1. Deconvolution of
FTIR-ATR spectra was accomplished by use of the spectral analysis pro-
gram PeakFit version 4.12 (SPSS Inc.). The FTIR-ATR spectra were fitted
with bands described by a mixture of Gaussian and Lorentzian
Table 1
Label of each sample according to the flow rate and plasma power used during the
coating process.

Sample label APTES flow rate (slm) Plasma power (W)

S1/350 1 350
S1/450 1 450
S1/550 1 550
S1.5/350 1.5 350
S1.5/450 1.5 450
S1.5/550 1.5 550
S2/350 2 350
S2/450 2 450
S2/550 2 550
TPE – –
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mathematical functions. During peak fit analysis, the number of peaks
and the corresponding wavenumbers were constrained. A Physical
Electronics PHI 5700 spectrometer with a multi-channel hemispherical
electron analyzer was used to obtain the X-ray photoelectron spectra.
Non-monochromatic MgKα X-ray (300 W, 15 kV, 1253.6 eV) was
used as excitation source. The binding energy of photoelectron peaks
was referenced to C1s line for adventitious carbon at 284.8 eV. The
spectra were collected in the constant pass energy mode at 29.35 eV.
The residual pressure in the analysis chamber was maintained below
1.33 × 10−7 Pa during the spectra acquisition. The PHI ACCESS
ESCA-V8.0C software package was used for acquisition and data analy-
sis. Recorded spectra were fitted using Gauss–Lorentz curves in order to
determinate more accurately the binding energy of the different ele-
ment core levels. Atomic concentration percentages of the characteristic
elements were determined from the spectra after subtraction of a
Shirley-type background, and taking into account the corresponding
area sensitivity factor for every photoelectron line.

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 the tribological tests. The amplitude of the
linear test was 6 mm, the normal load 0.25 N, the speed 2 cm/s and
the total distance 10 m. The wear rate was calculated by measuring
the cross-sectional area of the wear track by optical profilometry
Fig. 2. SEM images of uncoated TPE substrate (a); APTES films produced at a flow rate of 1.
flow rate of 2 slm and plasma power of: (d) 350 W and (e) 550 W. Arrows indicate the su
(ConScan profilometer, CSM Instruments). Three wear track profiles
were taken on each sample, one on the center of the track and two
on the track sides, and an average cross-sectional area was computed.

3. Results and discussion

3.1. SEM and AFM analysis

SEM and AFM tests were used to study the relationships between
the selected plasma-polymerization process parameters – plasma
power and precursor flow rate – and the film's morphology – thickness
and roughness.

Fig. 2 shows SEM images of the uncoated substrate and coated
samples with an APTES flow rate of 1.5, 2 slm at 350 and 550 W.
Table 2 and Fig. 3 show the thickness and roughness (root-mean-square,
RMS) of all the samples. One can see in Figs. 2 and 3 and Table 2 that the
morphological features of the films change with the plasma power for a
given precursor flow rate.

For each coated sample image, it is possible to identify the direc-
tion of the gun movement during the deposition process from the
noticeable orientation of the coating fibers. Samples that are coated
at 350 W have a more homogeneous surface, whereas samples that
are coated at 550 W present a more fibrous and heterogeneous
5 slm and plasma power of: (b) 350 W and (c) 550 W; and APTES films produced at a
rface cracks location.
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Table 2
Thickness (nm) and surface roughness values (RMS).

Sample Thickness (nm) RMS (μm)

S1/350 210 ± 90 0.285 ± 0.013
S1/450 300 ± 30 0.375 ± 0.021
S1/550 330 ± 60 0.458 ± 0.014
S1.5/350 570 ± 60 0.176 ± 0.012
S1.5/450 510 ± 90 0.279 ± 0.018
S1.5/550 360 ± 30 0.333 ± 0.010
S2/350 810 ± 60 0.382 ± 0.023
S2/450 690 ± 30 0.417 ± 0.013
S2/550 510 ± 60 0.451 ± 0.011
TPE – 0.324 ± 0.014

Fig. 4. FTIR-ATR spectrum (600–3800 cm−1) of uncoated TPE and plasma-polymerized
films at plasma power of 350, 450 and 550 W and APTES flow rate of 1, 1.5 and 2 slm. The
spectra are displaced from their expected locations by the same amount of absorbance, for
purposes of clarity. The detailed figures present the spectra without any displacement in
the regions of 1000–1800 and 3000–3600 cm−1.
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texture. Samples coated at 350 W (Fig. 2(b) and (d)) show some
cracks, probably due to a difference in the elastic behavior of the coat-
ing and the rubber substrate material [7]. The number and size of
these cracks is greatest for the sample that was coated at a flow rate
of 1.5 slm (Fig. 2(b)).

As Table 2 and Fig. 3(a) illustrate, 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 be-
tween the plasma power and the thickness. However, this relationship
is the inverse at APTES flow rate values of 1.5 and 2 slm. In Table 2 and
Fig. 3(b), one can see that the higher the plasma-polymerization pro-
cess power is for a given APTES flow rate, the greater the roughness of
the film is. The roughness of the samples that are coated at 350 W is
lower than that of the samples that are coated at 550 W. For a given
plasma power, samples that are coated at a flow rate of 1.5 slm are
not as rough as samples that are coated at 1 and 2 slm. The samples
that are 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, which can be explained by the lower number of active species
per precursor molecule that are produced at lower plasma powers. 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 gaseous phase of the plasma,
prior to its deposition [15], and a plasma etching of the deposited
coating is produced. This causes a greater density of the coatings
[16,17], an increment of the fibrous aspect and roughness, and a
reduction in the coating thickness [15]. Taking all of this into account,
one can conclude that, at higher plasma powers, there is a balance
between the formation of covalent bonds and the break-up of other
bonds due to the higher energy of the active species.

3.2. FTIR-ATR analysis

Fig. 4 depicts the FTIR-ATR spectra of uncoated TPE and plasma-
polymerized TPE samples at different precursor flow rates (1, 1.5 and
Fig. 3. (a) Thickness (nm) and (b) roughness (RMS) of coated samples with a pre
2 slm) and values of plasma power (350, 450 and 550 W) in the region
of 600–3800 cm−1. For purposes of clarity, these spectra have been
displaced from their expected locations by the same degree of absor-
bance. Fig. 4 shows the FTIR-ATR spectra in the regions of 980–1250
and 1600–1750 cm−1 of uncoated TPE and plasma-polymerized,
APTES-coated TPE samples for different process parameters. In order
to make them easily visible, these spectra are presented in different
subfigures grouped by APTES flow rate (1, 1.5 and 2 slm). Thus, each
of these subfigures exhibit spectra at different plasma power values
(350, 450 and 550 W) for a given precursor flow rate (1, 1.5 and 2 slm).

The uncoated TPE spectrum (Fig. 4) is characterized by various
major bands. In the range of 600–1000 cm−1, the small peaks corre-
spond to different functional groups' contributions. The peaks located
at 721, 808 and 840 cm−1 are characteristic of CH2 rocking vibrations,
whereas the peaks located at 896, 973 and 998 cm−1 are characteristic
of C―C asymmetric stretching vibrations and CH3 asymmetric rocking.
There is a strong absorption band at 1088 cm−1, which corresponds to a
C―O stretching vibration. It is probably caused by thermal oxidation
that occurs during the transformation of pellets into sheets. The peak
at 1164 cm−1 is related to CH3 asymmetric rocking, C―H wagging
vibrations, and C―C asymmetric stretching [18,19]. The peak located
at 1303 cm−1 is characteristic of a CH2 wagging vibration [20]. The
peak located at 1377 cm−1 is related to the asymmetric stretching
mode of –CH3, whereas the peak at 1460 cm−1 is attributed to the
scissoring vibration of –CH2 [12]. Finally, three peaks that are related
to different saturated hydrocarbons (CHx) are observed in the region
of 2852–2950 cm−1 [18,21].
cursor flow rate of 1, 1,5 and 2 slm at plasma power of 350, 450 and 550 W.

image of Fig.�3
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Fig. 5. FTIR-ATR spectrum (980–1250 and 1600–1750 cm−1), 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.
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The same bands that are observed in the characteristic spectrum
of the TPE are also identified in the coated samples. However, the
coated samples exhibit a noticeable increase in some of the TPE spec-
trum peaks, as well as some new bands. First, a significant increase in
the intensity of the peak located in the region of 980–1250 cm−1 can
be noted. The increase in this band corresponds to the overlapping of
the following groups: stretching vibration of SiOSi [16,20], SiOC
[22,23] and OCH2CH3 [20] that are related to fragmentation and, in
some cases, to posterior rearrangement of the precursor SiOCH2CH3

groups. Second, a new absorption band appears in the region of
1600–1750 cm−1 due to the overlapping of nitrogen-containing
groups (amines, amides and imines) [23,24,20] and the stretching
vibration of C O [24]. Third, the band located at 1571 cm−1 is attributed
to C―N stretching andNHbending of secondary amides [23,25]. Finally,
thewide band located around 3000–3600 cm−1 is due to the stretching
vibration mode of the functional group OH and symmetric and asym-
metric stretching NH2 modes of primary amines that come from the
APTES precursor [23,24]. The intensity of this band is greater than the
intensity of the uncoated substrate and increases with the increment
of the precursor flow rate for a given plasma power. This band justifies
the existence of the stretching vibration mode of the functional group
OH on the coating. The presence of this group is due to absorption of
water when samples are exposed to air following treatment — that is,
from the coating humidity [26].

It has been noted that, for all coated samples, the behavior of peaks
that are related to these new bands depends largely on the plasma-
polymerization parameters. In order to understand these relationships,
amore in-depth analysis of the variations in the intensity of these bands
with changes in the plasma power and the precursor flow rate incre-
ment was conducted.

Fig. 5 shows the FTIR-ATR spectra of uncoated TPE and coated sam-
ples that are related to these bands (980–1250 and 1600–1750 cm−1).
In order to analyze in depth the relationships found in these regions,
the uncoated sample spectrum was subtracted from the spectra of the
coated samples. Then, the resulting spectra were deconvoluted into
their constituents. In Figs. 6 and 7, the spectra obtained after subtrac-
tion, as well as their deconvoluted spectra that correspond to samples
S1.5/350 and S1.5/550 can be seen. The spectrum located in the 980–
1250 cm−1 region is composed of five overlapping groups. The peak
at ~1035 cm−1 is caused by SiOSi stretching vibrations. The peaks
at ~1064, ~1115 and ~1162 cm−1 are due to a SiOC ring-link, open-
link and cage-link structures, respectively. The final, the peak at
~1200 cm−1 is caused by OCH2CH3. The spectrum located in the 1600–
1750 cm−1 region consists of two overlapping groups. The peak located
at ~1662 cm−1 corresponds to nitrogen-containing groups (amines,
amides and imines), whereas the peak located at ~1712 cm−1 can be
attributed to the stretching vibration of C O.

Since some work that is reported in the literature relates the SiOSi
(~1035 cm−1) and amine (~1662 cm−1) to an improvement in the
tribological properties of coated surfaces [12,27], we undertook a more
detailed study of these groups because of their apparent importance.
Fig. 8 illustrates the absorption areas below the peaks of these groups.

In Fig. 5(a), (b), and (c), 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 (980–1250 and 1600–1750 cm−1)
[16]. With an APTES flow rate of 1 and 1.5 slm, one can increase the
intensity of these bands increases (Fig. 5(a) and (b)) by increasing
the plasma power (from 350 to 550 W). With an APTES flow rate of
2 slm, there is also an increment of intensity of these bands, although
it is not as noticeable as at previously mentioned flow rates
(Fig. 5(c)).

In Fig. 8(a) and (b), 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 are 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.

In Fig. 8(a), one can see that, with an APTES flow rate of 1 and
1.5 slm, by increasing the plasma power one increases the absorption
areas of SiOSi groups. This increment may be due to the higher precur-
sor decomposition and, in some cases, the posterior rearrangement of
the bonding structures in the film [28]. 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 Fig. 5,
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.

In Fig. 8(b), as in Fig. 8(a), one can observe how with a precursor
flow rate of 1 and 1.5 slm, one can increase the absorption areas of
nitrogen-containing groups (amines, amides and imines) by increas-
ing the plasma power. In turn, with a precursor flow rate of 2 slm,
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Fig. 6. Subtracted spectra obtained in the region of 980–1250 cm−1 as the uncoated spectrum was subtracted from the spectrum of the coated samples (a) S1.5/350 and (b) S1.5/550,
and their corresponding deconvolution.

Fig. 7. Subtracted spectra obtained in the region of 1600–1750 cm−1 as the uncoated spectrum was subtracted from the spectrum of the coated samples (a) S1.5/350 and (b) S1.5/550,
and their corresponding deconvolution.
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the absorption area of nitrogen-containing groups does not increase
when the plasma power is increased from 450 to 550 W. This behavior
is contrary towhatwas identified in otherworks [24,29]where the con-
centration of primary amines was greater at a low plasma power. If one
considers that, by increasing the plasma power, the energy of plasma
ions increases and the dissociation energy of N―H bonds is lower
than that of C-based bonds [23], increasing the plasma power should
cause the primary amines to decompose more quickly than other
bonds that are present in the precursor molecule. This produces a
decrement of the content of primary amines in the coating. Unfortu-
nately, since different groups (amines, amides and imines) overlap at
Fig. 8. Absorption areas under the peak of (a) SiOSi (~1035 cm−1) and (b) nitrogen-containin
flow rate of 1, 1.5 and 2 slm at plasma power of 350, 450 and 550 W.
a frequency of ~1662 cm−1, it is not possible to identify and quantify
the decrement in the content of primary amines by FTIR-ATR analysis
[29]. The increment of the absorption areas observedwith an increment
of the plasma power could be explained by the deposition of amines
and amides formed from the reaction of the nitrogen active species
from the plasma that reactwith the surface of the coating [30] and com-
pensate for the decrement of primary amines content.

In Fig. 8, one can identify sample S1.5/550 as that which provides
the maximum absorption area values of both previously mentioned
groups. This optimal combination of plasma power and APTES flow
rate (1.5 slm and 550 W) is not necessarily the one that has the
g (amines, amides and imines) groups (~1662 cm−1) of coated samples with a precursor
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Fig. 9. High resolution XPS spectra showing the deconvoluted Si2p of (a) untreated TPE
sample, (b) S2/350 sample and (c) S2/550 sample.
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highest flow rate (2 slm) [12]. 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 groups that are located
in the regions of 980–1250 and 1600–1750 cm−1.

3.3. XPS analysis

The XPS analysis was used to study the relationships between the
parameters of the plasma-polymerization process and the composi-
tion and atomic percentages of coated samples. The studied samples
were coated by each combination of APTES flow rate (1, 1.5 and
2 slm) and plasma power (350, 450 and 550 W).

The elemental composition (at.%) of C1s, O1s, Si2p and N1s and
atomic percentage ratio C/Si, O/Si and C/O of the film's surface, as
well as of the untreated TPE, is given in Table 3. In order to determine
the proportions of silicon chemical bonds present in the film's surface,
a deconvolution of the Si2p peaks was undertaken (Fig. 9).

According to the results (Table 3), the surface of the TPE substrate
is composed mainly of carbon (94.1%). There are some traces of
silicon (1.8%) – which are probably caused by cross contamination –

and oxygen (4.1%). The latter is 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 has been observed.The higher the plasma power is (350–
550 W) for a given precursor flow rate, the lower the carbon atomic
percentage is. This is due to the decomposition of the ethoxy groups
(OCH2CH3) in APTES [17]. On the other hand, the atomic percentages
of oxygen increase with plasma power [17]. The atomic percentage of
nitrogen is not significant, and can be considered to be constant with
changes in plasma power.

Fig. 9 illustrates the deconvoluted silicon spectra of the samples
coated with an APTES flow rate of 2 slm for different plasma power
settings (S2/350 and S2/550). The XPS results are in good accordance
with those obtained in FTIR.

The following binding energies of silicon chemical bonds were
considered: SiO4 at 103.4 eV, CH3SiO3 at 102.8 eV, (CH3)2SiO2 at
102.1 eV, (CH3)3SiO at 101.5 eV and (CH3)4Si at 100.9 eV. The relative
percentages (taking into account the elemental composition of Si2p)
of this chemical bonds appear in Fig. 10.

The uncoated TPE substrate contains silicon bonds of (CH3)2SiO2

and CH3SiO3, whereas the coated samples contain CH3SiO3 and SiO4

bonds. For all of the coated samples, the predominant chemical bond-
ing is CH3SiO3. Fig. 10(a) depicts how the absorption area of CH3SiO3

increases with the plasma power when the precursor flow rate is
1 slm. In this figure, the same saturation phenomenon of SiOSi and
NH2 groups that were identified in the FTIR-ATR analysis when the
precursor flow rate is equal to 1.5 and 2 slm can be seen. In regards
to the SiO4 (Fig. 10(b)), its percentage increases by increasing the
plasma power for a given precursor flow rate. It seems that more re-
active species of Si and O are formed at a higher power. These species
Table 3
Elemental compositions (at.%) and atomic percentage ratio C/Si, O/Si and C/O of all the
samples.

Sample Elemental composition (at.%) Atomic percentage ratio

C1s O1s Si2p N1s C/Si O/Si C/O

S1/350 83.8 11.2 4.6 0.4 18.3 2.5 7.5
S1/450 83.1 11.2 5.3 0.4 15.7 2.1 7.4
S1/550 70.6 18.7 8.2 2.6 8.6 2.3 3.8
S1.5/350 71.7 17.8 8.6 2.0 8.4 2.1 4.0
S1.5/450 58.7 25.1 12.8 3.5 4.6 2.0 2.3
S1.5/550 57.0 26.1 13.4 3.5 4.3 1.9 2.2
S2/350 65.0 21.5 10.7 2.9 6.1 2.0 3.0
S2/450 59.5 24.7 12.3 3.5 4.8 2.0 2.4
S2/550 59.6 25.1 12.1 3.2 4.9 2.1 2.4
TPE 94.1 4.1 1.8 0.0 53.2 2.3 23.0
react with each other, thereby increasing the amount of reactive spe-
cies of SiO [31].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 are deposited at 1.5 slm, with maximum values of
22.9% for SiO4 in sample S1.5/550. As discussed in the following para-
graphs, the greater SiO4 content of this sample (S1.5/550), in addition
to the FTIR-ATR results, might explain its lower friction coefficient
of the analyzed samples.

The following atomic percentage ratios of the coatings are
presented in Table 3: C/Si, C/O and O/Si. One can see that both C/Si
and C/O ratios decrease with increasing plasma power, for a given
precursor flow rate. This can be due to the plasma etching, indicating
a more inorganic characteristic (highly-packed density) of the coatings
as the plasma power increases [16,17]. The oxygen and silicon propor-
tion increments in the coatings are very similar. This means that the
O/Si ratio remains almost constant and equal to two.

3.4. Tribological tests

This section studies the relationships between the plasma-
polymerization process parameters (precursor flow rate and plasma
power), the chemical characteristics and the tribological behavior
(friction coefficient and wear rate) of the plasma-polymerized APTES
films.
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Fig. 10. Relative percentage of chemical bonds: (a) CH3SiO3 and (b) SiO4 functional groups of Si2p of coated samples with a precursor flow rate of 1, 1.5 and 2 slm at plasma power
of 350, 450 and 550 W.
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Table 4 presents the measurements of the average friction coeffi-
cient andwear rate of uncoated TPE and samples that have been coated
using different combinations of APTES flow rate (1, 1.5 and 2 slm) and
plasma power settings (350 and 550 W). These samples were tested
applying 0.25 N at 2 cm/s for a sliding distance of 10 m. In Fig. 11,
which illustrates the variations of the friction coefficient of the ana-
lyzed samples, one can see the friction coefficient stabilization at the
end of the test. Table 4 shows only the wear rate of the uncoated
sample and samples coated with a precursor flow rate of 1 slm. This
is because the wear rate of the other samples (coated with a precursor
flow rate of 1.5 and 2 slm) could not be determined, since it was not
possible to find the wear track. Probably, the normal load applied and
the total sliding distance (10 m)was not important enough to produce
awear track that could be distinguished from these samples' own coat-
ing irregularities.

In view of the results that appear in Table 4 and Fig. 11, samples
coated with a precursor flow rate of 1.5 and 2 slm have 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 (S1/350) 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 [32].

As was also noted in the FTIR and XPS tests, the special behavior of
sample S1.5/550 must be mentioned. This sample (S1.5/550) possesses
the lowest friction coefficient (0.187), although the highest precursor
flow rate was not used. The results obtained for the friction coefficient
are in consonance with those obtained for the wear rate, because the
samples coated with a precursor flow rate of 1 slm have the highest
friction coefficient and were the only ones for which the wear track
could be identified.
Table 4
Average friction coefficient and wear rate of uncoated TPE and samples coated with dif-
ferent combinations of APTES flow rate (1, 1.5 and 2 slm) and plasma power settings
(350 and 550 W). These samples were tested applying 0.25 N at 2 cm/s for a sliding
distance of 10 m.

Sample label Average friction coefficient Wear rate (10−3 mm3/Nm)

S1/350 0.791 ± 0.040 3.82
S1/550 0.490 ± 0.048 3.41
S1.5/350 0.322 ± 0.036 –

S1.5/550 0.187 ± 0.022 –

S2/350 0.215 ± 0.012 –

S2/550 0.198 ± 0.012 –

TPE 0.843 ± 0.028 12.63
SEM images from the wear tracks of uncoated TPE and sample
S1/350 are shown in Fig. 12. In Fig. 12(a) and (c), in which a magnifi-
cation of ×60 is used, one can see the friction zone, which is outlined
by dashed lines. Fig. 12(b) and (d) is shown at a magnification of
×600 and provides a detailed view that corresponds to the marked
box in Fig. 12(a) and (c).

The wear track of uncoated TPE is illustrated in Fig. 12(b). In this
image it is possible to identify severe wear that has been caused by
a detachment of solid material from the surface by an adhesive mecha-
nism with the counter body. In Fig. 12(d), one can see how the coating
of the sample S1/350 has created a softer wear track. In this case, the
small detachments observed are probably related to the surface cracks
that had been already identified before the test (Fig. 2(b) and (d)).

In order to determine the relationships between: [a] the plasma-
polymerization process parameters — plasma power and precursor
(APTES) flow rate, [b] the chemical structure of the coating and [c]
the average friction coefficient and wear rate, the results that were
obtained in the FTIR-ATR, XPS and tribological analyses of the coated
samples at different APTES flow rates (1, 1.5 and 2 slm) and different
plasma power settings (350 and 550 W) are shown in Fig. 13.

With regard to the FTIR-ATR analyses, Fig. 13(b), (c), and (g)
shows that the values of the absorption area that are below the
peaks of SiOSi and nitrogen-containing (amines, amides and imines)
groups are correlated inversely to the friction coefficient. In regards
to the XPS analyses, an inverse relationship between the atomic per-
centage of Si2p and the relative percentage of SiO4 chemical bond and
average friction coefficient can be seen in Fig. 13 (d), (f) and (g). In
Fig. 11. Friction coefficient of uncoated TPE and samples coated with different combi-
nations of APTES flow rates (1, 1.5 and 2 slm) and plasma power settings (350 and
550 W).
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Fig. 12. SEM images from the wear tracks of (a,b) uncoated TPE and (c,d) sample S1/350 at different magnifications (×60 and ×600). Images (a) and (b) (×60) have the friction zone
limited with dashed lines and the white box indicates the detailed view (×600) showed in (b) and (d). Arrows in [d] indicate the small detachments that appear in the wear track of
the sample S1/350.
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turn, the relationship between the average friction coefficient and
the atomic percentage of C1s is positive (Fig. 13(e)). 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 hard-
ness of the coating, with a consequent friction coefficient reduction
[33]. All of these relationships are coherent with previous results
[12,29], where an increment in one of the aforementioned groups
enabled lower friction coefficients to be obtained.

The results of the tribological tests confirm that the average fric-
tion coefficient is related to the process parameters (precursor flow
rate and plasma power) in the same way that the latter are related
to the main chemical characteristics of the coatings that were identi-
fied in previous FTIR-ATR and XPS analyses.

The sample S1.5/550 provides the highest values that were identified
in Fig. 13(b), (c), (d), and (f). The thickness of this sample (Fig. 13(a)) is
lower than that of samples that were coated with either a lower plasma
power (S1.5/350) or a higher precursor flow rate (S2/550). Thismeans that
there is not necessarily a relationship between the thickness of the
coating and the friction coefficient. Finally, sample S1.5/550 has a lower
carbon content than the other analyzed samples (Fig. 13(e)). These
chemical characteristics seem to justify the lowest friction coefficient
(0.187) obtained for this sample (Fig. 13(g)). These results confirm that
APTES with nitrogen as an ionization gas is suitable for improving the
tribological properties of the TPE samples.

4. Conclusions

An atmospheric pressure plasma jet was used to deposit SiOx and
nitrogen-containing groups coatings on a TPE substrate for tribological
improvement. Specific studies have been undertaken to explore the
effect of different parameters of the plasma-polymerizationmechanism
on the film's chemical, average friction coefficient and wear rate. From
these studies and analyses, a clear understanding was obtained of the
relationship between the average friction coefficient and the intensity
of SiOSi and nitrogen-containing groups, the atomic percentage of
Si2p and C1s and the relative percentage of SiO4. A plasma saturation
process has been identified through FTIR analyses. That is, although an
increment of the intensity of SiOSi groups with increasing plasma
power for samples coated with precursor flow rates of 1 and 1.5 slm
has been observed, there is a stabilization of the intensity values for
samples that have been coated with 2 slm. It seems that, for the same
plasma power, an increment in the flow rate reduces the active species'
opportunities to reactwith the precursor. Therefore, it can be concluded
that, for a specific plasma power, an increment of the precursor flow
rate does not necessarily lead to an increment of the intensity of SiOSi
peak. Taking into account that, for a given precursor flow rate, the
amount of amines is greater at low plasma powers [24,29], the incre-
ment exhibited with the power in the FTIR-ATR analysis is probably
due to the deposition of amines coming from the ionization gas (N2).
Unfortunately, since different groups (amines, amides and imines)
overlap at a frequency of ~1662 cm−1, it is not possible to identify
and quantify the decrement in the content of primary amines by
FTIR-ATR analysis. The sample S1.5/550 has the highest values of intensity
of SiOSi and nitrogen-containing (amines, amides and imines) groups
and atomic percentage of Si2p and SiO4 and the lowest average friction
coefficient (0.187). It is worth mentioning that a decrease of 77.8% in
the friction coefficient of the uncoated TPE substrate (0.843) has been
achieved. Thus, the coating procedure used in this work, which is based
on the application of silicon oxides (SiOx) and nitrogen-containing
(amines, amides and imines) groups, has proven to be more efficient
than that used in previous work by these authors [12]. In the latter, only
silicon oxides (SiOx) were applied. The result was that the friction coeffi-
cient of EPDM substrates that were coated with plasma-polymerized
TEOS (which does not contain amine groups) films was reduced by 60%.
In conclusion, this work has shown a promising procedure for reduction
of the superficial friction coefficient of TPE through deposition of SiOx

and nitrogen-containing layers at low temperature under atmospheric
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Fig. 13. (a) Thickness (μm), (b,c) absorbance area under the peak of SiOSi and
nitrogen-containing (amines, amides and imines) groups, (d,e) atomic percentage of
Si2p and C1s (%), (f) relative percentage of SiO4 chemical bond (%) and [f] friction
coefficient of the coated samples at different APTES flow rates (1, 1.5 and 2 slm) and
different plasma power settings (350 and 550 W).
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conditions, especially considering its simplicity and suitability for coating
large scale substrates for industrial needs.

In future works, the authors will apply other configurations in
order to investigate the influence of amines on tribological properties,
as well as the origin of these amines. Thus, precursors with and with-
out amines will be used and nitrogen and other gases will be selected
as the ionization gas.
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