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1. Introduction

Among different types of polymers, elastomers, also called rubbers, are of special interest for
many industrial applications. This interest resides in the high yield strength of these materials
that makes possible deforming them manifold their original length without permanent
residual strain. However, elastomers can suffer from surface deterioration when subject to
rubbing, contacting with aggressive media, ultraviolet light and other. Oxidation of elastomers
can produce degradation of its chemical, physico-mechanical, rheological and surface
properties. In tribological applications, the quality of the elastomer surfaces is also of special
concern since significant degradation of mechanical and tribological behaviour is usually
associated with small changes in the surface composition and properties [1]. Therefore,
studying the mechanisms of surface degradation of elastomers is very important for
comprehension of the failure modes of elastomer components and improving their durability.

For improving the performance of material surfaces, different surface modifications have
been developed so far. Properties of elastomer surfaces depend, to a large degree, on the
chemical constitution of molecules in the surface layer [2]. Therefore, tailoring polymer
surfaces has attracted much interest of researchers in polymer chemistry [3]. Polymer surface
modification allows obtaining good performance of components at lower costs than using
expensive advanced bulk materials [4]. Presently, halogenation, etching, grafting, oxidation,
and other surface modification techniques are intensively used. Another alternative is the
application of coatings onto the elastomer surface, although the application of coatings on
deformable substrates without occurrence of interfacial delamination is not straightforward.
Among various coatings, amorphous diamond-like carbon (DLC) is considered by various
authors as a good candidate for application on elastomer surfaces [5]. Such coatings have
excellent tribological behaviour, i.e., low friction coefficient and wear rate [6].
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Ethylene-propylene-diene elastomer (EPDM) is one of the most widely used elastomers in
various outdoor and industrial applications, such as waterproof coatings, electrical
insulation, pipes, and mounts. In general, it is employed in applications which demand a
material with good mechanical properties and with a retained elastic nature [7]. World
production of EPDM is estimated to be 41% of all elastomers [8-11]. Also it has a good
resistance to degradation at elevated temperature, sunlight, in oxygen and, in particular,
ozone [12]. Acrylonitrile-butadiene rubbers (NBR) and hydrogenated acrylonitrile-butadiene
rubbers (HNBR) form another widely used family of elastomers. In hydrogenated rubber the
double bonds of butadiene (CH2=CH-C=N) are saturated yielding rubber with much higher
chemical inertness. These elastomers are extensively employed in automotive industry,
especially for lip seals, due to their moderate cost, excellent resistance to oils, fuels and
greases, processability and very good resistance to swelling by aliphatic hydrocarbons [13].

Our study is focused on characterization of surface chemical composition of different
elastomers subject to rubbing, surface modification and application of coatings. The main
technique used for this study was X-ray photoelectron spectroscopy (XPS), which is a very
powerful technique for characterizing the chemical composition of very thin (few nm)
surface layers. XPS is particularly useful when analysing elastomers, as it provides
information about the chemical environment of the elements, i.e. type of bonds, chemical
state, etc. Thus, XPS is well suited for investigation the changes in binding energy of
chemical elements situated within the first tens of nanometres of the material surface [4].
Elastomers are typically composed of carbon, hydrogen, oxygen and nitrogen. Their surface
and bulk properties depend on the way these elements are combined rather than on the
presence of other chemical elements. XPS allows detection of new functional groups [4] and
evaluation the variation in the amount of existing functional groups, e.g. C-O, as function of
surface tailoring, ageing [1], or rubbing [14]. However, often it can be difficult to distinguish
between different functional groups having similar binding energies. Therefore, in many
cases some complementary techniques should be used to elucidate chemical features of
elastomer surfaces. One of these complementary techniques consists in measuring of contact
angles (CA) of sessile drops of various liquids placed on the elastomer surface. This very
simple method provides valuable information on the types of surface groups [15]. In
particular, by using water, presence of polar groups, e.g. C-O, can be determined. So, the
degree of surface activation due to surface modification can be determined from
measurements of surface hydrophobicity [16]. Then, more information on the surface
chemistry and Surface Free Energy (SFE) can be obtained from measuring CA of various
liquids with different characteristics. In the following sections we present some fundamental
aspects of these techniques and case studies of elastomer surfaces.

2. XPS for characterization of elastomer surfaces

2.1. Introduction to the XPS technique

XPS is an analytical technique that has its fundamental origin in the photoelectric effect,
which was first explained by Einstein in 1905 [17]. This effect has become a powerful tool for
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studying the composition and the electronic structure of the matter [18]. A schematic
drawing of typical XPS measurement device is shown in Figure 1a. The measurements are
performed in ultrahigh vacuum (UHV) in order to control the surface cleanliness and to
reduce the electron scattering on gas molecules. To provide a beam of photons with given
characteristics the device is equipped with an X-ray source focused on the sample surface.
The photoelectrons emitted from the sample material at characteristic energies are analysed
by a suitable electron analyser. The kinetic energy, Ex, at which electrons are emitted follows
the fundamental energy conservation equation in photoemission:

hv=E,+E +¢,, (1)
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Figure 1. a) Schematic drawing of an experimental XPS system; b) typical photoemission spectra of an
elastomer

in which & is Plank constant; v is the photon frequency and the product hv defines the
energy of the incident photon; Es is the binding energy of the electron in the atom. The
origin of the binding energies is related with Fermi level, Er, whereas the kinetic energies are
referenced to the vacuum level. The difference between both levels corresponds to work
function of the analyser, ¢.. By measuring the electron kinetic energies and knowing the
spectrometer work function, it is possible to determine the binding energies of various inner
levels (or core electrons), as well as those of the outer (or valence) electrons involved in
chemical bonding. A typical photoemission (PE) spectrum, i.e. PE yield vs. kinetic energy of
the emitted photoelectrons obtained from a photon-illuminated area, is shown in Figure 1b.
The spectrum consists of a series of peaks on a background signal which generally increases
at low kinetic energy due to secondary electrons, i.e. photoelectrons that are inelastically
scattered in the way out of the sample. In summary, the XPS spectra consist of peaks at
discrete kinetic energies corresponding to atomic core levels (CLs) and Auger transitions.
Note that each element has a unique elemental spectrum. With the most commonly used
excitation sources, the kinetic energy of photoelectrons is typically ranged between 0 and
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1400 eV. Since inelastic mean free path of photoelectrons, A, in solids is small [19], chemical
information is obtained from the surface and few subsurface atomic layers. Quantitative
information can be derived from the peaks areas, whereas chemical states can often be
identified from the exact positions of the peaks and separations between them. The presence
of chemical bonding causes binding energy shifts, which can be used to infer the chemical
nature (such as atomic oxidation state) from the sample surface. Here, we limit ourselves to
study elastomer samples. A complete description of XPS technique can be found in
specialized literature [20, 21].

2.2. Advantages and shortcomings of XPS technique for characterization of
elastomer surfaces. Operating conditions, measurements and semi-quantitative
analysis

The standard XPS measurements are carried out under vacuum conditions by retarding-
fields techniques. The most commonly used X-ray sources are Al Ka. (1486.6 eV) and Mg Ka
(1253.6 eV). The X-ray lines from these sources are narrow (less than 0.9 eV) and provide
good energy resolution for many applications. Initially, a survey scan or wide energy range
scan, typically from 1000 to O eV, should be obtained in order to identify the elements
present on the surface. As each element emits electrons at characteristic energies, it is
possible to identify all the elements present in the sample surface, except hydrogen and
helium which are not detectable by this technique. Elastomers usually contain a small
number of elements, of which the most common are C, O, N, F and Cl. Other elements like
sulphur and zinc can be detected in small quantities. Sulphur is a typical curing agent,
whereas zinc is usually employed as a curing activator [22]. In most of the cases, these
elements will not be taken into account as they have no real influence on the surfaces
properties. Normally, the elements are uniformly distributed in the bulk; however, under
certain circumstances surface segregation may take place.

It should be stressed that XPS is a semi-quantitative technique. In order to quantify the
amount of each element the integrated area of a particular peak should be divided by the
corresponding relative sensitivity factor. The following is a generalized expression for
determination of atom fraction, Cs, of a constituent x in a sample:

C.=(I,/5,)/ (21 /5,), )

where I: is the peak area and Sx is the atomic sensitivity factor of the x-th element. The
denominator corresponds to the atomic fraction of other elements in the sample. Assuming
a homogeneous distribution of elements, a strong line for each element in the spectrum
should be analyzed. In case the requirement of homogeneity is not fulfilled, the assumption
of homogeneity can be used as a starting point for further calculations. Reference published
data on elemental sensitivity factors could be used for determination of S, although the type
of instrument and analysis conditions should be considered. With this technique it is also
possible to identify chemical states of a given element by measuring the high resolution or
core level peaks.
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Depth distribution of elements can also be obtained using XPS in destructive or non-
destructive modes. In the first one, ion sputtering is used to remove surface layers.
Sputtering and XPS can be applied consecutively or simultaneously. In the non-destructive
mode, depth profiling is obtained by varying the detection angle of the emitted electrons. In
this case the probed depth is limited to 3A. More detailed information about both methods
can be found elsewhere [20].

Another important problem in XPS analysis is related with sample degradation due to X-ray
radiation. In fact, this degradation comes from the secondary electrons emitted during the
X-ray exposure [23, 24]. In most of the cases this degradation is slow enough as compared
with time required for XPS analysis, thus the changes in composition due to X-ray can be
neglected. Notwithstanding, this problem should be considered when analysing chemically
unstable materials. In our work, no sample degradation due to X-ray radiation has been
observed for all studied elastomers.

XPS measurements were performed in ultrahigh vacuum with base pressure of 2x10-1° mbar
using a Phoibos 100 ESCA/Auger spectrometer with Mg Ko anode (1253.6 eV). To avoid X-
ray damage on the samples low X-ray power of 150 W was used. The core level narrow
spectra were recorded using pass energy of 15 eV. For the data analysis, the contributions of
the Mg K, satellite lines were subtracted and the spectra were subjected to a Shirley
background subtraction formalism [25]. The binding energy, Es, scale was calibrated with
respect to the C 1s core level peak at 285 eV. The surface area subject to XPS analysis was
around 5.6 mm? that is large enough to obtain an average surface chemical composition.
When modified samples were analyzed, the surface area subject to XPS analysis was smaller
than the treated area, thus the contribution from untreated surfaces was negligible. The
shape of C 1s core level peak (HR Cls) measured with high energy resolution was analysed
using peak fitting in order to identify functional groups. Depending on the chemical
environment of the carbon atoms, important chemical shift of C 1s peak can be observed.
Decomposition of the experimental peak in components allows identification of the
contribution from each component. For the analysis of HR Cls, the spectrum recorded from
the untreated sample was used as a reference. The HR Cls was fitted leaving the full width
at half maximum (FWHM) of the C-C/C-H component to vary freely while the other
components were forced to adopt the same value. The fit of the treated samples was
performed using the same values of FWHM and the binding energies (with uncertainty of =
0.1 eV) as for untreated elastomer. The only remaining free parameter in the fit procedure
was the area of the peaks. By doing so, new carbon species derived from the treatment
processes could be identified. An example of the analysis of HR Cls is presented in Figure 2
where some spectra of untreated and modified elastomers are compared. Presence of new
carbon species (in this case C-O and C-F bonds) can be identified from the shape of the HR
Cls. The contribution from these groups varied depending on the surface treatment.
However, identification of chemical groups can be difficult when different species produce
similar chemical shifts (see Table 1 for Es of main carbon bonds identified in the present
study). For example, C=C bond was included into the group of C-C/ C-H components since
the shift between these two groups is only 0.3 eV [26] that is below the resolution limit of the
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experimental system used in this study. Detailed analysis of XPS spectra is presented in
section 3.3.

Normalized intensity (arb. u.)

Binding Energy (eV)

Figure 2. High resolution Cls core level spectra of elastomer samples: a) untreated EPDM, b) EPDM
after fluorination with CFs, ¢) EPDM after fluorination with SFe, and d) HNBR after the same
fluorination as c)

Bonds Es (0.1 eV) Ref.

C-C,C-H, C=C 285 [26, 27]
C-O, -CH-CF: 286.3 [26-30]
C=0, -CH-CF 288.1 [26-30]
O-C=0, -CFH-CEF2 289 [26-30]
CF 289.8 [30, 31]
CE2 291.8 [30, 31]
CFs 293.3 [30-32]

Table 1. Components employed for the analysis of the C 1s core levels

2.3. Complementary techniques for the interpretation of the results of XPS

As we mentioned in the introduction section, surface and bulk properties of elastomers
depend on the way the main constituents (C, H, O, N, etc.) are combined rather than on
the presence of other chemical elements. Therefore, in some cases and depending on the
light source employed for XPS analysis, it is difficult to distinguish between the presence
of different functional groups, as occurs for HR Cls with C-O and C-N groups.
Complementary information on surface chemistry of elastomers can be obtained from
spectroscopy of inelastic scattering of light, e.g. Fourier Transformed Infra-Red
spectroscopy (FTIR), Raman spectroscopy and others. Measurements of SFE of elastomer
using sessile drop method is another very simple but powerful method which can provide
valuable information on the type of the surface groups. The method is based on



X-Ray Photoelectron Spectroscopy for Characterization of Engineered Elastomer Surfaces

measuring the CA between a droplet of a certain liquid and an elastomer surface under
well-controlled conditions. The CA is obtained from a balance of interfacial tensions
between three phases: solid (S), liquid (L) and vapour (V) (Figure 3) and is defined from
Young-Dupré equation:

Ysv Vs — ¥y €osf=0. 3)

When a droplet contacts a rough surface, the measured or apparent contact angle, may
differ from the intrinsic one, i.e. the CA of the same liquid on an ideally smooth surface of
the same material. Wenzel [33] proposed to introduce a roughness factor, r, which is the real
contact area divided by the geometrical, or projected, area. Homogeneous wetting regime of
a liquid on a rough surface is described by:

rcosf, =cosf . (4)

The roughness factor can be determined numerically from 3D surface measurements
obtained using appropriate technique, e.g. confocal microscopy, laser scanning
profilometry, etc. [1]. Recently there were many criticisms on the Wenzel's approach. In [34]
it was demonstrated that CA behaviour is determined by interactions of the liquid and the
solid at the three-phase contact line alone and that the interfacial area within the perimeter
is irrelevant. They suggested that Wenzel’'s equation is valid only to the extent that the
structure of the contact area reflects the ground-state energies of contact lines and the
transition states between them.

Figure 3. Schematic representation of contact angle

Depending on the specific method, the CA measurement allows determining total SFE, the
polar and dispersive components of SFE (Fowke’s approach), apolar Lifshitz — Van der
Waals (LW) and polar acid - base components (van Oss’s approach). According to van Oss’s
approach, the surface tension could be resolved into components due to dispersion,
induction and dipole-dipole forces, and hydrogen bonding [35]. For non-metallic solid
surfaces, in addition to apolar LW interactions, electron acceptor — electron donor
interactions, or Lewis acid-base (AB) interactions may often occur. In this case the total

surface tension is the sum of two components: 7y and % [36]. Unlike LW interactions,

polar interactions are essentially asymmetrical. The polar component of the free energy of
interaction between solid and liquid can be expressed as [35]:
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AFZE =—2(\/y;yg +\/y;yz) , 5)

where y* is the electron acceptor, or Lewis acid component, and y is the electron donor, or

Lewis base component of the surface tension. Then, the expanded form of Young-Dupré
equation can be obtained by combining (3) and (5):

0.5;/£ (1 + cosé?) = \/75LW7£W + \/7/5_;/2 + \/ygyz ) (6)

If for a given liquid the components of surface tension }/2 , ;/LLW , 71 ,and y; are known, (6)
is a linear function of three unknown parameters corresponding to the components of
surface tension of the solid surface W , \7s, and Jy_gg . As this equation is
underdetermined, the components of surface tension for the solid can be found by
measuring CAs using at least three different liquids with known and different components
of surface tension. If the values of the components of surface tension for the three liquids are
close together, the calculated values for three parameters for the solid will be “unduly
sensitive” [36] to small errors in the values of the parameters of surface tension of the
liquids, and in the measured CAs. To overcome this problem, CA measurements should be
performed with more than three liquids. These will constitute an overdetermined system of
linear equations which can be solved by least-square method. In order to reduce the
measurement error, each measurement of the CA should be repeated several times. Mean
value, 51 , and standard error of mean, se0;, should be determined for each liquid from these
measurements.

The resulting set of simultaneous equations is the following:

0571, (1+cos6,) =ty +raris +\riris, ?)
where subscript i indicates the liquid. It can be written in the matrix form:

Y=Ab, (8)

where Y is the matrix of independent variable (left side of eq. (7)), A is the (1x3) matrix of
known coefficients, n is the number of liquids used for CA measurements, and b is the
vector of unknown parameters:

Y= 0.5[(1 + Cosgl) v .(1 + cosé’_n) yinT, 9)
A= . . -,

(10)
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[ | an

Then, mean values of the surface tension components can be determined from the matrix
equation:

b= (ATD'lA)fl A™DY (12)

(seé’1 )2 0 0

where D = 0 0

O 0 (seé’n )2

is the covariance matrix of errors of CA measurements.

The standard error of mean of the unknown parameters can be found from the main
diagonal of the covariance matrix:

K= (ATD'lA)_l . (13)

The calculated values of the parameters of the surface tension should be tested for statistical
significance using t-test. In case some of the parameters are not statistically significant, it can
be zero set and removed from b. Then, the calculation should be repeated using modified
matrix A. By doing so, the standard error of the parameters of solid can be reduced.

Matrix method is also very useful for the analysis of surface tension variation in time, e.g.
due to ageing. In this case, CA measurements are performed at different periods of time
using a set of several liquids as described above. This constitutes a set of simultaneous
equations at the selected points of time.

0.57%(1+ cos.(t))) =2t + s () + 73 (i - (14)
Therefore, Y and b change to (nxp) matrixes, where p is the number of time points:

(1+cosO)rp; - (1+ Cos&lj);/zl -+ (1+cos 91;7)721
Y=05 : : : : : , (15)

(1+cost9n1)7/£n (1+c056’n].)7£n (1+cos€np)}/£n

Vra - f JZ (16)
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Assuming that all measurements have the same error, the matrix of parameters of solid
surface can be found from the following equation:

b= (ATA)_l ATY, (17)

and standard errors of the unknown parameters can be found from the main diagonal of the
covariance matrix:

1
K =g (ATA) , (18)
where s? is the sample variance determined as:

1
szzn_p_l(Y—Ab)T(Y—Ab). (19)

Although different substances can be used as probe liquids, the following five liquids are
the most widely used: water, glycerol, diiodomethane, formamide, and ethylene glycol [1,

29, 37, 38]. The values of the components of surface tension for these liquids are listed in
Table 2.

Liquid v Y Y4B VA v
Water 72.80 21.80 51.00 2550  25.50
Glycerol 64.00 3400 3000 5740  3.92
Formamide 58.00 39.00 19.00 39.60 2.8
Ethylene glycol 4800 29.00 19.00 30.10  3.00

Diiodomethane 50.80 50.80 0.00 0.00 0.00

Table 2. The components of surface tension for different probe liquids (from [29, 37])

Additionally, the Fowke’s model can be used to determine the polar and dispersive
components of surface energy. The following is the set of simultaneous Young-Dupré
equations corresponding to the measurements of the CA for p liquids at time #:

0.57%,(1+cost(t,)) = 72 (t)r, H =1, (20)

Since there are two unknown parameters in this model, the number of liquids used for the
CA measurements can be smaller than for van Oss’s model. After corresponding
modification of A and b, solution of (20) can be found by the matrix method described above.

3. Case studies

3.1. Characterization of elastomer surface subject to ageing

Though synthetic elastomers like EPDM are very attractive to industry due to their high
chemical stability and low permeability for water, they are sensitive to oxidation at elevated
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temperatures. Understanding of the chemical mechanisms of elastomer degradation is a key
for designing advanced elastomers with higher resistance to oxidative degradation.
Therefore, XPS and SFE analysis were employed to elucidate chemical changes produced on
EPDM elastomer surfaces due to ageing.

XPS wide energy range scans were obtained for EPDM samples aged at 80 °C and 120 °C
during up to 100 days. Surface chemical composition of the samples determined from these
spectra as a function of ageing duration is shown in Table 3. The high carbon content in all
samples arises from the contribution from the backbone structure of the elastomer. Oxygen,

nitrogen, silicon and zinc are generally attributed to curing agents, amine-based accelerators
and additives [1, 14].

With the increasing ageing duration, the O/C ratio also increases (last column of Table 3). In
addition, for both temperatures there was certain increase in nitrogen and silicon
concentrations for the 100 days ageing. As XPS is a superficial analysis technique, the
variation of these elements present in small amounts on the surface could be related to
diffusion processes during ageing and segregation of impurities on the surface. Being a
thermally activated process, migration of additives is faster at higher temperatures, thus
surface concentration of silicon after ageing at 120 °C is higher than at 80 °C.

Thermal ageing Composition (% at.) )
] O/C ratio
T (°C) ta (days) C O N S Zn
As received 93 5 0 2 - 0.054
5 0 7 0 2 1 0.078
80 50 8 9 1 1 1 0.102
100 82 14 3 1 - 0.171
120 100 80 13 2 4 1 0.163

Table 3. Chemical composition of some EPDM samples obtained from XPS wide energy range scan
(with permission from [1])
"traces

The results of curve fitting procedure of the HR Cls are shown in Figure 4. The broad
carbon peak in the range of Es from 283 eV to 289 eV can be attributed to different carbon-
based surface functional groups. C 1s peak was fitted with four Gaussian/ Lorenzian
components with the maximum intensity at Es of 285 eV, 286.3 eV, 288.1 eV and 289 eV.
According to the literature, these energies can be assigned to C-C or C-H, hydroxyl (C-O/ C-
OH), carbonyl (C=0O) and carboxyl (O-C=0), respectively (see Table 1). Most part of carbon
was in form of C-C / C-H. For the samples aged at 80 °C the amount of carbon bonded to
oxygen, especially in form of hydroxyl, increased with the increase of ageing duration. After
100 days at 80 °C, carbon-oxygen bonds were composed of hydroxyl (20% with respect to
carbon), small portion of carbonyl (4%) and traces of carboxyl (1%). This effect was similar
to the evolution of the oxygen content registered in the wide energy range scan (Table 3).
Similar behaviour was also observed by [39] and [7]. When comparing the samples aged
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during 100 days at 80 °C and 120 °C the portion of carbon-oxygen functional groups was
lower at higher temperature, though both samples had similar surface contents of oxygen.
According to [39] C-OH bonds are the main product of EPDM ageing as inferred from the C
1s core level peak. However, the results obtained in our work suggested that ageing above
100 °C could cause hydroxyl desorption. This could explain the lower C-O content
registered after the treatment at higher temperature.

Variations in the components of the SFE for the elastomer as a function of the ageing
parameters were determined using acid-base regression method with the five liquids listed
in Table 2. The results are shown in Figure 5. For both ageing temperatures y* was
statistically insignificant, so this term was omitted from the model. Since the component y*
is null, EPDM surface is mainly y; monopolar. In the absence of a parameter of the
opposite sign, energy parameters of a monopolar surface do not contribute to the total
surface energy (energy of cohesion) since the polar component y** :2W =0 [35].
Therefore, the total SFE is controlled solely by LW interaction. However, monopolar
surfaces can strongly interact with bipolar liquids.

C-C/C-H

100 days

(e) C-C/C-OH 9
C= 120°C

100 days

(c}

(b)

(a)

Ageing duration at 80 °C

2{;8 22;7 2éﬁ 2é5 26;4 2é3
Binding energy (eV)
Figure 4. C 1s spectra of EPDM: a) as received, b) aged 5 days at 80 °C, c¢) aged 50 days at 80 °C, d) aged

100 days at 80 °C, e) aged 100 days at 120 °C. Dots — experimental data, solid lines — fitting (with
permission from [1])

At 80 °C, 7/SLW increased exponentially with ageing duration reaching almost stable values
after 60 days. Parameter y; had an induction period of approximately 5 days. These results
agree with previous works in which the induction period during thermal oxidation of
EPDM was determined as 130 h at 80 °C [40] and 150 h at 150 °C [7]. Variations of the
induction period in different works can be due to differences in the EPDM composition,
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more specifically, in the carbon black and antioxidants content. After induction period, yg
increased rapidly and reached the maximum in 30 days. Then, it remained almost constant
with a slightly decreasing tendency, which, however, was within a standard error. The solid
line connecting the filled circles in Figure 5a was obtained by fitting the experimental data
with an exponential function having a time constant of 17.7+0.4 days.

At 120 °C (Figure 5b), y:" raised up at the beginning of ageing and then followed almost
linear increasing behaviour with low rate. Surprisingly, after 100 days ageing at 120 °C ySLW
was approximately 5% smaller than for ageing at 80 °C. However, after 100 days }/SLW still
maintained the linear growth, while at 80 °C it stabilized.

The evolution of y; was similar to that of ySLW , although the initial increase was not as steep
as for 7/SLW component. There is a large difference in the behaviour of y¢ for both ageing
temperatures. On short ageing periods y; was notably smaller at the higher temperature,
but this difference vanished on large ageing periods. In addition, at 120 °C the induction
period was not observed. Probably, the induction period at higher temperature was less
than one day, so it could not be measured in these tests. This finding is consistent with [40]
who reported shortening of the induction period to 10 h at 120 °C.

a
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Figure 5. Components of SFE as function of ageing duration: a) ageing temperature 80 °C, b) ageing
temperature 120 °C (with permission from [1])

The initial value of )/é , which is equal to 7/SLW in our case, is consistent with the findings of
[39] for EPDM before weathering test at ambient temperature. They observed that y¢ first
increased and then stabilized at 23.8 - 25.4 m] m=2. These values are almost two-fold
smaller than in our thermal ageing experiments. This fact supports the hypothesis of a
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thermally activated nature of the processes responsible for the increase in the surface
energy [1].

During ageing of EPDM, two competitive processes typically occur: (i) oxidation of the
elastomer chains and (ii) crosslinking between the chains. The oxidation process resides in
chain scission and recombination accompanied by formation of oxygen functional groups
and radicals. Since double bonds are more chemically active due to the presence of a m-
bond, cross-linking and oxidation at the initial stage of ageing mainly involves rupture of
double bonds. Characteristic times for cross-linking of EPDM at 80 °C and 120 °C are 100 h
and 12.5 h, respectively [40]. After these periods, the material is considered fully cross-
linked (at given temperature) that implies significant reduction of the concentration of
double bonds. Also, it is reasonable to expect that with the increasing temperature the
degree of cross-linking increases and the residual concentration of double bonds decreases.
During the induction period, cross-linking is the dominating process as can be inferred from
the behaviour of y;, O/C ratio and very high activation energy for oxidation of EPDM,
which ranges between 143.4 and 171.4 k] mol™! [41]. Further ageing of cross-linked elastomer
is accompanied with slower oxidation of carbon chains. The higher reactivity of residual
double bonds for EPDM aged at 80 °C can explain the steeper increase in SFE and higher
concentration of oxygen after induction period. The evolution of SFE for ageing at 80° C is
described by a first-order reaction with the activation energy between 63.5 and 83.7 k] mol-
![1]. These values are higher than those reported in [42], but similar to the activation energy
for oxidation of long hydrocarbon chain alkanes and aromatics such as in heavy fuel oil [43].
For ageing at 120 °C the linear increase in SFE is described by a zero-order reaction. Zero-
order reaction was reported also for surface degradation of fully cross-linked EPDM under
artificial weathering conditions [39].

In conclusion, oxygen functional groups, mainly hydroxyl, were identified on EPDM surface
after ageing. The presence of these groups was more pronounced after the treatment at 80 °C
than at 120 °C. Higher ageing temperatures lead to faster cross-linking processes. At lower
temperature C=C bonds are not fully consumed due to cross-linking [3], hence the oxidation
processes at lower temperature is more intensive than at higher temperature. In addition,
ageing at long durations promotes changes in the surface chemical composition of EPDM.
These changes can be attributed to migration of additives towards the surface as reflected by
the increase in Si and N concentrations after 100 days ageing at both temperatures.

3.2. Characterization of surface chemical composition of elastomer surfaces
subject to sliding friction

Degradation of elastomer surfaces can be accompanied by formation of specific surface
texture like smearing or microfibrill formation [44-46]. In [45, 46] it was speculated that these
effects could be due to tribochemical reactions and thermooxidative degradation, however
no cogent experimental evidences have been presented so far. In order to provide deeper
insight into the mechanisms of elastomer failure, surface chemical composition and SFE
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were studied before and after friction as a function of the amount of carbon black (CB) filler
in EPDM [14]. Carbon black is one of the most widely used reinforcing fillers [47-49] that
improves the stiffness and the toughness of rubbers, while maintaining high flexibility and
good physical and mechanical properties at low manufacturing costs. The amount of CB
varied between 0 and 60 parts per hundred rubber (phr). The samples were subjected to
roller-on-plate (ROP) friction tests under conditions detailed in [46]. Friction coefficient was
not influenced significantly by the CB content, whereas wear rate decreased with increasing
the CB content [14].

Surface chemical composition (at. %) outside and inside the contact zones was determined
from the analysis of wide energy XPS spectra (Figure 6). The dominating carbon
contribution (95 % and higher) was due to the elastomer backbone structure. The atomic
concentrations of other elements including O, Si, S, N and Zn remained below 5 %.

In case some thermooxidative processes and/or tribochemical reactions occur at the contact
zone, one can expect certain increase not only in the oxygen concentration, but also in
oxygen bonding to carbon atoms in the friction zone. However, the observed behaviour of
surface chemical composition was more complex. More specifically, two different tendencies
were observed as far as the amount of oxygen in the friction zone is concerned. For unfilled
EPDM, the amount of oxygen on the surface of friction zone increased, whereas for filled
EPDM it decreased. Notwithstanding these variations, on the surfaces not subjected to
friction and for all CB contents, no changes in the binding energy of the oxygen and carbon
were observed in high-resolution O 1s and C 1s spectra (Figure 7). The single contribution of
C at 285 eV (Figure 7b) from the C-C / C-H component implies absence of oxygen-containing
functional groups (see Table 1).
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Figure 6. Surface composition of EPDM samples with different carbon black content determined from
XPS analysis (with permission from [14])

Detailed analysis of the C 1s core level on the surface subjected to friction revealed that
FWHM of the peaks were broader for EPDM 0 phr and 30 phr than for EPDM with higher
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CB content (Figure 7b). The reason for this broadening could be initially attributed to higher
surface roughness of these samples. However, an equivalent broadening did not occur for
the O 1s peak. So, roughness could not explain the broadening of the C 1s core level peak.
Moreover, the broadening was not completely symmetric and presented a shoulder at lower
binding energies. The fitting of the spectra with a single component of the same FWHM for
all samples evidenced this asymmetry (Fig. 7d). The shoulder corresponded to energies
close to sp* carbon [26, 28, 29]. This finding suggests formation of carbon double bonds
and/or graphitization in the elastomers with lower CB content. Since these elastomers have
worse wear performance, peak broadening can be associated with higher wear rate and
damage in the elastomer. A small mismatch between the fitting and the experimental data
was observed at higher binding energies only for 0 phr EPDM. This mismatch could be
attributed to the roughness effect since the contact surfaces of these samples were severely
damaged. In the hypothetical case assuming that this mismatch was caused by C-O bonds,
the amount of these species would be rather small. What is clear from these fittings is the
absence of carbon-oxygen bonds in the wear track that could explain the different
performance in response to friction of the EPDM samples.
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Figure 7. HR O 1s and C 1s core level spectra out of (a) and b) and in (c) and d) the wear track of the
EPDM samples. Inset in b) represents the fitting of the EPDM 0 phr sample (with permission from [14])

Elastomer degradation is usually associated with bond scission and oxidation of the
backbone structure [27, 39]. We argue that oxygen detected on the samples was not related
with backbone structure oxidation since no C-O and C=O bonds were observed in XPS
spectra. Migration of additives to the surface can be a plausible reason for the increase in
oxygen. Actually, silicon was found at the characteristic binding energy of its oxide form (102
eV). Other authors have suggested that fracture of macromolecular chains is accompanied by
generation of low molecular weight products as well as C=C structures [27, 50]. For the
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samples with larger amounts of CB (45 and 60 phr), the bond scission was smaller as can be
inferred from their better wear performance, so the formation of C=C could not be
appreciated with the given resolution of the XPS using a non-monochromatic light source.

On the wear track the amount of elements coming from additives (those different from carbon)
as well as the amount of oxygen progressively decreased with the increasing amount of carbon
black filler. Similarly to the unworn region, oxygen on the worn surface was associated mainly
with silicon. Some changes in the sulphur spectrum also occurred. The as-received samples
presented two peaks at about 162 eV and 168.5 eV. The first one is related to the S* sulphur
state, while the second one is related to higher oxidation states. The peak at 168.5 eV
significantly decreased after the removal of airborne contamination indicating superficial
localisation of these oxides and the predominant S* state in the wear track. These findings
suggested that the sulphur chemical state at the surface of the EPDM samples was altered in the
ROP tests, and a part of the oxides located in the outer surface of the elastomer was removed.

Water CAs on worn, 0.4, and unworn, Oxs, surfaces were measured to study the changes in
wettability caused by the presence of new superficial functional groups (mainly oxygen
functional groups due to degradation). Subscript a denotes the apparent CA. The values of
the roughness factor, r, and intrinsic CA for water, O, are shown in Table 4. For unworn
samples, mean value of the CA was around 84° with no significant variations with different
carbon black content. However, intrinsic CA was larger on the friction zone than on the
unworn surfaces for all samples. The increase in the CA was statistically significant at the
significance level 0.05. These findings imply that the worn surfaces were more hydrophobic
than the initial ones. This behaviour is opposite to the tendency observed during ageing of a
commercial EPDM with 52.6 phr of carbon black, when surface became more hydrophilic
with 50% decrease in water CA [1]. The decrease in water CA in [1] was caused by
thermooxidation of initially hydrophobic methyl-terminated surface of EPDM. This process
was accompanied by an arrangement of polar oxygen functional groups (-C-OH, -C=0O) on
the outer surface layer [1, 2]. In case of frictional surfaces, no oxidation of the elastomer
backbone could be found from XPS spectra. Furthermore, the increase in water CA could be
associated with changes in the amount of additives present on the surface. Detailed analysis
of the surface chemical composition, scanning electron microscopy and energy-dispersive X-
ray spectroscopy revealed increase in zinc oxide and silica at the surface [14]. Both of these
oxides have hydrophobic and superhydrophobic properties [51] that can explain the
increase in water CA in the friction zone.

CB content r Of (deg) seOf (deg) On(deg)  seOns(deg)
(phr)

0 1.654 107 4.98 81 3.9

30 1.102 90.6 2.11 84 2.1

45 1.207 99.3 2.46 85 1.1

60 1.129 104 4.39 84 29

Table 4. Roughness factor (r), mean intrinsic contact angles on worn, 6, and unworn, Oxf, surfaces
with corresponding standard errors of mean (with permission from [14])
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From the results of XPS and CA measurements we concluded that no thermooxidation
processes were observed on friction zone under given experimental conditions for all EPDM
samples and irrespective of the CB content. Chemical modification of the EPDM surface was
due to mechanochemical effects rather than a thermooxidative effect [52-55]. Softer EPDMs
with lower carbon black content were severely damaged during ROP test. The increase in
C=C bonds for these samples can be attributed to bonds breaking accompanied by different
radical reactions [56-58].

3.3. Characterization of surface chemical composition after atmospheric plasma
treatments and thin coating of amorphous diamond-like carbon (DLC)

Surface modification is aimed at changing the characteristics of the surface and thin
subsurface layer [59] or generation of active centres for further attachment of compounds
[60]. By surface modification desired surface properties such as adhesion or wettability [61]
can be obtained leaving the underlying bulk unchanged. By doing so, both the surface and
bulk properties can be independently tailored and optimized. In this section we present
some case studies with the purpose of demonstration the capabilities of XPS technique.

Plasma processing of materials is a crucial industrial technology in many areas including
electronics, aerospace, automotive, and biomedical industries [62] due to its versatility [63].
Though nowadays plasma processing is performed mostly at low pressures, atmospheric
plasma systems provide an appealing alternative to vacuum plasma systems because
continuous processing can be performed at a lower cost [62, 64-66]. Operation under
atmospheric pressure provides high flexibility and portability to this technique [32] and
allows it expansion to processing of a larger number of materials [62]. One of the
possibilities of atmospheric plasma treatments is the use of a plasma torch [67]. In this case,
a reactive gas is added to the primary feed gas of the plasma torch in order to generate a
flux of chemically active species, e.g. fluorine, toward treated surface. In this way, the
surface being fluorinated should not be immersed in reagents and is not directly exposed to
the plasma [62]. This treatment can be performed at room temperature and is faster than
other fluorination methods [68]. All these advantages are important for industrial
application. In our studies surface modification was carried out in two ways: using only ions
of inert gases or using also chemically active gases. The reactive gases used for fluorination
(commonly SFs and CF4) should be thoroughly diluted with a carrier gas on order to create a
stable plasma at atmospheric pressure. Nitrogen, argon or helium are typically used as a
carrier gas as they can be easily ionized [65]. Due to the high reactivity of ionized fluorine-
containing gases, surface reactions, etching, and plasma polymerization can occur
simultaneously. The predominance of one or another will depend on the gas feed, the
operating parameters and the chemical nature of the polymer substrates.

Table 5 shows the chemical composition of EPDM elastomers modified by atmospheric
plasma using N2, Ar and He carrier gases in combination with SF¢ and CFa fluorination
precursors. The composition of untreated elastomers and those activated only by He plasma
are included for comparison. The chemical composition was determined from XPS analysis.



X-Ray Photoelectron Spectroscopy for Characterization of Engineered Elastomer Surfaces

All plasma-treated samples had fluorine (0.3 to 13 at. %), oxygen (13 to 22 at. %) and
nitrogen (< 2 at. %) on their surfaces. It should be mentioned that plasma treatments
promoted a significant increase in the oxygen content. This oxygen incorporation into the
surface was similar when plasma activation only with He gas was used. Therefore, oxygen
content on the treated surfaces does not significantly depend on the presence or absence of
reactive gases during plasma treatments. Oxygen incorporation to the elastomer takes place
through interactions between free radicals, Oz and H20 molecules from ambient air after the
plasma treatment [64]. Traces of sulphur were detected on the EPDM surface after plasma
processing using SFs [69]. The degree of fluorination for each treatment can be evaluated
from O/C and F/C atomic ratios shown in Table 5. From these data it is evident that for
fluorination purposes CFsi is more effective than SFs. Previously, these results were
explained in terms of the dissociation products formed in the plasma [32, 66]. No significant
differences in F/C ratio were found for the combination of inert carrier gases (Ar and He)
and CFs, whereas He was more effective for fluorination in combination with SFs. At the
same time, nitrogen carrier gas yielded lower F/C ratio. This is because radicals produced by
dissociation of SF¢ and CF4 could not react with N2 due to the strong bond between nitrogen
atoms. So far, only few information is available in the literature on these reactions [70, 71] to
allow definite conclusion. The analysis of the HR C 1s (Figure 2 a, b) revealed the changes
in the shape of the core level peak that evidenced not only significant increase in the C-O
bonds after the fluorination treatments, but also the apparition of new functional groups
involving carbon, oxygen and fluorine.

Chemical composition (at. %)

Process
C O N F S F/C O/C
Untreated 93 5 0 0 0 0 0.005
N2 804 163 15 1.3 0.5 0.02 0.20
SFe Ar 816 14.1 1.9 1.7 0.6 0.02 0.17
He 71.1 19.6 1.6 6.8 0.9 0.09 0.27
N2 844 134 1.9 0.3 0 0.003 0.16
CFs Ar 65.9 19.3 1.8 13.0 0 0.20 0.29
He 634 219 1.8 12.0 0 0.19 0.34
Activation He 79 16 traces - - - 0.20

Table 5. Surface composition of EPDM samples after atmospheric plasma treatments

Cl1s core level components

C-C c-O C=0 O-C=0

CH -C-HCF CHCF CFH.CR, & 7 CB
Untreated 96 4 0 0 0 0 0
He activation 77 12 8 3 0 0 0
Fluorinated 45 36 7 5 3 3 1

Table 6. Analysis of the components of the Cls core level of EPDM elastomers: untreated, He activated
and fluorinated
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The presence of CF and CF: can be explained by H substitution and chain scissions [32]. CFo-
represents the main chain of the polymer,-CF- component could indicate cross-link sites [72]
and -CFs component indicates end groups of polymer chains [72] and grafting [32]. These
findings imply enhancing of cross-linking in the elastomer due to plasma processing with
fluorine-containing gas.

Figure 2b and 2c show a comparison of HR Cls for elastomers treated with CFs and SFe
using the same carrier gas. From the shape of the peaks one can observe again that CFs is
more effective than SFe in fluorinating because of the presence of additional fluorine
containing groups together with the increase in the total fluorine content already mentioned
in Table 6. SFs molecules mainly dissociate into fluorine atoms and SFs radicals [66], whereas
CF4 produces fluorine, CF, CF2 and CFs radicals that react with the elastomer surface leading
to a substantial incorporation of fluorine [32]. Though fluorine atoms were considered as the
main responsible of the fluorination process, CFx radicals could contribute to formation of
highly fluorinated components (in particular CFs groups) [65]. Thus, higher content of CFx
groups after treatment with CFs in comparison to SFs could be attributed to the larger
number of fluorine-containing radicals. Our results demonstrated that the main effect of SFs
resided in oxidation of the polymer surface, while CFs, in addition to surface oxidation also
induced incorporation of CFx radicals enhancing the efficiency of the fluorination process
[4]. SFE measurements of fluorinated samples revealed that increase in the surface free
energy, y, was noticeable only for the samples which chemical composition was
significantly modified, especially by incorporation of oxygen and fluorine polar groups. The
increase in SFE related mainly with the electron donor, ), contribution of the polar
component, 48, [73].

It should be noted that the modification of elastomer surface is not always as evident as in
the above examples. The extent of surface modification induced by a particular surface
treatment is highly dependent on the type of the elastomer. For instance, when the same
treatment is carried out for HNBR, the extent of the surface modification was much less as
compared with EPDM (Figure 2d). Surface chemical composition of treated HNBR was
almost the same as for untreated one with no presence of fluorine containing groups and no
increase in oxygen content [15]. A saturated backbone structure of elastomer such as HNBR
makes it less reactive to the plasma treatments.

From systematic studies of fluorinating process under different conditions we concluded
that high concentration of fluorine on the elastomer surface, typically higher than 7%, is
associated with formation of fluorine-containing functional groups in form of CF, CF: or
CFs.The presence of CF and CF2 can be explained by H substitution and chain scissions [32],
where -CF»- represents the main chain of the polymer, -CF- component could indicate cross-
link sites [72], and-CFs component indicates end groups of polymer chains [72] and grafting
[32]. These findings imply enhancing of cross-linking in the elastomer due to plasma
processing with fluorine-containing gas. On the contrary, in processing with lower
fluorinating efficiency (< 7%) no evidence of C-F bonds was found [4].
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The analysis of other core levels such as O 1s or F 1s can provide complementary
information on surface chemical groups. From the analysis of O 1s core level peak of
fluorinated samples having one symmetric peak at about 532.6 eV (not shown here, see [4]),
we concluded that hydroxyl or ether species were predominant after all fluorinating
treatments [62]. This finding is in agreement with the C 1s analysis presented above, as can
be inferred from small contributions in the C 1s peak from carboxyl and carbonyl species at
288.1 and 289 eV, respectively [26]. On the other hand, F 1s core level spectra had certain
differences when using SFs and CFs with the same carrier gas, e.g. He (Figure 8). When SF¢
was used, the peak was symmetric and centred at about 687.2 eV, whereas for CF. it was
centred at 688.1 eV. These energies are close to those reported in the literature for fluorine
covalently bonded to carbon [62, 64]. These findings clearly indicated an incorporation of
fluorine in the polymer chains. The behaviour observed in the F 1s peaks presented a good
correlation with the C 1s analysis given above. Higher fluorine concentration in the sample
is associated with the presence of CF2 bonds according to the C 1s analysis and displacement
of the main F 1s peak towards higher binding energies [26].
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Figure 8. Comparison of the F 1s core level after fluorination treatments with different precursors

Another way to modify elastomer surfaces and improve their tribological properties consists
in application of different coatings. Elastomer surfaces with low friction can be obtained by
deposition of (3-aminopropyl)-triethoxysilane (APEO) or (3-glycidoxypropyl)trimethoxy-
silane (GLYMO) coatings using siloxane precursors [74, 75] or polytetrafluoroethylene
(PTFE). PTFE is commonly used as a coating on metallic substrates and it has been recently
optimised for use on elastomers yielding low friction coefficient and enhancing other
properties [75, 76]. Diamond like carbon (DLC) is another very promising candidate for
coatings due to its excellent tribological properties and chemical inertness [6]. DLC coatings
have been widely used on different substrates including metals, ceramics and other
inorganic materials. Recently, elastic DLC coating on elastomers was developed [5]. Initially,
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the idea of applying a hard DLC film on soft elastomer materials with low elastic modulus
received much scepticism because of the risk of loss of adherence and interfacial
delamination. However, after successful demonstration of the efficiency of DLC coatings on
elastomer substrates their application has been widely spread, especially in automotive
industry. Further advances in application of DLC on elastomer surfaces can be made on the
basis of deeper understanding of surface chemistry of coated systems. In this work we
studied surface chemical composition of uncoated and DLC-coated NBR and HNBR
elastomers using XPS and CA methods. HNBR is a hydrogenated elastomer with no double
bonds in the elastomer backbone structure. Therefore, HNBR is less chemically reactive than
NBR against the same treatment [4].

Surface chemical composition of elastomers obtained from the wide energy range scan XPS
spectra are shown on Table 7. For all samples, carbon, oxygen and nitrogen were the main
surface elements. Small amounts of other elements used in the elaboration processes of
elastomers were also detected [22]. As we already mentioned before, these components have
no important influence on the surface properties [13]. When DLC coating was applied,
oxygen content slightly increased. In order to investigate changes in the main bonding of the
elastomers, curve fitting procedure of XPS spectra of the Cls core level peaks was
performed (see Figure 9 and Table 7). Four components: C-C/CH; C-O; C=O and O-C=0
were used for fitting. These components were derived from the expected chemistry of the
samples and taking into account natural oxidation process of the elastomers. The binding
energies of these components are listed in Table 1. CN bond from the NBR structure was not
considered due to the small contribution of nitrogen to the final composition. The results
evidenced that C-C contribution corresponding to the backbone structure of the elastomers
decreased for DLC-coated elastomers as a consequence of the formation of oxygen
functional groups, mainly in form of C-O. HNBR presented larger variation of the carbon
bond than NBR.

Despite the small variations observed in the surface chemical composition, DLC-coated
elastomers presented better tribological performance reflected in a significant reduction in
the coefficient of friction (COF) and friction noise [77]. Also, water CA increased for NBR
after DLC deposition (Figure 10) indicating the increase in the hydrophobic character of
NBR elastomer surfaces after DLC deposition. This finding is consistent with previous
works where an increase in the hydrophobic properties of the DLC-coated elastomers was
attributed to sp? and sp® hybridised carbon bonds in the DLC coating. One should bear in
mind that higher hydrophobicity of the surface is usually related to a higher chemical
stability. Actually, in our experiments SFE of NBR elastomers decreased by 9% after DLC
deposition [77]. For hydrogenated HNBR elastomer, the variations in the hydrophobicity
after DLC coatings were statistically insignificant. In contrast to NBR, SFE increased by 8%
for DLC-coated HNBR. We suggested that hydrogenation of unsaturated bonds to form
HNBR results in different reactivity of the elastomer towards the DLC coatings. Despite the
fact that the same type of DLC coating was deposited on all the elastomers, the extent of the
modifications was different depending on the substrate.
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Cls core level components

C-C
C O N C-H C-O Cc=0 O-C=
NBR uncoated 98 1 0 97 3 0 0
NBR coated 98 1 0 93 7 0 0
HNBR uncoated 92 4 3 91 5 4 0
HNBR coated 89 6 3 86 11 2 1

Table 7. Surface composition and analysis of the components of the Cls core level of NBR and HNBR
before and after DLC coating
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Figure 9. HRC 1s core level of HNBR elastomer before (a) and after DLC coating (b)
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4. Concluding remarks

We have shown that XPS is a sensitive and versatile technique to characterize surface
chemical composition of engineered elastomer surfaces. The combination of XPS with other
techniques such as CA measurements or SFE calculations allows the evaluation of minute
changes in surface chemical composition and structure of surface functional groups
resulting from surface degradation or surface treatment. Therefore, factors like ageing
processes, lubricant absorption or reaction of the elastomer chains under surface treatment
have been analysed with this technique. As XPS binding energies are not only element-
specific but also contain chemical information, it provides information about chemical
states of a particular element. So, the degradation of the elastomer backbone structure
during ageing and wear was evaluated in terms of C-O or C-OH bond formation. In
general, the binding energy increases with increasing oxidation state and, for a fixed
oxidation state, with the electronegativity of the ligands. The C 1s spectrum of
fluorocarbon polymer is an example how the binding energy of carbon depends sensitively
on the electronegativity of its neighbours. It was shown that an increase in the oxygen
content is not necessarily related to oxidation of carbon bonds and, therefore, to
degradation. The presence of new elements, e.g. fluorine due to plasma fluorination, is not
always related to the formation of C-F bonds as well. This information cannot be obtained
by many other analytical techniques, which makes XPS particularly interesting for this
kind of studies. One limitation found was the lack of sensitivity to resolve the possible
cross-linking after certain surface treatments. The energy gap between the C=C and C-C
bonds are below 0.8 eV which is the range of resolution of nonmonocromated Mg Ka X-ray
source. However, cross-linking effects were determined from the variation of SFE
components and O/C and F/C ratios. When studying elastomer surfaces subjected to
rubbing, no important oxidation indicative of thermochemical reactions was observed.
Modifications of the elastomer surfaces were interpreted in terms of mechanochemical
reactions and wear.

The final properties of elastomer components can be significantly modified even by small
changes in chemical composition of thin surface layer. The extent of the surface modification
is clearly influenced by the elastomer substrate and it is more significant for organic
materials than other inorganic materials.
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