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Abstract:  

 Four model plasma coatings obtained with selected parameters and precursors (acetylene, 

acrylic acid and maleic anhydride) were developed for the preparation of adhesive joints of metal 

/ elastomer assembly. One of these layers, PW, is thin and highly functionalized while another 

(CW) coated with the same thickness is less functionalized but crosslinked. The two other layers 

(CW x 2, CW + PW), twice as thick compared to PW and CW, show the same chemical criteria. 

The adhesion strength of prepared assemblies is increasing but mostly depends on the precursor 

type. Moreover, such model layers allow to study the adhesion mechanism between the metal and 

the elastomer. The thermodynamic adhesion, i.e. surface energy closer to the elastomer one appears 

to prevail.  

 

1. Introduction 

 

Plasma-enhanced chemical vapor deposition (PECVD) has been used to coat plasma-

polymerized (pp) films on various substrates, either metal or polymers. The properties of such a 

coating can be adjusted by optimizing deposition parameters including monomer type 

(hydrophobic or hydrophilic), duration, power, duty cycle and various others depending on the 

plasma chamber characteristics.[1-7] Single layers but also multilayers with chemical composition 

gradient in thickness can be also prepared with the plasma technology and this type of thin film 
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process is credited with providing outstanding properties such as the adhesion between the plasma 

polymer and the substrate.[8,9] Furthermore, the interfacial adhesion between each individual layer 

enhances the tribology properties of assemblies inhibiting cracking and delamination.[10] And the 

barrier properties of the multilayers are also increasing since such material avoids polymeric chain 

reptation and dissolution of one layer components into the closest layer.[11,12] The multilayer plasma 

coating could be applied to a wide range of precursors and various substrates, polymers or 

metals.[13-17] But, in our knowledge, little attention was paid to the effect of their respective surface 

and bulk chemical functionality, their thickness and their crosslinking compared to a single layer 

originated from the same precursor.  

The pulsed plasma polymerization of three different precursors (acetylene - Ac, acrylic acid 

- AA; maleic anhydride - MA) was shown to be a promising method and the chemical retention 

depends on the plasma chamber. [3,4,18-23] Their corresponding plasma polymers adhered on various 

substrates, mostly metallic ones for the pp-Ac [24-26] and polymeric ones for the two other 

precursors.[27-28] So here, the study was extended to other plasma parameters alone or combined 

(pulsed or continuous wave at different discharge powers, durations…) in order to synthetize the 

four model layers and to compare their efficiency for the adhesive vulcanization allowed the 

cohesion of metal elastomer assembly..  

The plasma synthesis of these layers differs in order to vary their chemical composition at 

constant and similar thickness about few 10 or 100 nm depending on precursor chemistry. Pulsed 

wave (PW) films are carried out under conditions less degrading and preserving the chemical 

groups of each precursor. This model should promote the chemical adhesion. Continuous wave 

coatings (CW) are opposite to the previous ones with less reactive group retention, namely because 

of a high fragmentation of the precursors by electronic impact under a continuous discharge. The 

third experiment (CW x 2) plays on the thickness of the film, i.e on duration without providing 

targeted chemical functionality (no retention). This path should be only in favor of the 

interdiffusion of macromolecular chains. The last experiment (CW + PW) is intermediate to the 

other methods. A thick layer about several 10 nm is first deposited on the substrate under 

continuous wave; then at the extreme surface the chemical functionalization is provided by the 

deposition in pulsed wave under optimal retention conditions. This experimental path should 

combine the effects of chemical anchoring and interdiffusion with a chemically controlled surface 

and a relatively thick film to facilitate the creation of an interphase during further adhesive 
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vulcanization. The validation of these model layers is illustrated by measuring the mechanical 

strength of two assemblies (aluminum - poly(acrylonitrile butadiene) rubber (NBR)  and stainless 

steel - fluoroelastomer (FKM)). 

 

2. Materials and methods 

 

2.1 Materials and plasma deposition, assembly preparation 

 

The organic precursors used without any further purification were: gaseous acetylene 

(AirLiquid, purity 99.95%) and liquid acrylic acid (Sigma-Aldrich, purity 99%) which was filled 

into a quartz tube connected to the chamber and vaporized due to the low pressure. The used solid 

maleic anhydride (Sigma-Aldrich, purity 99%) was filled in the quartz tube heating at 52 °C and 

vaporized in gas line heated at 75 °C. The chosen elastomers were poly(acrylonitrile butadiene) 

rubber (NBR), fluoroelastomer (FKM) respectively provided respectively by Safran and EFJM 

societies.  

Plasma polymerization was performed in a capacitively coupled radio-frequency (RF, 13.56 

MHz) plasma reactor. The low pressure was maintained thanks to a turbomolecular pump (Alcatel 

ATP-80) coupled to a primary rotary pump. Typical residual pressures were maintained between 

10-5 and 10-4 mbar, while the working pressure was kept around 10-2 mbar and measured by a wide 

range capacitive-penning pressure gauge (Alcatel ACC 1009). The glow discharge was sustained 

between two parallel electrodes separated by a fixed distance of 12 cm, and powered with a Caesar 

RF generator (Advanced Energy), with powers ranging from 5 to 100 W.  Reflected power was 

kept to a minimum thanks to a RF Navio matchbox (Advanced Energy). Plasma discharges were 

sustained in the different atmospheres: acetylene at different flow rates (Q from 10 to 40 sccm), 

and for vapours of pure AA or MA. For the latter, as their flow rates were not controlled, their 

content in the chamber was fixed with a constant working pressure of 1.0 * 10-2 mbar. Typically, 

the plasma parameters for the different precursors and model layers based on our previous study [6] 

were described in Table 1: 

Table 1: Plasma parameters applied to the different precursor depending on the model layer 

 PW CW CW x 2 CW + PW 

pp-Ac 

P = 50 W, Q = 40 sccm 

f = 7 kHz, d.c = 11 % ,  

t = 60 min 
t = 13 min t = 26 min 

CW : t = 13 min  

PW : f = 7 kHz, d.c = 

11 % , t = 60 min 
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pp-AA 

P = 10 W, p = 0.01 mbar 

f = 5 kHz, d.c = 8 %,  

t = 5 min 
t = 2 min t = 4 min 

CW : t = 2 min  

PW : f = 5kHz, d.c = 

8 %, t = 5 min 

pp-MA 

P = 10 W, p = 0.01 mbar 

f = 5 kHz, d.c =  8 %,  

t = 20 min 
t = 14.5 min t = 29 min 

CW : t = 14.5 min  

PW : f = 5 kHz, d.c =  

8 %, t= 20 min 

 

 The assembly was prepared with the elastomer (thickness = 3.5 ± 0.3 mm, diameter = 8.0 

mm) inserted between two metallic disks (aluminum or stainless steel respectively for NBR and 

FKM assemblies, diameter = 8 mm, contact area = 5.03.10-5 m2) cleaned with acetone in ultrasonic 

bath and layered with the plasma coating. Then, the vulcanization was taken place under shear (0.1 

strain%) with a frequency of 10 rad/s, compression applied with 1.5 Kg (14.71 N) strength at 

180 °C and 160 °C for respectively FKM and NBR during 15 min. 

 

2.2 Characterization 

 

Each model plasma layer was characterized by FTIR, XPS spectroscopies and wettability 

measurements as described here. 

 

FTIR spectroscopy 

Chemical composition of the plasma polymers (pp‐Ac, pp-AA and pp-MA) coated on 

transparent KBr pellets was measured via a Bruker Vertex 70 v spectrometer with 2 cm-1 resolution 

in the range 4000 - 400 cm-1, 40 scans were recorded under vacuum. The FTIR spectra were done 

10 min after the sample deposition and the background spectrum was subtracted. Spectral data were 

treated with Opus software for baseline correction and CO2/H2O subtraction. 

 

XPS spectroscopy 

The plasma coating on Si/SiO2 wafers were analyzed by X‐Ray Photoelectron Spectroscopy 

(XPS) instrument (Kratos Axis Nova, UK, Institut des Matériaux de Nantes, France) with the 

monochromatic Al Kα beam, whose energy is equal to 1486.7 eV, at the electron emission angle 

of 90 ° relative to the sample surface. The pass energies for survey spectra were 80 eV (increment 

= 0.5 eV) and 20 eV (increment = 0.1 eV) for high resolution. The charging effect was corrected 

with C-C binding energy as reference at 285.0 eV and the background subtraction was performed. 
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The full width at half‐maximum for the Gaussian peaks was maintained as a constant value for all 

components around 1.4 eV depending on the layer type. The resolution fitting accuracy was 5%.  

 

Wettability and surface free energy 

The wettability of the plasma layers on silica substrate was tested by means of a goniometer 

with 3 μl high purity water drops (MilliQWater System, resistivity 18 MΩ.cm−1) and 

diiodomethane drops (Sigma‐Aldrich France, ≥ 99 %). Measurements were run on both sides of 

the drop and were averaged of five experiments. The surface energy was calculated by the Owens–

Wendt method.[29]. 

 

Layer thickness measurement 

The thickness measure of the different layers coated on Si/SiO2 wafer was performed with 

an AFM machine (Bruker Innova). Before the deposition, the substrate was partially masked. After 

the plasma process, the mask was removed and the level difference corresponds to the thickness of 

the thin film. 50 × 50 μm2 areas of at least 5 different samples were scanned in tapping mode at 

ambient air. The film thicknesses were determined using Gwyddion software (2.50). 

 

Decohesion of the assembly 

 The strength needed for assembly decohesion was measured with ZwickRoell Z0101 with 

500 N of test load Fmax at constant rate (0.1 mm / min). The applied strength on the overall contact 

area between the metallic substrate and the elastomer was measured versus the shift, and values of 

stress and deformation were then extracted. Here, only the yield stress, i.e. the maximum value of 

stress due to the beginning of the assembly rupture is discussed. 

 

3. Results and discussion 

 

3.1 Comparative study of plasma polymerization kinetics of the three precursors under 

continuous or pulsed wave  

 

Before preparing and characterizing the different layers PW, CW, CW x 2 and PW + CW 

with equivalent thickness, kinetics study of each type of precursor and discharge was run regardless 
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of the chosen reaction pattern. In order to limit the number of experiments, only the overall duration 

is studied while the other plasma parameters (power, flow rate and pressure) are constant. 

 

Table 2: Dependence of the different coating rates (nm.min-1) on discharge wave and precursor 

 PW CW 

pp-Ac 1.08 ± 0.03 5.2 ± 0.4 

pp-AA 1.25 ± 0.17 5.4 ± 0.3 

pp-MA 1.38 ± 0.18 2.4 ± 0.1 

 

The Fig. S1 shows an almost linear dependence in the thickness whatever the precursor 

chemical nature and the discharge; the corresponding plasma polymerization kinetics are close to 

the first order of reaction meaning that the density of reactive plasma species does not vary with 

time.[1] Moreover, only pp-Ac and pp-AA growths with continuous plasma phase are faster (5.20 

nm.min-1). Indeed, as noticed in Table 2 in CW discharge, acrylic acid therefore polymerizes little 

faster than acetylene but for both faster than maleic anhydride. The deposition conditions differ 

between pp-Ac and two other polymers. But, despite a discharge power 5 times higher inducing a 

more intense electron bombardment, Ac kinetics is little slower (5.2 nm.min-1), probably due to 

higher triple bond scission and ionization energies, respectively 11.40 eV and 10 eV, compared to 

AA ones (ionization energy = 10.6 eV and double bond scission energy = 6.35 eV).[30] Moreover, 

if the monomer radicals are stabilized in the plasma phase as shown for the styrene [31] or AA [1] 

polymerization, the respective deposition rate is higher or at least close to that one of alkyne 

compound. 

The growth of the pp-MA is almost twice lower whatever the discharge frequency and 

should be interpreted as evidence of degradation during deposition. This difference between the 

pulsed and continuous discharges can be explained by more or less intense bombardments of 

electrons, ions and photons in both gas and solid phase but also by an indirect heating of the 

substrate generated by these bombardments.[32,33] The appearance of a greater number of radicals 

in the films deposited in continuous wave could also affect the growth. These phenomena occurring 

at the surface, probably more marked with MA induce instability of the growing layer, or even its 

degradation as observed by Manakhov et al,[34] showing that for the same discharge power and the 

same injection rate, the deposition rate is lower in CW discharge. Indeed, this low deposition rate 

also observed in [35] was explained by the precursor degradation forming stable degraded product 

as CO2.
[6,7,36,37]. 
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From this short kinetics study, plasma parameters were defined for the PW, CW, CW x 2 

and CW + PW layers as described in Table 1. Such plasma parameters lead to coatings whose 

thicknesses of pp-Ac vary from 59.3 ± 3.1 to 107 ± 12.3 nm (Fig. 1). The thickness of the pp-AA 

layers doubles for the CW x 2 and CW + PW strategies ranging from 7.4 ± 1.2 to 17.6 ± 2 nm. 

Finally, the thickness of the pp-MA coatings varies from 30.2 ± 4.6 to 67.0 nm ± 7.7 nm. 
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Fig. 1: Thickness of PW, CW, CW x 2 and CW + PW layers (pp-Ac: P = 50 W, Q = 40 sccm, pp-AA and pp-MA: P 

= 10 W, p = 0.01 mbar) 

 

For each precursor, two sets of layers were obtained. The first one (PW, CW) of low 

thickness (pp-AC: ≈ 63 nm, pp-AA: ≈ 8 nm, pp-MA ≈ 31 nm) and a second series (CW x 2, CW + 

PW) of almost double thickness (pp-AC: ≈ 105 nm, pp-AA: ≈ 16 nm, pp-MA ≈ 65 nm). In each 

set, one layer (PW and CW + PW) has its chemical surface functionality preserved.  

 

3.2 Comparative characterization of physicochemical properties of the different model layers 

 

 Various characterizations with different analyze depths were applied in order to determine 

if the PW, CW + PW bear chemical groups of each precursor compared to the thicker layers CW 

and CW x 2. 

 

Bulk chemical characterization issued from FTIR spectroscopy 
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The analysis of the FTIR spectra of the different model films were carried out (Fig. 2). 

followed by the interpretation of the ratio of relative band intensity given in Fig. 3. Details on each 

vibration band assignment were fully described in Table S1 (supporting information file).  
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Fig. 2: FTIR spectra of PW, CW, CW x 2 and CW + PW layers (pp-Ac: P = 50 W, Q = 40 sccm, pp-AA and pp-MA: 

P = 10 W, p = 0.01 mbar) 

 

 Compared to PW pp-Ac spectrum (Fig. 2), the three other spectra of pp-Ac prepared in a 

continuous wave including the CW + PW show the decrease of O-H band at 3450 cm-1, C=C bond 

elongation band at 1645 cm-1, CH2 and CH3 stretch band between 1320 and 1484 cm-1 and the 

appearance of a new band at 2170 cm-1 assigned to the disubstituted C-C alkyne.[38,39] This is 

significant of a high fragmentation of plasma species produced in continuous wave leading to a 

more crosslinked and less oxidized coating. The appearance of the disubstituted C-C alkyne band 

indicates that the acetylene fragments are quite complex and their recombination does not 
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specifically lead to a saturated network. It must be noticed that the pp-Ac oxidation corresponds to 

the dangling radicals formed during the plasma polymerization. Moreover, such oxidation may also 

be assigned to oxygen / water desorption from the chamber walls or to acetone plasma 

fragmentation. Indeed, this molecule is added in the acetylene bottle for safe storage and was 

interfering in some surface modifications.[40] The observed similarity of CW + PW and CW 

spectrum is explained by a lack of FTIR sensitivity toward the upper thin layer as the analysis is 

recorded using the transmission mode. The three spectra of pp-AA prepared in one or two steps, 

compared to that one of PW show a decrease of OH vibration band at 3446 cm-1, of CH2 and CH3 

stretch band around 2960 - 2860 cm-1. However, the most remarkable feature of these spectra is the 

increase of C-C stretch band at 1100 cm-1 and the appearance of a new band at 1560 cm-1 that could 

be assigned to carboxylate function as observed in.[41] Another possible assignment related to chain 

degradation [45] corresponds to the appearance of C=C bond conjugated to another C=C or C=O. 

[43] The pp-MA spectra of CW, CW x 2 and CW + PW layers seem to be more crosslinked and 

oxidized, since CH3 band at 1380 cm-1 decreases while the C-C and C=O bands at respectively 

1100 cm-1 and 1780 cm-1 increase. This phenomenon is emphasized with long duration and thick 

films (CW x 2 and CW + PW) as observed with the diminution of C=C band 1630 cm-1. But the 

oxidation seems to reach a lower degree as OH band increases in case of CW. 

After the comparative assignment of each vibration band, the intensity ratio between 

unsaturated C = C band and CH aliphatic band (CC / CH), between the carbonyl band and CH 

aliphatic band (CO / CH) was determined (Fig. 3). For all the spectra, band decomposition between 

1855 cm-1 and 1619 cm-1 was applied.  
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Fig. 3: FTIR ratio (CC / CH and CO / CH) for the different model layers 
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In case of Ac plasma polymerization, the PW and CW + PW layers present the strongest 

CO / CH ratio, their chemical structures are therefore more oxidized than the CW and CW x 2. 

This should due to a post-oxidation of attached radicals during the plasma deposition. The CC / 

CH ratios vary from 0.42 up to 0.63. The maximum values come from thicker films coated for 

longer duration. However, these fluctuations are limited when taking into account the repeatability 

of the measurements. With pp-AA and pp-MA, these variations are more important. Indeed, in case 

of pp-AA, the CC / CH ratios are comprised between 0.22 and 1.20. It decreased for thick films, 

i.e. long plasma duration, and it is more pronounced when the deposition takes place under 

continuous wave (CW x 2). Its CO / CH ratio, comprised between 0.27 and 0.8 is higher in case of 

PW and CW + PW, leading to a possible carbonyl retention due to the off time plasma. With pp-

MA, the variation of CC / CH and CO / CH ratios respectively from 0.57 to 1.07 and from 0.92 to 

1.9 seem to be almost independent on the deposition type. Overall, the FTIR analysis clearly shows 

the presence of the vibration modes of the characteristic bonds of each precursor and the appearance 

of new bands in view of PW layer. The semi-quantitative analysis of the ratios does not clearly 

demonstrate the preservation of the functionalization of the CW + PW and CW x 2 layers when 

compared to PW and even to the other two layers. XPS analysis makes it possible to differentiate 

the chemistry of the different layers. 

 

Surface chemical composition via XPS spectroscopy 

The elementary composition of pp-Ac, pp-AA and pp-MA determined by XPS (raw spectra 

are given as Fig. S2 in supporting information file) under the various conditions are presented 

below in the Fig 4. 
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Fig. 4: Elemental composition (XPS, %) of PW, CW, CW x 2 and CW + PW layers (pp-Ac: P = 50 W, Q = 40 sccm, 

pp-AA and pp-MA: P = 10 W, p = 0.01 mbar) 

 

The broad spectra do not show a great difference in elemental composition according to the 

mode of synthesis since the XPS spectra of the 4 pp-Ac coatings (Fig. S2, Fig. 4) are similar with 

peaks assigned to carbon atoms, oxygen atoms in small quantities (8-9%) [31] and nitrogen atoms 

in negligible traces (< 0.2%). The absence of Si 2p and Si 2s peaks shows that the coated layers are 

thicker than the analyzed depth. Their carbon proportion is greater than 90%.[44,45] These high 

carbon levels indicate that the films are composed mainly of sp2 and sp3 carbon bonds..[6] The 

oxygen proportion (8 - 9%) and the O / C ratio of less than 0.1 are low; so the layers are a little 

oxidized due to free radicals trapped in the polymer layers.[46,47] 

The broad XPS spectra of the 4 pp-AA layers (Fig. S2, Fig. 4) show the presence of carbon, 

oxygen atoms, traces of nitrogen and silicon. The appearance of the Si 2p and Si 2s peaks means 

that the layer thicknesses are less than that the analyzed one, with marked effect for PW and CW 

(13 - 15 Si %). Their respective thickness is ≈ 9 nm and ≈ 8 nm (cf Fig. S1). The two other model 

layer (CW x 2 and CW + PW) spectra show any lower intensity Si peaks explained by thicker films 

respectively ≈ 18 and 15 nm. For all prepared coatings, the carbon content is between 53 and 63% 

while the oxygen level is important at around 30%. The O / C ratio appears constant, approximately 

0.5 for the 4 films, far from the theoretical value equal to 0.75. This deviation is dependent on 

plasma energy illustrated by the Yasuda ratio (W / FM) [7] and shown in [48]. If at first glance, the 

O / C ratio of the four layers little changes, it must be noticed that this ratio for PW and CW is 

probably overestimated by the presence of Si-O bonds because of a too low thickness. Only the 

analysis of high resolution spectra of the carbon peak will allow this ambiguity to be resolved. On 

the other hand, if we compare only the thickest coatings (CW x 2 and CW + PW), oxidation and 

therefore stronger functionalization is observed for CW + PW. 
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The broad XPS spectra of pp-MA coatings (Fig. S2, Fig. 4) also show carbon, oxygen atoms, 

traces of nitrogen. The presence of peaks of Si 2p, Si 2s at an 8% level is only observed for the 

deposition in pulsed wave corresponding to a small thickness around 33 nm. The absence of Si 

peak for the CW layer having an equivalent thickness (30 nm) illustrates in both cases the 

inhomogeneity of film thickness rather the detection limit of the spectrometer and the resolution 

limit of the thickness measurement as shown on AFM images (Fig. S3). For the different layers, 

the carbon content is between 58.1% and 74.1%; the percentage of oxygen varies more significantly 

compared to other polymers from 25.7 to 34.4%. The O / C ratio varying from 0.35 to 0.57 are 

higher than those described in [37] showing that the capacitive plasma is lees degrading than 

inductively one. However, the same tendency is noticed with the highest value for PW conditions, 

preserving the initial precursor structure. The value of the O / C ratio of PW as for the pp-AA layers 

is overestimated due to the possible thickness heterogeneity and the detection of the Si / SiO2 wafer. 

Moreover, the chemical structure of pp-MA is dependent on the deposition time, more than on the 

plasma process. Namely, a long time for the same type of procedure as CW x 2 probably generates 

thermal heating of the substrate, degradation or / and reorganization of the layer resulting in a 

stronger oxidation and high O / C ratio. Whereas for CW + PW, more than half of the deposition 

time (20 min) is devoted to a pulsed deposition for which the electron and ion bombardments are 

discontinuous. 

In order to more accurately determine the chemical structure of each model layer, the 

decomposition of the C1s high resolution XPS spectra was performed (Fig. 5-10). 
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Fig. 5: C 1s high resolution spectra of PW, CW, CW x 2 and CW + PW layers (pp-Ac: P = 50 W, Q = 40 sccm) 
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Fig. 6: Assignment and proportion (%) of PW, CW, CW x 2 and CW + PW layers (pp-Ac: P = 50 W, Q = 40 sccm). 

 

The decomposed C 1s spectra with their attribution of each component for the pp-Ac layers 

are shown in Fig. 5 and 6. The peak shapes of the four layers are similar with the most intense 

component at 285.0 eV assigned to C-C / C-H and C = C. Indeed, these two substructures are 
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superimposed. Alcohol groups (C-OH), ether (C-O-C), ketone (C=O) are also identified 

respectively at 285.8 eV, 286.8 eV, 287.9 eV. Acid or ester groups at 289.0 eV in very low 

proportion are only detected for CW. The comparison of CW, CW x 2, CW + PW spectra with that 

one issued from PW layer shows a higher proportion of sp2 and sp3 carbon (C -C / CH and C = C) 

than of oxides (C-OH, C-OC, C = O), specifically for CW x 2. Unfortunately, it is not possible to 

conclude more deeply about the dependence of the proportion of sp2 carbon depending on the 

operating process. 
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Fig. 7: C 1s high resolution spectra of PW, CW, CW x 2 and CW + PW layers (pp-AA: P = 10 W, p = 0.01 mbar) 
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Fig. 8: Assignment and proportion (%) of PW, CW, CW x 2 and CW + PW layers (pp-AA: P = 10 W, p = 0.01 

mbar) 

 

The shape of the high resolution spectra for all four layers is similar (Fig. 7,8) with 

consistent contributions to polyacrylic acid structure. The shift of the maximum peaks ± 0.5 eV is 

related to the degree of crosslinking of the polymer. The proportion of C-C/ C-H and C = C bonds 

decreases from 58.7 % to 48.6 % probably due to the stronger precursor fragmentation in a 

continuous wave. As regards the variation on the oxygenated groups, only the proportions of C-

OC and COOR change according to the discharge wave. Indeed, the PW layer has the lowest 

proportion of C-O-C (3.9%); the PW and CW + PW layers have a higher acid concentration 

(respectively 13.4 and 13.2%) showing thereby little fragmentation of the precursor. These 

variations confirm those of Pleskunov et al. [49] the percentage of the acid and ester groups increases 

when the duty cycle decreases, that is to say for a higher toff or a short toff. As the duty cycle is 100 % 

for deposits in continuous wave, the percentage of acid / ester is lower compared to coatings in 

pulsed wave as confirmed by FTIR analysis. 
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Fig. 9: C 1s high resolution spectra of PW, CW, CW x 2 and CW + PW layers (pp-MA: P = 10 W, p = 0.01 mbar) 
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Fig. 10: Assignment and proportion (%) of PW, CW, CW x 2 and CW + PW layers (pp-MA: P = 10 W, p = 0.01 

mbar) 
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Similarly, to pp-AA films, the decomposition of the high resolution C 1s spectra of the four 

pp-MA is divided into 5 components (Fig. 9,10). With the exception of the CW x 2 layer, the 

proportions of the different substructures are all of the same order of magnitude. In the case of this 

layer, the percentage of carboxylic acid and ester is higher (24.4% vs. 14-15%). This should be 

interpreted as a cleavage of the C = C bonds or of the anhydride rather than anhydride retention as 

described in the literature for pulsed wave coatings.[6] 

In summary, the CW, CW x 2 and CW + PW layers from acetylene show a higher 

proportion of sp2 and sp3 carbon (C = C and C - C / CH) than the PW layer. Unfortunately, it is not 

possible to conclude as to the proportion of sp2 carbon depending on the process. For acrylic acid, 

if we compare only the thickest layers (CW x 2 and CW + PW), oxidation and therefore stronger 

functionalization is observed for CW + PW. Finally, the chemical structure of pp-MA is dependent 

on the overall deposition time, more than on the wave. 

 

Surface free energy calculated from wetting measurements 

The wetting measurements have the advantage of being more sensitive to surface 

functionalization compared to XPS spectroscopy. Therefore, the contact angles with water or 

diiodomethane (WCA or DCA) were determined, followed by the calculation of free surface 

energies (SFE) and its dispersive and polar components. 
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Fig. 11: Contact angles and surface free energies of PW, CW, CW x 2 and CW + PW layers (pp-Ac: P = 50 W, Q = 

40 sccm) 
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This graph (Fig. 11) shows the contact angles with water and diiodomethane of the four pp-

Ac layers and the calculated SFE. The contact angles with water are equal to 81.5 ± 0.2 ° on PW 

as also observed in [50], 72.7 ± 0.3 and 76.0 ± 0.3 ° respectively on CW and CW x 2, and 74.3 ± 

0.2 ° for CW + PW. The CW + PW layer is closer to the layers obtained in continuous wave. The 

PW layer is the most hydrophobic showing the preservation of the hydrocarbon character. DCA 

variations, even if they are more restricted with the following values 26.7 ± 0.3 for PW, 24.6 ± 0.1 

for CW, 26.9 ± 0.1 for CW x 2 and 29.4 ± 0.2 for CW + PW clearly indicate this hydrocarbon 

character of the PW and CW + PW layers. The associated SFEs and the dispersive component little 

vary with a difference of 2.4 mJ.m-2 for the SFE and 1.8 mJ.m-2 for the dispersive term, with 

nevertheless the lowest value of SFE for the PW layer, a confirmed result with the polar term of 

2.1 mJ.m-2, two less important than for the other layers. PW is therefore the most hydrocarbon layer 

followed by CW x 2, CW + PW and CW. 

 

PW CW CW x 2 CW + PW 

0

10

20

30

40

50

60

70

80

90

100

S
u
rf

a
c
e
 f
re

e
 e

n
e
rg

y
 (

m
J
.m

-2
)

 gt

 gd

 gp

pp-AA

 

Fig. 12: Contact angles and surface free energies of PW, CW, CW x 2 and CW + PW layers (pp-AA: P = 10 W, p = 

0.01 mbar) 

 

Similarly, WCA and DCA are measured and SFEs calculated for pp-AA (Fig. 12). The 

contact angles with water for the 4 films are 5.0 ± 1.4 ° for PW, 5.2 ± 0.1 ° for CW, 9.5 ± 0.1 ° for 

CW x 2 and 7.9 ± 0.2 ° for CW + PW. Unlike pp-Ac, the presence of hydrophilic groups such as 

the acid group allows for a very hydrophilic surface. The lowest value of WCA is obtained for PW 

whereas the highest value of WCA corresponds to CW x 2. The 2 other layers have intermediate 

values. These results are in agreement with the results of XPS C 1s high resolution linking well 

acid concentration and wettability.[51] Conversely, while the coating is carried out in a continuous 
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wave (CW or CW x 2), the surface becomes more hydrophobic because probably more crosslinked, 

the plasma phase exhibiting greater densities of precursor fragments. The DCA contact angles are 

respectively 37.9 ± 1.2 ° for PW and CW 38.3 ± 0.1 ° for CWx2 and 37, 1 ± 0.2 ° for CW + PW. 

These DCA results show a surface whose moderately oleophilic character is little dependent on the 

deposition procedure. The SFEs are all high, between 76.1 mJ.m-2 to 76.8 mJ.m-2 and therefore 

very close to the surface tension of water. The dispersive components vary from 40.5 mJ.m-2 to 41 

mJ.m-2 and the polar term is between 35.5 mJ.m-2 and 36.2 mJ.m-2. These layers therefore have a 

wetting behavior close to very hydrophilic surfaces, consequently the theories allowing the 

calculation of the SFE are limited. For this precursor, the measurement of WCA and DCA is more 

reliable than the determination of SFE. 
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Fig. 13: Contact angles and surface free energies of PW, CW, CW x 2 and CW + PW layers (pp-MA: P = 10 W, p = 

0.01 mbar) 

 

The four pp-MA layers are less hydrophobic than the pp-Ac and less hydrophilic than the 

pp-AA (Fig. 13). Indeed, the WCA value of PW is 48.6 ± 1.2 °, that of CW 47.5 ± 0.9 °, that of 

CW x 2 47.9 ± 1.0 ° and that of CW + PW 43.7 ± 0.2 °. Alone, the CW + PW layer has a slightly 

more marked hydrophilic character. Unlike WCAs, DCA values seem to vary a bit more depending 

on the coating method. The highest value is for deposition in pulsed wave at 28.8 ± 0.1 °. A decrease 

of 10 ° was observed for the CW deposition with 19.4 ± 0.2 °. A smaller decrease (21.8 ± 0.2 °) is 

also noted for the CW x 2 deposition. The CW + PW bilayer has an intermediate value at the DCA 

of PW and CW, namely, and 23.3 ± 0.2 °. This variation of the oleophilic character is to be linked 

to the deposition procedure with a loss of the chemical functions of the precursor and a more 

accentuated crosslinking of the layer with the films of CW and CW x 2. The strongest is noted for 



20 
 

the CW + PW layer with 65.3 mJ.m-2, the weakest with CW x 2 (63.4 ± 0.2 mJ.m-2). The SFE of 

PW is intermediate although its polar component is higher (16.7 mJ.m-2) than those of CW and CW 

x 2 (respectively 16.1 mJ.m-2 and 16.7 mJ.m-2) but less strong than CW + PW (18.6 mJ.m-2). The 

layers synthesized with all or part of a pulsed wave are more hydrophilic and therefore a greater 

retention of the anhydride function. 

In summary, for acetylene, the PW layer is the most hydrophobic showing the preservation 

of the hydrocarbon character. The CW + PW layer is for its part closer to the layers obtained in 

continuous wave. With acrylic acid, unlike pp-Ac, the presence of hydrophilic groups such as the 

acid group makes it possible to have a very hydrophilic or even superhydrophilic surface and 

therefore only the contact angles need to be taken into consideration. The lowest value of WCA is 

obtained for PW whereas the highest value of WCA corresponds to CW x 2. The 2 other layers 

have intermediate values. Finally, the four pp-MA layers are less hydrophobic than those pp-Ac 

and less hydrophilic than those pp-AA. Alone, the CW + PW layer has a slightly more marked 

hydrophilic character. The oleophilic character of each of the films is to be linked to the type of 

frequency chosen (continuous or pulsed) with a loss of the chemical functions of the precursor and 

a more accentuated crosslinking of the layer with the layers of CW and CW x 2. The layers 

synthesized with all or part of a pulsed wave are more hydrophilic and therefore a greater retention 

of the anhydride function. 

The adhesion of two materials is strongly dependent on the interfacial energy and 

consequently on their respective surface free energy. Therefore, the comparative SFE study is one 

key point for the preparation of cohesive assembly. In comparison with the elastomeric models, 

adhesion will always be favored for pp-Ac and the least for pp-AA knowing that the NBR and 

FKM elastomers have 90.9 ± 1.2 ° and 131.2 ± 3.3 ° with water then 41.3 ± 1.5 ° and 83.9 ± 7.3 ° 

with diiodomethane. As observed with WCA values, the polar surface energy increases with the 

same order: pp-Ac <pp-MA <pp-AA globally from 3 to 36 mJ.m-2 taking into account the 4 

different films. In addition, the surface energies of the two NBR and FKM elastomers have a 

surface energy of 39.8 ± 0.2 mJ.m-2 and 16.3 ± 0.6 mJ.m-2. As there is little difference in surface 

energy between the 4 layers of each polymer, we therefore expect to have a close bond strength 

between them for the same given plasma polymer if we consider that the wetting is the most 

important phenomenon. It has already been discussed that in order to have a strong metal-elastomer 

assembly at least one surface energy of the elastomer is required which must be close to the surface 
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energy of the adhesive joint. This explanation leads to a better assembly between pp-Ac and the 

NBR. 

 

3.3 Relevance of the synthesis strategy on the cohesion of a metal / elastomer assembly 

 

In order to prove the efficiency of the adhesive properties with the four model plasma-layers; 

different assemblies composed of elastomer (FKM or NBR) and metal (stainless steel or aluminum) 

substrates separated by the plasma coating were prepared as described in the experimental part. 

After the vulcanization, the assemblies were pulled out using a tack measure.[52] 
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Fig. 14: Yield stress of the different assemblies (105 Pa) versus the type of plasma adhesive 

 

Without any plasma layer, the stainless steel - FKM assembly has poor mechanical behavior 

since its rupture is heterogeneous appearing at low yield stress around 1.9 ± 1.4 105 Pa. The plasma 

coating induces, whatever the type of model plasma adhesive, improves the assembly cohesion up 

to 12 times more compared to the blank assembly. The robustness order of the prepared plasma 

bond is as follows: pp-MA > pp-AA > pp-Ac. Focusing on the pp-Ac, the yield stress of the 4 

layers is comprised between 1.8 ± 0.8 * 105 Pa to 5.8 ± 1.4 * 105 Pa and lower the thickness is (PW 

and CW), higher the yield stress is, especially with CW. Thin crosslinked and hydrophobic pp-Ac, 

as observed for wettability measurements, enhances the fluorinated assembly cohesion. With pp-

AA adhesive joint, the thickness and diffusion process do not have great influence while the 

functionalized and hydrophilic layers (PW and CW + PW, cf XPS analysis) lead to a maximum 

yield stress even for a hydrophobic and chemically inert material as FKM. However, the yield 
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stress variation, comprised between 7.8 * 105 Pa and 10.4 * 105 Pa for all cases, is weak; therefore, 

one cannot conclude on a possible chemical anchoring. Pp-MA coating induces an enhancement 

of yield stress when prepared under continuous wave (CW and CW x 2), this points out the 

influence of the hydrophobic character as noticed with FTIR spectroscopy (identification of high 

alkene concentration). 

The aluminum – NBR assembly without any plasma joint is completely dissociated after 

the vulcanization step. Plasma polymers improve the assembly cohesion with the following order: 

pp-Ac > pp-MA > pp-AA. This result validates the hypothesis on the SFE criterion (cf wettability 

measure). NBR and pp-Ac are respectively around 40 mJ.m-2 and 49 mJ.m-2. So, closed the plasma 

polymer SFE is, higher the yield stress is. Beside this thermodynamic adhesion behavior, thickness 

(diffusion) and functionalization (chemical anchoring) as developed with the four model coatings 

do not influence the high value of yield stress of this assembly. Pp-AA having the highest value of 

SFE (around 76 mJ.m-2) do not induce an important increase of the assembly cohesion, except to a 

lesser extent with CW x 2 layer. With pp-MA, the chemical anchoring due maleic group retention 

has an effect since the corresponding PW and CW + PW yield stress values are increasing 

respectively 17.4 ± 2.9 * 105 Pa and 8.0 ± 2.1 * 105 Pa. 

 

4. Conclusion 

 

The strategy developed here emphasizes either the preservation (or little degradation) of the 

chemical functions of the precursor, or obtaining of a thick, highly crosslinked layer. This approach 

also allows a combination of the two effects. The synthesis of these four model layers makes it 

possible to assess the adhesion mechanisms during the adhesive vulcanization of two different 

elastomers. For such a goal, the plasma polymerization was carried under pulsed or continuous 

wave. Kinetic study allows to adjust the total deposition time and the film thickness, the second 

can vary in the ratio of one to two. The FTIR analysis confirms the chemical function of the PW 

layers while the XPS interpretation is more dependent on the chemical nature and deposition rate 

of the precursor. From the SFE determination, it appears that PW pp-Ac is the most hydrophobic 

while the other layers issued of AA and MA are hydrophilic, even very hydrophilic specially for 

PW and CW + PW pp-AA. These plasma polymers were applied as adhesive joint for metal - 

elastomer assemblies and their cohesion was discussed in function of the different adhesion 
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mechanisms. It appears that the plasma polymer acts as adhesive joint increasing the assembly 

cohesion, especially with pp-Ac whatever the model layer type even if the other parameters such 

as chemical anchoring and diffusion may also interfere but in a less proportion. 
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Table of contents  

This paper deals with the synthesis of model plasma layers for the preparation metal – polymer 

assembly. Four layers were developed using combinations of pulsed and continuous wave and 

characterized in order to determine the chemical retention, surface energy and thickness related 

to adhesion mechanism. Finally, illustration is given on the cohesion of metal – elastomer 

assembly. 
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