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Abstract. Surface chemical properties triggered by plasma activation of polymers were 

extensively investigated. However, clear distinctions between particular mechanisms 

occurring in-plasma and post-plasma treatment performed at medium pressure are up-to-

the-minute missing and are therefore constituting the study aim. Polyethylene films were 

subjected to N2 and Ar plasma using a dielectric barrier discharge operating at 5.0 kPa with a 

minimally oxygen-contaminated chamber. A distinctive combination of optical emission 

spectroscopy and in-situ X-ray photoelectron spectroscopy (XPS) was used to characterize in-

plasma species/surface interactions. Post-plasma oxidation was unraveled by exposing 

plasma-treated samples to ambient air and performing ex-situ XPS. In-situ XPS showed 

remarkably high nitrogen (20.6 %) with negligible oxygen incorporation (2.8 %) thus 

exceptionally  enhancing N-selectivity when comparing to the state-of-the-art. More oxygen 

(5.9 %) was however detected after Ar activation due to high energy metastables 

dissociating O2 impurities. Upon exposure to ambient air, post-plasma oxidation occurred 

producing more oxygen mainly in the form of O-C=O and N-C=O groups on N2-activated 

surfaces and C-O groups on Ar-activated surfaces. Above a certain storage time, physical 

processes of polymeric chain reorientation prevailed over chemical processes. Overall, in- 

and post-plasma surface interactions were discriminated in this work that constitutes a 

perfect-picture reference for polymer plasma activation. 

Keywords: N2 plasma, Ar plasma, in-situ XPS, OES, post-plasma oxidation, ageing, 

polyethylene.  
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1. Introduction 

Within the plasma community, there has been for many years a great interest in better 

comprehending plasma-polymer surface interactions [1–6]. For this purpose, research 

groups have been employing a broad range of plasma diagnostic tools and surface analytical 

techniques such as OES, laser-induced fluorescence (LIF), gas chromatography mass 

spectrometry (GC-MS), XPS, Fourier-transform infrared spectroscopy (FT-IR), atomic force 

microscopy (AFM), and time-of-flight secondary ion mass spectrometry (TOF-SIMS), in an 

attempt to identify and quantify interactions between various plasma discharges and a 

selection of polymeric substrates and this with a varying amount of success [5,7–16]. To 

date, there are still two different scientific points of view on how the majority of oxygen is 

incorporated onto a polymeric surface after treatment with plasma discharges that do not 

contain oxygen (helium, argon and N2 discharges being the most popular ones). Some 

literature reported that during plasma exposure in an oxygen-free atmosphere, the active 

species in the plasma would primarily produce carbon radicals on the polymer surface 

through hydrogen abstraction. Following plasma treatment, oxygen containing 

functionalities would then be incorporated onto the polymer surface due to the reaction of 

those surface carbon radicals with reactive oxygen molecules (O2 and H2O) during exposure 

to ambient air [10,17–19]. On the other hand, other researchers argued that oxygen 

functionalities are directly built in on the polymer surface during plasma exposure due to 

small oxygen impurities being present in the discharge atmosphere, suggesting that post-

plasma interactions are of less importance [3,7,20]. For example, Massines et al. observed 

that by adding only 0.2% of oxygen to an N2 plasma, the oxygen incorporation on a 

polypropylene (PP) surface doubled while the nitrogen incorporation significantly decreased 

[21]. In a first attempt to clarify this, Borcia et al. examined the effect of a nitrogen DBD 

treatment on the surface of ultrahigh molecular weight polyethylene (UHMWPE) in a 

controlled atmospheric pressure gaseous environment, unsuccessfully trying to overcome 

the dominant effect of reactive oxygen plasma species which are typically present in the 

discharge region due to air contamination. They concluded that the incorporation of oxygen 

directly occurs on the UHMWPE surface during plasma exposure due to the very high 

reactivity of unwanted oxygen species in the discharge, even at very low concentrations. 

Consequently, these researchers also concluded that post-plasma reactions are unlikely to 

occur [22]. 

 

In most available literature on plasma activation of polymers, almost all XPS 

measurements of plasma treated polymers were carried out after exposing the treated 

samples to ambient air prior to XPS analysis, hence making it impossible to distinguish 

between in-plasma and post-plasma oxygen incorporation. At this moment, there are only 

very few studies in literature dealing with the direct XPS characterization of plasma modified 

polymer surfaces i.e. without air exposure between the performed plasma treatment and 

subsequent XPS analysis. In this limited amount of studies, direct XPS analysis was conducted 

either by making use of a transfer vessel or by connecting the plasma set-up directly to an 
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XPS machine [10,18,19,23–28]. Additionally, these studies also mainly focused on low 

pressure plasma activation of polymers. For example, Mutel et al. treated the surface of PP 

with a low pressure pure N2 microwave plasma after which the plasma modified PP samples 

were directly analyzed in an XPS machine without exposure to ambient air (base pressure of 

the plasma reactor: 2 Pa) [25]. The authors observed a high nitrogen content (16 at%) on 

the PP surfaces upon plasma modification, in combination with an even higher oxygen 

content ( 22 at%). Based on their results, the authors concluded that oxygen incorporation 

occurs during the nitrogen plasma treatment step due to the presence of oxygen-containing 

impurities in the nitrogen flow, on the reactor walls and/or in the commercial PP film. In an 

earlier study, Gerenser employed a low pressure (6.7 Pa) plasma sustained in Ar, O2, and N2 

atmospheres (base pressure of the plasma reactor: 6.7 x 10-7 Pa) to modify the surface 

properties of different polymers [19]. Based on the obtained in-situ XPS results, the author 

reported that the performed Ar plasma treatment did not introduce new chemical species 

onto the polymer surfaces, but can induce degradation and rearrangement of the polymer 

surfaces. On the other hand, both O2 and N2 plasma treatments led to the formation of new 

chemical species which noticeably altered the chemical reactivity of the polymer surfaces. 

For example, it was observed that on a polystyrene (PS) surface, oxygen and nitrogen plasma 

treatment resulted in the incorporation of 18 at% of oxygen and 15 at% of nitrogen 

respectively. In a later study, Dhayal et al. also performed in-situ XPS analysis of Ar plasma 

modified PS surfaces (base pressure of the plasma reactor: 5 x 10-3 Pa) [24]. These authors 

observed, in contrast to Gerenser, a significant oxygen incorporation on the PS surface due 

to the Ar plasma exposure. Based on this short literature overview, it seems that the base 

pressure of the plasma reactor plays a crucial role in whether oxygen incorporation at the 

polymer surface directly occurs during plasma exposure. At considerably low plasma reactor 

base pressures (order 10-6-10-7 Pa), oxygen is not incorporated during plasma treatment in 

Ar or N2, while at higher base pressures (10-3 Pa, 2 Pa), oxygen incorporation directly occurs 

during Ar/N2 plasma exposure.  

 

Although considerable progress has been made in unravelling plasma-surface 

modifications, as can be noticed from the above mentioned literature, some important 

research aspects have not yet been examined. First of all, literature so far only focused on 

low pressure plasma treatments, totally neglecting the examination of plasma-surface 

interactions in case of high pressure plasmas. Additionally, a systematic study examining the 

impact of post-plasma ambient air exposure on the surface chemical composition of 

polymers is also lacking. And, last but not least, in the available studies focusing on in-situ 

characterization of plasma treated surfaces, OES diagnostics have been highly 

underappreciated, although OES is known as a very practical and non-invasive diagnostic 

technique to determine the nature of excited chemical species inside a discharge. As such, 

correlating OES diagnostics with direct XPS investigations can aid to fundamentally 

understand the relative importance of in-plasma and post-plasma reactions on polymeric 

surfaces. Taking into account these shortcomings in literature, the present work aims to use 
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a combination of OES and direct XPS analysis to examine the relative importance of in-

plasma and post-plasma oxygen incorporation on a polymer surface. For this purpose, in 

contrast to the available literature, a medium pressure plasma sustained in Ar and N2 will be 

used, namely a dielectric barrier discharge (DBD) operated at a pressure of 5.0 kPa. Unlike 

atmospheric pressure plasmas, this medium pressure plasma still allows operating in a 

controlled gas environment and induces a uniform polymer surface treatment, permitting 

the study of plasma surface interactions. In this work, UHMWPE is chosen as model polymer. 

Because of its simple chemical structure (-(CH2-)n) and high chemical inertness (little 

spontaneous surface oxidation or water adsorption), possible side-effects on the polymer 

surface will be limited, making it easier to identify and distinguish which surface phenomena 

are exactly taking place. Besides the direct XPS analysis, a detailed XPS study of the plasma 

modified UHMWPE samples upon exposure to ambient air will also be conducted in this 

work. By doing so, we intend to discern the relative importance of in-plasma and post-

plasma incorporation of oxygen in case of a medium pressure plasma, to reveal the role of 

oxygen contamination inside the plasma reactor and to identify which polymer surface 

changes occur upon storage in ambient air.  

 

2. Materials and methods 

2.1. Materials 

A roll of UHMWPE with a thickness of 75 µm was purchased from Goodfellow, UK and 

cut into 1.0 × 1.5 cm2 pieces without performing any cleaning procedure. N2 and Ar gases 

(Alphagaz 1, purity 99.999%) were purchased from Air Liquide, Belgium. Based on the gas 

specifications provided by Air Liquide, the oxygen and water impurities inside these two 

gases were assumed to be less than 2 and 3 ppm, respectively.  

2.2. Experimental plasma set- up 

The schematic of the medium pressure parallel-plate DBD system used in this work is 

presented in Fig.1 and a detailed description of the set-up can be found in the supporting 

information (S1.1). As mentioned in the introduction, the main objective of this work was to 

investigate the polymer surface composition directly after plasma treatment without any air 

exposure between the plasma modification and the XPS characterization steps. To do so, the 

DBD plasma chamber was directly connected to an XPS machine and the lower electrode 

with the polymer sample on top was transferred straight into the XPS introduction chamber 

using a transfer arm (Fig.1(17)).  

In an effort to minimize the level of oxygen contamination inside the plasma reactor, the 

plasma chamber was continuously kept at high vacuum (pressure of approximately 5 x 10-7 

kPa) using an Edwards turbo pump (EXT 75DX) directly connected to the plasma chamber. In 

addition, the polymer samples were introduced into the plasma reactor by first placing them 

into the introduction chamber of the XPS device. As such, the plasma chamber did not need 

to be brought to atmospheric pressure to introduce the polymer samples. The low volume 

intro chamber of the XPS can be easily filled with N2 to bring it to atmospheric pressure, 
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after which the polymer sample on top of the lower electrode was placed inside the intro 

chamber. Afterwards, the intro chamber was pumped down to 10-3 kPa using the designated 

rough pump of the XPS machine prior to transferring the sample + electrode into the plasma 

chamber. After introducing the UHMWPE sample in the plasma reactor, the reactor was 

pumped down to a pressure of 10-3 kPa using a rotary vane pump (Edwards, RV3). For a 

further reduction of the reactor base pressure, two additional turbo pumps were then 

switched on: (1) the turbo pump directly connected to the plasma reactor (Edwards, EXT 

75DX) and (2) the turbo pump used for evacuating the intro chamber of the XPS device 

(Pfeiffer vacuum, HiPace 80). By simultaneously using these two turbo pumps, a base plasma 

reactor pressure of 1 x 10-7 kPa could be obtained. Two manometers were used for pressure 

readings: (1) a Pirani Thyracont VD85 compact vacuum meter (Fig.1(7)) for measuring 

plasma chamber pressures in the range 102 to 10-5 kPa and (2) an Edwards active inverted 

magnetron gauge (AIM-X-DB40CF) (Fig.1(8)) for accurate measurements of reactor pressures 

below 10-5 kPa. After reaching the desirable base pressure of 1 x 10-7 kPa, the plasma reactor 

was filled with the working gas (Ar or N2) for 3 minutes using a fixed gas flow rate of 3000 

standard cubic centimeters per minute (sccm) making use of a gas mass flow controller 

(Bronkhorst, El-Flow®) (Fig.1(2)). As a result of this flushing step, the chamber pressure 

increased to approximately 30 kPa. In a next step, the gas flow rate was reduced to 800 sccm 

and the plasma reactor was pumped down to 5.0 kPa, after which the plasma was ignited by 

turning on the high voltage power source. In this work, the gas flow rate, electrode distance, 

frequency of the applied voltage, the base plasma reactor pressure and the working plasma 

pressure were kept constant, while the plasma exposure time was varied, as shown in Table 

1. For each discharge gas under study, the discharge power was also fixed and the used 

powers are also presented in Table 1. 
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Fig.1 Schematic of the experimental plasma set-up: (1) gas bottle; (2) mass flow controller; (3) rotary 

vane pump; (4) needle valve; (5) vent; (6) turbomolecular pump; (7) Pirani gauge; (8) active inverted 

magnetron gauge; (9) high voltage probe; (10) oscilloscope; (11) AC power supply; (12) adjustable 

powered electrode; (13) XPS machine; (14) optical emission spectrometer; (15) optical fiber; (16) 

movable substrate holder (bottom electrode); (17) electrode + sample transfer arm; (18) capacitor.  

 

 

Table 1. Overview of operational parameters for UHMWPE plasma treatments in Ar and N2 

Plasma 

gas 

Discharge 

power (W) 

Treatment 

time (s) 

Energy 

density at 

saturated 

point 

(mJ/cm
2
)* 

Gas 

flow 

rate 

(sccm) 

Electrode 

distance 

(mm) 

Frequency 

(kHz) 

Base 

pressure 

(kPa) 

Working 

pressure 

(kPa) 

Ar 0.25 0-120 764.3 

800  1 20 10
-7 

5  

N2 0.16 0-90 489.2 

 

 

*the saturated point corresponds to the lowest attainable water contact angle (WCA) value, which will be 

explained in detail in section 3.3 

 

2.3. Electrical and optical characterization of the discharge 

The voltage applied to the top electrode of the reactor was measured using a 1000:1 

high voltage probe (Tekronix P6015A), whereas the charge generated on the electrodes was 

obtained by measuring the voltage over the 10 nF capacitor, connected in series with the 
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discharge reactor to the ground (Fig.1). The obtained charge-voltage waveforms (also known 

as Lissajous figures) were recorded with a Picoscope 3204A digital oscilloscope, after which 

the power consumed by the discharge was calculated from these waveforms by using 

equation 1 as described in [29]: 

 

                                                            (1) 

                

where f is the discharge frequency, V(t) the applied high voltage and C(t) the charge on the 

electrodes as a function of time.  

Table 1 also reveals that the applied discharge power is different when using Ar or N2 as 

discharge gas. Nevertheless, to be able to objectively compare the surface activation results 

when using different gas discharges, energy density values (mJ/cm2) were calculated and the 

results will be presented in this work as a function of this parameter instead of as a function 

of treatment time. The energy density was calculated by multiplying the plasma discharge 

power with the plasma exposure time and by dividing this value by the area of the bottom 

electrode (Ø: 25 mm) [3].  

The optical emission spectra of the N2 and Ar plasmas were recorded using an optical 

spectrometer (Ocean Optics, S1000) with a spectral resolution of 0.7 nm in the wavelength 

range 200 to 900 nm to obtain information on the excited state species present in the 

discharge. The optical fiber was mounted close to the front window of the reactor and was 

located 20 cm away from the center of the discharge. Optical emission spectroscopy (OES) 

analysis of the different discharges was carried out as described by Deng et al. [30]. The 

obtained OES spectra of the different plasmas were also used to estimate some basic 

physical characteristics of the discharges under study of which a full description can be 

found in the supplementary information (section S1.2). 

 

2.4. Surface analysis techniques 

2.4.1.  Water contact angle measurements 

Water contact angle (WCA) measurements were carried out at room temperature in 

ambient air to pinpoint the saturation region of the performed N2 and Ar plasma treatments. 

Additionally, WCA analysis was also performed to determine possibly occurring changes in 

surface wettability after storing the plasma treated samples in ambient air. Static WCA 

measurements were performed using a commercial Krüss Easy Drop system immediately 

after plasma treatment. The deposited water droplets (volume of 2.0 µl) were fitted using 

Laplace-Young curve fitting and 6 measurements over an extended area of a single sample 

were collected and averaged.  

2.4.2. XPS 
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XPS measurements were carried out on a PHI Versaprobe II spectrometer employing a 

monochromatic Al Kα X-ray source (hν = 1486.6 eV) operated at 25 W. All measurements 

were conducted in a vacuum of at least 10−9 kPa and the photoelectrons were detected with 

a hemispherical analyzer positioned at an angle of 45° with respect to the normal of the 

sample surface. Survey scans and individual high-resolution spectra (C1s, O1s, N1s) were 

recorded with a pass energy of 187.85 eV (eV step = 0.8 eV) and 23.50 eV (eV step = 0.1 eV) 

respectively, using a 100 µm spot size. For all XPS results reported in this paper, 6 

measurement points were randomly selected on each sample. Elements present on the 

surfaces were identified from XPS survey scans and quantified with Multipak (Version 9.6.1) 

software using an iterated Shirley background and applying the relative sensitivity factors 

supplied by the manufacturer of the instrument. Multipak software was also used to curve 

fit the high resolution C1s peaks after calibration of the energy scale using the hydrocarbon 

component of the C1s spectrum (285.0 eV). The C1s and N1s peaks were deconvoluted using 

Gaussian–Lorentzian peak shapes (%Gaussian > 80%) and the full-width at half maximum 

(FWHM) of each line shape was constrained below 1.5 eV. An example of the used C1s and 

N1s curve fittings can be found in Fig.2.  
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Fig.2 Representation of a typical C1s curve fit in case of N2 plasma treatment (a), Ar plasma 

treatment (b) and a typical N1s fitting of an N2 plasma activated UHMWPE sample after storage in 

ambient air for 6 hours (c). 

 

3. Results and discussion 

3.1. Electrical measurements 

The obtained time-averaged Lissajous figures over 15 voltage cycles for N2 and Ar 

plasmas are shown in Fig.3. From these Lissajous figures, the discharge power can be 

calculated and the obtained results have been already given in Table 1: the calculated power 

for Ar plasma (0.25 W) is higher than that for N2 plasma (0.16 W). It is well known that the 

chemically reactive species in the discharge not only depend on the working gas but also on 

the discharge operational regime [21]. As such, it is also important to reveal information on 

the operational mode of the DBDs applied in this work. According to literature, the shape of 

the parallelogram in case of the N2 plasma depicted in Fig.3 (a) is an indication of a 

filamentary discharge [34]. In contrast, the Lissajous figure in case of the Ar plasma can be 

linked to a transition mode of the discharge, operating somewhere between a glow and 

filamentary mode, often referred to as a pseudo-glow mode [35]. The indication of the 

operational mode is also confirmed by the visual appearance of the plasma: a homogenous 

glow discharge uniformly distributed throughout the discharge volume can be seen when 

using Ar as discharge gas. On the other hand, the discharge in N2 consists of a set of separate 

filaments arbitrarily distributed among the electrode surface, confirming the filamentary 

nature of the N2 discharge. 

 

 
Fig.3 Lissajous figure at 5.0 kPa for (a) N2 plasma at a discharge power of 0.16 W, (b) Ar plasma at a 

discharge power of 0.25 W. 

 

3.2. OES study 
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The normalized OES spectra of the used N2 and Ar plasma are shown in Fig.4 (a) and (b) 

respectively and will be discussed in detail in the following paragraphs.  

 

 

 
 Fig.4 OES spectrum of (a) the applied N2 plasma and (b) the used Ar plasma. 
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3.2.1 N2 plasma spectral analysis 

In case of the N2 plasma, intense OES peaks in the range 316-466 nm can be observed, 

which can be attributed to the N2 second positive system, transition C3Πu –B3 Πg [36]. These 

intense molecular N2 bands in the OES spectrum thus indicate the presence of electronically 

and vibrational excited N2 molecules in the used N2 plasma. Considering that vibrational 

excitation of N2 by electron impact is the most effective at an electron energy between 1.7 

and 3.5 eV, it was to be expected that considerable amounts of N2 vibrational excited states 

would be present in the used N2 discharge [37]. Furthermore, as indicated by the research 

group of Bogaerts et al. [38], the electron impact dissociation of vibrational excited N2 states 

is the primary process for the formation of atomic nitrogen through the reaction pathway 

described below (in its general form) [39]: 

           
         

         
                (3) 

The generation of both vibrational and electronically excited molecular states of N2 and 

the subsequent generation of N atoms is of key importance for the effective surface 

activation of polymers and is the primary source for the incorporation of new N-containing 

functional groups at polymer surfaces [40]. The emission spectrum, shown in Fig. 4 (a), also 

indicates the presence of ionized nitrogen molecules (N2
+) in the discharge,

 which is 

confirmed by the appearance of emission lines at wavelengths of 391.2 and 426.8 nm. These 

spectral lines are known to correspond to the first negative system of the N2
+ transition B2Ʃu-

X2Ʃg [30,31]. Additionally, no evidence for the presence of N+ ions in the N2 discharge is 

found in the OES spectrum, leading to the conclusion that N2
+ is the dominant ionic species 

in the DBD sustained in N2 at sub-atmospheric pressure. These N2
+ species may be possibly 

generated in the discharge through direct electron impact of ground state N2 molecules, 

however, this reaction is less likely to occur as the required electron energy is relatively high 

(> 15.6 to 18.5 eV) [41]. More likely is the stepwise generation of N2
+ through electron 

impact ionization processes with vibrational excited N2 states [36,42]. Fig.S1 in the 

supporting information also shows that the formation of excited N2
+ species is more 

pronounced when the plasma reactor base pressure is lowered to 10-7 kPa. Finally, it is also 

important to mention that at the working pressure of 5.0 kPa, the plasma source operates in 

the recombination mode and diffusion loss of N2
+ could be neglected [31,43]. The major 

portion of the N2
+ ions will thus recombine with free electrons through dissociative 

recombination, resulting in the formation of N(4S) (atomic state), N(2D) and N(2P) 

(metastables) with a relative abundance of ~1, ~ 0.9 and < 0.1 respectively [44]. This process 

is considered to be important as the N metastable states (N(2D) and N(2P)) and nitrogen 

atoms, generated by dissociative recombination as well as by the reaction given in Eq. 3, are 

known to play a major role in altering the surface chemistry [40] as will be discussed later in 

this work. 

 

 3.2.2 Ar plasma spectral analysis 
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The OES spectrum of the DBD sustained in Ar is characterized by intense Ar I lines (4p-4s) 

found in the wavelength range 696-852 nm [33,45], and less intensive Ar I lines (5p-4s) 

which appear in the wavelength region between 415 and 420 nm [33,45,46]. As can be seen 

in the Fig.4 (b) and also in the supporting information (Fig.S1), a small emission line 

attributed to OH radicals is also visible in the OES spectrum of the Ar discharge at 309 nm. 

Additionally, also a set of emission lines is present in the wavelength range 337-399 nm 

which can be attributed to the N2 second positive system. The appearance of other peaks 

besides Ar emission lines thus indicates the presence of trace amounts of contamination in 

the Ar discharge, even when reaching a base reactor pressure of 10-7 kPa. Nevertheless, it 

can also be observed from Fig.S1 that the amount of the contaminants in the Ar discharge 

can be considerably reduced when the base reactor pressure is decreased to its lowest 

attainable value (10-7 kPa). It is also important to note that not a single trace contaminant, 

such as for example OH radicals (309 nm), atomic oxygen (777 nm) or atomic hydrogen Hα 

(656 nm) could be observed in the OES spectrum of the N2 discharge, not even at high 

plasma reactor base pressures of 10-5 or 10-6 kPa (Fig.S1). This can be related to the fact that 

all above-mentioned impurities (OH, O and Hα) are created by dissociation of trace 

molecules, namely H2O and O2. This dissociation process followed by excitation is however 

very inefficient in case of an N2 discharge due to the low electron temperature as the 

dissociation process typically requires high energy values above 10 eV. Consequently, no 

trace contaminations derived from H2O and O2 could be observed in the OES spectrum of the 

used N2 discharge, although they are definitely present in the discharge reactor. On the 

other hand, in the Ar discharge, highly energetic Ar metastables with energies above 13 eV 

are present, which can effectively dissociate trace impurities, resulting in the presence of OH 

radicals in the OES spectrum of Ar (Fig.4 (b) and S1). 

Finally, it is also important to mention that OES is a recognized technique capable of 

detecting excited states which are emitting photons due to radiative decay. In both Ar and 

N2 discharges, there are however also considerable amounts of metastables being generated 

which are considered to be key species in both plasma chemistry and polymer-surface 

interactions [47]. Unfortunately, measuring and detecting these metastables is not possible 

with OES as their radiative depopulation to the ground state is forbidden. However, to get 

more insight in the plasma properties, the electron excitation temperature (Texc) of the 

discharges under study was also determined from OES spectra. The results of these 

measurements are provided in the supporting information (section S2.2).  

 

3.3. WCA results as a function of energy density 

Fig.5 represents the WCA evolution of the Ar and N2 plasma treated UHMWPE films as a 

function of energy density. Within this context, it is worth mentioning that WCA 

measurements were carried out solely on plasma treated samples which were exposed to 

ambient air after plasma modification (referred to as “indirect” samples in this work) 

because it was not possible to determine the treatment efficiency with WCA analysis 
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without any exposure to ambient air. This WCA analysis was performed to select the optimal 

energy density values (or the optimal plasma exposure time) for both discharges under study 

as only the samples exposed to these optimal conditions will be subjected to XPS analysis.  

Fig.5 reveals that the WCA on the UHMWPE samples progressively decreases with 

increasing energy density for both N2 and Ar plasma treatments until a rather constant, so-

called saturated WCA value was reached (N2 = 41.3° ± 3.3 ; Ar = 61.5° ± 3.4), similar to what 

was observed in earlier work [29,48,49]. Fig.5 also shows that the treatment in N2 plasma 

appears to be more effective in reducing the WCA values on the UHMWPE substrates 

compared to the Ar plasma treatment. Furthermore, the energy density required for 

reaching the minimal attainable water contact angle was higher for the Ar discharge than in 

case of the N2 discharge, as can be seen from the values mentioned in Table 1. According to 

literature, N2 plasma treatments typically lead to the simultaneous incorporation of oxygen 

and nitrogen containing polar groups such as amines, amides, peroxides, alcohols, 

aldehydes, esters, … onto the surface of a plasma exposed polymer [7,22]. In contrast, in 

case of an Ar plasma treatment, typically only oxygen containing polar groups are being 

incorporated, leading to a less profound increase in polymer surface wettability [21,29,50–

52]. Additionally, as oxygen species are only present as contamination in the Ar and N2 

discharge and nitrogen species are abundantly present in the N2 plasma (see OES results), it 

also appear logic that longer plasma treatment times are needed in case of Ar plasma to 

reach the highest attainable surface wettability. To obtain a deeper knowledge on the 

UHMWPE surface chemistry after plasma treatment, XPS measurements have been 

performed on untreated and plasma treated UHMWPE surfaces exposed to the optimal 

energy density values, which are indicated in Table 1, as the largest differences in surface 

chemical composition are to be expected for these samples. The obtained XPS results will be 

extensively described in the following results section. 
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Fig.5 WCA evolution on UHMWPE samples as a function of energy density in case of Ar and N2 

plasma treatment 

 

3.4.  XPS results 

3.4.1. N2 plasma treatment 

Table 2 represents the atomic composition, determined from XPS survey spectra of the 

untreated and the N2 plasma treated UHMWPE sample for 2 particular conditions: (1) 

without exposure to ambient air between plasma treatment and XPS analysis (so-called 

direct XPS analysis) and (2) with exposure to ambient air for different durations ranging from 

5 minutes to 21 days (so-called indirect XPS analysis). From table 2, it can be seen that the 

untreated UHMWPE film already contains a small amount of oxygen, which could be mainly 

attributed to surface contamination. Table 2 also shows that N2 plasma treatment itself 

results in a significant nitrogen incorporation on the UHMWPE sample (20.6 ± 0.8 at% for the 

plasma-treated sample compared to 0 at% for the untreated sample). The abundant 

incorporation of nitrogen containing functional groups on the surface can be explained by 

the following mechanism: excited nitrogen molecules in the discharge are able to break C-C 

and/or C-H bonds on the polymer surface resulting in the formation of polymer radicals. 

These radicals will in turn rapidly react with atomic and metastable nitrogen states, namely 

N(4S), N(2p),… present in the discharge resulting in the grafting of nitrogen containing 

functional groups on the polymer surface [21,40]. 

Table 2 also reveals that during the N2 plasma treatment, a small amount of oxygen is 

also incorporated into the UHMWPE samples as the surface oxygen content increases from 

1.1 ± 0.1 at% to 2.8 ± 0.4 at% resulting in an O/C ratio of 0.03 after plasma modification. 

When comparing the observed oxygen incorporation with other studies available in 

literature, it can be concluded that the N2 plasma treatment in this work only introduces a 

very small amount of oxygen to the UHMWPE surface. Indeed, in other studies, authors have 

reported O/C ratios varying between 0.12 and 0.24 after N2 plasma treatment of UHMWPE 

[22,48,49]. The lower oxygen incorporation in this particular work can be mainly attributed 

to the presence of less oxygen impurities in the used plasma reactor as the reactor base 

pressure is set to 10-7 kPa. In the work of Aziz et al., a much higher reactor base pressure of 

0.05 kPa was used [53], while in the paper of Borcia et al. plasma treatment was performed 

at atmospheric pressure using high nitrogen gas flows to maximally eliminate oxygen 

contamination [22]. Thanks to the low oxygen contamination in the N2 discharge used in this 

work, considerably large amounts of nitrogen could also be incorporated at the UHMWPE 

substrate resulting into an N/C ratio of 0.26. In contrast, when N2 plasma treatments were 

performed in reactors containing high levels of oxygen contamination, much lower N/C 

ratios have been reported (0.08 to 0.17) [22,49,53]. Oxygen, present even at very low levels, 

is indeed known to be a very surface reactive species and can thus strongly hamper the 

incorporation of nitrogen at the polymer surface [7,22]. This work thus clearly reveals the 

large impact of oxygen traces inside a nitrogen discharge: the more oxygen contamination 
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can be removed from the discharge, the more nitrogen can be incorporated at the polymer 

surface. Experiments conducted by the authors of this paper (results shown in Table S1 of 

the supplementary information) have indeed revealed that the oxygen incorporation 

becomes more pronounced and the nitrogen incorporation less intense when higher plasma 

reactor base pressures were used. 

 

Table 2 also reveals that by exposing the N2 plasma treated samples to ambient air for 

only 5 minutes, the oxygen incorporation at the UHMWPE surface significantly increases to 

6.1 ± 0.2 at%. The increase in oxygen content upon ambient air exposure may be attributed 

to the rapid reaction between oxygen and/or water vapor present in ambient air and 

radicals and/or nitrogen containing functional group present on the surface of the N2 plasma 

modified UHMWPE samples, thereby resulting in post-plasma oxygen functionalization [17]. 

Indeed, plasma treatment is known to induce breaking of the polymer C-C/C-H bonds 

thereby resulting in the formation of polymer radicals [3,54]. In the following paragraph 

focusing on XPS fitting, it will be examined if ambient air interacts with remaining surface 

radicals and/or nitrogen functional groups at the polymer surface upon storage in air. Table 

2 also shows XPS results for longer exposure times to ambient air, however, these results 

will be discussed in the last part of this study focusing on the ageing behavior of the plasma 

modified UHMWPE samples. To conclude, it can be stated that thanks to the low plasma 

reactor base pressure used in this work, direct oxygen incorporation during N2 plasma 

treatment is quite low and most of the observed surface oxygen upon exposure to ambient 

air can thus be attributed to post-plasma reactions. In case higher plasma reactor base 

pressures are used, oxygen incorporation will however mostly occur during N2 plasma 

treatment (see Table S1) and post-plasma oxidation effects will be of less importance. 

 

 

Table 2. Surface chemical composition of the N2 plasma modified UHMWPE samples without and 

with exposure to ambient air during different time periods ranging from 5 min to 21 days 

Sample 

C1s  

(at%) 

N1s  

(at%) 

O1s  

(at%) 

O/C 

 

(N+O)/C 

 

N/C 

 

Untreated 98.9 ± 0.0 0 1.1 ± 0.1 0.01 0.01 0 

Direct 76.6 ± 0.5 20.6 ± 0.8 2.8 ± 0.4 0.03 0.30 0.26 

5 min 74.1 ± 0.9 19.8 ± 0.5 6.1 ± 0.2 0.08 0.34 0.26 

30min 75.2 ± 1.8 18.6 ± 2.1 6.2 ± 0.3 0.08 0.33 0.24 

1 h 75.3 ± 1.6 17.3 ± 2.0 7.4 ± 0.7 0.09 0.33 0.23 

3h 73.9 ± 1.9 18.8 ± 2.0 7.3 ± 0.2 0.09 0.35 0.25 

4h 74.0 ± 0.7 18.7 ± 0.6 7.3 ± 0.04 0.09 0.35 0.25 

5h 74.7 ± 0.6 17.5 ± 0.3 7.8 ± 0.3 0.10 0.33 0.23 

6h 74.4 ± 0.5 17.3 ± 0.5 8.3 ± 0.5 0.11 0.34 0.23 

24 h 73.8 ± 1.7 17.6 ± 1.2 8.6 ± 1.1 0.11 0.35 0.23 
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21 days 84.0 ± 1.4 8.1 ± 1.3 7.9 ± 0.6 0.09 0.19 0.09 

 

To reveal more information on the type of functional groups incorporated on the 

UHMWPE surface upon N2 plasma treatment, high resolution C1s and N1s peaks have also 

been fitted according to the procedure described in the materials & methods section. In case 

of the untreated UHMWPE sample, C-C and C-O peaks at 285.0 and 286.7 eV (the latter due 

to surface contamination) were used to obtain a good C1s fit. In contrast, the C1s peaks of 

the N2 plasma modified samples were fitted using 6 different peaks, as shown in Fig.2 (a): C-

C, C-N, C-O, C=O/C=N/O-C-O, O=C-N and O-C=O at 285.0, 285.8, 286.7, 287.5, 288.3 and 

289.1 eV respectively [36,52,55,56] Based on these C1s XPS fittings, the relative 

concentration of each carbon-containing surface functional group could be obtained and the 

results are presented in Table 3. These results clearly reveal that the performed N2 plasma 

treatment results in the simultaneous incorporation of different polar functionalities 

including C-N, C-O, C=O/C=N/O-C-O and O=C-N groups on the UHMWPE surface. After 

storing the N2 plasma modified sample in ambient air for 5 min, no significant differences 

can be seen in the concentration of C-N, C-O, C=O/C=N/O-C-O and O=C-N functional groups. 

On the other hand, a notable increase in O=C-O groups after a short exposure to ambient air 

is observable: this increase could be explained by the reaction of remaining free carbon-

centered surface radicals (C•) after N2 plasma treatment with ambient oxygen leading to the 

formation of metastable peroxy radicals and hydroperoxides, which can further decompose 

to generate a variety of stable functional groups, such as hydroxyl, carbonyl and carboxylic 

functional groups [57]. In this particular case, mainly carboxylic functional groups seem to 

appear due to the post-plasma oxidation processes.  

 

 

Table 3. Relative concentrations (in %) of carbon containing functional groups on UHMWPE samples 

after N2 plasma treatment 

Bands Untreated Direct 5 min 30 min 1 h 3 h 4 h 5h 6 h 24 h 21 days 

C-C 95.3 ± 0.5 70.6 ± 0.7 63.8 ± 2.6 68.4 ± 2.5 67.4 ± 1.1 69.5 ± 2.5 66.9 ± 3.7  65.8 ± 0.8 66.1 ± 2.6 67.0 ± 3.3 75.2 ± 1.4  

C-N - 14.7 ± 2.6 15.4 ± 2.3 13.6 ± 2.7 13.5 ± 1.8 14.8 ± 3.3 13.5 ± 4.9 14.9 ± 1.3 15.0 ± 2.6 13.9 ± 1.2 13.5 ± 2.1 

C-O 4.6 ± 0.5 6.3 ± 2.2 8.5 ± 0.6 6.2 ± 1.4 7.9 ± 1.6 6.6 ± 1.4 7.6 ± 1.4 6.2 ± 1.0 6.4 ± 1.7 7.0 ± 0.9 7.7 ± 2.2 

C=O/C=N/O-C-O - 5.7 ± 0.7 6.1 ± 0.7 5.8 ± 1.1  4.1 ± 2.0 4.0 ± 1.0 5.4 ± 1.0 6.8 ± 2.3 4.6 ± 0.8 4.9 ± 0.8 2.1 ± 0.3 

O=C-N - 2.6 ± 0.5 3.4 ± 0.8 3.8 ± 0.8 4.3 ± 2.0 3.6 ± 0.6 3.7 ± 0.3 2.5 ± 0.8 5.1 ± 0.8 4.4 ± 1.3 1.2 ± 0.2 

O=C-O - 0.1 ± 0.2 2.8 ± 0.9 2.2 ± 0.7 2.8 ± 0.6 1.5 ± 0.6 2.9 ± 0.5 3.7 ± 0.3 2.6 ± 0.8 2.8 ± 1.2 0.1 ± 0.2 

 

Table 4. Relative concentrations (in %) of nitrogen containing functional groups on UHMWPE samples 

after N2 plasma treatment 

Bands Untreated Direct 5 min 30 min 1 h 3 h 4 h 5 h 6 h 24 h 21 days 

C=N - 7.7±2.1 5.7±2.1 6.9±2.0 5.9±1.5 4.8±3.2 4.3±1.7 6.0±1.4 5.3±1.6 5.9±2.0 4.7±1.7 
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Primary amines - 29.9±3.3 25.4±3.9 24.4±3.7 22.2±2.8 24.6±6.4 22.2±2.3 20.8±4.6 22.1±2.7 19.9 ±2.5 29.5±4.9 

Secondary amines - 39.2±2.3 40.1±1.8 41.6±2.4 42.9±1.8 42.7±5.0 43.5±3.1 41.4±3.0 39.4±2.5 42.9±3.5 37.3±3.1 

Amides - 17.5±0.8 21.9±1.3 21.3±2.2 25.2±1.4 24.6±3.1 25.7±0.9 26.9±2.7 28.0±3.4 25.9±1.4 23.9±1.0 

NH2
+ - 5.7±0.9 6.9±2.7 5.8±1.6 3.8±1.3 3.3±1.7 4.3±0.9 4.9±2.1 5.2±1.8 5.1±1.8 4.4±2.7 

 

Besides fitting the high resolution C1s peaks of the N2 plasma modified samples, also the 

high resolution N1s peaks have been curve fitted in an effort to reveal more information on 

the type and concentration of the nitrogen containing functional groups. The N1s peaks have 

been fitted making use of 5 different peaks, as depicted in Fig.2 (c): C=N, NH2 (primary 

amines), NH (secondary amines), N-C=O (amides) and NH2
+ at 398.1, 398.8, 399.7, 400.8 and 

401.8 eV respectively [58–60]. From these fittings, the relative concentrations of the 

nitrogen functional groups have been determined and the results are presented in Table 4. 

According to this table, the actual N2 plasma treatment mainly results in the incorporation of 

primary and secondary amines and to a lesser extent amides, which is consistent with the 

results from the C1s curve fitting. Table 4 also reveals that upon 5 min exposure to ambient 

air, a significant increase in the amount of amides occurs, which was not well observed in 

the C1s curve fitting due to the low contribution of the amide groups to the total C1s peak. 

Post-plasma oxidation processes therefore do not only result into the incorporation of O-

C=O groups on the UHMWPE substrates, but also lead to the formation of additional amide 

groups. This additional amide incorporation can be explained as follows: N2 plasma 

treatment can result in the cleavage of C-H bonds on the UHMWPE surface leading to the 

formation of polymer chain radicals at the α-amino carbons. These radicals can rapidly react 

with oxygen molecules in the atmosphere leading to the formation of peroxy radicals, as 

indicated in Fig.6. Recombination of 2 peroxy radicals can then in turn result into the 

formation of amides [61]. 

 

Fig.6 Mechanism responsible for the formation of amides on N2 plasma treated UHMWPE 

samples upon exposure to ambient air 

 

3.4.2 Ar plasma treatment 
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Table 5 shows the atomic composition of the Ar plasma modified UHMWPE samples without 

air exposure between plasma treatment and XPS analysis (direct sample) as well as after air 

exposure for time periods ranging from 5 min to 21 days. As can be seen in Table 5, as a 

result of the Ar plasma exposure, the oxygen concentration on the UHMWPE surface 

strongly increases from 1.1 ± 0.1 at% for the untreated sample to 5.9 ± 0.6 at% after Ar 

plasma treatment. The XPS results thus reveal that although the plasma reactor base 

pressure was set to 10-7 kPa, still a considerable amount of oxygen was incorporated on the 

polymer surface directly during Ar plasma exposure. Nevertheless, at higher base pressures, 

even higher amounts of oxygen were detected on the UHMWPE surface (Table S1). 

Moreover, the direct oxygen incorporation was found to be more efficient in case of the Ar 

plasma treatment compared to the N2 plasma treatment, where only approximately 3 at% of 

oxygen was detected on the plasma treated sample. This observation is in agreement with 

the fact that large amounts of Ar metastables with high energy are present in the Ar 

discharge used in this work, as already previously mentioned [62]. These metastables can 

very effectively dissociate O2 molecules in the discharge region which in turn results into 

higher amounts of reactive oxygen species in the plasma chamber and subsequently gives 

cause to a more efficient incorporation of oxygen on the polymer surface. Based on the OES 

spectrum of the Ar discharge (Fig.4 (b)), it can be concluded that mainly OH radicals will 

contribute to the oxygen incorporation processes on the UHMWPE substrates. The oxygen-

rich impurities in the discharge can come from air traces remaining in the plasma reactor, 

from outgassing of the electrodes/dielectrics or from impurities being present in the Ar 

discharge gas. As already reported in literature, even small concentrations of oxygen 

impurities in the discharge gas (< 1 ppm) can have an large impact on the final surface 

chemical composition of polymers [7,21]. When examining the O/C ratio of the Ar plasma 

modified UHMWPE sample obtained in this work (0.06) with other O/C values mentioned in 

literature, it can be concluded that the oxygen incorporation is this work is considerably low. 

For example, in the work of Aziz et al., where a reactor base pressure of 0.05 kPa was used, a 

much higher O/C ratio of 0.22 was observed [53]. The considerably low oxygen incorporation 

in this study can be mainly attributed to the low oxygen contamination in the plasma reactor 

thanks to the low reactor base pressure used and the specific sample introduction procedure 

applied in this particular study (see Table S1). On the other hand, some studies have also 

reported almost no oxygen incorporation after Ar plasma treatment, however, in this case, a 

very special procedure was followed prior to plasma modification including baking of the 

plasma reactor above 100°C for 12 hours and flushing with Ar gas for 24 hours [10]. If this 

extended procedure was not followed, an O/C ratio of 0.04 was detected, which is slightly 

lower than the value observed in this work due to the fact that a lower reactor base pressure 

was used (10-9 kPa). 

 

Table 5. Surface chemical composition of the Ar plasma modified UHMWPE samples without and 

with exposure to ambient air during different time periods ranging from 5 min to 21 days 

Sample 
C1s 

(at%) 

O1s 

(at%) 
O/C 

untreated 98.9 ± 0.6 1.1 ± 0.1 0.01 
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direct 94.1 ± 0.6 5.9 ± 0.6 0.06 

5 min 93.3 ± 0.5 6.7 ± 0.5 0.07 

30 min 92.8 ± 0.7 7.2 ± 0.7 0.07 

1h 92.5 ± 0.7 7.5 ± 0.7 0.08 

3h 92.4 ± 0.7 7.6 ± 0.7 0.08 

4h 91.4 ± 0.9 8.6 ± 0.9 0.09 

6h 91.7 ± 0.4 8.3 ± 0.4 0.09 

24h 88.4 ± 0.9 11.6 ± 0.9 0.13 

21 days 95.7 ± 0.3 4.3 ± 0.3 0.04 

 

Table 6. Relative concentration (in %) of carbon containing functional surface groups on UHMWPE 

films after Ar plasma treatment 

Bands Untreated Direct 5 min 30 min 1 h 3 h 4 h 5 h 6 h 24 h 21 days 

C-C 95.3 ± 0.5 87.9 ± 0.5 83.5 ± 1.7 85.5 ± 2.1 84.3 ± 1.7 80.6 ± 1.5 82.6 ± 0.2 78.6 ± 1.4 82.6 ± 1.7 78.7 ± 3.8 88.7 ± 0.3 

C-O 4.6 ± 0.5 7.5 ± 0.6 10.8 ± 1.6 7.7 ± 1.3 11.1 ± 1.4 15.2 ± 0.8 11.7 ± 0.4 12.6 ± 1.0 13.6 ± 1.8 14.3 ± 2.2 7.9 ± 0.2 

C=O/O-C-O - 2.9 ± 0.2 3.3 ± 0.2 5.0 ± 2.4 3.0 ± 0.7 3.2 ± 0.5 2.9 ± 0.2 5.8 ± 0.4 3.1 ± 0.7 4.3 ± 0.6 2.2 ± 0.2 

O-C=O - 1.7 ± 0.2 2.4 ± 0.3 1.8 ± 0.7 1.6 ± 0.5 1.0 ± 0.3 2.8 ± 0.3 3.0 ± 0.5 0.7 ± 0.6 2.7 ± 2.1 1.1 ± 0.1 

 

Table 5 also reveals that in contrast to the N2 discharge, where nitrogen atoms are being 

added to the polymer surface, active Ar plasma species are not incorporated onto the 

polymer surface as Ar atoms are not detected on the plasma modified samples. In the case 

of Ar plasma treatment, the Ar plasma species most likely break C-C and/or C-H bonds 

present on the polymer surface, leading to the production of radical sites on the polymer 

backbone [20]. These radicals will subsequently react with the highly reactive oxygen species 

(like atomic oxygen and OH radicals) present in the Ar discharge resulting in the formation of 

oxygen containing functionalities on the UHMWPE surface. Table 5 also shows that after 

exposing the Ar plasma treated sample to ambient air for only 5 minutes, a small, but rather 

non-significant, increase in oxygen content can be observed. This small increase may be due 

to the fact that some of the carbon-centered radicals formed on the UHMWPE surface 

remain dangling after Ar plasma exposure: when these radicals are exposed to ambient air, 

they can react with oxygen molecules present in ambient air resulting in post-plasma 

oxidation. This result is in agreement with literature in which post-plasma oxidation 

processes of Ar plasma modified polyethylene samples have also been observed upon 

exposure to ambient air [10].  

To reveal more information on the type and the relative concentration of functional 

oxygen groups incorporated on the UHMWPE surface upon Ar plasma treatment, high 

resolution C1s peaks have also been fitted according to the procedure described in the 

materials & methods section. In the case of Ar plasma treatment, the high resolution C1s 
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peaks are decomposed into 4 distinct peaks as shown in Fig.2 (b): C-C, C-O, C=O/O-C-O and 

O-C=O at 285.0, 286.1, 287.3 and 289.1 eV respectively. Based on the performed C1s XPS 

fittings, the relative concentration of each carbon-containing surface functional group has 

been obtained and the results are presented in Table 6. This table reveals that Ar plasma 

treatment simultaneously introduces different oxygen containing groups, such as C-O, 

C=O/O-C-O and O-C=O bonds. Most oxygen is however incorporated in the form of C-O 

bonds on the Ar plasma modified UHMWPE samples, which is consistent with other XPS 

results available in literature [53,63]. When exposing the Ar plasma modified sample to 

ambient air for 5 min, a very small increase in O-C=O functionalities can be observed 

combined with a considerable increase in C-O functionalities, meaning that mainly C-O 

groups are being incorporated during post-plasma oxidation. Again, as described in the XPS 

section of the N2 plasma treatment, remaining free carbon-centered surface radicals react 

with ambient oxygen leading to the formation of metastable peroxy radicals (COO•) as 

indicated in Fig.7. The reaction of COO• with water in ambient air can then result in the 

formation of hydroperoxides (C-O-O-H). Additionally, combination of COO• radicals with 

other C• radicals can lead to the formation of peroxides (C-O-O-C), which can in turn 

decompose into CO• radicals. Subsequent reactions between CO• and C• radicals can then 

finally result in the generation of hydroxyl or carbonyl functional groups [57]. The 

metastable peroxy radicals  (COO•) can be also converted into •COOH radicals via ion-radical 

chain reactions under particular circumstances [64]. In a subsequent step, •COOH radicals 

can then react with CH resulting in the formation of O-C=O, H2 and C• radicals (Fig.7). In this 

particular case, mainly C-O and to a lesser extent O-C=O functional groups seem to appear 

due to the post-plasma oxidation processes, which is in contrast to the N2 plasma treated 

samples on which mostly O-C=O and amide groups were post-plasma incorporated. 

 

 

 

 
Fig.7 Possibly occurring reactions for the post-plasma oxidation of Ar and N2 plasma treated 

UHMWPE samples (formation of C-O functional groups is the most pronounced in case of Ar plasma 

treatment; formation of O-C=O groups is the most pronounced in case of N2 plasma treatment) 

 

4. Ageing study of N2 and Ar plasma treated UHMWPE samples 
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It is well known from literature that plasma treated polymers are susceptible to 

hydrophobic recovery during storage in air (the so-called ageing effect) [20,65]. The induced 

plasma modification is not permanent since the surface tries to reduce its surface free 

energy by returning as much as possible to its untreated state. In other words, the behavior 

of the plasma induced polar functional groups onto the surface of plasma modified polymers 

is known to be dynamic. The reduction in surface free energy can be possible through both 

reactions with ambient air as well as polymer chain reorientation/migration [17,20,65,66]. In 

what follows next, the objective was to find out until which time point post-plasma oxidation 

of the UHMWPE samples takes place and from what time point onwards the 

reorientation/migration of functional groups and reduction of oxygen takes the upper hand. 

To do so, WCA and XPS results will be discussed in the following sections and correlated with 

each other. 

4.1.  WCA results of aged N2 and Ar plasma treated UHMWPE samples  

In a first step, an ageing study of the saturated plasma treated UHMWPE surfaces was 

performed by repeating WCA measurements on samples stored in ambient air over a total 

period of 21 days and the WCA evolution as a function of storage time for N2 and Ar plasma 

treated samples is presented in Fig.8 (a) and (b) respectively.  
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Fig.8 WCA variation as a function of ageing time for (a) N2 and (b) Ar plasma treated UHMWPE 

samples 

It can be observed from Fig.8 (a) that the WCA value of the N2 plasma treated samples 

almost directly increases after exposing these to ambient air, similar to what has been 

observed by other research groups [22]. Moreover, the increase in WCA is most pronounced 

in the first few hours after plasma treatment, stabilizing after 5-6 hours of storage time at 

approximately 58.4 ± 1.8°. This WCA value is further maintained until 24 hours after plasma 

treatment. However, after a storage time of 21 days, it seems that the surface hydrophobic 

recovery does slowly progress upon longer storage, as a WCA value of 71.0 ± 1.3° is reached 

in this case. The observed increase in WCA values upon storage in ambient air may be 

attributed to the reorientation of the plasma induced polar groups into the polymer bulk or 

to the migration of small polymer chain fragments into the polymer matrix [20,66]. 

 

Fig.8 (b) presents the WCA evolution of Ar plasma treated samples as a function of 

storage time in ambient air. In this case, it can be seen that the WCA value decreases during 

the first 2 storage hours reaching a minimal WCA value of 53.0 ± 2.4° after 2 hours of storage 

in ambient air. This result is very surprising as in most cases, increases in WCA values as a 

function of storage time are reported for plasma modified polymers [20,65]. The decrease in 

WCA value during the first 2 storage hours may be due to post-plasma reactions with oxygen 

molecules present in ambient air resulting in the introduction of additional polar groups to 

the surface of the UHMWPE sample which can in turn result in the formation of a more 

hydrophilic surface [67]. However, after 2 hours of storage in ambient air, the WCA value 

starts to increase as a function of storage time until a storage time of 6 hours, after which 

the WCA value stabilizes at a WCA value close to the unaged Ar plasma modified sample 

(61.5 ± 0.8°). This stable WCA value is maintained until 24 hours after plasma treatment, 

after which an increase in WCA value is again noticed reaching a WCA value of 71.9 ± 

0.7°after 21 days of storage. As such, after initial post-plasma reactions taken place on the Ar 

plasma modified samples within the first 2 hours of exposure to ambient air, the Ar plasma 

modified samples start to age in a similar way as the N2 plasma treated samples. 

 

In this results section, it is also worth mentioning that even after 21 days of ageing, the 

WCA values of the Ar and N2 plasma treated samples are still considerably lower than the 

value of the untreated UHMWPE sample, as can be observed in Fig.8. WCA analysis thus 

indicates that a good UHMWPE surface wettability is preserved up until 21 days after plasma 

treatment, which is in close agreement with previous observations in literature 

[20,22,52,65,66]. Fig.8 also reveals that the ageing behavior is much more pronounced in 

case of the N2 plasma treated sample as after 21 days of storage an almost similar WCA 

value is reached on the N2 and Ar plasma treated samples while the N2 plasma treated 

sample is much more hydrophilic prior to storage. Based on this, it could be concluded that 

the nitrogen containing functional groups incorporated during plasma exposure are maybe 
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much more prone to ageing than the oxygen containing groups introduced on the polymer 

surface during or after plasma exposure.  

 

4.2. XPS analysis of N2 and Ar plasma treated UHMWPE samples during storage 

4.2.1. N2 plasma treated samples 

 

Table 2 shows the elemental composition of the N2 plasma treated samples as a function 

of storage time. As can be seen in Table 2, when storing the samples in ambient air, the 

nitrogen amount slightly decreases with increasing storage time from 19.8 ± 0.5 at% to 17.6 

± 1.2 at% after 24 hours of storage. This is in agreement with literature, in which a decrease 

in nitrogen content during ageing has also been previously observed on N2 plasma treated 

polymer films [18–20,52] In this work, however, during ageing, also a small increase in 

oxygen amount can be seen during the first 24 hours of storage in ambient air. Table 2 also 

reveals that after 21 days of ageing, the surface nitrogen content strongly decreases to 8.1 ± 

1.3 at% compared to the 1 day aged sample, while the oxygen content remains more or less 

the same.  

 

To find possible correlations between the increase in WCA angle value observed in Fig.8 

(a) and the atomic chemical composition of the UHMWPE surface during the storage of the 

samples in air, the O/C, (N+O)/C and N/C ratios of the N2 plasma treated samples have also 

been calculated as a function of storage time and the results are given in Table 2. As 

expected, during the first storage day, the O/C ratio slightly increases with storage time in 

combination with a small decrease in N/C ratio. On the other hand, the (O+N)/C ratio 

remains more or less constant during the first 24 hours after plasma treatment meaning that 

the total amount of grafted oxygen and nitrogen atoms at the surface is not affected by 1 

day of ambient exposure. As the surface wettability does decrease upon storage during the 

first stay, this result thus suggests that the loss in very polar nitrogen containing functional 

groups at the polymer surface during storage can probably not be compensated by the 

incorporation of additional oxygen. Table 2 also shows that after 21 days of storage, a strong 

decrease in N/C and (N+O)/C can be seen in combination with a slightly decreased O/C ratio 

compared to the 1 day aged sample. The very pronounced loss of mainly the nitrogen 

containing functional groups at the UHMWPE surface, which can be highly polar, can in this 

case explain the strongly decreased wettability when comparing the 1 day and 21 days aged 

samples. 

 

In this study, the high resolution C1s and N1s peaks of the N2 plasma treated samples 

have also been examined as a function of storage time and the resulting relative 

concentrations of the carbon and nitrogen containing functional groups can be seen in Table 

3 and 4 respectively. Results reveal that during the first day of storage, the concentrations of 

all carbon containing bonds remain quite stable. On the other hand, when looking at the 

relative concentrations of the nitrogen containing bonds, some differences as a function of 
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storage time can be seen during the first day. More specifically, the amount of primary 

amines decreases with increasing storage time, while the concentration of amides 

simultaneously increases. Other nitrogen functional groups such as C=N, secondary amides 

and NH2
+ groups are almost not affected during the first storage day. This result thus 

suggests that during the first 24 hours of storage in air, the primary amines located at the 

UHMWPE surface are progressively oxidized to amides. Oxidation of primary amines to 

amides has already been observed by multiple other researchers when examining the ageing 

behavior of amino-rich plasma polymers [68,69]. Apparently, this oxidation process also 

occurs on N2 plasma activated UHMWPE samples. The formation of amides at the expense of 

primary amines can also explain the decreased surface wettability during the first 24 hours 

of storage as amides are known to be less hydrophilic than primary amines [52]. 

 

When comparing the relative concentration of the carbon containing functional groups 

after 1 and 21 days of ageing, large differences can be seen as very strong decreases in the 

amount of C=O/C=N/O-C-O, O-C=N and O-C=O functional groups occur. On the other hand, 

the concentration of the C-O and C-N functional groups seem to remain rather unaffected. 

This observation can be explained as follows: during longer storage periods, the ageing 

behavior is no longer dominated by chemical oxidative reactions, but by the physical process 

of surface rearrangement in response to interfacial forces. Indeed, in contact with air, the 

presence of polar groups at the polymer surface is energetically unfavorable and thus 

polymer segments carrying such groups tend to move from the top surface into the bulk of 

the material [20,69,70]. As these groups migrate away from the interface, they are less 

detected by XPS resulting in an apparent reduction in their relative concentrations. In this 

particular work, mainly the polymer segments containing C=O/C=N/O-C-O, O-C=N and O-

C=O bonds migrate away from the UHMWPE surface, while the C-O and C-N functional 

groups remain in the top surface. Most likely, these functional groups are more effectively 

immobilized against transport from the top surface during the N2 plasma treatment. 

Moreover, the remaining of some C-O and C-N functional groups at the top surface can also 

explain the still enhanced surface wettability of the N2 plasma modified sample after 21 days 

of storage in comparison to the untreated sample. When examining the relative 

concentrations of the nitrogen containing functional groups after 21 days, it can be 

concluded that the relative concentration of the primary amines increases, while all other 

nitrogen containing functional groups decrease in concentration. This result is thus in 

agreement with the previously shown XPS results, suggesting that all nitrogen-containing 

functional groups move away from the top surface, except for the remaining primary amine 

groups, which are more restricted from transport into the polymer bulk.  

 

 4.2.2. Ar plasma treated samples 

 

Table 5 represents the atomic composition of the untreated and Ar plasma treated 

UHMWPE samples as characterized by XPS with varying ageing time. As shown there, the 
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oxygen content and the corresponding O/C ratio considerably increases during the first 24 

hours of storage suggesting that post-plasma oxidation processes not only occur within the 

first 5 minutes after plasma exposure (see section 3.4.2), but continue to proceed during the 

first day after Ar plasma exposure. Table 5 also reveals that after 21 days of storage, the 

total post-plasma and some of the in-plasma incorporated oxygen at the polymer surface is 

diffused into deeper layers as the surface oxygen content is in this case slightly lower than in 

case of the direct UHMWPE sample. The high resolution C1s peaks of the Ar plasma treated 

samples have also been examined as a function of storage time and the resulting relative 

concentrations of the carbon containing functional groups can be seen in Table 6. According 

to this table, the concentration of C-O functional groups not only increased during the first 5 

minutes of air exposure, but continues to increase within the first 24 hours of storage. On 

the other hand, the concentration of the other oxygen containing functional groups (C=O/O-

C-O and O-C=O groups) remains more or less stable during the first 24 hours of storage in 

ambient air.  

When comparing the WCA results of the Ar plasma treated samples with their chemical 

composition during the first day of storage in ambient air, not a good correlation between 

the 2 parameters can be found. In fact, XPS measurements performed during the first 24 

hours of storage show a gradual increase in surface oxygen content that should normally 

increase the surface wettability. However, the WCA values only decrease during the first 2 

hours, after which the WCA again increases. This apparent contradiction could be explained 

by the different surface analyzing depth of WCA analysis and XPS: while contact angles are 

mostly determined by the outer few most angstroms of the polymer surface, the 

penetration depth of XPS is in the range of 5 to 10 nm [11,71,72]. It could therefore be 

possible that a high amount of C-O groups incorporated due to post-plasma oxidation 

processes are present at the top surface during the first 2 hours after Ar plasma treatment 

and that in this case only a very small amount of C-O groups is present in the subsurface 

layers. This situation could indeed lead to a considerably low WCA value in combination with 

a rather low O/C ratio. Upon further oxidation during storage, more C-O functional groups 

are being incorporated but it may be that more and more polymer segments containing C-O 

functional groups also continuously diffuse into the subsurface layers leaving only a low 

amount of C-O functional groups at the top surface. In this particular case, the O/C ratio of 

the subsurface layer can continue to increase, while the WCA value can increase. 

 

When examining the concentrations of the carbon containing functional groups on the 1 

day and 21 days aged sample, large differences in concentrations can be seen showing 

considerable decreases in the concentration of all plasma induced oxygen containing 

functionalities. This observation can be explained in a similar way as for the N2 plasma 

treated samples: during longer storage periods, the ageing behavior is no longer affected by 

chemical oxidative reactions, but is driven by the physical process of surface rearrangement. 

In case of the Ar plasma treated sample, during longer storage periods, most polymer 

segments containing polar C-O, C=O/O-C-O and O-C=O bonds re-orientate from the 
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UHMWPE surface into the bulk or migrate into deeper surface layers, which can in turn 

explain the considerably increased WCA value of the 21 days aged sample compared to the 1 

day aged sample.  

 

5. Conclusion 

The present study profoundly highlighted the relative importance of in-plasma and post-

plasma surface interactions on UHMWPE samples treated with N2 and Ar DBDs at a medium 

pressure of 5.0 kPa. OES results revealed the main presence of vibrational and electronically 

excited molecular N2 states in the N2 discharge, indirectly responsible for the incorporation 

of surface N-containing functionalities after their electron impact dissociation forming 

atomic nitrogen. The OES spectrum of the Ar discharge was predominantly composed of 

excited Ar lines but also a barely detectable line corresponding to OH radicals as trace 

amounts of contamination. In-situ XPS analysis showed a substantially high nitrogen 

incorporation (20.6 %) onto the polymer surface in the form of primary amines, secondary 

amines and amides and to a lower extend C=N and NH2
+. This high nitrogen incorporation 

was accompanied by only a negligible oxygen incorporation (1.1→ 2.8 %) leading to a highly 

enhanced nitrogen selectivity when comparing to the current state-of-the-art. More oxygen 

(5.8 %) was however detected on the Ar-treated samples which is presumably due to the 

high energy Ar metastables capable of dissociating O2 impurities and thus incorporating C-O, 

C=O and O-C=O groups. Indirect XPS analysis confirmed the occurrence of post-plasma 

oxidation processes illustrated by reactions between carbon-centered free radicals and 

ambient oxygen: O-C=O and N-C=O bonds were mainly formed on N2-treated surfaces while 

C-O bonds were mostly created on Ar-treated surfaces. From a certain storage time 

onwards, surface polymeric chain reorientation took over the oxidation processes leading to 

a decreased surface wettability as a result of the migration of some pre-induced oxygen and 

nitrogen-containing groups away from the surface. Overall, this work sorts out basic 

understandings on in-plasma and post-plasma processes occurring on the surface of 

UHMWPE subjected to Ar and N2 plasma activation and represents a good reference for 

future treatment of other polymers.  
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