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Abstract

The surface properties of polyethylene can successfully be altered using argon plasmas. In
this work, the surface modification of low density polyethylene (LDPE) using an argon
atmospheric pressure plasma jet (APPJ) is profoundly investigated. The surface modification
is examined using different analysing techniques namely, water contact angle (WCA)
measurements for the wettability and X-ray photoelectron spectroscopy (XPS) for the
chemical composition. Particular attention is paid to the treatment distance between the
plasma jet capillary and the LDPE foil and the applied treatment time. At treatment distances
between 5 and 15 mm, the WCA can be reduced with more than 70% within a treatment time
of a few ms. XPS measurements reveal that this is due to the incorporation of oxygen
containing groups and especially the increased implementation of the O-C=0 group has a big
influence. At treatment distances above 15 mm, the wettability decreases with increasing
treatment distance. The wettability can however be enhanced by increasing the treatment
time. Ageing considerations show that the loss in treatment efficiency is restricted to only
25%, meaning that even after 14 days of ageing the WCA reduction upon plasma treatment is
still more than 40%. Based on the above mentioned results, the most appropriate parameters

can thus be selected to provide an efficient plasma treatment of LDPE using the argon APPJ.
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1 Introduction

Polyethylene (LDPE) is one of the most widespread polymers used for industrial and medical
applications due to its excellent material properties (low density, high flexibility and high
chemical resistance) [1]. However, despite these excellent characteristics, LDPE is often
unsuitable for use due to its low surface free energy, leading to poor wettability and poor
adhesion [2]. In the past, improvements in wettability and adhesion have been obtained using
wet chemical processes; however, ecological requirements force the industry to search for
alternative environmentally friendly methods. Recently, plasma treatment of polymers has
been gaining popularity as a surface modification technique since it does not require the use
of water and chemicals. Therefore, it can be considered as an environmentally benign
technology. Moreover, it is a versatile technique that only affects the first few atomic layers at
the surface without affecting the bulk properties [3, 4]. Plasmas can induce topographical
modifications, [5] change the chemical composition [3] of a surface and can also be used for
cleaning and deposition purposes. In the preceding works the method has already shown its
effectiveness, using different types of non-thermal plasmas operating at low, medium or

atmospheric pressure [6-10].

As in all research fields, also in the plasma technology research area, there is a constant
evolution of the used techniques. Today, low pressure and atmospheric pressure plasmas have
found widespread use for the pre-treatment of polymers in industrial applications. In
particular, atmospheric pressure plasma jets (APPJ) have gained a lot of interest in the last
few years, because they are easy to integrate into existing production lines and can selectively
treat specific parts of a substrate. Also, in contrast to most corona treatments (and dielectric
barrier discharges), APPJs are not limited to flat and thin substrates but can also be used for

large three-dimensional structures.



Over the last few years, a whole range of papers has been published regarding the effective
application of plasma jets for the modification of polymer materials [11-13]. However, a
detailed study of the influence of different plasma treatment parameters on LDPE using the
plasma jet working at atmospheric pressure in argon has not yet been presented. Therefore, in
this work, the influence of plasma jet parameters such as plasma treatment time and treatment
distance between the ground electrode and the foil on the surface modification of LDPE will
be explored in detail. The effects will be studied for different applied powers at a fixed argon
flow rate of 1.25 sIm (standard litres per minute). At this flow rate, turbulence will be avoided
in the argon flow and the provided afterglow of the plasma is maximal [14]. Finally, the

ageing effect of the plasma treated LDPE films will be investigated in detail.

2 Materials and methods

2.1 Polyethylene

The used polyethylene foil is a low density polyethylene (LDPE) film with a thickness of 0.1
mm. This commercially available LDPE foil was purchased from Goodfellow Cambridge Ltd.

and has not been subjected to any pre-treatment step prior to plasma modification.

2.2 Atmospheric Pressure Plasma Jet (APPJ)

An atmospheric pressure plasma discharge is generated inside a quartz capillary with an
inside and outside diameter of 1.3 and 3.0 mm respectively. Figure 1 shows the used
experimental set-up along with an image of the argon APPJ. The high-voltage electrode is a
tungsten wire (diameter 1 mm) with a half-sphere-shaped tip and is placed inside the quartz
capillary. The ring-shaped ground electrode (length = 10 mm) is placed around the capillary
at a distance of 40 mm from the high-voltage electrode and 20 mm away from the edge of the
capillary. High purity argon (Air Liquide — Alphagaz 1) is used for the plasma generation

with a flow rate of 1.25 slm. At this flow rate, turbulence is avoided in the argon flow, as



turbulence occurs from 1.5 slm on, and the length of the afterglow is maximal [14]. LDPE
samples are modified with the plasma jet by scanning the polymer surface with adjustable
scanning velocities (0.08 — 4.5 m min™). The jet is generated by applying an AC voltage
(fixed frequency = 60 kHz) to the high-voltage electrode with peak-to-peak values ranging
from 7 kV to 14 kV. The voltage applied to the high-voltage electrode is measured using a
high voltage probe (Tektronix P6015A), whereas the discharge current is monitored by
measuring the voltage over a 50 Q resistor, which is connected in series between the ring
electrode and the ground. The voltage-current waveforms are then recorded using a Tektronix
TDS 1002 digital oscilloscope. Using these voltage-current waveforms, the average power P
of the discharge is calculated according to the following equation (T = period of the

discharge) [15]:
P=1 [ v de (1)

During the LDPE surface modification experiments, the applied plasma power has been
varied between 3 and 11 W. To enable an objective comparison between the plasma
treatments conducted at different discharge powers, the results will be presented as a function
of energy density (J cm™). This value is calculated by multiplying the plasma exposure time
with the plasma power and by dividing this value by the cross section of the capillary. The
plasma treatment time t can be obtained by dividing the active diameter of the jet (= 1.3 mm)

to the plasma scanning velocity.
2.3 Water Contact Angle measurements (WCA)

The wettability of the untreated and plasma treated LDPE films is evaluated using static water
contact angle measurements. The static WCA values are obtained at room temperature using a
Kriss Easy Drop system. Within minutes after plasma treatment, a 2 ul drop of distilled water

is deposited on each sample. Droplets are placed at different positions and images are



captured a few seconds after deposition of each drop. Based on the imaged water drop profile,
the static WCA value is obtained using Laplace-Young curve fitting. Every reported WCA
value in this work is the average of 10 droplets placed at different positions on one single

sample.

2.4 X-ray Photoelectron Spectroscopy (XPS)

Besides contact angle measurements, the chemical composition of the LDPE samples is
obtained by XPS. XPS measurements are performed on a PHI Versaprobe Il spectrometer
employing a monochromatic Al K, X-ray source (hv = 1486.6 eV). Survey scans and high
resolution C1s peaks are recorded at a take-off angle of 45° relative to the sample surface.
The XPS survey scans are processed using MultiPak software and from the peak area ratios,
the elemental composition of the LDPE samples can be determined. The sensitivity factors to
calculate the atomic percentage of C and O are 0.314 and 0.733 respectively. MultiPak is also
used to curve-fit the high resolution C1s peak of the LDPE films: the hydrocarbon component
of the C1s spectrum (285.0 eV) is used as calibration value for the energy scale. After this
calibration step, the C1s peaks are deconvoluted using Gaussian-Lorentzian peak shapes
making use of an iterated Shirley background and the full-width at half maximum (FWHM)

of each peak is maintained below 1.5 eV.

3 Results and Discussion

3.1 Influence of the distance between the capillary and the foil

The surface modification of LDPE due to plasma treatment using the argon plasma jet is
studied in detail at different distances between the capillary and the foil using WCA and XPS.
The used plasma jet provides us with a long afterglow propagating in the open air. At a flow
rate of 1.25 sIm, the afterglow has found to be maximal and the visual length of the afterglow

is41.9 = 1.0 mm relatively to the ground electrode [14]. Therefore, it could be expected that



the plasma effect drastically diminishes from a distance capillary — foil of 22 mm. The plasma
exposure time in this experimental section is kept constant at 78 ms (scan velocity of 1 m min’
1. By using this scanning velocity, it is possible to provide consistent results for all plasma
powers applied in this work. WCA measurements are carried out on LDPE samples treated at
applied powers varying from 3.3 W to 11.1 W. It is also important to point out that plasma
treatment should only affect the first few atomic layers without affecting the bulk properties.
However, it was observed that from an applied power of 5 W and higher, in particular cases,
especially at short distances, the foil melts down and the surface and bulk properties change
extremely. It is therefore no longer possible to determine the WCA value under these
circumstances. The temperature changes of the LDPE samples before and after plasma
treatment at different capillary — foil distances and for different applied powers are measured
using an IR thermometer in order to estimate the heating effect of the plasma on the LDPE
film. The highest temperature change was 17°C at a 5 mm capillary — foil distance and an
applied power of 11 W and the maximum temperature was 44°C. As a result, the observed
deformation of the LDPE can be completely attributed to the reaction with the active particles
in the plasma and not due to heating effects as the temperature remains much lower than the
melting temperature of LDPE (120°C). For most cases, especially the ones used in the WCA
and XPS study, the temperature change was less than 5 °C. As the temperature drops within a

few minutes back to room temperature, this did not play any role in the treatment results.

WCA measurements on the LDPE film after plasma treatment are thus performed at different
distances and different applied powers, giving the results presented in Figure 2. The first trend
noticed from Figure 2 is that the applied power has only little influence on the obtained WCA
values. Statistical analyses show no significant influence of the applied power on the WCA
value within the 95% confidence interval. In contrast to the plasma power, the distance
between the capillary and the foil has a large influence on the obtained WCA values. Figure 2

clearly shows that plasma treatment extremely enhances the wettability at short distances. The
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effect is maximal at a distance between 5 and 15 mm: the WCA reduces from 103.8° for the
untreated LDPE to 28.1° for the plasma treated LDPE, a reduction of 73%. The WCA value is
also found to be constant within this treatment distance range. At higher distances, the WCA
value gradually increases up to 95° at 45 mm. This value is still beneath the contact angle
value of untreated LDPE (103.8 + 0.8°) suggesting that there still is a small effect of the
plasma jet on the LDPE surface even at this large distance. The increase in WCA is rather
drastically, starting from a distance of 25 mm. As the visual length of the afterglow is 41.9 £
1.0 mm [14] relatively from the ground electrode, this means that starting from 22 mm foil —
capillary distance the afterglow does not visually reach the foil. This can explain the drastic

increase of the WCA.

XPS measurements are performed on LDPE samples after plasma treatment at a power of 3.7
W at different distances. The power has only a small influence on the wettability as can be
concluded from the WCA measurements and is therefore not varied. Based on XPS survey
scans, the atomic composition of the LDPE samples can be determined and the O/C atomic
ratio of the LDPE surface after plasma treatment at different distances is presented in Figure
3. The O/C atomic ratio of the untreated LDPE is 3%. This ratio should be 0% but due to
contaminations it is somewhat enhanced. From Figure 3 can be seen that the O/C ratio
decreases after plasma treatment with increasing distances. Comparing Figure 2 and Figure 3,
a close relation can be found between the O/C atomic ratio and the WCA of the plasma
modified LDPE surfaces. The Pearson product-moment correlation coefficient between the
WCA and the O/C ratio is -0.97, indicating a strong relation between those 2 parameters.
Therefore, the large reduction in WCA values by exposure at close distances can be attributed
to the enhanced O/C ratio on the LDPE surface. The observed oxygen incorporation is due to
the admixture of air in the plasma effluent. This leads to a higher yield of OH and O in the
core of the discharge when the discharge is operating in ambient air [16]. Due to the

recombination processes of OH and O with intrusions of nitrogen and oxygen molecules from
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the surrounding air, only a low amount of these species will reach the LDPE surface at higher
distances, resulting into less hydrophilic surfaces and lower O/C ratios. The WCA values and
O/C ratios obtained in this work will be compared with values previously reported in
literature in the next paragraph to examine the efficiency of the applied argon plasma jet.
Plasma treatment of LDPE in an argon DBD was found to reduce the WCA from 101.8° to
51.9° (50% WCA reduction) and an O/C ratio of 13% was obtained at the surface [17]. In a
DC low pressure glow air discharge the WCA was found to decrease from 89.5° to 50.7°
(WCA reduction of 43%) and the O/C ratio was increased to 24% [18]. After an oxygen glow
discharge treatment, the WCA diminished from 87.4° tot 44° (WCA reduction of 50%) due to
an increase in O/C ratio up to 18% [1]. Using an atmospheric argon plasma jet makes it
possible to reduce the WCA with 61% from 94° to 37° and can result in an O/C ratio up to
33% [19]. This clearly shows that the used APPJ can introduce more O-groups on the LDPE
surface which increases the O/C ratio and can more efficiently reduce the WCA especially at

low distances between the foil and the capillary.

The C1s peak of the XPS spectra is also investigated in detail to evaluate which oxygen-
containing functional groups are incorporated on the LDPE surface by plasma exposure.
Figure 4 shows the curve fitting of the high resolution C1s peak of the LDPE foil before
treatment and after treatment at a foil — capillary distance of 10, 20 and 30 mm. The C1s
envelope of the LDPE samples can be decomposed into 4 distinct peaks: a peak at 285.0 £ 0.1
eV corresponding to C-C and C-H bonds, a peak at 286.5 + 0.1 eV due to C-O functional
groups, a peak at 287.7 £ 0.1 eV attributed to C=0 and O-C-O groups and a peak at 289.1 +
0.1 eV linked to O-C=0 groups [20]. As shown in Figure 4, changes in the C1s peaks can be
observed. After plasma treatment, the peaks at 286.5 eV, 287.7 eV and 289.1 eV drastically
increase especially at low foil — capillary distances. The C1s peaks also change as a function
of the different distances: with increasing distances, the peaks at 286.5 eV, 287.7 eV and

289.1 eV decrease. At a distance of 30 mm no difference can be observed between this Cls

10



peak and the C1s peak of the untreated LDPE. Based on the deconvoluted C1s peaks, the
concentration of the different carbon bonds can be calculated and the obtained results are
given in Figure 5. The untreated LDPE film contains 96.5% C-C/C-H groups and 3.5% C-O
groups, but this value is not presented in Figure 5. From Figure 5, it can be seen that the C-
C/C-H concentration increases with increasing distance while the concentration of all oxygen
containing groups decreases. At distances up to 15 mm, the concentration of O-C=0 groups is
higher than the C=0/0O-C-O group concentration. This ensures a higher surface energy and a
lower WCA value at distances of 15 mm and lower. It has already been noticed in previous
work that the strongest correlation can be found between the WCA and the concentration of
the O-C=0 groups [14]. Apparently, plasma jets are very efficient in producing long-living
oxygen species [21, 22] that being carried by the gas flow can reach the surface and interact
with it. This may be due to the chain scission mechanisms caused by the active species in the
plasma, and the subsequent broken chain reactions with oxygen polar groups on the LDPE

surface [23].
3.2 Influence of treatment time

Another parameter that influences the effect of the APPJ treatment is the exposure time. In
this section, LDPE films are therefore exposed to an argon APPJ for varying treatment times.
During these experiments, the argon flow rate is kept constant at 1.25 sim while the capillary-
foil distance is maintained at 20 mm based on the results obtained in the previous section. The
plasma treatment time can be altered by changing the scanning velocity: by altering the
scanning velocity between 4.5 and 0.08 m min™ the treatment time can be varied between 0
and 1 s. However, since different discharge powers are used, the results will not be
represented as a function of treatment time but as a function of energy density (J cm™) to
enable an objective comparison. Increasing the exposure time results in a higher temperature

of the LDPE surface. However the temperature change was less than 12°C and the maximum
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temperature remains less than 40°C, so this did not affect the other results. Figure 6 shows the
WCA measurements after APPJ treatment under the above mentioned conditions as a function
of energy density. The results presented in this figure state that LDPE plasma treatment
increases the wettability of the LDPE film. The WCA decreases from 103.8° to less than 30°,
a reduction of more than 70% upon plasma treatment. The WCA values gradually decrease
with increasing energy density until saturation is reached and from that point on, the WCA
does not significantly change anymore. The reached WCA is then considered as the plateau
WCA value. Figure 6 also clearly shows that the applied power influences the WCA results.
At a power of 11.1 W, the WCA decreases more slowly than at the other powers as a function
of energy density during plasma treatment. This is due to the very short treatment time at
energy densities of less than 50 J cm™ (less than 50 ms) so the treatment time is too short to

incorporate high amounts of oxygen on the LDPE foil.

XPS measurements are also performed on plasma treated LDPE films at an applied power of
3.7 W in order to obtain the evolution of the chemical composition of the LDPE as a function
of energy density. Based on the XPS survey scans, the atomic O/C ratio (%) is determined as
a function of energy density and the results are presented in Figure 7. This figure clearly
indicates that the O/C ratio increases with increasing energy density during plasma treatment.
Comparison of Figure 6 and Figure 7 also shows the strong correlation between the measured
WCA values and the O/C ratio: the higher LDPE hydrophilicity can be attributed to the
incorporation of oxygen containing groups. Curve fitting of the high resolution C1s peak of
some XPS spectra at certain energy densities are summarized in Figure 8. The C1s peak of the
untreated film has already been depicted in Figure 4. From these figures can be seen that the
peak at 285.0 eV decreases and the peaks at 286.5 eV, 287.7 eV and 289.1 eV increase after
plasma treatment with increasing energy density. After deconvolution of the C1s peaks, the
concentration of the different carbon bonds can be determined and the results are shown in

Figure 9. From this figure, it can be concluded that with increasing energy density the
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concentration of the C-C/C-H decreases while the concentration of all oxygen containing
groups increases. At energy densities above 45 J cm™, the concentration of the O-C=0 group
still increases while the concentration of the other oxygen groups remains the same or
decreases with increasing energy density, resulting in a higher surface energy and an

enhanced wettability [14, 21-23].
3.3 Ageing

Different authors [24-26] have stated that the increase in surface hydrophilicity upon plasma
treatment is only temporary: if a polymer surface which has become hydrophilic after plasma
treatment is stored under suitable conditions, the surface can regain its original
hydrophobicity. This process is referred to as hydrophobic recovery or ageing process. For
our experiments, where the purpose is to enhance the wettability of the LDPE, ageing should
be avoided as much as possible. Therefore, the ageing behaviour of the plasma treated LDPE
films is investigated in this work. For this purpose, LDPE films are placed at 20 mm from the
end of the capillary and then exposed at an energy density of 27.3 J cm™ using an applied
power of 3.7 W. This treatment condition is selected to provide us with an LDPE surface
containing the maximum amount of oxygen groups (a so-called saturated LDPE surface) as
can be seen from Figure 6. After plasma treatment, the LDPE samples are stored in ambient

air at room temperature for a period of 14 days.

Figure 10 shows the evolution of the WCA as a function of storage time. The WCA of the
untreated LDPE is 103.8 + 0.8° but this value is not included in the figure. As can be seen in
Figure 10, the ageing process of the LDPE film is characterized by a quick increase in WCA
during the first storage hours. At longer storage times, the WCA increases more slowly and
finally reaches a plateau value after 4 days of storage in air. The WCA increases from 43.2 £
2.7° immediately after treatment to a plateau value of 58.4 + 1.0°. The loss in treatment

efficiency L (%) during storage can be calculated using the following equation:
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where 0y is the saturation value of the WCA after plasma treatment, 6, is the plateau value of
the WCA after storage in air and Oyntreated 1S the WCA value of the untreated material. Based
on this equation, the loss in treatment efficiency during storage is 25 = 4%. Itis also
worthwhile to mention that the maximal WCA value is still much lower than the WCA of the
untreated LDPE surface, which means that the major part of the surface wettability is kept
after plasma treatment. Ageing after an argon DBD plasma treatment results in a loss in
treatment efficiency of 50.0 + 3.4 % after 2 days of ageing [27] while after an oxygen plasma
treatment in a parallel plate reactor the loss in treatment efficiency is even 81% after 2 days
of ageing [28]. This means that the ageing of the APPJ treated samples is quite slow since the
loss in treatment efficiency is much lower compared to other ageing behaviours previously

described in literature.
4 Conclusion

The wettability of LDPE foils can successfully be enhanced using an argon APPJ. Different
parameters are considered and special attention is paid to the treatment distance and time. At
treatment distances capillary — foil between 5 and 15 mm, the wettability of LDPE drastically
increases as the WCA reduces with 73%. This is due to the increased O/C ratio at the LDPE
surface. At treatment capillary — foil distances of more than 15 mm, the plasma effect
however starts to decrease. The WCA increases and the O/C ratio at the surface decreases.
The visual length of the plasma afterglow is 22 mm from the capillary, explaining the
drastically reduced wettability from a treatment distance of 25 mm on. A treatment time of
less than 100 ms is sufficient to reduce the WCA with more than 70% and to reach a plateau
WCA value of less than 30°. The reduced WCA is due to the increased O/C ratio at the LDPE
surface. At higher treatment times, especially the concentration of the O-C=0 group

increases, leaving us with a higher surface energy and an enhanced wettability.
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Ageing studies show that after plasma treatment the WCA quickly increases during the first
hours of storage. After 4 days of ageing, the WCA reaches a plateau value leading to a loss in
treatment efficiency of only 25%. This means that even after a long storage period, the
reduction in WCA due to plasma treatment is still more than 44%. All these results provide
thus a map for different treatment parameters in applied power, treatment distance and
treatment time in order to select the optimal settings for an efficient plasma treatment of

LDPE using an argon APPJ.

5 Acknowledgements
The research leading to these results has received funding from the European Research
Council under the European Union's Seventh Framework Program (FP/2007-2013) / ERC

Grant Agreement n. 279022.

15



References

[1] H. Drnovska, L. Lapcik, V. Bursikova, J. Zemek, A.M. Barros-Timmons, Surface
properties of polyethylene after low-temperature plasma treatment, Colloid Polym. Sci., 281
(2003) 1025-1033.

[2] M.J. Shenton, M.C. Lovell-Hoare, G.C. Stevens, Adhesion enhancement of polymer
surfaces by atmospheric plasma treatment, J. Phys. D-Appl. Phys., 34 (2001) 2754-2760.

[3] G. Borcia, C.A. Anderson, N.M.D. Brown, The surface oxidation of selected polymers
using an atmospheric pressure air dielectric barrier discharge. Part I, Appl. Surf. Sci., 221
(2004) 203-214.

[4] Y. Akishev, M. Grushin, N. Dyatko, I. Kochetov, A. Napartovich, N. Trushkin, T.M. Duc,
S. Descours, Studies on cold plasma-polymer surface interaction by example of PP- and PET-
films, J. Phys. D-Appl. Phys., 41 (2008) 13.

[5] M.C. Coen, R. Lehmann, P. Groening, L. Schlapbach, Modification of the micro- and
nanotopography of several polymers by plasma treatments, Appl. Surf. Sci., 207 (2003) 276-
286.

[6] C. Cheng, L.Y. Zhang, R.J. Zhan, Surface modification of polymer fibre by the new
atmospheric pressure cold plasma jet, Surf. Coat. Technol., 200 (2006) 6659-6665.

[7] N. De Geyter, R. Morent, C. Leys, Surface characterization of plasma-modified
polyethylene by contact angle experiments and ATR-FTIR spectroscopy, Surf. Interface
Anal., 40 (2008) 608-611.

[8] J. Morales, M.G. Olayo, G.J. Cruz, P. Herrera-Franco, R. Olayo, Plasma modification of
cellulose fibers for composite materials, J. Appl. Polym. Sci., 101 (2006) 3821-3828.

[9] R. Morent, N. De Geyter, C. Leys, L. Gengembre, E. Payen, Surface modification of non-
woven textiles using a dielectric barrier discharge operating in air, helium and argon at
medium pressure, Text. Res. J., 77 (2007) 471-488.

[10] R. Morent, N. De Geyter, F. Axisa, N. De Smet, L. Gengembre, E. De Leersnyder, C.
Leys, J. Vanfleteren, M. Rymarczyk-Machal, E. Schacht, E. Payen, Adhesion enhancement
by a dielectric barrier discharge of PDMS used for flexible and stretchable electronics, J.
Phys. D-Appl. Phys., 40 (2007) 7392-7401.

[11] M. Laroussi, T. Akan, Arc-free atmospheric pressure cold plasma jets: A review, Plasma
Process. Polym., 4 (2007) 777-788.

[12] R. Foest, E. Kindel, H. Lange, A. Ohl, M. Stieber, K.D. Weltmann, RF capillary jet - a
tool for localized surface treatment, Contrib. Plasma Phys., 47 (2007) 119-128.

[13] C. Tendero, C. Tixier, P. Tristant, J. Desmaison, P. Leprince, Atmospheric pressure
plasmas: A review, Spectroc. Acta Pt. B-Atom. Spectr., 61 (2006) 2-30.

[14] A. Van Deynse, P. Cools, C. Leys, N. De Geyter, R. Morent, Surface activation of
polyethylene with an argon atmospheric pressure plasma jet: Influence of applied power and
flow rate, Appl. Surf. Sci., 328 (2015) 269-278.

16



[15] F. Massines, G. Gouda, A comparison of polypropylene-surface treatment by
filamentary, homogeneous and glow discharges in helium at atmospheric pressure, J. Phys. D-
Appl. Phys., 31 (1998) 3411-3420.

[16] A. Nikiforov, L. Li, N. Britun, R. Snyders, P. Vanraes, C. Leys, Influence of air diffusion
on the OH radicals and atomic O distribution in an atmospheric Ar (bio)plasma jet, Plasma
Sources Sci. Technol., 23 (2014) 11.

[17] A. Van Deynse, N. De Geyter, C. Leys, R. Morent, Influence of Water Vapor Addition
on the Surface Modification of Polyethylene in an Argon Dielectric Barrier Discharge, Plasma
Process. Polym., 11 (2014) 117-125.

[18] K. Navaneetha Pandiyaraj, V. Selvarajan, R.R. Deshmukh, P. Yoganand, S.
Balasubramanian, S. Maruthamuthu, Low Pressure DC Glow Discharge Air Plasma Surface
Treatment of Polyethylene (PE) Film for Improvement of Adhesive Properties, Plasma Sci.
Technol., 15 (2013) 56-63.

[19] S. Abou Rich, T. Dufour, P. Leroy, F. Reniers, L. Nittler, J.-J. Pireaux, LDPE Surface
Modifications Induced by Atmospheric Plasma Torches with Linear and Showerhead
Configurations, Plasma Process. Polym., DOI 10.1002/ppap.201400097 (2015).

[20] D. Briggs, Surface Analysis of Polymers by XPS and Static SIMS, Cambridge University
Press1998.

[21] W. Van Gaens, A. Bogaerts, Kinetic modelling for an atmospheric pressure argon plasma
jet in humid air, J. Phys. D-Appl. Phys., 46 (2013) 53.

[22] X.P. Lu, S.Q. Wu, On the Active Species Concentrations of Atmospheric Pressure
Nonequilibrium Plasma Jets, IEEE Trans. Plasma Sci., 41 (2013) 2313-2326.

[23] F. Ferrero, Wettability measurements on plasma treated synthetic fabrics by capillary rise
method, Polym. Test, 22 (2003) 571-578.

[24] J. Nakamatsu, L.F. Delgado-Aparicio, R. Da Silva, F. Soberon, Ageing of plasma-treated
poly(tetrafluoroethylene) surfaces, J. Adhes. Sci. Technol., 13 (1999) 753-761.

[25] R.W. Paynter, XPS studies of the ageing of plasma-treated polymer surfaces, Surf.
Interface Anal., 29 (2000) 56-64.

[26] R. Sharma, E. Holcomb, S. Trigwell, M. Mazumder, Stability of atmospheric-pressure
plasma induced changes on polycarbonate surfaces, J. Electrost., 65 (2007) 269-273.

[27] A. Van Deynse, P. Cools, C. Leys, R. Morent, N. De Geyter, Influence of ambient
conditions on the aging behavior of plasma-treated polyethylene surfaces, Surf. Coat.
Technol., 258 (2014) 359-367.

[28] K.S. Kim, C.M. Ryu, C.S. Park, G.S. Sur, C.E. Park, Investigation of crystallinity effects
on the surface of oxygen plasma treated low density polyethylene using X-ray photoelectron
spectroscopy, Polymer, 44 (2003) 6287-6295.

17



List of figure captions

Figure 1: Experimental set-up (a) and visual view (b) of the plasma jet.

Figure 2: Influence of the distance on the WCA measurements on LDPE after plasma
exposure during 78 ms for different applied powers.

Figure 3: O/C ratio of LDPE as a function of distance after plasma exposure at an applied
power of 3.7 W and treatment time of 78 ms.

Figure 4: C1s peaks of untreated LDPE film (a), LDPE film APPJ plasma treated at an
applied power of 3.7 W and treatment time of 78 ms at a distance of 10 mm (b), 20 mm (c)
and 30 mm (d).

Figure 5: The concentration of C-C/C-H (), C-O (m), C=0/0-C-O (A) and O-C=0 (e)
bonds as a function of distance for LDPE film APPJ plasma treated at an applied power of 3.7
W and a treatment time of 78 ms.

Figure 6: Contact angle of the LDPE film as a function of energy density for an APPJ
exposure at a capillary — foil distance of 20 mm.

Figure 7: O/C ratio of LDPE as a function of energy density for an APPJ exposure at an
applied power of 3.7 W and a capillary — foil distance of 20 mm.

Figure 8: C1s peaks of LDPE film APPJ plasma treated at a distance of 20 mm for an applied
power of 3.7 W at an energy density of 7.3 J cm™ (a), 21.8 J cm™ (b) and 43.6 J cm™ (c).

Figure 9: The concentration of C-C/C-H (), C-O (m), C=0/0-C-O (A) and O-C=0 (e)
bonds as a function of energy density for LDPE film APPJ plasma treated at a capillary — foil
distance of 20 mm with an applied power of 3.7 W.

Figure 10: Evolution of WCA of the plasma-treated LDPE films as a function of storage time.
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