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ABSTRACT

Plasma treatments are widely used to enhance the surface energy of polymers prior to bonding or the ap-
plication of functional coatings. This study investigates the performance of a linear atmospheric pressure
plasma source for the reel-to-reel treatment of polymer webs. The continuous argon plasma treatments
were carried out on 15 cm diameter polyethylene terephthalate (PET) web substrates using the linear
plasma source (Plamax), operating at 13.56 MHz. The study investigated how the processing parameters
influenced the effectiveness of the plasma treatment in enhancing both the polymer web’s water contact
angle (WCA) and surface energy (SE). Based on these measurements the plasma treatment was found to
yield a homogeneous level of activation across the 15 cm web, using a treatment speed of 0.9 m/min. The
plasma discharge was monitored using both thermal imaging and optical emission spectroscopy (OES).
The latter demonstrated how the oxygen species which diffuse into the argon plasma due to air ingress,
were directly correlated with the level of polymer activation.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The surface properties of polymers are key to their performance
in applications ranging from bonding, biocompatibility, coating
adhesion etc. [1,2]. A range of different surface modification
techniques have been used as pre-treatments in order to address
the low surface energy of polymers, these include; wet chemical
modifications [3], flame [4], corona [5,6], ion beam [7] treatments.
Of these plasma treatments are particularly widely applied, due
to their advantages such as only modifying the surface, while
leaving the bulk material unaffected and due to their potential
for use in continuous treatments [8]. Polymer exposure to the
plasma can result in physical and chemical modifications (partic-
ularly the introduction of oxygen functionality), including etching,
surface cleaning, crosslinking and activation [9-11]. These plasma
treatments can be carried out using both low-pressure [12,13] and
atmospheric pressure plasma systems [11,14]. Unlike treatments
using low-pressure plasmas, those generated at atmospheric
pressure can facilitate a more versatile treatments, which allows
for the high speed and continuous processing of the substrate
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Milosavljevi¢), peter.dobbyn@plasmedica.com (P. Dobbyn), denis.dowling@ucd.ie
(D.P. Dowling).
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in the absence of a vacuum chamber [15]. A study by Donegan
et al. [16] using an rf He/O, atmospheric plasma jet source,
demonstrated that source input power had a significant effect on
the degree of activation on PET. Higher input powers and longer
exposure times generally result in a more rapid rate of activation.

There have been a number of publications on the use of
atmospheric pressure plasmas for the reel-to-reel treatment of
polymers and fibres at as outlined in Table 1. Two of these stud-
ies report on the use of an argon plasma treatments, the first
by Bonandini et al. [17] investigated the effect of discharge gas
composition for the activation of PET fabrics. It was concluded
that the greatest improvement in wettability of the PET fabric
was observed using discharged generated using Ar/He and He/O,
gas mixtures. A study by Vdindnen et al. [18] used Ar and He
plasmas to activate polypropylene non-woven fabrics. Based on
WCA measurements it was found that the plasma penetrated
through a number of layers of the fabric. Examination of the fibres
by SEM however demonstrated that over exposure of the fibres
to the plasma can result in thermal damage, thus highlighting the
need to maintain low surface temperatures.

In this study the performance of a 15 cm diameter linear argon
atmospheric pressure plasma source called Plamax is evaluated
for the reel-to-reel treatment of PET webs. The influence of source
input power, source to substrate distance, treatment times and
the homogeneity of the Ar plasma discharge was examined using
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Table 1

Example of studies of the use of atmospheric pressure plasma reel-to-reel processing systems for plasma treatment of polymers and natural fibres.
Author Ref. Type of discharge Processing gas Substrate
Tynan et al. [19] Dielectric barrier discharge He, O, PE and PET
Li et al. [20] Glow discharge Compressed Air PE, PU and nylon
Bonandini et al. [17] Glow discharge He, Ar, O3, Ny/H,, dry air PET fibres
Nistico et al. [21] Glow dielectric barrier discharge He, O, PP meshes
Vddndnen et al. [18] Dielectric barrier discharge He, Ar PP nonwoven fabric
Rombola et al. [22] Dielectric barrier discharge He PP fabrics
Ceria et al. [23] Post-discharge N, Wool fabrics

| |rf generator |
5 Plasma discharge
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“Aluminium grounded plate withs

rollers

Plasma source
>
P
i

Reel-to-reel

processing system

Fig. 1. Photograph of the Plamax source with ground plate mounted directly below (left) and a schematic of the reel-to-reel processing system which facilitates the move-

ment of the web under the Plamax source (right).

thermal imaging and optical emission spectroscopy (OES). The
latter technique was used to investigate if there was a correlation
between the surface energy of the plasma treated polymer and
the active species present in the discharge

2. Experiment and materials
2.1. Atmospheric pressure plasma source

The 13.56 MHz Plamax atmospheric plasma source was manu-
factured by SPS Co. Ltd. (South Korea) [24]. This source was assem-
bled with a custom-made plasma generator head and connected
to an Advanced Energy 13.56 MHz supply which is incorporation
with an L-C matching unit. Input powers of up to 200 W could
be supplied to the source. The Plamax source was mounted onto
a reel-to-reel system which facilitated the handling of polymer
substrates. A photograph of the source along with a schematic of
the system is given in Fig. 1. The source counter electrode was a
grounded aluminium plate with dimensions of 37 cm (L), 12 cm
(W) and 1 cm (H). Two rollers were incorporated onto either side
of the plate to prevent snagging of the PET web as it passes under-
neath the plasma discharge. This in turn was integrated into a reel-
to-reel web handling system as shown schematically in Fig. 1. The
plasma treatment area was 15 cm in length and approx. 1 cm in
width. As ozone and other species are generated using atmospheric
plasma an extraction system is required, this was mounted just to
the left of the source shown in the photograph given in Fig. 1. The
source orifice to grounded aluminium substrate distance was var-
ied between 2 and 4 mm using a manual height adjustment sys-
tem. The speed of the reel-to reel webs could also be adjusted and
in this study web speeds of 0.9 to 1.3 m/min. were investigated.

2.2. Materials

Plasma treatment studies were carried out on PET web with
thickness of 0.8 mm and width of 150 mm. 20 mm x 20 mm test
samples were taken from this web for surface energy and contact
angle characterisation.

2.3. Water contact angle (WCA) and surface energy measurements

WCA were determined using a Dataphysics Instrument OCA 20
system, using the sessile drop technique. The contact angle mea-
surements were calculated using the digital images of the droplets
on the substrate, these were imaged using a charged couple device
(CCD) camera. Surface energy calculations were determined using
three different liquids: deionised water, diiodemethane and ethy-
lene glycol. The liquids were selected to calculate the polar (water)
and dispersive forces (diiodemethane) on the surface. The droplets
(1 pl) was allowed to rest on the surface for approx. 5 s before
contact angles were measured. The Owens-Wendt-Rabel-Kaelble
(OWRK) method was used to measure the water contact angle and
surface energy of plasma activated polymers [1,25]. The WCA and
SE measurements of the polymer web were taken at five positions
(0, 5, 9, 12, 15 cm) along the PET web as shown in Fig. 1.

2.4. Thermal measurements

Infra-red thermal imaging of the ground aluminium plate
mounted 2 mm below the plasma source were obtained (in the
absence of the polymer web) using an InfraTec VarioCAM high
resolution thermographic camera. The instrument has a spectral
range of 7.5-14 pym in the 0-100°C [12]. The thermal images were
obtained in real time, using IRBIS software.
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Fig. 2. Typical OES spectrum obtained using the Plamax source (Plasma conditions;
Ar 10 1/min, 50 W, integration time 450 ms).

2.5. Optical emission spectroscopy

The optical emission from the plasma discharge was monitored
using an Ocean Optics spectrometer. The USB4000 UV/VIS spec-
trometer covers the 200-850 nm regions, with a resolution of 1.2
nm full width at half maximum (FWHM). All measurements were
carried out between the Plamax source orifice and the ground
plate mounted 2 mm below. A qualitative overview of the plasma
chemistry was obtained by analysing the emission intensities
resulting from different excitation and ionisation processes in the
plasma [26]. The species intensities were determined by integrat-
ing the area under the emission peak. The integration time, in the
range of 50 to 450 ms, was selected (depended on an intensity
of the recorded spectral emissions). Comparison among different
spectral intensities was achieved by dividing the integration time
by the recorded intensities values.

Fig. 2 provides an example of a typical OES spectrum of an
Ar plasma, generated using the Plamax source. An atmospheric
pressure plasma discharge generated in open air is generally
affected by the ingress of ambient air, and as a result reactive
nitrogen species and reactive oxygen species can be present in
the OES spectrum [27]. The N, peak at 337 nm is the ‘indicator’
of nitrogen diffusion from ambient air. Atomic oxygen spectral
emission peaks are observed at 777 and 845 nm [28]. The OH
spectral emission at 307 nm is associated with the dissociation of
water molecules, which have also diffused from the ambient air.
A number of the argon spectral lines are also presence, such as
neutral argon spectral emission at 750 nm.

3. Results and discussion

The results of this reel-to-reel source evaluation study is di-
vided into three sections, the first outlines the results of thermal
imaging measurements, the second evaluates how plasma process-
ing parameters such as input power, source to substrate distance
and treatment time influence the level of activation of PET webs.
The third section details the measurements of the atomic and
molecular species in the linear plasma discharge using OES.

4. Thermal imaging

An infrared thermography imaging study was carried out of the
Plamax source and aluminium counter electrode. As expected, with
an increase in power the temperature of the aluminium plate in-
creased. The effect of altering the input power from 50 to 120 and
then to 150 W was to yield an increase in temperature from 25
to 33 °C. The maximum temperature obtained on the counter elec-
trode after 5 min of plasma exposure was 33°C (at 150 W), with
a variation of only +1°C across the 15 cm wide electrode (Fig. 3).

5. Plasma activation of PET webs

The effect of varying plasma processing parameters on the
water contact angle and surface energy of PET was evaluated. The
flow rate of Ar was fixed at 10 I/min throughout the study, as
this yielded a visibly homogenous discharge. The input power was
varied between 50 and 200 W, and the source to the grounded
aluminium substrate distance was fixed at 2 mm. The reel-to-reel
system web speed was varied in the range of 0.9 to 1.3 m/min.
At these speeds the length of exposure time of the PET to the
plasma ranged from approximately 13 to 5 s. At the higher web
processing speeds under the conditions used, significant levels
of air were pulled into the discharge as the web was moved
through the discharge, resulting in partial plasma quenching. For
this reason, the lowest web speed of 0.9 m/min was maintained
for the polymer treatment studies.

The effect of varying the input power in the range from 50
to 200 W is demonstrated in Fig. 4. As expected, with increasing
power there was a more effective level of polymer activation. The
PET WCA decreased from 92° to 47° at the 200 W input power
and a treatment time of approx. 13 s.

The source to substrate (electrode) working distance was varied
between 2 and 4 mm with a fixed input power of 200 W. It was
observed that at the working distances of both 2 and 3 mm the
most stable plasma distance was observed across the 15 cm treat-
ment length. Increasing the working distance to 4 mm, however
resulted in a significant reduction in plasma stability particularly
at the edges of the treatment area. As expected, based on the
WCA and SE measurements the effectiveness of the source for the
plasma activation of the web decreased as the working distance
increased above 2 mm (Fig. 5). In addition to a potential decrease
in discharge intensity with larger working distances a further
issue is that the larger working distance may introduce higher
volumes of the atmospheric gases such as oxygen and nitrogen,
into the argon plasma partially quenching it and thus reducing its
treatment efficiency [29].

After the preliminary scoping study, a more in-depth study was
carried out to examine the effect of input power and treatment
time on the plasma activation of PET at five points along the 15
cm length of the linear discharge. The latter measurements were
obtained at the 0, 5, 12 and 15 cm positions as demonstrated in
Fig. 1. These positions were selected in order to determine the
difference in discharge homogeneity across the linear source. At
each position, WCA and SE were recorded at varying input powers;
50, 120 and 150 W and 1, 2 and 3 passes of the web under the
discharge.

The reproducibility of the WCA measurements across the 15 cm
dimeter PET web is enhanced with 2 and 3 passes compared with
1 pass, as demonstrated in Table 2. The variation at the five points
investigated is lower as the number of activation passes increases.

6. Optical emission spectroscopy

OES measurements were recorded at input powers of 50,
120 and 150 W, at the positions of 0 and 9 cm, along the linear
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Fig. 3. Thermographic image of the Plamax source positioned 2 mm above the ground aluminium plate.
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Fig. 4. The effect of input power on the water contact angle and surface energy of the plasma treated PET substrate, at a fixed working distance of 2 mm.
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Fig. 5. The effect of source to substrate distance on the water contact angle and surface energy of the plasma treated PET substrate, using an input power of 200 W.

discharge. The spectra were obtained immediately after the plasma
was ignited, as well as every 10 s over a 3 min period, in the
absence of the PET web. From the OES spectra obtained in the
range 200-850 nm, peaks associated with six atomic and molec-
ular species were observed. These peaks were identified based
on previous studies which reported on atmospheric Ar plasmas

[29]. Argon (Ar I) emission intensities are observed at A=750
nm (Ar750) and 811 nm (Ar811). The non-argon species indicate
that ambient air has diffused into the plasma discharge include;
nitrogen (N,) molecules at A=337 nm (N, 337), OH radical at
A=307 nm (OH307) and oxygen (O I) species at A=777 nm (0777)
and A=3845 nm (0845).
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Water contact angle and surface energy measurements of untreated and plasma treated PET substrates at the positions indicated under the discharge. The
plasma treatments were carried out using an input power of 150 W for 1, 2 and 3 passes under the source, as shown.

Position of PET (cm) WCA (°) 1 pass SE (mN/m) 1 pass

WCA (°) 2pass

SE (mN/m) 2 passes WCA (°) 3 pass SE (mN/m) 3 passes

Untreated 92 (£1) 37 (£1) 92 (&
0 56 (£2) 51 (£2) 52 (£
5 59 (£1) 49 (£1) 52 (+
9 58 (£1) 50 (£1) 51 (+
12 55 (£2) 51 (£1) 50 (+
15 58 (£1) 50 (£1) 50 (+

37 (£1) 92 (1) 37 (£1)
54 (+£1) 47 (£1) 56 (+£1)
53 (£1) 47 (+2) 56 (+£1)
54 (+2) 47 (£2) 56 (+£1)
55 () 45 (+2) 57 (+1)
55 (£ 1) 46 (£1) 57 (+1)
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Fig. 6. OH307 nm and N,337 nm intensities at 50, 120 and 150 W input powers. The intensities were obtained at the two locations (0 and 9 cm) along the plasma discharge,

immediately after plasma ignition.

The OES spectra for the following species are discussed in the
next three sections; (a) species presence due to the ambient air
- OH and Nj, (b) the species relating to the Ar carrier gas — Ar |
(atomic argon) and lastly (c) the oxygen species — 0777 and 0845,
presence also due to the ambient air.

6.1. OH307 and N,337 spectral emission intensities

The effect of input power on the emission intensities of OH
307 and N, 337 species is demonstrated in Fig. 6. It was found
that at position 0 cm the intensities of both OH 307 and N, 337
remained constant as the input power increased. The system air
extraction equipment orifice is located close to the 0 cm position.
This extraction may be drawing Ar gas from the source and thus
having the effect of reducing the amount of oxygen molecules in
the discharge in this region due to air ingress. This trend, however,
was not observed for the OH and N, intensities recorded at the 9
cm position, along the plasma discharge (Fig. 6). Their intensities
were found to increase at higher input power. Due to the ingress
of air the environment at position 9 cm can thus be considered
to be relatively unstable compared with that at the 0 cm position.
The fluctuation in the intensity of both the OH307 and N,337
peaks between the two positions was investigated. It was observed
that the intensities of OH307 and N,337 fluctuated 21% and 27%
respectively. These fluctuations are relatively large, indicating that
between the two measurement positions there was variances
in these species intensities. It is important to stress there is a
significant difference in the energy of upper levels for these two
species. Namely, the upper energy levels for emission OH307 and
N,337 are 4.17 eV and 11.03 eV, respectively [30]. The large differ-
ence in these energies would be responsible for the difference in
intensity observed at 9 cm. The increase of OH307 intensity can
only be explained by taking into account a shift in the electron

energy distribution function (EEDF) [31]. The EEDF is objective of
this study and its results at the end of this section is presented.
The resonant energy transfer among the different plasma species
always take place with the highest probability. Therefore, the shift
of EEDF towards the lower mean electron energy would leads to
increase only the OH307 intensity, and not the N,337 intensity
(since it requires much higher energy, i.e. 11 eV).

6.2. Argon spectral emission intensities

The intensity of both Ar spectral lines, Ar750 and Ar811, have
very similar emission intensities however the emission intensity is
higher at the position 9 cm, as shown in Fig. 7. The location of the
Ar gas inlet may be influencing (temporally and spatially) the gas
volumes along the plasma discharge. As the gas inlet is closer in
proximity to the position at 9 cm (Fig. 1), this may be influencing
the gas volume at this location, which results in an increase in
Ar emission intensities and less dilution by ambient air. Despite
this observation, the fluctuations of the argon spectral emissions
is very low, 4% and 2% for Ar750 and Ar811, respectively. Thus
demonstrating a stable Ar input across the two points measured in
the discharge, i.e. domination of argon (carrier gas) emission over
ambient air species. The Ar750 upper energy level is populated
by direct electron excitation from the ground state. This process
requires a high energy, and with increase of the power (Fig. 7)
and concentration of argon (position 9 cm), the Ar750 signal also
increases.

6.3. Oxygen spectral emission intensities

Similar to the trends observed for the argon spectral emissions,
the intensities of the oxygen species were also found to increase
with input power, and the intensities for both 0777 and 0845
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Fig. 7. Emission intensities of Ar750 nm at 50, 120 and 150 W input powers. The intensities were obtained at 0 cm position along the plasma discharge, obtained immediately

after plasma ignition.
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Fig. 8. EEDF curve based on Ar811 and Ar750 spectral emissions.

species were higher at position 9 cm. As the atomic oxygen found
in the plasma discharge is typically associated with the ambient
air, a similar situation as outlined for the OH and N, species is
most likely occurring for the 0777 and 0845 species. The extrac-
tion position near the 0 cm could be creating an environment
which is minimizing the amount of oxygen and nitrogen molecules
in the air, which is resulting in a reduction in oxygen emission
intensities.

The electron energy distribution function (EEDF) is important
when understanding the plasma kinetics of the plasma source
[31]. The emission intensity of the Ar750 specie is created by
electron excitation from the ground level. This spectral line is
sensitive to the high-energy section of the EEDF, while Ar811
species in contrast are sensitive to lower energy electrons. A
change in the EEDF is indicated by a change in the ratio of the
Ar811 and Ar750 emission intensities. It is probable that the shift
from the dominant Ar emission intensity from 811 to 750 nm is
as a result of changes in the EEDF. This means that the intensity
of one spectral line decreases, while the other increases. This is
as a result of differences in the electron energy threshold between
the excitation level (13 eV) and the metastable/resonance levels
(2 eV). The excitation states from the different initial states relate
to different parts of the EEDF. This is observed when investigating
the energy dependence of the integrand for the excitation from

the ground state and their expressions for excitation from the
metastable/resonance level from 2p® — 1s° (Ar811) emission and
for 2p'— 1s? (Ar750). In general, the 2p'— 1s? transition of
Ar750, as it dominated by ground level excitation and has only
slight radiation-trapping correction. Electrons with energy in the
ranges between 13 to 25 eV are relevant for the excitation of the
ground state atoms into the 2p! level. The excitation out of the
1s° level, however, use electrons of lower energies from 2 eV up
to higher energies of 15eV. The significant amount of radiation
observed is due to the excitation from the 1s® levels [31]. The 2p!
levels are populated by excitation from the ground, metastable
and resonance levels, and as such the relative ratio of low to high
energy electrons in the plasma can be obtained by investigating
the emissions 2p° — 1s° and 2p' — 1s% emission lines. For
atmospheric pressure plasma in particular, the dissociative recom-
bination with molecular ions remove low-energy electrons [31].
This causes the low-energy segment of the electron energy distri-
bution to be lower, when oxygen or/and nitrogen (i.e. atmospheric
gases from ambient air) is mixed with argon. Therefore, the ratio
of Ar811/Ar750 is lower in a gas mixture than in pure Ar gas.
Due to the slope and the direction of the slope of the two curves
(Fig. 8), it is possible the maximum has not been reached, and the
observed curves are indicating a low-energy tail of the EEDF.
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Fig. 9. Water contact angle measurements of plasma treated PET substrates and emission intensities of 0777 as a function of power after 1, 2 and 3 treatment passes at

position 0 cm.

It was attempted to correlate the WCA measurements obtained
on the treated PET substrates as detailed earlier with changes
in peak intensities obtained from the OES measurements. From
this study it was concluded that the improved surface properties
observed on the plasma treated PET substrates could in particular
be attributed to the atomic oxygen-based species, rather than
the Ar, N, or OH species. This conclusion was drawn from the
observation in the OES spectra that the intensities of these latter
species were found to be relatively insensitive to the change in
power over the 0-150 W range studies. In contrast in the case
of atomic oxygen there was a significant increase in the emission
intensity with increasing power (Fig. 9). In this latter figure the
intensities of 0777 was normalised using the maximum intensities
of 1,200,000 counts.

The relationship between the decreasing WCA values of the
treated PET substrate are and the increase in oxygen species in-
tensities is demonstrated in Fig. 9. A similar spectral emission was
observed for 0845, however the intensities for 0777 was 6 times
greater than those observed at 0845 (because of the spectrometer
quantum efficiency). As a result, it can be concluded that 0777 and
0845 have a similar spectral response. Both oxygen species can
be formed by the direct excitation from the ground state. There
is, however another possible channel for the formation of 0777,
which is molecular dissociation [31]. 0845 cannot be formed by
this route however [32], and based on both species having similar
spectral “fingerprint”, it is evident that molecular dissociation of
oxygen did not play a role in the creation of the 0777 emission.
The correlation between the WCA and the OES data indicate the
significant role of the oxygen species in the discharge influencing
the surface properties of the PET, which results the increase of
the SE and polar contributions of the plasma treated substrates.
This result is supported by the conclusion obtained by other
authors For example, a study by Huang et al. [33] investigated
the atmospheric argon plasma treatments on static PET substrates
using a cyclonic atmospheric pressure plasma jet source. It was
concluded by use of OES that the interaction of the oxygen species
was important for enhancing polymer surface properties.

7. Conclusion

The focus of this study has been to evaluate the performance
of the linear rf atmospheric pressure Plamax source for the reel-

to-reel activation of PET webs. The suitability of this source for the
plasma treatment of polymers was demonstrated using the ther-
mal imaging measurements. These demonstrated that during treat-
ment the maximum temperature of 33°C at was achieved after 5
min treatment at 150 W. The temperature was found to be homo-
geneous across the treatment area. It was also demonstrated based
on both WCA and SE measurements that the level of polymer ac-
tivation was homogeneous across its 15 cm length. As anticipated
higher levels of activation were observed when higher source input
powers (up to 200 W), 3 treatment passes and a small working
distance (2 mm) were used. OES was used to identify active species
in the discharge and it was attempted to correlate if specific active
species were more associated with changes in PET wettability. It
was concluded that the changes in intensity of the atomic oxygen
lines (particular 0777 and 0845), were found to correlate more
strongly with higher levels of polymer activation. The intensities
of the OES lines for Ar, N, and OH in contrast were found to be
less sensitive to changes in plasma processing conditions.

This study demonstrates the effectiveness of the Plamax reel-to-
reel source for the homogeneous activation of polymer substrates.
If continuous web processing was carried out under the conditions
used in this study then up to 54 m/ h would be treated. The cor-
relation between surface activation and oxygen line OES spectral
emission indicates its potential as a real time process diagnostic.
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