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Abstract. Cold atmospheric pressure plasma technology has a variety of applications in different fields including
material science and biomedical science. It has been using for surface modification and material processing in
material science and used to improve the wettability, adhesion and biocompability of polymeric surfaces without
altering the entire bulk properties. This paper outlines the characterization of cold atmospheric pressure plasma
jet, which was generated in a high frequency (20 kHz) and high voltage (3.5 kV) power supply, as well as its
application in the surface modification of high-density polyethylene. Electrical and optical characteristics are used
to estimate the electron density of the plasma. The effect of plasma on the surface properties of the material are
analyzed by calculating contact angle, surface energy measurements and analyzing scanning electron microscopy
images. Adhesive bonding strength and numerous other attributes have increased, however surface treatment is
the process of cleaning, etching, functionalizing, and chemically treating substrates to improve roughness and
adhesive properties on the surface. Cold plasma can induce a soft roughening on the surface through ion
bombardment with polar functional groups resulting in the decrease in water contact angle.
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INTRODUCTION

Over the years, a large number of techniques have been
developed to study different aspects of the physics and
chemistry of surfaces; however, a few have been found
many applications such as material processing,
biomedical material processing and thin film deposition
in basic surface science and applied surface analysis [1].
Atmospheric-pressure plasmas are highly used in
materials processing with compared to traditional
sources like plasma torches, corona discharges etc. Cold
atmospheric pressure plasma jet (CAPPJ) is a gamma
mode resonant cavity plasma discharge, which can
execute at atmospheric pressure and temperature close

to room temperature. Beside the conventional sources
of plasma production like transferred arcs, plasma
torches, and corona discharge, the CAPPJ produces a
gas phase and shows distinct non-thermal
characteristics. It is relatively safety for operation than
other plasma producing conventional devices. Plasma
consists of ions, free electrons, free radicals, excited
species, neutrals and photons showing collective
behaviors [2, 3]. These plasma species are responsible
for surface modification by adding or etching functional
groups on the substrate. Plasma treatment of polymer
has been considered as the best way of surface
modification technique because it is dry, environmental
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friendly, simple to operate, and can be done at low
temperatures [4].
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FIGURE 1: (a) Diagrammatic representation of the
experimental setup and (b) Photograph of the discharge[13]

Polymers are generally macromolecules formed by
repeated linkage of large number of small molecules
[5]. Polymeric materials have been utilized to replace
traditional engineering materials because of their high
strength-to-weight  ratio, outstanding corrosion
resistance, recycling potential, exceptional fracture
resistance, superb transparency, minimal flammability,
and low price [6, 7]. They have been used for the variety
of applications in many technological fields. Because
polymers are hydrophobic and have low surface energy
materials, they do not cling well to other materials. It is
important to raise the surface free energy without
altering the bulk properties of the polymer [8, 9]. The
use of an atmospheric pressure plasma jet to treat
polymers has grown in popularity in recent years [10].

Surface modification by plasma jet is responsible for
modifying the surface morphology without changing
the inherent properties by introducing adhesion of polar
functional groups on the polymer surface [11, 12]. The
main objective of this research is that the majority of
prior experiment used RF power source which is more
costly compared than the one utilized in this study. As
aresult, a low-cost device made to produce cold plasma
jet at atmospheric pressure having potential
applications in material processing has been created.
Using same device, plasma treatment to high density
polyethylene (HDPE) samples and their surface
properties have been reported. High density
polyethylene is highly used polymer in industries,
medicine, and biomedical applications because of its
mechanical characteristics, flexibility, and chemical
durability. However, due to its low surface energy and
absence of functional groups, HDPE has a partly
hydrophobic surface, resulting in limited adhesion and
chemical reactivity [12, 13].

MATERIALS AND METHODS

The experimental setup and photograph of the discharge
are shown in figure 1. The experimental set up consists
of capacitive coupled electrode system made of from
copper foil wrapped around a borosilicate glass tube of
outer diameter 4 mm and inner diameter 3 mm. The
electrode is connected to high voltage power supply at
working voltage 3.5 kV. The distance between two
electrodes is maintained at 5 cm and the distance
between the tip of the nozzle and lower electrode is kept
0.3 cm. Argon gas of flow rate 3 L/min and ac power
supply (3.5 kV, 20 kHz) were maintained during the
experiment. Current probe, PINTEX HVP-28HF and
oscilloscope TEKTRONIX TDS2002 are used for the
measurement  of  electrical  signals.  Optical
characterization of the discharge is analyzed with the
help of optical emission spectrometer (USB 2000+,
Ocean Optics). Application of plasma jet for the
treatment of high density polyethylene (HDPE) samples
are studied by varying treatment time. We have chosen
HDPE samples to study surface properties after plasma
treatment. In this work, the contact angles are measured
at four different points of the samples. The average
value of the contact angle is used for the determination
of surface energy. Zeiss Field-emission scanning
electron microscope (SEM) is used to examine the
surface morphology of polymer surfaces.
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RESULTS AND DISCUSSION

Electrical characterization of CAPPJ

Power balance method is commonly used for the
determination of electron density in glow mode of the
discharge. As the glow mode, discharge is uniformly
distributed over the electrode area. This method is based
on the conservation of energy that is energy lost by
plasma components is equal to energy gained by plasma
from applied power source. Estimation of electron
density is done by power balance method. Here, power
consumption per cycle of discharge can be written as

P =2A4Any E

lost*

Where, 2A4n eVbE

Jos; TEPTESENtS the total power of the

discharge, A be the area of the electrode and V; being
the Bohm velocity. Hence,
formulated as

P

ayv

n,=——-<——
2Av, E

lost

Electron density is

(1

This equation can be used to determine the electron
density in glow mode of discharge [14].

Figure 2 shows the current and voltage waveform of the
discharge. Using the values of applied voltage and
average discharge current, the electron density is
determined using the above equation. Using the value

of Bohm velocity, V; =2x10° m/sec [15] (almost

constant in case of argon discharge) energy lost, Eios=
50 eV and electrode area A= 12.56x10"° m?, the electron
density (n.) was found to be 1.74x10" cm>.
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FIGURE 2. Current voltage graph at argon flow rate(Q) =3
L/min at an applied voltage of 3.5 kV

Optical characterization of CAPPJ

The emission spectra of the discharge are also used to
determine electron density (n e) , using Stark

broadening method [16, 17]. In this method, argon line
0f 697.299 nm is chosen from figure 3.
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FIGURE 3. Spectra of the discharge at frequency 20 kHz
and an applied voltage of 3.5 kV(Q=3 L/min)

The electron density is related to FWHM according to
the relation represented by equation (2).

Ad,,, =2x10""n " @)

By deconvolution of Ar I line (697.299 nm) and made
Lorenzian fitting, the value of A}’Sz . 18 found to be

1.461 nm. Substituting the value of Aﬂ’Szark in

equation (2), the corresponding electron density is
found to be of the order of 10'® cm™.

Surface modification of high density
polyethylene (HDPE)

Contact angle and surface energy measurements

Contact angle is the angle made by tangent line at the
contact point of liquid on the solid surface. The effect
of cold plasma jet treatment was assessed by comparing
the contact angle of the untreated and treated samples
of different polymers with doubly distilled water.
Sessile drops of volume 4l were made using a standard
micro-syringe. The contact angle of drops with the
surface of the polymer sheet was measured using a
"Rame-Hart" contact angle goniometer model 200. This
unit is equipped with standard software (drop image
software) to analyze the drop image for the calculation
of surface energy. For the smooth and homogeneous
surface, at equilibrium condition, the contact angle and
surface energy were measured using the Young's
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equation and Owens Wendt Kaeble methods
respectively [18, 19].
cos@ = Yo = Ve 3)

ylv
Where, ¥, is the surface free energy of the solid

substrate }/Sl is the interfacial tension between the solid

and the liquid and ) is the surface tension of the
liquid.

For two liquids 7 and J,

1

reeose) =2(sir! f +2(r1. )
“

1 1
7, (+cos8) =2(y7! P +2(r)r! )2
(5)

By solving equations (4) and (5) with known values of
surface tension and its polar and dispersion components
of the test liquids, components of surface energy of the
solid, can be calculated. The sum of these two quantities
gives the total surface energy of the solid.

Figure 4(a) shows the change in contact angle of HDPE
samples with treatment time. The influence of this
parameter on the hydrophilicity was investigated, using
a "Rame-Hart" contact angle goniometer. Initially,
contact angle of the untreated HDPE for water and
glycerol were 94° and 83.5° but after plasma treatment
contact angles were effectively reduced to 53° and 52.5°
and almost saturated after 20 second treatment time.
The reduction in contact angle might be due to increase
roughness on the surface by sputtering phenomenon.

Figure 4(b) depicts the variation of surface energy along
with polar and dispersion components with treatment
time on the surface of HDPE. Initially, total surface
energy along with polar and dispersion components
(polar component about 8 mj/m? and dispersion
component about 17 mJ/m?) is 25 mJ/m2. CAPPJ
treatment after 15 seconds, surface energy was
effectively increased(polar component to 40 mJ/m?and
dispersion component almost constant about 17.5 mJ/
m?) to 57.5 mJ/m? and almost saturated up to 120
seconds treatment time. The polar component shows a
similar tendency to the total surface energy, which is
mostly owing to the inclusion of polar functional groups
on the treated HDPE surface. The dispersion

component initially decreases and become constant [19,
20].
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FIGURE 4: Variation of (a) contact angle of water and
glycerol and (b) total surface energy along with polar and
dispersion components on the surface of HDPE with
treatment time (20 kHz, 3.5 kV and 3 L/min)

SEM analysis

Figure 5 shows the SEM morphology of (a) control and
(b) plasma treated samples of HDPE at 60 seconds. The
change in surface roughness of the sample after
treatment was studied by scanning electron microscopy
(SEM). SEM images of the control and treated samples
clearly demonstrate that the plasma treatment
significantly increases the surface roughness.

The scanned image demonstrates that there is
significantly change in surface morphology after
treatment. Thus, comparing both SEM images of
untreated and treated samples it can be concluded that
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the plasma treatment plays vital role to increase the
roughness of the HDPE surface. The main cause of the
increase in roughness is due to the etching and
removable of top monolayer of the polymer surface by
CAPP]J treatment [21, 22].

FIGURE 5. SEM image of (a) control and (b) plasma
jet treated samples of HDPE

CONCLUSIONS

Cold atmospheric pressure argon plasma jet has been
produced and characterized by optical and electrical
methods. Electron density (n.) was found to be of the
order of 10" cm™ and 10'® cm™ using power balance
and stark broadening methods respectively. The
discrepancy in the measurement of electron density via
electrical and optical methods required more study to
know the reason behind this, which can be considered
as future works. Treatment of high-density
polyethylene by cold plasma jet resulted in
enhancement on hydrophilicity. It is mainly due to
incorporation of the polar functional groups in the
polymer surface after plasma treatment. The
improvement of wettability of polymer samples
strongly depends on the treatment time and etching rate.
During the experiment, contact angle of polymer after
plasma jet treatment was found to be decreased
effectively, whereas corresponding surface energy was
increased. Scanning electron microscopy images of the
control and treated samples clearly demonstrate that the
plasma treatment significantly increases the surface
roughness.
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