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Abstract

Plasma treatment of polymers is-gaining more:and 'more popularity as a surface
modification technique, since it offers-numerous advantages over the conventional
chemical processes. Plasma surface treatment is an-environmentally benign, fast and
versatile technology. Modification of the surface properties of polypropylene (PP)
films is studied using oxygen and nitrogen dielectric barrier discharge at atmospheric
pressure. The discharge was generated between two planar metal electrodes, with the
both electrodes covered by quartz and the polymer sample was placed post-discharge
region. The surface properties of both treated and untreated polymers were
characterized by contact angle measurement. With the change treating distance for
N,+O, plasma, the water contact angle changes from 103° before treatment to a

minimum of 26° when Z is 6mm. After long-term aging time in ambient air, the much



lowered surface contact angle of processed PP film is found to in part recover but still

lower than the untreated material. Through AFM analysis, we also observed the

change of surface morphology and roughness before and after plasma treatment. In

addition, the effects of plasma treatment on the surface chemical characteristics of the

PP films were observed by using X-ray photoelectron spectroscopy (XPS). As the

result of analysis, we observed that polar functional groups, such as —CO, —C=0,

and —COO were introduced on the PP film surface after atmospheric pressure plasma

treatment. The results show that such.a;plasma treatment is effective.
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Chapter 1 Introduction

1.1 Motivation

Formerly, industrial plasma processes (for example, thin film depositon, surface
modifications, etc. [Berry R.W. and Hall P.M., 1968; Strobel M., et al. 1994])
vacuum systems had generally been used to keep the plasma stable. This plasma is
called non-equilibrium plasma, or cold plasma, because of the differences between the
electron and gas temperatures in'the plasma. All'of the above-mentioned technologies
are low-pressure processes-and therefore:the:vacuum system is particularly important.
Several applications require the atmospheric or continuous in-line processing, which
further restrains the wuse. of ‘low pressure discharges in these areas.
Atmospheric-pressure  plasmas overcome these inherited disadvantages of
low-pressure plasmas. Therefore, a plasma process that does not require vacuum
systems can reduce costs and more efficient.

PP film is a very versatile polymer material to be used in many industrial fields,
such as the protective film of other films, food packaging, etc. PP film is widely used
in forms of complex and blend with other polymers because of its light and good
mechanical properties and low processing costs [Cho D.L., et al. 2001;

Poncin-Epailard F., et al. 1994]. In spite of having many good merits, however, PP
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film has hydrophobic characteristics because a basic repeating unit is only
hydrocarbon. In general, a hydrophobic film has poor wettability, adhesion, and
printability [Zeniewicz M. and Adhes J., 2001]. Especially when it binds with a polar
polymer, the problems like poor adhesion and easy detachment occur because the
difference of surface free energy in the interface between two polymers is quite large.
Many studies have been done to overcome these problems through plasma treatment
[Tanaka K., et al. 2001]. One of those studies is a process using atmospheric pressure

plasma [Kwon OJ., et al, 2005].

1.2 Background

1.2.1 Introduction to DBD

Dielectric-barrier discharges, or simply barrier discharges, have been known for
more than a century. First experimental investigations were reported [Siemens W.,
1857], see figurel.l.

Dielectric barrier discharges, also referred to as barrier discharges (BD) or silent
discharges are plasmas far from equilibrium [Eliasson B. and Kogelschatz U., 1997;
Samoilovich V., et al, 1997]. Besides the ozone synthesis, the scope of their

applications covers incoherent ultraviolet (UV) or vacuum ultraviolet (VUV) excimer



radiation in excimer lamps [Boyd I. W., and Zhang J. Y., 1997], surface treatment

(modification, cleaning, etching) [Wagner HE., et al. 2003] and layer deposition

[Goossens O., et al.2001]. The treatment of surfaces has already a long tradition. This

technique, misleading called as ‘‘corona treatment,”’ is used, e.g. to promote the

wettability, printability and adhesion on polymer surfaces. The surface treatment of

dielectric as well as of conducting materials is possible.

Atmospheric pressure plasmas are subdivided into non-thermal and thermal ones.

The corresponding conditions are illustrated jin the Figure 1.3. Examples for plasma

sources important for numerous applications™ are "listed, too. The conditions of

non-thermal plasmas are mainly characterized by a relatively low temperature of the

neutral gas in contrast to a-significantly"higher-Kinetic temperature of the electrons.

The non-equilibrium between these main.components is permanently maintained by

applying DC or AC electric fields to the discharge electrodes. The gas temperature is

often near room temperature. Therefore, these plasmas are named low-temperature

non-equilibrium plasmas, too. In thermal plasmas, all species have an identical

temperature characterized by one Maxwellian velocity distribution function of

particles. Consequently, they are in the complete (or at least local) thermal

equilibrium which can be reached only sufficiently far from solids in contact with

plasmas. This group includes, e.g. arcs and inductively coupled plasma torches.



Microwave plasma sources can provide both regimes, depending on the operation

conditions [Wagner HE., et al. 2003].

Typical planar DBD configurations are sketched in Figure 1.2. As a consequence

of the presence of at least one dielectric barrier these discharges require alternating

voltages for their operation. The dielectric, being an insulator, cannot pass a dc

current. Its dielectric constant and thickness, in combination with the time derivative

of the applied voltage, dU /dt, determine the amount of displacement current that

can be passed through the dielectric(s)s Tai transport current (other than capacitive) in

the discharge gap the electric field has tolbe high enough to cause breakdown in the

gas [Kogelschatz U., 2003].

1.2.2 Introduction to surface 'maodification

Plasma surface modification does not require the use of water and chemicals, so

it can be considered as an environmentally benign technology [Mukhopadhyay SM.,

et al. 2002]. In addition, it is a versatile technique, where a large variety of chemically

active functional groups can be incorporated onto the polymer surface [Borcia G. and

Anderson CA, 2004]. Moreover, plasma treatment only changes the uppermost atomic

layers of a material surface without modifying the bulk properties [Poll HU, et al

2001]. In this paper, PP films are modified in order to improve the wettability of the
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sample surfaces using N,/O,-DBD at atmosphere pressure. The surface modification
of PP using atmospheric-pressure dielectric barrier discharge has the following
advantages: (i). treatment in air at atmospheric pressure is possible;( ii). a large size
and large amount of film can be treated; (iii). the cost performance is excellent; (iv).

the life of the instrument is long; and (v). short time modification is possible.

1.3 Literature Review

1.3.1 Applications of the/APPJ

Since we are interested 'in studying the”APPJ to generate oxygen and nitrogen
related radicals, we only.review the applications in these two directions in the
following. Oxygen plasmas have .numerous-applications including etching, cleaning,
sterilization, surface modification and thin film deposition, to name a few [Schutze A.,
et al. 1998]. Nitrogen plasmas can be used to improve the hardness, errosion
resistance and fatigue life, to treat organic polymers to increase wettability and
promote adhesion [Moravej M., et al, 2006]. These applications all require large
amount of oxygen or nitrogen atoms at the location of processing.

In Taiwan, relatively few researchers are working on APPJ related problems.

Some very few examples include Prof. Kou at Department of Physics of NTHU



[Wang S.P., 2005], Prof. Hung at Department of Chemical Engineering of NCKU [HO
C.C., 2003], and Mechanical System Laboratory of ITRI [Liu C.H., et al, 2006]. But
basically all the three groups are mainly working on application-oriented typies, none

has studied the fundamentals of the APPJ in depth.

1.3.2 Types of APPJ

At present in the APPJ research, mainly studies the direction for to discuss the
electrode structure, the discharge gas andithe power supply. These three parameters
are the key to produce the plasma in atmospheric pressure with big area and uniform.

In 1933, it found to-glow discharge in:low pressure®to atmospheric pressure by
hydrogen [Von Engle A.. et al; 1933]71n-1988, Kanazawa was set up APGD
(Atmospheric Pressure Glow Discharge) for-the first time, but it had to satisfy three
conditions: (i) the frequency is more than 1KHz ; (ii) metal electrodes must be
between the insulation medium ; (iii) Helium was the working gas [Kanazawa S.,
1988]. In 1993 and 1997, Okazakia [Okazaki S., et al. 1993] and Roth [Roth J. R., et
al. 1993] [TSAI P. P, et al. 1997] used specific forms of electrodes to establish the
APGD by air and the other gases which will modify the surface properties.

In 1998, transient gas discharges at atmospheric pressure in particular barrier

discharges are a powerful tool to modify the surface properties of polymer materials.



The handling of reactive gas mixtures at atmospheric pressure in systems suitable for
the corona treatment of moving foils with velocities up to 60 m/min has been
demonstrated successfully [Meiners S., et al. 1998]. In 2005, the argon gas is fed into
the inner-grounded electrode, the outer electrode is connected to the high-voltage
power supply and covered with a layer of dielectric, and then a stable cold plasma jet

is formed and blown out into air [Cheng C., et al. 2006].

1.3.3 Surface modification of ‘polymer

The nitrogen discharge can significantly-increase the wettability of the PP film: the
water contact angle can ‘be decreased:from 90.8- to 56.5-. Moreover, the results
obtained underline the high efficiency of the present:DBD set-up for the modification,
since the surface is already saturated after a treatment time as short as 3 s [Morent R.,
et al. 2008]. In addition, through XPS analysis, it qualitatively and quantitatively
confirmed that the polar functional groups, such as —CO, —C=0, and —COO were
introduced on the PP film surface after an atmospheric pressure plasma treatment and
the percent of oxygen containing groups increased from 2.998% to 9.039%. It is
considered because the polar groups are mainly formed from the abstraction of
hydrogen in secondary carbon atom, and the formation and disappearance rate of

polar groups become equilibrated [Kwon OJ., et al. 2005]. In 2008, modification of
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the surface properties of polymer films is using air and nitrogen dielectric barrier
discharge plasma at atmospheric pressure. It is shown that air plasma can dramatically
improve the wettability of PE surfaces, but it put into the discharge system [Wang K.,
et al. 2008] [BORCIA G., 2005]. The decomposition of the C 1s peak shows that for
PET C=0/N-C=0 bonds appear and the C—O/C—N bonds proportion increases by N,
treatment. For exposure time t = 3s the C=0/N-C=0 bonds proportion is greater than
for t = 1 s; for PP the oxygenated bonds proportion increases, this increase being

stronger for t = 3s [Akishev Yu., et al, 2008].

1.3.4 Surface modification of ITO (indium tin oxide) glass

It was found that ultrasmall additions of O, (ca. 0.03%) to N, in a
nonequilibrium atmospheric-pressure pulsed plasma achieved a dramatically high
surface hydrophilic efficiency for a glass substrate, due to the removal of organic
contaminants. The key reactions for surface hydrophilicity are carbon bond scission
due to ultraviolet emissions from NO, and the subsequent oxidation by O(3P) after
bond breakage in broad areas [Iwasaki M., et al. 2008]. Ozone has a strong absorption
band in the UV region, which leads to the generation of oxygen radicals, O(3P) and

O(1D), through the photo dissociation of O3 [lwasaki M., et al. 2007].



1.4 Objectives and Organization of the Thesis

Atmospheric Pressure Plasma Jet has found numerous applications in industry
as reviewed earlier. For previous studies, the testing sample will be placed in the glow
region. The specific objectives of the thesis can be summarized as follows:

1. To modify the surface of polymer using plasma with various kinds of gases and

different from the vertical direction dielectric barrier discharge at atmospheric

pressure in post-discharge region.

2. To measure the surface properties after treatment using XPS, AFM and the
contact angle measurement.

3. To summarize the results and propose optimized operation conditions for surface

treatment.



Chapter 2 Experimental Methods

The experiment system (Figure 2.1) includes five parts, AC/DC pulse power
supply, matching and lines, gas feeding system, cooling system and experimental

instrumentation.

2.1 Experimental Facility: Planar DBD Atmospheric-Pressure

Plasma Jet System

The experimental faeility,.including electrode assembly, AC/DC pulse power
supply, gas feeding system, cooling system, test chamber [Chiang M.H. et al.,

2008-2009].

2.1.1 Electrode assembly

A schematic diagram of the plasma configuration can be seen in Figure 2.2. This
APPJ consists of two parallel copper electrodes (50 x 50 x 8 mm each) with
embedded cooling water. Each of the electrodes is covered with a quartz plate in the
size of 70 x 70 x 1 mm. Distance between the two dielectric plates (quartz) are

keeping as 1 mm throughout the study, unless otherwise specified.
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2.1.2 DC quasi pulsed power supply

The DC quasi pulsed power is provided by EN Technologies Inc. (model Genius
2, Figure 2.3, 2-4). The frequency is 20 to 60 KHz, output peak voltage is 15 kV and
output average power is 2 kW. Plasma density is divided into three types which are

small, meddle and large. Different types of definition are described in Figure 2.5.

2.1.3 Gas feeding system

The nitrogen and oxygen gas (1/4 in the Teflon tube) connects the flow meter
from the high-purity high-pressured steel'cylinder after the pipeline. Different gases
are controlled by the flow meter. The flow.-meter has three types, all is the float-type
flow meter. The scope is situated between 0-50 slm (standard liters per minute),

control main gas like N, O (Figure 2.6).

2.1.4 Cooling system

Transports by the ice water machine of refrigeration cycle system transportation
after the laboratory circulation pipeline cooling water to the APPJ chamber, cooled the

plasma hitting the chamber high fever and the power loss produces. The temperature
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of cooling water maintained at 20°C (Figure 2.7, 2.8 cooling tubes to the chamber and

water chiller).

2.1.5 Test chamber

The testing section of Atmospheric Pressure Plasma Jet is in plasma post-glow
region. Uniform plasma is generated from the gap of the electrode and ground

electrode.

2.2 Experimental Instrumentation

The experimental instrumentation,including electrical measurements,
thermocouple for temperature measurements, OES for radical concentration
measurements, contact angle measurement system, AFM (Atomic Force

Microscope), XPS (X-ray photoelectron spectroscopy).

2.2.1 Electrical measurements

At atmospheric pressure the most common electrical diagnostic consists of the

measurement of the voltage applied to the electrodes and the resultant discharge
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current. It is also common to use a capacitor connected in series to ground; the voltage
across the series capacitor is then proportional to the charge stored on the electrodes.
This paper measurement method is widely wused for obtaining the
voltage-versus-charge plots, which form Lissajous figures on a suitable oscilloscope
All the above-mentioned parameters were recorded for the present DBD reactor
with a Rogowski coil (IPC CM-100-MG, lon Physics Corporation Inc.) and a
high-voltage probe (Tektronix P6015A), respectively, through a digital oscilloscope
(Tektronix TDS1012B). For the measurement:of Lissajous figure (Q-V characteristics)
of the discharge, a capacitor with capacitance. Cn=.6.8nF and a voltage probe

(Tektronix P2220) are used:.

2.2.2 TC for temperature measurements

The temperature recorder use K type thermocouple to measure temperature

change with gas discharge, the measure range from -20 °C to +400 °C.

2.2.3 OES for radical concentration measurements

The optical emission spectral intensity of the APPJ is measured using a

monochromator (Pl Acton SP 2500) with a Photomultiplier tube (Hamamatsu R928).
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in figure 2.11. In the plasma system, the collision between the particles will have
many electrics, some exciting electrics domain will be inspired to a higher energy
state, and the excited state of the particles because of instability, will be by the
so-called de-excitation or relaxation process back to the original or other than a
lower-orbit excited state domain, and the way to release energy luminous, so we can
see from the plasma of different wavelengths of light, because the composition of
each particle is different, so the release of the light spectrum are not the same
wavelength, so we can be in the cape jbysplasma spectrometry by the wavelength
spectrum to determine what plasma may contain active particles, but also by the
relative strength line changes in spectrometry, the plasma-particles in the know about

changes in the number of cases.

2.2.4 Contact angle measurement system

The contact angles before and after plasma treatments are obtained using a
commercial KRUSS Easy Drop optical system (KRUSS GmbH-Germany) in figure
2.12. This system is equipped with a software operated high-precision liquid
dispenser to precisely control the drop size of the used liquid. The drop image is then
stored, via a monochrome interline CCD video camera, using PC-based acquisition

and data processing. Using the computer software provided with the instrument,
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measurement of the static contact angles is fully automated. In this work, distilled
water drops of 2 ul are used as test liquid. The values of the static contact angle, are
obtained using Laplace- Young curve fitting based on the imaged sessile water drop
profile and are the average of 10 values measured over an extended area of the treated

samples.

2.2.5 Atomic force microscope (AFM)

The AFM image are obtained in V.eeco.Dimension 5000 Scanning Probe
Microscope (D5000) in“figure 2.13 whieh consists of a microscale cantilever
with a sharp tip (probe) at-its end:that-is-used.io.scan the specimen surface. The
cantilever is typically silicon or silicon nitride with a'tip radius of curvature on the
order of nanometers. When the tip is brought into proximity of a sample surface,
forces between the tip and the sample lead to a deflection of the cantilever according
to Hook's law. Depending on the situation, forces that are measured in AFM include
mechanical contact force, Van der Waals forces, capillary forces, chemical bonding,

electrostatic forces etc.

If the tip were scanned at a constant height, there would be a risk that the tip

would collide with the surface, causing damage. Hence, in most cases a feedback
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mechanism is employed to adjust the tip-to-sample distance to maintain a constant

force between the tip and the sample (Figure 2.14).

2.2.6 X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron spectroscopy (XPS) is a dedicated surface characterization
spectroscopy. It reveals which chemical elements are present at the surface, for example
carbon and oxygen; it informs us about the chemical bound nature which exists
between these elements. An .appropriate data processing leads to the specimen
elemental composition.

The specimen is then introduced in the first chamber (sample preparation
chamber). This chamber is then pumped by high vacuum pumps (also called secondary
vacuum pumps) down to a vacuum below 10 mbar. When the proper vacuum has been
achieved, the specimen is transferred into the analysis chamber and the XPS
experiment may begin. The analysis chamber vacuum ranges from 10°® mbar to 10
mbar. The next illustration shows a schematic drawing of the XPS spectrum acquisition

principle. For clarity, the drawing scale has been changed (Figure 2.15).
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2.2.7 Ozone analyzer

The detection of ozone molecules is based on absorption of 254nm UV light
due to an internal electronic resonance of the O3 molecule. The Model 450 (figure
2.16) uses a mercury lamp constructed so that a large majority of the light emitted is
at the 254nm wavelength. Light from the lamp shines down a hollow quartz tube that
is alternately filled with sample gas, then filled with gas scrubbed gas to that of the
sample form a ratio 1I/l,. This ratio forms the basis for the calculation of the ozone

concentration.

2.2.8 Multi gas moniter

The VRAE is a programmable multi'gas monitor designed to provide continuous
exposure monitoring of toxic gases, oxygen-and combustible gases for workers in
hazardous environments. Two models of VRAE are available: PGM-7800 and
PGM-7840. The PGM-7840 has one more inorganic toxic sensor in lieu of oxygen
sensor in the PGM-7800.

The VRAE monitor detects inorganic toxic gases and oxygen concentration with
the electrochemical sensors. It also monitors combustible gases with a catalytic bead

sensor and a broad range of gases with a thermal conductivity detector.
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2.3 Experiment Methods and Test Conditions

The in-house designed and built DBD system in figure 2.2. The discharge is
generated between the electrodes using a pulsed high-voltage supply (peak-to-peak
values in the 10-20 kV range) with a frequency of 60 kHz. During the treatments, the
gap was adjusted to 1 mm. The samples to be treated are placed on the post-discharge.

The working gas, here pure nitrogen and oxygen (purity 99.99%, C.F. Ltd,
Taiwan), is flowed into the gap through a teflon tube, 1/4 inch in diameter. During
experiments the nitrogen and oxygen flow rate was fixed at 50 slm throughout. The
polymer sample (polypropylene film) was 'a“0:31mm thick film purchased from

NanYa.
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Chapter 3 Results and Discussion

3.1 Electrical Characterization of the DBD

Figure 3.1 and figure 3.2 show the typical measured quasi-pulsed (60 kHz) input
voltage to the electrodes and current waveforms produced in the DBD using N, and
N>+0.1%0, of 50 sIm and having 500 W of power output from the power supply. In
practice, the electrical property for the nitrogen discharge is not very different from
that for N,+0.1%0,. Filament current increases rapidly as the voltage rises rapidly
and decreases rapidly as veltage [increases to some level. The rapid decrease of the
current is mainly due to the charge acecumulation on the dielectric surface. The
filament current oscillates ‘between_positive-and negative values at lower voltage
mainly because of the displacement current: (large rate of change of voltage).
Measured peak current for N is approximately 0.4 A for 25 cm? of discharge area,
which is equivalent to ~0.016 A/cm? in current density and the N,+0.1%0; is
approximately 0.5 A for 25 cm? of discharge area, which is equivalent to ~0.02 A/cm?
in current density.

Figure 3.3 and figure 3.4 show the typical electrical properties for N, and N,+0.1% O,
discharge. The large symbol is represented by breakdown point. Figure 3.5 and Figure

3.6 shows the typical Lissajous figure obtained for the same test conditions as in
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Figure 3.1 and Figure 3.2. The shape of the Q-V curve is a distorted version of the
standard parallelogram [Wagner, H.E., et al. 2003] observed in a DBD driven by a
sinusoidal AC power supply. When the voltage reaches the peak value (~ 8 kV), the
maximal effective capacitance (~400 nC) for the N, and N,+0.1%0, DBD across the
electrodes is obtained, which extinguishes the discharge (zero current), as observed in
Figure 3.1 and Figure 3.2. Corresponding plasma absorbed power is 175 W and
efficiency is about 35% in this case. As the voltage continues to decrease, the
effective capacitance begins to decreaseas expected. The electrical energy consumed
per voltage cycle E and the plasma_absorbed \power.P can be estimated by the
following relations [Wagner, H.E., et al. 2003]:

E= N/(t)dQ = area of (Q-V) diagram (1)

p- Tl E-fE )

where f is the frequency of AC-pulsed voltage.

3.2 Temperature Analysis of APPJ

This section is to explore for gas (Air) in plasma activation analysis of
temperature with or without stage. By changes the distance from the jet, through
the temperature of changes in the relative strength of the APPJ on qualitative

analysis, this experiment used by the measurement tools for thermocouple.

20



3.2.1 Air temperature distribution without stage

The temperature distribution without stage means free jet in flow field. The
figure 3.7 is represented by X and Z direction. Figure 3.8 and table 1 are two
dimensional temperature distributions of the APPJ. It is under conditions of air with
50slm (Power= 500W). The maximum value of temperature is 78°C which is
observed at X= 35mm but the temperature distribution of X axis is relatively uniform
with slightly clear edge effect. Also it can be seen the temperature has decreased with

the increase in Z-axis distance.

3.2.2 Air temperature distribution with stage

Table 2 shows air temperature distribution with stage which is the same
conditions above-mentioned. It can be seen more higher than temperature distribution
without stage. The increase of the temperature is mainly due to the heat accumulation
on the stage. Although the temperature is much higher, it is not over the limit of

material.
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3.3 Images and Spectral Analysis of APPJ

Figure 3.9 shows the typical image of post-discharge region for N2, N,+0.03%0,
and N»+0.1%0, discharges at the condition of 50 sIm and 500 W. For pure nitrogen
dischrage, the plume looks longer (~ 2.5 cm) with yellow to orange color, while it
becomes shorter (~ 1.5 cm) with green color with 0.03% of traced oxygen addition.
And it becomes shortest (~ 1 cm) with blue color with 0.1% of traced oxygen addition
finally. These color changes can be clearly explained from the OES measurement, as
typically shown in figure 3.10-3.22, which shows the.optical emission spectrum in the
range of 180-900nm for the post-discharge plasma.

UV emission along the channel exit (X-direction) is relatively uniform ether N,
or N,+0.1%0O, considering the experimental uncertainties of OES in figure 3.13.
Besides, UV emission (180-280nm) is greatly enhanced by adding only trace of O,
(0.1%) into the N, discharge (figure 3.14). However, further addition of O, (1.6%)
greatly reduces the UV emission, which is probably caused by the electro-negativity
of O, plasma. Underlying plasma chemistry should be studied using more detailed
measurement or simulation in the near future (figure 3.15, 3.17). In addition, visible
emission, especially in the range of 450-550nm, is greatly enhanced by adding trace
of Oy, which causes the yellow-orange plume to become blue as observed in figure

3.16.
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UV emission (200-300nm) decreases in the downstream direction as expected
(figure 3.18). And near-UV emission (300-400nm) also decreases further downstream

(figure 3.19).

3.4 Contact Angle Measurements

The change of wettability is usually characterized experimentally by the contact
angle 6, which is formed on the solid surface along the linear solid-liquid borderline
of air in figure 3.20. An increase of wettability or making a polymer more hydrophilic
leads to a decrease of the contact angle.

In this work, distilled water was used as the working liquid. The values of the
static contact angle shown here were the average of five measured values obtained
using Laplacian curve fitting based on the imaged sessile water drop profile, with the

drop sizes of 2 4l .

3.4.1 Contact angle measurements of stationary PP film

The changes of the contact angle are presented in figure 3.21-3.22 and table 3 &
4, respectively. It show the evolution of the contact angle data measured on the

polypropylene (PP) film treated in the DBD nitrogen based environment, for various
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working gases, as a function of the Z axis after treatment. In the same manner, after
fixing up other plasma treatment conditions except Z direction, the change of the
contact angle to plasma treatment distance was measured with increasing the distance
from 2 to 20 mm. The contact angle observed is found to 103° for the untreated
sample to the lowest value 23° found associated with 6 mm treated sample except
N,+1.6%0,. The contact angles measured over an extended area of the treated sample
show a dispersion of about £5°, which is within experimental error. It can be seen that
there is an optimal distance rather than; cleser. from the jet. Consequently, the surface
modification of PP film by atmospheric! pressure plasma is the most ideal at Z=

6~8mm.

3.4.2 Contact angle measurements ofimoving PP film

The changes of the contact angle are presented in figure 3.23 and table 5 & 6,
respectively. After fixing up other plasma treatment conditions except various
working gases, the change of the contact angle to plasma treatment gas was measured
with increasing the percent from 0.05% to 1.6% when stage velocity was 0.5cm/s in
table 5. The contact angle corresponding to treatment in N,+0.1%0, is evidently
small, indicating excellent adhesion properties. In the same manner, it measured

contact angle which 0.1% to 0.8% when stage velocity was 1cm/s to 8cm/s. Figure
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3.23 and table 6 shows the evolution of the contact angle data measured on the
polypropylene (PP) film treated in the DBD nitrogen based environment, for various
working gases, as a function of stage velocity after treatment. We observe that results
indicate contact angle corresponding to treatment in N,+0.1%0; is also evidently
small, due to hydrophilization, by incorporation of polar functional groups. After
increasing stage velocity that was 2cm/s, the contact angle obviously large than

velocity was 1cm/s.

3.4.3 Aging effect

The lower contact angle of the plasma-processed. PP film is then found to
partially recover following aging of the samples in the.air. At longer aging times, the
contact angle increases more slowly and finally reaches a plateau value. As can be
seen in figure 3.24, the increase in contact angle is the higher for the treated sample
with moving PP film case and the lower for the N,+0.1%0, plasma treated sample

after the one day of aging.

3.5 AFM analysis

The physical modifications occurring on the PP surfaces during plasma treatment
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can be detected using AFM. The conditions of nitrogen plasma treatment were fixed
at 500W and 50sIm. Only distance from jet was changed from 2 to 20mm.

As shown in table 7, at first, the surface of untreated is more roughly. Gradually,
it is seen that the RMS roughness decreases with plasma processing distance from

40.369nm for the untreated surface to 19.628nm for Z is 2mm treated surface.

3.6 XPS analysis

To analyze the change of.chemical compositions on the PP film surface and the
chemical binding state, XPS (ESCA PHI *1600; A1/Mg dual anode, 1486.6eV &
1253.6eV) was used. We compared untreated PP (a) with N,+0.1%O,-treated PP at
Z=6mm (b), as shown in Figure 3.25. The plasma treatment conditions of 5s, 500 W,
and 50sIm which showed the lowest value of the contact angle, were used for
preparing a sample (b).

In table 8 shows quantitative atomic percent concentration and ratio of untreated
and plasma treated sample. The obvious change between untreated and N,+0.1%0, at
Z= 6mm is that oxygen contents of 10.06% in the untreated PP film increased to
oxygen contents of 36.46% for plasma-treated PP film. Namely, after plasma
treatment, the percent ratio of O/C increased from 0.125% to 0.898%. From Table 7,

we can confirm that the polar functional groups containing oxygen are introduced on
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the PP film surface. In figure 3.25 presents the survey spectra of the untreated PP (a)
with N,+0.1%0,-treated PP at Z= 6mm (b). From figure 3.25, we can know that C1s

peak decreases a little while O1s peak relatively increases.

3.7 Oz and NO, measurement

Figure 3.26 shows the O3 concentration measured using ozone analyzer (Model
450) as a function of the flow rate ratio of O, to N, at different distance from jet. It
can be seen the highest concentrations of ozone when Z is 8mm. We also observed
that the Oz concentration closely—between “12mm ' to 20mm. Besides, the Os
concentration increased linearly with the increase in the O, and N, ratio except
N2+0.04%0; to N,+0.09%0s3. In this plasma, dense'Qz and contact angle degree are
present in the same region. Oz has a weak absorption band in the contact angle degree
(N2+0.04%0, to N,+0.09%0,). The region of contact angle degree is overlapped with
the absorption band of Os.

Figure 3.27 shows the NO, concentration measured using multi gas monitor as a
function of the flow rate ratio of O, to N at different distance from jet. We observed
that highest concentrations of NO, when Z is 8mm. It also can be seen NO,
concentration closely between 12mm to 20mm. But it was different from Os

concentration of various nitrogen based gases that the contact angle degree and Os
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concentration were dependent. The NO, concentration of various nitrogen based gases

was independent of contact angle degree.

3.8 Surface reaction mechanism for PP

PP is a saturated hydrocarbon polymer with a carbon backbone containing
hydrogen and methyl (—~CH3) groups arranged in an alternating fashion in figure 3.28.
The reactivities of the hydrogen groups in PP depend on the nature of the C atom to
which they are attached. There.dre three types of C atoms in any given monomer unit
of PP, primary C, to which-only one-C -atam is bhonded; secondary C, to which two C
atoms are bonded; and tertiary C, to which'three C atoms are bonded (see figure ). In
general, the reactivities of hydrogen bound to these 'C.atoms scale as: Hiert > Hsec >
Hpi [Dorai R. and Kushner M. J., 2003].

In Figure 3.29, the change which can occur on the PP film surface during plasma
treatment is simply presented by three steps. It is likely that PP film surface forms
cross-linked network structure or is oxidized by the mechanism, as shown in Figure
[Kwon OJ., et al. 2004].

At first step, because the stability by the electrondonating effect of the near alkyl
group is the highest in the tertiary carbon atom, the tertiary carbon radical is quickly

formed by the abstraction of the tertiary hydrogen. The quickly formed tertiary carbon
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radicals react with radicals in the near polymer chain. And then cross-linked network

structure is formed on the polymer surface [Kwon OJ., et al. 2004].

At the second step, after the hydrogen on the secondary carbon is abstracted by

plasma, oxygen containing functional groups, such as -C-OH, —-CO-OH, and —C=0

are introduced on the polymer surface. It is considered that surface oxidization by

plasma is mainly occurred at secondary carbon site in this step [Kwon OJ., et al.

2004].

At the third step, there are twao jpossible reactions. One is that the radical

generated by the abstraction: of tertiary! methyl group forms three dimensionally

cross-linked structures by-reacting with the near polymer=chain. The other is that the

process of surface oxidization proceeds alittle'more by the abstraction of hydrogen in

the methyl group [Kwon OJ., et al. 2004].
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Chapter 4 Conclusion and Future Work

4.1 Summary

In the study, a planar DBD APPJ driven by a quasi-pulsed power supply was
developed and characterized. The effects of a nitrogen and oxygen DBD treatment on
the surface of a PP film were examined, reported and discussed focusing on the
physical modifications induced on the surface. Results show that the best
hydrophilicity of stationary PP film'after plasma treatment can be obtained when Z is
6mm: the water contact angle can be decreased from 103- to 26-. Besides, the best
hydrophilicity of moving PP film after plasma treatment can be obtained with addition
of traced oxygen (0.1%) into the“nitrogen-discharge‘when Z is 2mm. Moreover, at
longer aging times, the contact angle increases more slowly and finally reaches a
plateau value.

Through XPS analysis, we qualitatively confirmed that the polar functional
groups, such as —CO, —C=0, and —COO were introduced on the PP film surface after
plasma treatment. As shown in the survey scan spectra of XPS, the percent of oxygen
containing group ratio increased from 0.125% to 0.898%. It is considered because the
polar groups are mainly formed from the abstraction of hydrogen in secondary carbon

atom, and the formation and disappearance rate of polar groups become equilibrated.
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Possible mechanism of surface modification is attributed to the enhanced UV

emission and ozone generation. Both contact angle and ozone concentration were

reported optimal value which at Z is 6-8mm (figure 3.31 and 3.33). From the

aforementioned, contact angle, UV emission (figure 3.30) and ozone concentration

were dependent. There were less intensity of UV emission and enough ozone

concentration that can lead hydrophilicity in stationary case. But the moving case is

different from stationary case, the intensity of UV emission played an important role

in the case, N,+0.1%0; especially.

4.2 Recommendation:of future work

First, it will measure more*nitrogen-based gas by using atomic force microscope

(AFM).

Second, it will confirm that whether NO concentration existence or not.

Finally, it compare with percentage of functional group by using XPS peak software.
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Table

Table 1 The temperature measurement of air without stage. Other discharge

parameters are: gas flow rate=50 slm, input power=500 W, gap=1 mm, and

power density= large.

T(C)
X=5mm | X=15mm | X=25mm | X=35mm | X =45mm
Z=2mm 70 75 78 78 77
Z=4mm 70 75 77 78 77
Z=6mm 68 73 77 77 75
Z=8mm 65 70 72 73 68
Z=10mm 58 62 63 65 63
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Table 2 The temperature measurement of air with stage. Other discharge

parameters are: gas flow rate=50 sIlm, input power=500 W, gap=1 mm, and

power density= large.

X =25mm
Z=24mm 91
Z=44mm 87
Z=6.4mm 83
Z=8.4mm 79
Z=10.4mm 73
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Table 3 Contact angles (°) of PP treated for various working gases and Z axis.

The columns show the contact angles obtained with various Z axis. The rows

show the contact angles for various working gases (con.). Other discharge

parameters are: gas flow rate=50 slm, input power=500 W, gap=1 mm, and

power density= large.

09%00.005 9]0.01 96]0.015 %0.02 %0.025 %]0.03 %6}0.035 %
Z=2mm | 35 32 30 48 49 47 52 60
Z=4mm | 41 42 40 53 50 51 53 70
Z=6mm | 23 37 25 47 49 65 60 54
Z=8mm | 27 25 22 50 28 44 50 44
Z=10mm| 28 32 30 61 82 59 61 47
Z=12mm| 33 52 72 86 84 83 87 73
Z=14mm| 72 91 88 94 90 94 98 94
Z=16mm| 87 88 91 98 94 100 96 97
Z=18mm| 88 93 93 96 94 101 96 96
Z=20mm| 95 96 95 99 96 102 96 99
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Table 4 Contact angles (°) of PP treated for various working gases and Z axis.

The columns show the contact angles obtained with various Z axis. The rows

show the contact angles for various working gases. Other discharge parameters

are: gas flow rate=50 sIlm, input power=500 W, gap=1 mm, and power density=

large.
0.04% | 0.045% | 0.05% |0.1%}0.2%|0.4%|0.8% | 1.6 %
Z=2mm 59 47 53 24 28 37 28 35
Z=4mm 71 60 78 25 26 34 26 40
Z =6 mm 51 47 48 26 26 30 28 55
Z =8 mm 40 36 53 28 25 31 32 80
Z=10mm 36 33 46 30 28 96 92 96
Z=12mm 71 84 91 78 93 95 95 103
Z =14 mm 91 91 89 92 103 100 98 103
Z =16 mm 93 93 92 93 103 | 101 98 103
Z =18 mm 94 95 94 95 103 103 98 103
Z=20mm 97 98 96 96 103 103 101 103
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Table 5 Contact angles (°) of PP treated for various working gases and V= 0.5

cm/s. Other discharge parameters are: gas flow rate=50 sIm, input power=500 W,

gap=1 mm, Z=2mm and power density= large.

Z=2mm
V=0.5cm/s
0.000% | 0.005% | 0.010% | 0.015% | 0.020% | 0.025% | 0.030% | 0.035%
75 74 73 72 70 77 77 76
0.040% | 0.045% | 0.050% | 0.100% | 0.200% | 0.400% | 0.800% | 1.600%
74 73 73 26 27 33 39 77
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Table 6 Contact angles (°) of PP treated for various working gases and stage

velocity. The columns show the contact angles obtained with various stage

velocity. The rows show the contact angles for various working gases. Other

discharge parameters are: gas flow rate=50 sIm, input power=500 W, gap=1 mm,

Z=2mm and power density= large.

Z=2mm
0.100% 0.200% 0.400% 0.800%
V=0.5cm/s 26 217 33 39
V=1cm/s 33 45 50 72
V=2cml/s 80 82 94 94
V=4cm/s 97, 91 101 98
V=8cml/s 100 97 103 103
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Table 7 RMS roughness of PP film with respect to treatment distance of
atmospheric pressure plasma. Other discharge parameters are: gas= nitrogen,
gas flow rate=50 sIm, input power=500 W, gap=1 mm, Z= 2mm and power

density= large.

RMS roughness (nm)
Untreated 40.369
Z=2mm 19.628
Z=6mm 17.836
Z=20mm 28.635

44



Table 8 Atomic percent concentration and ratio of untreated PP and atmospheric

pressure plasma treated PP. Other discharge parameters are: gas flow rate=50

sIm, input power=500 W, gap=1 mm, Z= 2mm and power density= large.

C (%) N (%) O (%) Si (%) o/C

untreated 80.37 0 10.06 9.57 0.125
untreated (alcohol) 71.16 0 13.92 14.92 0.196
Z=2mm/N, 45.65 0.39 32.49 21.47 0.712
Z=6mm/N; 48.58 0.17 35.05 16.2 0.721
Z=20mm/N; 56.39 0 23.31 20.31 0.413
Z=2mm/ N,+0.1% 40.9 2.16 33.89 24.05 0.829
Z=6mm/ N+0.1% 40.61 0 36.46 22.93 0.898
Z=20mm/ N,+0.1% | 52.48 0 24.87 22.65 0.474
V= 1cm/s, N, 52.6 0.4 27.97 19.03 0.532
V=1cm/s, N,+0.1% 49.19 0.28 29.39 21.13 0.597
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Figure 2.6 Gas feeding system
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Figure 2.7 Cooling system tube rom water chiller to the chamber
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Figure 2.8 Water chiller

54



Figure 2.10 The appearance of the electrode
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Figure 3.1 Typical current and voltage waveforms for N, discharge. Other

discharge parameters are: gas flow rate=50 sIm, input power=500 W, gap=1 mm,

and power density= large.
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Figure 3.2 Typical current and voltage waveforms for N,+0.1%60, discharge.

Other discharge parameters are: gas flow rate=50 slm, input power=500 W,

gap=1 mm, and power density= large.
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Figure 3.3 Typical electrical properties for N, discharge and the large symbol is

represented by breakdown point. Other discharge parameters are: gas flow

rate=50 slm, input power=500 W, gap=1 mm, and power density= large.
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Figure 3.4 Typical electrical properties for N,+0.1%0; discharge and the large

symbol is represented by breakdown point. Other discharge parameters are: gas

flow rate=50 slm, input power=500 W, gap=1 mm, and power density= large.
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Figure 3.5 Lissajous figure for a parallel-plate DBD APPJ in N, discharge driven

by a quasi-pulsed power supply (60 kHz). Other discharge parameters are: gas

flow rate=50 slm, input power=500 W, gap=1 mm, and power density= large.
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parameters are: gas flow rate=50 sIm, input power=500 W, gap=1 mm, and

power density= large.
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Figure 3.9 Images of plasma post-discharge region for

(@) N2 (b) N,+0.03% O, (c) N2+0.1% O,
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Figure 3.10 OES distribution in the range of 180-900nm for the N,
post-discharge plasma. Other discharge parameters are: gas flow rate=50 slm,

input power=500 W, gap=1 mm, and power density= large.
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Figure 3.11 OES distribution in the range of 180-900nm for the N,+0.1%
post-discharge plasma. Other discharge parameters are: gas flow rate=50 slm,

input power=500 W, gap=1 mm, and power density= large.
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Figure 3.12 OES distribution in the range of 180-900nm for the N,+1.6%
post-discharge plasma. Other discharge parameters are: gas flow rate=50 slm,

input power=500 W, gap=1 mm, and power density= large.
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Figure 3.13 UV emission along the channel exit (X-direction). Other discharge
parameters are: gas= nitrogen, gas flow rate=50 sIm, input power=500 W, gap=1

mm, and power density= large.
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Figure 3.14 OES distribution compare among N-based APPJ at 180-280 nm.
Other discharge parameters are: gas flow rate=50 slm, input power=500 W,

gap=1 mm, and power density= large.

74



2000000 ‘

n N, |
N,+0.1% O,
1600000 — | N416%0, —
| * Flow rate : 50 (sIm) |
Gap :1(mm)
— Dielectric : quartz (Imm)
5 1200000 —  |nput power : 500 (W) -
S Frequency : 60,(kHz)
= = |
‘©
c
2
= 800000 N2-337.3 ]
400000 |— N2 a6 —
N2315.9 N2 380.5
| ,a /\ ﬂw _
A ! |
280 310 340 370 400

Wavelength (nm)

Figure 3.15 OES distribution compare among N,-based APPJ at 280-400 nm.
Other discharge parameters are: gas flow rate=50 slm, input power=500 W,

gap=1 mm, and power density= large.
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Figure 3.16 OES distribution compare among N-based APPJ at 400-700 nm.
Other discharge parameters are: gas flow rate=50 slm, input power=500 W,

gap=1 mm, and power density= large.
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Figure 3.17 OES distribution compare among N-based APPJ at 700-900 nm.
Other discharge parameters are: gas flow rate=50 slm, input power=500 W,

gap=1 mm, and power density= large.
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Figure 3.18 Axial and various gas distributions of UV emission (a) pure N, (b)

N2+0.1%0; (¢) Z=4 mm
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Figure 3.19 Axial distribution of UV emission (a) pure N, (b) N»+0.1%60,
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Figure 3.20 Degree of contact angle measurement
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Figure 3.21 Contact angle of water on PP film versus selected working gas at

different distance of Z axis. Other discharge parameters are: gas flow rate=50

sIm, input power=500 W, gap=1 mm, and power density= large.
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Figure 3.22 Contact angle of water.on'PP film versus selected working gas at

different distance of Z axis (con.). Other discharge parameters are: gas flow

rate=50 slm, input power=500 W, gap=1 mm, and power density= large.
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Figure 3.23 Contact angle of water.on PP film versus:different stage velocity at
selected working gases. Other discharge parameters are: gas flow rate=50 sIm,

input power=500 W, gap=1 mm, Z= 2mm and power density= large.
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Figure 3.24 Contact angle of water on PP film versus various gas, Z-direction

and aging time were treated in the N,+O, DBD environment. Other discharge

parameters are: gas flow rate=50 sIm, input power=500 W, gap=1 mm, and

power density= large.
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Figure 3.25 XPS survey scan spectra of untreated PP (spectrum (a)) and
N2+0.1%0; treated PP at Z= 6mm (spectrum (b)).
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Figure 3.26 Concentration of O3 as a function of the O, /N, flow rate ratio (a) Z=

2mm-10mm (b) 12mm-20mm
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Figure 3.27 Concentration of NO, as a function of the O, /N, flow rate ratio (a)

Z=2mm-10mm (b) 12mm-20mm
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Figure 3.29 Functionalization and cross-linking mechanism on the PP film

surface with respect to plasma treatment [25].
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Figure 3.30 Axial and various gas distributions of UV (236nm) emission. (a) 2D

contour (b) 3D contour
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Figure 3.31 Axial and various gas distributions of contact angle measurement. (a)

2D contour (b) 3D contour
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Figure 3.32 Axial and various gas distributions of NO, concentration. (a) 2D

contour (b) 3D contour
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Figure 3.33 Axial and various gas distributions of O3 concentration. (a) 2D

contour (b) 3D contour
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