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Abstract

In an attempt to modify the hydrophobic surface properties of polypropylene (PP) films, this study examined the optimum process p
of atmospheric pressure plasma (APP) using Ar gas. Under optimized conditions, the effects of a mixed gas (Ar/O2) plasma treatment on th
surface-free energy of a PP film were investigated as a function of the O2 content. The polar contribution of the surface-free energy of the PP
increased with increasing O2 content in the gas mixture. However, slightly more oxygen-containing polar functional groups such as –CO,=O,
and –COO were introduced on the PP film surface by the Ar gas only rather than by the Ar/O2 gas mixture. In addition, AFM analysis showe
that the Ar plasma treatment of the PP film produced the smoothest surface as a result of the relatively homogeneous etching process
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Polypropylene (PP) film has many good properties suc
high transparency, light weight, thermal stability, chemical
sistance, ease of manufacture, and low cost[1,2]. A PP film has
a wide variety of uses on account of its many good proper
However, it has poor wettability, printability, and adhesion o
ing to its hydrophobic characteristics[3]. Many techniques suc
as corona discharges, ultraviolet irradiation, and electron b
bardment have been used to overcome these problems by
ifying the surface properties[4–7]. These techniques increa
the surface-free energy and wettability of a film surface by
corporating oxygen-containing polar functional groups onto
film surface. However, most of these techniques generate
levels of ozone because air is usually used as the gas me
Therefore, there are some environmental limitations hinde
the continuous use of these processes in the work place.

Recently, atmospheric pressure plasma (APP) has been
to generate the activated gas species[8]. APP with a radio fre-
quency (RF) of 13.56 MHz generates relatively less ozone
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a direct current discharge because ions in an RF discharge
interact with the time averaged RF field near the sheath. Un
other plasma equipment, APP can treat materials in air w
out the need for a vacuum system. In addition, various g
and gas mixtures can be used. In particular, inert gases su
Ar, He, etc., are mainly used to generate the plasma flame[9].
The electrical energy applied from the plasma reactor di
ciates the inert gas into electrons, free radicals, ions, pho
and metastable (excited) species. The free radicals and
trons created in the plasma collide with the material surf
and break the covalent bonds. At this stage, free radicals
ated on the material surface can then combine with the oxy
and moisture in the air to produce thermodynamically sta
functional groups on the surface. Moreover, since plasma
face treatment affects only a limited depth (several molec
layers), the bulk properties of the material remain unchan
[10–13].

This study examined the effects of a gas mixture (Ar/O2) on
the improvement in the surface-free energy (and wettability
a PP film. Initially, Ar gas was used to optimize the proce
ing conditions of the APP. Under the optimized conditions,
surface characteristics such as surface-free energy, surface
position, surface morphology, and surface roughness of PP
were examined as a function of the oxygen content in the

http://www.elsevier.com/locate/jcis
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mixture (Ar/O2). Finally, the action of Ar plasma was compar
with that of mixed gas (Ar/O2) plasma in order to determin
which is more beneficial for the surface modification of a
film in view of the surface wettability.

2. Experimental

2.1. Materials

A transparent PP film of isotactic polypropylene (IPP, Ko
Petrochemical Ind. Co., Ltd), which had a thickness of 80
a melt index of 11 g/min and a density of 0.9 g/cm3, was used
Distilled water and ethyl alcohol were used to clean the PP fi
Distilled water and diiodomethane were used for the con
angle measurements. The PP film was cut into small 3× 3 cm
pieces and sonicated in ethyl alcohol for 20 min. After rins
in distilled water, the cleaned samples were stored in a vac
desiccator.

2.2. Equipment and plasma treatment

An APP reactor was used with a power ranging from 30
500 W. This equipment, which generated plasma with radio
quency (RF) of 13.56 MHz, was developed by PLASMAR
Inc., Korea. A schematic diagram of the APP reactor use
this study is reported elsewhere[14]. The cleaned PP film wa
placed on a sample die of the APP reactor and fixed be
the glow discharge. The plasma-treatment time, range, and
were set using a digital sensor. The film samples were tre
with either Ar gas only or the gas mixture (Ar/O2).

2.3. Contact angle measurement and surface-free energy
calculation

The contact angle of the plasma-treated PP film was dire
measured using a face manual contact angle meter (Mode
D/DT/A). The aging time in air was 5 min until the conta
angle was measured after the plasma treatment of the PP
The volume of a drop placed on the PP film surface with mic
syringe was 3 mm3. The readout of the contact angle w
performed within 30 to 60 s for all measurements. The ar
metic mean per sample was obtained by averaging ten va
except for the maximum and the minimum value of twelve m
sured contact angles. The surface-free energy of the PP film
calculated using the measured contact angles. Owens–W
geometric mean equation modifying the Fowkes equation
more general form was used to calculate the surface-free
ergy[3,15–17]. The known values of the two liquids (water a
diiodomethane) are reported elsewhere[14].

2.4. Surface analysis

The change in the chemical compositions on the PP film
face and the chemical binding state was examined using X
photoelectron spectroscopy (XPS, ESCALAB MK II, VG S
entific Ltd, East Grinstead UK (MgKα 1253 eV, 90)). Atomic
force microscopy (AFM, nanoscope III, Instrument, Inc., Sa
,
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Barbara, CA) was used to observe the morphology and ro
ness of the PP film surface. The area surveyed for AFM ana
was 3× 3 µm. Three areas for each sample were measured
averaged.

3. Results and discussion

3.1. The change of surface-free energy

Figs. 1–3show a plot of surface-free energy from the m
sured contact angles on the PP surface as a function of the
ment time (s), power (W) and Ar gas flow rate (�/min), respec-
tively. In Fig. 1, the increase in surface-free energy clearly in
cates the incorporation of polar components onto the film
face. The abrupt increase in the surface concentration of p
components was apparent within a short treatment time of
which contributed the increase in surface-free energy. T
were no significant differences in the change in the surface
centration of polar components from 20 to 90 s. However,

Fig. 1. The change in the surface-free energy as a function of the plasma
ment time (plasma power, 100 W; Ar gas flow rate, 6 LPM; aging time, 5 m

Fig. 2. The change of the surface-free energy as a function of the plasma
ment power (plasma-treatment time, 150 s; Ar gas flow rate, 6 LPM; aging
5 min).
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Fig. 3. The change of the surface-free energy as a function of the Ar gas
rate (plasma-treatment time, 150 s; plasma power, 100 W; aging time, 5 m

slope increased again between 90 and 150 s.Fig. 2 shows that
the nonpolar component had almost the same value with re
to the APP treatment power throughout the whole range. Th
crease in the plasma power resulted in an increase in the su
concentration of polar components within 100 W. Howeve
decrease of surface-free energy was observed at 130 W be
of the decrease in the surface concentration of polar com
nents. This suggests that the optimum plasma power is app
imately 100 W when the APP system is used to introduce p
components. InFig. 3, the surface concentration of nonpo
components did not show any large differences over the w
range of Ar gas flow rates examined. However, the surface
centration of polar components increased with increasing
gas flow rate until 6�/min. The surface concentration of pol
components at Ar flow rates>6 �/min deceased and becam
flat. The trend of the surface-free energy curves in all three
ures mainly depends on the polar contribution. This means
the change in surface-free energy is more sensitively affe
by the polar contribution rather than by the nonpolar contri
tion. At a condition of 150 s, 100 W, and 6�/min, the increase
in surface-free energy by the polar contribution was the high
Therefore, this condition was determined to be the optimum
rameters of Ar gas plasma, and was used in remaining anal

At 150 s, 100 W, and 6�/min, the change in the surface-fre
energy with respect to % oxygen content in the gas mix
(Ar/O2) was examined. As shown inFig. 4, the polar contri-
bution gradually increased with increasing % oxygen con
in the gas mixture (Ar/O2). The increase in the oxygen conte
of the mixed gases (Ar/O2) leads to an increase in the surfa
concentration of polar functional groups on the PP film. Ho
ever, the polar contribution in the Ar plasma-treated PP
was higher than that in the Ar/O2 plasma-treated PP film.
is believed that there are two causes for this. One is that
gen atoms are quite reactive and withdraw electrons from o
gases on account of their relatively high electro-negativ
Electrons and radicals generated from injection gases ca
act easily with oxygen. In the Ar/O2 gas mixture, the plasm
density becomes low because oxygen acts as an electro
w
.
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Fig. 4. The change of surface-free energy with respect to percent O2 contents
(plasma power, 100 W; plasma-treatment time, 150 s; Ar gas flow rate, 6 L
aging time, 5 min).

radical scavenger, which can activate the surface. Some o
electrons and free radicals lose their energy for surface ac
tion because energy transfer, such as the adsorption, colli
and excitation, occurs through a reaction between oxygen
electrons and free radicals. Therefore, the number of activ
sites on the surface is lower than with Ar plasma only. A
other cause is that a more severe etching process accomp
Ar/O2 plasma treatment on the PP film surface than with
Ar plasma treatment. Initially, oxide compounds can be cre
on the polymer surface. However, some weakly bonded o
compounds or breakage over-layers on the PP film surfac
removed by the etching effect of oxygen, which results in
formation of volatile low molecular fragments such as CO a
CO2. As a result, the polar contribution in the Ar/O2 plasma
treatment becomes smaller than that in the Ar plasma treatm
This can be demonstrated by the fact that O2 plasma treatmen
is used in many etching and cleaning processes[5,6,18]. Al-
though the density of electrons and radicals, which can act
the surface, becomes low in a gas mixture (Ar/O2), the polar
contribution gradually increases with respect to the increas
the oxygen content. It is believed that charged or exited spe
(O−

2 , O+
2 , H3O+, O∗

2) in the plasma gas phase, which can
act with the activated surface, become abundant with increa
oxygen content.

Table 1shows the contact angle and surface-free energ
the differently treated films. The increase in surface-free
ergy depends mainly on the increase in polar-free energy, w
suggests that polar functional groups interacting with the p
solvent (distilled water) are introduced onto the PP film surf
after the APP treatment. This result confirmed that the pla
treatment made the material surface more hydrophilic at a
tain level depending on the experimental conditions.

With this APP system, the oxygen content in the gas m
ture (Ar/O2) is limited to almost 2% because the plasma fla
disappears above 2%. Consequently, a treatment with Ar
only is more effective in improving the surface-free energy
wettability of the PP film surface than that with the mixed g
(Ar/O2). Moreover, the plasma-treatment time (150 s), plas
power (100 W), mixed gas flow rate (6 LPM) and O2 content
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Table 1
The comparison of the contact angle and surface-free energy of differently treated PP films

Water (◦C) Diiodomethane (◦C) Polar (mJ/m2) Nonpolar (mJ/m2) Surface-free energy (mJ/m2)

Untreated film 93.53 52.20 1.19 31.88 33.07
Ar plasma-treated film 58.54 35.24 15.06 35.17 50.22
Ar/O2 plasma-treated film 62.07 45.46 15.05 30.40 45.45
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Fig. 5. XPS survey scan spectra of differently treated PP films (untre
film (a), Ar plasma-treated film (b), Ar/O2 plasma-treated film (c)).

Table 2
Atomic percent concentration and ratio of differently treated PP films

Atomic concentration (%) Atomic ratio (%

C O N O/C N/C

Untreated film 92.1 6.8 1.1 7.4 1.2
Ar plasma-treated film 54.5 42.9 2.6 78.7 4.8
Ar/O2 plasma-treated film 64.3 33.6 2.1 52.3 3.3

(2%) were found to be the optimum parameters of a mixed
(Ar/O2) treatment for further analysis.

3.2. XPS analysis

Before and after the APP treatment, the chemical comp
tion and the binding state of the PP film surface were obse
by XPS. Fig. 5 shows the survey spectra of the differen
treated PP films. The O1s peak increased after the APP tre
ment. The main difference between the Ar plasma-treated
(b) and Ar/O2 plasma-treated film (c) is the amount of oxyge
The XPS results well correlated with previous experimenta
sults show the change in surface-free energy with respect t
various operating conditions.

Table 2shows the percentage and the ratio of atomic c
centrations in the differently treated films. The concentratio
oxygen in the Ar/O2 plasma-treated film is lower than that
the Ar plasma-treated film, which might be explained by
etching effect. In general, there are two reactions for etchin
the plasma process. One is the physical sputtering reactio
inelastic collisions between the substrate and activated sp
d
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(b)

Fig. 6. High resolution scans of C1s and O1s peaks as a function of the O2
concentration (C1s peaks (a), O1s peaks (b)).

including electrons. Another is a chemical reaction to fo
volatile gaseous products[5,6,18,19]. Both reactions are poss
ble in Ar/O2 plasma. The loss of polar functional groups occ
because volatile oxide products formed in the weakly bon
sites are removed from the surface due to sputtering.

Fig. 6 shows high resolution scans of C1s and O1s peaks
with respect to the percentage change in the O2 content.Fig. 6a
shows that the intensity of the hydrocarbon peaks decre
with increasing O2 content. On the other hand,Fig. 6b shows
that the intensity of the O1s peaks increases with increasing O2

content. These two peaks show a similar trend to the ch
in surface-free energy with respect to the oxygen contents.
polar contribution of the surface-free energy and the inten
of the XPS O1s peaks both increase with increasing O2 content
in the gas mixture. This suggests that the amount of activ
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Fig. 7. High resolution scans of C1s and O1s peaks of the three different P
films (C1s peaks (a), O1s peaks (b)).

species such as O−2 , O+
2 , H3O+, and O∗

2 increases with increas
ing oxygen content, and the activated species can easily
reactive oxygen-containing functional groups on the surfa
The functionalization of the surface and the chemical etch
process can occur simultaneously using these activated sp
However, in contrast to the chemical etching process, the f
tionalization of the surface becomes the dominant process
increasing oxygen content.

Fig. 7 shows high resolution scans of the C1s and O1s
peaks of the differently treated films. InFig. 7b, the intensity
of the O1s peaks was observed to be in the following order:
plasma-treated film> Ar/O2 plasma-treated film> untreated
film. Fig. 7 confirms that the amount of oxygen was higher
both the Ar plasma treatment and the Ar/O2 plasma treatmen
although the Ar plasma treatment was slightly more effec
in increasing oxygen-containing polar functional groups on
PP film surface than the Ar/O2 plasma treatment.

The chemical composition and the binding state of the
ferently treated films were compared using the curve fit
of the XPS C1s level. The binding energies referenced
curve fitting were 285.0 eV for C–C/C–H, 286.72 eV for C–
m
.
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(a)

(b)

(c)

Fig. 8. XPS C1s spectra of the differently treated PP films (untreated film
Ar plasma-treated film (b), Ar/O2 plasma-treated film (c)).

287.89 eV for C=O, and 289.07 eV for O–C=O [15]. In
Figs. 8b and 8c, new functional groups such as C=O and
O–C=O corresponding to the higher binding energy appea
after the APP treatment[17,20–22]. In mixed gas (Ar/O2)
plasma, C–O groups of the chemically less reactive functio
groups make up a relatively high portion in the polar functio
groups, which means that the C–O group is less sensitive
transformation into stable gaseous products, i.e., CO and C2.
On the other hand, in the case of Ar plasma, the physical ac
tion and etching process on the surface are the more dom
processes than chemical etching process because there
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chemical reactions between the surface atoms and the acti
Ar species. Therefore, the more C=O and O–C=O groups cor-
responding to higher binding energy remains on the sur
because of a slight chemical etching effect.

Table 3summarizes the percentage peak area of the XPSs
core level spectra of the differently treated films. The amo
of C=O and O–C=O groups in the Ar/O2 plasma-treated film
was rather smaller than that in the Ar plasma-treated film. T
can be explained by the fact that the chemically more reac
functional groups such as C=O and O–C=O can be easily re
moved from the surface in the form of gaseous products like
and CO2 [19]. Ion species formed from oxygen in the gas m

Table 3
Percent peak area of XPS C1s core level spectra of differently treated PP film

C–C/C–H C–O C=O O–C=O

Untreated film 91.3 8.7 – –
Ar plasma-treated film 77.9 8.7 10.3 3.1
Ar/O2 plasma-treated film 83.4 12.8 1.4 2.4
ed

e

t

s
e

ture (Ar/O2) do not have sufficient energy to break the chem
bonds on the PP film surface. However, they can transfer
own energy to the surface atoms or molecules via inelastic
lisions or be implanted by the adsorption on the surface. Th
fore, in mixed gas (Ar/O2) plasma, physical etching as a res
of collisions from activated ion species, electrons, and free
icals, and chemical reactions via the implantation of activa
oxygen species into the surface atoms to form volatile gas
products can occur simultaneously.

3.3. AFM analysis

Generally, the surface morphology treated by plasma hi
depends on the type and characteristics of the initiating gase
addition, the plasma-treatment conditions sensitively affec
change in the surface morphology and roughness[23]. This ex-
periment compared the change in the surface morphology
roughness with respect to the type of gases used.

Fig. 9 shows the two-dimensional surface, height profi
and three-dimensional surface of the differently treated fil
(a) (b)

Fig. 9. AFM images of the differently treated PP films (untreated film (a), Ar plasma-treated film (b), Ar/O2 plasma-treated film (c)).
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Fig. 9. (continued)

Fig. 9a presents the surface of the pristine PP film showing
annular and granular structure of the natural shape of the
film. These structures were totally dispersed on the PP film
face. The difference between the highest and lowest pea
the line were 71.4 Å.Fig. 9b shows the surface morphology
Ar plasma-treated PP film. The annular and granular struc
which exists on the pristine PP film surface, totally disappea
and the surface became quite smooth. The difference bet
the highest and lowest peak on a line was 20.7 Å. Comp
with the pristine PP film, the Ar plasma-treated PP film ha
considerably smooth and flat surface.Fig. 9c shows the surfac
of the Ar/O2 plasma-treated PP film. The annular and gran
structure, which existed on the pristine PP film surface, was
stroyed, but the smooth surface such as that observed on t
plasma-treated PP film surface was not observed. Instead,
pled parts in the local areas and stripes appeared on the su
The difference between the highest and lowest peaks on the
was 83.3 Å.

AFM indicated that the smooth surface in the Ar plasm
treated PP film originated from the high cross-linking react
and physical etching. In the case of Ar plasma, there was a
most uniform etching rate over the entire surface. A relativ
n
P
r-
n

e,
d
en
d

r
-
Ar

-
ce.
e

l-

Fig. 10. The comparison of the RMS roughness (Å) of the three differen
films.

homogeneous etching process was observed on the whole
surface because a single inert gas was used. In addition, th
face becomes smooth and flat because there are more ele
and free radicals, which can etch the surface by the phy
collision.

On the other hand, in the case of the Ar/O2 plasma, relatively
small amounts of electrons and free radicals were gene
in the activated gas species because of the scavenging
of oxygen. In addition, the chemical and physical etching
actions occur simultaneously. Plasma-etched products ca
removed in the form of volatile gaseous products or rem
in form of nonvolatile low molecular weight oxidized produc
[5,6,18,19]. Therefore, different etching rates can be applied
the surface, which form an inhomogeneous and irregular
tern on the surface. Compared with the roughness of a pri
PP film surface, there is no significant difference but the m
phology of the surface was slightly different.

Fig. 10 gives a comparison of the RMS roughness of
differently treated PP films. Three different points were m
sured and then statistically averaged. The RMS roughness o
untreated film, the Ar/O2 plasma-treated film and Ar plasm
treated film were 11.21, 10.82, and 3.51 Å, respectively.
surface roughness was the lowest after the Ar plasma treatm
This indirectly confirmed that the measured surface was tre
uniformly. Besides, since the surface roughness increases
contact angle[24], the nonpolar contributions ofTable 1and
Fig. 4decrease with increasing the surface roughness.

4. Conclusions

An APP treatment of a PP film presented different surf
characteristics according to the type of gas used. Both th
and Ar/O2 plasma treatment increased the surface-free en
of the PP film. In particular, the change in the surface-free
ergy was quite sensitive to the change in the polar compon
Mild conditions such as short treatment time, low power a
low gas flow rate were found to produce better results. The
plasma treatment is slightly more effective in improving
wettability of a PP film than the Ar/O2 plasma treatment bu
the oxygen concentration in gas mixture was limited to 2
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The injection of more oxygen gas restricted the generatio
the plasma flame.

Two different etching processes occur simultaneously
Ar/O2 plasma treatment; physical etching and chemical e
ing. Bonds weakened by physical collisions are easily attac
by the activated oxygen species to form stable gaseous p
ucts such as CO and CO2. This effect was demonstrated b
XPS. In the Ar/O2 plasma-treated film, small amounts of C
and O–C=O groups were detected because CO and O–C=O
groups were removed in the form of the volatile gases suc
CO and CO2.

Ar plasma treatment makes the surface of PP film con
erably smooth with a low surface roughness. The morpho
of the PP film after the Ar/O2 plasma treatment was differe
while the surface roughness was similar. It is believed th
homogeneous and smooth surface does not appear on th
face because the Ar/O2 plasma treatment has a different etch
rate.
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