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Abstract

A plasma surface treatment of biaxially oriented polypropylene (BOPP) film was carried out with
dielectric barrier glow discharge (DBGD) in Ar/air. The paper studied the effects of the ratios of
Ar/air plasma on the BOPP surface modification. The results indicated that the efficiency of the
plasma surface modification was improved with increasing treatment time and power density
with DBGD in Ar/air. The water contact angle increased first and then decreased with the increase
of the Ar/air mixture rate. The DBGD gives a better surface modification than filament discharge.
The ageing behavior was influenced by the mixture rate of Ar/air, but the water contact angle of
the treated sample was always less than that of un-treated sample.
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1. Introduction

Biaxially oriented polypropylene (BOPP) film is widely used as packaging materials, book covers, and a variety
of containers. However, it is a kind of typical hard stick material because of its poor surface wettability, which
limits its application in the field of industry [1] [2]. In order to improve the adhesion of the material, surface
modification is needed. Chemical and physical processes have been developed to modify BOPP film, such as
flame treatment, plasma treatment, ultraviolet treatment, metal plating, etching, oxidation, and surface grafting

[3]-[8].
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As a dry cleaning process, plasma treatment technology has a great market potential and an excellent applica-
tion prospect [9]-[13]. The main advantage of plasma surface modification is that it can create active species at
low temperature. There have been many researchers who use high-frequency corona discharge or low RF dis-
charge for surface modification of BOPP. However, corona discharge is uneven, and the surface is easy to be
damaged, which can lead to dents and pinholing on the surface. In DBGD, the products of the plasma pressure p
and the discharge gap d are lower, so it is easier to form a uniform and stable plasma. The free electrons gain
energy from an applied electric field; then the energy is transferred through collisions between the free electrons
and the neutral molecules in the plasma. The transfer of energy leads to a host of reactive species; some of them
become precursors for the plasma surface reaction. Therefore, plasma surface modification with DBGD is gain-
ing more and more attention and research [14]-[20].

For plasma surface modification, the single gas is always used [2] [3] [21]-[27]. However, in general, the
mixed gas and mixture ratio of the mixed gas can also have effects on the surface modification. In this paper, we
carried out the plasma surface modification of BOPP film by DBGD in Ar/air. According to the analysis of the
effects of air plasma, argon plasma and Ar/air plasma modification on the samples, the relationships between the
material surface modification efficiency and discharge parameters, such as processing time, plasma pressure,
and discharge power were given. Meanwhile, the effects of mixture rate of Ar/air on the surface modification of
BOPP with fixed gas pressure and discharge power were studied. The paper was arranged as follows. In the fol-
lowing section, the experimental system and the experimental method were introduced. Then, the results and
discussions were presented. Finally, the conclusions were given.

2. Experimental
2.1. Experimental System

The plasma surface treatment of BOPP film is carried out in a dielectric barrier glow discharge experiment sys-
tem as shown in Figure 1. The experimental system consisted of two sets of power supply, the peak voltage of
the AC power supply was 0 - 30 KV, the frequency region was 1 KHz - 100 KHz, and the power region is O -
500 W. The vacuum chamber was connected with two vacuum pumps, and a coupled electrode with insulated
quartz glass slice was placed in the chamber, then the sample was put on the lower glass slice. The discharge gas
was mixed with argon and air, and the purity of argon was 99.99%. The waveforms of the discharge voltage and
discharge current were measured by the digital oscilloscope (TDS 1012C-EDU), the photos were obtained by
the digital camera (Canon PowerShot SX40-HS), the sample surface contact angle was measured by the Contact
angle measuring instrument (JGW-360A), and the test liquid was distilled water and diiodomethane.

2.2. Experimental Method

The BOPP film was cut into 40 mm x 30 mm rectangular pieces, and the pieces were cleaned in acetone solution
for 12 hours, then the samples were rinsed with alcohol, finally the samples were put into the oven for drying 5
minutes. The vacuum chamber was pumped to a pressure of 0.1 Pa, the mixed gas with air and argon flows into
the reactor with a fixed mixture ratio. The inflow was stopped when the required pressure was achieved. The
discharge parameters were adjusted according to different experimental environments, and the corresponding
data were record. The samples were taken out from the vacuum chamber after the end of discharge, and the sur-
face contact angle of the treated sample was measured by the contact angle measuring instrument (JGW-360A),
the test liquid is distilled water. Three different positions of the sample surface were measured and the average
values were calculated.

3. Results and Discussion

The diameter of the cross-section of the cylindrical vacuum chamber was about 390 mm, the height was about
400 mm, the discharge gap of DBGD could be adjusted according to the requirement of the experiments. In or-
der to prevent the plasma deviating from the discharge gap to the exhaust port which connected to the vacuum
chamber, a barrier metal mesh was applied to the port in the chamber. It was found that the discharge patterns
were different with different pressures p or different discharge gaps d. A glow discharge model with p = 0.3 x
10° pa and d = 5 mm was shown in Figure 2. The discharge voltage and discharge frequency are 10 KV and 15
KHZ, respectively. The discharge frequency was measured by the digital oscilloscope, and the discharge voltage



L. X. Chen et al.

1340

1 vacuum chamber
. /
)
f 2 A
=z ]

7
s

N\
_

oL
D
=0

1250

690

BB
X X -~
A A X
\ \ p]asma power generator 1 \
2000 : tor 2
\ \ prasma-power-generator
vacuum pump 1 vacuum pump 2

Figure 1. Schematic diagram of the experimental setup.

Figure 2. A snapshot of glow discharge pattern.

was characterized by measuring the resistance of the divider resistor. The ratio of Ar/air was 1:1. Figure 3 shows
the waveforms of the discharge voltage and discharge current. It could be seen there was a strong current pulse
in per half cycle, the peak of the waveforms appears in the same position in several periods.

In the experiment, the plasma surface treatment of BOPP film by DBGD in Ar/air were studied, and the ef-
fects of mixture ratio of Ar/air on the plasma surface modification of BOPP film were also analyzed. Given in
Figure 4 were the diagrams of water contact angle with different plasma treatment time, the test liquid was dis-
tilled water. As can be seen from the figure, the surface modification by DBGD plasma was obvious. The con-
tact angle of the BOPP surface became smaller with the increasing treatment time. It indicated that after Ar/air
plasma treatment, the surface wettability of BOPP were greatly improved.

Figure 5 showed the p, for glow discharge with different discharge gaps d. It can be seen that the maximum
pressure p, decreases with the increase of the discharge gaps d. The discharge gap was less than 1 mm for
DBGD with one atmospheric pressure. In the following studies, Unless otherwise stated, we have discharge gap
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Figure 3. Voltage (a) and current (b) waveforms of glow discharge.
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Figure 4. The photos demonstrate the relationship between the water contact
angle and glow discharge time.
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Figure 5. Dependence of the maximum pressure p, for glow discharge with dif-

ferent discharge gaps d.
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d =5 mm. Figure 6 gave the minimum glow discharge voltage versus the mixture ratio of Ar/air. The discharge
voltage increased as the mixture ratio of Ar/air increased if the ratio below a critical value. That’s because the
quality of argon molecules is greater than the air molecules, it needs more energy in the ionization process.
Above the critical mixture ratio, the discharge voltage very weakly increased with further increase of the mix-
ture ratio, and the gas was nearly fully ionized.

In Figure 7, the changes of water contact angle with plasma treatment time were plotted. The discharge vol-
tage was 10 KV, the discharge frequency is 15 kHz, and unless otherwise stated, we had the mixture ratio of
Ar/air is 1:1. It was clearly found that the water contact angle decreased, but not linearly, with increasing treat-
ment time. It indicated the hydrophilicity of BOPP film was well improved with DBGD plasma treatment. The
contact angle was 81.9° without plasma treatment, then the surface contact angle rapidly decreased to 11.7° for
30 s plasma treatment. When the treatment time was more than 30 s, the contact angle was almost unchanged
with the increase of treatment time. It showed that the interaction between the glow discharge plasma and the
BOPP surface achieved a dynamic balance, the Ar/air plasma modification on the surface of BOPP film mainly
occurred in 0 - 30 s. Then even the plasma treatment time continued to increase, the water contact angle of the
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Figure 6. Dependence of the minimum glow discharge voltage versus
the mixture ratio of Ar/air.
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Figure 7. Changes of water contact angle with plasma treatment time.
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sample surface had little change.

Given in Figure 8 were the changes of water contact angle with discharge voltage, the treatment time is 20 s.
When the discharge voltage was less than 3.2 KV, the water contact angle decreases very little with the rise of
discharge voltage. When the discharge voltage was larger than 3.2 KV, the water contact angle decreased rapidly
with the increase of discharge voltage, when the discharge voltage was more than 10 KV, the water contact angle
nearly did not change. It because the gas ionization degree was lower for lower applied voltage, the charged par-
ticles had little effect on the sample surface. When the applied voltage was greater than 3.2 KV, the gas ioniza-
tion degree increased dramatically, charged particle played an increasing role on the surface modification. When
the applied voltage was more than 10 KV, the discharge was in a stable glow discharge model, the gas ionization
degree had little increase with the increase of the discharge voltage.

Figure 9 showed the changes of water contact angle with the ratio of R = Ar/air. In the region 0 <R < 1.5, the
mixture proportion of Ar/air increased, the atom mass of Ar is greater than the atom mass of N or O. Therefore it
was understandable that the water contact angle decreased with increase of the ratio of R. And the higher ratio of
Ar/air made the better effects on the material surface modification. When the mixture ratio achieved 1.5, the
water contact angle of the sample decreased to 18.4°. In the region R > 1.5, the water contact angle increased
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Figure 8. Changes of water contact angle with discharge voltage.
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Figure 9. Changes of water contact angle with the ratio of Ar/air.
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with increase of the ratio R. This because when the ratio of Ar/air increased to a critical value, the ionization de-
gree of the discharge gas decreases, the glow discharge model may be converted to filamentary discharge model.
It indicated that for Ar/air plasma, the glow discharge was better for improving the surface wettability of BOPP
material than the filamentary discharge.

The chemical reaction in BOPP surface upon plasma treatment could be characterized by the FT-IR measure-
ment. As illustrated in Figure 10, there were some differences between untreated and treated samples, some new
peaks appeared and some peak intensities were increased in the treated BOPP films due to Ar/air plasma treat-
ment. According to the figure, major changes appeared in the wave number range of 750 cm™* - 1500 cm * and
2500 cm™* - 3000 cm*, some chemical reactions such as formation of C-H bonds occurred, and the intensity of
many peaks increased.

The ageing process of plasma treated samples is an important factor to evaluate the efficiency of plasma mod-
ification on material surface. The ageing of hydrophilic is caused by the two following reasons [28]: 1) The
treated material would absorb some small molecules in the air, so that the surface free energy and the hydro-
philic decrease gradually. 2) The polar groups on the big molecular chain enter into the surface of the treated
material with the rotation of big molecular chain. Figure 11 showed the ageing process of plasma treated sam-
ples stored in air, the treatment time was 20 s. The water contact angle increased when the treated samples were
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Figure 10. FT-IR spectra of Ar/air plasma untreated (a) and 30 s treated (b)

BOPP films.
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Figure 11. Time evolution of the water-contact angle of the modified
BOPP membranes in storage in air.

stored in air, and the hydrophilic effect declined gradually. However, the water contact angle was always less
than that of un-treated sample. The DBGD of Ar/air mixture gas on the surface modification of BOPP material
had a good effect.

4. Conclusion

In this paper, the surface treatment of BOPP film by DBGD in Ar/air plasma was carried out. The DBGD dis-
charge generated under atmospheric pressure could be used as the efficient technique for the BOPP surface
modification, and DBGD gave better surface modification than filament discharge. The efficiency of the plasma
modification increased with increasing treatment time and plasma power density. The interaction of the plasma
discharge with the BOPP caused the decrease of the water angle and increase of the surface energy. The water
contact angle increased, and then decreased with the increasing mixture rate of Ar/air. The ageing behavior was
influenced by many factors for different mixture Ar/air plasma; however, the surface character of the treated
sample was always better than un-treated sample.
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