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Abstract

An atmospheric pressure argon plasma brush with air addition is employed to treat polyethylene
terephthalate (PET) surface in order to improve its hydrophilicity. Results indicate that the
plasma plume generated by the plasma brush presents periodically pulsed current despite a direct
current voltage is applied. Voltage—current curve reveals that there is a transition from a
Townsend discharge regime to a glow one during one discharge period. Optical emission
spectrum indicates that more oxygen atoms are produced in the plume with increasing air
content, which leads to the better hydrophilicity of PET surface after plasma treatment. Besides,
an aging behavior is also observed. The hydrophilicity improvement is attributed to the
production of oxygen functional groups, which increase in number with increasing air content.
Moreover, some grain-like structures are observed on the treated PET surface, and its mean
roughness increases with increasing air content. These results are of great importance for the
hydrophilicity improvement of PET surface with a large scale.

Keywords: plasma brush, water contact angle, surface modification, plasma treatment,
hydrophilicity improvement

(Some figures may appear in colour only in the online journal)

1. Introduction

Polyethylene terephthalate (PET) is widely used in various
application fields, including packaging, manufacturing, elec-
tronics and biomedicine due to its excellent physical and
mechanical properties as well as chemical stability [1-3].
However, PET suffers from certain drawbacks such as poor
wetting, dyeing, printing and adhering properties due to low
surface energy. Hence, it is of great importance to find an
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effective way to improve the hydrophilicity of PET surface,
which can be fulfilled by an environmental-friendly plasma
treatment. Besides, the chemical and physical properties of
the bulk keep unchanged after plasma treatment.

Among diversified plasma sources, atmospheric pressure
plasma jet is a prominent one in low-temperature plasma
research. Utilizing a plasma jet, three-dimensional PET even
with irregular shape can be treated because plasma plumes
with desirable length are produced in open air atmosphere
[4-6]. Nevertheless, plasma plume normally covers a small
diameter ranging from submillimeter to millimeter, leading to
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low efficiency of modification for large scale PET surface
[7, 8]. Therefore, a large scale plasma plume is desirable.
Arranging multiple jets to form an array can extend lateral
scale of plasma plume [9, 10]. Unfortunately, strong jet-to-jet
interactions often lead to plume divergence [11-13], which
impairs treatment uniformity.

In order to achieve uniform treatment of PET with high
efficiency [14], other attempts have also been implemented to
produce large scale plasma plumes [15]. Using a half-con-
fined dielectric duct equipped with barrier discharge, an argon
and oxygen plume with a brush shape is excited by a sinu-
soidal voltage [16]. Similarly, argon plume with a fairly large
scale is also produced downstream of a plasma brush com-
posed of two opposite naked electrodes [17, 18]. Besides inert
gas, the plasma brush can also be fed with air [18, 19]. Using
the argon plasma brush, surface modification has been
investigated in our previous work [20], indicating that reac-
tive oxygen species (ROS) play an important role for PET
surface modification. Due to insufficient ROS production, the
hydrophilicity improvement is not satisfactory. Hence, better
hydrophilicity will be expected if air is added into argon to
increase ROS production in the plasma brush.

For the above-mentioned purpose, argon with air addition
is used to feed the plasma brush. The influence of air content
is investigated on the aspects of plume discharge and the
properties of modified surface.

2. Material and methods

Figure 1 presents a schematic diagram of the experimental
setup. The plasma brush consists of a 60.0 mm long rectan-
gular gas duct with inner and outer cross sections of
150mm x 1.0mm and 25.0mm x 3.0 mm, respectively.
Independently regulated by two flowmeters (Sevenstar
CS200), argon with 99.999% purity and air with about 40%
humidity are introduced into the duct after sufficient mix. A
total flow rate of the gas mixture is kept at 10.0 1 min~". Two
tungsten rods with a diameter of 0.8 mm contact the free end
of the duct, which are separated with a 15.0 mm gap. One rod
is electrically connected to the high voltage output of a direct
current (DC) power supply (Glassman EK15R40) via a ballast
resistor (R = 100 k€2), and the other is grounded. Gap voltage
between the two rods is detected by a high voltage probe
(Tektronix P6015A). Discharge current is measured by a
current coil (pearson 8600). Accordingly, their waveforms are
recorded simultaneously by an oscilloscope (Tektronix
DPO4104). A digital camera (canon EOS 5D) is used to
capture the discharge with an exposure time of 20.0 ms. After
being focused by a lens, light emission from the discharge is
transmitted via an optical fiber into the entrance slit of a
spectrometer (Acton SP2750) with a grating of 1800 mm ™'
grooves.

Before plasma treatment, commercial semi-crystalline
PET samples (Dupont) with a thickness of 0.2 mm and an
area of 50.0 x 15.0 mm?® are soaked in alcohol for 30 min,
rinsed with deionized water and dried at room temperature for
an hour. For plasma modification, a scanning stage (FUYU
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Figure 1. Schematic diagram of the experimental setup: (a) front
view, (b) top view.

FSL40) is situated at 10.0 mm downstream of the plasma
brush, which provides PET sample with a scanning velocity
of 1.0 cmmin " along y axis. After a single scan, static water
contact angle (WCA) is measured immediately with a contact
angle analyzer (powereach JC2000D4) through dropping
2.0 ul deionized water on PET surface [21]. Every WCA
value is averaged for five measurements. Moreover, PET
samples are analyzed with a Raman spectrometer (Horiba/
Jobin Yvon HR evolution) and an x-ray photoelectron
spectroscopy (XPS) instrument (thermo fisher ESCA-
LAB250Xi). The base pressure in the XPS analysis chamber
is about 2 x 1072 Pa. Samples are excited with x-rays over a
500 pm-diameter spot area with a monochromatic Al K, »
radiation at 1486.6eV. Since samples are insulators, an
additional electron gun is utilized for surface neutralization.
All spectra are corrected with the main C 1s peak of carbon
atoms (284.4eV) as an internal reference. Atomic force
microscope (AFM) (OXFORD MFP-3D Origin) is used to
evaluate surface morphology, which is operated in AC air
topography mode with a scan rate of 1.0 Hz and a drive fre-
quency of 139.922 kHz.

3. Results and discussions

With increasing gap voltage to some extent, a stable plasma
plume with a fairly large scale is formed downstream of the
plasma brush, which looks like a trapezoid. The trapezoid is
roughly 18 mm in height, whose two bases are 15 mm and
10 mm, respectively. The trapezoid plume has a nearly
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Figure 2. Images captured with an exposure time of 20 ms for the plasma plume with varying air content. Gas flow rate is 10.0 I min™

dissipated power is 94 W.

symmetrical profile with the two edges brighter than the
center. Along gas flow direction, middle region of the plasma
plume varies from purple to pink, as presented in figure 2(a).
Dissipated power (P) of the plasma brush can be calculated
from gap voltage u(f) and electric current i(?).

t+T
p= Ffz u(r) x i(t)dr. ()

Here, T denotes a discharge period. At a constant P of 94 W,
the trapezoid plume keeps a nearly constant length with
varying air volumetric content, while the lower pink part
extends upward in the plume with increasing air content
(figure 2(b)). The whole plume turns pink completely with
about 5.0% air content (figure 2(c)).

Despite a DC voltage is applied, both gap voltage and
discharge current are periodically pulsed, as presented in
figure 3. It can be found that gap voltage increases with time
before discharge initiates (current keeps almost zero). Once
gap voltage reaches its amplitude, discharge current suddenly
increases, which is accompanied with an abrupt decrement in
gap voltage. After gap voltage reaches a minimum, discharge
current decreases with time and discharge quenches gradu-
ally. With the decreasing current, gap voltage recovers, which
will induce a subsequent initiation. From figure 3, it can also
be found that voltage and current amplitudes as well as T
increase with increasing air content. Besides, voltage—current
curve for one discharge period is presented in figure 3(d). The
curve has a slightly positive slope from points A to B, indi-
cating that it is a Townsend discharge regime. From points B
to C, a negative slope is presented, which suggests that a glow
discharge regime is involved [17, 22]. The glow discharge
regime maintains during the falling current phase. Resul-
tantly, there is a regime transition from a Townsend discharge
to a glow one during one period. Besides, all the voltage
—current curves are similar, while the curve encircled area,
representing 7, increases with increasing air content.

As is well known, field threshold for breakdown
increases with increasing air content due to the electro-
negativity of oxygen. Apparently, a higher voltage is needed

S mm (b) 2.0%

! and

to initiate a discharge with increasing air content, which
results in the increasing voltage amplitude with air content.
Moreover, the first Townsend ionization coefficient increases
with increasing field, which means that more electrons are
produced and a higher current amplitude is induced. Hence,
current amplitude also increases with increasing air content.
Compared with a lower amplitude, it takes a longer time for
gap voltage to reach a higher value. Consequently, T
increases with increasing air content.

Figure 4(a) demonstrates time-integrated spectra in the
range from 300 to 900 nm, which mainly include Ar I, O I and
the second positive system of nitrogen molecules
(C311, — B’IL,). Some spectra originating from vibrational or
rotational transitions of molecules are superposed on con-
tinuous spectra in the enlarged spectra of figure 4(b). Short-
wavelength emissions ranging from 380 to 440 nm are purple,
while long-wavelength ones from 620 to 660 nm are red.
Hence, the plasma plume will turn pink with increasing
intensity ratio of the two parts (the long wave part to the short
one). As illustrated in figure 4(c), the intensity ratio increases
with increasing distance from the nozzle or increasing air
content. This result explains the color change with varying air
content. Absolute intensity of O I such as 777 or 844 nm can
be used to determine the atomic oxygen concentration (np)
[23]. Related results (not shown here) indicate that more
atomic oxygen is produced with increasing air content.
Besides, ng can also be estimated by the intensity ratio of O I
to Ar I (750 nm) according to the following formula [24, 25].

* *
o Io hva, kAr,e Aar kO,de
no = -SRI ERE S, O, @)
IAr hVo kO,e ao O,e

Here, subscripts Ar, O, and O, denote argon atom, atomic and
molecular oxygen, respectively. Moreover, subscripts e and de of
k" denote direct and dissociative excitation rate coefficients,
respectively. 7, a, n are intensity, effective optical branching ratio,
and concentration, respectively. For a small amount of air addi-
tion, the right second part of the formula can be neglected, and
na, can be roughly thought as a constant. Thus, ng is correlated
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Figure 3. Waveforms ((a) to (c)) of gap voltage and discharge current, which correspond to figures 2(a) to (c), respectively. (d) Their voltage—

current curves.

with the intensity ratio of Io to I, (777 to 750 nm or 844 to
750 nm) [26]. It can be inferred from figure 4(d) that ng increases
with increasing air content from 0 to 5.0%.

Figure 5(a) presents WCA of PET surface treated by the
plasma brush with varying air content. As a comparison,
WCA of 79.8° is also presented for untreated surface. After a
single scan with pure argon brush, WCA decreases to roughly
21.2°. Under the constant P, WCA decreases greatly with
increasing air content, reaching an optimal value of about 9.8°
with 3.5% air, which is much lower than that treated by the
pure argon brush. It hardly changes with further increasing air
content. As presented in figure 5(b), WCA almost recovers to
a constant during the first 6 d exposing treated PET surface to
ambient air. The constant WCA is lower for PET surface
treated with higher air content.

Figure 6(a) presents Raman spectra of PET surface. The
spectrum of untreated PET sample basically presents several
characteristic peaks [20, 27, 28], such as C-H bending
vibration of benzene ring below 900cm™', asymmetric
stretching vibration of C—O-C at 1092 and 1190 cm™!, and
stretching vibrations of C—O at 1287 cm™'. A strong peak at
1617 cm™ is attributed to skeletal stretching vibration of
benzene ring, adjacent to which carbonyl stretching vibration
of C = O is located at 1730 cm™'. Peaks between 2900 and
3080 cm™' come from C-H stretching vibration of CH, and

benzene ring, respectively. After plasma treatment, a new
peak appears at 3436cm™’, which originates from OH
stretching vibration. Peak intensity of oxygen-containing
polar groups (C-O-C, C-0O, C = O, and OH) extracted from
figure 6(a) is investigated as a function of air content, as
presented in figure 6(b). It is clear that the intensity from
oxygen functional groups increases with increasing air con-
tent. These oxygen functional groups can increase surface
energy of PET effectively [29], which accounts for the
decreasing WCA with increasing air content.

Figure 7(a) illustrates XPS survey spectra, which show
peaks corresponding to binding energies of C 1s and O 1s.
After plasma treatment, the intensity of C 1s peak is
decreased, whereas O 1s peak is increased. Moreover, this
tendency continues with increasing air content. Table 1
summarizes the changes of elemental compositions before
and after plasma treatment. Results show that O/C ratio of
PET surface has experienced a continual growth with
increasing air content. It should be pointed out that the O/C
ratio calculated from XPS spectra may be smaller than its real
value, given that the surface layer scanned by XPS is larger
than the plasma-modified layer [30, 31]. Compared with PET
surface just after plasma treatment, a decrease in O/C ratio is
observed after 7 d of ageing. However, the aged PET samples
after treatment with higher air content still exhibit higher O/C



Plasma Sci. Technol. 23 (2021) 085504

J Wu et al

lol(a) 811.4 DM canciiaiimimiian
. - 637 B ww=re=imensey
5% air < | 750.4 nm semomnsn
~ 0.8 al :
= =] 7726 nm-meomemei fy
o — 7384 nm e ‘
0.6 < [ 7067 m e i) O]
= - 696.5 nm----: || l
v is 1
5 04paakEE /|
2 i
= i
0.2F :
0.0 H - 3 2 P |
300 400 500 600 700 800 900
Wavelength (nm)
1.6
& e -~
R
e e
1 4 - .'\‘ é’_ x E’
=) ol e’ B
=) :,.\\/" K4
= ¥t s
>“‘1 27k 4"/ g \\\ \; .,
2 [ o Wi
3] : ‘\'9:{(
2 5l
Z.0 / 2
: k.’.—'r
- -
0.8 k=t = 2 a a a

, 6 9 12 15
Distance from the nozzle (mm)

Intensity (a.u.)

0960 700 440 480 320 560 600 640 680
Wavelength (nm)

0.30F
025} &
= AQ\\::/"V
2020} \\o/\' A et
é /\\\\\ i/'é/ /@
& ) . Wb
£0.15} & /?/@0“
E 4 /@/@ '\\015
0.10 -@’_,%" ¥
;/
0‘05 a 2 ' 2 a a
0 1 2 3 4 5

Air content (%)

Figure 4. 300 to 900 nm scanned spectra from the plasma plume (a), and enlarged spectra (b). Spatial distribution of intensity ratio (c), and
intensity ratio as a function of air content (d). Other parameters are the same with those in figure 2.

(a) Untreate

21 P~Pure argon
~ o
]
]

18}
é” Sample scanning
- velocity is 1. i
<15l elocity is 1.0 cm/min
o
=

12

9 i
o 12 3 4 3

Air content (%)

60F —
go® -l B
(b ) \3\\““-‘"\: P A
F\S() " ./!-’ 0 f‘u ly AT e —
3 4 P P o o 2
C‘J4O ’, - 0/ &
. / ’? 5 QYo

A A A A 2

¥
0 2 4 6 8 10
Time (day)
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parameters are the same with those in figure 2.

ratio, which is consistent with the WCA measurements. The
oxygen content increment suggests that oxygen-containing
polar groups are formed on surface, which are mainly related
to C 1s peak [32]. Thus, high-resolution XPS is performed for
C 1s peak of untreated PET, in which the concentration of
different chemical states of carbon is determined by fitting the
curves with symmetrical Gauss—Lorentz functions, as shown

in figure 7(b). Result indicates that C 1s peak consists of three
peaks: C—C group at 284.8 eV, C-O group at 286.6 eV, and
(C = 0O) O group at 288.9¢eV [33]. The concentration of
chemical groups is summarized in table 2. Apparently, after
plasma treatment the concentration of C—C group decreases,
whereas that of C-O and (C = O) —-O group increases.
Moreover, this tendency continues with increasing air
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content, which means that C—C groups are broken from
attacks of active species and oxygen-containing polar groups
are produced [29, 34, 35]. This result is consistent with that of
Raman spectra. These oxygen-containing polar groups appear
partly as low molecular-weight oxidized materials
(LMWOMs) [36], which are highly oxidized polymer frag-
ments, loosely bounded to PET surface. Besides, they are also
likely to be linked to the macromolecular chains.

The morphology of untreated PET sample is quite
smooth as shown in figure 8, with a mean surface roughness
value (R,) of 0.53 nm, determined in a 3 ym X 3 pm areas of
PET surface. After pure argon plasma treatment, some grain-
like structures are observed on PET surface. Besides, the
number of grains and R, increase with increasing air content.
These grain-like structures are derived from LMWOMs and
crystalline creation [37, 38], or preferential etching of amor-
phous regions [39]. Due to the solubility of LMWOMs [40],
most of the grain-like structures are removed (figure 8(e)),
and R, decreases to about 1.39 nm. Hence, most of the grain-
like structures are attributed to LMWOMs. Compared with
untreated PET, R, is higher and some grains can also be found

on the washed surface, which reveals that a part of the grain-
like structures originates from the crystalline generation and
the preferential etching of amorphous regions. AFM images
also indicate that R, is decreased after 7 d of aging
(figure 8(f)). Combined with the decreasing O/C ratio, it can
be deduced that aging behavior is mainly caused by the dis-
appearance of the oxygen-containing polar groups.

As mentioned before, a higher current is induced with
increasing air content. Hence, more oxygen atoms are pro-
duced in the plume due to the dissociation of more oxygen
molecules, which will produce more oxygen-containing polar
groups on treated PET surface. As a result, WCA of treated
PET surface decreases with increasing air content. If ng
exceeds some extent, the grafting sites reach saturation
[25, 38, 41]. Under this circumstance, hydrophilicity keeps
invariant with increasing air content. Due to the reorientation
of PET chains after exposure to ambient air [33, 38, 42],
oxygen-containing polar groups migrate from PET outer
surface into its subsurface and non-polar groups migrate
oppositely, resulting in the aging behavior of treated PET
surface. In fact, crosslinking reactions are also induced on
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Figure 8. AFM images of PET surface: untreated (a), treated ((b) to (d)) after a single scan of the plasma brush with different air contents,
water washed after treatment (e) and 7 days aging without water wash (f).

Table 1. Elemental composition (before and after ageing) for PET surface untreated and treated by the plasma brush with varying air content.

Plasma

Just after treatment

After 7 days aging

Atomic content (%)

Atomic content (%)

Aircontent (%) C O N Si O/Cratio C O N Si O/C ratio
Untreated 72 21 — 1 037 72 21 — 1 037
0 57 40 1 1 070 63 35 1 I 055
0.5 56 42 1 1 075 62 36 1 1 058
2 54 44 1 1 081 60 38 1 1 063
5 53 45 1 1 0.85 59 39 1 1 0.66

Table 2. Concentration of chemical groups on PET surface before
and after plasma treatment with varying air content.

Possible groups (%)

Plasma

Air con- Cc-C Cc-O0 (C=0)0
tent (%) 284.8 eV 286.6 eV 288.9eV
Untreated 70.29 13.72 15.99

0 65.20 18.00 16.80
0.5 63.45 18.92 17.63

2 58.84 20.94 20.22

5 57.73 21.49 20.78

PET surface during plasma treatment, which form chemical
links between the molecular chains by covalent bonds [43].
The surface crosslinked layer acts like a barrier to the
migration. It can be speculated that a higher degree of

crosslinking is produced after treatment with increasing air
content. The increment of crosslinking degree results in the
lower removal of oxygen-containing polar groups in case of
higher air content in plasma, which accounts for the better
hydrophilicity of aged PET surface treated with increasing air
content.

4. Conclusions

In summary, a DC excited argon plasma brush with air
addition has been investigated by electrical and optical
methods. The plasma brush generates a large scale plasma
plume downstream of the nozzle, whose pink region at the
lower part extends upward with increasing air content.
Despite a DC voltage is applied, gap voltage and discharge
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current are periodically pulsed. As well as discharge period,
amplitudes of gap voltage and discharge current increase with
increasing air content. During one period, there is a regime
transition from a Townsend discharge to a glow one. For
plasma treatment, WCA of PET surface decreases until
reaching an optimal value of 9.8° with increasing air content.
Besides, aging behavior has also been found with exposing
treated PET sample to ambient air. Raman spectra and XPS
analysis indicate that the oxygen-containing polar groups are
generated on PET surface during plasma treatment, and their
number increases with increasing air content. The oxygen-
containing polar groups are partly contained in LMWOMs,
which agglomerate to form most of the grain-like structures in
AFM images. Besides, the number of grain-like structures on
PET surface increases with increasing air content, resulting
from the reaction with more atomic oxygen produced in
plasma plume. During this process, the roughness of treated
PET surface increases accordingly.
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