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Abstract

This work reports the formation of water-repellent surface on polyethyleneterephthalate (PET) fiber via plasma polymerization at
atmospheric pressure. PET fiber was treated by employing a radio frequency (RF) plasma in a mixture of argon gas and gas-phase hex-
amethyldisiloxane (HMDSO). The surface morphologies and the chemical functional groups of plasma-treated fibers were characterized
by a scanning electron microscopy, a Fourier transform infrared spectrometry, and an energy dispersive spectrometer. The water repel-
lency was also characterized by comparing with American Association of Textile Chemists and Colorists (AATCC) standard spray test
chart.
� 2008 Elsevier B.V. All rights reserved.

PACS: 52.75.Rx

Keywords: Coating; Scanning electron microscopy (SEM); Polyethyleneterephthalate (PET); Water-repellency
1. Introduction

In the textile industry, there has been an ongoing thrust
to achieve improved fabric performance properties. Proper-
ties of interest range from the quantifiable like water repel-
lency, fire resistance, and adhesion performance to the
subjective such as comport. Plasma-enhanced chemical
vapor deposition (PECVD) is a suitable approach for
preparing various kinds of films by initiating chemical reac-
tions in a gas with an electrical discharge. PECVD using low
temperature plasmas has found important applications in
microelectronics, optics, solar cells, mechanical industries
and plastic industries. The use of plasmas for surface mod-
ification and polymerization to deposit thin films are also
very attractive due to control over surface chemistry [1].
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The films deposited by plasma polymerization have a
good adhesion to the substrate, are pinhole free, and have
mechanical and chemical stabilities. The plasma polymeri-
zation technique has also been employed conventionally to
fabricate thin functional films that facilitate surface modi-
fication of material [1–6]. When polymeric materials are
exposed to plasma, radicals are created in the polymeric
chain. These radicals can initiate polymerization reaction
when they are in contact with monomers in a liquid or gas-
eous phase. Electrons in plasma with a polymer surface
generate radicals at the surface of the polymer through
excitation of the polymer molecules. As a result, a grafting
polymer is formed on the surface of the polymeric material.
The produced film has ample range of prospective applica-
tions in anticorrosive surfaces, electrical resistors, scratch
resistance coating, optical filters, properties, chemical bar-
rier coating, and water-repellency coating [7–11]. Hence, an
additional surface modification is required to achieve the
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desired properties, while maintaining the characteristics of
the volume [12–14]. Especially, water-repellent surface
treatments of various substances are of great interest in
recent years [15–17]. Among many techniques that can be
utilized for water-repellent treatment, plasma based pro-
cesses have been widely studied and developed [18–21].
To improve the water-repellency, a coating material must
be added, which can amplify the water-repellency. It is
well-known that the chemical modification of artificial
material is used such as fluoropolymeric coating [22,23].
However, the plasma polymerization of silicon compounds
is an environmentally friendly technology for attaining
water-repellent surfaces.

In this study, hexamethyldisiloxane (HMDSO) as a
monomer was employed for coating of silicon compound
on a polymer. HMDSO is one of the most common mate-
rials for water-repellenct coating. This paper demonstrates
a manufacturable method for formation of water-repel-
lency coating on a PET fiber. The coating was obtained
by making use of an in-line atmospheric RF glow discharge
plasma in a mixture of Ar and HMDSO. The plasma sys-
tem does not require any vacuum line and is operated
not in a batch mode but an in-line mode. So it can be easily
scaled up for application to large substrate surfaces or con-
tinuous processing [24–28].
2. Experiment

A schematic presentation of the plasma polymerization
system is shown in Fig. 1. The power electrode in Fig. 1
was connected to a 13.56 MHz RF supply through an
L–C matching unit and was covered with a quartz tube
as a dielectric. The 16 cm long and 1 cm wide slit in the
ground electrode was machined for plasma evolution
downstream. The gap between the quartz tube and the
ground electrode was 1 mm. The distance between the
plasma device and the sample was 2 mm. The central elec-
Fig. 1. Schematic presentation of experimental setup for RF plasma
polymerization at atmospheric pressure. HMDSO in gas-phase bubbled
by argon gas was injected.
trode was powered by a 13.56 MHz RF source (1000 W
maximum power) with a matching network. All of the sam-
ples in this work were treated at the plasma power of
200 W and at a speed of 20 mm/s. The plasma was gener-
ated in ambient air with argon gas supplied through a
gas hole array. Introduction of argon gas flow was very
important for uniform and stable plasma generation within
the capability of the RF power supply used for the experi-
ment. In this test, one liter per minute (lpm) argon was
introduced for stable discharge. Since the plasma was oper-
ated in a glow discharge mode, it could be directly applied
to metallic substrates, in addition to non-conducting sub-
strates without arc or streamer. HMDSO (98%, Aldrich)
was maintained at 100 �C and was bubbled by 0.1 lpm
argon. And then HMDSO was injected at approximately
0.017 lpm. PET (polyester 92%, spandex 8%) fiber was pro-
vided by Pointfours Corporation in Korea. The samples
were repeatedly traveled back and forth 2 mm below the
plasma reactor along the plasma width direction.

The chemical functional groups of the PET fibres before
and after plasma treatment were characterized by FTIR
spectroscopy (Nicolet Avatar 370) with a spectral resolu-
tion of 4 cm�1. The morphologies of the PET fibres were
observed by SEM (Philips XL-30 CP). To measure the
water-repellency of plasma-treated fibres, American associ-
ation of textile chemists and colorists (AATCC) 22 method
was employed, which is quite ubiquitous and are industry
standards. Generally, the AATCC spray test uses a set small
quantity of water placed about four inches over a fabric.
The fabric is set at a 45� angle to the stream of the liquid.
The liquid is then allowed to gravity feed through a standar-
dizer spreader nozzle. The duration of exposure is about 30
seconds at a glancing angle 45� to the fabric. A visual rating
of how well the water beads up, based on a scale of 100
points, is given to the fabric. Thus the evaluation of repel-
lency was accomplished by comparing the wetted patterns
with AATCC standard spray test ratings presented in Ref.
[29]. Table 1 shows a water repellency standard chart corre-
sponding to the AATCC spray test ratings.

3. Results and discussion

Fig. 2a–e show the plot of the number of plasma treat-
ment passes vs the ratings corresponding to the AATCC
standard spray test. As shown in Fig. 2a, the PET fiber
without plasma completely absorbed sprayed-water. As
the plasma treatment passes increased, on the other hand,
Table 1
Water-repellency standard chart corresponding to AATCC standard
spray test ratings in Ref. [29]

Ratings Evaluation

100 No sticking or wetting of upper surface
90 Slight random sticking or wetting of upper surface
80 Wetting of upper surface at spray points
70 Partial wetting of whole of upper surface
50 Complete wetting of whole of upper surface
0 Complete setting of whole upper and lower



Fig. 2. Water repellency ratings along with the number of plasma
treatment passes. (a) 0 times, (b) 5 times, (c) 10 times, (d) 15 times and
(e) 20 times.
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Fig. 3. FTIR spectra showing the chemical composition along with the
number of plasma treatment passes. (a) 0 times, (b) 15 times and (c) 20
times.
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the ratings increased from 50 to 90. This means that water-
repellent species produced from fragmentation of HMDSO
by plasma are formed on the PET fiber. In this regard, the
chemical composition of the PET fibres before and after
plasma treatment was characterized by FTIR spectros-
Fig. 4. SEM images of PET fibers (a) before and (b) after plasm
copy. The FTIR spectra of plasma-treated PET fibres are
shown in Fig. 3. Compared with Fig. 3a–c shows Si–O–Si
at 1080 cm�1, Si–O–C at around 1030 cm�1, Si–(CH3)2 at
790 cm�1, and Si–C at 851 cm�1 [30]. From FTIR result,
as the exposure time of plasma increases, the intensities
of Si–O–Si, Si–(CH3)2 and Si–C bonds increase, revealing
that more water-repellent surfaces are formed, as shown
in Fig. 2. The water-repellency of PET fibres strongly
depends on the contents of silicon compounds or the
plasma treatment time. However, it was identified that
the PET surfaces were covered with white silicon oxide
powders when plasma treatment passes were more than
30 times. Therefore, plasma treatment of 20 passes is
expected to be the best experimental condition without
visual deposition of silicon oxides. The peaks of aromatic
C–H (730 cm�1), O–C@O (1250 cm�1), and ester C@O
(1750 cm�1) do not decrease. The inherent peaks of PET
fiber were decreased by plasma treatment. For example,
the peaks at 1350 cm�1and 1410 cm�1 assigned to the ali-
phatic C–H substantially decreased relatively to untreated
PET. We postulate on the basis of FTIR results the frag-
mentation mechanism of HMDSO and reaction mecha-
nism between PET and chemical species produced from
argon/HMDSO plasma. The Si–O bond (8.3 eV) is dissoci-
ated by high-energy electron collisions. Also, Si–C (4.5 eV)
and C–H (3.5 eV) bonds are broken by lower energy elec-
trons [31]. The C–H radical groups are produced by plasma
on fiber surface because the chain scission of PET takes
place [32] in order from low dissociation energy to high dis-
sociation energy [C–H (3.5 eV), C–O (3.7 eV), C@O
(7.6 eV)]. Eventually, the radical groups are bonded to
the activated species of HMDSO.

The change of the PET surface morphology is mainly
caused by the bonding of activated species and depends
on the plasma condition in coated processes. In this sense,
Fig. 4a and b show the SEM images of PET fibres without
plasma and with the plasma treatment passes of 20 times,
respectively. After plasma treatment, the number of parti-
cles on PET fiber surface increased apparently. Fig. 5a
and b show the energy dispersive X-ray (EDX) spectra
corresponding to Fig. 4a and b, respectively. The EDX
analysis is used to determine the elemental composition
of plasma treated PET fibers. Au species in Fig. 5 stem
from Au deposition for SEM experiments. After the
a treatment. The number of plasma treatment passes was 20.



Fig. 5. EDX analysis of PET fibers (a) before and (b) after plasma treatment. The number of plasma treatment passes was 20.
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plasma treatment, Si species increased considerably, show-
ing the relative content of Si species of 4.05 and 24.18 wt%
before and after the plasma treatment, respectively.

4. Conclusions

The improved water-repellency of PET fiber was
obtained by the atmospheric RF plasma in a mixture of
argon and HMDSO, which can be an effective method for
the solventless functionalization of solid surfaces. The
PET sample with the plasma treatment passes of 20 times
showed the water repellency of 90 rating from the AATCC
standard spray method. From the FTIR and SEM results,
it is identified that the improvement of water-repellency
was attributed by Si–O–Si, Si–(CH3)2, and Si–C chemical
functional groups produced from the HMDSO fragmenta-
tion and the plasma chemistry reactions between PET and
plasma. The plasma system in this work does not require
any vacuum instruments and is operated not in a batch mode
but an in-line mode. So it can be easily scaled up for applica-
tion to large substrate surfaces or continuous processing.
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