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In this study, surface modification of polyester fibers with high water repellency was obtained by plasma treatment. Polyester
fibers with water repellency were treated with atmospheric pressure middle-frequency (MF) plasma system using Ar and
hexamethyldisiloxane (HMDSO). Ar gas has been used as the carrier gas. The surface morphologies of plasma-treated fibers
were characterized by scanning electron microscopy (SEM). The Fourier transform infrared (FTIR) spectrometry was carried
out to analyze the chemical composition of the polymer surface. [DOI: 10.1143/JJAP.47.4687]
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1. Introduction

In this paper we report the formation of a water-repellent
surface on poly(ethylene terephthalate) (PET) fibers via
plasma polymerization at atmospheric pressure. PET fibers
were treated with a middle-frequency (MF) plasma in a
mixture of argon gas and liquid-phase hexamethyldisiloxane
(HMDSO). The surface morphologies and the chemical
functional groups of plasma-treated fibers were character-
ized by scanning electron microscopy (SEM) and Fourier
transform infrared (FTIR) spectrometry. Thermal property
was measured by thermogravimetric analysis (TGA). Water
repellency was also characterized by comparing it with the
American Association of Textile Chemists and Colorists
(AATCC) standard spray test chart. In the textile industry,
there has been an ongoing thrust to achieve improved fabric
performance properties. The properties of interest range
from the quantifiable, such as water repellency, fire
resistance, and adhesion performance, to the subjective,
such as comfort. Plasma-enhanced chemical vapor deposi-
tion (PECVD) is a suitable approach to preparing various
types of film by initiating chemical reactions in a gas-liquid
phase 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
modification and polymerization to deposit thin films are
also very attractive owing to the control over surface
chemistry.1) The films deposited by plasma polymerization
have a good adhesion to the substrate, are pinhole-free, and
have mechanical and chemical stabilities. The plasma
polymerization technique has also been employed conven-
tionally to fabricate thin functional films that facilitate
surface modification of materials.1–6) When polymeric
materials are exposed to plasma, radicals are generated in
the polymeric chain. These radicals can initiate polymeriza-
tion reaction when they are in contact with monomers in a
liquid or gaseous phase. Electrons in plasma with a polymer
surface generate radicals at the surface of the polymer
through excitation of polymer molecules. As a result, a
grafting polymer is formed on the surface of the polymeric

material. The produced film has an ample range of
prospective applications in anticorrosive surfaces, electrical
resistors, scratch resistance coating, optical filters, proper-
ties, chemical barrier coating, and water-repellent coat-
ing.7–11) Hence, an additional surface modification is
required to achieve the desired properties, while maintaining
the characteristics of the volume.12–14) In particular, hydro-
phobic and water-repellent surface treatments of various
substances are of great interest in recent years.15–17) Among
many techniques that can be utilized for superhydrophobic
and water-repellent treatment, plasma-based processes have
been widely studied and developed.18–21) To improve super-
hydrophobicity and water repellency, a coating material
must be added, which can amplify the hydrophobicity. It
is well known that the chemical modification of synthetic
materials is used such as fluoropolymeric coating.22,23)

However, the plasma polymerization of silicon compounds
is an environmentally friendly technology for attaining
superhydrophobic surfaces.

In this study, HMDSO as a monomer was employed for
coating of a silicon compound on a polymer. In general,
HMDSO is well known as one of the most common
materials for hydrophobic coating.24–27) In this study we
demonstrated a manufacturable method for formation of
hydrophobic and water-repellent coating on PET fibers. The
coating was obtained using an in-line atmospheric MF glow
discharge plasma in a mixture of Ar and HMDSO. The
plasma system does not require any vacuum line and is
operated not in a batch mode but in an in-line mode.
Therefore, it can be easily scaled up for application to large
substrate surfaces or continuous processing.28–32)

2. Experimental Procedure

A schematic presentation of the plasma polymerization
system is shown in Fig. 1. One of the important features of
the plasma system is its double structure with two side-
discharge gaps, which provide volumetric, stable plasma
generation. The black and blue colors indicate the con-
ductors and the alumina plates, respectively. In each side-
discharge gap, an alumina plate covers each side electrode.
The slit-type plasma produced at each side gap assists
plasma generation between the powered electrode and the
sample moving system grounded for enlarging the plasma-�E-mail address: showmeji@empal.com
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coverage area. The effective power (Peff) of pulsed plasma
was controlled by changing the ratio of the times when
plasma was switched on (ton: 4 ms) and off (toff : 1 ms). A
typical plasma area was 100� 50 mm2 and the distance
between the plasma device and the sample was 2 mm. The
central electrode was powered by a 25 kHz MF source
(4000 W maximum power). All of the samples in this work
were treated at a plasma power of 200 W and at a speed of
10 mm/s. The plasma was generated in ambient air with
argon gas supplied through a gas hole array in two discharge
gaps. Introduction of argon gas flow was very important for
uniform and stable plasma generation within the capability
of the MF power supply used for the experiment. In this test,
one liter per minute (lpm) argon was introduced for a stable
discharge. HMDSO was then injected at approximately
0.00016 lpm. PET (polyester, 92%; spandex, 8%) fibers were
provided by Pointfours Corporation in Korea.

Voltage and current measurements were performed using
a high-voltage probe and a current probe via a digital
oscilloscope (Tektronix TDS 201), respectively. Figure 2
shows the current waveform similar to the typical dielectric
barrier discharge of one large current spike. The results
shown in Fig. 2 indicate a the plasma operating power of
about 185 W. This reveals a difference of about 15 w
compared with the initial power.

The chemical functional groups of PET fibers before and
after plasma treatment were characterized by Fourier trans-
form infrared (FTIR) spectrometry spectroscopy (Nicolet
Avatar 370) with a spectral resolution of 4 cm�1. The
morphologies of PET fibers were observed by scanning
electron microscopy (SEM; Philips XL-30 CP). The thermal
characterization of the plasma-treated PET fiber was carried
out by thermogravimetric analysis (TGA) in nitrogen at a
heating rate 10 �C/min using a TGA 2050 (TA instruments).
To measure the water repellence of plasma-treated fibers, the
AATCC 22 method was employed, which is quite ubiquitous
and is the industry standard. Generally, in the AATCC spray
test, a fixed small amount of water placed about four inches
over a fabric is used. The fabric is set at a 45� angle to the
stream of the liquid. The liquid is then allowed to gravity
feed through a standardizer spreader nozzle. The duration of
exposure is about 30 s at a glancing angle 45� to the fabric. A
visual rating of how well the water beads up on the fabric,
based on a scale of 100 points, is made. Thus, the evaluation
of repellency was accomplished by comparing the wetted
patterns with AATCC standard spray test ratings presented
in ref. 33. Table I shows a water repellency standard chart
corresponding to the AATCC spray test ratings.

3. Results and Discussion

Figures 3(a)–3(d) show the plot of the number of plasma
treatment passes vs the ratings corresponding to the AATCC
standard spray test. As shown in Fig. 3(a), the PET fiber
without plasma treatment completely absorbed sprayed
water. As the number of plasma treatment passes increased,
on the other hand, the ratings increased from 50 to 90. This
means that hydrophobic species produced from fragmenta-

Fig. 1. (Color online) Schematic presentation of experimental setup for

RF plasma polymerization at atmospheric pressure. HMDSO in gas phase

bubbled by argon gas was injected.
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Fig. 2. (Color online) Voltage and current waveforms of the plasma

system during operation.

Table I. Water-repellency standard chart corresponding to AATCC

standard spray test ratings in ref. 29.

Rating 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 entire upper surface

50 Complete wetting of entire upper surface

0 Complete wetting of entire upper and lower surfaces
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Fig. 3. (Color online) Water repellency ratings along with the number of

plasma treatment passes: (a) 0, (b) 10, (c) 15, and (d) 20.
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tion 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 spectroscopy. The FTIR spectra of plasma-treated PET
fibres are shown in Fig. 4. Figures 4(a)–4(c) show the peaks
related to 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, and
the assigned peaks were checked from the actual spectra of
the films prepared using HMDSO plasma.34–37) From FTIR
results, as the time of exposure to plasma increases, the
intensities of Si–O–Si, Si–(CH3)2, and Si–C bonds increase,
revealing that more hydrophobic surfaces are formed, as
shown in Fig. 4. Also, the inherent peaks of the PET fiber
were decreased by HMDSO plasma treatment. For instance,
the peaks of aromatic C–H (730 cm�1), O–C=O (1250
cm�1), and ester C=O (1750 cm�1) slightly decreased and
the peak at 1350 and 1410 cm�1 sign to the aliphatic C–H
substantially decreased relative to untreated PET. We
postulated on the basis of FTIR results that the fragmenta-
tion mechanism of HMDSO and mechanism of reaction
between PET and HMDSO are induced by plasma. From
electrons generated by the plasma process, monomer
fragmentation was suggested by Goujon et al.38) The Si–O
bond (8.3 eV) is broken by high-energy electron collisions.
Also, Si–C (4.5 eV) and C–H (3.5 eV) bonds are broken by
low-energy electrons (Fig. 5). C–H radical groups were
generated by plasma on the fiber surface, because the chain
scission of PET took place39) in the order from a low
dissociation energy to a high dissociation energy [C–H
(3.5 eV), C–O (3.7 eV), C=O (7.6 eV)]. Consequently, the
radical groups bonded to the activated species of HMDSO
(Fig. 6).

The hydrophobicity of PET fibers strongly depends on the
content of silicon compounds or plasma treatment time.
However, it was identified that the PET surfaces were
covered with white silicon oxide powder when the number
of plasma treatment passes was more than 30. Therefore,
plasma treatment of 20 passes is expected to be the best
experimental condition that do not produce deposition of
visible silicon oxides. The change in PET surface morphol-
ogy is mainly caused by the bonding of activated species and
depends on the plasma condition during coating processes.

Figures 7(a) and 7(b) show SEM images of PET fibers
without plasma and with 20 the plasma treatment passes,
respectively. After plasma treatment, the number of particles
on the PET fiber surface increased apparently. That is,
because silicon compounds are deposited owing to plasma
reaction on PET fibers.

The inherent property of PET fiber was investigated at a
temperature inducing a 10% mass loss by thermogravimetric
analysis (TGA) and results are shown in Fig. 8. These data
were compared with those for raw PET. Raw PET fiber and
MF plasma-treated PET fiber showed a temperature inducing
a 10% mass loss in the TGA curve of about 378 �C, at which
the MF plasma does not change the inherent property of the
fiber. Also, a markedly increased amount of nonvolatile
residue was observed at 700 �C for the MF HMDSO-plasma-
coated fiber, compared with the untreated PET fiber. The
nonvolatile residue was determined to be composed of
silicon compounds by TGA. A markedly increased amount
of nonvolatile residue the maximum of 10.1 wt % was
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Fig. 4. (Color online) FTIR spectra showing the chemical composition

along with the number of plasma treatment passes: (a) 0, (b) 15, and

(c) 20.
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observed at 700 �C for the HMDSO-coated fiber, whereas
nonvolatile residue of 3.5 wt % was observed on the raw
PET fiber. We postulated that the increase in the amount of
nonvolatile residue on the HMDSO-coated PET fiber was
due to the interaction of HMDSO with PET. That is, Si
compounds were coated following HMDSO plasma treat-
ment of PET fibers.

4. Conclusions

In summary, the improved water repellency of PET fibers
was obtained by treatment with atmospheric MF plasma in
a mixture of argon and HMDSO, which can be an effective
method for the solventless functionalization of solid sur-
faces. The PET sample with 20 plasma treatment passes
showed a water repellency rating of 90 as determined by the
AATCC standard spray method. From the FTIR and SEM
results, it is determined that the improvement of hydro-
phobicity is attributed to Si–O–Si, Si–(CH3)2, and Si–C
chemical functional groups produced by arising from the
HMDSO fragmentation and plasma chemistry due to
reactions between PET and plasma. From the experimental
results, it is believed that the improvement of hydrophobicity
is realized by the combination of formation of silicon oxide
particles and generation of chemical groups on PET fibers.
Also, TGA data showed the non-volatile residuein increased
amounts is composed of silicon compounds. A markedly
increased amount of nonvolatile residue was observed at

700 �C for the HMDSO-coated fiber. The plasma system in
this work does not require any vacuum instruments and is
operated not in a batch mode but in an in-line mode.
Therefore it can be easily scaled up for application to large
substrate surfaces or continuous processing.
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