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In this work, we study the hydrophobic properties of silk fabrics by deposition of plasma-polymerized (pp) hexamethyldisiloxane (HMDSO) using low-pressure plasma-enhanced chemical vapor
deposition. Recently, hydrophobic properties are under active research in textile industry.
The e®ects of coating time and power on the HMDSO-coated silk fabrics are investigated. Water
contact angle of pp-HMDSO-coated silk fabric surface is measured as a function of power and
coating time. Fabric surface shows an enhancement in hydrophobicity after coating. Attenuated
total re°ectance-Fourier transform infrared spectroscopy reveals the surface chemistry, and scanning electron microscopy shows the surface morphology of the uncoated and HMDSO-coated fabrics,
respectively. In the case of uncoated fabric, water droplet absorbs swiftly, whereas in the case of
HMDSO-coated fabric, water droplet remains on the fabric surface with a maximum contact angle of
140  . The HMDSO-deposited silk surface is found to be durable after detergent washing. Common
stains such as ink, tea, milk, turmeric and orange juice are tested on the surface of both fabrics. In
HMDSO-coated fabrics, all the stains are bedded like ball droplet. In order to study the self-cleaning
property, the fabric is tilted to 45  angle; stain droplets easily roll o® from the fabric.
Keywords: Plasma polymerization; HMDSO; silk fabrics; hydrophobic.

1. Introduction
Silk is a natural protein ¯ber from silk cocoon. It is
highly praised as the queen of textiles because of its
properties such as softness, glossy appearance, wearer
comfort, warmth, and biodegradability. Silk ¯bers
consist of repetitive hydrophobic and hydrophilic
peptide chain. The hydrophilic structures provide a
great atmosphere for bacteria and fungi growth.1 Silk
‡Corresponding

¯bers are susceptible to environmental circumstances
such as sunlight, staining from dirt, and debris. It is
essential to extend silk fabrics with water-repellent
functional properties having great potential in stainfree textile products. It prevents from accidental
staining or water damage. The hydrophobicity of
the fabric surface depends on its chemical functional
groups, surface energy, and physical geometry.2
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There are some wet chemical methods available to
change their surface properties of the fabrics, based
on solvent-borne treatment with alkyl or partially
°uorinated alkyl components.3,4 Alternating the surface properties of natural silk ¯bers by deposition of
°uorinated polymers on the surface of the fabrics, it is
becoming hydrophobic in nature.5 Iriyama et al.6–8
have reported that plasma treatment of CF4 and
C2F6 could not give good durability on the surface of
polymer. However, Li and Jinjin9 could increase the
contact angle of silk fabric up to 120  by C3F6 plasma
treatment.10 Silk fabrics treated with SF6 plasma
show that °ourine atom replaced hydrogen atom
easily and the °uorination improves the hydrophobic
property of the samples.7,11–13 Teli et al.14–16 have
tried to enhance the hydrophobic property of silk and
cotton fabric using atmospheric pressure plasma in
the presence of helium-°uorocarbon gases, He/1,3butadiene, and He/dodecyl acrylate. Several other
studies also reveal the improvement in hydrophobic
behavior such as PET fabric treated with °uoropolymer aerosol dispersion and its water contact
angle (WCA) is found to be 141  .17 Carbon cloth
coated with CF4 and CHF3 forms te°on-like hydrophobic layer.18 In the market, both °uorinated and
non-°uorinated hydrophobic fabrics are available.
Scotchgard is a brand of fabric protector, manufactured by 3M. Per°uorooctane sulfonates (PFOS)
is the major ingredient in Scotchgard and it is
replaced by per°uorobutane sulfonate because of the
harmful properties to the environment.19 Polytetra°uoroethylene ¯lm is used to serve this purpose and
the technology is marketed under the brand GoreTex.20 Fluoro-based polymers are hydrocarbon long
chain that can break up into toxic compounds of
PFOS and per°uorooctanoic acids, and these are
prohibited because of their toxicity to human and
environment.21–25 Therefore, the U.S. Environmental
Protection Agency has banned the long chain °uorocarbon materials. Risk factors have been identi¯ed for
the short chain poly°uoroalkyl substances (PFASs).26
The use of °uorocarbon compounds is undesirable
because of their exceptionally high greenhouse e®ect
compared with CO2.27,28 That is why textile industries
are searching for PFOS/PFAS-free material for hydrophobic fabrics. Fluoro-based hydrophobic surfaces
are replaced by eco-friendly polymers such as polyurethane and silicones and its derivative compounds.
Polydimethylsiloxane is an organic polymer used in

Rain-X. Many researchers have industrialized nano
coatings such as ZnO2, Cu, TiO2, DLC, Fe, etc. on the
fabrics to increase the hydrophobic properties and are
still under active research.29–36
Plasma-enhanced chemical vapour deposition
(PECVD) of silicon compounds is an eco-friendly
process and has been used to deposit an ultrathin
layer on the fabrics at a lower temperature without
causing any thermal damages.37 PECVD employs the
conversion of monomer into reactive radicals, ions,
and neutral molecules. Plasma polymerization of
organosilicon is explored for various applications such
as coatings for scratch resistance, chemical barrier,
optical barrier, and corrosion resistance. Plasma
polymerization creates a polymer ¯lm of organic
compounds that do not polymerize under normal
chemical polymerization process because it involves
electron impact dissociation and ionization for
chemical reactions.38 Moreover, to reduce waste,
pollution, water, energy, and time, plasma polymerization technology is employed and it is a dry clean
process which does not a®ect the environment. The
use of a silicon-containing precursor such as tetramethylsilane, tetraethylorthosilicate (TEOS) and
hexamethyldisiloxane (HMDSO) is used for surface
modi¯cation in textile industries. Among these,
HMDSO precursor is non-toxic, non-explosive, and
has a high vapor pressure at room temperature than
TEOS.39–41 Due to the presence of methyl groups,
silicon, hydrogen, carbon atoms, and oxygen bond on
the HMDSO, it changes the surface of the fabric into
hydrophobic.42,43 Riccardi et al.44 have observed that
HMDSO-air is deposited by using dielectric barrier
discharge plasma on silk surface by atmospheric
pressure plasma to obtain a water-repellent silk ¯ber.
Recent studies on plasma-polymerized (pp) HMDSO
are used to enhance the hydrophobicity on natural
and synthetic textiles such as polyester,45,46 polyester/cotton,47 nylon 66 fabrics,48 and cotton fabrics.49
So far, no such work speci¯cally with PECVD using
HMDSO as a precursor on silk fabrics has been
identi¯ed in the literature.
In this study, the plasma polymerization of
HMDSO on silk fabric has been performed by using
the PECVD method at low pressure without causing
any damage to the fabrics. PECVD coating technology has many advantages over conventional wet
chemical methods. It has been used in a variety of
deposition applications at a lower temperature.

1850060-2

Hydrophobic Surface Modi¯cation of Silk Fabric

The pp-HMDSO coating gives the possibility to
obtain water-repellent surface due to retention of
methyl groups. This coating makes the silk fabric
surface water-resistant, preventing it from accidental
staining or water damage.

2. Materials and Methods
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2.1. Materials
A pure degummed silk fabric is purchased from a
Nalli silk center with a warp count of 38 per/cm and a
weft count of 38 per/cm. The molecular formula of
100% pure HMDSO is C6H18 OSi2. It is a colorless and
highly volatile liquid and the chemical structure is
shown in Fig. 1. It is obtained from Sigma-Aldrich.

2.2. Experimental
The plasma polymerization of HMDSO on silk fabric
has been performed by capacitively coupled PECVD
technique using pure HMDSO as a liquid precursor.
Plasma reactions at low pressure have di®erent

advantages. It allows better control of the degree
of ionization-generated radicals get su±ciently long
time to react with the radical of the textile. The
process depends on system pressure, discharge power,
and coating time. The plasma reactor is made of
stainless steel process chamber (24 cm height and
60 cm diameter) powered by a radio frequency generator (13.56 MHz). The chamber is evacuated to a
base pressure of 1  10 5 mbar using rotary and diffusion pump. Plasma reactor consists of a pair of
parallel symmetrical electrodes (35 cm diameter)
separated by a distance of 3.5 cm. The schematic
experimental setup is shown in Fig. 2. The upper
electrode has multipoint gas feeding shower head,
which is electrically grounded along with the chamber
wall. The HMDSO is heated to 60  C using a constant
temperature water bath. The working pressure is
maintained at 0.15 mbar, and vaporized HMDSO
liquid precursor is injected into the reactor using a
needle valve without any carrier gas. The samples
are placed on the surface of the lower electrode.
The deposition is carried out for 7 min at 100 and
150 W power and for 15 min at 150 W RF power. The
detailed experimental parameters of pp-HMDSO are
reported in Table 1.

2.3. Instrumentations

Fig. 1.

(Color online) Chemical structure of HMDSO.

Fig. 2.

Fourier transform infrared spectroscopy (FTIR)
spectra of the uncoated and HMDSO-coated silk fabric
are recorded by attenuated total re°ectance
(ATR)-FTIR (Nicolet 6700, Thermo Scienti¯c, USA).
Morphologies of silk fabrics and HMDSO-deposited

(Color online) Experimental setup.
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Table 1.

Sample code
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a
b
c
d

Operating parameters of pp-HMDSO.
Discharge
power (W)

Coating
time (min)

Pressure
(mbar)

—
100
100
150

—
7
15
15

—
1.5  10 1
1.5  10 1
1.5  10 1

self-cleaning ability. A small amount of graphite
powder is spread on the uncoated and coated fabrics
as a stain and tested for self-cleaning ability. Similarly, di®erent stains like ink, tea, milk, turmeric, and
orange juice droplets on uncoated and HMDSOcoated silk fabrics are measured by a digital camera.
In order to study the aging e®ect of HMDSO-coated
silk fabrics, it has been left at room temperature
for 100 days.

fabrics are examined with a scanning electron
microscope (LEO s440i) at 10 kV with a magni¯cation of 500 , 5000 , and 10,000 . Prior to SEM
examination, the samples are pre-coated with gold
sputtering to prevent charging of the samples by the
electron beam. An image analysis technique is applied
to show the topography of the uncoated and
HMDSO-coated silk fabrics. ImageJ (https://imagej.
nih.gov/ij) software utilizing plug-in Interactive 3D
surface plot is adopted to analyze SEM images of the
highest magni¯cation ( 10,000). SurfaceJ Plug-in is
used to quantitatively characterize the topographic
roughness of the fabrics.50 Wet-out time is measured
according to AATCC Test 79-1995. As a part of the
procedure, one 0.1 mL distilled water droplet is
allowed to fall from a height of 5 cm onto the surface,
and the time required for the droplet to be fully
absorbed by the fabric is taken as the wet-out time.
The static water contact angles on the silk fabric
untreated and HMDSO-coated fabrics are measured
using video contact angle optima (AST Product Inc.)
goniometer. One 5 L drop of deionized water is
placed on the substrate. The values of the static
contact angles reported are the average of three
measured values. As a minimum, ¯ve values of contact angle are taken and the average value of  is
determined. To study the durability of the HMDSOcoated fabric, washing test has been conducted.
Based on the home laundering procedure, the
HMDSO-coated fabrics are soaked in 60 mL of a 5.0%
aqueous home laundering surf excel detergent (sodium carbonate, sodium aluminosilicate, alcohol
ethoxylate, and sodium perborate monohydrate).
The bath ratio is estimated to be 1:60. The fabric is
soaked in the detergent solution for 30 min at room
temperature (35  C) and rinse with distilled water for
several times and then it is dried at room temperature
overnight. Water repellency spray tester of AATCC
Test method 22-2005 is modi¯ed to test the

3. Results and Discussion
3.1. ATR-FTIR
ATR-FTIR is used to examine functional groups of
the uncoated and HMDSO-coated silk fabrics and is
shown in Fig. 3. From Fig. 3(a), it is seen that in
the ATR-FTIR spectra of uncoated silk fabric, the
IR spectral region from 1700 to 1500 cm 1 is due
to peptide backbone, the characteristic bands at
1621 cm 1 (amide I) which is due to -sheet con¯rmation of C¼O stretching vibrations, while band at
1514 cm 1 (amide II) is assigned due to the random
coil conformation of ¯broin molecules. The peak that
appeared at 1226 cm 1 (amide III) is due to C-N
stretching vibrations of the secondary structure of
-sheet.51 Figures 3(b)–3(d) show the HMDSOcoated silk fabric; it is very clear that additional peak
at 1218 cm 1 is due to symmetric bending of Si-CH3.
A band at 1041 cm 1 is exhibiting due to Si-O-Si
stretching vibrations; whereas the peaks appeared at

Fig. 3. (Color online) ATR-FTIR of (a) uncoated, (b)
100 W 7 min, (c) 100 W 15 min, and (d) 150 W 15 min.
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(a)

(b)

(c)
Fig. 4.

SEM images of (a) uncoated, (b) 100 W 7 min, and (c) 100 W 15 min.

970 and 763 cm 1 are due to Si-C rocking vibrations
in the Si-CH3 groups. The change in the peak intensities of the region from 1400 to 1800 cm 1 is attributed due to the deposition of HMDSO.47

3.2. SEM
SEM images of uncoated and HMDSO-coated silk
¯bers are shown in Fig. 4. Figures 4(a1)–4(a3) show
SEM images of the uncoated silk fabric at a magni¯cation of 500 , 5000 , and 10,000 , respectively. It
is clearly observed that the uncoated silk ¯ber has a
tranquil surface and is free from harshness. The surface
of the silk is smooth and it has high polar groups that
absorb the water immediately. Figures 4(b1)–4(b3)
and 4(c1)–4(c3) show the HMDSO deposition at operating power 100 W along with 7 and 15 min coating
time, with a magni¯cation of 500 , 5000  and
10,000 , respectively. It is seen in the HMDSO-coated
silk fabric SEM images (Fig. 4(b1)) that the presence of

some °akes like structure and roughness of the surface
(Fig. 4(b2)) is altered in the case of pp-HMDSO silk
compared with the uncoated silk surface. Similarly,
Fig. 4(c1) shows the presence of a thin layer on the
surface of the fabrics, which would render the attachment of HMDSO, and Fig. 4(c2) shows the higher
magni¯cation of fabrics with increased surface roughness. When a thin layer of HMDSO is coated on the
surface of the fabric, the fabric becomes hydrophobic
due to the presence of Si-O-Si and Si-CH3, which is in
good agreement with FTIR results. However, by increasing the deposition time at constant power, the
deposition of HMDSO increases the surface roughness
and promotes the hydrophobicity properties.

3.3. 3D surface topography and
surface roughness
To investigate the surface roughness of the fabrics,
the plug-in Interactive 3D surface plot is utilized to
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Fig. 5. (Color online) Interactive 3D surface plot for higher magni¯cation 10.00 k  from SEM images (a) uncoated, (b)
100 W 7 min, (c) 100 W 15 min, and (d) 150 W 15 min.

analyze SEM images of the highest magni¯cation
 10,000 (Figs. 4(a3)–4(c3)). The 3D surface topographies are shown in Fig. 5. The roughness of the
fabrics is analyzed by SurfaceJ software.50 The
quantitative parameters such as Rq (root mean
square deviation of the surface), Ra (arithmetic mean
deviation of the surface), Rv (lowest valley), and Rp
(highest peak) are measured. Table 2 represents the
various surface roughness parameters. The surface
roughness (Rq) of the uncoated fabric is about
17.55 nm. In HMDSO-coated fabrics, new features
such as peaks and valleys are observed at the imposed
conditions of 100 W along with 7 and 15 min and its
Rq is found to be 22.17 and 24.26 nm, respectively.
However, for 150 W along with 15 min coating time,
Table 2.

these features are more pronounced and its Rq is
about 33.6 nm. These roughnesses are attributed to
the deposition rate of HMDSO on the fabrics.
Therefore, it is concluded that surface roughness
increases with increasing discharge power and
coating time.

3.4. Contact angle
Contact angle measurements are carried out using
5 L water as the polar liquid. The uncoated silk
fabric has rich hydroxyl, carboxyl, and amine groups
on its surface, which exhibits hydrophilic nature.
Figure 6 shows a 5 L water droplet on the uncoated
and HMDSO-coated silk fabric. It is seen that there is

Surface roughness parameters of uncoated and HMDSO-coated fabrics.

Samples

Surface roughness Rq (nm)

Average roughness Ra (nm)

Rv

Rp

Uncoated
100 7
100 15
150 15

17.55
22.17
24.26
33.16

13.83
17.44
18.99
26.45

66:36
90:24
91:81
132:11

82.18
97.23
120.53
97.60
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recombination procedure to frame macromolecules
and to promote hydrophobicity.47 From the above
examination, it is con¯rmed that longer treatment
time (15 min) and higher discharge power (150 W)
relate to the higher contact angle. Hence, the conclusion may be drawn that contact angle increase
reveals more deposition. However, there are no
signi¯cant changes in the wet-out time of all
HMDSO-coated fabrics.
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3.5. Self-cleaning ability test

Fig. 6. (Color online) Static water contact angles of (a)
uncoated, (b) 100 W 7 min, (c) 100 W 15 min, and (d)
150 W 15 min.

a drastic increase in the surface contact angle from 0 
to 140  for uncoated and HMDSO-coated silk fabrics.
Table 3 represents the contact angle and wet-out time
of uncoated and HMDSO-coated samples for a coating time of 7 and 15 min with the e®ect of discharge
power 100 W (b) and 150 W (d), respectively. To
study the in°uence of hydrophobicity for a coating
time of 7 and 15 min at consistent power 100 W, the
uncoated and HMDSO-coated silk fabrics have been
tested by goniometer for the contact angle. It ought
to be noted that since the fabric absorbs the water
instantly, the contact angle of the uncoated fabrics
has been taken as 0  . As appeared in Table 3, the
contact angle is varied from 0  to 133  for 7 min and
to 135  for 15 min coating time. This recommends
exceptionally slight changes in contact angle. In the
case of discharge power at 150 W and coating time of
15 min, the contact angle increased up to 140  . During plasma process, the monomer molecules
experience particular chemical bond breaking and

Water repellency spray tester of AATCC Test
method 22-2005 is modi¯ed to test the self-cleaning
ability.52 Figure 7 shows the experimental setup of
the self-cleaning ability of the fabric. The fabric is
tilted and placed at the center of the tester on a 45 
angle slope, and by using the syringe water drop is
allowed to fall on the fabric surface from a distance of
150 mm. The water droplets easily roll o® along with
contaminated surface and remove contamination
from the fabric. The HMDSO-coated fabric is not
experiencing wetting, and hence ink drop forms
sphere on it while the uncoated fabric absorbs the ink
drop and stains immediately (Fig. 8). Similarly, the
fabric is tested with common stains such as tea, milk,
turmeric, and orange juice. In HMDSO-coated fabrics, all the stains are bedded like a spherical droplet.
In the case of uncoated fabric, it is fully absorbed and
stains the silk fabrics. In contrast, when graphite

Table 3. Contact angle and wet-out time of silk
fabrics coated by HMDSO.
Discharge
power (W)
—
100
100
150

Coating
time (min)

Wet-out
time (s)

Contact
angle (  )

0 (uncoated)
7
15
15

44
>3600
>3600
>3600

—
133
135
140

Fig. 7. (Color online) Experimental setup of the selfcleaning test.
1850060-7

Surf. Rev. Lett. Downloaded from www.worldscientific.com
by UNIVERSITY OF QUEENSLAND on 07/09/17. For personal use only.

K. V. Rani et al.

Fig. 8. (Color online) Photograph of stains with di®erent kinds of liquids and graphite powder on the uncoated and
HMDSO fabrics.

Table 4.

Stains
Ink
Tea
Milk
Turmeric
Orange juice

Diameter of the stains on the fabrics.
Uncoated fabric
Coated fabric stains
stains diameter (cm) droplet diameter (cm)
2.4
2.4
2.5
2.3
0.5

fabric is able to prevent the stains fairly enough
compared with the uncoated one.

3.6. Home laundering and aging e®ect

0.3
0.3
0.3
0.3
0.3

powder is spread on the HMDSO-coated fabric as a
dirt and followed by pouring a little water, circular
drops are framed instantly with graphite powder
turning the fabric dirt-free. Table 4 shows the diameter of the di®erent stain droplets for uncoated
and HMDSO-coated fabrics to analyze quantitatively
the extent of the absorption. The above results show
the stain-repellent and self-cleaning abilities of the
HMDSO-coated fabrics. This reveals that coated

Fig. 9. (Color online) Photograph of aging e®ect of
HMDSO fabric after 100 days.

To investigate the durability of HMDSO-coated silk
fabric, the fabrics are washed with detergents. After
detergent washing, there is a slight decrease in the
contact angle, which will not a®ect the hydrophobic
properties of the fabric. The aging e®ect of HMDSOcoated fabrics reveals that there are no signi¯cant
visual changes in the wettability of silk fabrics after
100 days of deposition of the coating, which suggests
good durability of the treatment. Figure 9 shows an
aging e®ect after 100 days, and the ink droplet on the
fabric bedded on the surface of the fabric.

4. Conclusion
The enhancement of hydrophobicity of the silk fabric
has been achieved by deposition of pure HMDSO
using PECVD technique. This method has advantages compared with classical chemical methods such
as low substrate temperature, ¯lm production without toxic by-products, etc. The hydrophobic property
has a great potential in the textile industry for stainfree fabrics. Functional groups of HMDSO coating
have been con¯rmed by ATR-FTIR spectroscopy;
SEM images show the altered surface morphology of
pp-HMDSO-coated silk fabric. Contact angle measurements revealed that a longer coating time
(15 min) along with higher discharge power (150 W)
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relates to the higher contact angle 140  . Moreover, it
is found that coated fabrics are capable of repelling
most aqueous liquids and dirt particles con¯rming
stain-free quality.
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