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Abstract
This work is focused on the characterisation of the physical and surface properties of plas-
ma coated wool fabric. A thin film was deposited on wool fabric samples by means of the 
plasma polymerisation of hexamethyldisiloxane (HMDSO) and differences between such 
plasma-treated and untreated fabrics were evaluated. The films deposited were character-
ised by means of Fourier transform infrared (FTIR) spectroscopy. Also the surface mor-
phology of samples was studied using a scanning electron microscope (SEM). Hydrophobic 
properties of the samples were tested using the water drop test. The results show that by 
plasma polymerisation,  hydrophobic properties of the wool surface change to super hy-
drophobic.  The main aim of the HMDSO/N2 plasma polymerisation of wool fabrics is to 
improve anti felting properties and dyeing behaviour.
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The fabrics were woven with 22 dtex 
warp and weft yarns composed of 36 fila-
ments. For sample preparation, size resi-
dues and contaminations on the fabrics 
were removed by conventional scouring 
processes; the fabrics were washed in  
0.5 g l−1 sodium carbonate and 0.5 g l−1 
anionic detergent solution (dilution ratio 
to water = 1:10) at 80 °C for 80 min and 
then washing was conducted twice with 
distilled water at 80 °C for 20 min and 
once at ambient temperature for 10 min.
Hexamethyldisiloxane (HMDSO) was 
obtained from Merck, Germany (99.5%). 

The plasma processing chamber con-
sisted of a pyrex tube with a diameter of  
15 cm and height of 12 cm and was 
equipped with a DC generator. Two 
aluminum parallel plates were inside  
the chamber, with the upper one con-
nected to high voltage and operating as a 
cathode, and the lower one grounded and 
operating as an anode (Figure 1).

The plasma chamber was pumped down 
to 0.1 Pa using a turbo pump, and then 

formance properties such as anti-felting, 
wettability, adhesiveness of the polymer 
to the surface, and dyeability [1, 5].

One of the siloxanes most commonly 
used is hexamethyldisiloxane (HMDSO), 
a monomer that cannot be polymerised 
following conventional polymerisation 
methodologies in liquid phase, while it 
can be polymerised during plasma treat-
ments by rearranging the radicals pro-
duced by its dissociation. Using this pure 
monomer in plasma processes gives the 
possibility to obtain stable hydrophobic 
surfaces because of the high retention of 
methyl groups [9 - 11]. 

Hexamethyldisiloxane, a silicon contain-
ing organic monomer, has been exten-
sively employed for plasma polymer lay-
er deposition in rather different fields, but 
relatively little attention has been given 
to the application of HMDSO plasma-
deposited films in the textile field [1].

The plasma polymerisation of hexam-
ethyldisiloxane as an alternative eco-
logical finishing process for improving 
the pilling performance of knitted wool 
fabrics was investigated [1, 6, 8, 12, 13].

In this research work, the effect of HMD-
SO plasma polymerisation on the felting, 
hydrophobicity and dyeability of wool 
fabrics is investigated. The results are 
presented graphically and discussed.

n	 Experimental part
Materials and plasma treatment
The wool used in this work was pro-
duced by Iran Merinos Co., Iran.  

n	 Introduction
Keratin fibres, like wool or human hair, 
can be considered as natural composite 
materials, where keratinous protein is the 
main basic constituent. Wool is a high-
quality protein fibre and is widely used as 
a high quality textile material.

The morphology of wool is highly com-
plex, which is not confined to the fibre 
stem but extends to the surface as well. 
Cuticle cells overlap each other to influ-
ence a directional frictional coefficient. 
Moreover the surface is highly hydro-
phobic, as a consequence of which in 
aqueous medium, because of the hydro-
phobic effect, fibres aggregate and under 
mechanical action exclusively move to 
their root end. This is the reason for felt-
ing and shrinkage.

The surface characteristics of textiles 
play an important role in their perfor-
mance, and their modification by chemi-
cal/ physical processes permits to modify 
some properties such as dyeability, wet-
tability, permeability and pilling perfor-
mance [1 - 4].

Plasma treatment is an effective tech-
nique for homogeneously modifying 
the surface properties of wool fabrics, 
with gases producing different types of 
modification. This method significantly 
reduces process costs in terms of water 
and chemicals, and moreover the process 
is simple, clean and safe [5 - 7]. 

Several investigations concerning the 
effect of LTP (low temperature plasma) 
treatment on wool fibres, have shown 
that it can improve processing and per-

Figure 1. Schematic view of the low pres-
sure DC Plasma generator.
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HMDSO/N2 was admitted into it up to  
a pressure of 0.07 Pa. The HMDSO/N2 
ratio was fixed at 80% - 20%. High volt-
age was applied and plasma generated 
between two electrodes. A fabric speci-
men was fixed to the lower electrode, al-
lowing homogeneous plasma irradiation 
on the surface area; the distance between 
electrodes was 50 mm. The discharge 
power was 30 W and the deposition 
time varied between 0 to 8 minutes. 
After treatment, the power supply was 
switched off and the system returned to 
atmospheric pressure by introducing air 
into the plasma chamber. 

Characterisation tests
Functional groups on the surface of 
samples were examined using an FTIR 
spectrometer (Bomem MB-100, made in 
Canada). The morphology of the fabrics 
was observed using a scanning electron 
microscope (SEM; LEO 440I, made in 
England). All of the samples were gold 
coated before examination. 

After plasma polymerisation, fabrics 
were analysed by the water drop test. 
The quality of the repellent effect was 
evaluated by putting water drops on the 
fabric surface. Obviously this evaluation 
depends also on the nature of the fabric. 
Drops of controlled size were placed at  
a constant rate upon the fabric surface. 
The duration of time required for the wa-
ter drop to penetrate through the fabric 
was measured, representing the water-
repellency of the fabric. 

For the dyeing process, aqueous solu-
tions containing 1.0 wt.% of acid dye 
(C.I.Acid Red 57) were employed for 
dyeing wool fabrics. The bath ratio was 
1:40 (1 g of fabric in 40 ml of dye so-
lution). The following dyeing condition 
was adopted: initial temperature 40 °C, 
followed by a temperature increase of  
3 °Cmin-1 up to 80 °C, holding for 30 min 
at 80 °C. 2 g/l of sulfuric acid for pH ad-
justment was added for the anionic dye-
ing processes. After dyeing, the fabrics 
were rinsed with cold-hot-cold water and 
then dried at room temperature.

The reflection factor (R) and colour in-
tensities of the fabrics were investigated 
using a UV VIS-NIR reflective spectro-
photometer (Cary 500, Varian) over the 
range of 300 - 800 nm. The relative color 
strength (K/S value) was then established 
according to the following Kubelka-
Munk equation, where K and S stand for 

the absorption and scattering coefficient, 
respectively [4, 14].

K/S = (1- R)2/(2R)             (1)

Dimensional changes of the wool fabrics 
treated were tested according to AATCC 
Test Method 99–1993 [14]. Due to the 
limited size of the plasma reaction cham-
ber, the dimension of the fabric sample 
used was 65×35 mm2, with 60×30 mm2 
marked inside the fabric. The fabric 
was conditioned before measurement. 
A measurement was then conducted to 
assess the shrinkage in length of both 
the warp and weft direction, and finally 
the area shrinkage was calculated. The 
degree of shrinkage in length and area 
change was calculated (expressed in %) 
according to Equations 2 and 3, respec-
tively.

Length change = [(lf − lo)/lo] × 100   (2)

Area change = [(A − O)/O] × 100   (3)

where:
lf - final length after treatment, mm,
lo - original length before treatment, mm,
A - final area after treatment, mm2,
O - original area before treatment, mm2. 

n	 Results and discussion
Fourier transform infrared 
spectroscopy (FTIR)
Fourier transform infrared spectroscopy 
(FTIR) was used to examine functional 

groups of the untreated and plasma po-
lymerized samples. The results are shown 
in Figure 2. 

The polymerised sample exhibited a 
broad band between 1000 cm–1 and 
1100 cm–1 and a narrow band around 
1260 cm–1. The band observed at around 
1025 cm–1 was due to asymmetric Si–O 
stretching vibration in the Si–O–Si bond, 
while that at 1260 cm–1 was attributed to 
the asymmetric deformation vibration of 
CH3 groups in the molecule Si–(CH3)x  
[1, 5]. The absorption band at around 
1400 cm–1 is due to the asymmetric de-
formation vibration of CH3 groups in the 
molecule Si–(CH3)x, and bands at around 
2960 and 2900 cm–1 are, respectively, 
due to the asymmetric and symmetric 
stretching of the C–H bond in methyl 
groups. The broad band at 3400  cm–1 

is assigned to NH stretching vibration.  
A peak at 1530 cm-1 appears owing to  
the presence of NH2 and NH deformations.

As is seen, the bands attributed to NH 
groups are sharper on the HMDSO/N2 
treated sample as compared with untreat-
ed wool, which is due to using nitrogen 
as fed gas in the plasma polymerisation 
system. 

It should be mentioned that the results 
related to polymerised samples were  
the same, thus just one of them is shown 
in Figure 2 and compared with untreated 
wool. 

Figure 2. FTIR spectra of untreated and HMDSO treated samples.
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As can be seen, the reflection factor of 
the dyed HMDSO treated sample is less 
than dyed untreated one. It should be 
mentioned that the reflection curve for all 
the HMDSO treated samples overlapped, 
hence just one of them is shown in Fig-
ure 4. 

The results show that plasma treatment 
is effective in increasing the dye exhaus-
tion of wool with acid dye. Furthermore 
the colours achieved much more brilliant 
shades with the plasma treatment. As can 
be seen, the K/S value of the plasma treat-
ed sample is more than the original one. 

As was shown in FTIR and the water 
drop test, by HMDSO plasma polymeri-
sation, Si-O-Si bonds were created on 
the surface of wool samples. The exist-
ence of silicon groups on the surface is  
the main reason for changing the hy-
drophobic properties of wool to super 
hydrophobic. According to these results 
achieved, it is expected that the dyeabil-

shown in Table 1, in which the absorption 
times were recorded for different treated 
samples. As we know, the presence of  
a microporous hydrophobic layer, called 
an epicuticle, makes the fibre surface dif-
ficult to get wet. As can be seen, after 
HMDSO polymerisation the water-ab-
sorption time increased to more than one 
hour. It is seen that water drops are ab-
sorbed on the surface of untreated wool 
after 3 minutes, after plasma polymerisa-
tion, the water repellent effect appears 
and drops remain on the fabric surfaces 
without any change in their structure and 
hydrophobic properties of the wool sur-
face change to super hydrophobic.

Here we should mention that the water-
absorption time increased for both sides 
of the fabrics. By increasing the time of 
polymerisation, no noticeable changes 
were observed for the water absorption 
time.

After dyeing, the water absorption time 
of samples was investigated, the results 
of which are shown in Table 2. As is 
seen, for untreated samples, the water 
absorption time decreased to 2 min after 
the dyeing process. The results show that 
after dyeing, the water repellent proper-
ties of polymerised wool were reduced.
 
Dyeability of wool samples
One of the most important concerns in 
the textile industry is the dyeability of 
finished fabrics. Hence in this research 
work, the dyeing property of polymer-
ised fabrics was investigated. A reflective 
spectrophotometer was used for studying 
the colour intensity of the fabrics before 
and after plasma polymerisation, the re-
sults of which are shown in Figure 4. 

Morphological examination
Figure 3 shows SEM images of untreat-
ed and treated wool fibre surfaces. SEM 
analysis revealed no significant differ-
ences between surface morphologies of 
the polymerised and untreated wool fab-
rics. Minimal damage occurs to the scale 
structure as a result of the plasma treat-
ment. No signs of the plasma polymer 
covering the surfaces were detected.

Water drop test
The quality of water repellency of  
the samples was evaluated by the water 
drop test, in which drops of controlled 
size were placed at a constant rate upon 
the fabric surface and the duration of  
the time required for them to penetrate 
the fabrics was measured. The results are 

Figure 3. SEM images of untreated and 
HMDSO treated wool.
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Table 1. Absorption time of treated and 
untreated samples.

Samples Absorption time
Untreated 3 min
2 min plasma polymerization 47 min
4 min plasma polymerization

>1 hr6 min plasma polymerization
8 min plasma polymerization

Table 2. Absorption time of treated and 
untreated samples after dyeing. 

Samples after dyeing Absorption time
Untreated 2  min
2 min 6 min
4 min

8 min6 min
8 min

Figure 4. Reflection spectroscopy results of untreated and HMDSO treated samples.
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ity of wool after plasma polymerisation 
decreases noticeably, but as is seen, op-
posite results were achieved. The dye-
ability of polymerised wool is little im-
proved, which is due to the creation of 
nitrogen containing groups on the sur-
face after plasma treatment. As was men-
tioned in the experimental part, nitrogen 
was used as fed gas along with HMDSO 
in this study. By increasing the amount of 
NH groups on the surface of wool fibres, 
the dyeability of the fabric is improved; 
however, it is not significant. 

It can be concluded that plasma poly-
merisation up to 8 minutes do not have 
any negative effect on dyeability of  
the fabrics.

Fabric shrinkage
In the shrinkage test of the fabrics, we 
observed that the dimensional change in 
the warp direction is greater than that in 
the weft direction. It was found that in 
all HMDSO polymerisation treatments, 
the fabrics have got only a slight change 
in their dimensions after the relaxation 
process (up to 5% in the warp direction). 
However, the shrinkage for untreated 
wool fabric, as shown in Table 2, was the 
greatest both in the warp and weft direc-
tions.

The felting dimensional change is an ir-
reversible process which occurs in wool 
fabric when it is subjected to agitation in 
laundering [14 - 17].

The maximum value of felting dimen-
sional changes in the untreated wool fab-
ric was 20%, which was only a moderate 
change for untreated fabric. However, 

when this value is compared with that of 
treated fabric (5%), it demonstrates that 
this treatment could impart significant 
shrink-resistance and anti-felting effects 
to wool fabric. Table 3 shows that the 
area shrinkage significantly improved af-
ter the treatment. 

After dyeing, the shrinkage properties of 
both untreated and treated samples were 
evaluated, the results of which are shown 
in Table 4. As can be seen, the shrinkage 
property of untreated fabric after dyeing 
is improved. Dimensional changes in the 
warp and weft directions reach 10 and 
5%, respectively. Also the dyeing pro-
cess does not have any negative effect on 
anti-felting properties of the polymerised 
samples.

n	 Conclusion
In this research work, wool fabrics were 
polymerised using HMDSO as a precur-
sor and nitrogen as fed gas in the plasma 
system. Different deposition times from 
0 to 8 min were applied. The IR spectra 
of coated wool samples confirmed the 
presence of HMDSO thin film on the sur-
face of fibres.

SEM analysis revealed no differences 
between the surface morphologies of the 
coated and untreated wool fabrics. Also it 
is demonstrated that HMDSO polymeri-
sation could impart significant shrink-
resistance and anti-felting effects to wool 
fabrics. 

It is also shown that the dye ability of 
wool could be increased. The increase 

in the dye ability of wool samples is at-
tributed to the creation of Nitrogen con-
taining groups due to plasma chemical 
modification. The results show that by 
plasma polymerisation, the hydrophobic 
properties of the wool surface changes to 
super hydrophobic. However, the water 
repellent properties of polymerised wool 
were reduced after dyeing.
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Table 3. Influence of the HMDSO polymerization on the shrinkage behaviour of wool fa-
brics. 

Samples
Dimensional change, % Area felting

shrinkage, %in warp direction  in weft direction
untreated 20 5 24

2 min 5

0

5
4 min

0 06 min
8 min

Table 4. Influence of the HMDSO polymerization on the shrinkage behaviour of wool fa-
brics after dyeing.

Samples
Dimensional change, % Area felting

shrinkage, %in warp direction  in weft direction
untreated 10.0 5.0 14.5

2 min 2.5

0

2.5
4 min

0 06 min
8 min
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