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Abstract. Dielectric barrier discharge type of plasma reactor was used for the low-temperature
plasma (LTP) treatment of the wool fabrics. Air was used as the non-polymerizing gas for the plasma
treatment at different time intervals. Low-stress mechanical properties of the treated and untreated
wool fabrics were evaluated using Siro-fast technique which revealed that the tensile, bending, compression, shear, dimensional stability and surface properties were altered after the LTP treatment.
Other properties such as thermal conductivity, thermal resistance and pilling propensity were also
evaluated. The surface topographical changes of the wool fibres after LTP treatment were analysed
by scanning electron microscopy. The changes in these properties are supposed to be related closely
to the interfibre and interyarn frictional force and increased surface area of the fibres induced by the
etching effect of plasma.
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PACS Nos 52.77.Bn; 81.65.Cf; 68.37.Hk

1. Introduction
Wool fibre exhibits a typical core–shell structure consisting of an inner protein core, the
cortex which is covered by overlapping cuticle cells with scale edges pointing in the direction of the fibre tip. The outer layer cuticle is densely cross-linked with sulphur and also
has a fatty layer making it hydrophobic. This complicates the wool finishing process and
necessitates a modification of the fibre surface. The presence of scales on the wool fibre
surface introduces a number of problems such as felting and the formation of a surface
barrier to dyestuff. Several techniques are available to remove the surface scales, e.g. chlorination, permanganate, permonosulphuric acid, polymer deposition processes and enzyme
treatment [1]. Low-temperature plasma (LTP) treatment can be an alternative to traditional
wet processes in textile preparation and finishing [2–4]. Nowadays commercial production
of plasma-treated wool products is a reality, e.g. plasmawool brand [5]. Plasma treatment
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of wool fibre brings changes in the surface chemistry of the fibre and increases water and
dye absorption by many folds [6–8]. Plasma treatment [9,13] changes various properties
of the wool fabric mainly due to changes in the fibre friction. Plasma-treated wool fabric
[10] in the presence or absence of fatty layer shows different effects on the shrinkage and
handle properties. In this paper, the effect of LTP treatment in different time intervals on
the properties of the woven wool fabric such as low stress mechanical properties, thermal
resistance, thermal conductivity and resistance to pilling is described.

2. Materials and methods
2.1 Materials
2/2 plain weave fabric made up of Australian merino wool fibres having the following properties was used; Ends per inch = 52, picks per inch = 50, GSM = 120, warp
count = 2/70 Nm, weft count = 56 Nm. The average wool fibre diameter for both warp
and weft was 20.59 μ (IWTO-47).

2.2 Methods
2.2.1 Wool fabric scouring. Wool fabric was scoured using Lissapol-N detergent (1 gpl)
at 55◦ C for 5 min at a material to liquor ratio of 1:20 followed by thorough rinsing with
water at 45◦ C. The fabric was then dried in an oven at 50◦ C for 30 min and then air dried.
Finally the fabric was conditioned according to ASTM D1776 before use.

2.2.2 Plasma treatment. A dielectric barrier discharge (DBD) type plasma reactor was
employed for plasma treatment of wool fabric under atmospheric pressure for different
treatment times, viz., 2, 5, 10, 20 and 30 min. The interelectrode spacing and the applied
voltage were kept constant and air was used as the non-polymerizing gas for plasma
treatment (table 1).

3. Testing methods
3.1 Scanning electron microscopy (SEM)
Wool fibres were taken from the untreated and plasma-treated fabric samples. Wool fibre
samples were coated with gold using JEOL JEC-550 twin coater before scanning electron
Table 1. Parameters of LTP treatment.
Interelectrode spacing (mm)
Voltage applied (kV)
LTP treatment time (min)
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microscopy analysis. JEOL JSM-5400 scanning electron microscope was used for studying
the surface morphology of untreated and plasma-treated wool fibres.
3.2 Siro-fast testing
Before testing, samples were conditioned at 65% ± 2% RH and 27 ± 2◦ C temperature for
24 h. The tests were conducted according to the ‘FAST Instruction Manual, Division of
Wool Technology, CSIRO Australia’.
3.2.1 Compression meter (FAST-1). Surface thickness (ST) is the difference between the
fabric thickness measured at loads of 2 gf/cm2 (T2) and 100 gf/cm2 (T100). Relaxed
surface thickness (STR) is the surface thickness measured after the fabric has been relaxed
in water at 20◦ C for 30 min. Relaxed fabric thickness measured at loads of 2 gf/cm2 is
T2R and at 100 gf/cm2 is T100R.
3.2.2 Bending meter (FAST-2). Bending rigidity is the couple required to bend the fabric
to unit curvature. The FAST system uses the principle described in BS: 3356 (1961)


Bending rigidity = Weight × bending length3 × 9.807 × 10−6 ,
where bending rigidity of warp is B-1 and that of weft is B-2 (μNm), bending length of
warp is C-1 and that of weft is C-2 (mm) and the fabric weight is in g/m2 .
3.2.3 Extension meter (FAST-3). Shear rigidity (G) is a measure of force required to
deform the fabric in shear and is calculated from the bias extensibility (%) of the fabric
under a load of 5 gf/cm. Shear rigidity (N/m) =123/bias extensibility. It is the increase in
the fabric dimensions which occurs when it is subjected to an applied load of 5 gf/cm and
20 gf/cm.
E5-1 (%) and E5-2 (%) are extensions in warp and weft directions respectively at 5 gf/cm.
E20-1 (%) and E20-2 (%) are extensions in warp and weft directions respectively at
20 gf/cm.
E100-1 (%) and E100-2 (%) are extensions in warp and weft directions respectively at
100 gf/cm.
EB5 (%) is the extension in the bias direction (45◦ to warp or weft) at 5 gf/cm.
Formability is a measure of the extent to which a fabric can be compressed in its own
plane before it buckles.
Formability (mm2 ) = bending rigidity × (E20 − E5) /14.7,
where E20 and E5 are percentage extension at 20 gf/cm and 5 gf/cm respectively.
F-1 and F-2 are the formabilities (mm2 ) in warp and weft directions respectively.
Pramana – J. Phys., Vol. 77, No. 4, October 2011
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3.2.4 Fabric dimensional stability (FAST-4). Relaxation shrinkage (RS) is the irreversible
change in the fabric dimensions (shrinkage or expansion) that occurs as the temporarily set
strains of fabric manufacturing processes are released when the fabric is wetted. RS-1 and
RS-2 are the relaxation shrinkages (%) in warp and weft directions respectively.
Hygral expansion (HE) is the reversible change in dimensions of the fabric that occurs
when the moisture content of the wool fibres is altered. Using FAST, hygral expansion is
defined as the percentage change in dimensions of the relaxed fabric from wet to dry. HE-1
and HE-2 are the hygral expansions (%) in the warp and weft directions respectively.
RS (%) = (L1 − L3) × 100/L1,
HE (%) = (L2 − L3) × 100/L3,
where L1 is the length of dry, unrelaxed fabric, L2 is the length of wet fabric after
relaxation in water and L3 is the length of dry relaxed fabric.
3.3 Testing of thermal resistance and thermal conductivity (BS 4745:1971)
Thermal resistance and thermal conductivity of the fabric samples were determined as per
the standard method for testing of ‘Thermal resistance of textiles BS 4745:1971’. Thermal resistance (R) of a fabric is the ratio of the temperature difference between the two
faces of the fabric to the rate of flow of heat per unit area normal to the faces. The SI
unit of thermal resistance is degrees Kelvin square metre per watt, i.e.1 unit = 1 K m2 /W
and 10 togs = 1 K m2 /W. Thermal conductivity (k) is the quantity of heat that passes in
unit time through unit area of a slab of infinite extent and of unit thickness when unit difference of temperature exists between its faces. It is the reciprocal of thermal resistance
per unit thickness. The practical unit of thermal conductivity is, 1 unit = 1 mW/mK and
1000 units = 1 W/Mk.
3.4 Testing of resistance to pilling and fuzzing
The assessment of pilling and/or fuzzing was done by ‘ISO 12945-1:2000(E) method for
determining the fabric propensity to surface fuzzing and pilling’ (table 2). Pilling is the
entangling of fibres into balls (pills) which stand out of the fabric, producing a change in
surface appearance. A pill’s density is such that light will not penetrate and will cast a
Table 2. Fuzzing and pilling assessment.
Rating

Description

Assessment

5
4
3

No change
Slight change
Moderate change

2
1

Significant change
Severe change

No visual change
Slight surface fuzzing
Test specimen may exhibit either or both of the following:
(a) Moderate fuzzing
(b) Isolated fully formed pills
Distinct fuzzing and/or pilling
Dense fuzzing and/or pilling which cover the specimen
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shadow. Fuzzing is the roughening up of the surface fibres and/or teasing out of the fibres
from the fabric, which produces a change in appearance.

4. Results and discussion
4.1 Surface morphology analysis
The SEM images of untreated and plasma-treated wool are shown in figure 1. The untreated
wool fibre surface may be described as a smooth fibre surface with well-defined and sharp
surface scales (figure 1a).

(a)

(b)

(c)

(d)

(e)

(f)

Figure 1. SEM picture of (a) untreated wool fibres, (b) 2 min, (c) 5 min, (d) 10 min,
(e) 20 min and (f) 30 min LTP-treated fibre.
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The surface topography of wool is not changed after 2-min plasma treatment (figure
1b). In 5-min plasma treatment, slight etching in the form of striations can be seen. As
the plasma treatment time is increased, the etching effect becomes more pronounced. The
fibres get roughened due to the microscale pits created when the highly energized ions
strike the fibre surface. The extent of etching of cuticle is thus directly proportional to the
treatment time.

4.2 Siro-fast testing
4.2.1 Dimensional stability. Relaxation shrinkage (table 3) in warp (RS-1) and weft
directions (RS-2) decreases after the LTP treatment. Hygral expansion in warp (HE-1)
as well as weft (HE-2) directions decreases after the LTP treatment. The decrease in
shrinkage is directly proportional to the LTP treatment time. This can be attributed to
the etching effect of plasma which causes an increase in the coefficient of friction of the
fibres. This increased coefficient of friction does not allow the fibres or yarns to move freely
Table 3. Fast data sheet.
Fabric properties

Test parameters

Untreated

LTP-treated
2 min

5 min

10 min

20 min

30 min

Dimensional stability

RS-1 (%)
RS-2 (%)
HE-1 (%)
HE-2 (%)

0.60
0.40
5.50
6.10

0.60
0.40
5.50
6.10

0.50
0.40
5.50
6.00

0.40
0.30
4.80
5.50

0.40
0.30
4.50
5.20

0.40
0.30
4.10
5.10

Formability

F-1 (mm2 )
F-2 (mm2 )

0.79
0.94

0.75
0.88

0.75
0.88

0.78
0.86

0.80
1.32

0.79
1.34

Extension

E5-1 (%)
E5-2 (%)
E20-1 (%)
E20-2 (%)
E100-1 (%)
E100-2 (%)
EB5 (%)

1.20
2.40
2.70
4.80
5.30
9.80
13.70

1.20
2.40
2.60
4.70
5.20
9.60
13.50

1.20
2.40
2.60
4.70
5.00
9.40
13.10

1.10
2.20
2.50
4.40
4.80
9.10
12.30

0.90
1.80
2.30
4.10
4.70
8.80
10.80

0.90
1.60
2.20
4.10
4.60
8.40
9.10

Bending

C-1 (mm)
C-2 (mm)
B-1 (μN·m)
B-2 (μN·m)

18.80
16.90
7.80
5.60

18.90
16.90
7.91
5.66

18.90
16.90
7.90
5.60

19.10
17.00
8.20
5.70

19.3
17.10
8.40
6.07

19.5
17.40
8.80
6.18

10.00

11.40

14.00

Shear

G (N/m)

9.00

9.11

9.39

Compression

T2 (mm)
T100 (mm)
ST (mm)
T2R (mm)
T100R (mm)
STR (mm)

1.054
0.493
0.561
1.296
0.632
0.664

1.056
0.495
0.561
1.299
0.634
0.665

1.056
0.495
0.561
1.298
0.633
0.665
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1.301
0.635
0.666

1.060
0.497
0.563
1.308
0.637
0.671

1.059
0.497
0.562
1.320
0.638
0.682
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relative to each other, hence, reducing the shrinkage. Thus, plasma treatment increases the
dimensional stability of wool fabrics.
4.2.2 Formability. Formability was not much affected for 2-, 5- and 10-min LTP treatment in both warp and weft directions. But it increased for 20 and 30 min LTP treated
samples. Formability, which gives an indication of possible problems like puckering while
laying up of fabric, is a helpful tool for a garment manufacturer.
4.2.3 Extension. Extension at different loads in both warp and weft directions decreased
after the low-temperature plasma treatment. This also may be due to the increased interyarn
and intrayarn frictions induced by LTP treatment which does not allow the fibres to slip
past each other and consequently contributing lesser to the overall fabric extensibility. The
decrease in extension is directly proportional to the time of plasma treatment of the wool
fabric.
4.2.4 Bending rigidity. The bending length and consequently the bending rigidity of the
LTP-treated fabrics increased in warp as well as in weft directions proportionately with
treatment time. Here too, the etching effect of plasma causes the increase in fibre surface
roughness, which in turn inhibits the movement of fibres within yarn and between yarns.
Hence, the LTP treatment made the wool fabric stiffer compared to the untreated fabric.
4.2.5 Shear rigidity. The shear rigidity of the wool fabrics increased after the LTP treatment. This increase in the rigidity (both bending as well as shear) of the fabrics can be
attributed to the decreased relative mobility of the plasma-treated fibres in the yarn structure as well as between the yarn surfaces. This happens because the highly active species in
the plasma such as free radicals, ions, partially ionized molecules and atoms possess very
high amount of kinetic energy. When these active species collide with the surface molecules
of the fibres, they etch them, increasing the overall surface area of the fibres tremendously
[11]. This, eventually leads to the increased frictional resistance, i.e. coefficient of friction
of the wool fibres which restricts the mobility of fibres or yarn.
4.2.6 Compression. The thickness of the untreated wool fabric is lower than the LTPtreated fabrics. The thickness increased proportionately with the time of plasma treatment.
The increase in thickness may be due to the swelling of fibres as they absorb moisture. This
swelling is restricted in untreated fibres because of the presence of outer hydrophobic layer
of waxy cuticle. But, after the plasma treatment, this waxy layer is etched away, and the
wool becomes more hydrophilic and can absorb more moisture from the surrounding air
compared to the untreated fibres. This causes an increase in the fabric thickness.
4.3 Testing of thermal resistance and thermal conductivity
Thermal resistance (table 4) of all the LTP-treated fabrics increased, possibly due to
increased fabric thickness. More fabric thickness implies that the amount of dead (or still)
Pramana – J. Phys., Vol. 77, No. 4, October 2011
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Table 4. Thermal resistance and thermal conductivity.
Fabric properties

Test parameters

Thermal resistance
Conductivity

Untreated

LTP-treated
2 min

5 min

10 min

20 min

30 min

tog
clo

0.749
1.159

0.750
1.162

0.772
1.192

0.784
1.215

0.795
1.230

0.806
1.251

Rf = mW/mK =
10× mm/tog

14.070

14.080

13.680

13.510

13.330

13.140

Table 5. Assessment of pilling and fuzzing.
Samples
Untreated wool fabric
2-min LTP treatment
5-min LTP treatment
10-min LTP treatment
20-min LTP treatment
30-min LTP treatment

Rating

Description

2–3
2–3
3–4
4–5
4–5
4–5

Significant–moderate level of fuzzing
Significant–moderate level of fuzzing
Moderate–slight fuzzing
Slight surface fuzzing – no visual change
Slight surface fuzzing – no visual change
Slight surface fuzzing – no visual change

air entrapped within the fabric will be more, which results in better thermal insulation.
The increase in thermal resistance of the LTP-treated wool fabrics may also be due to the
increased surface area of the fibres due to the etching effect of plasma over the fibre surface
which is evident from figure 1. This increased surface area provides more area for the air to
cling upon. Air being a good thermal insulator, helped the thermal resistance to increase,
and consequently the conductivity of the LTP-treated fabrics decreased [12].
4.4 Testing of resistance to pilling and fuzzing
The assessment of pilling and/or fuzzing was done by ‘ISO 12945-1: 2000 (E) method for
determination of fabric propensity to surface fuzzing and pilling’. The resistance of the
wool fabrics to pilling and fuzzing was improved after the LTP treatment (table 5). The
fabrics became smoother in appearance and the fuzziness of the fabric surface caused by
the protruding hair was also greatly diminished after the plasma treatment. The formation
of pills is due to the migration of fibres from constituent yarns in the fabric. LTP treatment
reduces the migration tendency of the fibres by way of increased friction. Due to increased
friction, more energy is required to pull the fibres out of the yarn structure and form pills.
Hence, LTP treatment improves the resistance of the fabric to pilling [14].
5. Conclusion
The surface morphology, low-stress mechanical properties, thermal properties, resistance
to pilling and other properties of LTP-treated wool fabric have been studied and analysed.
Surface morphological changes were found to be dependent on treatment duration. The
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dimensional stability and thermal resistance were found to be improved after LTP treatment (for all treatment times) compared to the untreated fabric. The shear rigidity and
bending rigidity of the LTP-treated fabrics were higher than the untreated fabric but extensibility was found to be lower for both warp and weft of the LTP-treated fabrics. As the
LTP treatment time was increased, the dimensional stability, thermal resistance, resistance
to pilling, shear rigidity and bending rigidity increased linearly whereas the thermal conductivity and extensibility for both warp and weft decreased linearly with increase in LTP
treatment time.
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