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Two sided modification of wool fabrics by atmospheric pressure plasma jet:
Influence of processing parameters on plasma penetration
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Abstract

Atmospheric pressure plasma jet can treat fabrics from one side and therefore the penetration of the plasmas to the other side of the fabric is
critical for the successful treatment of the fabric which needs to be treated on both sides. In this study a wool fabric was treated under various
treatment conditions such as different output power, different nozzle to substrate distance, different substrate moving speed and different treatment
time to see how these processing parameters influenced the penetration of plasma through the fabric. After the plasma treatments, scanning
electron microscopy analysis showed that the fiber surface morphological change occurred on both sides of the fabric; Fourier transform infrared
spectrometry analysis showed an increase in number of polar groups on the fiber surface for both sides; the water absorption time was also greatly
reduced. The treatment effects were enhanced when the output power and the treatment time were increased. When the fabric was too close
(≤1 mm) or too far (≥6 mm) from the nozzle, the treatment was not effective to either side of the fabric. The treatment on both sides was most
effective when the fabric was 2–3 mm away from the nozzle. The substrate moving speed did not affect the treatment results. Therefore adequate
plasma processing parameters have to be carefully selected for the best results for treating both sides of the fabric.
© 2006 Published by Elsevier B.V.
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1. Introduction

Plasma treatment is a nonaqueous and environmentally
friendly surface modification technique. Most of the plasma
treatment processes involve a vacuum system and thus may not
be continuous processes. Atmospheric pressure plasma treat-
ments do not require a vacuum system and therefore can be
applied on-line for textiles. Two types of low temperature
atmospheric pressure plasma treatments are available, namely
dielectric barrier discharge (DBD) and plasma jet. Plasma jet
has advantages over DBD because it can generate uniform
reactive gases and can also be applied to the surface of any
shaped objects. However, atmospheric pressure plasma jet can
only be applied to one side of the treated material directly facing
the plasma jet. For a flat and nonporous substrate, plasma jet
surface modification is only limited on one surface within
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several nanometers of thickness. For a textile fabric, which is a
porous material, it is important to know the depth of the plasma
treatment before this technique can be applied successfully for
modifications of the fabric for better dyeability and other
properties which involve all the fibers in the fabric instead of
just the surface fibers [1–9].

Plasma penetration into a fibrous material has been studied
but most of the published literature discussed plasma penetra-
tion at low pressure. It was reported that low pressure plasma
can penetrate porous materials and textile structures [10–16].
However, little has been reported about penetration of
atmospheric pressure plasma jet in woven fabrics.

The purpose of this study is to investigate the penetration of
atmospheric pressure plasma jet in woven fabrics by determin-
ing the effect of plasma treatment on both sides of a wool fabric.
The surface modification effect of plasma treatment was
characterized as the changes in water-absorption time on the
top and bottom sides of the fabric and the optimal treatment
parameters were proposed. Scanning electron microscopy
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Table 1
Processing parameters of atmospheric pressure plasma jet treatment

Parameter Possible values

Helium flow rate (L/min) 10
Oxygen flow rate (L/min) 0.1
Gas temperature (°C) 100
Treatment time (s) 0.67, 1.33, 2, 2.67
Output power (W) 5, 10, 30, 40
Jet-to-substrate distance (mm) 1, 2, 3, 6
Substrate speed (mm/s) 1.5, 3, 6, 7.5
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(SEM) and Fourier transform infrared spectrometer (FTIR)
were used to determine the surface morphological changes and
surface chemical changes after the plasma treatments.

2. Experimental

2.1. Materials

The fabric specimen used in this study was a plain weave
wool fabric (14.7tex×2 ply warp and 40tex×2 ply weft;
280 g/m2). The thickness of the fabric was about 0.635 mm.
Before the plasma treatments, the wool fabrics were scoured
with acetone for 30 min to clean the fabric and then dried in a
vacuum oven at room temperature for 12 h. Then the cleaned
fabrics were cut into the size of 30 mm×150 mm and
mounted on a rectangular wooden frame, which was placed on
the conveying belt vertically under plasma jet nozzle.

2.2. Plasma treatments

Plasma treatments of wool fabrics were carried out on an
atmospheric pressure plasma jet apparatus manufactured by
Surfix Technologies (California, USA) and the substrate
conveying belt system was fabricated to make the samples
move at a constant speed. The schematic diagram is shown in
Fig. 1. This devise employs a capacitively coupled electrode
design and produces a stable discharge at atmospheric pressure
with 13.56 MHz radio frequency. The treatment was carried out
using a rectangular nozzle which covered an active area of
2×10 mm2 and was mounted vertically above the substrate
conveying belt. The nozzle was heated to 100 °C during the
treatment. Helium and oxygen were used as carrier and reactive
gases. The processing parameters are listed in Table 1. When
one parameter changed, the other parameters were held
constant. The flow rate of helium was 10 LPM when output
power was 5–10 W and 0.1 LPM oxygen was added when
output power was 30–40 W.

2.3. Wettability measurement

The wettability of wool fabric was measured according to the
BS4554:1970. A microliter syringe was used to place a distilled
Fig. 1. Schematic of the atmospheric pressure plasma jet treatment system.
water droplet of 3 μl on the fabric surface. The time for the
droplets to be completely absorbed into the fabric was taken as
the water-absorption time [15]. For each sample, five measure-
ments were taken.

2.4. SEM analysis

The fabric surface morphology was examined using a SEM
(model JSM-5600LV). The wool fabric specimens were
inspected at 6000× magnification to inspect the surface
morphological changes caused by the plasma treatments. All
of the fabric specimens were gold coated prior to conducting
SEM observation.

2.5. FTIR analysis

The surface chemical compositions of the wool fabric were
studied using an FTIR spectrometer model Nexus-670 (Nicolet,
USA).

3. Results and discussion

3.1. Morphological examination

Fig. 2 shows the SEM images of the control and the treated
wool fiber surface. It can be seen that the scales covering the
surface of the untreated fiber were intact. The presence of a
microporous hydrophobic layer called epicuticle makes the
fiber surface difficult to get wet. However, after the plasma
treatments, the scales on the fibers on the top side of the fabric
were broken and so was the epicuticle. The scales on the fibers
from the bottom side of the fabric were also damaged but not as
severely as their counterparts from the top side. This was due to
the penetration of the active species from plasma jet through the
pores in the wool fabric. Meanwhile, the etching effect of
plasma treatments could also roughen the surface of the fibers
[17]. All these contributed to the wettability improvement of the
wool fiber surfaces [18].

3.2. Chemical analysis

Figs. 3 and 4 show the FTIR transmission spectra of the two
sides of the wool fabric treated for different treatment times and
at different output power levels. As the treatment time
increased, 2800–3000 cm−1 peaks corresponding to the –CH3



Fig. 3. FTIR transmission spectra of the control and the two sides of the fabric
treated for different times (30 W, 2–3 mm, 3 mm/s) (a) top side (b) bottom side.

Fig. 2. SEM micrographs of (a) control (b) top side and (c) bottom side of the
fabric treated for 2 s (30 W, 2–3 mm, 3 mm/s).
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and –CH2− oscillators gradually decreased and finally dis-
appeared for the top side treated for 2 s (Fig. 3a) or at 30 W
(Fig. 4a) and for the bottom side treated for 2.67 s (Fig. 3b) or at
40 W (Fig. 4b). And a slight increase in absorption occurred in
the 2800–3000 cm−1 region corresponding to the –OH and –
NH– groups. However, there was hardly any changes observed
in the 1700–1200 cm−1 region corresponding to amide I and
amide III absorption bands [18].
The spectrum changes observed after atmospheric pressure
plasma jet treatments may be attributed to the oxidation of –
CH3 and –CH2− groups into hydrophilic groups such as –OH
and –NH– on the fiber surfaces by active species in the plasma
where N could come from the surrounding air and fragmented
polymer chains on the surface of the fiber. FTIR analysis
indicated that the plasma treatment was not just limited to the
top side of the fabric but also influenced the bottom side as a
result of diffusion of the active species through the pores in the
fabric.

3.3. Wettability improvement on two sides

After plasma treatment, the water-absorption time for both
sides of the fabrics was reduced. In general the bottom side of
the fabric had a longer water absorption time. The decrease of
water-absorption time can be attributed to the destruction of the
scale structure due to plasma etching on the wool fiber surface
and the introduction of more polar groups such as hydroxyl
groups due to plasma chemical modification. In the following
sections the effect of the plasma processing parameters on the
wettability improvement of the two sides of the fabric is
discussed.



Fig. 6. Change of water-absorption time with output power for the two sides of
the treated fabric.

Fig. 4. FTIR transmission spectra of the control and two sides of the fabric
treated at different output power (2 s, 2–3 mm, 3 mm/s) (a) top side (b) bottom
side.
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3.3.1. Treatment time
Fig. 5 shows the influence of plasma treatment time on the

water-absorption time of the two sides of the treated fabrics.
The water-absorption time of the two sides and the difference
in water-absorption time between the two sides rapidly
Fig. 5. Influence of plasma treatment time on water-absorption time for the two
sides of the treated fabric.
decreased with the increase of plasma treatment time, indicating
a deeper penetration of plasma with longer treatment time. The
water-absorption time of the two sides of the fabric treated for
2.67 s was almost zero. It can be explained as follows.

As the increase of the treatment time, the concentration of the
active species from the plasma jet accumulating on the top side
increased. Once the concentration of the active species
increased to a critical level, they would have enough time to
diffuse through the fabric before being neutralized [13]. This
could happen when the treatment time exceeded 1.33 s.

3.3.2. Output power
Fig. 6 shows the influence of the output power on the water-

absorption time of the fabrics. The water-absorption time of the
two sides and the difference in water-absorption time between
the two sides decreased with the increase of the output power. In
general, higher output power increased the number and activity
of active species in plasma jet. Consequently, at a higher output
power the deterioration of the epicuticle layer could occur more
rapidly than at a low output power. In addition, as the output
power increased, the number of ions and free radicals reactive to
wool fiber surface increased, leading to the formation of more
polar groups as shown in Fig. 4 [19 20].
Fig. 7. Influence of jet-to-substrate distance on water-absorption time of two
sides of the treated fabric.



Fig. 8. Effect of substrate speed on water-absorption time of two sides of the
treated wool fabric.
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3.3.3. Jet-to-substrate distance
Fig. 7 shows the influence of jet-to-substrate distance on

water-absorption time of the treated wool fabric. Water-
absorption time of the two sides of the treated fabric and the
difference between them decreased first and then increased as
the jet-to-substrate distance increased. When the distance was
smaller than 1 mm or larger than 6 mm, the water-absorption
time was hardly changed by the plasma treatment. When the
distance was 2–3 mm the water-absorption time of the two
sides of the treated fabric was much shorter than that of the
control and there is no significant difference between the two
sides. When the distance between the plasma jet nozzle and
the fabric surface was too small, the flow of the gas from the
nozzle was almost blocked by the fabric and the gas could
only be bounced off the surface and flew out in a more parallel
to the fabric surface direction, which greatly reduced the
effectiveness of the treatment. On the other hand, when the
distance reached 6 mm, the velocity and the activity of the
active species in the plasma jet greatly decreased when
reaching the top side of the fabric and thus was not effective
either [21].

3.3.4. Substrate moving speed
Fig. 8 shows the influence of substrate speed on water-

absorption time of the treated fabric. It can be seen that water-
absorption time of the two sides of the treated fabric were
smaller than that of the control but it did not depend on
substrate speed within the tested range. Although substrate
speed was changed, the number of laps for each sample varied
in order to keep the same plasma treatment duration. For
example, when the speed was set as 1.5 mm/s or 3 mm/s, the
moving distance was respectively set as one or two laps. It
was obvious that the moving speed of the substrate was not
nearly as fast as the moving speed of the gas particles and
therefore it should not affect the collision between the active
species and the fiber surfaces.
4. Conclusion

After woven wool fabrics are treated with atmospheric
pressure plasma jet, the wettability of the two sides significantly
improved, indicating penetration of plasma into the fabric. In
studying the effects of various treatment parameters on the
treatment results, it was found that the effectiveness of the
plasma treatment as well as plasma penetration through the
fabric were positively associated to the plasma output power and
the treatment time but had no relation with the substrate moving
speed.When the jet-to-substrate distance was too small (b1mm)
or too large (N6 mm) the effect of the plasma treatment
diminished, while optimal results were obtained when the jet-to-
substrate distance was set at 2–3 mm. Therefore, in order to
achieve reasonable treatment effect on both sides of a fabric,
plasma treatment condition has to be carefully chosen.

Acknowledgements

This study was funded by the Program for Changjiang
Scholars and Innovative Research Team in University (No.
IRT0526).

References

[1] Y. Qiu, Y.J. Hwang, C. Zhang, B.L. Bures, M. Mccord, J. Adhes. Sci.
Technol. 16 (2002) 99.

[2] Y. Qiu, Y.J. Hwang, C. Zhang, B.L. Bures, M. Mccord, J. Adhes. Sci.
Technol. 16 (2002) 449.

[3] J. Rahel', M. Cernak, I. Hudec, A. Brablec, D. Trunec, I. Chodak,
Czechoslov. J. Phys. 50 (2000) 445.

[4] M. Simor, H. Krump, I. Hudec, J. Rahel', A. Brablec, M. Cernak, Acta
Phys. Slovaca 54 (2004) 43.

[5] A. Schutze, J.Y. Jeong, S.E. Babayan, J. Park, G.S. Selwyn, R.F. Hicks,
IEEE Trans. Plasma Sci. 26 (1998) 1685.

[6] R.D. Boyd, A.M. Kenwright, J.P.S. Badyal, D. Briggs, Macromolecules 30
(1997) 5429.

[7] M. Stefecka, J. Rahel', J. Mater. Sci. Lett. 18 (1999) 2007.
[8] J.B. Lynch, P.D. Spence, D.E. Baker, T.A. Postlethwaite, J. Appl. Polym.

Sci. 71 (1999) 319.
[9] Y.M. Chung, M.J. Jung, J.G. Han, M.W. Lee, Y.M. Kim, Thin Solid Films

447 (2004) 354.
[10] E. Krentsel, H. Yasuda, M. Miyama, J. Polym. Sci., A, Polym. Chem. 33

(1985) 2887.
[11] E. Krentsel, S. Fusselman, H. Yasuda, J. Polym. Sci., A, Polym. Chem. 32

(1994) 1839.
[12] J. Johansson, T. Masuoka, Macromol. Rapid Commun. 20 (1999) 12.
[13] S.M. Mukhopadhyay, P. Joshi, S. Datta, Appl. Surf. Sci. 201 (2002) 219.
[14] H.U. Poll, U. Schladitz, S. Schreiter, Surf. Coat. Technol. 142 (2001) 489.
[15] S.M. Mukhopadhyay, P. Josh, S. Datta, J. Phys. D: Appl. Phys. 35 (2002)

1927.
[16] N. De. Geyter, R. Morent, C. Leys, Plasma Sources Sci. Technol. 15

(2006) 78.
[17] C.W. Kan, K. Chan, C.W.M. Yuen, M.H. Miao, Mater. Process. Technol.

83 (1998) 180.
[18] B. Dorota, W. Andrzej, B. Wlodzimierz, Fiber Text. East. Eur. 12 (2004)

58.
[19] N.D. Geyter, R. Morent, C. Leys, Surf. Coat. Technol. 12 (2006) 58.
[20] S.I. Moon, J. Jang, Korea Polym. J. 5 (1997) 26.
[21] Rakowski, J. Soc. Dyers Colour. 113 (1997) 289.


	Two sided modification of wool fabrics by atmospheric pressure plasma jet: Influence of process.....
	Introduction
	Experimental
	Materials
	Plasma treatments
	Wettability measurement
	SEM analysis
	FTIR analysis

	Results and discussion
	Morphological examination
	Chemical analysis
	Wettability improvement on two sides
	Treatment time
	Output power
	Jet-to-substrate distance
	Substrate moving speed


	Conclusion
	Acknowledgements
	References


