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Abstract

Low-temperature plasma treatment is a kind of environmentally friendly surface modification technology, which has been widely
used to modify various materials in many industries. In this study, cold gas plasma was used to treat polypropylene (PP) fibres. The
effects of plasma treatment on the surface morphology and wettability of the fibres were characterized using atomic force microscopy
(AFM) and dynamic contact angle measurement. The AFM observations revealed the changes in the surface morphology of the fibres
caused by plasma treatment. The dynamic contact angles (DCA) were measured based on the Wilhelmy principle. The DCA technique
was able to examine the advancing contact angles and receding angles of the fibres. The study revealed that the plasma treatment could
considerably reduce both advancing contact angle and receding angle of polypropylene fibre. The surface roughness was the main
reason for reducing the receding contact angle, while the advancing contact angle was more related to the surface properties of the fibres.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polypropylene fibres have such excellent properties
as low specific weight (0.91 g/cm® only), high strength
(42-53 cN/Tex), and good resistance to acids and
alkalis, and they also possess good thermal resistance
and anti-bacterial properties. PP fibres have been
widely used in sports wear and industrial textiles,
such as for filtration, composites, biomaterials and
electronics. In these applications, the surface properties
of the fibres are particularly important. The poor
wettability (only 0.05% at 20 °C) [1] and dying ability
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have, however, limited the application of these fibres in
garments and other industries.

It is of importance to improve the wettability of PP
fibres for many applications. Chemical treatment has
been traditionally used to modify fibre materials but it
has some disadvantages, such as influence on bulk
properties and environmental pollution. As a type of
environmentally friendly physical surface modifi-
cation technology, plasma treatment can also be
used to treat textile materials. Plasma treatment is a
simple process without any pollution. Moreover,
plasma modification only takes place on the upper-
most surface of fibres and will not change the bulk
properties [2,3].

As is well known, plasma treatment has two sorts of
effect on fibres surface; one is physical etching, using
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an inert gas such as argon etc. to modify the surface; the
other is chemical graft, inducing some polar radicals,
such as oxygen and nitrogen etc., to functionalize the
surfaces of fibres.

A lot of literature has been published on the plasma
treatment for improving surface polarity as well as
wettability [2—4]. In this work, PP fibres were treated
with oxygen and argon plasma respectively. The treated
fibres were characterized using atomic force
microscopy (AFM) and dynamic contact angle
measurement.

2. Experiment
2.1. Materials

The PP fibres used in this study were spun from a
melt extrusion machine supplied by Extrusion Systems
Limited (ESL). Details of the extrusion equipment are
provided elsewhere [5]. The PP resin used was HF445]
B-29037 (kindly supplied by Borealis), with a melt flow
index of 19.0 g/10 min. The spinning conditions are
detailed in Table 1.

2.2. Plasma treatment

Plasma treatment was performed in a HD-1A
vertical plasma treatment machine. Since the fibres
used were produced without any spin finish, they can be
directly put into a container with simple cleaning.
During the plasma treatment, the control of treatment
power was very important, considering the low melting
point (165-173 °C) of the fibres. The treatment was
performed with oxygen and argon at a pressure of 15
Pa. Each sample was treated at 35 and 75 W for 30 and
60 s, respectively.

Table 1

Polypropylene fibres

Chips MFI18-HF445
Quenching air speed (%) 50
Hole size of spinneret (mm) 0.4
Barrel 1 temperature (°C) 215
Barrel 2 temperature (°C) 225
Barrel 3 temperature (°C) 230
Spinning temperature (°C) 230
Winding speed (m/min) 100
Metering pump speed (rpm) 3
Spin finish 0

2.3. AFM observation

AFM is the one of the effective tools to examine the
microstructures of fibres. It is able to scan materials
without any special preparation at normal temperature
and pressure [6]. The AFM used in this study was
CSPM3300 produced by Benyuan Company. The
vertical resolution of the machine is 0.1 nm, while the
horizontal solution is 0.2 nm. The scanning mode used
was contact mode in this study, and the scanning range
was set at a size of 5.0 pm X 5.0 um.

2.4. Dynamic contact angle measurement

The wettability of materials can be characterized by
contact angle. The testing methods for contact angle
can be divided into two categories; one is the static drop
micro-observation [7-9], while the other is the dynamic
testing method. However, the first method has many
disadvantages as it can only acquire static contact
angles. As a smooth transition area exists between the
solid and a liquid, it is difficult to precisely measure
contact angles by the static approach. In this study, the
dynamic testing method based on the Wilhelmy
principle was used.

Wilhelmy’s theory [10] on testing the surface and
interface tension has been widely used by chemists to
study the characteristics of the interfaces among the
solid, liquid and vapour. Because of hysteresis of the
contact angle, the Yong eq. is not able to explain the
dynamic behaviour of surface wettability. The
dynamic contact angle measurement, known as the
Wilhelmy technique, is specially designed to explore
the dynamic process of wetting. When a solid is
dipped into a liquid, the liquid will ascend (hydro-
philic) or descend (hydrophobic) along the vertical
side of the solid. The Wilhelm method measures the
pull force or the push force, the wetting force, to
measure contact angles.

The dynamic contact angle measurements were
performed using a CDCA-100F produced by Camtel
Ltd. in the UK. If the dimensions of a sample are w Xt
(width X thickness) and it is submerged to a height A,
then the forces (F) acting on the sample can be
expressed as:

F = Weight — Upthrust + Interfacial tension
= (pplwn)g — (pLhwi)g + 2(wi)a cos 0 (D)

Where p,, is the density of sample, py is the density of
liquid used and ! is the length of the sample.
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Fig. 1. Advancing and receding contact angles of PP fibres: (a) untreated; (b) argon plasma treated for 30S; (c) oxygen plasma treated for 30S (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Before making any measurements, the balance is
tared (zeroed) which eliminates the weight term. So the
eq. can be rewritten as:

F = —(pLhwt)g + 2(wt)a cos 0 2)

Extrapolation to zero depth eliminates the buoyancy
effect (Upthrust, Fb), that is using forces at zero
immersion to calculate advancing and receding
angles (Fig. 1). The relationship between F and 0

becomes:
F = 2(wt)o cos 6§ 3)

3. Results and discussion
3.1. AFM

The PP fibres without plasma treatment appear to be
smooth, but in the AFM, the lines and the roughness of
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the surface can be clearly shown, which is one of the
reasons causing the hysteresis of the contact angle of the
untreated sample (6, — 6, =11.8°). As shown in Fig. 2(a),
the height of the lines ranges from 30 to 353 nm. Oxygen
plasma treatment etches the surface of PP fibres, forming
aggregates on the surface as illustrated in Fig. 2(b). The
AFM image also reveals the size of aggregates in the
range between 10 and 314 nm. While using argon
plasma treatment, the etching effect makes the surface of
the fibres even rougher, as shown in Fig. 2(c). Fig. 2(d)
reflects the effect of the treatment time. The longer
exposure to the plasma, the rougher the surface becomes.
It can be seen from Fig. 2(d) that almost all the surface is
etched and the etching effect makes the height of the
surface fall by 10-716 nm.

3.2. Dynamic contact angle

The results of testing the samples treated by
different gases separately are listed in Table 2. From

these results, it can be concluded that the advancing
and receding contact angles are both considerably
reduced after treatment by oxygen or argon. The
receding contact angles are reduced to about 20° after
treatment for 60s. The results also show that the
oxygen plasma treatment reduces the advancing
contact angle more effectively than the argon plasma
treatment under the same conditions. It is shown in
Table 2 that the advancing contact angle is reduced
from 91.0 to 43.8° (6,,=47.2°) when fibres are treated
with oxygen plasma for 60S.This can be attributed to
the grafting effect of oxygen plasma as well as the
etching [6].

3.3. Discussion

Contact angle represents the wettability of fibres,
but the hysteresis of contact angle makes the
relationship between wetting and contact angle
more complicated. Some literature believed that

%

&
§

Fig. 2. AFM images of PP fibres (a) untreated; (b) oxygen plasma treated for 30 s; (c) argon plasma treated for 30 s; (d) argon plasma treated for

60 s.
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Table 2
The advancing contact angle and receding contact angle (power is
30 W, pressure is 15 Pa)

gas Time

0 s (untreated) 30s 60s

0. 0, 0. 0, 0. 0,
0, 68.5 49.0 43.8 23.0
Ar 91.0 80.2 722 54.3 54.6 222

contact angle is determined not by the equilibrium of
surface free energy, but by the balance of surface
forces [11]. Some researchers also attributed the
hysteresis to the roughness of a surface completely,
considering that the advancing and receding contact
angles are both influenced by surface roughness [12].
Other scholars pointed out that the hysteresis has
some relationship with the properties of the liquid
used [13].

In this experiment, we have found that surface
roughness is only one of the main reasons causing the
hysteresis, especially for the receding contact angle. In
fact, the water molecules should overcome the forces of
chemical bonds when adsorbing or leaving the surface
of fibres. However, the forces in the two processes are
different. The difference is also one reason for the
hysteresis of contact angles.

Surface roughness appears to have much more
influence on the receding contact angle. After treatment
with argon for 60 s, the receding contact angle of the PP
fibres reduces from 80.2 to 22.2°, while oxygen plasma
treatment produces more effect on the advancing
contact angle. After treatment with oxygen for 60 s,
the advancing contact angle of the PP fibres reduces
from 91.0 to 43.8°.

The original fibres with only polypropylene still
show obvious hysteresis, 6,.=6,—0,=10.8°, because
of the surface roughness as illustrated in Fig. 2(a).
After the plasma treatment with any gas, the
hysteresis is increased. This phenomenon is more
significant when using argon, and the hysteresis
increases from 10.8 to 17.9°(30s) or even to 32.4°
(60 s), because the surface roughness has much more
influence on the receding contact angle. While using
oxygen, the hysteresis is much lower than that of
argon treated fibres. This can be attributed to the
significant decrease of advancing contact angle after
the oxygen plasma treatment. The introduction of
hydrophilic groups onto the fibre surface by oxygen

plasma treatment is believed the main reason for the
decrease of advancing contact angle.

4. Conclusion

This study has evaluated the contact angles of the
treated and untreated PP fibres using a dynamic
measurement technique based on the Wilhelmy
principle. The study has revealed that the plasma
treatment can considerably reduce the contact angle
and significantly improve the wettability of PP fibres,
while the hysteresis is more obvious after treated
with either oxygen or argon. The surface mor-
phology can be examined using AFM on the nano-
scale. The AFM observations have revealed the
etching effect on the surface roughness of the fibre.
AFM has been proven to be a powerful tool in the
examination of surface morphology. After analyzing
the factors influencing the contact angles, it has been
concluded that the surface roughness is the main
reason for reducing the receding contact angle, while
the advancing contact angle is more related to the
surface properties of the fibres.
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