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Abstract

In this work, polyamide (Nylon 6) fibers and films were treated under atmospheric pressure glow discharges (APGD) and the effects on the
morphology and chemistry of the material were studied. The fibers were plasma treated with N2, C2H2 in He for (0.6–9.6) s at a frequency of
90 kHz, leading to the functionalization of the surface through the addition of new reactive chemical groups such as –COOH and –OH and
changing the energy, chemical composition and wettability of the surface.

Surface characteristics were examined via contact angle measurements, XPS, and SEM. Wettability tests revealed the improvement of the
hydrophilic character of the surface as the water contact angle measured after the plasma treatments significantly decreased. The corresponding
changes of the total surface energy were evaluated with a dynamic contact angle analysis system revealing a significant increase due to the
exposure that can be mainly attributed to the increase of its polar component. Preliminary XPS results show a significant increase in oxygen
content with the addition of carboxylic and hydroxylic groups and a decrease in the carbon content of the surface. Most importantly, the plasma
modified nylon fibers and films exhibit a stable wetting behavior, even for weeks after being treated, suggesting that it is a promising technique to
minimize aging phenomena.
© 2006 Published by Elsevier B.V.
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1. Introduction

High strength organic fibers including polyaramid, polyam-
ide, and polypropylene are used as reinforcements in polymer
composite materials. However, their more widespread use is
limited by poor interfacial adhesion to some polymer matrix
materials, relative low thermal resistance, and low mechanical
strength. Fiber-matrix adhesion in advanced composites
depends on the physical and chemical interactions at their
interface, and efforts have been made to fully characterize the
surface energetics of fibers to identify the relationship between
wetting behavior and interfacial bond strengths. Polymer films
also have poor adhesion properties, but they are easier to modify
due to their geometric uniformity compared to fabrics.
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Plasma treatment of organic materials is a technique em-
ployed to modify their surfaces and enhance properties such as
the following; adhesive bonding, durability, wettability, bio-
compatibility, and adhesion of dyes. The impact is profound at a
shallow depth of the polymer surface, leaving the bulk
practically unaffected. At the same time the glow discharge
assists in the removal of a weak boundary layer (WBL) residing
on the surface serving as a cleaning process as well. It is an
alternative method to wet chemical treatments providing a uni-
form modification, is not environmentally hazardous, requires
short process times, and avoids some of the complexities of low
pressure (vacuum) plasma.

The energetic electrons, ions, excited atoms and molecules,
and UV photons present in the gas phase are responsible for the
surface modification, but their role in the interaction with the
polymer surfaces is yet not fully understood due to the com-
plexity of the gas phase and the polymer composition (presence
of additives, different chain lengths) [1]. In the organic fibers
case, the improvement of their wettability caused by plasma
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Table 1
Surface tension values for the control and plasma treated nylon fibers

Nylon fabric Surface tension (mN/m)

Control 34.62
Acetylene treatment 45.07
Nitrogen treatment 48.56
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etching and chemical functionalization is accompanied with an
improvement of the interfacial bond strength [2]. The action of
numerous reactive species on the surfaces leads to bond break-
ing and release of low molecular weight fragments generated
from the degradation of the organic material, and when a plasma
reactive gas is used the appearance of new functional groups on
the surface is expected. For example, when an organic monomer
such as CH4, C2H2 and C2F4 is used, the formation of a thin film
on the surface via polymerization is expected. Until recently,
low pressure glow discharges were used to perform the modi-
fication process, requiring complex vacuum equipment, limited
sample size, and longer process times. Atmospheric plasma
systems are gaining popularity in order to scale up and make the
method appealing to industrial applications. One of the draw-
backs of atmospheric plasma is that when the pressure increases
the electrons mean free path decreases. When the product of the
pressure and the gas gap becomes larger than 2.6×103 Pa·cm
the electrons mean free path becomes so small compared to the
gas gap that a single electron can create a large avalanche before
reaching the anode, producing enough positive ions to localize
the electric field and then the discharge becomes a micro-
discharge [3]. Thus the kinetics of the glow discharge phase
play an important role on the surface modification process.

In this paper, we discuss the physicochemical modification
of polyamide fabrics and films exposed to atmospheric pressure
plasmas, a field that is still poorly understood. We attempt to
scale up the process by using an industrial type system, de-
signed to plasma treat polymer films and woven fabrics up to
0.5 m wide at an average speed of 5 m/min.

2. Experimental

The atmospheric plasma system used for the surface treat-
ments was a Sigma Technologies, large scale plasma system.
The gases, N2 and C2H2–He in this case, were injected into the
electrode at atmospheric pressure and allowed to diffuse,
forming a uniform glow discharge. Helium is typically used to
initiate and generate the plasma at atmospheric pressure before
another gas is introduced to the system. The operating fre-
quency was 90 kHz with an operating power of 850 W.

Nylon 6 fibers, having an average diameter of 20 μm and
Nylon 6 films (Goodfellow, 100 μm thick) were exposed to the
plasma created between the above described electrode and a
second electrode covered by an alumina layer. Polyamide 6,
also known as Nylon 6, is an aliphatic polyamide characterized
by recurring amide groups (–CONH–) in the polymeric chain
and amino and carboxylic end groups.

Near surface compositional depth profiling was performed
using the Kratos Axis 165 X-ray photoelectron spectroscopy
system, equipped with a hemispherical analyzer. A 100 W mo-
nochromatic A1 Ka (1486.7 eV) beam irradiated a 1 mm×
0.5 mm sampling area and the take-off angle was 90°. Elemental
high resolution scans for C1s, O1s, N1s, and Si2p were taken at
the pass energy of 20 eV.

The wettability tests for the fabrics were performed using the
Wilhelmy balance method setup, and the surface tensions of
nylon fabrics were calculated by applying the modified Wash-
burn method that can be applied to characterize porous solids,
fiber bundles and mats, as described later. For the wettability
tests of films, a static contact angle set up was used based on the
sessile drop method. Contact angles were recorded using a
goniometer equipped with a CCD camera and an image capture
program employing LabView software. Contact angles were
measured using HPLC grade water by defining a circle about
the drop, and recording the tangent angle formed at the substrate
surface.

3. Results and discussion

All fabric samples were cut into rectangular pieces; each
7 mm×25 mm. Single fiber tests were not preferred as the
extraction of a single fiber may result in an uneven distribution
of finishes, coatings and sizing. As the sample is partially
immersed in a liquid, the liquid either rises or depresses along
the vertical wall of the strip, resulting in a wetting force Fw on
the solid [4,5]:

Fw ¼ gLV: Pdcosh ð1Þ

where γLV is the surface tension of the liquid, P the perimeter
dimension of the solid–liquid interface and θ the contact angle
between liquid and solid interface. The test liquids used were
water, ethanol, hexane, DMF, methylene iodide, and DMSO,
chosen for their wide range of polarity.

The surface tension of the polyamide fabrics increased (as
shown in Table 1) after the plasma exposure to acetylene and
nitrogen, indicating that polar groups were grafted on the sur-
face. In the nitrogen case, we expect an activation process, mild
surface etching. As the dissociation of molecular nitrogen is not
favorable, it is expected to impose Penning ionization to other
molecules present. In the acetylene treatment case, a thin carbon
film is expected to be formed, meaning that the coated surface
would become more hydrophobic compared to the untreated
material. The role of helium is to remove any surface residing
impurities and through energy transfer mechanisms to cause
chain scission and the formation of crosslinked layers on the
polymer surfaces [6,7]. Crosslinked layers provide stability to
the material and act as a barrier to surface changes [8,9]. This is
not confirmed by our results, as an increase of the surface
tension was observed, from 34.62 mN/m for the control nylon
fabric to 45.07 mN/m for the acetylene treated and can be
explained by the fact that modification occurs under the
presence of atmospheric air, possibly causing the attachment of
oxygen functionalities and thus increasing the surface energy of
the surface.



Table 2
Surface tension values its two components for the control and a plasma treated
nylon film; treatment time 9.6 s

Nylon sample Water
contact
angle
(°)

Surface energy (mN/m)

γsv γp γd

Untreated 76.13 30.78 5.63 25.15
Plasma treated N2/He for 9.6 s 58.22 37.81 18.78 19.03

Fig. 2. Aging of nitrogen plasma treated nylon films.
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One of the major objectives of this work was to determine the
surface free energy of the polymer film after being plasma treated
and to compare the value with that of the untreated material. The
work of adhesion Wa at the interface of solid–liquid–vapor
systems can be derived from the following equation:

Wa ¼ gSV þ gLV−gSL ð2Þ

where γSVand γLV stand for the surface energies of the solid and
liquid phases, respectively and γSL is the interfacial energy of
solid–liquid. The method used to study the interfacial phenom-
ena is that of a sessile drop of a liquid placed on a solid substrate.
According to Young's equation if θ, the solid–liquid contact
angle is known, the energy of the solid–liquid interface can be
calculated:

gSL ¼ gSV−gLVcosh ð3Þ

The intramolecular attraction which is expressed through
γSV consists of two components, one attributed to polar
interactions γp and one that can be correlated to dispersion
forces γd. Fowkes [10] stated that the intermolecular forces
acting in the interface are partly a result of the London
dispersive forces and their contribution to the surface energy is
represented by γd, while dipole–dipole interactions and
hydrogen bond forces can be expressed through γp. According
Fig. 1. Dependence of the water contact angle on the treatment time for N2–He
plasma exposed nylon films.
to Good and Girifalco [11] the attraction energy between
different molecules is the geometric mean of attraction energy
between pairs of like molecules. Thus, the work of adhesion that
corresponds to the interaction energy between dissimilar
phases, such as in solid–liquid systems is given as:

Wa ¼ W d
a þW p

a ¼ 2dðgdSVgdLV Þ1=2þ2dðgpSVgpLVÞ1=2Z
Wa

2dðgpLVÞ1=2

¼ ðgdSVÞ1=2d
gdLV
gpLV

� �1=2

þðgpSVÞ1=2

ð4Þ
and therefore γd and γp can be derived.

The surface tension for the untreated film was found to be
30.78 mN/m and its polar component is 5.63 mN/m while its
dispersive was found to be 25.15 mN/m, as depicted in Table 2.
After exposure to nitrogen for only 9.6 s a three fold increase of
the polar component was observed and the total surface tension
was 37.81 mN/m. The water contact angle for the control and
plasma treated film was 76.13° [12] and 58.22° respectively. It
must be noted here that the above study was performed 15 days
after the day the films were plasma treated and are assumed to
have reached equilibrium and that explains the increased value
for the exposed film.

Soon after the treatment procedure, the measured water
contact angles exhibit a dependence on the time they were
exposed to the nitrogen plasma. As shown in Fig. 1 the effect of
surface modification is apparent after only a few seconds of
plasma treatment as the angle drops to 45°. After 4.8 s of
treatment with nitrogen and helium the water contact angle
continued to drop reaching 35°. Results suggest that longer
treatment times may lead to lower angles and therefore more
wettable surfaces.

As mentioned above, the introduction of polar groups is
responsible for the improved wettability of the plasma modified
films. Unfortunately, the surface does not show a stable
behavior with time, the water contact angles tend to increase,



Fig. 3. High-resolution XPS spectra of the C1s binding energy region of nylon
films before (inset) and after plasma treatment. The positions of different
functional groups are indicated.
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as depicted in Fig. 2, an indication that an aging process called
hydrophobic recovery, is initiated. The polar groups grafted on
the surface can be described as: i) mobile and ii) immobile
[13,14]. The mobile polar groups tend to move toward the bulk
of the polymer reducing its wettability. One month after the
plasma treatments the lowest observed angle is for the sample
treated the longest (9.6 s) and is smaller than that of the control
film, confirming that a long lasting improvement of the hydro-
philicity of the surface was achieved.

X-ray Photoelectron Spectroscopy was employed to identify
the polar groups attached after the treatment. C1s core level
spectra of nylon control film and plasma treated nylon films
were deconvoluted with five components, as seen in Fig. 3. In
terms of binding energy, the peak C1 at 284.6 eV is attributed to
C in the C–C chain CH2 groups. The C2 peak at 285.3 eV can
be associated to the amido-carbonyls [–(C_O)]. The peak C3
at 286.2 eV represents the carbon atoms neighboring the amido
nitrogen [–C–NH(C_O)–] and that of at 287.9 labeled C4 is
assigned to the amide carbonyl carbons [–NH(C_O)–].

After the plasma modification of the nylon films a fifth peak
C5 was observed, and is believed to be formed due to the
oxidation of the methylene carbons immediately adjacent to the
amido carbonyls [15]. Moreover, we observed a decrease of the
C1 signal which is typical of such treatments due to the chain
scission mechanisms caused by the plasma active species and
mainly due to the action of helium. An increase of peak C3 can
be attributed to a low level oxidation of the methylene carbons
promoted by dielectric barrier discharge (DBD) processing in
air. Peak C3 has also been assigned to the presence of newly
formed C–OH functional groups [16] possibly formed by the
interaction of the active surface with atmospheric air.

The oxidation was also confirmed by the atomic concentra-
tion of oxygen on the surface that increased from 9.88% for the
untreated nylon film to 13.49% for the film that was exposed to
N2/He plasma for 4.8 s. The ratio N1s/C1s remained almost
constant for all the samples treated under different treatment
times. Similar results were observed for Nylon 6,6 films treated
with nitrogen [17] and for low pressure treatments of polyamide
fibers with oxygen plasma [18]. In our case, the O1s/C1s ratio
increased from 0.115 for the control film to 0.177 for the nylon
film treated for 4.8 s. It is suggested that the plasma treatment
induced the formation of carboxylic species on the surface,
either in the hydrocarbon or carbonyl groups, which finally
enhances the hydrophilicity of the polymer. The oxygen uptake
can be attributed to either/or both the presence of atomic oxygen
during the process, resulting from the dissociation of atmo-
spheric O2 and the reaction of the resulting “active” surface
obtained after the plasma modification [19]. It is known that the
plasma treatment is responsible for chain scission on the poly-
mer surface and thus can react with the environment prior to
reaching equilibrium.

A two fold increase of the surface roughness was observed
by confocal microscopy (not shown here) as the average
roughness were measured to be 0.876 μm for the control film
and was 1.769 μm for the nitrogen–helium plasma treated
sample plasma after a treatment time of 4.8 s, leading to an
enhancement of the surface area.

4. Conclusion

Nylon fibers and films were plasma treated with nitrogen,
helium and acetylene under atmospheric pressure conditions.
Results reveal the improvement of the wettability of the surfaces
accompanied with an increase of their surface tension. The
modified materials show an alteration of their surface compo-
sition which results mainly from the oxygen uptake, as con-
firmed by XPS analysis. The modified surfaces are rougher and
therefore are ideal for advanced composite systems that require
enhanced adhesive properties.
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