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INFLUENCE OF DIELECTRIC BARRIER DISCHARGE TREATMENTS
ON THE SURFACE PROPERTIES OF POLYAMIDE-6 FILMS

G. Borcia, N. Dumitrascu’, G. Popa

Plasma Physics Department, A.l. Cuza University, las, Romania

A dielectric barrier discharge (DBD) in helium at atmospheric pressure was used to obtain
physico-chemical modifications of polyamide-6 (PA-6) films, focussing on the surface
properties that are controlling the adhesion, particul arly the degree of surface oxidation. The
polymer surface is andyzed by AFM, contact angle measurements, XPS and ATR-FTIR. It
is found that the adhesion properties of PA-6 (expressed by the adhesion work, the
morphology and the oxygen-related functiona groups introduced onto the surface) are
enhanced by DBD treatment. No degradation effects with ageing time were observed,
emphasizing the stability of the oxidised surface layer, in equilibrium with the bulk of the
material.
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1. Introduction

Polyamides are used for many applications, such as thermoplastic sheet composites,
synthetic textile fibres, in the fidd of packaging, for tapes and cable insulation and aso in medical
applications, such as orthopedic implants, membranes for reverse osmosis, ultrafiltration and
dectrodialysis, biosensors or nonabsorbable mono and polyfilaments with minimal inflammation
effects[1, 2].

Due to their low surface energy, their poor chemical reactivity below the melting point and
the presence of a weak cohesion layer at the surface, polymer surfaces, and in particular pol yami de-6
(PA-6), are often difficult to wet and have poor adhesion with other substrates. For this reason a
surface pre-treatment is usually required to achieve satisfactory adhesion. The methods used to treat
a polymer surface are highly varied such as chemical, mechanical, thermal, photochemical or
plasma. A plasma processing technique presenting increased interest nowadays is the DBD, due to
specifi c advantages [3-5]. This method offers the possibility of inducing significant surface chemical
modifications by devdopment of functional groups on the polymer matrix, favorable to further
linkage to other mol ecul es.

The first step in the complex study of the adhesion properties of polymer surfaces is the
control of the oxidation state of the material. This takes into account that any surface treetment of
polymers is inherently followed by post-treatment modification in atmospheric air, including
chemisorption of ambient particles and reactive species from the surrounding.

In our experiments the effects of the DBD treatment on the modification of the surface
characteristics of PA-6 films, that are controlling the adhesion properties, particularly the degree of
surface oxidation, in competition with other processes like the rearrangement of active sites and the
possible surface degradation. The surface anadysis is performed using atomic force microscopy
(AFM), contact angle measurements, X-ray photoe ectron spectroscopy (XPS) and atenuated total
reflexion Fourier transform infrared spectroscopy (ATR-FTIR).
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2. Experimental

The treatments were performed on commerciad films of polyamide-6 (PA-6), thickness
0.25 mm (Goodfdlow Ltd.). The in-house designed DBD system is described in detail d sewhere [6,
7]. The discharge is generated in a disc-to-plan geometry, with adjustable inter-e ectrode gap, using
a pulsed high-voltage supply (pesk-to-peak 28 kV, frequency 13.5 KHz). Helium is introduced into
the inter-electrode gap at 100 cm?/min flow rate, a atmospheric pressure, by a gas shower placed
near the disc e ectrode

Thetreatments of the PA-6 films were performed for various DBD exposure times up to one
minute and the influence of this parameter on the surface properties was investigated by AFM,
contact angle, XPS and ATR-FTIR. The stability of the modified samples was monitored for two
months after the trestments.

3. Results and discussions

The morphological modification of the PA-6 films was investigated by AFM. The AFM
images recorded on treated and untreated samples showed that DBD treatments are modifying the
morphology, in that the treated surfaces present an increased area (increased roughness) compared to
the pristine ones (Fig. 1).
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Fig. 1. AFM images of PA-6 films (3um x 3um): (a) untrested, (b) 60s treated.

(b)

In this respect the absol ute roughness and the rms roughness are presented in Table 1. This
effect could be favorable for the physica adsorption at the surface, as this “rea” exposed area can
subsequently undergo linkage by chemisorption of ambient particles and reactive species from the
surroundi ng.

Table 1. Absolute roughness IR| and rms roughness R,s for PA-6 films vs. treatment time.

untreated 10s 30s 60s
IR[ (nm) 2.40 3.08 4.14 4.98
Rims (NM) 3.07 3.88 5.09 5.91

This first step in the mechanisms taking place at the interface between a material and its
environment is governed by the surface energy characteristics, which are controlling the adsorption.
The adhesion work (W,) was chosen as a thermodynamic parameter relevant for the adsorption
characteristics of the surface and was calculated using the contact angle measurements. The
adhesion work is found to change from 100.8 mJ/m? for the untreated sampl e to the highest val ue of
136.9 mJ¥/m? associated with the 60s treated sample, i.e. about 36% increase from the initia value.
The results in terms of relative variation of the adhesion work compared to the untreated sample
(AWL/ W, in %) are presented in Fig. 2.
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The strong increase of W, on the treated surfaces suggests that new functional (hydrophilic)
groups be introduced onto the surface, due to the extremely reactive oxygen species formed in the
inter-e ectrode gap from the atmospheric air. The surface modification takes place in less than 10s of
treatment, as shown by the “saturation” of the W, values for longer treatment times up to 1min. Thus
DBD treatments lead to the enhanced wettability and adhesion properties even after very short
treatment times.

The treated PA-6 samples partly recover after treatment, as shown by the diminution of W.
As expected, the material never fully returnsto the untreated state.

The ATR-FTIR analysis gave qualitative indication on the oxidation of the surface. The
stability of the functiondized surface layer is confirmed by the ATR-FTIR ageing survey. The
spectra showed no degradation of the oxidised layer created onto the surface, emphasising thus that
the oxidati on reaction does not continue post-treatment in the bulk of the material.
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Fig. 2. Variation of the adhesion work of PA-6 film vs. trestment time and ageing time.

The details of the strong surface oxidation are given by XPS.

The high-resol ution XPS spectra of the PA-6 treated and untreated samples for the carbon
C1s, 0Xygen O and nitrogen Ny regions were recorded.

The recongtructed C;s spectrum for the untreated sample consists mainly of three peaks,
accordingly to the PA-6 stoechiometric formula

[— NH —CH, — (CHz)s —CH, —CO —1,

diphatic carbon atoms (C1), carbon atoms bonded to the -NH- group in nylon (C2) and carbonyl
carbon atoms (C3). The reconstructed O;s and N5 spectra show each only one peak.

Table 2 summarizes the dementa surface composition for untreated and treated samples,
expressed as atomic concentration percentages of C, O and N, as afunction of the treatment time.

The DBD treatment markedly induces an important increase of the oxygen amount at the
surface within the first few seconds of treatment (Table 24). This effect is certainly due both to the
“cleaning” of the surface by removal of the weak cohesive layer that makes barrier with the
environment and to the surface oxidation by oxygen incorporation from atmospheric air. The
oxidation of the surface takes place mainly by formation of C-O (Table 2b).

The nitrogen amount at the surface shows only a minor augmentation with prolonged DBD
exposure (Table 2a). One source could be the nitrogen in atmospheric air, but the nitrogen amount is
certainly too low to achieve nitrogen functionaization in a discharge with no nitrogen-containing
gas ddiberatdy added. It is very probable that the surface deaning allows the fingerprint of the
material bulk to appear on the spectra and the nitrogen percentage thus appears to increase This
interpretation is a so consistent with the increase of the C2 component, which may be due not to the
formation of C-N groups but to CO moieies, as carbon singly bonded to oxygen has a binding
energy very closeto carbonin CN groups.
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Table 2. Elemental surface composition of the PA-6 samples vs. the treatment time: () total
composition and (b) carbon components.

€)] Os 10s 30s 60s (b) Os 10s 30s 60s
C(at.%) | 782 | 670 | 658 | 694 Cl(at. %) | 69.8 | 60.7 | 564 | 59.2
O(a.%) | 142 | 243 | 248 | 206 C2(a. %) | 139 | 192 | 21.7 | 203
N (at. %) 7.6 8.7 9.4 10.0 C3(a. %) | 163 | 201 | 21.9 | 205

In our experiments the surface chemica functionalization and the enhanced adhesion
properties are thus due to oxygen-related polar groups, not surprisingly for an atmospheric pressure
discharge, where oxygen represents a very reactive species, present even under well controlled
working environments. No major modification in the surface d emental composition further occurs
between 10s and 30s of treatment. Obviousdly, it is to be expected that all sample surfaces reach a
limiting level of oxidation as the surface equilibrates, under specified discharge conditions, by a
combination of surface oxidation and/or loss of carbon by conversion to low weight volatile
fragments, such as CO or CO,. For 60s of treatment a decrease of the oxygen content at the surface
is now measured, demonstrating thus that after more extended treatment a diminution of the leve of
oxidation arises dueto éching, as chain scission dominates at high treatment times.

4. Conclusions

We present in this paper the effects of a helium diffuse glow-like did ectric barrier discharge
(DBD) on the modification of the surface characteristics of PA-6 films that are controlling the
adhesion propeties. The morphology and the roughness of the surface, the surface energy
characteristics and the chemicd structure, in particular the oxidation state of the surface are
parameters with an important rolein the adhesion properties of the material.

Thetreatments of the PA-6 films were performed for various DBD exposure times up to one
minute. The stability of the modified samples was monitored for two months after the treatments.

The treated surfaces present a modified morphology, with an increased area (increased
roughness) compared to the untreated ones, obtained by such effects as remova of contaminants,
oligomers and amorphous layers existing on the surface, allowing the “activation” of the materid.
This effect is favorable for the physical adsorption at the surface, as this “red” exposed area can
subsequently undergo linkage by chemisorption of ambient particles and reactive species from the
surrounding. The strong increase of the adhesion work on the treated surfaces is correated with the
XPS results that show that new functiona (hydrophilic) groups are introduced onto the surface. The
surface modification takes place in less than 10s of treatment and presents only limited reversa (10-
16%) to the untreated state over long ageing time. The DBD treatment markedly induces an
important increase of the oxygen amount at the surface effect due both to the “cleaning” of the
surface by removal of the weak cohesive layer that makes barrier with the environment and to the
surface oxidation by oxygen incorporation from atmaspheric air.

The oxidation reaction does not continue post-treatment in the depth of the material, as
shown by the ATR-FTIR ageing survey. No degradation effects with ageing time were observed,
emphasizing the stability of the oxidised surfacelayer, in equilibrium with the bulk of the material.

The DBD represents thus an attractive technique to improve the adhesion properties of PA-6
films by synergetic effects, i.e. increase of the adhesion work and the surface area available for
subsequent bonding and incorporation of oxygen-reated functiona groups. The efficiency of the
DBD for very short treatment time and the stability with time of adhesion properties are
demonstrated.

References

[1] Biomaterids Science - An Introduction to Materialsin Medicine, Eds. B.D. Ratner,

A. S. Hoffman, F. J. Schoen, J. E. Lemons, Academic Press, San Diego (1996).
[2] H. Tanaka H. Mori, K. H. Nitta M. Terano, N. Y ui, J. Biomater. Sd. Polym. Edn. 8, 211 (1996).
[3] U. Kogelschatz, B. Eliasson, W. Egli, Pure Appl. Chem. 71, 1819 (1999).
[4] H. Kaczmarek, J. Kowalonek, A. Szalla, A. Sionkowska, Surf. Sci. 507-510, 883 (2002).
[5] O. Goossens, E. Dekempeneer, D. Vangeneugden, R. Van de Leest, C. Leys, Surf. Coat.

Technol. 142-144, 474 (2001).
[6] N. Dumitrascu, G. Borcia, N. Apetroadl, G. Popa, Plasma Sources Sai. Technal. 11, 127 (2002).
[7] Dumitrascu, G. Borcia, N. Apetroad, G. Popa, J. Appl. Polym. Sci. 90, 1985 (2003).



