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MINIATURIZED COLD ATMOSPHERIC PLASMA FOR 
IMPROVING THE ADHESION PROPERTIES OF PLASTICS IN 

MODERN AND CONTEMPORARY ART 
 

ANNA COMIOTTO 
 

 
ABSTRACT 

 
This paper reports on the development of a plasma-pen that opens up new possibilities for overcoming adhesion 
problems during small-scale conservation and restoration treatments on non-polar plastics in modern and contemporary 
art. The setup of the developed plasma equipment will be described, as well as today's state of knowledge concerning 
the effectiveness of the plasma pre-treatment to enhance the wettability, bondability and coatability of polyethylene, 
polypropylene, and polystyrene. The extent to which the pre-treatment enhanced the bondability was evaluated by 
performing tensile shear tests on untreated and plasma pre-treated adhesive bonds. These bonds were made on 
polyethylene and polypropylene with the acrylic resin Paraloid B-72. Improvements in coatability were examined in 
pull-off tests carried out on gouache-painted polyethylene and polystyrene. 

In the case of all plasma pre-treated, non-polar plastics, the plasma pre-treatment resulted in a significant 
improvement of adhesive qualities. The breaking forces necessary to separate all tested adhesive bonds were 
significantly increased, and the tested gouache coatings gained a considerable mechanical resilience. This has 
interesting implications for conservation practice: adhesive bonds and retouchings with high mechanical resilience can 
be applied on the plasma pre-treated surfaces, helping to prolong the expected lifespan of conservation measures. 
Furthermore, the application of mechanically resilient, water-based and water-removable gouache retouchings on 
hydrophobic plastic surfaces becomes feasible. An essential chemical mechanism during plasma treatment is surface 
oxidation. This was proved on plasma pre-treated polypropylene by using infrared spectroscopy in attenuated total 
reflection. Little is known about whether or not this surface oxidation negatively affects the oxidation stability of the 
pre-treated materials. Chemiluminescence analysis was used to expand the knowledge about this issue. 

 
1. INTRODUCTION 
 
Non-polar plastics in modern and contemporary art are well-known to have insufficient adhesion 
properties in contact with nearly all types of adhesives or coatings.1 Their surfaces are difficult to 
wet, their adhesive bonds have only limited tensile strength and applied coatings do not possess 
high mechanical resilience. In consequence of these unfavourable adhesion properties, long-
lasting conservation treatments (e.g. paint layer consolidation, bonding or retouching) are often 
not possible or limited to art objects made of non-polar plastics. A well-known reason for their 
insufficient adhesion properties is a lack of surface polarity. Surface polarity is an important 
contributor to strong adhesive forces between plastics and adhesives (Kinloch 1987). To 
overcome this lack of surface polarity before paint layer consolidation, bonding or retouching, a 
pre-treatment of the plastic surface is necessary to provide it with an artificial polarity. It is well 
known from large-scale industrial applications that plasma technology offers an opportunity to 
enhance the surface polarity of plastics in order to improve their wettability, coatability and 
bondability (Gatenholm et al. 1990; Morra et al. 1990; Brewis and Mathieson 2002). Under 
specific operating conditions plasma pre-treatment can introduce polar chemical groups on non-
polar polymer surfaces, for example by incorporating oxygen in the polymer's hydrocarbon 
chains, as observed by various authors who have used surface-sensitive analytical techniques 
(Gerenser et al. 1985; Wang et al. 2008; Leroux et al. 2008). This chemical modification is 
usually limited to the top few molecular layers of a polymer’s surface (Wu 1982, 298). The goal 
of this research study, which started 2006, was to develop a miniaturized atmospheric plasma-
pen specifically designed for improving the adhesion properties of non-polar plastics in modern 
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and contemporary art. The setup of the developed plasma equipment will be described and 
experimental results will be presented concerning the effectiveness of the plasma pre-treatment 
for enhancing the wettability, bondability and coatability of polyethylene (PE), polypropylene 
(PP), and polystyrene (PS). Furthermore, an experimental setup will be outlined for the 
evaluation of the long-term oxidation stability of plasma-treated polymers by chemiluminescence 
analysis. 
 
2. PROTOTYPING THE PLASMA SOURCE 
 
The plasma-pen was designed to meet the following demands: (1) the plasma should be locally 
applicable within a millimetre range at atmospheric pressure, therefore allowing small-sized and 
localized surface modifications, (2) the plasma should achieve a homogeneous, reproducible and 
effective improvement of the polymer’s adhesive qualities, (3) the thermal load, which is caused 
by the plasma, should be kept on an adequate low level on thermoplastic surfaces, and (4) the 
pre-treatment should not accelerate the long-term ageing of the pre-treated plastics and 
surrounding materials (e.g. paint layers). In addition to these demands the plasma equipment 
should be as low-priced as possible, while maintaining high durability of the used materials. 

A variable AC transformer, coupled to a matched, low cost high-voltage circuit serves as 
power supply (1). The main part of the pen-shaped plasma source (3) is an alumina capillary (4), 
within which the plasma is generated. A cross-section through the capillary (5) shows the 
concentric electrode configuration (a-d). If adequate high-voltage is applied in this capillary, 
electrical discharges are formed in the gap between two electrodes (b and d). The primary high 
voltage electrode (b) is a thin metal wire, mounted coaxially in the centre of the capillary. A 
metallization layer (d) serves as secondary, grounded electrode. The alumina capillary (c) for its 
part acts as a dielectric layer between these two electrodes and prevents hot and non-
homogenous arcing. An operating gas (e.g. pure helium or helium with the admixture of oxygen) 
is fed into the capillary by letting it pass through a supply pipe (2). The throughput of the gas can 
be regulated with flow control units. Provided that the plasma is produced within a suitable high 
voltage and frequency range, and provided that a suitable gas flows with an adequate flow rate 
through the capillary, a plasma-jet effuses that can be used for surface pre-treatment. This plasma 
source produces a so-called dielectric barrier discharge, which allows the production of non-
thermal plasma at atmospheric pressure (Napartovich 2001). During plasma generation, electrons 
and gas particles are colliding with each other inside the capillary, whereby the operating gas 
becomes partially ionized and charged with chemically reactive particles. This chemical 
reactivity, caused by free radicals, can be used for chemical surface modification. 

For all the experiments reported in this study, plasma pre-treatments2 were carried out 
using a computer-controlled, step-motor driven x-y plotter, shown in figure 3. This plotter, fitted 
with a sample platform, was used to obtain reproducible pre-treatment speeds. It moved samples 
(PE, PP and PS) along the x- and y-axes across a pre-treatment area of 10 x 10 mm at a defined 
speed. If not otherwise specified, after pre-treating the sample surface for 1 sec, a forward 
movement of 1 mm took place. During pre-treatment the plasma-pen was mounted at a right 
angle to the moving sample and was kept at an operating distance of 3 mm. 

Figure 1 shows the prototype of the plasma-pen. The pen works under atmospheric 
pressure and produces a plasma jet with a sphere of action in the millimetre-range. The 
instrumental setup for operating the plasma is schematically depicted in figure 2. 
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Fig. 1. Photograph of the plasma-pen by displaying the plasma jet under magnification.  
One mark on the scale corresponds to 1 mm. (Photograph by the author) 

 

Fig. 2. Instrumental setup for operating the plasma-pen 
 

27



Comiotto AIC Objects Specialty Group Postprints, Vol. 16, 2009 

 

Fig. 3. Sample pre-treatment using a computer-controlled, step-motor driven x-y plotter (Photograph by the author) 
 
3. EVALUATION OF IMPROVEMENTS IN BONDABILITY 
 
The effectiveness of the plasma pre-treatment for enhancing the bondability of low-density 
polyethylene (PE-LD), high-density polyethylene (PE-HD) and PP has been proven by testing 
the tensile shear strength of untreated and plasma pre-treated adhesive bonds. Tensile shear tests 
were performed on commercially-extruded polymers, cut into small plates measuring 70 x 10 x 5 
mm and cleaned with propan-2-one. For sample preparation, the polymer plates were positioned 
so they overlapped by 10 mm and then bonded with the acrylic resin Paraloid B-72. The resin 
was solubilised in toluene (1:1 parts by weight) and applied with a film-drawing device (wet film 
thickness: 100 m). After the adhesive had dried completely (PE-LD: 8 weeks, PE-HD/PP: 6 
weeks) under constant pressure (267 g/cm2) the extent of adhesion improvement was quantified 
using the tensile testing equipment3 shown in figure 4. The adhesive bonds were pulled until 
failure (testing speed 50 mm/min) and the adhesion improvement was quantified by comparing 
the breaking strength of untreated and plasma-treated samples. For each test series at least nine 
identically treated samples were tested. Measured data were evaluated statistically, like all results 
in this study, on the basis of calculated averages and standard deviations, and they are displayed 
in figures 4-6 with confidence intervals of 95%. 
 
4. EVALUATION OF IMPROVEMENTS IN COATABILITY 
 
With regard to evaluating the effectiveness of the plasma pre-treatment for enhancing the 
adhesion of retouchings, improvements in coatability were examined in pull-off tests, carried out 
on gouache-painted PE-HD and PS. 

Extruded polymer plates (PE-HD: 70 x 10 x 5 mm, PS: 70 x 10 x 4 mm) were coated 
with gouache paint (wet film thickness: 50 m), again by using the film-drawing device. 
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Coatings dried in controlled climate conditions (RH 50% +/- 5; 23°C +/- 3). Metal stubs, 5 mm 
in diameter, were adhered to the dried coatings using a highly viscous cyanoacrylate adhesive. 
This low-penetrating adhesive was chosen in an effort to minimize its effects on the test results, 
and was chosen based on the results of preliminary testing.4 24 hours after the metal stub 
application, the force required to pull off the coatings was measured with the tensile tester (fig. 
5a). The adhesion improvement was quantified by comparing the pull-off strength of untreated 
and plasma-treated samples. For each of the test series, at least eight identically treated samples 
were tested and results were evaluated statistically as described above. PE-HD samples were 
tested four weeks after gouache paint application. Coatings on PS had to be tested after 1 week, 
because on the untreated PS surfaces, gouache coatings lifted-off the polymer support by 
themselves if stored for any longer than this period of time (fig. 5b). 
 
5. EXPERIMENTAL RESULTS CONCERNING THE PRE-TREATMENT'S 
EFFECTIVENESS 
 
As can be seen in figure 4, the adhesive qualities of PE-LD, PE-HD and PP were noticeably 
improved after plasma pre-treatment. The tensile stress necessary to separate all adhesive joints 
showed a marked increase. The breaking force necessary to separate the PE-LD adhesive bonds 
showed a significant increase from 26 ±19 N/cm2 to 160 ±38 N/cm2. In the case of PE-HD, a 
significant augmentation from 31 ± 11 N/cm2 to 215 ± 44 N/cm2 took place. On PP an 
improvement of the breaking force from 30 ± 23 N/cm2 to 112 ± 32 N/cm2 was obtained. 
Besides this significant improvement of bondability, the applied gouache coatings also gained a 
considerable mechanical resilience after plasma pre-treatment (fig. 5). Without pre-treatment a 
very low tensile stress was enough to cause adhesive failure and pull off the coatings (PE-HD: 10 
± 7 N, PS: 1 ± 3 N). In contrast, on the plasma-treated surfaces, all applied gouache coatings 
gained a considerable mechanical resilience (PE-HD: 114 ± 34 N, PS: 78 ± 30 N). The plasma 
pre-treated samples mostly showed cohesive failure inside the gouache layer itself. 
 
6.  EXAMINATION OF CHANGES IN SURFACE POLARITY AND 
OXIDATION STABILITY 
 
Plasma pre-treatment initiates chemical changes in polymer surfaces. This becomes obvious if a 
drop of water is placed on a pre-treated non-polar plastic surface, as it displays a marked 
improvement in water wettability. The improvement in wettability of PP was quantified by water 
contact angle measurements, as shown in figure 6.5 

The observed change of hydrophilicity is caused by an enhancement of the polymer's 
surface polarity, as analysed with infrared spectroscopy in attenuated total reflection (ATR-IR). 
The comparison of ATR-IR spectra taken from an untreated and a plasma-treated PP surface 
revealed a considerable increase of polar, oxygen-containing functional groups after pre-
treatment (fig. 7). The most notable changes were found in the IR-absorbance range at about 
1850-1550 cm-1, known to be the absorbance region of carbonyl stretch vibrations.6 
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Fig. 4. Effect of the pre-treatment on the bondability of PE-LD, PE-HD und PP (Photograph by the author) 
 

Fig. 5. Effect of the pre-treatment on the coatability of PE-HD and PS. Upper graph: measured pull-off forces on 
PE-HD; Lower graph: measured pull-off forces on PS. Pre-treatment time: 0.5 s/mm; a: experimental set up for pull-

off testing; b: lifted-off gouache coatings on untreated PS. (Photographs by the author) 
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Fig. 6. Effect of the plasma pre-treatment on the surface wettability: advancing water contact angles on untreated 
and pre-treated PP surfaces, measured on PP polymer films (270 m). For each test series, 14 measurements were 

performed by using a contact angle goniometer. 
 

Fig. 7. Effect of the plasma pre-treatment on the surface polarity: FTIR-ATR spectra taken from an untreated (A) 
and a plasma pre-treated (B) PP surface. Most notable changes, found in the IR-absorbance range of carbonyl stretch 

vibrations, are displayed under magnification. 
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The detected carbonyl compounds are well-known reaction products of polymer 
oxidation (Sheirs 2000, 416). Their increase indicates that an essential mechanism during plasma 
pre-treatment is radical-initiated surface-oxidation. Because little is known about whether or not 
this surface oxidation negatively affects the oxidation stability of the pre-treated materials, an 
analytical long-term observation of the oxidation stability of plasma-treated polymers has been 
started. Untreated and plasma pre-treated polymer samples are stored in the dark under museum 
climate conditions. In the future they will be periodically checked with regard to changes in 
oxidation stability. Oxidation behaviour of the samples is monitored by performing 
chemiluminescence analysis (CL), a very sensitive analytical technique for testing the oxidative 
stability of organic polymers. This analytical method depends on the fact that organic polymers 
emit light during oxidation processes. The emitted light, too weak to be visible to the naked eye, 
can be detected using light-sensitive analytical equipment (Käser et al. 2007). Characteristic 
changes in the light emission of the samples can be used as an indicator of changes in their 
oxidation stability (Jacobson et al. 2004). To date, CL measurements have been performed on 
additive-free PE-LD films before and directly after plasma pre-treatment, as well as on plasma 
pre-treated samples that have been stored for five months in the dark. There is no indication that 
plasma pre-treatment negatively affects the oxidation stability, at least over this period of time. 
All plasma pre-treated samples showed no differences in light emission in comparison to 
untreated samples.7 
 
7. CONCLUSION 
 
In order to overcome adhesion problems during conservation treatments on non-polar plastics, 
the plasma-pen seems to be a promising tool. On PE, PP and PS surfaces the plasma pre-
treatment resulted in a significant improvement of adhesive qualities. The breaking forces 
necessary to separate all plasma pre-treated adhesive bonds were significantly increased. 
Furthermore water-based gouache coatings gained a considerable mechanical resilience. It is 
expected that adhesion of other polar adhesives and coatings than those tested here can also be 
elevated, provided that their dried films have an adequate cohesive strength. This has interesting 
implications for conservation practice: plasma pre-treatment allows bonding and retouchings 
with high mechanical resilience on non-polar plastics, thereby prolonging the expected lifespan 
of conservation measures. Besides the observed improvement of bondability and coatability, it is 
notable that after plasma pre-treatment the application of mechanically resilient, water-based and 
water-removable gouache retouchings on hydrophobic plastic surfaces became feasible. 
Especially on the water-insensitive but otherwise solvent-susceptible plastic PS, the application 
of water-based and water-removable retouching is a very interesting way to attain reversibility. 
Last but not least, it is very important to know as much as possible about whether or not plasma-
treatment negatively affects long-term oxidation stability of the pre-treated materials. The long-
term monitoring of oxidation stability will continue and future CL-measurements will expand the 
knowledge about this issue. 
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NOTES 
 
1. Unless diffusion processes are involved. Bonds gained via diffusion processes (e.g. during 
welding or solvent bonding) are expected to be irreversible. Furthermore, applied on 
thermoplastics, diffusion processes are associated with the risk of heat or solvent damage (e.g. 
stress crazing). 
 
2. All sample pre-treatments were performed with a voltage input at about 1600 V and helium 
(with admixture of 0.5% oxygen) was used as operating gas. 
 
3. Tensile testing equipment: Zwick 1120, Zwick GmbH & Co. KG, Ulm, Germany. 
 
4. To examine the penetration behavior of the cyanoacrylate adhesive, the adhesive was left to 
dry on carrier-free gouache films (wet film thickness: 50 m) and the chemical composition of 
the opposite sides of the gouache films were analyzed with infrared spectrometry in attenuated 
total reflection (ATR-FTIR). The gouache films showed no accordant IR-absorbencies on the 
sides opposite the adhesive. 
 
5. Contact angle measurements were performed directly after plasma pre-treatment. During each 
measurement a drop of deionized water with a volume of 5 l was placed on the polymer surface 
and a second drop of 5 l was centered on the first. The advancing contact angles were 
determined within 60 seconds after the first contact of the liquid with the surface. 
 
6. Infrared spectra were obtained six hours after plasma pre-treatment using a Fourier transform 
infrared spectrometer Vertex 70 from Bruker (2 cm-1 resolution, 64 scans). For semi-quantitative 
evaluation, peak intensities were normalized by adjusting the intensity of the symmetric CH2-
stretch vibrations (2922 cm-1) according to Morent et al. 2008. 
 
7. Chemiluminescence data were obtained using an apparatus developed by Käser et al. 2006. 
Measurements were performed for each test series in triplicate using the same pre-treatment, 
storage and measurement conditions (measurement gas: oxygen 60 mL/min, non-isothermal 
experiment from 35-110°C, heating rate: 0.2°C / min). 
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SOURCES OF MATERIALS 
 
Gouache paint (cadmium yellow, PY 35) 

H. Schmincke & Co.-GmbH & Co. KG 
Erkrath, Germany 

 
Paraloid B-72 

Lascaux Colours & Restauro 
Brüttisellen, Switzerland 

 
PE-HD and PP samples for tensile testing 

Cellpack AG 
Villmergen, Switzerland 
 

PE-LD samples for tensile testing 
SIMONA AG 
Kirn, Germany 

 
PP homopolymer film (270 m), additive-free PE-LD film (230m) 

Goodfellow Research Materials GmbH 
Bad Nauheim, Germany 

 
PS samples for tensile testing 

Novoglas AG 
Villmergen, Switzerland 
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