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Abstract

The polymers PET, PA6, PVDF, HD-PE, and PP are activated by a commercially available plasma jet system at atmospheric

pressure to improve adhesive bondability. The adhesion properties of the activated surfaces are evaluated by lap shear tests. The

results are correlated with the surface properties that are investigated by XPS, AFM, and contact angle measurements. In addition

the influence of operational parameters of the plasma treatment is studied. The activated samples exhibit a substantially increased

bonding strength. The improvement can be related to an increase of oxygen concentration, and to changes of the topology of the

substrate surface induced by the thermal component of the plasma. The most influential parameters in the plasma treatment are the

distance between substrate and nozzle exit and the treatment time.

r 2003 Elsevier Ltd. All rights reserved.

Keywords: B. Plastics; B. Surface modification; B. Surface treatment by excited gases; Plasma
1. Introduction

Plasmas operating at atmospheric pressure (AP) have
found widespread commercial use as a tool for the
pretreatment of polymers [1]. The activation of the
polymer surface improves the adhesive bonding
strength, paint adhesion and dye uptake. AP plasmas
are an interesting alternative to other pretreatment
methods (e.g. low-pressure plasma or wet chemical
treatment) because of in-line process capabilities,
relatively low costs, and low requirements on personal
and environmental safety. Several types of AP plasmas
operating in the regime of a non-thermodynamical
equilibrium exist. Typical AP plasma systems are corona
discharges and dielectric barrier discharges. A special
type of AP plasma is a plasma jet where the plasma
constituents are expelled through an orifice of a nozzle.
In this study the physicochemical modifications of
polymer surfaces from a plasma jet treatment using a
commercially available system are evaluated. Addition-
ally, the influence of process parameter changes on the
pretreatment effect is addressed.
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Experimental results of the adhesion properties and
surface properties are presented for the polymers
polyethyleneterephthalate (PET), polyamide 6 (PA6),
polyvinylidenefluoride (PVDF), polyethylene (HD-PE),
and polypropylene (PP) before and after the plasma jet
treatment. The adhesion properties of the activated
samples are determined by lap shear measurements and
correlated with the chemical composition and topology
of the polymer surface which is studied by contact angle,
XPS and AFM measurements.

Early work on gas discharges at atmospheric pressure
using a gas jet system for the pretreatment of materials
has been reported in Refs. [2–4]. On the pretreatment
of PP by a very similar plasma system reported
Green et al. [5].
2. Experimental

A plasma jet system from Plasmatreat GmbH
(Steinhagen, Germany) with seven nozzles mounted in
parallel fashion and covering a treatment width of
approx. 36mm has been used for the pretreatment. The
plasma is generated inside each nozzle by a non-
equilibrium discharge using kHz excitation and expelled
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through a circular orifice onto the substrate surface (Fig.
1) [6]. Thus the substrate remains essentially free from
the electric field of the discharge zone. This allows for
the treatment of metals and electrically sensitive
products in addition to non-conductive materials.
Typical process conditions of the plasma treatment are
given in Table 1.

The substrates were standard lap shear samples with
dimensions of 100� 24.8� 4mm and were obtained
from Rocholl GmbH (Sch .onbrunn, Germany). They
have been cleaned by ultrasonic rinsing in iso-propanol
for 30 s before use. This type of cleaning does not result
in analytically clean surfaces but is more typical for
cleaning processes in industrial applications. Adhesion
to the surfaces has been tested according to DIN EN
1465 using an overlap of 12.5mm between the lap shear
samples. Lap shear strengths were measured with a
tensile testing machine (Zwick Z030) at a pull velocity of
5mm/min at room temperature. Failure modes have
been determined by visual inspection. A commercially
available 2-component polyurethane resin (Betamate
7000/7050, Dow Automotive) has been used as adhesive.
Fig. 1. Schematic of the plasma nozzle. The diameter of the orifice exit

is typically 4mm. The diameter of the discharge chamber is approx.

20mm with a length of approx. 100mm. The nozzles are held in fixed

position while the substrate is moved through the plasma jet.

Table 1

Parameters used for the AP plasma treatment

HD-PE PP PVDF PET PA6

Intermediate voltage (V) 480 480 480 480 480

Gas flow (N l/min) 117 117 117 117 117

Distance (mm) 3 10 10 3 5

Substrate velocity (m/min) 50 100 100 100 50

Number of treatments 1 1 10 1 1

The process gas was dry air at an input pressure of 5.9 bar in all

treatments.
The thickness of the adhesive layer was controlled to be
0.1mm. The samples were allowed to cure for 7 days at
room temperature. Each reported lap shear value is the
median of three bonded samples with a standard
deviation (1s) of typically 6% between the measure-
ments.

Dynamic contact angle measurements (advancing
angle) were performed with a Kruess G2/G40 V3.
Surface energies were calculated with the method of
Ownes-Wendt-Rabel and K.alble [7,8]. XPS character-
ization was carried out using a Kratos Ultra system with
a monochromatized Al Ka X-ray source. The base
pressure of the analysis chamber was approx.
6� 10�8 Pa. Spectra were acquired in the constant
analyzer energy mode using pass energies of 160 eV for
survey spectra and 40 or 20 eV for detail scans. The
collecting angle of the photoelectrons was 0� with an
analysis area of approx. 0.3� 0.7mm. The samples were
neutralized with 2.6 eV electrons. The sample topogra-
phy was studied using an atomic force microscope
(Digital Instruments Nanoscope III multimode scanning
probe microscope) operated in the ‘tapping mode’ in air.
The maximum scan range of the scanner was 150 mm.
Sensors (Nanosensors Si cantilevers) with resonance
frequencies around 250 kHz corresponding to force
constants around 20N/m were used.
3. Results and discussion

The performance of the AP plasma jet for the
activation of the five polymers is studied by lap shear
measurements. The corresponding chemical and topo-
logical alterations of the sample surfaces are character-
ized and linked to the adhesion properties. To further
the understanding of the working principle of the
plasma jet treatment the influence of process parameters
on the activation performance is illustrated for a PET
and a HD-PE sample.

3.1. Adhesion and surface properties

Substrates made of PP, HD-PE, PVDF, PET and
PA6 were activated by the AP plasma jet system with
process parameters given in Table 1. For lap shear
measurements the samples were bonded with the
adhesive within 24 h after the activation. The results
are compared with non-treated (reference) samples for
each polymer. Table 2 shows the lap shear strengths for
all substrates with and without plasma activation. The
plasma treatment improves the adhesive bonding
strength for all polymers substantially. Noteworthy are
the different failure modes for the non-treated and the
activated substrates. Only substrate or cohesive failure
modes are observed for the activated samples while an
adhesive failure is dominant for the non-treated
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Table 2

Adhesion and surface properties of the polymers studied

HD-PE PP PVDF PET PA6

Ref. Plasma Ref. Plasma Ref. Plasma Ref. Plasma Ref. Plasma

Lap shear strength (MPa) 0.3 4.6a 0.2 3.7b 0.6 8.9b 1.6 4.8a 1.9 7.8a

Surface energy (mN/m) 28 60 27 52 35 42 35 63 35 62

At. conc. (%) O 2.0 24.4 3.1 8.7 3.1 6.8 15.2 32.4 11.9 23.8

C 98.0 71.5 96.2 91.3 54.6 49.5 84.5 65.3 76.6 64.1

N — 3.4 — 0.3 41.7c 42.3c 0.3 1.7 10.5 12.1

aSubstrate failure mode.
bCohesive failure mode.
cAt. concentration of fluorine.
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Fig. 2. High-resolution XPS spectra of the C 1s binding energy region

of HD-PE before (?) and after (–) plasma activation. The positions of

different oxygen functional groups are indicated. The small deviation

for the C–H 1s peak at 285.0 eV between both spectra is due to

charging effects.
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samples. The adhesive bonding strength of the plasma
treated samples thus is no longer limited by the adhesion
between the adhesive and the polymer surface.

The plasma treatment alters the chemical and the
topological state of the substrate. The observed im-
provements in adhesion result from the combination of
these effects. After the plasma treatment the surface
energies of all polymers are strongly enhanced and range
from 42 to 63mN/m (Table 2). The maximum surface
energies are different for the individual materials but can
reach similar levels for originally non-polar (HD-PE) as
for polar (PET) polymers. The differences in surface
energy can be related to different chemical compositions
on the surface as outlined below. As evident from Table
2 there is no simple correlation between the absolute
value (or increase) of surface energy and lap shear
strength (cf. activated PVDF and PP). This is not
unexpected since the surface energy determines the
wettability of the substrate but not necessarily the
adhesive bonding strength.

Table 2 also shows the element distribution (from
XPS measurements) on the substrate surface before and
after the plasma activation. For all materials a strong
increase (up to 22 at% points) of oxygen concentration
is observed. A much smaller increase of the order of only
0.3–3 at% is observed for nitrogen. The relatively low
surface energies of activated PP and PVDF correspond
well with the low oxygen concentration in the surfaces of
these materials. On the other hand HD-PE, PA6 and
PET have a higher oxygen content and a higher surface
energy. The comparison of PA6 and PET shows,
however, that the surface energy is not solely determined
by the oxygen content. The amount of nitrogen, the
specifics of oxygen and nitrogen functionalities, and,
very likely, surface topology seem to be also of great
importance [9].

A more detailed analysis of the XPS spectra of the
pretreated polymers reveals the formation of different
oxygen-containing functional groups. Fig. 2 shows the
high-resolution XPS spectra of the carbon C 1s region of
the non-treated and the plasma treated HD-PE surface.
Similar spectra have been also observed for the other
polymers (not shown). The C 1s peak with features at
289.0, 287.9 and 286.6 eV indicates the existence of
carboxyl, carbonyl and alkoxy groups. Possibly also
epoxy groups have been formed. However, the spectral
resolution and the congested spectral features do not
allow to determine unambiguously the exact amount
and type of the functional groups. For the same reason a
detailed analysis of the nitrogen functional groups
(several features around 400 eV, corresponding to the
N 1s region) is not given.

The increase of oxygen can only arise from oxygen
sources outside the polymer, since some materials do not
contain oxygen in their bulk. The incorporation of
oxygen can take place while the substrate is in the
plasma zone or shortly after the plasma treatment
through reactions of active surface sites with ambient
air. The exact mechanism cannot be determined from
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these experiments. However, it is likely that both
mechanisms contribute to the oxygen uptake. The same
considerations apply to the nitrogen uptake.

To achieve high lap shear strengths a strong adhesion
between the adhesive and the substrate is essential.
Usually this requires the formation of covalent bonds
between the molecules of the adhesive and the adherent.
A good match between the functional groups of the
substrate surface and the adhesive is therefore of critical
importance. The formation of additional functional
groups at the surface is probably the most significant
contribution to the adhesion improvements by the AP
plasma jet treatment. Probably both the absolute
number of oxygen groups and the large variety of
functional groups contribute to this improvement. A
variety of functional groups can be especially advanta-
geous when different types of adhesives are to be used.
The incorporation of oxygen is also responsible for the
increase in surface energy. The importance of the surface
energy for adhesion is usually related to the ability of the
substrate surface to become wetted by the adhesive. A
Fig. 3. AFM images of PET before (left) and after (right) plasma treatment w

different height scales between the images. The surface roughness (RMS) cha

(horizontal plane) scale, respectively.
high surface energy leads to a better spreading of the
adhesive and therefore to a more uniform contact with
the substrate.

Adhesion properties are also strongly influenced by
the surface topology. Decisive factors are the size of the
contact area and the size of unfilled volumes between the
adherents. A microscopic roughness can also lead to a
mechanical interlocking between the two partners of the
adhesive joint. The relevance of topological changes on
the adhesion properties were studied on PET and
PVDF, which were treated as indicated in Table 1.
AFM images of PET and PVDF before and after the
plasma treatment are presented in Figs. 3 and 4,
respectively. In the initial state both surfaces are largely
different on a 10 or 30 mm scale. PVDF is characterized
by a rather smooth surface, while PET has a much more
distinct roughness. This difference in the initial state
causes different surface modifications by the plasma. On
the 30 mm scale the PET surface becomes much
smoother after the plasma treatment. In contrast the
surface roughness of PVDF remains nearly constant,
ith an analyzed area of (a) 30� 30mm and (b) 1� 1mm. Please note the

nges from 81 to 26 nm, and from 16 to 6 nm on the 30 mm and 1 mm xy-
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Fig. 4. AFM images of PVDF before (left) and after (right) plasma treatment with an analyzed area of (a) 10� 10mm and (b) 0.5� 0.5mm. Please

note the different height scales between the images. The surface roughness (RMS) changes from 10 to 8 nm, and is 3 nm on the 10 and 0.5mm xy-

(horizontal plane) scale, respectively.
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although a change in surface topology is also observed
(loss of features from extrusion process and crystal-
linity). However, on a 0.5 or 1 mm scale, both surfaces
show common features after the treatment. The AFM
images show the formation of a mostly uniform surface
with recurring regular bump-like structural features.
These topological changes can result from thermal
effects or from chemical reactions and sputter processes
of the plasma species with the surface. Because of the
relatively high temperatures (approx. 600–1200K) of the
plasma jet the thermal effects are probably the dominant
cause. The observed surface features would then be a
consequence of melting and recrystallization processes,
as it has been observed by Greenwood et al. [10],
recently. It is likely that the formation of such a regular
surface with uniform structural features with nanometer
dimensions is an additional contribution to the adhesion
improvements for PVDF and PET. At a lower level of
resolution (e.g. a 30 mm scan) the topology modifications
depend on the initial state of the surface. In case of very
rough surfaces even a smoothening can be observed (see
PET). Besides chemical modifications a main contribu-
tion to the adhesion improvements can thus be
attributed to the thermal component of the plasma
and the topological changes that it induces. However, it
has to be stressed that the chemical and the topological
modifications occur simultaneously and cannot be
studied independently. It is therefore difficult to assess
the benefit of morphology changes on the adhesive
bondability. It is also important to note that in spite of
relatively high temperatures the short treatment dura-
tion allows the activation of polymers without visually
damaging the surface.

3.2. Process parameters

Of large practical importance is the outcome of a
(deliberate) change of process parameters on the
activation performance. Parameter changes can be used
to adjust the plasma treatment to obtain certain surface
properties (e.g. a definite surface energy). They are also
important in terms of process control as a non-desired
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Table 3

Comparison of lap shear strengths values of HD-PE samples which

have been treated with different process parameter. Each time only the

indicated parameter was varied while keeping the other parameters

constant

Parameter change Lap shear strengths (MPa)

Intermediate voltage (480-430V) 3.7-3.1 (0.6)

Gas flow (117-200N l/min) 3.7-2.4 (1.3)

Distance (20-7mm) 0.8-3.7 (2.9)

Substrate velocity (200-50m/min) 1.3-3.7 (2.4)

The value of the changed process parameter and the absolute change in

lap shear strength is given in parenthesis.
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instability of the activation process in industrial
applications. The influence of different process para-
meters on the plasma jet treatment is illustrated for HD-
PE and PET. Four different process parameter sets (see
Fig. 5) have been used for the activation of PET. Their
main difference is the distance between the plasma
nozzle and the substrate. In qualitative terms the
activation ‘strength’ of the plasma treatment should
increase from parameter set #1 to #4 since the substrate–
nozzle distance and the substrate velocity decrease in the
same order. Fig. 5 shows the results of contact angle and
XPS measurements together with the results from lap
shear strength measurements. With increasing ‘activa-
tion strength’ an increase in shear strength is observed.
This is accompanied by an increase in surface energy.
With parameter set #4 the surface energy has nearly
reached twofold of the initial value and the failure
mode in the lap shear measurement changes from
an adhesive failure to a substrate failure. The surface
oxygen concentration from the XPS data follows
this trend closely. This again indicates a correlation
between the formation of oxygen-containing functional
groups and the improvement of adhesion properties.
Besides the incorporation of oxygen a small increase
of nitrogen concentration (1–2 at%) is also observed.
In spite of nearly identical XPS spectra for parameter
set #3 and #4 both samples differ in their bonding
strength. This confirms that the difference in the
adhesion bonding behavior is influenced by a com-
bination of different factors. As already outlined
above differences in the topology of the surfaces but
also the modification depth could be such additional
factors.
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different plasma treatment parameters. The distance between nozzle and su

substrate speed was 100m/min except for parameter set #1, where it was 300

and #2, and with 1 cycle for set # 3 and #4.
In Table 3 the effects of a variation of a single
parameter in the plasma treatment of HD-PE are
compared. Maximum and minimum operational values
that allow operating a stable discharge have been chosen
for the parameters excitation voltage and gas flow.
Values for the other parameters (substrate distance and
velocity) represent upper and lower limits that are of
practical importance. While excitation voltage and gas
flow control the characteristics of the discharge inside
the nozzle, the other parameters define the treatment
time and the position of the substrate relative to the
plasma jet. As can be seen from Table 3 the activation
results (lap shear strengths) are strongly dependent on
the activation duration and the position of the substrate.
In contrast, the discharge parameters itself are of much
less significance for the activation result. This indicates
that the thermal component of the plasma jet, and not
so much the plasma characteristics inside the nozzle, is
very important for the activation result. It is interesting
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to note that the time to achieve a sufficient activation of
the surface, which is of the order of a few milliseconds, is
much faster in comparison to most low-pressure plasma
treatments. It is likely that this behavior is caused by the
larger thermal component and higher densities of active
species in the AP plasma jet.
4. Summary

Plasma jet treatment at atmospheric pressure has been
successfully applied to increase the adhesive bondability
of five polymers. Only substrate and cohesive failure
modes were observed after the plasma treatment. The
adhesion improvement has been related to the formation
of different oxygen-containing functional groups and
changes in the topology of the surface. A significant
contribution to the activation seems to arise from the
thermal component of the plasma. This is also indicated
by the relative importance of treatment time and
substrate–nozzle distance in contrast to discharge
parameters, like excitation voltage. The outlined me-
chanism seems to apply to most organic polymeric
substrates, since similar results were found for all
polymers studied.
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