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ABSTRACT ARTICLE HISTORY

The effect of atmospheric pressure plasma treatment on the adhesion Received 31 March 2015
between a protective coating and AA1100 alloy was investigated. Two Revised 17 September 2015
plasma sources were used for surface modifications: atmospheric Accepted 18 September 2015
pressure plasma jet and dielectric barrier discharge. The surface KEYWORDS

roughness and water contact angle measurements were conductedin  a\yminium alloy; DBD; APPJ;
order to evaluate the changes on the aluminium surface after plasma adhesion tape test; surface
processing. The paint coating was tested using the adhesion tape test treatment

(ASTM D3359). A significant improvement of surface wettability and

adhesion was obtained after plasma treatments.

1. Introduction

Aluminium (Al) alloys are widely employed in many industries. In the most applications,
initial surface processing is required, as for example, pre-cleaning or activation. The chem-
ical pre-treatments, which are frequently used for those purposes, are not environmentally
friendly due to the production of hazardous by-products. In opposite, atmospheric pressure
plasma treatment can be an alternative technology for initial surface processing. Nowadays,
two major discharge systems have been investigated: atmospheric pressure plasma jet (APP])
and dielectric barrier discharge (DBD).[1-5]

Atmospheric pressure plasma offers an attractive perspective in industrial processes
due to the elimination of expensive vacuum equipment, allowing easy scaling and in-line
processing and reduction of capital cost.[6] Plasma jets are kind of devices where plasma,
produced by electrical discharge, extends beyond the generation region into the surrounding
ambient by a gas flow and/or an electric filed. APPJs are usually generated in inert gases
using different excitation mechanisms (DC and kilohertz frequency pulsed jets, sinusoidal
jets, radio frequency RF jets and microwave excited jets).[7,8] APPJ has attracted much
attention over the last decades, since it can be generated in open space and has the ability
to produce reactive species at room temperature. Another advantage of plasma jets is that,
differently from others plasma processes, in which samples are placed inside the reactors
gap, the plasma jet treatments are not limited to flat and thin samples but can be also applied
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for treatment of 3D samples with complex geometry.[7] APPJs have been employed for
materials processing,[9-11] sterilization, biological and medical purposes.[12,13]

DBD also known as ‘silent discharge’ is one of the most popular discharges used to gen-
erate cold non-equilibrium plasma at atmospheric pressure.[14] Originally, DBD was only
used for ozone generation, however, during the years additional applications have been
developed, such as excitation of CO, lasers, excimer lamps, flat plasma displays, pollution
control, sterilization and surface treatment (modification, cleaning, etching).[15-18]

When plasmas are in contact with surfaces depending on process parameters like energy
input, pressure, working gas composition, as well as the nature of the substrate, a variety
of chemical and physical processes can take place.[19] The most important of them are
etching, thin film deposition, cleaning, activation of the surface and so on. Many materi-
als, in particular polymers, are chemically inert and cannot bond easily to other materials,
displaying poor adhesion with inks, paint and glues. The reason for this is the absence of
polar and reactive functional groups in their structure. Plasma activation makes the sur-
face more receptive to bonding with other substances by removing weak boundary layers
(oxides, amorphous structures, etc.), cross-linking of surface molecules and by creating
new polar functional groups.[20]

There are some investigations about the use of different types of plasma for aluminium
alloys surface treatment. The authors [21,22] reported the effects of the corona discharge on
an Al alloy. The eletrochemical tests showed a significant reduction in anodic and cathodic
reactivities with the formation of a thicker Al oxide film. In [23], the authors presented the
results of surface modification of an Al alloy by a low-pressure plasma treatment with and
without the use of traditional chemical process with methyl ethyl ketone (MEK). At long
treatment time, the plasma processing exhibited significant increase of Al alloy wettability
and better surface cleaning, which is even better than the results obtained from the tradi-
tional treatment with MEK.

The use of atmospheric plasma for surface modification is well known, especially for
polymers. However, there are only few investigations about DBD or plasma jet treatments
on the metal surface.[24-27] Also, it has not been reported yet the use of DBD and plasma
jet treatments on the aluminium alloy surface to enhance the adhesion of a polyurethane
coating.

In this article, open nozzle APPJ and DBD systems were used to treat the aluminium
alloy AA1100. The purpose of this work was to elucidate which treatment is more efficient
to activate the Al surface and to enhance the adhesion of a polyurethane protective coating.

2. Experimental
2.1. Materials

The material used in this work was aluminium alloy AA1100 (99% Al) whose dimensions
were 25 mm X 25 mm x 0.3 mm. The as-received samples without any previous surface
preparation were pre-cleaned in ultrasonic bath by isopropanol and stored in air for at
least 24 h prior any measurements or plasma treatments. The samples were not polished
for enhancing the mechanic anchorage between the Al surface and paint coating. The
reproducibility of the experiments was verified by performing each treatment on at least
three samples.
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2.2. Atmospheric pressure plasma jet

A plasma jet terminating with a wide (horn-like) nozzle was used to treat the Al samples.
The use of such nozzle has not been reported before. The jet system consisted of Pyrex
tube with wide nozzle (@ = 21 mm), high-voltage electrode (0.3 mm thick Ni-Cr) placed
inside the tube and a glass table (2.3 mm thick) with a grounded electrode (@ = 155 mm;
thickness = 5 mm) beneath it. The glass barrier was placed to prevent arc transition, while
the grounded metal electrode was used to measure the discharge electric parameters.

Plasma was generated with an AC power supply (Minipuls 4, GBS Elektronik, Dresden,
Germany) operating at 19 kHz and applied voltages of 8 kVp-p and 12 kVp-p. Dissipated
power was calculated using Lissajous figure (a charge x voltage plot) technique,[14] with
the corresponded values of 4.0 £ 0.1 W and 9.7 + 0.2 W. The device was flushed with argon
flow of 1.2 L/min. For the given operation conditions, the plasma appeared as randomly
distributed filaments between the high-voltage electrode and the Al substrate. The filaments
were confined within the area of the jet’s nozzle. Samples were exposed to plasma for 40 s
using a nozzle-to-sample distance of 1 mm. Energy per square unit transferred from the
APP]J to the Al substrate was 44 and 108 J/cm?, respectively, and it was calculated by multi-
plying the time of treatment to the total power, and dividing the product by the area of the
jet nozzle. The image of plasma jet and the experimental configuration used in this work
are shown in Figure 1.

2.3. Dielectric barrier discharge

The DBD reactor was a double barrier parallel plate volume DBD. The discharge was gen-
erated between two 9.5-cm-diameter parallel aluminium electrodes. The upper electrode
was grounded and the lower one served as high-voltage electrode. Both electrodes were
covered by a Mylar sheet with 0.5 mm thickness. Plasma was generated by an AC power
supply (60 Hz) in airflow (8 L/min). The inter-electrode gap was fixed to 1 mm and the
applied voltage used was 20 kVp-p and 30 kVp-p, with plasmas powers of 0.6 + 0.1 and
1.2 + 0.1 W, respectively. Samples were exposed to air-DBD plasma for 18 and 44 min at
20 kV;, and 6.5 and 16 min at 30 kV. The time was chosen to get the same values of energy
per area (44 and 108 J/cm?) as in the APP]J treatment in order to compare both processes.
In the case of DBD, the energy density was calculated by multiplying the time of treatment
to the total power, and dividing the product by the sample area. Since Al is a conductive
sample, the plasma filaments were preferentially formed over the substrate surface and
no plasma was observed outside the sample. The image of DBD reactor with a picture of
the plasma inside it and schematic diagram of the experimental configuration are shown
in Figure 2.

2.4. Contact angle and surface free energy

Contact angle and surface free energy (SFE) measurements were performed no more than
10 min after both plasma treatments on a Rame-Hart 300 goniometer, using the sessile drop
method and the DropImage software. Deionized water and diiodomethane were used as
test liquid and the volume of the droplets was 2 pl. The polar and dispersive components
of SFE were obtained by geometric mean method.
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Figure 1. (a) APPJ image, (b) experimental set-up and (c) magnified plasma zone.

2.5. Roughness measurements

A Leica DCM 3D confocal microscope was used to assess the surface roughness. The
sample topography was measured using 5x magnification objective with field of view
2.55 x 1.91 mm. The surface roughness (R ) value was obtained from a background-
subtracted surface topography using software provided by the manufacturer. Roughness
profiles were extracted by oblique lines from the images of surface topography and a filter
with 0.8-mm cut-off was applied.

2.6. Painting

After plasma treatment, all samples were painted with polyurethane paint JET GLO®
(Sherwin-Williams). The painting was applied with a small brush and performed
no more than 10 min after the treatments. Samples were dried in room temperature
for 48 h.
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Figure 2. (a) Image of DBD reactor with an inset showing the discharge and (b) experimental set-up.

2.7. Adhesion tape test

The adhesion tape test is commonly used to assess the adhesion of a paint or coating to a
metallic or plastic substrate, by applying and removing pressure-sensitive tape over cuts
made on the paint through the substrate.[28]

In this investigation, the adhesion tape test was performed in according to Method B
Test in ASTM D3359.[29] Incisions were made on the painted Al surface in horizontal and
vertical directions (these lines form 25 squares with 2 mm side). Afterwards, the tape was
placed over the grid formed by the cuts. To ensure good contact, an eraser was used to rub
the tape on the substrate. The tape was applied for 90 s and then removed. The classification
of the adhesion was made by comparison with the adhesion test table results available in
ASTM D3359.

3. Results and discussion
3.1. Contact angle and SFE

The water contact angle (WCA) was affected by both atmospheric pressure plasma processes,
as shown in Figure 3. WCA of Al surface decreased from 87° (the value for untreated sam-
ple) down to 8° and 13° after APPJ and DBD treatments, respectively. The same behaviour
was observed for the dilodomethane contact angle, where a decrease from 65° (the value
for untreated Al surface) up to 34° after both treatments was obtained.

Figure 4 shows a bar plot of WCA of Al surface after the different plasma processes. As
can be seen, when the energy dose is increased (by increasing the time of treatment or the
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Figure 3.1mages of water droplets on (a) untreated sample, (b) DBD (30 kV, 16 min) treated sample and
(c) APPJ (12 kV, 40 s) treated sample.
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Figure 4. WCAs for treated and untreated Al samples.

applied voltage), the WCA tends to decrease for both processes. The best wettablity was
obtained for the DBD process at 30 kV, 16 min and for the APPJ at 12 kV, 40 s.

SEE values after plasma treatments were visibly different when compared to the untreated
sample, as presented in Figure 5. An increase of the SFE from 33 mN/m? (untreated Al
surface) to up to 75 mN/m? (after plasma treatments) was observed. Both components of
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Figure 5. SFE measurements for the untreated and treated Al samples.

SFE, the dispersive and the polar one, increased after the plasma treatment. However, it
can be noted a substantial enhancement of the polar component of the SFE. This can be
related to the incorporation of polar groups on the Al surface. In [24], the authors inferred
that the SFE increased mainly due to the rise of its polar component. It was caused by the
formation of polar groups (-NH-, -NO,, -NO,) on the Al surface as a consequence of the
plasma exposure.

The values of SFE are approximately the same for all treated samples. Although, it can
be observed from Figures 4 and 5 that the condition at which the lowest WCA and the
highest SFE was obtained was the DBD-treated sample at 30 kV (16 min). The increase in
SFE values promotes an improvement of surface wettability. Therefore, surface modifica-
tions using both plasma systems led to a super-hydrophilic surface, which should result to
a better adhesion of paint on the Al substrate.

The values of contact angle and SFE obtained in this experiment are in agreement with
previous works,[25,26] where different kinds of plasma and experimental parameters were
employed to treat different Al alloys.

3.2. Roughness measurements

The mean free path of plasma particles in atmospheric pressure discharges is very small so
that the plasma species have very low kinetic energy. Therefore, the surface modification by
sputtering is not possible at atmospheric pressure. In case of reactive gases, however, some
material can be removed from the sample surface by etching. However, in air environment,
this is also a very mild process. For example in [27], the authors obtained a slightly higher
roughness after treating Al alloys with plasma.

Figure 6 presents the 3D images of untreated and treated samples. The roughness values
obtained from 3D images (Figure 6) and are listed in Table 1.

It can be concluded from the Table 1 that within the experimental uncertainty, the rough-
ness of as-received and the treated samples is practically the same. Thus, both atmospheric
plasma treatments introduced insignificant changes in the surface roughness, which means
that the improved wettability in the experiments was not caused by surface roughening.
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Figure 6. AA1100 alloy surface morphology (3D images) for the conditions: (a) untreated, (b) APPJ 12 kV,
40 s (c) DBD 20 kV, 44 min and (d) DBD 30 kV, 16 min.

Table 1. The roughness values for untreated and treated Al alloys.

Condition R s (UmM) Standard deviation (+ pm)
Untreated 1.71 0.20
APPJ 1.55 0.32
DBD 1.83 0.21

Therefore, the increased hydrophilicity after the plasma processing is probably due to surface
activation and incorporation of oxygen and nitrogen species on the Al surface, which is in
an agreement with the significant increase of SFE polar component.

3.3. Adhesion tape test

Figure 7 shows the adhesion tape test results on painted untreated sample, in which the paint
inside the grid came off completely after the tape test was applied to the untreated sample.

The same tape test procedure was performed on samples exposed to plasma. Figure 8
presents the adhesion tape test results for samples treated by APPJ and DBD.

Figure 8(a), (b) represent the samples treated with APPJ at 8 and 12 KV, respectively.
Both conditions resulted in perfect adhesion, since no paint was removed inside the grid.
Note that there was paint detachment only on the areas that were outside the jet nozzle
(not exposed to the plasma).
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Figure 8. Adhesion tape test results for the conditions: (a) APPJ 8 kV, 40 s, (b) APPJ 12 kV, 40 s, (c) DBD
20 kV, 18 min, (d) DBD 20 kV, 44 min, (e) DBD 30 kV, 6.5 min and (f) DBD 30 kV, 16 min.

Differently, the DBD-treated samples at 20 kV and 18 min (Figure 8(c)) showed that
about 50% of the paint was removed outside and inside the grid. While for the DBD process
at 20 kV and 44 min (Figure 8(d)), the sample presented more than 35% paint removal
inside the grid. In addition, for DBD-treated sample at 30 kV and 6.5 min (Figure 8(e))
about 20% of the paint was removed from the grid. For the last condition, DBD-treated
sample at 30 kV and 16 min (Figure 8(f)) showed a slight paint removal inside the grid
corresponding to less than 5%.

According to ASTM D3359, the results of adhesion tape test must be classified in a scale
from 0B to 5B. This scale is based upon the percentage of the removed coating area inside
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Table 2. Classification of adhesion tape test results according to ASTM D3359.

Figure Condition Classification Percentage of area removed (%)
Figure 7 Untreated 0B more than 65

Figure 8(a) APPJ (8 kV-40s) 5B none

Figure 8(b) 8b APPJ (12 kV-40's) 5B none

Figure 8(c) 8c DBD (20 kV-18 min) 1B 35-65

Figure 8(d) DBD (20 kV-44 min) 1B 35-65

Figure 8)e DBD (30 kV-6.5 min) 2B 15-35

Figure 8(f) 8f DBD (30 kV-16 min) 4B Less than 5

the grid after the test. The classification of the results obtained by comparison is presented
in Table 2.

Both plasma treatments improved the adhesion of the polyurethane paint to the AA1100
alloy, when compared to the untreated sample. However, the treatments that presented the
best adhesion test results were the APPJ (8 and 12 kV) and after that the DBD treatment
at 30 kV and 16 min. Even when both plasma treatments were with a different energy per
square unit (APPJ - 44 J/cm? and DBD - 108 J/cm?) still the APPJ process was more efficient
in improving the paint adhesion to Al substrate. This finding needs further investigation,
however, a possible explanation is a different composition of APPJ and DBD plasmas.
In fact, the active species in DBD plasma are generated by electron impact [2] while the
dominant mechanism in APPJs for producing O and N moieties are three body reactions
with Ar metastable.[8]

In literature,[30] the adhesion tape test performed by the authors showed that the
low-pressure plasma treatment alone was not sufficient to obtain 100% paint adhesion.
This condition was only achieved using the following processes sequence: plasma treat-
ment, primer application on the Al surface and after that the paint layer application. In our
investigation, the plasma jet treatment alone led to perfect adhesion of the polyurethane
paint on the Al substrate without assistance of a primer layer. Therefore, the results obtained
with atmospheric pressure plasma can be considered promising since there is no need of
an extra primer layer to get perfect paint adhesion. Moreover, when both plasmas process
are compared, the atmospheric pressure plasma has advantage because neither vacuum
chambers nor pumps are required.

It is often difficult to ascribe adhesive bonding to an individual mechanism. A combina-
tion of different mechanisms is usually responsible for bonding in a given adhesive system.
The extent of the role of each mechanism would then vary for different systems.[31] The
improvement obtained in the adhesion of the polyurethane painting can be attributed to
the incorporation of polar groups into the Al surface, evidenced by the increase of the polar
component in the SFE. Since, it was verified that the adhesion was not caused by mechanical
interlocking or roughening, the wetting theory [32] can be applied in this case. Therefore,
one can conclude that in this work the adhesion improvement can be attributed to the
increased wetting of the Al surface after plasma treatments.

4. Conclusion

AA1100 alloy was treated with two commonly used atmospheric pressure plasma sources,
APPJ and DBD. The effect of plasma on surface wettability, roughness and adhesion of
polyurethane paint were investigated.
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(1) The contact angle decreased from 87° (nearly hydrophobic) down to 8° and 13°
after APPJ and DBD treatments, respectively.

(2) The plasma exposure did not induce significant changes in topography and surface
roughness. Thus, the main effect of the plasma is in surface activation and cleaning.

(3) With the adhesion tape test was possible to verify that both conditions of APP]
(8kV and 12kV) and the DBD 30 kV (16 min) improved significantly the adhesion
of the polyurethane paint to the aluminium substrate. Both plasma systems (APP]
and DBD) were efficient to modify the AA1100 surface by increasing its wettability.
However, according to results obtained by the adhesion tape test, the APP]J system
was more efficient than the DBD in improving the adhesion of the polyurethane
coating to the Al substrate at the investigated conditions.

Disclosure statement
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