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ABSTRACT: Surface treatment of polymers by discharge
plasmas is of great and increasing industrial application
because it can uniformly modify the surface of treated sam-
ples without changing the material bulk properties. Present
work deals with surface modification of siloxane-containing
polyurethane (PU-Si) by air dielectric barrier discharge
(DBD) at atmospheric pressure. Material characterization
was carried out by contact angle measurements, atomic
force microscopy (AFM), and X-ray photoelectron spectros-
copy (XPS). The surface energy of the polymer surface was
calculated from contact angle data using Owens-Wendt-
Kaeble method. The plasma-induced chemical modifica-
tions are associated with incorporation of polar oxygen con-

taining groups on the polymer surface. The AFM analysis
of DBD-treated samples revealed that the surface roughness
decreased with increasing the time of treatment. Because of
the plasma exposure the surface of DBD-treated polymers
became hydrophilic resulting in enhanced adhesion proper-
ties. Aging behavior of the treated samples revealed that all
polymer surfaces were prone to hydrophobic recovery;
however, they did not completely recover their original
hydrophobic characteristics. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 000: 000–000, 201
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INTRODUCTION

Thermoplastic polyurethane-based polymers have
found increasing number of applications in modern
technology because of an excellent balance between
their mechanical, thermal, and chemical properties
combined with good biocompatibility.1 Because of
their high flexibility the polyurethanes are widely
used in the automobile industry as high-resiliency
flexible foam seating, rigid foam insulation panels,
microcellular foam seals and gaskets, durable elasto-
meric wheels and tires, automotive suspension bush-
ings, electrical potting compounds, high perform-
ance adhesives, and sealants.2 Polyurethane is often
used in medical devices such as blood contact-
ing devices (artificial veins or heart valves) and

long-term implants such as urethral catheter, breast
implants, or pacemaker leads.3 To improve PU me-
chanical properties the common PU polymers are
frequently mixed with siloxane elastomers.4,5 The
effect of silicon concentration on the performance of
PU has been investigated in the literature showing
that the PU-Si copolymers exhibit superior mechani-
cal properties and great biocompatibility.6,7 However
polyurethanes, and especially the PU-Si polymers
present very low surface energy, which results in
poor adhesive properties.6 For many industrial and
biomedical applications the surface characteristics of
these materials have to be improved without chang-
ing the advantageous bulk properties. In the past
decade, plasma treatments have demonstrated to be
very efficient in modifying the surface wettability of
polymers. Some previous works investigated low-
pressure plasma treatments of commercial polyur-
ethane2,8,9 and medical grade polyurethane3,6,10–12

reporting significant improvement of surface wett-
ability after the plasma exposure. Recently the
atmospheric plasma processing of polymeric materi-
als13 has attracted significant attention because it has
additional advantage of being cheap and easy to
scale and implement in industrial processing. Yet,
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few authors14,15 have studied the effect of nonther-
mal plasmas on PU polymers at atmospheric pres-
sure. One of the most promising atmospheric
plasma sources for material processing is based on
the dielectric barrier discharge (DBD). DBD is a
type of discharge, which occurs between two planar
or cylindrical electrodes, providing that at least one
electrode is covered by a dielectric layer, i.e., it is
not in direct contact with the gas. The consequence
of this arrangement is that, after the gas break-
down, the charge accumulation on the dielectric
surface prevents the corona-to-arc transition and,
eventually, stops the discharge if the voltage does
not increase continuously. Usually AC voltages of
few kV at frequencies between 50 Hz and 500 kHz
are used to create an active discharge region. The
DBD plasma generally consists of a large number of
randomly distributed microstreamer discharges.
Each streamer has typically a few nanoseconds in
duration and a few lm in diameter.16 The mean
electron energy in DBD plasmas is in the range of
1–10 eV, while the chemical binding energy of poly-
mers is less than 10 eV. Therefore, energetic par-
ticles and UV photons in DBD can easily break the
chemical bonds of polymers and active radicals
abundant in the plasma react with dangling bonds
on the surface thus modifying the material wetting
properties.13

The present work deals with surface modification
of polyurethane-siloxane polymer by atmospheric
pressure DBD in air. Material characterization was
carried out by contact angle measurements, surface
energy evaluation, atomic force microscopy (AFM),
and X-ray photoelectron spectroscopy (XPS).

EXPERIMENTAL

Materials

Many researchers have been interested in the prop-
erties exhibited by siloxane containing copolymers,
such as very low surface energies, hydrophobicity;
good thermal stability; high gas permeability; bio-
compatibility, low dielectric constant, and low
solubility.4–7 In this study, segmented siloxane-
polyurethane (PU-Si) polymer was provided by the
PerkPlast Industry, Brazil in the form of 1.5-mm-
thick film. The material was synthesized from
polydimethylsiloxane (PDMS) by step growth
polymerization. The PDMS content of the PU-Si
copolymer was kept around 30 wt %.

Preparation of the samples

The PU-Si samples, cut into rectangular shape (10 �
15 mm2), were ultrasonically cleaned in distilled
water and detergent for half an hour. After that to

remove organic contaminants from the surface, the
samples were washed in isopropyl alcohol for 10
min and then dried at room temperature. Before the
plasma processing the samples were placed on the
bottom electrode of the DBD reactor schematically
shown in Figure 1.

Plasma treatment

The experimental arrangement used to generate air
DBD discharge at atmospheric pressure is sketched
in Figure 1. The DBD discharge is generated
between two 9.5-cm-diameter parallel aluminum
electrodes positioned within a 150-mm-diameter cy-
lindrical enclosure made from DelrinVR . Both reactor
electrodes were covered by 0.5-mm-thick polyester
(MylarV

R

) film. The upper electrode was grounded
while the lower one was employed as high-voltage
electrode. For all DBD treatments the distance
between the two electrodes was fixed at 4 mm. The
high-voltage power supply is consisted of a step-up
high-voltage transformer (110/20,000 V, 60 Hz)
driven by an autotransformer Variac. A load resistor
of 1 kX protected the transformer in case of DBD to
arc transition. All plasma treatments were carried
out in air at atmospheric pressure and ambient
temperature.
The AC voltage applied to the reactor lower plate

was measured by a 1000:1 high-voltage probe
(Tektronix P6015A, 75 MHz) and monitored on a
digital oscilloscope (Tektronix TDS 2024B, 200 MHz).
For displaying the waveform of the discharge cur-
rent on the oscilloscope the reactor upper plate was
grounded through a current measuring resistor of
120 X. The charge Q on the reactor plates was
obtained from the voltage drop across a serial capac-
itor of 0.91 lF.
A simple method for obtaining the discharge

power of DBD reactors relies on so-called Lissajous
figures. They as obtained when plotting transported
electric charge Q through the discharge as a function
of the applied periodical voltage.17 The average
electric energy dissipated in one discharge cycle is
simply the area of the characteristic Q–V diagram.
Then the mean discharge power is calculated by

Figure 1 Schematic drawing of the experimental setup.

2 KOSTOV ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



multiplying the discharge energy to the frequency of
the AC power supply.

Characterization techniques

The contact angle between a test liquid and the
polymer surface was obtained by the sessile drop
method on a standard Rame-Hart goniometer,
model 290 using the DROPImage software. The
measurements were carried out in controlled envi-
ronment with 60% relative humidity and tempera-
ture of 21�C. The volume of each liquid drop was 2
lL and two different test liquids: water and diiodo-
methane were used. At least five different drops
were deposited on the polymer surface to obtain the
average value of the contact angles. The maximum
error in the contact angle assessments did not exceed
3%. Surface energies were calculated by using the
Owens–Wendt–Kaelble method18 on which polar
and nonpolar (dispersive) contributions are consid-
ered to explain the interaction between the liquid
and the solid phases.

Surface chemical characterization was carried out
by X-ray photoelectron spectroscopy using a Kratos
XSAM HS system. The base pressure in the analyz-
ing chamber was kept below 10�7 mbar. The Mg Ka
line (hm ¼ 1253.6 eV) was employed as excitation
source with the emission voltage and current of the
source set to 6.0 kV and 5.0 mA, respectively. The
obtained spectra were processed by a code provided
by the apparatus manufacturer using the Shirley
method for background subtraction. All peaks were
fitted using Gaussian curves. The value of 284.8 eV
of the hydrocarbon C1s peak was used for calibra-
tion of the energy scale.

Atomic Force Microscopy—AFM, was used to an-
alyze surface morphology of the polymer samples.
The AFM analysis was performed in air with a
Nanoscope-V Multimode atomic force microscope.

During the analysis, the microscope was operated in
tapping mode with a scanning rate of 0.5 Hz for all
scanning sizes using etched silicon probe (k ¼ 50 N
m�1). From the AFM images on 5.0 � 5.0 lm2 area
the root mean square roughness (rrms) of the topo-
graphic profiles was evaluated. For each sample
several images on different spots were acquired and
after that the average value of the roughness was
calculated.

RESULTS AND DISCUSSION

Figure 2 depicts the typical waveforms of the dis-
charge current and voltage. The air DBD discharge
operated in filamentary mode i.e., it was constituted
by many tiny streamers randomly distributed over
entire area of the dielectric barrier. Each tiny current
peak in Figure 2 originates from the superposition of
many microdischarges occurring at the same time.
Differently from the nonuniform field DBD reactor
in Ref. 19, the discharge current of the parallel-plate
reactor employed in this work consists of large num-
ber of short micro-pulses instead of a large current
pulse superimposed to many micropulses.
A Lissajous figure of the DBD reactor used in this

experiment is presented in Figure 3. It exhibits the
characteristic parallelogram shape, which is usual
for parallel-plate DBD reactors.
All polymer treatments were performed in air at

ambient pressure and temperature conditions. The
applied AC voltage was fixed at 30.0 kVp-p, which
corresponded to 2.5 W of electric power (discharge
power per unit area of 35 mW cm�2). At fixed dis-
charge power, the degree of surface modification
was controlled by varying the treatment time.
Contact angles between droplets of distilled water

or diiodomethane and polymer surfaces were meas-
ured to evaluate the surface modification of the sam-
ples. The results from the contact angle assessments

Figure 2 Typical waveforms of the discharge current and
voltage. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 3 Q-V Lissajous figure of the parallel-plate DBD
reactor.
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are shown in Figure 4. The plasma treatment was
very efficient promoting hydrophilic characteristics
to the initially hydrophobic polymer. For both test-
ing liquids the values of the contact angle decrease
sharply after 2 min of DBD treatment. For plasma
exposure time greater than 5 min the changes of the
contact angles become irrelevant and their values
reach plateaus at about 30� for water and 43� for the
diiodomethane, respectively. The considerable
increase of the polymer wettability (water contact
angle reduction of about 70%) suggests that large
amount of polar groups was incorporated on the
surface as a result of the DBD treatment.

The PU water contact angles obtained in this
experiment are lower than the ones in Ref. 19 where
the samples were treated in a DBD reactor with
wire-duct geometry. The lower degree of PU surface
modification in the latter case can be explained by
the fact that the plasma in nonuniform field rectors
is mostly concentrated around the low area electrode
while the samples during the treatment were placed
on the grounded plane electrode (6-mm away from
the wire electrode) thus receiving less active species
from the plasma.

It is well known that plasma-treated polymers
exhibit partial contact angle recovery after the
plasma surface modification.13 This behavior can be
explained by the fact that the plasma-treated poly-
mers try to reduce their surface energy.20 This
process is referred to as hydrophobic recovery or
surface aging process. To study the evolution of
polymer surface after the DBD treatment, the treated
samples were stored in air at room temperature
(60% relative humidity) and contact angle measure-
ment using water and diiodomethane were per-
formed during a period of 2 weeks.

Figure 5 shows the evolution of the water contact
angle of plasma-treated PU-Si as a function of the
storage time. For better comparison the water con-
tact angle of the untreated sample (y ¼ 106.4�) is
also plotted in Figure 5.
As shown in previous works6,7,21 the siloxane-

containing polyurethanes exhibit enhanced hydro-
phobicity, which justifies the high water contact
angle (� 106�) of the pristine sample. As can be seen
in Figure 5, for both DBD treatments the polymer
aging process is characterized by a quick increase of
the water contact angle during the first 2 days of

Figure 4 Water and diiodomethane contact angles of
PU-Si polymers measured soon after the DBD treatment
as a function of plasma exposure time. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 5 Hydrophobic recovery of the polymer samples
treated for 5 and 10 min. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

Figure 6 Evolution of the polymer surface energy and its
polar and dispersive component. The hollow symbols indi-
cate the 5-min treatment and the solid symbols correspond
to the 10-min DBD treatment. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.
com.]
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storage followed by a slow recovery process during
the next week. After 10 days of storage there are still
small variations of the polymers contact angle; how-
ever, no significant changes were observed. Similar
aging behavior of plasma treated polymer was
observed in Ref. 20 where the authors followed the
surfaces aging process during 24 days and also no
significant hydrophobic recovery after the 10th day
of storage was noticed. The PU-Si samples from the
two plasma treatments suffer different degree of
hydrophobic recovery. The samples treated for 5
min were more prone to hydrophobic recovery than
the ones treated for 10 min. After 14 days of storage
at ambient conditions the water contact angle of 5-
and 10-min plasma treated samples tended to satu-
rate at about 65� and 43�, respectively.

From the contact angle measurements with two
different liquids the surface energy of the pristine
sample was determined as c ¼ 13.7 mJ m�2 with a
polar component of cp ¼ 2.2 mJ m�2 and a disper-
sive component cd ¼ 11.5 mJ m�2. After 10 min of
plasma exposure the PU surface energy increased
significantly with a polar component of cp ¼ 39.1 mJ
m�2 and a dispersive component of cd ¼ 38 mJ m�2.
The variation of the surface energy of plasma treated
polymers as a function of the samples storage time
is shown in Figure 6. As can be seen the surface

energy gradually decreased with the storage time
reaching saturation values about 60 mJ m�2 for the
10-min DBD treatment and 47 mJ m�2 for the 5-min
treatment, respectively. Because for both treatments
the dispersive component of the surface energy
remained practically unchanged during the whole
period of storage the variation of the polar compo-
nent was responsible for the surface energy reduc-
tion. Possible reasons for this polymer surface insta-
bility include the reorientation of polar groups at the
surface layer and also the diffusion of unpolar
groups from the bulk to the surface.22,23

Two week after the DBD treatment, when the pro-
cess of polymer hydrophobic recovery had already
taken place, the atomic composition of the samples
was investigated by XPS analysis. The elemental
composition of the polymer surfaces before and after
10 min of plasma treatment is shown in Table I.
Large Si content on the polymer surface comes from
incorporation of siloxane units into main polymer
chain during the synthesis of PU-Si polymer. Silox-
ane components are needed to improve the polymer
properties by increasing the flexibility, cohesiveness
and wear resistances.7,21

Table I shows that the amount of nitrogen and sili-
con on the polymer surface changes very little as a
result of the air plasma exposure. Because the uncer-
tainty associated with XPS peak intensity measure-
ment is estimated in the literature24 as 15%, the
small variations in the N and Si contents before and
after the DBD treatments lay inside the experimental
error bar.
On the other hand the DBD treatment caused an

increase of the oxygen content on the polymer sur-
face. The O/C atomic ratio increases from 0.42 for
the pristine PU-Si to � 0.82 after the 10-min plasma

TABLE I
Elemental Composition of PU-Si Polymer (atm. %)

Samples

Atomic concentration (%)

C O N Si

Pristine 59.6 25.1 1.0 14.3
DBD treated for 10 min 45.6 37.5 1.2 15.7

Figure 7 C1s spectra of (a) untreated and (b) DBD-treated PU-Si polymers. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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treatment. The increased O content of the plasma-
modified polymers suggests that new oxygen-
containing groups are formed on the surface. There-
fore one can conclude that the enhanced wettability
of DBD-treated polymers is associated with the for-
mation of polar oxygen moieties.

To determine which kind of oxygen-containing
functionalities are formed on the polymer surfaces
after the plasma exposure the C1s core level of the
XPS spectra is investigated in details and the peaks
corresponding to the untreated and the 10-min
treated samples are presented in Figure 7. The C1s
spectrum of the pristine PU-Si polymer is deconvo-
luted into three components: the hydrocarbon peak
at 284.8 eV (CAC and CAH bonds), the C2 compo-
nent at 286.5 eV due to CAO bonds and the ure-
thane peak (HNAC(¼¼O) AO) at 288.5 eV. The latter
peak can also appear due to COOH group contribu-
tion.25 As result of the plasma treatment the shape
of C1s peak changed significantly. It became larger
and was decomposed into four components at 284.8,
286.5, 288.1, and 289.8 eV. First three peaks have the
same assignments as in the pristine sample while
the latter is probably due to the OAC¼¼O bonds.26

The plasma treatment results in decrease of the
hydrocarbon component at 284.8 eV, while the peaks
intensities at 286.5 and 288.1 eV increase. The rela-
tive area of all peaks is presented in the Figure 7
demonstrating that the concentration of the oxidized
carbon species on the polymer surface increases after
the plasma exposure. This finding is consistent with
the enhanced polymer hydrophilicity after the
plasma exposure. The energetic plasmas species
mainly attack the weaker CAC and CAH bonds in
the polymer chains. Then oxygen atoms are incorpo-
rated on the polymer surface introducing CAO and
OAC¼¼O polar groups, which leads to increase of
the surface energy and reduction of the water con-
tact angle.

For both samples, the treated and the untreated
one, the O1s peak was resolved into two contribu-
tions with approximately same proportions: an
intense contribution25 at 532.5 eV due to CAO/
NACOO and SiO2 bonds and a weak peak (less than
10%) at 534.5 eV due to the carboxylic groups.7

The XPS spectra of the pristine PU-Si samples pre-
sented a single N1s peak at 400.2 eV due to the
ANACOO bonds (urethane nitrogen). The N1s peak
of DBD-treated polymer was decomposed into two
components at 400.0 and 402.8 eV related to the
ANACOO and NAO bonds, respectively.23

The Si2p peak of the untreated PU-Si polymer was
resolved into a single component at 102.4 eV corre-
sponding to SiAO/SiAC bonds. After the treatment
the Si2p peak was decomposed into two contribu-
tions at 102.6 eV and a peak at 103.9 eV associated
with SiO2. This result indicates that the siloxane

group was oxidized to complex silicates during the
DBD treatment.
Another factor that influences the material wetting

properties is the surface roughness. Bombardment
of polymer surface by energetic particles such as
electrons, ions, radials and excited species causes
removal of surface contaminants, amorphous materi-
als, oxide layers, and adsorbed species resulting in
surface etching. Surface morphology was evaluated

Figure 8 AFM images of PU-Si polymer: (a) pristine sam-
ple, (b) 5-min treated, and (c) 10-min treated sample.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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by AFM analysis. Figure 8 shows the 3D AFM
images of the untreated and DBD treated polymers.
The plasma exposure results in smoother surfaces,
especially when longer treatment is applied.

The roughness values of the 5- and 10-min
plasma-treated polymers as well as a pristine sample
are summarized in Table II. As can be seen from
this table the surface roughness of PU-Si polymers
decreases as a result of plasma exposure. Similar
reduction of polymer roughness was observed in
low-pressure plasma treatments of PU7,14,25 and may
be caused by selective etching of the urethane
linkage.

Generally, the roughness of surfaces can enhance
the mechanical interlocking thus altering the surface
wettability of a sample.27 However no influence on
the contact angle was found if the surface roughness
is below 0.1 lm.28 The roughness of all samples pre-
sented in Table II is much smaller, so one can expect
that in this case the surface morphology had no
influence on the contact angle measurements. There-
fore the enhanced surface wettability of plasma-
treated PU-Si polymers can be correlated with the
modified chemical composition of the surface due to
the incorporation of O rather than surface structural
modification.

CONCLUSIONS

The surface wettability of PU-Si polymer was modi-
fied by DBD in air. As evidenced by AFM and XPS
analysis, the plasma exposure changes both the sur-
face morphology and the surface chemical composi-
tion. The polymer surface became slightly smoother
and oxygen atoms were incorporated onto the DBD-
treated samples. However, the mild roughness
reduction of the DBD-treated polymers probably
does not affect the contact angle measurements. The
air plasma treatment introduced oxygen-containing
functional groups on the polymer surface. These sur-
face chemical modifications resulted in a decrease of
the water contact angle and enhancement of the sur-
face energy of the DBD-treated polymers, converting
their characteristics from hydrophobic to hydro-
philic. However, the investigation of polymer aging
behavior showed partial hydrophobic recovery of
the polymer surfaces. This process is probably due
to the reorientation of induced polar chemical

groups into the bulk of the material and the diffu-
sion of unpolar groups from the subsurface layer to
the surface. The increase of DBD treatment time led
to more intense surface modification effect (surface
oxygenation) resulting in polymer surfaces with
smaller water contact angle that were less suscepti-
ble to hydrophobic recovery.
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