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ABSTRACT: Flat and rough thin films were prepared by
dip coating using LDPE, PVAc, and EVA polymers con-
taining 12-40% VA contents. Surface free energy of flat
films was determined by measuring contact angles. Sur-
face atomic composition was investigated by XPS at 0°
and 60° take-off angles. XPS results show that hydropho-
bic PE component was found to enrich at the near-surface
region for all EVA samples for a depth of ~ 5 nm for both
flat and rough surfaces, whereas hydrophilic VA compo-
nent was enriched on the surface when VA < 18% for
only at 10 nm depth. The difference between the XPS
results of the flat and rough surfaces was not significant
for EVA samples except EVA-33 surface where the atomic

oxygen content decreased 15-20% for rough surfaces. Con-
tact angle hysteresis values for the rough samples were
much larger than that of the flat samples for LDPE and
EVA-12 surfaces due to the presence of partial trapping of
air pockets on these rough surfaces. A good agreement
was obtained between surface concentration of atomic oxy-
gen in the 5 nm outermost layer and yg; surface free
energy component especially for the samples having high
VA contents. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
124: 2100-2109, 2012
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INTRODUCTION

Thin coatings obtained from copolymers have differ-
ent chemical compositions at the outermost surface
layer when compared with their bulk structures. The
surface composition of any coating is important in
the adhesive, paint, and biomedical applications.'™
It is well known that the surface dynamics of poly-
mers are considerably different from those of more
rigid materials such as metals and ceramics, due to
the high mobility of macromolecules at the surface.
Hydrophobicity of a surface can be enhanced by
chemical modifications, which lower the surface free
energy, and also by physical modifications which
increase the roughness of a surface. A superhydro-
phobic surface is defined as the surface having a
water drop contact angle greater than 150°.* Super-
hydrophobic surfaces should have small contact
angle hysteresis (the difference between advancing
and receding contact angles, AB) and low tilt angles
where a water drop can roll spontaneously. Polypro-
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pylene (PP), which is a cheap polyolefin, was trans-
formed into a superhydrophobic surface for the first
time by using a simple solvent/nonsolvent phase
separation method by Erbil et al. in 2003.° Later,
Lu et al. applied the same phase separation method
to obtain superhydrophobic surfaces from low-den-
sity polyethylene (LDPE).®® Similarly, Kang et al.
formed superhydrophobic LDPE surfaces having
porous micro-nano binary morphology structures by
using a simple casting method.” Yao et al. obtained
micro/nm-scaled superhydrophobic surfaces with
tunable sliding angles from isotactic PP."" Pakkanen
and coworkers fabricated many superhydrophobic
surfaces by using polyolefines."""® They demon-
strated that melt blending of HDPE with perfluoro-
polyethers permanently improves the hydrophobic-
ity of the polyethylene. Modifications were done by
injection molding and 2 wt % of liquid perfluoro-
polyethers was added to the melt HDPE and a nano-
porous anodic aluminum oxide mold insert was
used to obtain the nanopatterned surfaces with well-
arranged, high aspect ratio nanostructure over the
entire surface."! They also prepared polyethylene
and polypropylene surfaces that were micro- or
nanostructured or simultaneously micro- and nano-
structured with the same method by adjusting the
settings of a micro working robot and the parame-
ters of the anodization procedure while preparing
the aluminum oxide mold insert.'*!? Recently, Ucar
et al. prepared hydrophobic polyolefin surfaces by
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using a dip coating method which were used in
marine antifouling applications.'*

Surface free energy of polymeric films can be
determined by contact angle measurements of spe-
cific liquid drops on a flat solid surface, as was first
proposed by Girifalco-Good" and Fowkes.'® The
presence of surface roughness makes this measure-
ment more complicated and sometimes impossible.
Owens and Wendt reported a simple method to cal-
culate the surface free energy from contact angle
measurements for flat surfaces by using only two
liquids: water and methylene iodide."” Although, it
is a useful method especially for nonpolar polymers,
Owens-Wendt method gives erroneous results when
hydrogen-bonding interactions are present between
the polymer and the liquid drop. Later, van Oss,
Good, and Chaudhury jointly developed a theory
and a practical methodology to estimate the interfa-
cial tension between nonpolar and electron-acceptor
or electron-donor molecules in 1988."®' They
assumed that surface and interfacial free energies
were consisted of two components; a nonpolar or a
Lifshitz-van der Waals component (indicated by
superscript LW) of electrodynamics origin and a
polar component (indicated by superscript AB)
caused by acid-base interactions. This methodology
was successfully applied to calculate the magnitude
of protein-liquid interactions and also the prediction
of polymer solubility in solvents,'® determining the
surface free energy of polar and hydrogen bonding
polymers. In addition, surface free energy versus
bulk composition relationships of ester containing
copolymers were successfully reported by using this
method.*

On the other hand, when polymer surfaces are
considerably rough, the application of Owens-Wendt
and van Oss-Good-Chaudhury methods did not give
reasonable results because of the trapped air pockets
on the surface. Wenzel”' and later Cassie and
Baxter”> showed that the introduction of roughness
to a flat surface changes the contact angle results
depending on the magnitude of the roughness and
contact area fraction when air pockets are absent
and complete wetting of the substrate takes place by
the liquid drop. The increase of the roughness also
increases the contact angle hysteresis (A0) due to the
pinning effect of the protrusions present on the sur-
face when the drops are advancing. Chemical heter-
ogeneity of the surface is another factor to increase
the AO parameter and it is shown that copolymers
having both nonpolar and polar pendant groups in
the structure are chemically heterogeneous having
large A values.' Ethylene-vinyl acetate (EVA) ran-
dom copolymer is a good example of this class.
Nonpolar ethylene monomer (CH,=CH,) can be
readily copolymerized with polar vinyl acetate
monomer (CH,=CH—COO—CHj;) to yield a range
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of ethylene-vinyl acetate (EVA) random copolymers
having a wide variety of physical properties.”> When
the amount of VA in the copolymer is less than 40
wt %, the copolymer is referred to EVA, poly (ethyl-
ene-co-vinyl acetate), which is widely used as a hot
melt adhesive and electrical insulator. When the
amount of VA is more than 40 wt %, the copolymer
is referred to VAE, poly (vinyl acetate-co-ethylene)
which is widely used in film laminating and packag-
ing adhesives in the form of emulsions.” EVA
copolymers are less polar than polyvinyl acetate
(PVAc) homopolymer, which is mainly produced by
emulsion homo- and copolymerization to be used in
adhesive and surface coating industries.** The incor-
poration of the polar VA comonomer units into a
polyethylene backbone chain has many effects to
change the final copolymer properties: Crystallinity,
tensile yield strength, surface hardness, melting
point of the polyethylene decreases and density,
impact strength, optical clarity, glass transition tem-
perature, gas permeability, coefficient of friction, and
solubility in organic solvents increases with the
increase in VA content.>* Polar VA causes a corre-
sponding change in compatibility with other suitable
polymers and resins. The molecular weight and the
ethylene sequence length decrease due to the
increase of the VA content.*® Semicrystalline EVA
copolymers are used alone or blended with other
plastics to form general molding and extrusion prod-
ucts where surface properties (such as adhesion,
printability, wettability, and sealing) are critical to
polymer performance.”>>! The hydrophobicity of
the copolymer surface varies depending on its bulk
chemical composition, so that increasing the VA per-
centage in EVA copolymers decreases the equilib-
rium water contact angle, 6, measured on polymer
film surfaces and increases the total surface free
energy, vio'. Matsunaga and Tamai® and later
Erbil™ determined the change of the surface free
energy properties of EVA copolymer films with the
copolymer composition from contact angle measure-
ments. The surface free energy of polyethylene
homopolymer was calculated by using the contact
angles data by Dann et al.** and Park et al.*® and it
was determined that the results were in good agree-
ment with the results obtained by applying the
pendant drop shape method to PE melts.***” Later,
Grundke et al.>® and Bistac et al.* also applied the
van Oss-Good-Chaudhury method to determine the
surface free energy of the EVA copolymers.
Although contact angles give a good idea on the
hydrophobicity of a surface, they do not inform us
the surface chemical composition. X-ray photoelec-
tron spectroscopy (XPS) is one of the most important
spectroscopic techniques to determine the chemical
composition of a surface at nanometer scale. Briggs
and Beamson reported the XPS studies of a wide

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Characteristics of Polymers
MEFI* (g/10 min) MEFI (g/10 min)

VA content ASTM D1238 experimental Commercial
Polymer (wt %) (2.16 kg, 190°C) (2.16 kg, 190°C) Manufacturer name
LDPE 0 4.1-54 4.85 PETKIM Petrochemicals F5-21T
EVA-12 12 2.5 2.2 DuPont ELVAX 660
EVA-18 18 1.8 1.8 Asia Polymer Corp. EV101
EVA-28 28 5-8 5 Arkema EVATANE
EVA-33 33 350-450 375 Arkema EVATANE
EVA-40° 40 57 N/A Aldrich -
PVAC® 100 N/A 105 Aldrich -

? Quoted from suppliers’ catalogues.

° Molecular weights of EVA-40 and PVAc are 42,000 g/mol and 100,000 g/mol, respectively.

range of functional polymers containing carbonyl
groups.*” XPS can also be used to compare bulk and
surface compositions of EVA copolymers that have
varying oxygen atom percentages depending on VA
content.*’™ Chihani et al. analyzed EVA surfaces
prepared by injection molding by using XPS.*' The
surface concentration of acetate groups was found to
be higher than the bulk for EVA copolymers when
perfluorinated ethylene propylene (FEP) was used as
the mold.*"** Galuska characterized EVA+LDPE
blend surfaces by using XPS and determined that
VA content of the surface increases linearly with the
bulk VA content.*> McEvoy et al. investigated the
fracture surfaces of interfaces between PE, PP, and
EVA by XPS at three take-off angles and found that
the fractured surfaces have greater percentage of VA
than in the bulk at 1.5 nm penetrations.”** XPS was
used to determine the surface composition to investi-
gate the adhesion properties of the surface-modified
EVA copolymers* and also used to enhance the ad-
hesion of EVA COEOI;IIHQI'S to polychloroprene with
corona discharge.*** In some instances, the XPS
results correlate well with the surface free energy
properties of polymer films determined from contact
angles with the increase of polar comonomer ratio.*®

The aim of this study is to investigate the effect of
increasing the VA content in the bulk composition of
the EVA copolymer to its final surface composition
and wettability. In addition, the effect of surface
roughness on the final surface composition is also
considered. Thus, the surface chemical structure and
wetting properties of both flat and rough EVA co-
polymer films are determined by using XPS and
contact angle measurement and the results are dis-
cussed in the text.

EXPERIMENTAL
Materials

Low density polyethylene (LDPE) and polyvinyl ace-
tate (PVAc) homopolymers and ethylene-vinyl ace-
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tate (EVA) copolymers were used for the prepara-
tion of flat and rough polymer surfaces. The names
of manufacturers, VA contents (wt % in bulk) and
melt flow index values (MFI) of the used polymers
are given in Table I. All of the polymers were
used as received. Standard glass slides (76 x 26 mm,
ISOLAB, Turkey) were used in the dip-coating
experiments.

Preparation of flat polymeric coatings

Glass slides were cleaned in chromic acid, rinsed
with distilled water, and dried in an oven. All the
homo- and copolymers were dissolved in technical
xylene solvent (mixture of o-, m-, p- isomers, m- pre-
dominating) at specific temperatures to prepare the
polymer solutions. The concentration of the LDPE
solutions was 10 mg/mL and the concentration of
all other copolymers and PVAc homopolymer was
40 mg/mL. Clean glass slides were dipped into the
polymer solutions at varying temperatures from
room temperature to 125°C by using a homemade
mechanical dipper where the dipping speed can be
precisely controlled. The sample preparation proce-
dure by the dip coating technique is similar to as
mentioned in the Ref. 14. The temperature during
dipping was varied because of the solubility differ-
ences of the polymers in xylene solvent. Dipping
temperatures and glass slide withdrawal rates are
important parameters to obtain flat or rough poly-
mer coating surfaces. Dipping temperature should
be high and deposition rate should be low to
achieve a flat coating. Glass slides were withdrawn
from the polymer solutions at specific rates so that
612 mm/min rate was used for EVA-12 and EVA-40
solutions and 272 mm/min for all other EVA
copolymers and PVAc, LDPE homopolymer solu-
tions. Polymer-coated slides were dried in a vacuum
oven overnight and kept in a desiccator before sur-
face characterization. Film thicknesses for the flat
coatings were determined from gravimetrical weight
increase and were found to be within 0.3-1.0 um.
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TABLE 1I
Theoretical and Experimental Atomic Surface Concentrations of Carbon and Oxygen for Flat and Rough Polymer
Samples Obtained by XPS at 0° and 60° Take-Off Angles

Flat samples

Rough samples

0° take-off 60° take-off 0° take-off 60° take-off
Theoretical angle angle angle angle
Polymer C @) C O @) C O C O
LDPE 100 0 89.5 2.1 96.8 0.3 98.8 0.9 98.9 0.7
EVA-12 96.1 3.9 94.7 4.3 96.4 3.0 95.7 4.3 96.6 3.4
EVA-18 94.1 5.9 90.4 6.4 94.6 4.5 93.9 6.1 94.9 5.1
EVA-28 90.8 9.2 88.3 8.7 90.8 6.1 91.0 79 93.1 6.6
EVA-33 89.2 10.8 89.4 9.6 92.0 7.1 89.3 8.2 92.6 5.7
EVA-40 86.8 13.2 83.0 11.1 88.1 8.6 80.9 11.5 87.6 8.7
PVAc 66.7 33.3 71.0 269 75.4 21.1 N/A N/A N/A N/A

Preparation of rough polymeric coatings

The procedure was similar to the flat coating prepa-
ration method; however, the concentrations were
higher than that of the solutions giving flat coatings
and varied between 40 and 100 mg/mL depending
on the type of the copolymer to achieve a high sur-
face roughness. Dipping temperatures should be low
and deposition rates from the solution should be
high to increase the roughness of the coating. Dip-
ping temperatures varied between room temperature
up to 100°C and the glass slide removal rates of 612
and 816 mm/min were applied during dip coating.
(However, it is not possible to obtain a rough PVAc
surface by dip-coating a glass slide into a PVAc
homopolymer solution even at the room tempera-
ture). The film thicknesses for rough coatings were
determined from gravimetrical weight increase and
were found to be within 2.0-3.0 pm.

Surface characterization of polymer films

Contact angle measurements

Spectroscopic grades of water, methylene iodide,
ethylene glycol, and formamide liquids which were
purchased from MERCK were used in contact angle
measurements. CAM 200 model of KSV Instruments,
Finland contact angle meter was used to measure
the static contact angles of the liquids under air.
Equilibrium (6,) contact angles were measured by
using 5 pL droplet volumes where the gravity flat-
tening effect can be neglected. The needle was
removed from the droplet during 0, measurement
and was kept within the liquid droplets during the
advancing (0,) and receding (0,) contact angle meas-
urements. A droplet of 3 uL. volume was formed ini-
tially and its volume was increased up to 8 pL dur-
ing the 0, measurement. Then, the drop volume of 8§
puL was decreased down to 3 pL while measuring 6,.
Measurements were made at three different loca-
tions for each polymer sample. Average contact

angle and standard deviation values were found to
be less than *2.

Optical microscopy

Nikon SMZ 1500 Optical Microscope was used with
X500 magnification to investigate the surface topo-
graphy of all the coated samples.

X-ray photoelectron spectroscopy (XPS)

AXIS NOVA photoelectron spectrometer (Kratos
Analytical, Manchester, UK) equipped with mono-
chromatic AlKa (hv = 1486.6 eV) anode was used in
the studies. The kinetic energy of the photoelectrons
was determined with the hemispheric analyzer set
to the pass energy of 160 eV for wide scan spectra
and 20 eV for high-resolution spectra. Electrostatic
charge effect of samples was overcompensated by
means of the low-energy electron source working in
combination with magnetic immersion lens. The car-
bon Cls line with position at 284.6 eV was used as a
reference to correct the charging effect. Quantitative
elemental compositions were determined from peak
areas using experimentally determined sensitivity
factors and spectrometer transmission function.
Spectrum background was subtracted according to
Shirley. The high-resolution spectra were analyzed
by means of spectra deconvolution software (Vision
2, Kratos Analytical, UK).

In order to study the molecular structure of the
top surface layers, ie, a film of a few nanometers
thickness, angle resolved XPS was applied and spec-
tra were recorded for the two take-off angles of 6 =
0° and 60°. The take-off angle is defined as the angle
between the normal to the surface of the sample and
the electron optical axis of the spectrometer. The
effective information depth, varies according to d =
dy cos 6, where d, is the maximum information
depth (d, ~ 10 nm for the Cls line by employing an
AlKa source). Uncertainty of the XPS measurements

Journal of Applied Polymer Science DOI 10.1002/app
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was found to be less than 5% and we used one digit
after comma in our reported XPS results which were
presented in Table IL

RESULTS AND DISCUSSION
Optical microscopy

Indicative optical microscope images of some flat
and rough copolymers at X500 magnification are
given in Figure 1. When flat and rough surfaces are
compared, the increase in the surface roughness was
apparent for the rough samples, except EVA-40 co-
polymer as seen in Figure 1(b, d, and f). In addition,
the presence of the spherulitic structures owing to

10—pm

{c) o (d)
l
ie) (f)

l
(g) (h)

Figure 1 Optical microscope images (a) Flat LDPE homo-
polymer, (b) Rough LDPE homopolymer, (c) Flat EVA-12
copolymer, (d) Rough EVA-12 copolymer, (e) Flat EVA-28
copolymer, (f) Rough EVA-28 copolymer, (g) Flat EVA-40
copolymer, and (h) Rough EVA-40 copolymer at x500
magnification. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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the semicrystalline structure of LDPE was not seen
with the increase of the VA content. rms roughness
value which was determined from the AFM ampli-
tude image by tapping mode was 16 nm for flat
EVA-12 under air and is given in Ref. 14.

XPS results

XPS measurements were made using two take-off
angles of 0° and 60°. For a higher angle, the ana-
lyzed photoelectrons emerge from layers closer to
the surface of the sample than for a lower angle. The
thickness of the analyzed layer is ~ 5 nm at 60°
take-off angle and about 10 nm at 0°. XPS analyses
provide quantitative determination in depth of the
composition of EVA surfaces as a function of VA
content. Theoretical carbon and oxygen concentra-
tions of EVA copolymers are given in Table IL
Experimental results of the surface atomic carbon
and oxygen concentrations for the flat and rough
surfaces obtained from the XPS analysis at 0° and
60° take-off angles are also given in this table. (The
presence of atomic oxygen in LDPE sample espe-
cially at 10 nm depth is attributed to any impurity
present in this homopolymer which contains oxygen
atom.). The surface oxygen concentration in EVA
copolymers measured at take-off angle of 0° was 8-
10% larger than the theoretical values for flat and 3-
10% for rough EVA-12 and EVA-18 samples. How-
ever, the surface oxygen concentration in EVA
copolymers measured at 0° take-off angle was 5-
16% lower than the theoretical values for flat and
13-24% for rough EVA-28, EVA-33, and EVA-40 co-
polymer samples. These changes indicate that hydro-
philic VA component enriched in EVA copolymer
film surfaces below 18% VA content and hydro-
phobic PE component enriched at the surface for
EVA-28, EVA-33, and EVA-40 samples for a depth
of ~ 10 nm.

On the other hand, when XPS measurements are
performed at 60° take-off angle, for a depth of
~ 5 nm, the atomic surface concentration of oxygen
in all EVA copolymers at surface is lower than the
theoretical values, 23-35% for flat EVA samples and
13-47% for rough EVA samples. These changes indi-
cate that hydrophobic PE component enriched at the
surface for all EVA samples for a depth of ~ 5 nm.
In addition, the atomic oxygen concentrations
obtained with take-off angle of 60° on all EVA sam-
ples were 23-30% lower than those obtained with
take-off angle of 0° for flat samples and 16-30% for
rough samples. These striking observations indicate
that the hydrophobic PE was concentrated on the
outermost surface layers at ~ 5 nm depth similar to
the previously published results of Galuska.** It can
be summarized that the order of atomic oxygen con-
centration was theoretical (bulk) > 10 nm > 5 nm
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Figure 2 Change of VA content (wt %) on the surface
with the change in VA content in the bulk copolymer for
flat and rough coatings, when (a) 0° take-off angle of XPS
and (b) 60° take-off angle of XPS was applied.

for EVA copolymers due to the enrichment of PE on
the surface except EVA-12 and EVA-18 samples. The
order of atomic oxygen concentration was 10 nm >
theoretical > 5 nm for EVA-12 and EVA-18 samples
indicating a sandwich-like structure where VA con-
centration was larger than the bulk concentration at
~ 10 nm layer but it decreased rapidly around 5 nm
depth (less than the theoretical value) due to the
enrichment of PE.

The surface VA contents (wt %) for flat and rough
samples were calculated by using O/C ratios
obtained from the XPS results at 0° and also 60°
take-off angles. The variation of VA content on sur-
face with the change in the VA content in the bulk
copolymer for both flat and rough coatings at 0° and
60° take-off angles is given in Figure 2(a,b), respec-
tively. It is clearly seen in Figure 2(b) that the XPS

2105

results obtained at 60° take-off angle (around 5 nm
depth) were both less than the theoretical VA con-
tents and also less than those obtained at 0° take-off
angle (around 10 nm depth) given in Figure 2(a).
This indicates that the surface segregation of the co-
polymer components was more pronounced at the
outer layer having ~ 5 nm thickness; hence, the
layer that was responsible for the measured contact
angle and surface free energy properties of the co-
polymer surfaces.

On the other hand, the difference between the XPS
results of the flat and rough surfaces was not signifi-
cant for EVA samples except EVA-33 surface where
the atomic oxygen content decreased 15% for 10 nm
and 20% for 5 nm depth for rough surfaces. This is
expected because angle resolved XPS is a good
method to study the nanoscale surface composition
and structure of the flat surfaces; however, it gives
very complex results for rough surfaces. According
to De Bernardez et al.,** the complexity of the XPS
results on rough surfaces is due to two competitive
mechanisms: (i) the shadowing effect of the neigh-
boring clusters, which is the main effect and (ii) the
electron emission from a tilted surface. Therefore,
the XPS peak intensities are no straightforward for
interpretation in case of rough substrates. It is possi-
ble that the exceptional behavior of the EVA-33 sur-
face is due to its low molecular weight when com-
pared with the other EVA samples. The melt flow
index (MFI) is inversely proportional with the poly-
mer molecular weight and EVA-33 has the largest
MEFI value than the other copolymers as seen in Ta-
ble I, so it has the lowest molecular weight which
allows more PE enrichment at the top surface layer.
The molecular weight of EVA-40 copolymer is
42,000 g/mol as given in Ref. 50 and the MEFI
value of EVA-40 copolymer was approximately
seven times smaller than that of the EVA-33 copoly-
mer as seen in Table I showing that EVA-33 copoly-
mer has a molecular weight which is lower than
42,000 g/mol.

Contact angle and surface free energy results

Advancing, 0,, equilibrium, 6,, and receding contact
angle, 0, results of water drops on flat and rough
polymer coatings are given in Table III. Contact
angle hysteresis, A0 was calculated for each sample
as the difference between 6, and 6, and also given in
this table. A indicates either the presence of chemi-
cal heterogeneity for flat surfaces or the surface
roughness for chemically homogeneous surfaces.!
Flat LDPE homopolymer has a water drop equilib-
rium contact angle, 0, = 102° and 6, decreases with
the increase of polar and hydrophilic VA content for
flat EVA copolymer coatings and varies between 84°
and 77° and finally 6, = 60° for the flat PVAc

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Contact Angle Results of Water Drops on Flat and Rough Polymer Surfaces and Solid Contact Area Fraction Values

Flat samples

Rough samples

Polymer CB 0, 0, 0, A0 0, 0, 0, A0
LDPE 0.71 102 102 90 12 117 116 74 43
EVA-12 0.83 93 84 79 14 107 95 66 41
EVA-18 0.88 92 82 75 17 95 90 75 20
EVA-28 0.87 88 79 67 21 91 88 67 24
EVA-33 0.90 93 78 48 45 101 85 60 41
EVA-40 0.86 94 77 47 47 9% 87 50 46
PVAc N/A 80 60 34 46 N/A N/A N/A N/A

homopolymer as seen in Table III. Our contact angle
results are in concordance with the values reported
in the literature. For example, 0, = 93° for flat EVA
12 sample which is very close to the results given in
Refs. 45 and 47. 6, was measured as 91° for rough
EVA-28 and is similar to the value given in Ref. 43.
It was determined that 0, values on the rough sam-
ples of the same polymers are 7°-14° higher than the
flat samples. This is due to the presence of partially
trapped air pockets on the rough surfaces and also
chemical heterogeneity arising from the VA content.
A0 values for the rough samples were much larger
than that of the flat samples for LDPE and EVA-12
surfaces due to the partially trapped air pockets on
these PE dominant rough surfaces.

Owens and Wendt" proposed a two-parameter
equation by dividing the surface tension into disper-
sive, v&, and polar, v, components based on the
Fowkes'® approach.

TS = Yoy + Yy )

Yrv(1 + cos,) = 2(\/ng v + \/ng ) @

where vy is the total surface tension of the liquid;
viy and v/, are dispersion and polar surface free
energy components of the liquid, respectively. They
proposed the use of only water and methylene
iodide (CH,l,) drops to solve eq. (2). We reported 6,
results of test liquids on all of the flat samples in Ta-
ble IV. Surface tension component values of test
liquids are listed in Table V. We solved eq. (2)
simultaneously for the two unknowns of v, and
4y, then calculated the total surface tension of the
polymer by using eq. (1). Surface free energy compo-
nent results are given in Table VI in comparison
with the literature result of Ref. 33. We plotted v}
versus VA content (wt %) in bulk copolymer struc-
ture for flat polymer samples in Figure 3. As seen in
this figure, &} increases from 32.3 up to 46.7 with
the increase of VA content in bulk in agreement
with the literature results.

Since Owens-Wendt equation cannot be used
when nonasymmetric hydrogen-bonding interactions
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are present, van Oss-Good-Chaudhury'®!'® method
was generally used for such cases. In this method,
H-bonding interactions were considered as a subset
of electron-acceptor and electron-donor interactions.
The surface and interfacial free energies consisted of
two components; a nonpolar or a Lifshitz-van der
Waals component, W of electrodynamics origin
and an acid-base component, y4® caused by acid-
base (or H-bonding) interactions. y&* is then equal to
the sum of these components,

= s ®)

v4P consists of electron-acceptor parameter, v, and
electron-donor parameter, yg and can be calculated

as follows:
Vet =24/v¢ vs 4)

van Oss-Good-Chaudhury proposed a three-para-
meter equation to calculate the surface free energy
of solids when three liquid drops are used and their
yEW, v/, and y; values are known.

.(1+ cos0,) = 2<\/y§W YW + \/v_cf v+ \/vsf YZ)
()

0. values of the test liquids other than water (meth-
ylene iodide, formamide, and ethylene glycol) on
flat polymer samples are given in Table IV. Surface

TABLE IV
Equilibrium Contact Angle Results of Test Liquids on
Flat Polymers

POlYmel‘ eMel2 eFormamide eE G
LDPE 55 82 74
EVA-12 49 77 71
EVA-18 46 74 70
EVA-28 45 72 68
EVA-33 43 73 74
EVA-40 42 83 73
PVAc 41 43 54
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TABLE V
Surface Tension Components of Test Liquids (mJ/m?)

Liquid TLv Ty v i i Ty v
Water 72.8 21.8 51.0 21.8 51.0 255 255
Ethylene glycol 48.0 - - 29.0 19.0 1.92 47.0
Formamide 58.0 39.5 18.5 39.5 19.0 2.28 39.6
Methylene iodide 50.8 48.5 2.3 50.8 0 0 0

free energy components, y-V, v/, and y; of the four
test liquids are given in Table V."'® ytW, & and v
values of the polymer samples were calculated by
using eq. (5) and the results are given in Table VIL
For this purpose, we used four liquids (water, meth-
ylene iodide, formamide, and ethylene glycol) to
form drops on sample surfaces while we were
applying van Oss-Good-Chaudhury method. Ini-
tially, y5" was determined by using methylene
iodide contact angle results which is a nonpolar lig-
uid whose, v/, y; values are equal to 0 and then
two other polar liquid pairs (water—-formamide and
water—ethylene glycol) were used to determine two
sets of v/ and y; by using eq. (5). Later, we calcu-
lated the arithmetic averages of y/ and vy, values
from these sets. Since both Owens-Wendt'” and van
Oss-Good-Chaudhury'®!” equations were derived to
be applicable for only flat substrates, it is not con-
venient to apply these equations to considerably
rough films having air pockets over the surface.
Thus, no surface free energy calculation was done
for the rough samples in our work.

The variation of oxygen atomic surface concentra-
tion for 60° take-off angle (around 5 nm depth), and
electron donor parameter, ys, with the increase of
VA content (wt %) in bulk for flat coatings is plotted
in Figure 4. y5 increases with the increase in VA
content in bulk because of the hydrophilic and basic
characteristics of the acetate group. The increase of
the ys parameter with the increase of the carbonyl
group present in a copolymer is also consistent with
surface free energy analysis results of a block co-
polymer having amphoteric groups in its structure.*®

TABLE VI
Surface Free Energy Results of Flat Polymer Surfaces
Calculated by Using Owens-Wendt Equation (mJ/m?)

Calculated
Results of this
work Literature results
Polymer vg, ey V& Yy vy 7§ Refl
LDPE 01 322 323 2.0 28.6 30.6 33

EVA-12 38 316 354 4.1 31.9 36.0 33
EVA-18 42 329 371 N/A N/A N/A N/A
EVA-28 54 328 382 5.1 32.6 37.7 33
EVA-33 56 337 393 N/A N/A N/A N/A
EVA-40 59 340 399 54 33.0 38.4 33
PVACc 162 305 467 N/A N/A N/A N/A

The polar interactions component, v, calculated
from the Owens-Wendt equation was also plotted
with the VA content in bulk for the flat coatings in
Figure 4. y4, increases with the increase of the VA
content up to 16.2 mJ/m? when all our experimental
results and the results given in Refs. 29, 33, and 39
were incorporated. It is realized that all the increase
in v for the flat copolymer surfaces was due to the
increase in v&, since the variation of yd, was limited
between 30.5 and 34.0 mJ/m? as seen in Table VL.

It is well known that when a polymer film is
formed against a low-energy medium such as air,
low-energy segments (PE for the EVA copolymer
case) will migrate to the surface. If instead surface
formation is done against a high-energy interface
such as water, or a metal mold, then high-energy
segments (VA for the EVA case) will migrate to the
surface. EVA copolymers have dynamic surface
properties above their glass transition temperatures,
due to the high mobility of the VA segments. In our
work, the surface enrichment of polyethylene seg-
ments occurred and is shown experimentally both in
XPS and surface free energy results. XPS results
obtained with the use of 60° take-off angle indicate
that around 5 nm outer layer governs the contact
angle and surface free energy of the prepared
copolymers. The presence of the VA content on the
surface has a direct effect on the contact angles and
the corresponding v4, and ys values. As seen in Fig-
ure 4, the polar surface free energy component, vk,

50
& This work A
45 - 0 Erbil 1987
X Bistac 1998
3 404 58 o Devallencourt 2002
2 A
5] @
I
30 € o o
25 4
m T T T T
0 20 40 60 80 100

VAcontent in bulk (wt. %)
Figure 3 Change of the total surface free energy parame-
ter, v with the increase of VA content in bulk for experi-
mental and literature data for the flat coatings.
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TABLE VII
Surface Free Energy Results of Flat Polymer Surfaces
Calculated by Using van Oss-Good Equation (mJ/m?)

Polymer yEW ve Ys Y4B yret
LDPE 31.4 0.0 0.3 0.0 314
EVA-12 34.8 0.0 6.3 0.0 34.8
EVA-18 36.5 0.0 6.9 0.0 36.5
EVA-28 37.0 0.0 8.8 0.0 37.0
EVA-33 38.1 0.0 9.0 0.0 38.1
EVA-40 38.6 0.0 9.5 0.0 38.6
PVACc 39.1 0.2 22.1 4.2 43.3

gives better agreement with the XPS results obtained
at the 60° take-off angle (around 5 nm depth) for the
low VA contents, whereas electron donor parameter,
Y5, gives more coincidence with the XPS results for
the high VA content samples.

We also tested both Wenzel*' and Cassie-Baxter*
equations which are generally used with the rough
surfaces. The application of the Wenzel equation to
our contact angle data on rough surfaces did not
give reasonable results. According to Wenzel equa-
tion when the contact angle on a flat surface is less
than 90°, then there should be a decrease in contact
angle with the increase of the surface roughness,
when air pockets are absent and complete wetting of
the substrate takes place by the liquid drop.*' How-
ever, we found the reverse in our experimental find-
ings, indicating that the Wenzel equation cannot be
applied for our contact angle results similar to recent
findings by using micro-patterned surfaces.”’ Cassie
and Baxter derived an equation for the equilibrium
contact angle, OFCB on a two-component composite
smooth solid surface with varying degrees of hetero-
geneity in 1944.%

cos OrCB =fi1 cos 01+ f» cos 6,
=fi cos 014+ (1 —f1) cos 6, (6)

where f; and f, are the liquid/solid contact area frac-
tions of solid components 1 and 2 on the surface,
respectively. 0; and 0, are the equilibrium contact
angles of the same liquid on each of the flat surfaces
of these components. On the other hand, when air
pockets are present on a rough single-component
surface, Cassie-Baxter equation can also be used as
follows:

cos 0P = (FB) (14 cosf,,) —1 (7)

where fP is the fraction of the water/solid contact
surface area and 05, is the equilibrium contact angle
of water on flat surface of the same solid. £ is
actually the ratio of the liquid/solid contact area
under the droplet to the total projected area of the
drop basement. According to eq. (7), the contact
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DOGANCI ET AL.

angle value on a rough surface 0% increases with
the decrease of fB. Cassie-Baxter equation was
found to be useful in the analysis of chemically het-
erogeneous flat surfaces, and also air pocket contain-
ing rough surfaces although it cannot explain the
corrugation of the three-phase contact line between
the drop and solid.”® We calculated solid contact
area fraction (fB) value by using the experimentally
measured flat and rough water contact angles for
the polymers having the same VA contents and the
results are given in Table IIL It is clearly seen from
this table that (fP) increases from 0.7 to 0.9 with the
increase of the VA content showing that the amount
of partially trapped air pockets on the polymer sur-
face rises with the increase of the PE content when
rough surfaces are obtained from EVA copolymers
by the dip coating method.

CONCLUSIONS

Sixty degrees take-off angle XPS results which corre-
sponds to 5 nm depth show the surface enrichment
of the hydrophobic PE component on all flat and
rough EVA surfaces and the near-surface region is
dominated by a PE rich layer, whereas hydrophilic
VA component was enriched on the surface when
VA < 18% for only at 10 nm depth. On the other
hand, the difference between the XPS results of the
flat and rough surfaces was not significant for EVA
samples except EVA-33 surface. It is possible that
the exceptional behavior of the EVA-33 surface
where the atomic oxygen content decreased 15% for
10 nm and 20% for 5 nm depth for rough surfaces
was due to its low molecular weight when com-
pared with the other EVA samples.

On the rough samples, the contact angle hysteresis
values were much larger than that of the flat sam-
ples for LDPE and EVA-12 surfaces due to the

25 25
A'r; A
.20 %F 20 &
& © Atomic O (XPS- 609 2
@ m [
§ 151 15 @
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L g 1p- L10
2w ah 8 £
8 a8 g% §
B D -
3 E 5
5 s ge 5 &
0 0

20 40 60 80 100
VA content In bulk {wt. %)

(=

Figure 4 Change of the oxygen atomic surface concentra-
tion for 60° take-off angle, electron donor parameter, vg,
and polar interactions component, y’;\,, with the increase
of the VA content in bulk for the flat coatings.
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presence of partial trapping of air pockets on these
rough surfaces. ”/gv and yg values increased with the
increase of the VA content for the flat EVA copoly-
mer coatings due to the presence of polar and basic
acetate groups. When XPS results are compared
with the surface free energy component results cal-
culated from the van Oss-Good-Chaudhury method,
a good agreement was found between the basic sur-
face free energy component, yg, and atomic surface
concentration of oxygen at the 5 nm top surface
layers of the EVA copolymers especially for samples
having high VA contents.
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