Acta Chim. Slov. 2013, 60, 495-504

Scientific paper

Surface Modification of Polymers Treated
by Various Fluorinating Media

Alain Tressaud,"* Etienne Durand,' Christine Labrugére,'! Alexander P.
Kharitonov,” Galina V. Simbirtseva,’ Larisa N. Kharitonova? and Marc Dubois®

! Institute of Condensed Matter Chemistry of Bordeaux (ICMCB-CNRS), University Bordeaux, 33608 Pessac, France

2 Institute of Energy Problems of Chemical Physics (Branch) of the Russian Academy of Sciences, Chernogolovka,
Moscow Region, 14243, Russia

3 Institut de Chimie de Clermont-Ferrand (ICCE, UMR 6296), Université Blaise Pascal, 63177 Aubiere, Cedex, France

* Corresponding author: E-mail: tressaud @ icmcb-bordeaux.cnrs.fr

Received: 14-06-2012

Dedicated to Prof. Dr. Boris Zemva on the occasion of receiving the Zois” award for lifetime achievements.

Abstract

Fluorination processes of polymer surfaces are able to lead to drastic modifications of the surface properties without
changing the bulk characteristics of the virgin material. In this paper, two types of polymers, i.e. ultrahigh molecular
weight polyethylene (UHMWPE) and high density polyethylene (HDPE), are considered. The surface of these materi-
als have been modified using two different fluorination routes, both carried out at room temperature: the direct fluorina-
tion with 10% F, + 90% He gaseous mixtures and the radio-frequency plasma-enhanced fluorination (PEF) using either
O,/CF, mixtures or c-C,F,. The effect of these processes on the surface of the polymer samples are compared using
mostly XPS results. The different components of the Cls spectra are assigned in term of CF, bonding, giving valuable

information on the surface fluorination rate.
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1. Introduction

Fluorination processes of polymer surfaces present
many advantages. In particular, because of the high exot-
hermicity of the involved elementary reactions, fluorina-
tion proceeds spontaneously at room temperature, which
is convenient for industrial applications purposes. Fluo-
ropolymers exhibit a set of unique properties such as high
chemical and thermal stability, good barrier properties,
etc.'” However a current use of fluoropolymers is restric-
ted because of the complexity of synthesis and final high
cost of the materials. Since the commercial applications
of polymer items are very often defined by their surface
properties, it is not necessary to use in many cases bulk
fluoropolymers, and an alternative route, cheaper and mo-
re convenient, is to apply a surface treatment onto articles
made of conventionally prepared polymers. Fluorination
can be used as an efficient method of surface treatment,
resulting in strong improvement of properties of the star-

ting polymer material, including barrier properties, adhe-
sion, printability, gas separation properties, tribological
performances with low friction coefficient, antibacterial
properties, chemical resistance etc.*'° Direct fluorination
has many advantages when used in industry because it is a
dry technology. Due to the high exothermicity of the reac-
tion it spontaneously proceeds at room temperature,
which is convenient for applications. For the majority of
glassy polymers, only the upper surface layer is modified
(~0.01 to several um in thickness), and the bulk characte-
ristics remain unchanged. Safe and reliable methods can
be proposed to neutralize unused F, and HF end-product,
by converting those gases into a solid phase (CaF, and
NaHF,)). An important industrial development is related
to the enhancement of the barrier properties of automotive
polymer fuel tanks and vessels for storage of toxic and vo-
latile liquids.“’5’7‘12 It can be also added that, because of
their very low global warming potential (GWP), reactions
using gaseous F, have no impact on greenhouse effect.
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Radiofrequency (rf) plasma technologies using fluo-
rinated gases are also currently employed for etching or
polymerization processes in microelectronics and mate-
rials sciences. Some advantages can be indeed outlined:
low-temperature reaction (in many cases the treatment can
be achieved at room temperature, which avoid the thermal
degradation of the material), chemical modification limi-
ted to surface only (for many applications excluding en-
hancement of barrier properties below a few tens nanome-
ters). These methods are able to lead to drastic modifica-
tion of the surface properties without changing the bulk
characteristics of the virgin material, as shown for instan-
ce in studies on high-T. superconducting ceramics.'>1*
The rf plasma-enhanced fluorination (PEF) of inorganic
materials can be carried out with varied fluorinated gases,
including NF,, SF, F,, NF,, CIF,, CF,, CHF,, CF,,
¢c-C,F,."* Depending on the type of starting materials, the
improved properties may concern wettability, adhesion,
chemical stability, permeation, electrical conductivity,
biocompatibility, grafting, mechanical behaviour,
ete SO11-12.15

Two types of pristine polyethylene will be concer-
ned in the present paper: ultrahigh molecular weight pol-
yethylene (UHMWPE), a very prospective material to fa-
bricate high strength fibers, and high density polyethylene
(HDPE) which is a very common and cheap material used
for the fabrication of car fuel tanks, bottles, etc. The for-
mer one combines high resistance to mechanical loading,
low density, bio-compatibility, hydrophobicity, chemical
resistance and electrical insulation. However, utilization
of UHMWPE in polymer composites is restricted due to
its non-polar nature. The modification of UHMWPE che-
mical-physical properties have been investigated depen-
ding on the type of the fluorination route, i.e. direct F,-gas
fluorination, direct fluorination accompanied by UV irra-
diation, treatment with XeF, and by TbF, decomposi-
tion.'¢ Direct fluorination of HDPE was previously descri-
bed in."” The present study concerns the comparison of
the surface modifications of UHMWPE and HDPE indu-
ced either by rf PEF fluorination or by direct F,-gas fluo-
rination.

2. Experimental

2. 1. Starting Polymers

UHMWPE, with 2 - 10° molecular weight, was pre-
pared at the Institute of Catalysis of the Russian Academy
of Sciences (Novosibirsk, Russia). The films were fabrica-
ted by hot pressing at 150-170 °C. The density of pressed
UHMWEPE films was measured by a conventional method
and was equal to 0.933 + 0.001 g cm™. HDPE from Atofi-
na had a density 0.949g cm™, high load melt index 8.0g/10
min and contained ~1% of carbon black. The amount of re-
sidual double bonds was determined by IR spectroscopy to
be 7 107 for UHMWPE and 3 10~ for HDPE.

2. 2. Fluorination Techniques

a) Direct F,-gas fluorination.

Direct fluorination process was performed at the In-
stitute of Energy Problems of Chemical Physics (Branch)
of the Russian Academy of Sciences (Russia) using 10%
F, +90% He mixture at 1 bar pressure in static conditions
in closed stainless steel vessels (volume 100 to 500 cm?)
at room temperature. Treatment was carried out at room
temperature (22 = 2 °C). The fluorination duration was
varied from 2 to 90 minutes. In the majority of experi-
ments, NaF pellet was introduced in the reaction vessel in
order to remove emitted HF by transforming it into
NaHF,.

b) Plasma-enhanced fluorination (PEF).

rf plasma fluorination was performed at ICMCB-
CNRS (Bordeaux, France). The experiments were carried
out in a S.E. 80 Barrel Plasma Technology System. The
gas was excited by rf source at 13.56 MHz. The reactor
consisted of two aluminium barrel electrodes which were
coated with alumina. The inner electrode on which the
sample was placed was connected to the rf source and the
outer one was grounded. A primary vacuum was obtained
by a 40 m* h™' Edwards E2M40-type pump equipped
with a liquid nitrogen condenser which trapped any resi-
dual gases. Several parameters could be tuned, in particu-
lar, inlet precursor composition, e.g., the possible presen-
ce of a second gas with the fluorinated reagent, in our ca-
se O,. In the following we will deal only with results ob-
tained with O,/CF, and c¢-C,F,, because of their different
behavior. Oxyfluorinated plasmas containing CF, (~75%)
mixed with O, (~25%) were used in order to get a higher
amount of F radicals. It has been shown that the final
reaction scheme corresponds to a strong increase in the
concentration of fluorine in the gas phase.' On the other
hand, c-C,F; molecules have a totally different process:
they dissociate into neutral radicals (e.g., CF’, CF,’, CF;")
and stable molecules (e.g., C,F,). It has been shown that
CF,’ species are the dominant CF,’ radicals, which furt-
her are deposited onto the treated material, forming a
fluorinated layer of (CF,), composition. Taking into ac-
count previous experiments of PEF on various types of
carbon materials,'32° optimized conditions could be es-
tablished with the following parameters: inlet gas flow
Q = 8 ml min!; total pressure: p = 300 mTorr; rf power:
P = 80 W. After the fluorination treatment, samples were
generally handled and kept in a glove box under an Ar at-
mosphere.

2. 3. Characterization Techniques

FTIR spectrometer FT-02 (Lumex, Russia) was
used to record IR spectra. 100 to 500 scans at 4 cm™ re-
solution were collected to measure one spectrum. The
thickness of fluorinated layer was measured by spectros-
copy in the visible region of spectrum (UV-Visible spec-
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trophotometer Specord M40, Karl Ceiss Jena, Germany)
as described in.®'? The visible spectra of fluorinated
films exhibit interference features and the distance bet-
ween interference minima/maxima can be used to calcu-
late the thickness of fluorinated layer. Surface energy
(polar and dispersion components and total surface ener-
gy) was measured by the conventional Owens-Wendt; the
contact angle method was applied.”! Three different li-
quids: water, formamide and ethylene glycol, were used.
X-ray diffraction (XRD) patterns were measured by Phi-
lips X Pert Pro diffractometer operating with the Cu-Ka
radiation.

XPS analysis were performed with a VG 220 i-XL
ESCALAB. The radiation was a Mg non-monochromati-
zed source (1253.6 eV) at 200 W. A 250 mm diameter area
was investigated. The sample, first prepared in a glove
box, were stored under neutral gas for transport, and then
quickly introduced in the fast entry air lock of the ESCA
machine. Surveys and high resolution spectra were recor-
ded, then fitted with a Eclipse processing program provi-
ded by Vacuum Generators. Each Cls component was
considered as having similar full width at half maximum
(FWHM) of 1.3 eV. This procedure appeared to be the
most reliable one, as previously proposed in investigations
on fluorinated carbon materials (see ref.'®). A good agree-
ment between the experimental curve and the full calcula-
ted envelope was obtained in most cases, explaining in ad-
dition subtle distinctions between the relative amount of
fluorinated components. After fluorination, the modifica-
tions of the surface composition of the various materials
were also investigated by XPS and atomic force micros-

copy.

3. Results and Discussion

3. 1. Surface Modification of PE Polymers
by Direct Fluorination (F,-gas)

3. 1. 1. Physical Chemical Characteristics of the
Fluorinated Layer

3.1.1. 1. FTIR Spectroscopy and Composition
of Fluorinated Layer

FTIR spectra of fluorinated HDPE films markedly
differ from the spectra of virgin films (Fig.1). Strong dif-
fuse band appears over the region 1400-1000 cm™'. That
band consists of a set of separate bands defined via com-
puter simulation: 1125, 1194, 1240 and 1146 cm™' bands
which are due to absorption of C-F, bands. Relative in-
tensities of the bands at 1125, 1194, 1240 and 1146 cm™
are as follows: 100 : 57 : 21 : 2.5. Also a weak band at 837
cm™' can be also assigned to C—F absorption. Several
weak bands originate at 1350, 1393 cm™' and 895 cm™.
Two weak bands at 1866 and 1770 cm™ can be assigned
to —COF and —COOH groups. Groups —COOH arise due
to a partial hydrolysis of -COF groups: -COF + H,0 —

—COOH + HF. Very weak absorption around 3450-3750
cm™! can be due to absorption of hydroxyl (-OH) and ab-
sorbed HF groups, as it was shown for the case of fluori-
nation of polyvinyltrimethylsilane.

FTIR spectra of fluorinated UHMWPE films mar-
kedly differ from the spectra of virgin films (Fig.1). A
strong diffuse band appears over the region 1400-1000
cm!. This band consists of a set of separate bands: 1285
(very weak), 1187 (most strong), 1144, 1118 and 1079
cm™ which are due to absorption of C-F, bands. Also two
weak bands are observed at 836 cm™ and 894cm™'. A
weak band occurs at 1396 cm™'. Two weak bands at 1870
and 1770 cm™ can be assigned to —COF and -COOH
groups. Groups —COOH arise from a partial hydrolysis of
—COF groups as in the HDPE case. A very weak absorp-
tion over 3450-3750 cm™! can be due to absorption of hy-
droxyl —OH (hydrolysis of —COF) and absorbed HF
groups. Computer simulation was used to calculate the to-
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Figure 1. FTIR spectra of virgin (1) and fluorinated (2) HDPE and
UHMWEPE films. 3- difference spectrum, showing C-F, (n =1, 2
and 3) absorption bands. For both samples treatment conditions
were as follows: fluorinating mixture 10%F, + 90% He, total mix-
ture pressure 1 bar, treatment duration 46 minutes, treatment tem-
perature 21 + 2 °C.
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tal area S (cm™) of bands over 900-1400 cm™' range cor-
responding to absorption of C-F, C-F, and C-F, band. In
“absorbance” mode the total amount of separate groups is
proportional to the total area S of corresponding groups.
Accuracy of the S value calculations can be evaluated as
5-10%. Separate bands were not extracted from a very
broad diffuse band over 870-1450 cm™' range because
those separate bands are rather broad and are not di-
stinctly marked. It was shown that S = ¢ +d - £*5 (¢ — fluo-
rination duration, ¢ and d are constant values) or, in other
words, S is proportional to the &, value but some induc-
tion period exists. It means that the total concentration of
C-F, C-F, and C-F, bonds almost does not depend on the
thickness of fluorinated layer.

3. 1. 1. 2. Rate of Formation of Fluorinated Layer

Visible spectra of the fluorinated UHMWPE films
exhibit well defined interference features. It can be assu-
med that the fluorinated films consist of layers of virgin
(unmodified) polymer and fluorinated (mainly or par-
tially) polymer which are separated by a very thin boun-
dary (transient) layer. It was shown previously”*!° that it
is the case of diffusion-controlled reaction where the rate
of formation of fluorinated layer is limited by the diffu-
sion (penetration) of fluorine through the fluorinated layer
to the untreated one.

Computer simulation was used to calculate the total
area S (cm™') of bands over 900-1400 cm™ range corres-
ponding to absorption of C-F, C-F, and C-F; band. In
“absorbance” mode the total amount of separate groups is
proportional to the total area S of corresponding groups.
Accuracy of the S value calculations can be evaluated as
5-10%. Separate bands were not extracted from a very
broad diffuse band over 870-1450 cm™ range because
those separate bands are rather broad and are not di-
stinctly marked. It was shown that § = ¢ +d - £** (¢ — fluo-
rination duration, ¢ and d are constant values) or, in other
words, S is proportional to the &, value but some induc-
tion period exists. It means that the total concentration of
C-F, C-F, and C-F, bonds almost does not depend on the
thickness of fluorinated layer.

On the basis of those data it is possible to come to
a conclusion that the rate of formation of fluorinated la-
yer is a diffusion-limited process which is limited by
the rate of penetration of fluorine F, into untreated la-
yer through the fluorinated layer. So at a first approach
the total amount of C-F, bonds is proportional to the &
value. However there is some trend of a faster increase
of S with ¢ as compared with a linear dependence. Such
a deviation can be explained as follows. The main
transformation of the virgin polymer into a fluorinated
one takes place inside the transient reaction zone but
the transformation is not complete. Then some minor
post-reactions can take place inside the fluorinated la-
yer resulting in an increase of the total amount of C-F
bonds.

3. 1. 1. 3. Dependence of the Surface Energy on
Treatment Conditions and Storage Duration

Surface energy (polar and dispersion components
and total surface energy) was measured by the conventio-
nal Owens-Wendt method of contact angle measurement
and the dependence of the changes in surface energy with
storage duration in air was also investigated. Total surface
energy and polar and dispersion components of fluorina-
ted UHMWPE highly depend on the type of treatment and
storage duration. The general trend is the following: the
total surface energy is markedly increased (from 30 up to
45-50 mN/m) within 1-3 days after fluorination, then it
decreases and reaches within 45 days a steady level
around 35-42 mN/m, depending on treatment duration.
Such a steady level is not markedly changed up to 120
days. It should be noted that for very short treatment dura-
tions (2 min), the increase of the polar component is more
pronounced — from 10 to 41 mN/m within three days after
fluorination, but then starts to decrease and reaches steady
level around 21-26 mN/m which is not practically chan-
ged over 14—-120 days storage.

It can be quoted that fluorination of poly(ethylene-
alt-tetrafluoroethylene) copolymer into PTFE was
recently characterized using Raman spectroscopy, alt-
hough these materials strongly differ from HFPE and
UHMWPE.?

3. 1. 1. 4. Influence of Fluorination on UHMWPE
Surface Energy

Surface energy (polar and dispersion components
and total surface energy) of virgin and fluorinated
UHMWPE were evaluated by the Owens-Wendt method
of contact angle measurement.”’ Polymer films were trea-
ted with 10% F, + 90% He mixture at total pressure 1 bar
at temperature 24 + 2 °C. Dependence of the surface en-
ergy on storage duration in air was also investigated. The
results are shown in the Figure 2. Data for treatment du-
rations of 21 and 46 minutes are not shown in order not to
overload the figures. It is evident that the total surface en-
ergy and its polar and dispersion components highly de-
pend on the type of treatment and storage duration. The
total surface energy is markedly increased (from 30 up to
45-50 mN/m) within 1-3 days after fluorination, then it
decreases and reaches a steady level around 35-42 mN/m
within 45 days, depending on treatment duration. Such a
steady level is not markedly changed up to 120 days. For
a very short treatment duration (2min) the increase of the
polar component is more pronounced — from 10 to 41
mN/m within three days after fluorination, but then starts
to decrease and reaches steady level around 21-26 mN/m
which is not practically changed over 14—120 days stora-
ge. For other treatment durations the steady level of the
polar component also exceeds the value of the virgin
polymer and is close to 16—-19 mN/m after 14-120 days
storage, except for 46-90 min treatments where the polar
component drops practically to its initial value after
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Figure 2. Total surface energy ¥ (circles O), polar component y”
(triangles V) and dispersion component ¢ (squares [J) vs storage
duration of fluorinated UHMWPE treated with 10%F, + 90% He
mixture at 24 °C during 2 (a), 6 (b) and 90 (c) minutes.

45-120 days storage. The dispersion component is in-
creased from 20 mN/m up to 25-23 mN/m within the first
day for short treatment durations (2 and 6 minutes) and
up to 40—45 mN/m for longer treatment durations (21-90
min). After 7 days storage, this component quickly de-
creases to a minimum well below its initial value, but af-
ter 14 days a value more or less close to the initial value

is reached and remains unchanged up to 120 days stora-
ge.

3. 1. 2. Determination of Surface Composition
by XPS

Surface composition of F,-treated polyethylene
samples are given in Table 1 and illustrate the large
amount of fluorine present on the utmost surface. In order
to know the penetration depth of fluorine, the sample was
etched by an Ar beam and the chemical composition was
measured by XPS: a 20 nm depth can be evaluated for
fluorine. The surface characteristics of two types of PE
have been compared. For both types of materials, the
amount of surface fluorine increases with the fluorination
duration and in the same time, the amount of oxygen di-
minishes.* It can be assumed that the oxygen level in the
starting materials is due to the fabrication process: hot
pressing at 150-170 °C in air, where some oxidation
could take place. On the other hand fluorination treat-
ments with F,-gas have a highly improving effect (Tab-
le1). This effect is further increased when O, + CF, PEF is
performed (see Table 3), because of a large amount of
very reactive F radicals which are created under these
conditions.

Most information about the type of C-F bonding are
obtained through fitted Cls envelopes which are given in
Fig. 3 for virgin and F-treated (2 and 90min) samples. In
the virgin materials, the contributions of non-functionali-
zed sp? and sp® C atoms occur at lower binding energies
(BE). The asymmetric shoulder toward higher BEs could
correspond to surface defects, C-H, and C-O groups. Af-
ter fluorination, the position of the components relative to
nonfluorinated C atoms remains unchanged, but other nu-
merous contributions occur at higher BEs. The Cls enve-
lopes have been fitted using a method proposed for fluori-
nated C-based materials.'® The assignment of the different
components is given in Table 2.

Table 2. Assignment of the XPS C1s components.

Chemical Bond Shift (eV) relative to the CH
component at 284.5eV
CH, -

CH,-CHF 0.7-1.1
CH,-CF, 2.0
CHF-CH,

CHF-CHF 3.0-3.5
CHF-CF, 4.5

CF -CF-CF,. (x,x’ =2,3)

CF,—CH, 5.3-5.5
CF,—CHF 6.2-6.8
CF,—CF, 7.8
CF,—CF, 9.1

The components appearing for 285 < Eb (eV) < 287
can be assigned to an inductive effect arising from the pre-
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Table 1. XPS surface analysis (atomic %) of F,-treated HDPE and UHMWPE. [X-ray source: non- monochro-
matized Mg Ep =20 eV; Scofield correction; relative error: 5-10%].

Origin of PE sample Concentration, atomic %
C (0] F N Others
elements
HDPE (pristine) 89.0 8.9 - - Si<l1
HDPE (treatment with 10% F, + 90% He
mixture during 2 min) 47.0 6.4 44.1 0.6 Na:1.9
HDPE (treatment with 10% F2 + 90% He
mixture during 90 min) 424 4.4 53.1 - -
UHMWPE (pristine) 88.3 7.6 - 2.9 Ca, Na<l
UHMWPE ((treatment with 10% F, + 90% He
mixture during 2 min) 43.0 7.0 50.0 - Na<l1
UHMWPE ((treatment with 10% F, + 90% He
mixture during 90 min) 40.6 4.4 55.0 - -
HDPE 2845 UHMWPE
w w
£ Pristine £
3 3
Q o]
O O
296 294 292 290 288 286 284 282 28 296 294 292 290 288 286 284 282 28
Binding Energy (eV) Binding Energy (eV)
289.488.
n 290. 7.
pr o 291. 5.
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F22min §
292
2
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e
206 294 292 290 288 286 284 282 28
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2g1 52005
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3 F2 90min 3
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Binding Eneray (eV) Binding Energy (eV)

Figure 3. Fitted Cls XPS spectra of virgin and treated with 10%F,— + 90% He mixture HDPE and UHMWPE samples (treatment duration was
equal to 2 and 90 min).
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sence of fluorinated C atoms: they correspond to C atoms
that are not directly bound to F atoms, but that are first
neighbours of CF, groups. The bonds located at BE > 288
eV can be assigned to C atoms covalently bound to F
atoms, as confirmed by the position of F1s maximum. If
we take the same assignment procedure as previously
used, the maximum observed around 291 eV for 90 min
F, fluorinations can be assigned to CF, groups with first C
neighbours bound to one F atom, for instance CF,~CHF
groups. Another feature of the spectrum which is consi-
stent with a strong increase of surface fluorination for
90min fluorination durations is the presence of two more
contributions at higher BEs, corresponding respectively to
PTFE-type groups CF,-CF, at 292 eV, or at ~294 eV to
CF, groups located at the border of the polymer domains
or on lattice defects.

In the case of the Fls spectra, the value of the main
component at ~688 eV corresponds to CF,-CH,, or
CHF-CF, units. At lower BE the CHF-CHF component is
weaker. Further component at higher BEs can be assigned
to perfluorinated CF_ groups, in particular PTFE-like
CF,—CF, units and terminal CF; groups. The thickness of
these highly fluorinated layers has been evaluated to less
than 20 nm for both fluorination conditions.

During the direct fluorination of polymers some
cleavage can take place when undiluted fluorine is used
at high pressure (close to 1 atm) But the use of diluted
fluorine mixtures lowers the level of polymer chains de-
struction.”* Usually both cleavage and crosslinking of
polymer chains take place, but it was shown previously®
that in polystyrene and poly(ethylene terephthalate) trea-
ted with fluorine, amount of cross links markedly ex-
ceeds amount of cleavages. Unfortunately, the compari-
son of melt indexes of virgin and fluorinated PE cannot
be carried out in our case because the thickness (and res-
pectively mass) of fluorinated layer for all the samples is
less than 1% with respect to the total thickness of poly-
mer samples and the total mass of fluorinated polymer
does not exceed several mg.

3. 2. Surface Modification of PE Polymers by
rf Plasma-enhanced Fluorination (PEF)

In a first step the results obtained with O, + CF, rf-
plasma treatments have been compared with F,-gas fluori-
nation, since in these plasma conditions, F* radicals are
the major species which are formed during the decompo-
sition process.'* The experiments have been carried out
for 1h at room temperature on both HDPE and UHMWPE
virgin samples. Surface composition (atomic %) of O, +
CF, rf-plasma PE treated samples are given in Table 3.
The important level of surface fluorination is accounted
by the high values of F %, together with the decrease of
the oxygen content. Fitted Cls are compared in Fig. 4 for
1h O, + CF, PEF treated HDPE and UHMWPE samples.
The Cls envelopes exhibit one maximum centered at

292eV, together with a contribution of pristine carbon spe-
cies at 284.5 eV.

When compared with the F,-fluorinated samples
(Fig. 3), in which a wide variety of components were ob-
served, it appears that the plasma-treatment mostly yields
the formation of fluorinated species with main composi-
tions CF,—CHF and CF,—CF,. The presence of -CHF-mo-
nofluorinated groups should be reinforced by the presence
of oxygen in the fluorinating mixture. F1s envelope can be
fitted into 2 components, the shape of the peak depending
on the ratio of CF, contributions. When the surface is
mostly composed of CF, groups at Cls = 292 eV, the Fls
peak at 687eV becomes indeed the majority component.

pristine HDPE

Counts /s

206 294 292 290 288 286

Binding Energy (eV)
HDPE rf PEF treated

284 282 2¢

Counts /s

296 294 292 290 288 286 284
Binding Energy (eV)

282 28

UHMWPE rf PEF treated

Counts /s

296 294

292 290 288 286
Binding Energy (eV)

284 282 2¢

Figure 4. Cls XPS spectra of HDPE and UHMWPE samples rf
PEF treated (1h, 25 °C) using O, + CF, mixtures, illustrating the
formation of highly fluorinated surface
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Table 3. Surface composition (at.%) of rf-PEF treated polyethylene

samples.

Treatment conditions ( fluorination C (0] F
duration and temperature)

HDPE (pristine) 89.0 8.9 -
HDPE (O, + CF, PEF, 1h, 25 °C) 32.6 1.7 65.6
HDPE (O, + CF, PEF, 1h, 90 °C) 30.6 2.4 67.0
HDPE (c-C,F, PEF, 1h, 25 °C) 38.3 33 58.4
HDPE (c-C,F; PEF, 1h, 90 °C) 35.1 33 61.6
UHMWPE (pristine) 88.3 7.6 -
UHMWPE (O, + CF, PEF, 1h,25°C)  31.0 1.2 67.8
UHMWPE (O, + CF, PEF, 1h,90 °C)  38.0 1.3 60.7
UHMWPE (c-C,F; PEF, 1h, 25 °C) 40.9 7.0 52.1
UHMWPE (c-C,F; PEF, 1h, 90 °C) 333 2.4 64.3
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Concerning c-C,F; gas rf-plasma, it has been shown
that the treatment leads mostly to a deposition of (CF,),
species.”®?” Table 3 illustrates the surface composition
(at.%) of c-C,F; PEF-treated HDPE and UHMWPE sam-
ples. The Cls envelope of the c-C,F, plasma treated poly-
mers is clearly composed of two components: the one of
C—H pristine bonds and a component at 292eV, which can
be clearly assigned to CF,—CF, groups, accounting for a
deposition of PTFE-type species. By tuning the experi-
mental conditions, it is possible to get onto the surface
mostly the latter species as shown in Fig.5 for both HDPE
and UHMWPE samples. The components arising from
pristine C species at 284.5 eV at room temperature PEF
are decreased in 90 °C conditions (Fig. 5a). Fig. 5b com-
pares F,-gas treatment with c-C,F rf-plasma treatment of

2845
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Figure 5. Fitted C1s XPS spectra illustrating the deposition of (CF,), species » onto HDPE sample after c-C,F,- PEF treatments (1h at 25 and 90
°C), ® onto UHMWPE sample after either F,-gas fluorination (90min at 25 °C), or ¢-C,F¢- PEF treatment (10 min at 90 °C).
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an UHMWPE sample. Using the plasma route, the surface
of the polymer sample is fully coated with a “Teflon —li-
ke” layer, composed of CF,—CF, groups. Whereas F,
treatment the surface leads to a large variety of CF, com-
ponents, CF, groups are mostly present at the surface after
the PEF treatment. By coupling these two fluorination
techniques, it is therefore possible to form fluorinated la-
yers, each of 10-20nm thickness, with different and suc-
cessive compositions at the surface of the pristine polymer
sample.

4. Conclusions

The outmost surface of HDPE and UHMWPE poly-
mers can be conveniently modified using two different
fluorination routes, both carried out at room temperature:
rf plasmas with fluorinated gases and the direct fluorina-
tion with F, diluted in He-gas. In the PEF case, drastic dif-
ferences are observed depending on the type of reactive
gases, that is O,/CF, mixtures or c-C F;. Whereas the use
of O,/CF, mixtures leads to a large variety of CF, (x =1 to
3) species present at the surface, a “Teflon —like” layer,
composed of CF,—CF, groups, is deposited onto the surfa-
ce of the materials when using c-C,F; rf plasmas. The two
types of fluorination routes, that is direct F,-gas and fluori-
nated plasmas, can be conveniently coupled, and the treat-
ment by a ¢-C,F, rf-plasma of a HDPE sample previously
fluorinated by F,-gas, shows that it is possible to form at
the surface of the polymer sample successive fluorinated
layers, each of 10-20 nm in thickness, with different com-
positions. In the case of the direct fluorination, the physical
chemical modifications of the surface layers have been
characterized using FTIR and visible spectroscopy, atomic
force microscopy, XRD, XPS and surface energy measure-
ment. From the study of the visible spectra a diffusion-
controlled mechanism of formation of fluorinated layer
has been confirmed. The dependence of the surface energy
values on storage duration has brought information about
the stability of the treated films in air. The surface compo-
sitions have been deduced from XPS results. The chemical
composition, texture and the roughness of the polymer sur-
face strongly depend on the treatment method and condi-
tions. The composition of the fluorinated polymers was
measured with depth when the films were etched by argon
beam. It was shown that the fluorine concentration de-
pends on the depth from the polymer surface.
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Povzetek

Proces fluoriranja povrsine polimera lahko vodi do znatnih sprememb na povrsini, brez da bi se spremenile osnovne ka-
rakteristike izhodnega materiala. V ¢lanku obravnavamo dva tipa materialov: ultra visoko molekularni polietilen
(UHMWPE) in polietilen z visoko gostoto (HDPE). Za modifikacijo povrS§ine materialov smo uporabili dva postopka
fluoriranja, ki sta potekala pri sobni temperaturi: direktno fluoriranje z meSanico plinov 10 % F, in 90 % He in fluorira-
nje z radiofrekvencno plazmo, pri katerem smo uporabili meSanico O,/CF, oziroma c-C,F,. Ucinke procesov na po-
vr$ino uporabljenih materialov smo primerjali z uporabo rezultatov analiz XPS. Razli¢ne komponente Cls spektrov so
opisane v povezavi CF, iz Cesar lahko sklepamo o stopnji fluoriranja povrSine.
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