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Low density polyethylene was fluorinated in a glow discharge generated from a dilute mixture of fluorine
in helium. The effects of pressure, flow rate, power and time of treatment have been examined. The
fluorinated polymers were characterized using e.s.c.a. to identify the species present in the surface layer
and to estimate the depth of fluorination. For typical plasma treatment of polyethylene films the
fluorination depth was about 40 A; a competition of ablation and ion-assisted etching processes with
chemical reaction was observed. The depth of fluorination was increased to values above 60 A by
carrying out the reaction within a metal screen. The presence of the screen also reduced the reaction rate
by about a factor of two. Other features of the treated polyethylene were determined by contact angle
measurements, surface infra-red spectroscopy, solvent sorption and differential scanning calorimetry.
Some early results of treatment of polyethylene powders in a fluidized bed reactor are also presented.

INTRODUCTION

Numerous studies have been reported! =7 of perfluorin-
ation of hydrocarbon polymers by direct reaction with
elemental fluorine. These studies, largely directed toward
fluorinating the polymers in bulk, employed long reaction
times and high concentrations of fluorine. Fredericks and
Tedder suggested that progression of fluorination be-
comes increasingly difficult in the case of polyethylene
because a substituent fluorine deactivates the adjacent
hydrogen atoms in the free radical reaction®. The prop-
agation of the reaction into the bulk of polyethylene is
known to be diffusion controlled”-'?, requiring greater
concentrations of fluorine as the depth of fluorination
increases. Some reactions of polymers with fluorine gas in
high concentrations have also been observed to promote
cross-linking and degradation?*.

Recent research efforts by Clark et al'”'' and by
Shimada and Hoshino® have attempted to study fluorin-
ation of the surface and subsurface layers of hydrocarbon
polymers by substitution reaction with fluorine atoms.
They have elucidated some features concerning the mech-
anism and kinetics of the initial phase of the reaction
and have studied parameters affecting diffusivity of the
reactant into the subsurface layers. Clark and cowork-
ers'” have used es.c.a. measurements as a means for
identification of various fluorinated species in the surface
layers; the problem of post reaction with oxygen, which
leads to formation of oxygen-containing species on the
surface of the treated polyethylene, was also revealed in
their studies. Alternate approaches at producing per-
fluorinated layers by carrying out polymerizations of
fluorinated monomers have also revealed the problem of
formation of several partially fluorinated species'?'".
Thus, true perfluorination of the surface has not been
achieved.

In the present study, we have attempted to accelerate
the rate of reaction of fluorine species with polyethylene

0032 3861,81/030361 11502.00
© 1981 IPC Busincss Press

by using a cold plasma generated from a dilute mixture of
fluorine gas in helium. Rapid fluorination may be expect-
ed to occur in this case owing to the generation of active
fluorine and diluent gas species in the plasma and due to
reactive species which are created on the surface of the
solid substrate. The source of fluorine radicals (and tons)
in the present study was fluorine gas which dissociates
readily into F: in a glow discharge. The formation of
fluorine anions takes place by further collisions with
electrons and other activated particles. Cation formation
in the plasma occurs via activation of the diluent gas
helium and due to the presence of some impurities which
may be desorbed from the polymer or from the walls of the
reaction chamber. Active fluorine and fluorine-containing
species can also be generated from other sources. such as
CF,, C,F, and SF,. A recent patent by Manion and
Davics'® discusses the effect of various plasma parameters
such as power and pressure on the surface fluorination of
cotton and polyethylene in CF plasma.

EXPERIMENTAL METHODS

The apparatus used for surface fluorination is shown in
Figure la. The plasma is generated by inductively coupl-
ing the reactor to a radio frequency generator (LFE Corp.)
operating at a {requency of 13.56 MHz. The generator is
equipped with an auto-tuner which minimizes the re-
flected power. Low density polyethylene (LDPE) film
{( ~ 50 pm thick) supplied by Dow Chemical Company (PE-
303) was employed as reccived for experiments on strip
samples. Certain experiments were carried out using film
sumples enclosed in a cage, a tubular aluminium screen
which was placed into the reactor and around the sample
carousel. Some experiments were conducted on LDPE
powders which were obtained by cryogenic grinding of
Dow PE 120 resin. These latter experiments were carried
out in a fluidized bed reactor in an attempt to achieve
uniform treatment of the powders. The fluidized bed was
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supported on a fritted glass bottom in a pyrex reactor
(Figure 1b).

In a typical run, the reaction chamber was evacuated
for 12 h, after which dilute fluorine (5% F,, 95% He) was
introduced into the system. When the pressure and flow
rate in the chamber had stabilized to the desired values
(always within 2 min), the plasma was ignited and
maintained for a specified treatment time, after which the
system was quickly flushed with helium at 10 mmHg.

Analysis of the surfaces of the polymers was carried out
using several complementary techniques. X-ray photo-
electron spectroscopy (X.p.s. or es.ca.; Physical
Electronics Model 548) was used extensively at low and
hlgh resolutions to obtain: (i) an overall chemical analysis
in terms of atomlc % species by measuring the areas under
the 1s peaks'”, (11) an approximate estimate of depth of
fluorination by using area ratios of F, and F, photoelec-
tron peaks!'®, (iii) identification of various fluorinated
species by means of chemical shifts in the C,,
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Figure 1 Schematic of experimental set-up; (a) reactor for film
treatment, (b) fluidized bed reactor for treatment of powders

Table 1 Range of reaction conditions

spectra’!®!318 (iy) an indication of an ‘average’ com-

position by measurement of the Auger parameter'’, (v)
charging characteristics as related to chemical structure.
It is important to point out here that experimental
methods were not employed to eliminate sample
charging (e.g. by using a neutralizer filament), and so the
CH,-CH, C,, peak from polyethylene was shifted to a
location of 285.0 eV on the binding energy scale. All the
other C,, spectra were shifted correspondingly.

In addition to es.c.a., Fourier Transform Multiple
Internal Reflectance infra-red spectroscopy (Digilab FTS-
14) was used for identification of various chemical groups.
Spectra were taken under grazing conditions (30°) where
it is estimated that information may be obtained to a
depth of about 10000 A'®° A variable angle MIR
attachment {Wilks Scientific Model 50) was used for these
experiments. Information on the first molecular layer was
obtained by measuring the advancing contact angle on
the treated polymer using formamide as a contacting
liquid.

Additional characterization of the treated polymer
films and powders was carried out using scanning ¢lectron
microscopy (SEM), solvent sorption (SS) experi-
ments®!'-*? and differential scanning calorimetry (d.s.c.).
Finally, the moulding of the treated powders was studied
as a function of temperature at various pressures of up to
=350 MPa in an isostatic press.

RESULTS

Pressure, flow rate, applied power, time of treatment, and
location of specimen with respect to the plasma zone are
parameters which may be expected to influence the
surface treatment. The range of reaction conditions
employed in our experiments is summarized in Table .

The effect of these parameters was studied in terms of
the extent of fluorination which is reported here as atomic
percent fluorine, obtained by area measurements of 1s
peaks frome.s.c.a. spectra (see Appendix I). The composite
effect of pressure and flow rate as a function of time of
treatment with and without plasma is shown in Figure 2.
At high flow rates and pressures, fluorination proceeds
very rapidly and reaches the maximum level of fluorin-
ation in time scales as small as 30 s; at low flow rates and
pressures (10 cc min ~ !, 1.0 mm), the rate of reaction is slow
and there is a small maximum in atomic percent fluorine
observed at short reaction times. At 2.0 mm, the extent of
fluorination is lower with elemental fluorine compared to
plasma treatment. The significance of these observations
will be discussed later in the paper.

Specimen Pressure Flow rate Applied Time of Location of
type {(mm Hg) (cm? min—1) power* (W) treatment specimens Comments
Film 1-3 10-50 25-100 15sto1h (1) under rf coil Specimens are placed
(2) within metal cage within the uniform
and under coil plasma region
Powder ~10 10-40 25-100 155 t0 15 min Just upstream of The bed of powder was

coil vibrated and fluidized
to about two times
original bed depth

* Reflected power is essentially zero
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Figure 2 The combined effect of flow rate and pressure on the
extent of fluorination as a function of time of treatment as mea-
sured by e.s.c.a.
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Figure 3 Variation of advancing contact angle {formamide) with
time of treatment corresponding to reactions of Figure 2

Two other sets of results that complement Figure 2 are
change in contact angle with extent of fluorination and
extent of oxidation on the surface as fluorination pro-
ceeds. The variations tn contact angle and atomic percent
oxygen on the surface are shown in Figures 3 and 4
respectively. The contact angle and amount of oxygen on
the surface follow an inverse relationship. This is expected
because an increase in oxygen content would increase
wettability of the surface and hence reduce the contact
angle. A sharp maximum and a corresponding minimum
are observed in the oxygen content and in the contact
angle plots respectively. Further, in some cases poly-
ethylene films treated in the plasma show higher oxygen
contents than those without the plasma, even though
fluorine contents are comparable. This effect is observable
only for incomplete surface fluorination, and is greatly
emphasized for reactions at low pressures and flow rates
(Table 2).

The effect of power (supplied to the plasma) on the
extent of fluorination was studied in the range of 25-100
W power as indicated in Table /. The results are
summarized in Figure 5. Over this range of power there
was little change in the level of fluorination. The rest of the
experimental results reported were obtained at a power
level of 50 W.

The individual effects of flow rate and pressure on the
extent of fluorination and contact angle are depicted in
Figures 6 and 7 respectively. The important region to
observe is between 20 and 30 cm?® min~'. It seems that

there is a minimum flow rate of ~40cm® min ™' necessary
to achieve rapid fluorination. Therefore for small reaction
times, it is necessary to utilize large flow rates of fluorine
through the system. This phenomenon may be explained
according to suggestions of Clark and Dilks?*: an increased
flow rate will result in greater efficiency in the removal of
volatile products of reaction, namely, H,. HF causing a
decrease in their partial pressures in the immediate
vicinity of the sample. This will tend to increase the rate of
reaction.
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Figure 4 Oxygen content on the surface of fluorinated LDPE for
reactions of Figure 2

Table 2 Comparison of oxygen contents for treatments at low
pressures and fiow rates

Reaction conditions Atomic % F Atomic % O
5 min, 1 mm, 10 cm? min—!
no plasma 9.3 71
5 min, 1 mm, 10 cm3 min—!
50 W 85 19.6
3 min, 1 mm, 10 cm3 min—!
no plasma 8.8 6.5
3 min, 1 mm, 10 cm3 min—!
50 W 7.0 19.3
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Figure 5 Effect of power on extent of fluorination as measured
by e.s.c.a.
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Figure 7 Variation of contact angle (with formamide) for condi-
tions of Figure 6

The effect of pressure can also be visualized from curves
(B) and (C) of Figure 6. In the region in which substantial
reaction occurs, increasing the pressure from 2.0 mm to
3.0 mm causes the reaction rate to increase. This is to be
expected because increase in pressure is equivalent to an
increase in the concentration of the reactive fluorine
species which would lead to an increased reaction rate.

The variation of contact angle for the measurements
reported in Figure 6 is shown in Figure 7. The reaction
profiles in Figure 7 are consistent with those of Figure 6.

DISCUSSION

Characterization  of  the  fluorinated  polymer
film. Detailed chemical characterization of the plasma
treated polyethylene film was carried out by advancing
contact angle measurements (first molecular layer), e.s.c.a.
(~50 A depth), FTMIR ir. (~10000 A depth). The
information obtained from each of these techniques is
discussed individually in the following sections.

Contact angle measurements

By using a set of well characterized contacting liquids in
contact angle measurements, the dispersion and polar
components of the surface energy can be obtained**. In
this paper we present contact angle values with one liquid
only, formamide, because it has a good balance between
polar and dispersion surface tensions. The contact angle,
in addition to being sensitive to surface chemical groups is
also sensitive to surface morphology?*. However, in our
experiments, the plasma treatment did not appear to
change the surface morphology as observed in an SEM
(Figure 8). Thus, changes in contact angle in our experi-
ments are attributed to chemical modifications on the
surface. The range of contact angles is shown in Table 3.

A reduction in contact angle below the value for
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untreated LDPE mirrors the observed increase in oxygen
on the surface, consistent with wettability ideas. Increased
oxygen contents were observed for surface reaction which
had not gone to completion (Figures 3 and 4, Table 3). We
interpret this in terms of a post reaction between the
polymer and oxygen or oxygen-containing species. A likely
source for these species is water molecules from the
atmosphere which are chemisorbed onto the acidic sites
that may be produced due to partial fluorination. This
effect was more dramatically observed in the case of
partially fluorinated powders produced by plasma surface

(a)

(b)

()

Figure 8 Scanning electron micrographs of untreated and treated
LDPE. (a), Untreated LDPE fiim; (b), Plasma treated 1.0 mm,

3 min, 10 cm3 min—1!, 50 W; (c), Plasma treated 1.0 mm, 5 min,
10 cm3 min—1, 50 W
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Table 3 Range of contact angles typically observed in our
experiments

Atomic %O Atomic% F Contactangle

F, Plasma treatment (es.c.a.) {es.c.a.) (Formamide)
Untreated LDPE ~56.3 — 71
155,50 W, 2.0 mm,

40 cm3 min—! 13.7 28.3 ~5°
3005, 50 W, 2.0 min,

40 cm3 min—! 3.6 61.8 ~95°
60 s, 50 W, 3.0 min,

47 cm3 min—! 3.2 56.6 93.5
1205, 50 W, 3.0 min,

47 crn3 min—1 5.8 58.6 ~96
PTFE Untreated 1.3 61.0 92
PTFE, 50 W, 2.0 min,

40 cm3 min—! - - ~97

treatment of LDPE powders. This interpretation is
supported by the following observations: (i) The powders
seemed similar in appearance to moist salt, (i) A drop in
pH was observed when the powders were suspended in
distilled water (iit). The charging properties were dramatic-
ally altered as observed during es.c.a. experiments.
(iv) Slight degassing was observed when the X-ray beam
was moved to such a specimen during e.s.c.a. experiments.
Another explanation for the presence of oxygen on the
surface of partially fluorinated PE could be related to a
post-reaction of trapped free radicals with oxygen from
the atmosphere. The strong argument in favour of this
idea is that plasma treated films (for incomplete fluorin-
ations) showed higher oxygen contents than films reacted
with elemental fluorine (Table 2). This suggests that the
reactive species produced play a role in reaction with
oxygen. A gombination of the above two processes cannot
be ruled out.

In certain cases contact angles were obtained which
were greater than the 92" value for PTFEE, suggesting the
presence of - CF5 groups on the surface. The formation
of such groups has been suggested by Nakajima et al.'?
and Kay et ¢l.'® in their studies involving polymerization
of C,F, in a glow discharge. In our case, —CF; groups
could be formed at chain ends or through scission of C-C
bonds leading to an increased number of sites available
for formation of —CF5 groups. The importance of CF
groups will become apparent in interpretation of some
high resolution e.s.c.a. spectra.

E.s.c.a. measurements
Identification of fluorinated species.  Previous sections
revealed the usefulness of es.c.a. in obtaining surface
analysis in terms of atomic percent of various species. The
applicability of the technique in following the fluorination
reaction is shown in Figure 9 where buildup of fluorine
containing species is compared for reactions with and
without the plasma. A very important revelation from this
set of spectra is that for the case of reaction in the plasma,
CF, groups are formed very rapidly as concluded from
the shifts in binding energy from the initial CH, CH,
position. For the plasma treated samples (spectra on the
left in Figure 9) there is a chemical shift of ~5-6 ¢V from
the initial position of CH,--CH, at 285.0 eV; peaks in this
region are related to signals from -CF, type groups
(Appendix 11). However, for the case of reaction with
elemental fluorine (spectra on the right in Figure 9) several
intermediate species including —CHF are formed as

observed by the strength of the signal in the intermediate
binding energy range of ~287-291 eV. These partially
fluorinated species have also been observed in the fluorine
gas treatments of HDPE conducted by Clark and cowork-
ers'®. Figure 9 clearly suggests that our plasma treat-
ment follows a reaction mechanism which is different from
that of reaction of LDPE with clemental fluorine. It
appears that in plasma reactions at high flow rates,
predominantly CF, species are formed: this suggests a
situation in which two hydrogens are stripped from each
carbon atom followed by reaction with two fluorine
radicals.

Another method for verifying the presence of the CF,
groups is via the Auger parameter which can be useful in
giving an estimate of the overall composition of the
fluorinated layer. The Auger Parameter, Au, is defined as:

Au,=BEF, —BE, +/v.,

where BE; =observed binding energy of I, peak: BE;
=observed binding energy of fluorine Auger peak; and
M er,= X-ray (Magnesium source) excitation cnergy
=1253.6 eV. Some values of Au, for fluorinated carbon-
containing compounds are reported in Wagner ef ol.'”.
The Au, for (CF,), is 1341 and for CF 1342. Thus
depending on the value of Au,. one may obtain an

| Fluorine plasma treatment |Elemental fluorine ffébtmen?

| i
Jet A

5

N(E)

. i . N . . o - . L JUR— |
300 290 280 300 290 280
Binding energy, (eV)
Figure 9 Cjges.c.a. spectra of LDPE treated in fluorine plasma
and elemental fluorine. {1) Untreated LDPE, (2) Plasma 15 s,
{3) Plasma 30 s, (4) Plasma 300 s, (5) Plasma 60 min, (6) Elemental

fluorine 300 s, {(7) Elemental fluorine 15 min. All reactions at
2.0 mm, 40 ¢cm3 min—! and 50 W for plasma treatment
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Figure 10 Depth of fluorination as a function of time of treatment

for conditions of Figure 2. Notice the apparent higher depth of
fluorination at higher pressures and flow rates

indication of the representative composition of the
fluorinated layer. For the perfluorinated surfaces ob-
tained in our experiments, we observe that Au, is very
close to 1341 while for those with small but measurable
quantities of fluorine (~10% F)Au, is close to 1342.

Depth of fluorination. An important feature of the
surface treated polyethylene samples is the depth of the
perfluorinated layer obtained under various reaction
conditions. An upper bound on this parameter can be
obtained from the high resolution C, e.s.c.a. spectrum,
typical examples of which were shown in Figure 9. From
peaks (4) and (5) of Figure 9, we conclude that there is a
small residual signal from CH,—CH, moieties on the low
binding energy side of the C,  spectrum. This suggests that
cither all of the CH, groups within the first 50 A (the depth
probed by es.c.a.) have not been fluorinated or that the
depth of perfluorination is less than 50 A. We believe that
the second explanation is more reasonable and conclude
that the depth of fluorination is somewhat less than 50 A
in typical experiments.

Another estimate of the depth of fluorination can be
obtained by the method suggested by Clark and cowork-
ers'® summarized in Appendix III. The depths of
fluorination corresponding to the various treatment
conditions described by the data of Figures 2 and 6 are
shown in Figures 10 and /1 respectively. From these
Figures it is apparent that the maximum depth of
fluorination achievable under these conditions is ~40 A.
Figure 10 also suggests that at higher pressures and flow
rates than employed here, the depth of fluorination may
be greater. This is consistent with a mechanism of
fluorination which is diffusion controlled. Increased pre-
ssure would correspond to a higher effective concen-
tration of reactive species, thus increasing the con-
centration gradient for diffusion. Also from Figures 10
and /! we see that a flow rate of ~40 cm?® min ' is
necessary to obtain significant depths of fluorination at
short reaction times.

The apparent upper limit on the depth of fluorination
can be explained in terms of the etching behaviour of
plasmas containing fluorine species. It has recently been
found that unsaturated monomers such as C,F,, C;F,
etc. polymerize readily in the glow discharge but with
saturated fluorocarbons such as CF,, C,F¢ little or no
polymer formation occurs. The inability for the polymer
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to form is attributed to the competitive ablation and
polymerization (CAP)?%*¢ and ion-assisted etching?’+28
processes taking place. Polymerization can be achieved if
the effective concentration of the fluorine ions, which
cause etching, can be reduced. This is possible by addition
of specific gases such as hydrogen so that a part of the
fluorine ions are eliminated by the side reaction involving
formation of HF. This, in effect, increases the C/F ratio of
available reactive species in the system. In our study, the
presence of fluorine alone would represent the extreme
case of plasma etching because the C/F ratio would be
zero, representing a completely ablative process.
However, the presence of an inert gas such as helium (a
95%, He, 5%, F, premixture is being used), the ablation of
some hydrocarbons {from solid PE into the gas phase, and
the reaction of fluorine with hydrogens eliminated from
the polyethylene might all serve as effective diluents for
reducing the etching capability of the fluorine plasma. In
this respect, the reaction of PE with fluorine plasma
would be significantly different from that of elemental
fluorine. Also, etching in the case of plasma treatment
would have the added advantage of removal of surface
layers richer in oxygen, therefore providing the potential
for reducing the oxygen levels on the surface to values
lower than those for the original polyethylene substrate.
If, as expected, the fluorine plasma is causing simul-
taneous chemical reaction and reactive ion etching from
the surface, the depth of fluorination will be controlled by
competition between the etching and chemical reaction in
the plasma. It is apparent then, that under the reaction
conditions studied, the depth of fluorination will be
restricted to the observed value of ~40-45 A. The effect of
flow rate can also explain the reduced equilibrium depth
of fluorination at lower flow rates and pressures. Clark
and Dilks?? have suggested that decrease in flow rate will
increase the partial pressure of ions and metastables in the
plasma and hence tend to increase the etching capability
of the plasma. At low flow rates, (~10 cm® min~?), the
etching rate would be expected to be much larger. This is
depicted by a long initial time scale where there is little
fluorination occurring on the surface (see Figures 2 and
10). Different etching rates at various flow rates would
also lead to different equilibrium levels of depth of
fluorination as shown in Figure 10.

We have independent observations to suggest that
etching is taking place in the presence of the fluorine
plasma in our system. Firstly, a small loss in weight (0.1-
0.2%) of the fluorinated polymers was observed for all

Pressure Power Time of treatment

50t (mm Hg) (W) {min)
[ 30 50 2
o 30 50 I

40r ? 20 50 !

Ny

O
T
o~

Depth of fluorination (R)
W
?

S

1 L

O

O 20 30 40 50
Flow rate {cm3min™)

Figure 11 Depth of fluorination as a function of flow rate for
reaction conditions corresponding to those in Figure 6
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Table 4 Fluorination in the aluminium cage {Reaction conditions:
Fiow rate = 40 cm3 min—1; pressure = 3.0 mm; power = 50 W)

Atomic % from

Time of e.s.c.a. Approximate depth
treatment — of fluorination Auger
{min) F C (0] (A frome.s.c.a.) parameter
2 50.3 42,0 7.3 30 1341.2
5 549 40.3 48 38 1341.0
15 604 375 20 60 13409
60 589 37.1 4.1 59 1341.0
60* 58.6 37.3 41 35 13411
* No cage, only plasma
70 }
60 \ =
& /—’/, c “ g
c
5 50 . . :WOOg
2 40 180 &
© 1 g
% On (e om0 g™ 160 2
= o 30 40 50 No ] =
8 20N, e 30 40 50 ves 140 2
< \ / v 30 40 50 No B %
108y s 30 40 50 Yes 120
\ )
i 1 i 1 1 1 i 1 O

! 1 1 1 i AL
O 1234567 8910112131415 60
Treatment time {min)
Figure 12 Comparison of fluorinations with and without the
aluminum cage. Observe the reduction of reaction rate suggested

by measurements of atomic percent fluorine and contact angle with
formamide

reactions carried out at 1.0 mm and 10 cm® min %
However, at higher pressures and flow rates the sample
weights remained almost constant. Secondly, a low
molecular weight sticky material was found near the
reactor exit: this material appeared to be partially fluorin-
ated  polyethylene as determined by infra-red
measurements,

Fluorination of LDPE in an aluminium cage

The amount of etching could be reduced by elimination
of lons from the reaction zone. This can be effectively
achieved by either isolating the samples from the plasma
by enclosing them in a Faraday cage (a grounded metal
screen) inside the glow region or by carrying out the
reactions in the dark region downstream of the plasma. In
our study some reactions were carried out by isolating the
samples in an aluminium screen. The screen was not
grounded but it eliminated ions from near the reaction
zone as evidenced by the glow around the screen but not
inside. It is expected that the fluorine free radicals which
have mean free paths smaller than the screen opening can
diffuse through to the reaction zone.

In these experiments, the aluminium screen was slipped
into the quartz reactor and around the sample carousel so
that the specimens could be positioned at the same place
with respect to the rfcoil as in earlier reactions. The results
of these fluorinations are summarized in Table 4.
Comparison with reactions carried out in the absence of
the cage are shown in Figures /2 and 13. There is a
measurable increase in depth of fluorination to values
greater than 60 A, i.e. beyond the limit of analysis in our
e.s.c.a. measurements (Table 4, Figure 13). The Auger
parameter indicates that the surface composition ob-
tained in the cage reactions is again similar to that of

PTFE (Table 4), and essentially is identical to the surface
composition obtained in the plasma treatments without
the cage. However, the rate of reaction is reduced by about
afactor of two, probably due to the elimination of reactive
sites on the substrate when the cage is present. Contact
angle measurements on samples treated within the metal
screen again parallel the trend seen in e.s.c.a. measure-
ments (Figure 12). Despite the increased depth of treat-
ment by removal of fluorine ions, there seems to be a limit
on the depth of fluorination even by this approach. It is
likely that parameters controlling diffusion would impose
such a limit.

One important observation not shown in the Figures or
the Table is that in all aluminium cage experiments done
under ion-depleted conditions an increase in weight was
observed (~0.1 0.2° ) which would be expected if there is
little or no etching and if the hydrogen atoms are replaced
by fluorine atoms. On this basis, the observed weight
gains are consistent with fluorinated layers in the range
140 330 A. It is important to rc-emphasize that for
experiments within the plasma at 1.0 mm, and in the
absence of a cage, a loss in weight was observed.

Compuarison of treated LDPE surfuces with the surface of
polyterrafluorethylene. A crucial test in determining how
closely the fluorinated layer resembles the surface of
polytetrafluoroethylene (PTFE) lics in a direct com-
parison of their C, spectra as shown in Figure 14, Tt is
important to point out that this is a plot of N(E) vs. kinctic
energy of the emitted C,, photoelectrons. The binding
energy can be obtained by subtracting the kinetic cnergy
and shift in energy due to surface charging from the cnergy
of the excitation source Le. 1253.6 ¢V for MgKx source.
Since we are studying the effect of charging on chemical
structure, the positions of peaks have not been moved to
locations where they would actually occur in the absence
or neutralization of charging effects. Several important
features are seen. Firstly, for the plasma treated specimen,
there is definitely some residual signal from partially
fluorinated species in the range 960- 965 ¢V. This can be
attributed to signals from depths greater than that of the
perfluorinated layer. Also. the C, spectra of fluorinated
polyethylene specimens have line widths or full widths at
half maximum (FWHMs)of 4.7 eV as compared to 3.2 ¢V
for PTFE. The measured line widths for core levels may be
described by**:

(AE,)? =(AE )2 +(AE)? +(AE )

70

< 60 —_
4
& SOf
5
¢ 40r
[
o
=2 30r
prest
. | Pressure  Flow rate Power Aluminum
-(C) 20 (mm Hq) {cm3 min) (W} cage
= . 30 40 50 Yes
S 10+ & 30 40 SO No
O
i Y 1 1 1 L /s L 1
O 12 3 4 5 6 15 60

Treatment time (min)

Figure 13 Buiid-up of fluorinated I. yer for reactions with and
without the aluminum cage. A higher depth of fluorination for the
cage conditions suggest reduced or no etching conditions
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Figure 14 Comparison of C;g4 spectra for reactions with and with-
out the cage. Reaction conditions: 3.0 mm, 40 cm?3 min—!, 60 min
treatment, 50 W power. Observe peak widening, different equili-
brium charging and line shape. The peaks at 965 eV are due to
hydrocarbon build-up

where AE, =measured width at half height, also called the
full width at half maximum (FWHM); AE,.=FWHM of
the photon source; AE,=contribution to FWHM due to
the spectrometer analyzer; and AE_; =natural line width
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under investigation. For solids, AE,; includes solid state
effects related to differences in lattice environment thus
leading to slightly differing binding energies. AE, and AE,
would be constant in our case. The various lattice
environment differences in the fluorinated polymers could
arise from differences in chemical species, crystallinity and
atom density. In terms of these three components, there
are important differences between PTFE and fluorinated
LDPE. Plasma fluorinated polymers contain ~4-5%
oxygen-containing species and small amounts of -CF,.
Both these chemical components could increase the
FWHM. The effect of differences in crystallinity between
PTFE, LDPE and the fluorinated LDPE on FWHM are
not known. The fluorinated, polymer may be crosslinked
near the surface, leading to a greater atom density on the
surface. Again, the effect of this on FWHM is not known,
though its effect on peak intensity has been studied?®. If
there are any partially fluorinated moieties in the surface
layer, an increase in FWHM would be expected.
Formation of such species could easily arise from different
reactivities of crystalline and amorphous zones of the
polyethylene.

In terms of equilibrium charging (in e.s.c.a. measure-
ments) of these polymers, the equilibrium charge on
PTFE is higher by 1 ¢V compared to the LDPE sample
treated in the aluminium screen and is 1.8 ¢V higher than
the sample treated in the absence of the cage (Figure 14).
The various arguments involved in the discussion of
FWHM would be applicable here too. Also, if several
different species such as -CF;, -CF,, --CHF, C=0 are
present, differential charging could result in an increase in
FWHM.

The integrated areas of the C | peaks for the fluorinated
polymers are higher than those for PTFE suggesting a
crosslinked surface based on the observations first made
by Clark and coworkers*° for polyethylene treated with
inert gas plasmas. Although not shown in Figure 14, the
integrated areas for F | spectra were slightly lower for the
treated polyethylene samples suggesting that the surface
layer of the polymer is not completely fluorinated.

Fourier transform internal reflectance infrared spectrocopy
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Figure 15 FTMIR spectra for reactions with and without atu-
minum screen (A.S) (a} 5 min, A.S (b) 15 min A.S (c) 60 min A.S
{d) Plasma 5 min (e) Plasma 60 min; reactions at 3.0 min,
40 cm? min—!, 50 W. Observe the little change in CF, peak height
between 16 m and 60 min treatment in aluminum screen. Also
notice the sharp drop in —~CF, peak for 80 min plasma treatment,
suggesting etching conditions
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Figure 16 Solvent sorption in p-xylene at 25°C. Note initial period

of no solvent uptake and the drop in slope for plasma treated poly-
mer. ®, Untreated LDPE; A, plasma treatment: 2.0 mm,
40 ¢cm3 min—!, 5 min

Surfuce infra-red spectroscopic measurements

Further characterization was carried out using
FTMIR ir. which. under the conditions employed, can
give an average analysis to a depth of ~10000 A. This
technique is especially useful for identification of various
chemical species and to obtain some indication of the
depth of fluorination beyond the limit of e.s.c.a. Typical
spectra are shown in Figuire 15. These results show that
the depth of fluorination is small although a quantitative
estimate is not possible from our i.r. data. However, it is
possible to,observe the build-up of CF, species as the
fluorination progresses (Figures 15a, b, ¢ for metal cage: d,
¢ without cage). There is no significant change in the size
of the band associated with CF, type species for the cage
experiments going from 15 to 60 min treatment. This
supports the previous conclusion drawn from es.c.a.
measurements concerning an upper limit on the depth of
fluorination cven with experiments under conditions of
reduced ion concentration near the solid substrate.
However, in the case of plasma treatment without the
cage, comparison of 5 min treatment (Figure 15d) with 60
min treatment (Figure 15¢) shows a decline in depth of
fluorination. This is consistent with etching ideas. Small
changes in reaction conditions could change the etching
efficiency which in turn could lead to a reduction in depth
of fluorination.

Another interesting feature of the FT MIR experiments
lies in the comparison of the crystalline bands (731, 1473)
and amorphous bands (720, 1463 cm ™ !'). Because of the
change in the strength of these bands, changes in the
surface crystallinity can be postulated?®*!'-*2 [t appcars
that the surface crystallinity of the plasma treated poly-
cthylenc (Figures d and ¢) is higher than for samples
treated in the aluminium cage (Figures a-¢). In the plasma
treatment case, layers of less crystalline material arc
etched away from the surface, exposing the more crystal-
line region below. For example, the band at 731 is larger
relative to that at 720 in Figure 15¢ compared to Figure
15¢. However, if no etching takes place, as postulated for
the case of reactions in the aluminium cage, the original
degree of surface crystallinity is retained and possibly
decreased during the reaction (Figures [5a, b, ¢).

Additional properties of the fluorinated polyethylene

The effectiveness of the polymer as a retardant to
solvent diffusion was studied by monitoring the change in
weight of the fluorinated film as a function of time in p-
xylene at 25”C. The result of one particular experiment is
shown in Figure 16. The curves of Figure 16 indicate that
the rate of solvent uptake was reduced by a factor of ~20
for the treated film.

Fluorination of polyethylene powders (~0.15 m? s
by BET measurement) was carried out in the fluidized bed
reactor of Figure Ih. The major results of these experi-
ments will be reported in future publications: some
important observations are noted here. D.s.c. (20 K min ~"
over the range 350- 650 K) of the treated powders showed
no change in the melting point of polyethylene, and did
not reveal any significant features attributable 1o the
fluorinated polymer. The treated powders could not be
moulded under conditions which were suitable for the
untreated polyethylene (150 C, 30 MPa). The treated
powders could be preformed at 95 C and 60 MPa to allow
for cold compacting at 350 MPa in an isostatic press. The
properties of these compacted powders are being in-
vestigated at present.

The question of mechanical integrity and the ageing
behaviour of the fluorinated polymers, especially treated
in plasmas, is an important consideration. We f{ind that
contact angles and overall fluorine contents remain
constant for perfluorinated surfaces over periods of
scveral months. This 1s extremely important because
plasma polymerized thin films of polytetrafluoroethylenc
and other plasma-polymerized films degrade with time
due to post-reaction of trapped free radicals with atmos-
pheric oxygen. This has been observed by several re-
searchers?* and is clearly a significant disadvantage
compared to the surfaces prepared by the methods
desceribed here. The moulding characteristics of the
plasma fluorinated powders reveal some information on
the mechanical integrity of the fluorinated layer. The fact
that powders did not compression mould at 150 C and 30
MPa suggests that the outer fluorinated and crosslinked
layer does not rupture under these extreme conditions.

i

SUMMARY

Plasma trearment in the absence of a aluminium cage

(1) The first molecular layer is similar to PTFE if
reaction goes to completion. There is also the likclihood of
the presence of some terminal - CF, groups in this layer.

(2) Depth of fluorination is of the order of 40 A. The
limitations on depth of fluorination appear to be related
to simultaneous etching taking place in the plasma.

(3) -CF, groups are rapidly generated in the plasma as
determined by chemical shifts in the C |, e.s.c.a. spectrum.

(4) For incomplete surface fluorination, there is a post-
reaction with oxygen (O, or H,0). No such reaction is
observed for perfluorinated surfaces.

(5) The surface of the fluorinated polymer is
crosslinked.

(6) The degree of surface crystallinity appears to be
increased in the plasma treatment.

Treatment in the aluminium cage

(1) The first molecular layer is largely CF, inter-
spersed with some CF; groups as determined by
contact angle measurements.

POLYMER, 1981, Vol 22, March 369



Surface modification of low density polyethylene: M. Anand et al.

(2) Depth of fluorination can be increased to ~ 60 A by
removal of fluorine ions which cause etching. It appears
that diffusion limitations are responsible for the limit on
the depth of fluorination.

(3) Chemical species in the surface and subsurface
layers are largely —CF, type as determined by es.c.a.
chemical shifts and Auger parameter.

(4) The polymer surface is crosslinked as in the case of
plasma treatment.

(5) There is an apparent decrease in surface crystal-
linity with increase in reaction time.

Reaction kinetics

The rate of chemical reaction is dependent on the flow
rate and the reaction pressure. An increase in either of
these variables accelerates fluorination in the plasma. In
the presence of the aluminium screen, however, the
reaction rate decreases, possibly owing to absence of
reactive sites on the solid substrate.
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APPENDIX I

Atomic analysis using sensitivity factors'’

For homogeneous samples in the analysis volume, the
number of photoelectrons per second in a specific spectral
peak is:

I=NFafyiAT

where N =number of atoms in volume element; F = X-ray
flux; a=cross-section for photoionization; #=angular
efficiency factor; y =efficiency in photoelectron formation
process; A=mean free path; A=area of sample from
which photoelectrons are detected; and T =detection
efficiency of electrons. Therefore

N=1/FafyiAT=1/S
where S =atomic sensitivity factor. For two elements

Ny 1S,
N, T 1,/S,

Thus, atom fraction of any constituent in a sample is:

N. _LJS,

Co= % =
XIS,

LN

The atomic sensitivity values employed in our calcu-
lations are:

S carbon = 0.205, Soxyeen = 0.63, Storine = 1.0

as obtained from Wagner et al.'’.

APPENDIX 11

Table: Binding energies corresponding to various chemical
species

Structure Binding energy Reference
*

&CHZ—CHZ) bulk 2850 {10}
CHy—CHF 285.9 (10)
CH;—CF, 286.4, 286.6 (10,13)
CHF—CH;—CHF 286.4 (10)
>C=0 2879 (10)
CHF—CH, 287.9, 288.0 (10,13)
CHF--CHF 289.0, 288.4 (10,13)
CHF—CF, 289.3 (13)
CH,—CF, 290.7 (10)
CHF—CF, 2916 (13)
CFy—CF, 291.6,292.2 (10,13)
(;.‘HF(CF3)CF2 293.7 (13)
CF3CF; 294.0 {13)
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APPENDIX III

Calculation of fluorination thickness

As derived by Clark et al.'® intensity of electrons of a
given energy emitted in a homogeneous material by
activation with an X-ray photon source

dl = FaNKe **dx

where dI =intensity arising from the layer of the surface
between depths x and x+dx; F=X-ray flux; x=cross-
section for photoionization in a given shell of a given atom
for a given X-ray energy; N =number of atoms in volume
element; K = spectrometer factor; and 4A=mean free path
of electron. Integration with appropriate limits yields

I=1,(1-¢"%

I, =intensity from an infinitely thick layer; I, =intensity
from surface layer of thickness d.

Therefore, intensities of F, and F,, peaks may be
written as:

I =1, (1—¢ 1)
Iy =1, (1—e4%2)

Thus,
Iy I,y (1—e 4

I , I, are proportional to areas measured for F  and
F, signals for a specimen. I, , , I, are proportional to
areas measured for F,, and F,, signals for an infinite
sample such as PTFE. Approximate values of /,, /4, are
available in literature!®,

This expression can be rewritten as:

Y oo Y wain—ai
I l—ke 2—¢ 1

where y =intensity ratio of F|  and F,, for sample and &
=intensity ratio of F, and F,, for the standard, PTFE.

Values of k, 4,, 4, employed in our calculations are
11.25 A, 8 A and 14 A respectively.
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