Surface

Modification of Poly(tetrafluoroethylene) Film by

Chemical Etching, Plasma, and lon Beam Treatments

SUNG R. KIM

SamYang Central R&D Center, 63-2 Whaam-dong, Yusung-gu, Taejon, Korea

ABSTRACT: Chemical etching, plasma, and ion beam treatments were used to modify
the surface of Polytetrafluoroethylene (PTFE). Each surface treatment method devel-
oped different surface characteristics. In addition to morphological observation, contact
angle, atomic chemical composition, and adhesion strength were measured after treat-
ment with various methods. The different adhesion strengths were explained based on
the morphology and atomic chemical composition of the treated PTFE surfaces. The
chemical etching showed substantial defluorination, and the adhesion strength was
fairly high. The argon plasma treatment introduced very large amounts of oxygen into
the surface, and the surface was very smooth with a crater-like structure. Ion beam
treatment induced a form of spires whose dimensions were of several micrometers,
depending on the ion dose, whereas the oxygen plasma-treated samples showed short
spires with spherical particles on the top. The spire-like surface morphology and
increased surface area during bonding by ion beam treatment appear to be the reason
for a higher adhesion strength than that of the oxygen plasma-treated PTFE. © 2000
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INTRODUCTION

Polytetrafluoroethylene (PTFE) has many desir-
able properties, such as chemical resistance, elec-
trical stability, low coefficient of friction, and low
dielectric constant. The properties of PTFE have
led to many successful applications, such as lining
for reactors and electrical cables, substrate for
printed circuit boards, antisticking coating for
kitchen utensils, and adhesive tapes. However,
its poor adhesion properties and poor wettability
have presented considerable problems in many
application fields.!™*

There have been many studies on improving
the surface properties of PTFE using various sur-
face modification methods. Along with wet chem-
ical treatment, plasma and ion beam treatments
are considered as the efficient surface modifica-
tion techniques. Among these methods, the chem-
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ical etching using a sodium naphthalene solution
has been used in industry for many years.® The
changes in surface chemistry caused by chemical
etching treatments were studied using X-ray pho-
toelectron spectroscopy (XPS). The surface treat-
ment of PTFE with sodium naphthalenide for 30 s
reduced the F/C ratio in the surface from 2 to
0.17, and introduced substantial quantities of ox-
ygen (O/C ratio = 0.2).° Dwight et al.” treated the
fluorinated ethylene—propylene copolymer (FEP)
with sodium in liquid ammonia. Complete deflu-
orination took place, and large quantities of oxy-
gen were introduced into the surface, including
carbonyl and carboxylic acid groups.

Many plasma methods were employed to mod-
ify fluoropolymer surfaces, and have continued to
the present.®~'? It was found that the wettability
and the critical surface tensions were changed
considerably with plasma exposure, and that pe-
riods of several tens of a second were long enough
to cause changes.'?
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The improvement of adhesion and changes of
wettability by ion beam treatment were studied.
Koh et al.1* reported the effectiveness of ion beam
treatment on the improvement of PTFE adhe-
sions. Chang et al.>® showed that ion beam tex-
turing of PTFE could enhance the adhesion be-
tween PTFE/Cu.

There has been no previous study in which the
differences of chemical etching, plasma treat-
ment, and ion beam irradiation to the PTFE prop-
erties were studied. In this study, we examined
the effects of the chemical etching, plasma, and
ion beam treatment on the morphology, contact
angle, atomic chemical composition, and adhesion
strength. In particular, the differences of adhe-
sion strength between plasma-treated PTFE and
ion beam-treated PTFE were studied. The mor-
phology, contact angle, atomic chemical composi-
tion, and adhesion of the surface-treated PTFE
were compared using a scanning electron micro-
scope (SEM), contact angle meter, XPS, and ten-
sile tester, respectively.

EXPERIMENTAL

Sample Preparation

A sheet of skived PTFE (Norton Performance
Plastics Co.) was cut into sizes of 60 X 60 X 0.15
mm?®. The samples were cleaned by isopropyl al-
cohol and dried in an oven at 60°C for 1 h to
remove any contaminant. Then, the sample sur-
faces were treated by different treatment meth-
ods.

Chemical Treatment

PTFE was chemically treated using a sodium/
naphthalene based solution (Fluoroetch®, Acton
Co.). PTFE was immersed and waved in the 50°C
Fluoroetch for 60 s. It was rinsed by isopropyl
alcohol for 20 s and by acidic water for 60 s. The
detailed chemical and processing information of
Fluoroetch can be found elsewhere.®

Plasma Treatment

Plasmas used were excited by a capacitively cou-
pled 13.56 MHz radiofrequency (Korean Vacuum
Co.) generator capable of delivering a continu-
ously varying power output from 0.05 to 150
watts. The diameter of electrodes was 120 mm.
The reactor contained mass flow controllers for
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Figure 1 Experimental setup of plasma apparatus.

argon and oxygen gas inlet, a Baratron® pressure
gauge, a rotary pump, and a diffusion pump. The
top surface of a PTFE sample was treated with a
30-watt argon and oxygen plasma with various
treating times. The lower end of the electrode
(Fig. 1) was biased with —100 volts to produce the
effect of plasma etching. The base pressure of the
plasma chamber was down to 1 mTorr, and the
treating gas was fed to the chamber until the
pressure reached the working pressure of 20
mTorr. A schematic presentation of the plasma
treatment apparatus used is given in Figure 1.

lon Beam Treatment

The ion beam system used was similar to that
used in previous studies, and detailed informa-
tion can be found elsewhere.!* An RF grid-type
ion gun was used with an ion dose of argon and
oxygen ions of 5 X 105 to 1 X 10'7 ions/cm?. The
ion dose was measured by a Faraday cup. The ion
beam energy was 1000 eV, and ion current was 25
mA. Argon and oxygen gases were fed into the ion
gun to produce ionized beams, and the purity of
each gas was 99.99%. The base pressure of vac-
uum chamber before irradiation was 3 X 107°
Torr, and it became 2.5 X 10~ * Torr after irradi-



ation. The samples were placed normal to the ion
beam, and the distance between the ion gun
source and the sample was 22 cm.

Characterization

The control and surface-modified films were char-
acterized using SEM. A JEOL-type JSM-35CF
apparatus was used. The films were sputtered
with gold (with a Balzers Union Sputter appara-
tus), and analyzed at an angle of 60° at different
magnification.

Changes of the chemical bond environment of
the treated samples were examined using the
ESCALAB 200R XPS system (V.G Scientific,
U.K.). Al K-alpha line (300 W) was used as a
source of excitation. A take-off angle was 90° with
respect to the sample surface. Whenever fluorine-
containing surfaces were analyzed, a clean PTFE
sample was also analyzed to determine a correct
empirical sensitivity factor for the fluorine 1s
peak.

The wettability of PTFE was measured before
and after treatment using a contact angle meter
(Tantec Co., Model: CAM FILM). The test liquid
was triple distilled water. The contact angle mea-
surements were performed on all modified and
control surfaces at room temperature. The values
of contact angles were taken as average values of
five drops at different places on untreated and
modified surfaces.

The adhesion strength of the treated PTFE was
measured by means of a T-peel test with a PTFE/
epoxy adhesive/PTFE configuration. The width of
test film was 5 mm. Devon® 2-Ton Epoxy was
mixed with hardener in the ratio of 1 : 1 by weight
to use as an adhesive for measuring peel strength.
The adhesion strength was measured after 3 h
curing at 60°C. The epoxy adhesive bonded sam-
ple was tested in a United® tensile tester with a
crosshead speed of 50 mm/min.

RESULTS AND DISCUSSION

Scanning Electron Microscopy Studies

The morphology of an untreated virgin PTFE sur-
face by SEM is shown in Figure 2. The surface
showed a porous structure with different pore
sizes up to 1 wm.

The chemical etching using Fluoroetch is
known to be a very effective method for PTFE.
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Figure 2 SEM photograph of untreated PTFE.

The surface morphology of the chemically etched
PTFE for 1 min is shown in Figure 3(a). Deep mud
cracks were formed on a virgin PTFE surface
using a Fluoroetch. Crack density (number of
cracks/unit area) and crack depth were increased
with increasing the etching time, and all the
cracks had random directions. There were no
globules or spires on the treated surface, which
were characteristics of plasma or ion beam-
treated PTFE surfaces. The PTFE was discolored
to dark brown by the chemical treatment.

The interactions of plasma gases with a poly-
mer surface include physical bombardment by en-
ergetic ions, UV irradiation, and chemical reac-
tions at the surface, which results in cleaning
(etching), crosslinking, and formation of new
chemical groups.'®

We evaluated the influence of plasma treat-
ment time, and used gas on the morphology of the
plasma-treated PTFE. The argon and oxygen
gases were used to see effects of feed gas on the
surface properties of plasma-treated PTFE. Fig-
ure 3(b) and (c) shows the photographs of PTFE
surface after 30 min of argon and oxygen plasma
treatments, respectively. The surface morphology
was altered by the plasma treatments. The oxy-
gen plasma-treated PTFE gave different morphol-
ogy compared to that of the argon plasma-treated
PTFE. The spire-like structure with spherical
particles on the peak was observed after treating
samples with oxygen plasma, whereas a rela-
tively smooth layer with a crater-like morphology
was observed with the argon plasma treatment.
The reasons for the different morphologies with
different gases have not been clearly understood.
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Figure 3 SEM photographs of (a) chemically treated, (b) argon plasma-treated, (c) an
oxygen plasma-treated, and (d) an argon ion beam-treated PTFE.

The different reaction mechanism could lead to
different morphologies. It seems that surface
structure was substantially changed by the argon
plasma treatment. A longer irradiation time than
180 s with an argon plasma of 100 watts caused
heavy degradation of the PTFE surface.® Rela-
tively long treatment time with —100 V bias in
this study might have induced the heavily dam-
aged morphology by argon plasma treatment, as
shown in Figure 3(b). Figure 3(c) shows that sev-
eral spherical particles are hung over the top of
the peak on the oxygen plasma-treated PTFE. It
is believed that the spherical particles are pro-
duced by plasma polymerization at oxygen
plasma environments. The plasma polymeriza-
tion of heavily etched PTFE particles and work-

ing gases might be facilitated at a relatively high
processing pressure of plasma treatment.

The SEM photograph of the argon beam-
treated PTFE at a 1 X 10'7 ion dose is shown in
Figure 3(d). The apparent morphology changes
were observed after the ion beam treatment. The
ion beam treated sample shows a widely spaced
spire-like surface at 1 X 10'7 jons/cm?. The argon
and oxygen ion beam treatment gave very similar
surface morphologies. The ion beam-treated
PTFE showed different morphologies compared to
the oxygen plasma-treated samples in Figure 3(c).
It does not show any spherical particles on the top
of spires. Taller spires are observed with the ion
beam treatment than that of the oxygen plasma
treatment. The spires became sharper and taller



Table I XPS Results of PTFE

F/C 0o/C
Sample Ratio Ratio
Untreated PTFE 1.975 —
Chemical etching (Fluoroetch®),

1 min 0.021 0.348
Ar 30 min plasma 1.435 0.488
Ar 30 min plasma and tape

peeled 1.766 0.083
0O, 30 min plasma 1.863 0.044
O, 30 min plasma and tape

peeled 2.097 0.019
Ar ion beam 5 x 10'° 1.921 0.021
Ar ion beam 1 X 10'¢ 1.851 0.023
Ar ion beam 1 X 107 1.879 0.003
O, ion beam 5 X 10'° 1.841 0.040
0, ion beam 1 X 10'¢ 1.667 0.057
O, ion beam 1 x 107 1.825 0.031

upon increasing the ion dose, reaching several
micrometers at longer ion beam treatment times.
The morphology changes are comparable to those
shown in the previous studies.*%1*

X-ray Photoelectron Spectroscopy Studies

The chemical changes in atomic composition of
the material can be effectively investigated using
an XPS.

The atomic composition ratio changed mark-
edly by chemical etching. The F/C ratio decreased
to 0.021, and the O/C increased up to 0.348, in a
60-s chemical treatment as shown in Table 1. Ap-
parent defluorination and oxidation occurred by
the chemical treatment. There was no significant
difference in the atomic chemical composition be-
tween 60-s and 5-min treatments. It appears that
most of the chemical change occurred in a very
short time. The 60-s treatment was sufficient to
cause substantial modification of the surface, and
a longer treatment time caused only a small ad-
ditional modification.

The argon plasma-treated PTFE sample has a
larger O/C ratio (0.488) than that of the oxygen
plasma-treated PTFE, as can be shown in Table I.
The former is 10 times higher than the latter.
This observation is in marked contrast to the very
low oxygen content observed by Youxian et al.'® It
appears that oxygen functional groups are formed
on the PTFE surface by argon plasma treatment.
The lower values of the contact angle support the
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higher O/C ratio at the argon plasma treatment.
Polymerization might have occurred during
plasma treatment or during aging in air, which
lead to a high O/C ratio. Peroxy groups were
formed on the treated surface of PTFE by a com-
bination of argon plasma irradiation and air ex-
posure.'> When PTFE was irradiated with argon
plasma, radicals were easily formed on the PTFE
surface. The radicals were rapidly modified into
corresponding peroxy radicals by contacting with
air. The newly formed peroxy radicals were stable
at room temperature for a long time.'® At the
same time, the F/C ratio decreased to 1.435 by the
argon plasma treatment. The value is very low
compared to the theoretical ratio of 2 of the un-
treated PTFE and the ratio of ion beam-treated
samples in this study.

Oxygen plasma promoted etching via preferen-
tial attack of the carbon—carbon bonds.*® Contin-
uous etching may keep the freshly revealed PTFE
surface all the time and the O/C ratio become very
low, and it may not change with time.

To see the atomic composition change in the
thickness direction of the treated PTFE samples,
a 3M double-sided acrylic adhesive tape was
bonded onto the plasma-treated PTFE surface
and was subsequently peeled from the surface.
The F/C ratio of the new surface increased from
1.435 to 1.766 for the argon plasma-treated sam-
ple. A similar increase from 1.863 to 2.097 was
observed for the oxygen plasma-treated sample
(Table I). The O/C ratio decreased on the surface
after adhesive tape was peeled from the argon
and oxygen plasma-treated samples. The weakly
bound oxygen-containing materials formed dur-
ing plasma treatments were detached from the
surface by the adhesive tape.

The small amount of the oxygen groups was
formed by ion beam treatments. The F/C ratio
was minimum, whereas the O/C ratio was maxi-
mum by argon ion beam treatment at a 1 X 10'¢
ion dose. The same trend with the ion beam dose
was observed by oxygen ion beam treatment. The
oxygen content decreased to near zero at a 1
X 10'7 argon ion dose.

Wettability and Aging Tests

Measurement of the contact angle with the sur-
face permits a rapid and qualitative evaluation of
polymer surface energy. The water contact angle
of the untreated PTFE was found to be ca. 105°,
and this high contact angle of PTFE is very spe-
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Figure 4 The contact angle with various plasma
treatment time.

cial among polymeric materials. It implies that
PTFE has a very low surface energy.

Chemical etching lowered the contact angle of
PTFE to 50°, and defluorination might be the
reason for the very low contact angle. The contact
angle was greatly lowered by the argon plasma
treatment, as shown in Figure 4. It decreased to
30° by 60 min of the argon plasma treatment.
This low value of the contact angle of treated
PTFE is very unusual among the treatment
methods used in this study. A rapid decrease of
the contact angle by the argon plasma treatment
could be related to the dramatic change in surface
chemistry. The very high O/C ratio and the low
F/C ratio of the argon plasma-treated sample
might lead to the low contact angle. The contact
angle was slightly increased by oxygen plasma
treatment. The result is consistent with previous
result.!! Fluoropolymers were resistant to oxygen
attack, and both surface degradation and oxygen
incorporation were found to be small for oxygen
plasma-treated PTFE.'’

The contact angle of PTFE was increased by
argon and oxygen irradiation. The contact angle
of the ion beam-treated PTFE samples were
larger than 140° at a 1 X 10'7 ion dose, and the
water droplet had a tendency to roll on the PTFE
surface. The composite surface,'® characterized
by spire-like peaks and open spaces between
peaks, is the reason for the enhanced nonwetting
characteristics of PTFE. Little difference in con-
tact angle between oxygen and argon ion beam
treatments was observed. It could be thought that
the morphology is dominant, and the chemical
effect by different gas is negligible.

To investigate the effects of aging or posttreat-
ment, the treated surfaces of PTFE were exposed

to air for various times. The changes in the con-
tact angle of the chemically etched, plasma-
treated, and ion beam-treated surfaces as a func-
tion of air exposure time are shown in Figure 5.
The contact angle of the chemically etched surface
increased to 65° from 50° after an hour of air
exposure, but it remained constant afterwards.
This is one of the evidences that the chemical
functional group formed during chemical etching
may disappear in an hour, but the effect of deflu-
orination is effective for a long time. The defluori-
nated PTFE has similar contact angles to that of
polyethylene.

The contact angles of argon plasma and oxygen
plasma-treated PTFE decreased in 1 and 5 h of
aging, respectively. The decreased contact angles
were unchanged by a long time exposure.

The ion beam-treated samples did not show
any changes of contact angle with aging. The
spire structure made the water drop to roll on the
PTFE even after a long aging time. This implies
that the ion beam-treated samples maintained
the spire-like structure, and there is no signifi-
cant chemical change on the surface.

Adhesion Tests

Adhesion is a complex phenomenon related to
both physical and chemical effects.!® The peel
strength of Fluoroetch was about 100 g/mm. The
high peel strength of Fluoroetch-treated PTFE
may well be due to a combination of defluorina-
tion and introduction of an oxygen group together
with a favorable surface topography. Defluorina-
tion took place more effectively by chemical etch-
ing than the other surface treatments.

Figure 6 shows the peel strength of plasma-
treated PTFE with various treatment times. It
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Figure 5 The contact angle changes with various air
exposure time.



shows that the adhesion strength increases with
treatment time. The peel strength was near zero
without any surface treatment. It increased to
about 8 g/mm after 60 min of oxygen plasma
treatment, and to 28 g/mm after 60 min of argon
plasma treatment. The increase of adhesion
strength of PTFE by plasma treatments can be
related to the formation of the chemical func-
tional groups on the sample surfaces. If we ignore
the different morphology effects onto adhesion
strength, the higher adhesion strength of argon
plasma-treated PTFE than that of the oxygen
plasma-treated PTFE can be explained by the
higher ratio of O/C (0.488) with the argon plasma
treatment. The adhesive tape peeling after bond-
ing to the plasma-treated PTFE had the particles
on the top of the spire detached. This implies that
a weak bond exists between the spherical parti-
cles on the spire and the base spire. This could be
one of the reasons why the oxygen plasma-treated
sample has a lower peel strength than the ion
beam-treated sample.

The increase of peel strength with ion dose is
shown in Figure 7. Argon and oxygen ion beam
treatments showed roughly the same values of
peel strength at each ion dose. The peel strength
at the ion dose of 1 X 107 is about 80 g/mm. It is
10 times larger than that of the 60-min oxygen
plasma-treated one. The surface morphology and
atomic chemical composition differences between
ion beam treatment and oxygen plasma treat-
ment appear to produce the different peel
strengths. The high peel strength of the ion beam-
treated PTFE with epoxy adhesives could be re-
lated to its large contact area of spire-like surface
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Figure 6 The peel strength with various plasma
treatment time.
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structure of PTFE. The XPS study shows that
only a very small amount of oxygen is incorpo-
rated on the surface during the ion beam treat-
ment, and the contribution to the adhesion
strength by the chemical change appears to be
very small. This fact was confirmed by the contact
angle measurement with aging. The contact angle
did not change with aging in air for the ion beam-
treated samples, as shown in Figure 5. The peel
strengths were not related to the differences in
F/C and O/C ratios of the ion beam-treated sam-
ples.

Therefore, it may be concluded that the major
factor for adhesion enhancement of the ion beam-
treated PTFE is morphology. From the mechani-
cal point of view, formation of the regularly tex-
tured spire-like surfaces of PTFE allows an in-
creased surface area for bonding and strong peel
strength.

The author thanks Ms. Ju-Yeon Lee for the peel tests,
and Ms. Sun-Hee Lee for SEM photographs.
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