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Poly(tetrafluoroethylene) (PTFE) films and fibres were surface modified by different methods (chemical
and plasma treatments) to improve their wetting and adhesion properties. Both chemical and, to a lesser
extent, ammonia and hydrogen plasma treatments have been shown to greatly enhance the adhesion
between PTFE and an epoxy resin. In the last case (ammonia and hydrogen plasma treatments), the
adhesion increase has been reiated to the degree of defluorination rather than to the presence of polar
functions at the surface. In the case of the chemical treatment, in addition to the defluorination, the
incorporation of a large amount of oxygen moieties can play an important role in adhesive properties. In
all cases the failure zones, observed by X-ray photoelectron spectroscopy after pull-off tests, are
characteristic of a cohesive failure. The differences between the chemical and the plasma treatments have
been attributed to the modified depth, which is more important in the former case. Fibre wettability is
enhanced by a previous ammonia plasma treatment making easier the formation of an epoxy
microdroplet for microbond tests. For ammonia-plasma-treated PTFE fibres the ultimate load increases;
this cannot be attributed to a debonding process since either the droplet or the fibre breaks.

(Keywords: poly(tetrafluoroethylene); remote microwave plasma; surface modifications; epoxy resin adhesion; pull-off test;

microbond test)

INTRODUCTION

Poly(tetrafluoroethylene) (PTFE) has  excellent
chemical resistance and low moisture absorption but
exhibits poor adhesion to a thermoset matrix. Much
effort has focused on the surface modification of
PTFE, primarily by chemical treatment' ™ (etching
treatment) and radio-frequency plasma treatments’ '’
All of these modification techniques tend to improve
the PTFE wettability and to optimize PTFE-matrix
interactions'®. Very few studies'® are concerned with
the remote microwave plasma treatment, the main
advantage of which is to prevent the electrons and ions
of the plasma hitting the surface to be treated. In
previous studies®®?', we have investigated the surface
modifications of PTFE induced by a microwave
plasma treatment, by means of contact angle measure-
ments and X-ray photoelectron spectroscopy (XPS)
analysis. We have shown that, under our conditions
(remote treatment), oxygen or oxygen/nitrogen
mixtures were inefficient to modify the surface of
PTFE and thus to improve the adhesion properties.

iTo whom correspondence should be addressed

However, ammonia or hydrogen plasma treatments
produced significant surface modifications depending,
in the case of ammonia treatment, on various
parameters such as exposure time, power and gas flow.
The surface modifications included an important
defluorination, the appearance of C=C or C-H groups
for both hydrogen and ammonia treatments and, in
addition, the incorporation of nitrogen-containing
groups for the ammonia treatment, rendering the
PTFE surface more hydrophilic. This paper is now
concerned with adhesion measurements. The influence
of hydrogen and ammonia remote microwave plasma
treatment on PTFE-epoxy resin adhesion will be
described and compared with the results obtained after
a chemical treatment of the PTFE surface. Both PTFE
films and fibres will be considered.

EXPERIMENTAL

Two kinds of PTFE substrate were used in this study: a

4 mm thick sheet from Gaflon and fibres from Du

Pont (monofilament diameter in the 20-26 um range).
The PTFE shects and fibres were treated in the
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plasma apparatus previously described®®, using a
2.45 GHz microwave generator. Two gases— hydrogen
and ammonia—were employed. In all cases, the
samples were placed 30 cm from the centre of the
discharge.

The chemical treatment consisted of a commercial
Tetra-Etch treatment (Gore). The sample was covered
with the sodium-naphthalene complex in solution in
ethylene glycol dimethyl ether. After 1min, it was
washed with water and then with methanol.

All the modifications carried out to PTFE sheets
were evaluated by contact angle measurements and
XPS analysis. The contact angle 6 was evaluated from
the height and the base diameter of a sessile drop, by
assuming the contour to have a circular shape.
Measurements using water and methylene iodide
allowed the calculation of both the dispersive and the
non-dispersive components of the surface energy®.
XPS analyses were carried out using an ESCASCOPE
apparatus (Vacuum Generators) with an unmonochro-
matized Al-X-ray source (hv = 1486.6¢V). The X-ray
source power was set to 300 W to prevent degradation
of the sample during the measurements. The binding
energies were calibrated against the value of the alipha-
tic C 1s component centred at 285.0eV.

Two tests were used for the adhesion measurements:
the pull-off test performed on the sheets and the
microbond technique on the fibres. For the pull-off test
(Figure 1), an aluminium stud (diameter 20 mm) was
adhesively bonded with an epoxy resin to the PTFE
substrate and a 4.9N load applied to the stud for 12h
at 50°C. After curing, the excess adhesive due to flow
around the stud was removed by trimming. This
operation was made easier because an exactly 20mm
diameter area was plasma-treated and the untreated
PTFE shows very poor adhesion to the epoxy resin.
The test was performed using an Instron tensile testing
machine at 5mm min~' displacement rate. The average
of the ultimate load (L,) values is reported and, after
testing, the failure zone was studied by XPS to find out
whether the failure was cohesive or adhesive type.

Following the microbond technique developed by
Miller et al.?, a small amount of resin was deposited
on a single fibre to form discrete microdroplets.
Following appropriate curing, the droplets were
debonded in shear away from the fibre at 0.1 mm min~!
displacement rate.

RESULTS AND DISCUSSION

Adhesive properties and PTFE sheets

*Chemical treatment. Defluorination resuiting in
the formation of unsaturated bonds is deduced from
the colour change of the PTFE, which becomes brown
after the chemical treatment. Such behaviour has been
already reported in the literature’ ™. The defluorination
is confirmed by the XPS results (Table 1) which show a
decrease of the F/C atomic ratio from 2.5 to 0.2. At
the same time, incorporation of a large amount of

oxygen and a small amount of nitrogen can be noticed.

A large decrease of the contact angles of water and
methylene iodide, from 115 to 52° and from 84 to 23°,
respectively, is observed. This leads to an increase of
both the dispersive (y) and non-dispersive (yF)
components of the surface energy (Table I).

This treatment leads to an increase of the ultimate
load which reaches a value of 800+ 100N. Before
treatment it is 31 £ 17N.

Ammonia plasma treatment. It has been shown®'
that the surface modifications induced by ammonia
plasma are dependent on power, gas flow and
treatment time. As confirmed by the evolutions of the
defluorination rate, the oxygen and nitrogen contents,
and the dispersive and non-dispersive components of
the surface energy, the treatment is more efficient:

e when the gas flow decreases;
e when treatment time is longer than 120s;
e when the power is larger than 350 W.

In Table 1 are reported the F/C, O/C, N/C atomic
ratios and the values of dispersive and non-dispersive
components of the surface energy for optimized plasma
treatment conditions (500 W, 30sccm (standard cubic
centimetre per minute), 120s). As previously observed
with the chemical treatment, the ammonia treatment is
accompanied by a large amount of defluorination,
incorporation of oxygen and nitrogen species, and by
an increase of both y° and *.

The adhesive properties of the treated samples are
presented in Figures 2 and 3. Although the standard
deviations are large, we notice a significant increase of
the ultimate load as the power of the treatment
increases. Furthermore, the adhesive properties are
much better when the samples are treated with a low
gas flow. With regard to the influence of the treatment
time, the ultimate load increases rapidly for plasma

Figure 1 Schematic illustration of the pull-off test

Table 1 F/C, O/C and N/C atomic ratios, dispersive (yP) and non-
dispersive (y¥) components of the surface energy of the PTFE after
various treatments and ultimate load at break (L,) measured by the
pull-off test between PTFE and an epoxy resin

Treatment D i
conditions F/C O/C N/C (mNm') (mNm™) L,(N)

Untreated 2.50 0.06 - 16.2 0.2 31+17
NH; plasma® 0.74 0.10 0.18 350 13.8 195+ 42
H, plasma® 0.78 0.10 - 33.0 3.8 189 £ 21
Tetra-Etch 022 0.19 0.04 49.0 13.2 800 + 100

2 Treatment conditions: 500 W, 30sccm, 120s
® Treatment conditions: 350 W, 100sccm, 120s
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Figure 2 Ultimate load at break as a function of the ammonia

plasma power for different gas flows: A, 30sccm; O3, 110scem; W,
200 sccm
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Figure 3 Ultimate load at break as a function of the ammonia
plasma exposure time for different gas flows: A, 200 W-30sccm; O,
500 W-30sccm; O3, 500 W-110sccm

exposure times less than 120s and then it stays roughly
constant. The adhesion properties are thus well related
to the chemical surface modifications. Finally, the
ammonia plasma treatment leads, under optimized
conditions, to a sixfold increase of the ultimate load
(Table 1).

*Hydrogen plasma treatment. Unlike the ammonia
plasma treatment, the hydrogen plasma treatment is
not dependent on power, gas flow or exposure time?'.
Like ammonia treatment, it leads to a decrease in
fluorine content (the F/C ratio is equal to 0.78, thus
similar to that obtained after NH; plasma treatment)
and to incorporation of a small amount of oxygen on
the surface; however, no nitrogen species are
introduced. Consequently, no great increase of the
non-dispersive component of the surface energy is
evidenced (Table I). In spite of this difference, the
ultimate load measured with the pull-off test is similar
to that obtained for NH; optimized treatment
conditions (Table I).

*Comparison between the different treatments. To
summarize, all of the tested treatments lead to a high
defluorination rate, more important, however, in the
case of the chemical treatment. A noticeable amount of
oxygen is incorporated mainly with the Tetra-Etch
treatment. Nitrogen-containing species are mostly
present with ammonia plasma treatment.

All the treatments increase the surface energy. The
dispersive components are similar whatever the
treatment, but the non-dispersive ones are better
enhanced with ammonia plasma treatment and Tetra-
Etch than with the hydrogen plasma treatment, due to
a higher amount of polar moieties on the surface.

Hydrogen and ammonia plasma treatments increase
the ultimate load by a factor of six relative to the
untreated PTFE surface. This improvement seems to
be more related to the degree of defluorination rather
than to the presence of polar species at the surface.
However, this load remains low compared with the one
obtained with Tetra-Etch, as observed by Kaplan et
al'. Indeed, in addition to the defluorination, the
oxygen uptake induced by the chemical treatment may
also contribute to an increase of adhesion.

To obtain more information about the failure type of
the specimens, the failure zones (PTFE side and stud
side) were analysed by XPS. Table 2 displays the C, F,
O and N percentages as well as the F/C, O/C and N/C
atomic ratios measured on untreated, chemically, NH;
and H; plasma treated PTFE, and epoxy resin. From
these results, the F/C atomic ratio appears a good
indicator of the failure zone: failure in the epoxy
matrix will lead to an F/C ratio of 0; failure in the bulk
PTFE will be indicated by an F/C ratio near 2.5; and
failure in the plasma-modified layer will give an
intermediate value.

After chemical treatment and debonding, failure
occurs in the PTFE near the modified zone: the F/C
ratio is equal to 1.6 on the stud and equal to 2.1 on the
PTFE sheet. Yamakawa?® reached the same conclu-
sion. According to him, the adhesion properties of
chemically treated PTFE are limited by the poor
properties of the modified layer and by the slight
interfacial stress between this modified layer and the
bulk PTFE.

With respect to the ammonia and hydrogen plasma
treated samples, the same conclusions are reached. The
F/C ratios measured on the stud and on the PTFE
sample after NH; plasma treatment are both equal to
2.5. Similar results are obtained after hydrogen plasma
treatment where an F/C ratio of 2.4 is obtained on the
PTFE side.

Table 2 XPS chemical composition of all components used to
realize the PTFE/epoxy matrix composite

C(%) F(%) O(%) N(%) F/C O/C N/C

Untreated 27.7 705 1.8 00 25 0.07 0.00
PTFE

Chemically- 68 147 132 27 022 019 004
treated PTFE

NH;-treated 494 36.6 4.9 91 074 0.10 0.18
PTFE*®

H-treated 534 414 5.2 00 078 0.10 0.00
PTFE?
Epoxy matrix 78.4 0 9.9 11.7 0 0.13 0.15

“ Treatment conditions: 500 W, 30sccm, 120s
% Treatment conditions: 350 W, 100sccm, 120s
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Thus, in all cases, the locus of failure is between the
modified layer and the bulk PTFE and never between
the epoxy and the treated PTFE sample. The adhesion
properties seem then to be limited by the presence of a
weak boundary layer. The differences that we have
observed between ultimate loads for chemically treated
samples and for plasma-treated samples can be
explained by the width of the modified layer. It is well
known that chemical treatment induces modifications
to greater depths than plasma downstream
treatment™?*, Thus the modifications are probably
more gradual than in the case of plasma treatment,
explaining the better cohesion between the modified
layer and the bulk material.

Adhesive properties of the PTFE fibres

The pull-off test results have shown an increase of
the adhesion properties of the plasma-treated PTFE
and they allow a better understanding of the failure
mechanism. Nevertheless, this kind of test is not at all
representative of what happens in a composite. Indeed,
in the pull-off test, the specimens are loaded in tensile
mode whereas in a composite the interface is loaded in
shear mode. In the following, the effects of an
ammonia plasma treatment on the adhesion properties
between a single fibre and the epoxy resin is investi-
gated by the microbond technique.

To make microdroplet formation easier, we chose an
epoxy system with a low viscosity: it is composed of
bisphenol A diglycidyl ether and methyl tetrahy-
drophthalic anhydride with » = 0.85 and 1% by weight
of methyl imidazole. The glass transition temperature
of the network is 135°C after the curing cycle (1h at
100°C and 5h at 160°C).

The treatment conditions applied to the fibres
(500 W, 30sccm, 120s) were chosen following the
results obtained from the pull-off test, where this
treatment led to a six-fold increase of the pull-off
ultimate load.

Before any treatment, it was very difficult to deposit
correctly a microdroplet on the untreated fibres as
observed in Figure 4. Nevertheless, some axisymmetri-
cal microdroplets were obtained and they allowed
measurement of the microdebonding load as a function
of the embedded length (Figure 5). The type of load—
displacement curve obtained is presented in Figure 6a
and is representative of a debonding process. Due to
the great difficulty in depositing large axisymmetrical
microdroplets on untreated PTFE fibres, we will
restrict our discussion to embedded lengths smaller
than 200 um. In this region, the debonding load is
directly proportional to the embedded length and a
mean interfacial shear stress can be calculated follow-
ing:

T:Fd/T[DfL

where Fy is the debonding load (Figure 5), Dy the fibre
diameter and L the embedded length. A mean value of
1.5 MPa is obtained from the initial slope.

Figure 4 Non-axisymmetric resin droplet on an untreated PTFE
monofilament
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Figure 5 Debonding load as a function of the embedded length for
untreated PTFE fibres ([(J) and for NH; plasma (500 W, 30sccm,
120s) treated PTFE fibres ()
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Figure 6 Various types of load—displacement curve obtained during
the microbond test, indicative of (a) a debonding process and (b)
fibre or matrix failure

After microwave plasma treatment the fibre wettabil-
ity increased, making microdroplet formation easier.
The evolution of the debonding load as a function of
the embedded length is presented in Figure 5, underlin-
ing a significant increase of the adhesion properties
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after plasma treatment. In this case, the load—displace-
ment curve obtained is represented in Figure 6b. The
maximum load in this case is not representative of a
debonding process but corresponds to the droplet or
even to the fibre breaking as shown in Figures 7 and 8.
After the plasma treatment, the adhesion properties are
enhanced so that the droplet or the fibre breaks before
the debonding process occurs.

CONCLUSION

The pull-off test results have shown a significant
increase of the adhesion properties of PTFE surfaces
treated by both hydrogen and ammonia plasmas, and
by chemical treatment. These properties are mostly
attributed to defluorination of the surface and the
incorporation of a large amount of oxygen moieties
in the case of chemical treatment. Hydrogen and
ammonia plasma treatments increase the ultimate
load by a factor of six, but their efficiencies remain
low compared with the Tetra-Etch treatment. In all
cases, failure appears in the weak boundary layer.
Since the chemical treatment penetrates more in depth
than the plasma treatments™*, the modifications are
more gradual in the former case and lead to better
cohesion between the modified layer and the bulk
material.

The adhesion results obtained by the microbond
technique demonstrate the increased adhesive proper-
ties of the ammonia-plasma-treated PTFE fibres.

Figure 7 Matrix failure during the microbond test applied to an
NH;-treated PTFE fibre/epoxy assembly

Figure 8 Fibre failure during the microbond test applied to an NH;-
treated PTFE fibre/epoxy assembly

Furthermore, such a treatment leads to an enhanced
wettability of the fibres by the epoxy resin.
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