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ABSTRACT: A plasma technique was applied to modify the surface of polytetrafluoro-
ethylene (PTFE) fiber to improve the compatibility between PTFE and polyacetal
(POM). This technique used argon (Ar) plasma to treat PTFE fiber first and then
grafting the fiber with acrylic acid (AAc) by peroxidation. The Ar plasma-treated PTFE
(PPTFE) fiber and AAc-grafted PPTFE (AAc-g-PPTFE) fiber were added into POM to
increase the wear resistance and to decrease the friction coefficient of POM. The
variables of the experiments were plasma treatment time, monomer concentration of
AAc, and grafting time. The graft copolymer was characterized by Fourier transform
infrared (FTIR) spectroscopy. The stress—strain behavior, impact strength, Taber wear
factor, friction coefficient, and morphology of composites were also investigated. The
properties of POM/PTFE composites could be successful modified by surface modifica-
tion of PTFE in this investigation. The impact strength of POM/AAc-g-PPTFE compos-
ites was more than twice of that of POM/PTFE composites. The Taber wear factor and
friction coefficient of POM/AAc-g-PPTFE composites decreased markedly. © 2000 John

Wiley & Sons, Inc. J Appl Polym Seci 78: 800—807, 2000
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INTRODUCTION

Polyacetal (POM) resins are available as ho-
mopolymers and copolymers. They are plastics
with strength approaching those of nonferrous
metals. They are metal-like, strong, hard, highly
crystalline thermoplastic with a unique balance
of mechanical, thermal, chemical, and electrical
properties.! Another characteristic of POM resin
is their good wear resistance. Consequently, they
are applied as the rotating materials of mechan-
ical, electromechanical, and electronic parts. The
inherent properties of POM including wear resis-
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tance and low coefficient of friction are imparted
by additives such as PTFE,2-® carbon fiber,*°
0il,'12 aramide fiber,'®>'* or mixtures of several
additives.!®'® These additives make the resin an
excellent material for functional parts including
cams, gears, valve seat, stem parking, bearings,
thrust washers, and seals. However, in some ap-
plications the wear resistance of POM still cannot
meet the requirements. Further improvement in
wear resistance of POM is necessary.

To increase wear resistance and decrease fric-
tion coefficient of POM, the authors added PTFE
fiber as the filler in POM. The PTFE exhibits a
very low coefficient of friction, and it can easily
form a thin film on the contact surfaces in the
polymer composites. Nevertheless, fluoropoly-
mers such as PTFE, tetrafluoroethylene—hexaflu-
oropropylene copolymer (FEP), or polychloro-
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Figure 1 The self-designed rotary plasma reactor: (a)
RF generator; (b) matching box; (c) electrode; (d) Ar
gas; (e) vacuum pump; (f) vacuum gauge.

trifluoroethylene (PCTFE) usually have low
wettability and bondability with other polymers.
The adhesion between POM and PTFE is very
weak. This makes the mechanical properties of
POM/PTFE composites poor. In this study, the
authors used Ar plasma treatment and graft tech-
niques to modify the surface of PTFE fibers, so
that the low surface energy of PTFE can be in-
creased effectively. By such surface modification,
the adhesion between PTFE fibers and POM
could be increased, which leads to the improve-
ment of friction, wear, and mechanical properties
of POM/PTFE composites.

EXPERIMENTAL PROCEDURES

Materials

The PTFE fiber (L = 6 mm, I/D = 300) used in
this study was a commercial product (Japan
Showa Industry Co. Ltd.) designated as TOYO-
FLON 1200-180-200. The POM was a commercial
product (Taiwan Engineering Plastics Co. Ltd.)
designated as M90-02, with the following charac-
teristics: specific gravity = 1.41 g/cm?®, melt flow
index = 8-10 g/10 min. The acrylic acid (98%,
Wako Chemical Ind.) was used after purification
by distillation. Riboflavin(C,;H4,N,Og4, Sigma
Chemical Co.) was used as purchased. An antiox-
idant, 2,2-Methylene bis-(4-methyl-6tert Butyl-
phenol) (EP grade, made by Japan Tokyo Kasei),
was also used as purchased.

Argon Plasma Treatment

A schematic diagram of the main part of the self-
designed rotary glow discharge reactor used in
this work is represented in Figure 1. The size of

the outer cylindrical stainless steel vacuum
chamber was about dia. = 30 cm, L = 20 cm. The
size of the inner rotary mixing cylinder was about
dia. = 15 ¢cm, L = 15 cm, which was driven by a
vacuum motor. The electrodes were in the form of
columnar Cu stick stretching to the center of the
inner cylinder. The PTFE fibers were put in the
rotating inner cylinder and subjected to Ar
plasma treatment. Prior to the start of plasma,
the pressure in the chamber was reduced to 150
mTorr by a vacuum pump. Then the pure argon
(99.999%) gas was introduced into the stainless
steel chamber maintain a pressure at about 250
mTorr by adjusting the microthrottle valve on the
Ar-inlet tube. After the pressure became stable,
plasma was started by a RF power generator
(13.56 MHz) operating at 20 watts. The plasma
treatment time was 5-30 min.

UV-Induced AAc Graft Polymerization

After plasma treatment was done, the plasma
pretreated PTFE fibers (PPTFE) were exposed to
the laboratory atmosphere for about 5 min before
grafting. In grafting polymerization with AAc
(AAc-g-PPTFE), the PPTFE fibers were placed in
an airtight, cylindrical bottle containing an aque-
ous solution of 400 mL of AAc and 100 mL of 0.02
g/L riboflavin. Then the bottle was put in between
two UV light sources, which were halide lamps of
300 W. The distance from the UV light sources to
the bottle was 10 cm. The exposure time was
designed to be 5 min, 10 min, and 30 min. The
concentrations of AAc solution for grafting were 5
wt % or 10 wt %, or 20 wt %.

FTIR Spectra

The characteristic absorption peaks of functional
groups of PPTFE or AAc-g-PPTFE fibers were
detected by a JASCO FT/IR-300E IR (infrared)
spectrometer. For FTIR measurement, infrared
spectra were obtained with spectrometer in polar-
ized reflection (PR) method. The PR method
makes good use of light parallel to the incident
angle, thus removing the perpendicular elements
of the incident light. It is, therefore, used for
measurement of an extremely thin film (20 Ato3
pm) on the polymer surface.

Blending

After plasma treatment and graft polymerization,
the fibers were continuously blended with POM
by melting (180°C) and rotary (30 rpm) mixing in
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a Brabender Plasti-Corder Torque Reometer
(PLE-330). During blending, POM and PPTFE or
AAc-g-PPTFE were added into the Brabender
with weight ratios of 100/0, 95/5, 90/10, 85/15, and
80/20 of POM/PPTFE. All the composites were
added with 0.2 phr of antioxidant. Each blending
of composite was completed in 10 min.

Friction Coefficient

The coefficient of friction was measured according
to ASTM D1894-90 test method with a friction
testing machine (model 1055D, Kayeness Inc.).

Taber Wear Factor

The Taber wear factor of each specimen was mea-
sured according to ASTM D1044 by a Taber wear
machine (model 5130). Taber resistance measure-
ments were run with HV-22 wheels under a load
of 1 kg at ambient temperature (ca. 30°C). Taber
wear factor was the loss mass in milligram per
one thousand cycles of abrasion. The unit of Taber
wear factor is mg/1000 cycles.

Mechanical Properties

Tensile properties were measured according to
ASTM D638 using an Instron universal testing
machine (model 4400). The samples were
stretched with a 500 kg load cell at a drawing
speed of 5 mm/min. Notched Izod-impact strength
was measured according to ASTM D256, and im-
pact energy was 60 kg-cm.

RESULTS AND DISCUSSION

FTIR Spectra

FTIR spectra of PTFE fibers after various treat-
ment conditions were illustrated in Figure 2.
When FTIR was operated in the PR method, in-
cident and polarized angles were set constant at
80° and +90°, respectively. Under such a condi-
tion, measurement depth of samples was about 20
A. The FTIR spectra of PTFE fibers after various
plasma treatments and the spectrum of original
PTFE fiber all showed that the rocking and wag-
ging absorption of CF, appeared at 503 cm ™! and
620—640 cm !, respectively. In addition, a strong
vibration absorption of CF, was observed at 1272
cm !, In his report, Wu'® mentioned that a strong
vibration absorption of CF, appeared at 1200-
1350 cm ™~ !. On the PPTFE fiber (20 W, 30 min),
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Figure 2 The FTIR spectra of various kinds of fibers:
(a) PTFE; (b) PPTFE; (c) AAc (20 wt %)-g (5 min)-
PPTFE (20 W, 30 min); (d) AAc (20 wt %)-g (10 min)-
PPTFE (20 W, 30 min); (e) AAc (20 wt %)-g (30 min)-
PPTFE (20 W, 30 min).

asymmetric stretching absorption of CF, ap-
peared at 1450-1550 cm ™ '. The absorption of
—CF=CF— and —CF=CF, appeared at 1733
em ! and 1790 cm™ !, respectively. The
—CF=CF— bond formation on the plasma-
treated PTFE surface also had been shown by
X.P.S.2% These results suggested that fluorine at-
oms on the surface of PTFE fiber were impacted
by high-energy ionization gas. Because of deflu-
orination, the structures of surface molecule were
changed as described above. Figure 2 shows that
the intensities of CF, vibration absorption at
1272 cm ! were decreased upon defluorization.
Well?! treated PTFE?! with an Ar ion beam to
modify its surface, and he reached the same con-
clusions. Huang and Chiang®? also reported that
the surface of the Na-naphthalene complex-
treated PTFE powder formed the —CF=CF—
double bond structure. In this investigation, the
activators will be homogeneously introduced on
the surface of the PTFE fiber by Ar plasma. Con-
sequently, the plasma-treated PTFE fiber can be
grafted with monomer acrylic acid (AAc) at these
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(a) untreated PTFE (b) treated PTFE(20W, Smin)

(c) treated PTFE({20W, 15min)

(d) treated PTFE(20W, 30min)

Figure 3 SEMs of the PPTFE fibers surface with
various plasma-treated times.

active sites of the fibers under the irradiation of
the UV light.

Functional groups of AAc were observed on
FTIR spectra of AAc-g-PPTFE fibers. PPTFE fi-
bers that were grafted in the 20 wt % AAc solution
by UV light for 5, 10, and 30 min were illustrated
in Figure2(c—e) curves, respectively. The forma-
tion of —OH (3600 ¢cm '), —CH (2960 cm ™),
—COOH (3000 em™ '), and C=0 (1640 cm )
structures were observed on these spectra. In ad-
dition, the intensity of —COOH (3000 cm ') and
C=0 (1640 cm ') absorption peaks increased
with increasing the UV grafting time. However, it
was observed that the intensity of vibration ab-
sorption of CF, decreased with increasing UV
grafting time. It was because that the thickness of
AAc that grafted on the surface of AAc-g-PPTFE
fiber increased with increasing UV grafting time.
This phenomenon was also evident in SEM obser-
vations, and will be discussed in the next section.
Yang and Chen?? also succeeded in grafting acryl-
amide onto the surface of plasma-treated PTFE
films.

SEM

It could be observed, from Figure 3, that the sur-
face morphology of PTFE fiber changed with var-
ious treating time under 20 W plasma treatment.
After 5 min treatment, the smooth surface of orig-

inal PTFE fibers became rough [Fig. 3(b)]. The
roughness of surface increased with increasing
treatment time. These phenomena were caused
by the defluorization after plasma treatment.
Figure 4 revealed the changes of surface mor-
phology of AAc-g-PPTFE fiber that were treated
by 20 W plasma for 30 min, followed by grafting
under UV light for 5 min in AAc solutions of
various concentrations. The SEM revealed that
the surface of AAc-g-PPTFE fiber that was
grafted in 5 wt % AAc solution was generally
smooth. But silk-like fiber of AAc was also ob-
served on some surface of AAc-g-PPTFE fibers.
On the surface of AAc-g-PPTFE fibers that were
grafted in 10 wt % AAc solution thin pieces of AAc
could be observed. However, on the surface of
AAc-g-PPTFE fibers that were grafted in 20 wt %
AAc solution, island-like pieces of AAc were ob-
served. The SEM micrographs showed that the
thickness of grafted AAc increased with increas-
ing the concentration of AAc in grafting solutions.

Mechanical Properties

Figure 5 reveals that the impact strength of POM
was 5.23 kg-cm/cm. The impact strength was
raised to 9.02 kg-cm/cm after 15 wt % PTFE fiber
was added. Furthermore, the impact strength of
POM/PPTFE was higher than that of POM/PTFE.
This was because that after PTFE fiber was

(a) 20W, 30min; AAc 5%, Smin; (b) 20W, 30min; AAc 5%, Smin;

{c) 20W, 30min; AAc 10%, Smin;

Figure 4 SEMs of the AAc-g-PPTFE fibers surface
with various grafting concentrations of AAc.

(d) 20W, 30min; AAc 20%, Smin;
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Figure 5 Impact strength vs. various plasma (20 W)
treatment times of PPTFE fibers for POM/PPTFE (85/
15) composites.

treated by plasma, surface energy increased and
intermolecule bonding became better. Therefore,
the compatibility between PPTFE fiber and POM
became better. Figure 5 shows that the impact
strength of POM/PPTFE composites tended to de-
crease with increasing the plasma treatment
time. This was because that the longer the
plasma treatment time, the more the free radi-
cals, oxides, and peroxide contents on the surface
of PPTFE fiber, which would break the backbones
of POM. The same result was also revealed in
tensile tests (Fig. 6). It could be learned from
Figure 6 that the mechanical properties of POM/
PPTFE composites were better than that of POM/
PTFE composites in the respect of fracture strain
and tensile strength. In addition, the fracture
strain tended to increase with increasing the
plasma treatment time. As far as physics was
concerned, rough surface of PPTFE fiber offered a
friction force; therefore, fracture strain increased.
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Figure 6 Stress—strain curves of POM/PPTFE (85/
15) composites with various plasma (20 W) treatment
time PPTFE fibers.
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Figure 7 Impact strength vs. various AAc grafting
concentrations of AAc-g(5 min)-PPTFE (20 W) fibers for
POM/AAc-g(5 min)-PPTFE (20 W) (85/15) composites.

As far as the molecular structure was concerned,
oxygen atom on the surface of the PPTFE fiber
would attract the hydrogen atom in POM. There-
fore, intermolecule bonding between POM and
PPTFE fiber increased. On the other hand, free
radicals and peroxides on the PPTFE fiber would
destroy backbones of POM, leading to the de-
crease of tensile strength.

The SEM micrographs in Figure 4 showed that
the thickness of grafted AAc on the AAc-g-PPTFE
fiber surface increased with increasing the con-
centration of AAc. In addition, Figure 7 shows
that the impact strength of POM/AAc-g-PPTFE
composites significantly increased after AAc
grafting onto the surface of PPTFE. Nevertheless,
too much grafted AAc would lower the impact
strength of composites. This was because when
the thickness of grafting was too thick, attraction
between AAc molecules was weak when compared
with the attraction between AAc and PPTFE, or
that between AAc and POM. Therefore, impact
strength would decrease. To investigate the mor-
phologies of the composites, the cryofractured
surface of composites specimens were examined
by scanning electron microscopy. Figure 8(a)
shows that the PTFE fiber surface of the frac-
tured POM/PTFE composite was still smooth (im-
pact strength 9.02 kg-cm/cm). Separation at the
interface between PTFE fiber and POM was very
obvious. But separation at the interface between
POM and PPTFE fiber in POM/PPTFE was not
obvious [Fig. 8(b)]. This accounted for the fact
that the impact strength of POM/PPTFE was
greater than that of POM/PTFE. SEM micro-
graphs of fractured POM/AAc (10 wt %)-g (5 min)-
PPTFE composites (impact strength 18.71 kg-cm/
cm) was shown in Figure 8(c). It clearly shows
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{a) Pure PTFE; 85/15 (b)20W, 30min; B5/15

() 20W, 30min; AAc 10%, Smin;

{d}) 20W, 30min; Adc 10%, Smin,
B5/15; B5/15;

Figure 8 The SEM micrographs of fractured surface
of various composites.

that POM attached on the surface of AAc-g-
PPTFE fibers after fracture. Figure 8(d) was an
enlarged view of the fiber in Figure 8(c). In addi-
tion to strip grafting of AAc on the AAc-g-PPTFE
fiber, POM also adhered at the bottom-right of the
fiber.

Figure 9 shows the stress—strain curves for
PTFE fiber-reinforced POM. After surface modi-
fication of PTFE fiber, the tensile strength in-
creased. Besides, the strain of POM/AAc-g-
PPTFE was also greater than that of POM/PTFE.
This was because the adhesion between the AAc-
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Figure 9 Stress—strain curves of POM/AAc-g(5 min)-
PPTFE (20 W, 30 min) (85/15) composites with various
AAc grafting concentrations.
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Figure 10 Friction coefficient of POM/PPTFE (85/15)

composites with various plasma (20 W) treatment time
PPTFE fibers.

g-PPTFE fiber and POM was improved by graft-
ing AAc onto the surface of the PPTFE fiber.

Friction Coefficient

Decreasing friction coefficient was one of the most
important purposes of this investigation. It could
be observed from Figure 10 that friction coeffi-
cient of POM was 0.206, and it decreased to 0.180
after 15wt % PTFE fiber was added. In addition,
it decreased to 0.16—0.17 after 15 wt % PPTFE
fiber was added. The main reason that lead to the
decreasing in friction coefficient of POM/PTFE
composites was that lubricant PTFE fiber lowered
the adhesion between frictional surface. Because
surface energy of the PPTFE fiber was higher
than that of the PTFE fiber, the PPTFE fiber had
better compatibility with POM. Therefore, disper-
sion of the PPTFE fiber in POM was better than
that of the PTFE fiber in POM. This could de-
crease the friction coefficient.

Figure 11 shows the friction coefficient of POM/
AAc-g-PPTFE (85 wt %/15 wt %) under various
grafting concentrations of AAc onto the surface of
the PPTFE fiber. It could be seen from this figure
that the friction coefficient of POM could be effi-
ciently lowered after the PTFE fiber was added to
POM. In addition, the PPTFE fiber would be
evenly dispersed in POM, and the friction coeffi-
cient of PPTFE/POM composites was decreased.
As the AAc-g-PPTFE fiber was added into POM,
the friction coefficient of composites could be de-
creased further. It was suggested that the disper-
sion of the AAc-g-PPTFE fiber in POM could be
improved by using grafted AAc onto the surface of
PPTFE, thus decreasing the friction coefficient of
polymers.
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Figure 11 Friction coefficient of POM/AAc-g-PPTFE
(20 W, 30 min) (85/15) composites with various AAc
grafting concentrations.

Taber Wear Factor

It could be observed from Figure 12 that Taber
wear factor of POM was 15.4, and it decreased to
14.7 after 15 wt % PTFE fiber was added. It
became even lower after 15 wt % PPTFE was
added. This was because the PPTFE fiber had
better dispersion. However, Figure 12 shows that
the Taber wear factor of PPTFE/POM increased
with increasing the plasma treatment time. Two
reasons lead to this phenomenon: first, after a
long treatment time of the plasma, the surface of
PTFE was easy to fissure and uncover. Therefore,
the Taber wear factor increased. Second, more
free radicals and peroxides would appear on the
PPTFE fiber that was treated by plasma for a
long time. The split of POM happened when
blending, leading to the increase of Taber wear
factor.

Figure 13 clearly shows that the Taber wear
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Figure 12 Taber wear factor of POM/PPTFE (85/15)
composites with various plasma (20 W) treatment time
PPTFE fibers.
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Figure 13 Taber wear factor of POM/AAc-g-PPTFE
(20 W, 30 min) (85/15) composites with arious AAc
grafting concentrations.

factor of composites increased with increasing the
AAc concentration of grafting. After PPTFE fiber
was grafted in AAc solution, the AAc-g-PPTFE
fiber dispersion in the POM became better, and
the Taber wear factor lowered. But when the AAc
concentration of grafting became high, AAc that
was grafted on the surface of the fiber became the
main reason that led to the increase of the Taber
wear factor. When wheels rolled over composites,
the first material that wheels touched was the
AAc film on the AAc-g-PPTFE fiber instead of
PTFE. When AAc interacted with wheels, it
would not transform to the worn surface and form
lubricant film as PTFE would. Instead, some
small grains were formed, and stayed on the worn
surface. These small grains would form tracks on
the POM with wheels, thereby leading to the in-
crease of the Taber wear factor. When quantities
of grafting increased, more small grains of AAc
would form, thereby producing more wear.

SEM was used to examine the composites that
possessed the highest and the lowest value of
Taber wear factor. Figure 14(a) shows the worn
surface of POM. As for Figure 14(b), this shows
the worn surface of the POM/PTFE composites. It
could be observed from Figure 14(b) that PTFE
transformed to the worn surface of composites
and one layer of lubricant film was formed. Figure
14(c) was the worn surface of POM/AAc (5 wt %)-g
(5 min)-PPTFE(20 W, 30 min) (Taber wear factor
8.3). Figure 14(c) shows that a layer of lubricant
film distributed evenly on the worn surface;
therefore, it could be inferred that this composite
possessed good wear resistant property.
Figurel4(d) shows the worn surface of POM/AAc
(20 wt %)-g (5 min)-PPTFE (20 W, 15 min) (Taber
wear factor 11.9). In Figure 14(d), no lubricant
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{a) Pure POM; (b) POM/PTFE; 85/15;

(c) 20W, 30min; AAc 5% Smin;
BS/15; B5/15;

(d) 20W, 30min; AAc 20% Smin;

Figure 14 The SEM micrographs of worn surface of
various composites.

film could be seen on the worn surface, but many
white grains appeared. These grains were AAc
scraps, which were the main reason leading to the
increase of the Taber wear factor.

CONCLUSIONS

Cylinder plasma equipment can be used to modify
PTFE fiber efficiently. When the plasma-treated
fiber is tested by PR-FTIR, C=C, and oxygen con-
tent would be observed. The longer the treating
time of plasma, the lower the impact strength of
POM/PPTFE composites.

Friction coefficient and Taber wear factor of
the POM/PTFE composites were lowered after the
PTFE fiber was treated by plasma. In addition,
the dispersion of PTFE fiber in POM is improved
after PTFE fibers were treated by plasma. From
IR measurement of AAc-g-PPTFE fiber, the struc-
tures of C=0, COOH, and COH were revealed on
the surface of the AAc-g-PPTFE fiber. Both SEM
photographs and mechanical testing curves show
that lower grafting quantities of AAc onto fiber
resulted in stronger bonding between the fiber
and matrix. High grafting quantities would de-
crease the mechanical strength and strain. High
grafting quantities would also increase friction

coefficients of composites, thereby increasing the
Taber wear factor. Because AAc is not a sub-
stance with low friction coefficient, when they
cover PTFE fiber with huge amounts, lubricant
characteristics of PTFE would not show up.

The authors express their sincere appreciation to Dr.
T. S. Lin, President of Tatung University, for his en-
couragement and support. Thanks are due to the Na-
tional Science Council for Financial support under con-
tract number NSC-85-2216-E-036-005.
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