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ABSTRACT: Cold plasma etching and chemical treatment have been used in order to create
the polar functional groups on the high strength/high modulus (HS/HM) polyethylene fiber sur-
faces. As the treating time of plasma etching increased up to 15 min, the amount of oxygen on
the PE fiber increased gradually due to the abstraction of hydrogen from the polymer backbone.
Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy has been used for the analy-
sis of PE fiber surface. Compared to the plasma treatment only, plasma/silane treatment of PE
fibers enhanced the hydroxyl formation on the surface. Interlaminar shear strength (ILSS) of modi-
fied PE fiber composite was measured as functions of plasma treatment time and the silane solution
concentration. ILSS of plasma/silane treated composites showed higher value than that of plasma
treated PE composites due to the improved wettability and chemical bonding.

Introduction

High strength/high modulus (HS/HM) polyethyl-
ene fibers, which possess good energy absorption,
high specific strength and modulus, excellent chem-
ical resistance and low moisture absorption, have
been used for the high performance composite ap-
plications.! ® However, the poor adhesion between
PE fiber and the matrix resin in PE fiber composite
has hindered the use for load bearing and struc-
tural applications.”®

In order to improve the interfacial adhesion, cold
plasma etching has used for the surface modifica-
tion of PE fiber. Several studies have reported that
the gas plasma treatment was the most effective
method for the creation of chemical functional
groups with persisting acceptable tensile strength
of PE fiber® ! In addition, silane coupling agent,
which has a reactive bifunctionality, has been also
introduced to improve the mechanical properties
of PE fiber composites. It has a role of forming
of chemical linkage at the interface. In this study,
plasma and silane coupling agent treatment has
been used on the PE fiber surface.

It is the purpose of this paper, therfore, to im-
prove the adhesion between PE fiber and the mat-
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rix resin. Diffuse Reflectance Infrared Fourier Tra-
nsform (DRIFT) spectroscopy has been utilized for
surface characterization of PE fiber. We also discuss
the relationship between the fiber surface modifica-
tion and the mechanical property of PE fiber com-
posite.

Experimental

HS/HM PE fiber (Spectra 900), which was pur-
chased from Allied-Signal, was treated in reflux n-
hexane for 48 h in a soxhlet apparatus to remove
the impurity of the fiber surface. The cold plasma
etching was performed by a plasma polymerization
system Model PD-2(SAMCO). Operating power of
the plasma reactor was 100 watts and the carrier
gas was oxygen.

The following silane coupling agents were applied
for surface modification of PE fiber : y-methacryl-
oxypropyltrimethoxysilane (y-MPS), vinyltriacetoxy-
silane (VTS), y-aminopropyltriethoxysilane (y-APS),
3-(N-styryl-methyl-2-amino-ethylamino)propyltrime-
thoxysilane hydrochloride (SAPS). Chemical struc-
tures of the silane coupling agents are shown in
Table 1. Silane coupling agents were hydrolyzed
by dilute acetic acid (pH 3.5) for 1 h. Then PE
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Table I. Chemical Formulae of Silane Coupling
Agents for This Study

Silane Chemical structure
v-MPS CH,=C(CH3)COO(CH,)Si(OCH3)3
‘Y'APS HzNCHzCH2CH281(0C2H5)3

VIS  CH,=CHSi(OOC-CHy);
SAPS  CH,=CH~{D)-CH;NH(CH,),NH(CH,)Si(OCH5)

Table II. Interlaminar Shear Strength of Plasma
Treated PE/epoxy Composites

Treating time {(min) ILSS (MPa) % improvement
control 10.83 -
1.0 2132 201
3.0 23.89 225
5.0 25.39 239
75 25.39 238
10.0 2351 221
15.0 19.42 183

fiber was immersed in the silane solution for 10
min. The surface treated PE fiber was dried at
room temperature for two days. Fabric fibers were
impregnated with the matrix resin and PE compo-
sites were obtained by the blanket press mold. A
Fourier Transform Infrared Spectrophotometer (Di-
gilab FTS-80E) with a liquid nitrogen cooled MCT
detector was used at the resolution of 4 cm™! with
coaddition of 128 scans. A hemispherical diffuse re-
flectance attachment (Digilab DRA-100) was used
for the analysis of fiber samples and the spectro-
photometer was purged with dry air to remove the
atmosphere moisture. A Universal Testing Machine
(UTM) was utilized to investigate the modified sur-
face of PE fiber and the mechanical properties of
PE fiber composites.

For the preparation of PE/epoxy composites, an
open ended two part mold was used in the labora-
tory. A bisphenol A/epichlorohydrin type epoxy
(Shell, Epon 828), which was a bifunctional epoxy
resin, was cured with triethylene tetramine for the
prepreg fabrication. Curing of epoxy resin takes
place at 90 C for 4 h under the pressure of 50
psi. In all cases, the fiber volume content was fixed
at about 55%. For interlaminar shear strength
(ILSS) measurement of PE fiber/epoxy composite,
specimens (width 10 mm, gauge length 15 mm)
were tested by the central loading three point
bending method (ASTM D2344). The result of ILSS
test can be related to the shear deformation of pol-
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Figure 1. DRIFT spectra of surface modified PE fi-
ber/epoxy: A) plasma/y-MPS silane treated PE, B)
epoxy impregnated PE fiber after cure, and C) the
difference spectrum.

ymer composite predominantly and assess the
adhesion at the PE fiber/epoxy resin interface. Five
measurements were made for each data point.

Results and Discussion

Table II shows the ILSS of the surface treated
PE/epoxy composite as a function of plasma treat-
ment time. The ILSS values increase up to 25.39
MPa and then decrease smoothly after reaching the
maximum point. Within the range of plasma treat-
ment in the current study, an improvement by a
factor of 24 is observed in the ILSS compared to
the control.

Figure 1 demonstrates the DRIFT spectra of the
surface modified PE fiber/epoxy. The spectrum of
plasma/y-MPS silane treated PE fiber is represent-
ed by Figure 1A. Plasma/y-MPS silane treatment
chemically modifies the PE fiber surface and new
functional groups are effectively introduced on the
fiber surface. The band at 1730 cm™! is assigned
to the carbonyl group and the peaks at 1106 cm™!
and 900 cm ' are associated with C-CH(OH)-C.
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Table IIL. Interlaminar Shear Strength of Various
Surface Treated PE/epoxy Composite

ILSS (MPa)

Treating time (min) % improvement

Control 10.83 -
Silane treatment? 14.32 135
Plasma treatment® 25.39 239
Pristine PE® 16.03 151
Silane treatment’ 20.77 196

¢Allied Signal Co., Untreated Spectra 900.
?Allied Signal Co., Surface treated Spectra 900.
Used silane : VTS.

These peaks show the creation of ketone and sec-
ondary alcohol by plasma/silane treatment. Figures
1B and 1C illustrate the spectrum of epoxy impreg-
nated PE fiber after cure and the difference spec-
trum, respectively. The difference spectrum, which
is the result of a spectral subtraction of A from
B, shows the structural difference imparted by cur-
ed epoxy on the modified PE fiber. From these
figures, the peaks of C-O-C antisymmetric and sy-
mmetric stretching mode are shown at 1247 c¢cm™!
and 1035 cm !, respectively. The band at 1106 cm !
is assigned to alcohol functional group on the PE
fiber surface and it decreases through the epoxy
curing. The peaks at 1184 cm™! and 830 cm™' are
designated to C-H in-plane and out-of-plane defor-
mations of epoxy phenyl group, respectively. Con-
sidering these spectra, it can be concluded that the
alcohol group, which is generated by the plasma/si-
lane treatment, plays an important role in chemical
linkage between the modified PE surface and the
epoxy resin. Other polar functional groups and im-
proved wettability also improve the adhesion of co-
mposite interface.

Table III shows the interlaminar shear strength
of various surface treated PE fiber/epoxy compos-
ites. Control sample means an untreated PE fi-
ber/epoxy composite itself. Whereas the surface
treated commercial PE composites have 16.0 MPa
to 20.8 MPa of ILSS value, VTS silane and plasma
treated PE composites in this study show 14.3 MPa
and 254 MPa, respectively. For good adhesion at
the fiber/matrix interface, optimization study of PE
fiber/epoxy composite should be carried out in de-
tail.

Figure 2 shows the interlaminar shear strength
(ILSS) of modified PE/epoxy composites as a func-
tion of plasma treatment time. ILSS values of PE
fiber/epoxy are related to the adhesion at the ma-
trix resin/fiber interfaces. The value of ILSS is co-

128

®
s
S 30
g A) PLASMA/SILANE
w
@
=
(7]
[+ 4
i B)PLASMA
& 25
©
P
F4
-3
3
[+
w
-
z

20 .

T 4 T
0 5 10 15

TREATMENT TIME(min)

Figure 2. Interlaminar shear strength of modified
PE/epoxy composite.

nsidered as a measure of the fiber-matrix interac-
tion of the laminate layers. ILSS of PE fiber/epoxy
composites are strongly affected by the surface
treatment. In the case of plasma treatment, ILSS
of the modified composite is increased by a factor
of about two and a half compared to that of the
control. As plasma treatment time increases up to
15 min, ILSS values increase up to 25 MPa and
decrease gradually after the maximum point. It has
been reported that the improved wettability, me-
chanical interlocking, and chemical bonding are the
suggested mechanisms which provide the improve-
ment in composite properties.’ Better overall com-
posite properties can be achieved by increasing the
surface functional groups without a significant re-
duction of fiber tensile strength. Compared to the
ILSS of plasma treated PE/epoxy composites, the
ILSS of plasma/y-MPS silane treated composite
shows higher values due to the additional surface
modification of PE fiber. Silane coupling agent plays
roles of improving the wettability and increasing
the chemical functional group for epoxy curing.
Therefore, chemical bonding between PE fiber and
epoxy resin as well as an improved wettability pro-
vides better values of ILSS compared to the plasma
treated composite. A general trend of a plasma/si-
lane system is similar to that of a plasma system.

After 5 min plasma treatment, ILSS values of
modified PE fiber/epoxy composites decrease grad-
ually. It has been reported that the major function-
al group created on the PE fiber surface is the
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Figure 3. SEM micrographs of untreated and treated
PE/epoxy composites: A) untreated, B) 5 min plasma
treated, and C) 5 min plasma/silane treated.

hydroxyl group under the mild plasma treatment
condition and the carbonyl and carboxyl groups are
dominantly created with increasing the plasma
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treatment time.!

In this experimental condition, the maximum
ILSS value of the modified PE fiber/epoxy com-
posites shows ai 5 min. Chemical bonding between
PE fiber and the epoxy resin effectively occurs up
to 5 min due to the epoxy ring opening reaction

‘ with the hydroxyl group created on the PE fiber

surface. This hydroxyl group decreases with inc-
reasing the plasma treatment time of PE fiber and
the carbonyl/carboxyl groups are dominantly crea-
ted as the surface functional groups of PE fiber
compared to the hydroxyl group. These carbonyl/
carboxyl groups do not react with the epoxy resin
during the cure and they cause the reduction of
ILSS value of modified PE fiber/epoxy composite
system under the severe plasma condition.

Figure 3 represents SEM micrographs of untrea-
ted and treated PE/epoxy composites. As shown
in Fig. 3A, typical untreated PE fiber exhibits a
smooth surface with small amount of epoxy resin
attachment. On the other hand, the micrograph 3B
of 5 min plasma treated PE fiber shows that some
of cured epoxy resin may have adhered to PE fiber
surface and some strands of epoxy are protruded
from the fiber surface. In the case of 5 min pla-
sma/silane treated PE fiber/epoxy resin, a large
amount of cured epoxy wraps the PE fiber and st-
rongly adheres to the silane treated fiber surface.
From these results, it was found that chemical
bonding, improved wettability and mechanical inter-
locking between PE fiber and epoxy resin might
improve the PE composite interfacial bonding. Be-
cause silane coupling agent can improve the wetta-
bility and the chemical bonding formation toward
epoxy resin, a plasma/silane system shows the bet-
ter adhesion of PE fiber/epoxy composite compared
to the plasma treatment only.

Conclusion

Cold plasma etching and chemical treatment of
PE fiber are effective for the creation of surface
polar groups. These polar groups on the PE surface
may act as an adhesion promotor of PE fiber com-
posites. In the case of the PE fiber/epoxy compo-
site, the ILSS values increase up to 25 MPa and
an improvement by a factor of 2.4 is observed in
the ILSS compared to the untreated PE fiber/epoxy
composite. The plasma/silane system is more effec-
tive in improving the interfacial adhesion of PE fi-
ber composite than the plasma treated system.
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