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Abstract

A twist free polyethylene terephthalate (PET) filament tow and ultrahigh modulus polyethylene (UHMPE) filament tows with 0, 1, 2, and
3 twist/cm are used as model systems to investigate the penetration of atmospheric pressure plasma jet modification effects through a single yarn.
The change in surface wettability is determined using static contact angle measurements. Morphological and chemical changes on the fiber surface
are characterized by scanning electron microscopy and X-ray photoelectron microscopy. The adhesion improvement is analyzed by micro-bond
pullout test. For the PET filament tow, the fibers from the middle layer tend to have poorer treatment effect than those from the top and the bottom
layers in terms of surface roughness, wettability and surface chemical composition change. For the UHMPE yarns, as the twist level increases, the
plasma treatment is less effective in improving the fiber surface chemical composition, wettability and interfacial shear strength to epoxy due to
the tightened yarn structure.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Surface modification of polymers plays an increasingly
important role in a wide range of applications. Plasma
treatment, as an environmentally friendly processing method
[1,2], can effectively improve adhesion [3–9], wettability [10–
12], and dyeability [13–16] of polymeric materials without
affecting their bulk properties. Therefore, plasma treatments
have been widely used in laboratory experiments and industry
applications [17,18]. Among various plasma treatment meth-
ods, low pressure plasma treatments result in significant
improvement of surface properties. However, due to its high-
cost vacuum equipment, time-consuming batch process, and
high-energy consumption [19], it may not be economically
feasible for most of fibrous materials. Atmospheric pressure
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plasmas do not require a vacuum system and thus can treat
fibrous materials continuously with much higher activated
particle density [20]. Recently, two types of low temperature
atmospheric pressure plasma treatments have become available
for plasma treatment of fibrous materials, namely dielectric
barrier discharge (DBD) and atmospheric pressure plasma jet
(APPJ) though other types of plasma treatment equipments are
also available. APPJ has advantages over DBD because it can
generate uniform plasmas and can also be applied to the surface
of any shaped objects. Further more APPJ can treat electrically
conductive materials while DBD may not due to potential short
circuit problem in the high voltage field between the two
electrodes. However, one of the important differences between
APPJ and DBD plasma is that, in an APPJ, plasma is produced
between capacitively coupled electrodes and then ejected from a
nozzle on to the substrate. Only one side of substrate surface is
directly in contact with the plasma jet, while in DBD, plasma is
generated between the two capacitively coupled electrodes in
between which the substrate is running through. Therefore the
substrate could be treated on both sides simultaneously.
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Table 1
Processing parameters of APPJ treatment

Nozzle shape Helium
(L/min)

Oxygen
(L/min)

Power
(W)

Distance
(mm)

Temperature
(°C)

Rectangular
(PET, UHMPE)

10 0.1 10 2–3 100

Round (PET) 20 0.2 40 –
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Consequently, the penetration of APPJ through textile structures
may not be as uniform as that of DBD.

The penetration of plasma treatments depends on the
porosity of the substrates. For textiles, porosity is determined
by the woven structure as well as the yarn structure. Woven
textile materials are usually made of yarns with or without twist
depending on their end uses. The existence of twist could
potentially tighten the yarn structure and thus make penetration
of plasmas more difficult through the fibers in a yarn. In
addition, the fibers in different layers of a yarn could receive
different doses of plasmas. The effects of the twist level of a
yarn and the location of fibers in a yarn on the effectiveness of
plasma treatment must be determined before the outcome of
APPJ treatment of textile structures can be predicted.

UHMPE fiber as a typical hydrophobic fiber has poor adhesion
withmost matrices [5] and thus plasma treatments have been used
to improve the adhesion betweenUHMPE fibers andmatrices [3–
6,11,20,21]. In this study, UHMPE filament tows with different
twist levels were used as a model system to investigate the
influence of twist on theAPPJ treatment effects in terms of surface
morphology, chemical composition, wettability of the fiber
surface, and adhesion of the fiber to epoxy, using scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), contact angle test, and micro-bond test.

Polyethylene terephthalate (PET) fibers are inherently hydro-
phobic and thus improvement on surface hydrophilicity is often
needed formany end uses. It was reported that plasma treatment is
an effective technique for PET surface modification to improve
wettability, adhesion, dyeability, and antibacterial activity [22–
25]. In this study, a PET filament tow without twist was used as
another model system to investigate how uniformly APPJ can
treat fibers in different layers of a twist free filament tow.

2. Experimental

2.1. Materials

The PET filaments were provided by Yizheng Chemical
Company (Jiangsu, China) with an average diameter of 60 μm.
Fig. 1. Arrangement in the PET filament using silk screens.
The UHMPE filaments employed in the experiments were
provided by Ningbo Dacheng Company (Zhejiang, China) with
an average diameter of 20 μm. The matrix was epoxy resin
mixture of DER 311 (bisphenol-A type epoxy) and DER732
(polyglycol di-epoxide) and the curing agent was DEH26, all
supplied by Dow Chemical Company.

2.2. Sample preparations

To eliminate the finishes and the surface contamination, the
UHMPE and PET filaments were washed with acetone for
30 min and then dried in a vacuum oven for 12 h at room
temperature to remove the remaining acetone from the
substrate. The cleaned PET filament tow was set on the silk
screen to divide the filaments in the tow into six layers, namely
from Layer 1 to Layer 6, each of which contained 25 filaments
(Fig. 1). The cleaned UHMPPE tows (each including ten single
fibers) were given 0, 1, 2, and 3 twists/cm.

2.3. Plasma treatments

The plasma treatments were carried out using an APPJ
system manufactured by the Surfx Technologies LLC, USA.
The schematic of the APPJ treatment system is the same as
shown in our previous publication [26]. This devise employs a
capacitively coupled electrode design and produces a stable
discharge at atmospheric pressure with 13.56 MHz radio
frequency power and helium feed gas. The plasma jet system
equipped either a rectangular or a round nozzle mounted above
a moving belt and covered an active area of 2×10 mm2 or
3.14×102 mm2. The filament tow moved underneath the
plasma jet at a speed of 3 mm/s. The process conditions of the
APPJ treatment are given in Table 1. After the plasma
treatments, the filament tows were immediately sealed into a
clean plastic bag to minimize potential contamination.

2.4. Wettability measurements

The wettability was determined by measuring the static
contact angle between the single fibers and water. The sessile
drop technique was applied on a JC2000A Stable Contact Angle
Analyzer by observing the digital images of the distilled water
droplets on the fibers [27,28].

2.5. Adhesion measurements

Immediately after the plasma treatment, the micro-bond
specimens were prepared with DER 331 and DER 732 at a ratio
of 70:30 and 12 phr (parts per hundred resin parts) of hardener



Fig. 2. SEM photographs of the control and the APPJ treated PET fibers: (a)
Control (b) Layer 1 and (c) Layer 4.

Fig. 3. Typical XPS spectra for the PET fibers and the UHMPE fibers.

Table 2
Relative chemical composition and atomic ratios determined by XPS for PET
fibers untreated and treated with APPJ

Sample Chemical
composition (%)

Atomic ratio
O/C

C1s O1s

Control 75.75 24.25 0.320
Treated Layer 1 64.8 35.2 0.543

Layer 3 66.74 33.26 0.498
Layer 5 65.36 34.64 0.530
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DEH 26. After placing the epoxy beads on the fibers, the spe-
cimens were cured for 2 h at 80 °C.

The diameter of each fiber and the length and the diameter of
each epoxy bead were measured using an Olympus CH-2
microscope equipped with a Panasonic WV-GP410/A digital
photomicrography system.
The fiber/resin adhesion was measured using the micro-bond
technique [29]. The micro-bond test was carried out on a Multi
Functional Material Tester H5KS-1105 machine at a displace-
ment rate of 1 mm/min with a load cell of 50 N. One end of the
fiber was attached to the upper clamp of the tester, and a micro-
vise gripped the resin droplet and moved downward, shearing
the droplet off the fiber.

2.6. Analysis of surface morphology

The SEM (JSM-5600LV Model, Japan) was employed to
analyze the surface morphology of the control and the treated
fibers. The magnification of the image was set in the range of
2000–3000×. Before the SEM observation, the fiber was coated
with a thin layer of gold to improve surface conductivity.

2.7. Analysis of surface chemical composition

XPS analysis was performed on a MICROLAB MKII X-ray
photoelectron spectrometer (VG Scientific Ltd., East Grinstead,
UK) to investigate the surface chemical composition of the PET
and UHMPE fibers treated using different conditions. The X-
ray source was Mg Kα, (1253.6 eV) and photo emitted electrons
were collected at a take-off angle of 45°. The pressure within
the XPS chamber was between 10−7 and 10−8 Pa. Each spe-
cimen was scanned five times at an EV/step of 0.1 eV. The
deconvolution analysis of C1s peaks was carried out using XPS
Peak software (freeware from the Chinese University of Hong
Kong, Shatin, Hong Kong).



Table 3
Relative chemical composition and atomic ratios determined by XPS for
UHMPE fibers untreated and treated with APPJ

Sample Chemical
composition (%)

Atomic ratio
O/C

C1s O1s

Control 94.2 5.8 0.062
Treated (twists/cm) 1 80.15 19.85 0.248

2 82.10 17.90 0.218
3 87.22 12.78 0.147
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2.8. Statistical analysis

One-way analysis of variance (ANOVA) and Tukey's pair-
wise multiple comparisons were used to compare the interfacial
shear strengths, contact angles among different groups
[3,20,30]. A p-value less than 0.05 was considered significant.

3. Results and discussion

3.1. Surface morphology

Comparing the SEMmicrographs in Fig. 2, significant changes
in the morphology of the treated PET fiber surface were observed.
Fig. 4. XPS C1s core-level spectra of the control and APPJ treated P
The untreated fiber had a smooth surface while after the APPJ
treatment many micro-pits were formed on the surface of the fibers
in different layers. The number ofmicro-pits on fibers fromLayer 1
(Fig. 2b) is more than that on fibers from Layer 4 (Fig. 2c). This
indicates that the APPJ treatment can modify surface morphology
of fibers in the top layer more than in the middle layer in the yarn
tow. The formation of micro-pits on the treated fiber surface were
caused by the etching reactions, in which degradation reactions
occurred due to the bombardment of the ion and the electrons, as
well as the oxidative reactions with activated oxygen atoms [25].

SEM images ofUHMPE fibers before and after plasma treatment
showno surface ablation or roughening observable for all the treated
groups. This was not unusual because the same phenomenon was
observed by Hild and Schwartz [31] who treated ultra high
molecular weight polyethylene fibers with argon plasma for 10 min
and found the plasma treated samples did not show a significant
increase in roughness at a magnification of 2000×. Considering the
mild APPJ treatment conditions and the relatively short stationary
treatment time in this study, these results were reasonable.

3.2. Surface chemical composition

Fig. 3 shows the typical XPS spectra for the two types of fibers.
Tables 2 and 3 show the detailed chemical composition changes on
ET fibers: (a) Control, (b) Layer 1 (c) Layer 3 and (d) Layer 5.



Fig. 5. XPS C1s core-level spectra of the control and APPJ treated UHMPE filament tows with different twists (/cm): (a) Control (b) 1 (c) 2 and (d) 3.

2779C.X. Wang et al. / Surface & Coatings Technology 202 (2008) 2775–2782
the surfaces of PET and UHMPE fibers. The atomic concentration
of oxygen increased slightly for all the treated groups after the
plasma treatments. The oxygen contents among different layers of
treated PET tows are not too different from one another. Decreased
oxygen concentration as well as decreased number of oxygen-
containing groups was observed with increasing twist levels of
UHMPE filament tow. This means that the APPJ treatment could
reasonably homogenously modify fiber surface for the parallel
filament tow but not for the twisted yarns.

Since the fibers are non-conductive, the chemical shift of
the XPS peaks to higher binding energy was observed due to
the surface charging effect. In this study, the C–C bond with
Table 4
Results of deconvolution analyses of C1s peaks for PET fibers untreated and
treated with APPJ

Sample Relative area of different chemical bonds (%)

C–C C–O/C–OH –C_O/COH C_O

Control 71.0 18.3 4.2 6.5
Treated Layer 1 41.8 29.6 17.2 11.4

Layer 3 46.4 31.9 14.2 7.5
Layer 5 43.3 29.6 17.8 9.3
the binding energy of 284.8 eV was used as the reference for
calibration. Figs. 4 and 5 showed the C1s spectra for all
samples. The results are presented in Tables 4 and 5. As
documented in literature [25,32,33], the C1s peak for the all
fibers mainly contained four sub-peaks corresponding to C–
C/C–H (284.7 eV), C–O/C–OH (286.3 eV), C=O (287.8 eV)
and O=C–O (289.0 eV) as shown in Fig. 4a. After the plasma
treatments, it was evident that the C–C/C–H sub-peak
markedly decreased, while the C–O/C–OH sub-peak drasti-
cally increased. For the untreated fibers, a small amount of
polar groups was observed, which may be attributed to the
oxidation of the untreated polymer surface when exposed to
Table 5
Results of deconvolution analyses of C1s peaks for UHMPE fibers untreated
and treated with APPJ

Sample Relative area of different chemical bonds (%)

C–C C–O/C–OH –C_O/CHO O–C_O

Control 97.7 0.2 0.04 0.06
Treated (twists/cm) 1 70.6 20.7 3.9 4.8

2 80.1 12.9 3.2 3.8
3 84.4 9.7 2.9 3.0



Fig. 6. Contact angles of the control and each filament layer in APPJ treated PET tow.
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the air or surface contamination. For PET filament tows,
Layer 1 has the largest amount of oxygen-containing groups
while the Layer 3 has the smallest although the difference was
not highly significant (Table 4). For the plasma treated
UHMPE fibers, the oxygen-containing groups decreased as
the twist level increased (Table 5).

3.3. Wettability of PET filament tow

Fig. 6 shows the mean contact angles of the control and the
APPJ treated PET filament tow. In order to evaluate the
influence of the volume of the water droplet on the contact
angle, the volume of the droplet was calculated using a method
described by Carroll [27,28]. Covariance analysis was
performed on the data to test for the effects of APPJ treatment
holding water droplet volume as the covariance (α=0.05). The
Fig. 7. Effect of twist on contact angle of APPJ treated UHMPE filament tows.
results showed that the volume did not significantly affect
contact angle (p=0.243) and thus was eliminated in subsequent
statistical analysis. The contact angles for all the six filament
layers in the PET tow decreased significantly from 85.8° of the
control to a range of 43.2° (round nozzle) to 76.7° (rectangular
nozzle) after the APPJ treatments (pb0.05). All treated fibers
had statistically significantly smaller water contact angles than
that of the control fiber. Moreover, the higher the power, the
smaller the mean and the standard deviation values of the
contact angle, which demonstrated that the higher power level
led to the more uniform surface modification for the fibers in the
APPJ treated filament tow [34]. It seems that the fibers in the
middle (Layer 4) had higher contact angle than the fibers in
either the top or the bottom layers. This was the case for the
fibers treated at both power levels. This should be expected
because the fibers in the bottom layer may not be shielded as
Fig. 8. Effect of twist on IFSS of APPJ treated UHMPE filament tows.
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completely as the fibers in the middle layers due to potential
diffraction effect of the plasma jet which could treat the bottom
surface of the tow.

3.4. Wettability of UHMPE filament tow

Fig. 7 presents the water contact angles of the control and the
plasma treated UHMPE filament yarns with different twists.
The contact angles for the UHMPE fibers decreased signifi-
cantly, from 128° of the control group to a range of 72.6° to
80.6° after the plasma treatments (pb0.05). The higher the twist
level, the higher the contact angle. Therefore it could be
concluded that the twist in filament tow has a negative effect on
increasing surface wettability of the filament tow.

3.5. Adhesion of UHMPE filament tow

The interfacial shear strength, τi, was calculated using the
following equation derived from the well-known shear-lag model:

si ¼ nPmax coth nL=rð Þ
2A

ð1Þ

where Pmax is the peak load, A is the cross-sectional area of the
fiber, L is the imbedded length, r is the equivalent fiber radius
calculated from the fiber cross-sectional area, and n is defined as:

n ¼ Em

Ef 1þ mmð Þ ln R=rð Þ
� �1=2

ð2Þ

where Em and Ef are the Young's moduli of the matrix (1.4 GPa)
and the fiber (120 GPa), νm is Poisson's ratio of the matrix (0.4)
[3], R is the radius of the epoxy beads.

Fig. 8 shows the effect of twist on the interfacial shear strength
(IFSS) of treated UHMPE filament tows. There was a significant
difference between the control and all the treated groups. In
addition, the IFSS values decreased with increasing twist level,
corresponding to the results of XPS and contact angle analysis.
The improved adhesion between the fibers and the resin after the
plasma treatments was mainly due to the chemical composition
change, since the treatments did not substantially alter the fiber
surface morphology as observed in the SEM analysis.

In summary, fibers in a twist free yarn could be treated
relatively more uniformly because the distance between the
neighboring fibers were larger due to lack of forces pushing the
fibers together up on the application of the plasma jet. On the
other hand, when twist was applied, the fibers are pushed
together by forces induced by the applied twist. The higher the
twist the larger the tightening force and thus the tighter the fiber
packing, resulting in smaller inter-fiber spaces among the
neighboring fibers, which could effectively block the penetra-
tion of plasma jet into the yarn structure.

4. Conclusion

In this study, a PET filament tow without twist and
UHMPE filament tows with different twist levels were treated
with APPJ. The surface morphology, chemical composition,
wettability, and interfacial bond to epoxy were examined and
compared to those of the untreated fibers. The followings are
the findings:

1. After the plasma treatments, fiber surface was roughened
significantly for the PET fibers but no obvious change of
fiber surface topology was observed for the UHMPE.

2. For all groups of treated UHMPE filaments, the surface
oxygen content and oxygen-containing groups were signif-
icantly increased after the APPJ treatments. For the PET
fibers, a small difference was observed among fibers from
different layers of the filament tow.

3. The APPJ treatments improved the surface wettability of
PET and UHMPE fiber surfaces and increased the IFSS of
the UHMPE fiber/epoxy matrix interface by introducing
polar groups on to the fiber surface as determined by XPS
analyses.

4. In the twist free PET filament tow, the plasma treatment was
less effective for the fibers in the middle layer than those in
the top and bottom layers.

5. As the twist level increased the effect on APPJ surface
modification decayed rapidly.
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