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To investigate how plasma treatment affected the surface structure and adhesion
to polypropylene matrix and unsaturated polyester matrix, green abaca fibers
were treated by low temperature plasma under different plasma processing pa-
rameters including treatment time, output power, and working gas. Abaca fibers
were characterized by atomic force microscope, X-ray photoelectron spectrosco-
py, contact angle and interfacial shear strength. The results of contact angle and
interfacial shear strength were consistent with the changes in surface roughness
and the atomic ratio of the plasma treated abaca fibers with treatment time, output
power, and working gas. It was concluded that the surface roughness and atomic
ratio played a major role in the adhesion improvement of the plasma treated aba-
ca fibers to polypropylene matrix and unsaturated polyester matrix due to the me-
chanical interlocking and chemical bonding, respectively. The geometrical poten-
tial theory was adopted to elucidate the mechanism of the adhesion property.
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Introduction

The green composites reinforced by natural fibers have been used in various fields
to replace many of their synthetic partner [1, 2]. However, the poor interfacial adhesion be-
tween natural fibers and polymer matrix limited their applications because the properties of
natural reinforced composites were determined by the properties of fibers and polymer matrix
and their interfacial adhesion [3]. To provide appropriate interfacial interactions, proper sur-
face modification of natural fibers should be performed accordingly, which can make them
stronger bonding to the polymer matrix. A variety of surface treatment methods have been
developed for natural fibers mainly including chemical treatment (alkaline, silane, acetylation,
isocyanate, and stearic acid) [4, 5] and physical treatment (electron beam irradiation, corona,
plasma) [6]. Compared with other methods, plasma treatment has attracted much attention as
a more eco-friendly and high efficient approach to modify physical and chemical structure of
substrate surface without affecting bulk properties [7]. In previous studies, plasma surface
treatment of natural fibers has shown high efficiency in improving the interfacial adhesion be-
tween natural fibers and polymer matrix such as jute [8], flax [9, 10], ramie [11], hemp [12],
sisal [13, 14], bamboo, and so on [15]. However, there are no related reports on surface modi-
fication of abaca fibers by plasma treatment technique.
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In this study green abaca fibers were treated by low temperature plasma to improve
the interfacial adhesion between abaca fibers and polymer matrix such as polypropylene (PP)
and unsaturated polyester (PET). The influence of plasma treatment time, output power and
working gas on the surface structure and properties of the plasma treated abaca fibers was in-
vestigated. Atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS)
were used to analyze the changes in surface morphology and chemical composition.

The effects of plasma treatment on abaca fiber properties were detected by the
changes in wettability and adhesion, which were characterized by contact angle and interfacial
shear strength, respectively.

Experimental insight
Materials

The fiber linear density of abaca fibers was 4.8 dtex with the density of 1.45 g/cm’.
The PP matrix was provided by Shanghai Great Eastern Garden Chemical Fiber Co. Ltd.,
Shanghai, China in the form of a yarn composed of monofilament with the Young’s modulus
of 1.75 GPa. The PET matrix with the density of 1.11 g/cm’, isophthalic acid type resin, was
supplied by Jiangyin Thousands Chemicals Co., Ltd., Jiangsu, China.

Plasma treatment

The HD-1B cold plasma modification treatment instrument, produced by Changzhou
Zhongke Changtai Plasma Processing Apparatus Plasma Technology Co., Ltd., Jiangsu, Chi-
na, was applied to perform the plasma treatment of abaca fibers. They were treated by Ar and
O, for different treatment times at different output powers, respectively.

Wettability measurement

Water contact angle was applied to determine the wettability of abaca fibers. Contact
angle test was performed on a JC2000D3 Angle Analyzer produced by Zhongchen Digital
Technic Apparatus Co., Ltd., Shanghai, China. According to drop technique, abaca fibers
were fixed on the fiber support and a droplet of distilled water (2 uL) was put on the fiber sur-
face by a microsyringe. Initial contact angle was recorded as soon as the water droplet was on
the surface of abaca fibers. Five measurements were averaged.

Adhesion measurement

Adhesion between abaca fibers and polymer matrix was determined by interfacial
shear strength (IFSS) through micro-bond pull-out technique [16, 17]. For PET matrix, the
specimens were cured for 3 hours at 80 °C after placing the PET resin on the fibers. For PP
matrix, the specimen were cured for 3 hours at 80 °C after placing the PET resin on the fibers.
For PP matrix, PP filaments were tied to form PP knots on abaca fibers. The specimens were
heated at 180 °C for 30 seconds and the thermoplastic PP knots on abaca fibers were melted
to form the PP matrix beads [13]. The IFSS between abaca fibers and matrix, z;, was calculat-
ed by eq. (1) derived from the shear-lag model [18].
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where p.x is the peak load, L — the embedded length, » — the fiber radius, 4 — the fiber cross-
sectional area, and n — determined by eq. 2 [19].
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where E,, is the Young's modulus of the matrix (1.75 GPa and 25 GPa for PP and PET, re-
spectively), £ — the tensile modulus of the fiber (25 GPa), v, — the Poisson's ratio of the ma-
trix (0.35), and R — the radius of the matrix beads.

Characterization

Miltimode Nanoscope Illa Controllor (Veeco, American) was used to observe sur-
face morphological changes of abaca fibers [19]. The surface chemical composition analysis
of abaca fibers was carried out by on Thermo ESCALAB 250X1 system (Thermo Fisher Sci-
entific, USA) to confirm the surface chemical changes.

Results and discussion

The AFM analysis

Figure 1 shows the AFM images of surface topography for the control and the abaca
fibers modified by O, plasma and Ar plasma for 2 min and 4 min at 100 W, respectively.
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Figure 1. The AFM images of surface topography for the control and the abaca fibers modified
by different working gases for different times at 100 W; (a) control, (b) O,, 2 minutes,
(¢) O,, 4 minutes, (d) Ar, 2 minutes, and (e) Ar, 4 minutes

It could be seen that there were quite differences in surface morphology of the con-
trol and the plasma treated abaca fibers. As can be seen from fig. 1(a), the control had a rela-
tively smooth and homogenous surface with some natural longitudinal grooves. However, in
figs. 1(b)-1(d), there exhibited tiny grains on the slightly rough fiber surface of the plasma
treated abaca fibers due to the plasma etching. The bombardment of ions and electrons in
plasma caused polymer degradation reaction to form pits or fragments [20]. There were more
grooves and micro-pits on the surface of the Ar plasma treated abaca fibers than those on the
surface of the O, plasma treated abaca fibers. The difference in surface morphology between
the Ar plasma treated abaca fibers and the O, plasma treated abaca fibers became smaller with
the increasing of treatment time.

Figure 2 illustrates the effect of treatment time and output power on the surface
mean roughness of abaca fibers modified by Ar plasma and O, plasma, respectively.

It was found that the surface mean roughness of the plasma treated abaca fibers in-
creased quickly and then slowly with the increasing treatment time and output power. When
the treatment time and output power increased to 4 minutes and 400 W, respectively, the sur-
face mean roughness showed no significant change. It was also observed that the surface mean
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Figure 2. Effect of plasma processing parameters on the surface mean roughness of abaca fibers;
(a) treatment time and (b) output power

roughness of the Ar plasma treated abaca fibers was higher than that of the O, plasma treated
abaca fibers, implying that the surface of the Ar treated abaca fibers was rougher than that of
the O, plasma treated abaca fibers due to the higher etching tendency of Ar plasma because
Ar plasma was more invasive in plasma etching than O, plasma [12].

The difference in the surface mean roughness between the Ar plasma treated abaca fi-
bers and the O, plasma treated abaca fibers increased firstly and then decreased with treatment
time and output power. The surface mean roughness of the Ar plasma treated abaca fibers was
much higher and slight higher than that of the O, plasma treated abaca fibers when abaca fibers
were treated for 2 minutes and 4 minutes, respectively, which was consistent with the AFM im-
ages as shown in figs. 1(b)-1(d). Similarly, the difference in the surface mean roughness be-
tween the Ar plasma treated abaca fibers and the O, plasma treated abaca fibers was the biggest
and smallest at 200 W and 400 W as shown in fig. 2(b), respectively. All these results indicated
that the surface of the Ar plasma treated abaca fibers was much rougher than that of the O,
plasma treated abaca fibers for the shorter treatment time or at the lower output power, while
there was nearly no difference in the surface roughness between the abaca fibers treated by Ar
plasma and the O, plasma, respectively, for the longer treatment time or at the higher output
power.

The XPS analysis

Figure 3 presents the effect of plasma processing parameters on the atomic ratio
(O/C) of abaca fibers obtained by XPS analysis.

The control and the plasma treated abaca fibers contained oxygen and carbon ele-
ments. The O/C ratio for the plasma treated abaca fibers was higher than that for the control
about 0.149, namely the decrease of carbon content and the increase of oxygen content, which
implied an effective modification of abaca fibers and the occurrence of oxidation. In addition,
the O/C ratio increased quickly and then slowly with the increasing treatment time and output
power. When the treatment time and output power increased to 4 minutes and 400 W, the O/C
ratio showed almost no obvious change. For the different working gases, the O/C ratio and the
variation for the O, plasma treated abaca fibers were higher than those for the Ar plasma
treated abaca fibers. In O, plasma, oxygen was excited into a high energetic and reactive
atomic and diatomic molecular state, leading to the higher oxygen content and O/C ratio on
the surface of the O, plasma treated abaca fibers [21].
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Figure 3. Effect of plasma processing parameters on the atomic ratio (O/C) of abaca fibers determined

by XPS; (a) treatment time and (b) output power

Contact angle

Figure 4 illustrates the effect of plasma processing parameters, namely treatment
time, output power, and working gas, on the contact angle of abaca fibers.
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Figure 4. Effect of plasma processing parameters on contact angle of abaca fibers and matrix;

(a) treatment time, (b) output power and (c) working gas
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The contact angle of the control was 124°. The contact angle of the plasma treated
abaca fibers, much smaller than that of the control, decreased to different degrees due to the
different plasma processing parameters manifesting the surface wettability improvement of
abaca fibers. The contact angle of the plasma treated abaca fibers decreased with the increas-
ing treatment time and output power and the decreasing rate gradually slowed down. When
treatment time and output power reached 4 minutes and 400 W, respectively, the contact an-
gle showed no distinct change, which indicated that the longer plasma treatment time or the
higher output power no longer increased the surface wettability of abaca fibers. The decreas-
ing rate of contact angle with treatment time was higher than that with output power. The con-
tact angle of the plasma treated abaca fibers decreased to about 70° and 80°, respectively,
with the increasing treatment time and output power. It could be inferred that treatment time
had more important influence on contact angle of abaca fibers. The contact angle of the O,
plasma treated abaca fibers was smaller than that of the Ar plasma treated abaca fibers, which
demonstrated that the decrease of the contact angle of the plasma treated abaca fibers was
mainly determined by the number of oxygen-containing groups.
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Figure 5. Effect of plasma processing parameters on IFSS between abaca fibers and matrix;
(a) treatment time, (b) output power and (c) working gas
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The IFSS analysis

Figure 5 gives the effect of plasma processing parameters on IFSS value between
abaca fibers and polymer matrix.

It could be seen that IFSS value of the plasma treated abaca fibers became higher
than that of the control. It was also detected that plasma processing parameters, namely
treatment time, output power and working gas, had different influences on IFSS value be-
tween the plasma treated abaca fibers and different polymer matrices. For PP matrix, IFSS
value increased and then decreased with the increasing treatment time and output power.
When plasma treatment and output power were 2 minutes and 200 W, respectively, IFSS
value was the highest. IFSS value for the Ar plasma treated abaca fibers was higher than
that for the O, plasma treated abaca fibers. For unsaturated PET matrix, IFSS value en-
hanced quickly and then slowly with the increasing treatment time and output power. When
treatment time and output power increased to 4 minutes and 400 W, respectively, IFSS val-
ue almost remained constant. IFSS value for the O, plasma treated abaca fibers was higher
than that for the Ar plasma treated abaca fibers.

It is well known that there are mainly two factors affecting the adhesion between
fibers and polymer matrix, namely surface roughness and O/C ratio. The increase of sur-
face roughness of fibers enlarges interfacial area, which may improve the adhesion by me-
chanical interlocking between fibers and polymer matrix. The increase of O/C ratio intro-
duces polar groups, which may improve the adhesion by chemical bonding between fibers
and hydrophilic polymer matrix. For hydrophobic PP matrix surface roughness and O/C ra-
tio have positive and negative effect on the adhesion, while for hydrophilic unsaturated
PET matrix surface roughness and O/C ratio have positive effect on the adhesion. The
changing trend of IFSS value between the plasma treated abaca fibers and PP matrix with
plasma processing parameters was similar to that of the surface roughness of the plasma
treated abaca fibers. However, the changing trend of IFSS value between the plasma treat-
ed abaca fibers and unsaturated PET matrix with plasma processing parameters was the
same as that of O/C ratio of the plasma treated abaca fibers. Therefore, it could be said that
surface roughness was the dominant factor for the adhesion between abaca fibers and PP
matrix while O/C ratio was the dominant factor for the adhesion between abaca fibers and
unsaturated PET matrix.

Theoretical insight

Adhesion strongly depends upon surface morphology. This can be explained by the
geometrical potential theory [21-26]. According to this theory, any surface can produce a po-
tential called the geometrical potential. A convex surface produces an absorbing force like
Earth’s gravity, while a concave surface results in a repelling force. The smart adhesion is to
balance the absorbing force and repelling force by surface roughness on a nanoscale, which
can be achieved by plasma treatment.

Figure 2 shows the surface roughness change after plasma treatment, according to
the geometrical potential theory [21-26], the tiny grains on the slightly rough fiber surface of
the plasma treated abaca fibers as shown in fig. 1 can produce a boundary-induced force,
which can attract water molecules, as a result, the water contact angle becomes smaller than
the smooth surface without plasma treatment. Similarly the micro and nanoscale tiny grains
on the plasma-treated surface can attract a contacted surface, and the interfacial shear strength
between two surfaces can be remarkably improved. The smart adhesion theory is to control


http://www.baidu.com/link?url=0a5KsWL98JYtYIDKvMjTITyC5xLCAN_YHU8UY5BYq4sQLLF2HgmyIC3xN9PKs8GTDLuBnCTZryFkebufWUkixgtFK3XVMrcr3L1BPnClx83

Wang, C., et al.: Smart Adhesion by Surface Treatment: Experimental and ...
2362 THERMAL SCIENCE: Year 2019, Vol. 23, No. 4, pp. 2355-2363

the interfacial shear strength by controlling the surface morphology by the plasma treatment.
A detailed theoretical model will be published in a forthcoming paper.

Conclusion

The influence of low temperature plasma processing parameters including treatment
time, output power and working gas on the surface structure and properties of green abaca fi-
bers was studied. The surface roughness and O/C ratio increased quickly and then slowly with
the increasing treatment time and output power. Almost no obvious changes in the surface
roughness and O/C ratio were observed when treatment time and output power increased to 4
minutes and 400 W, respectively. The results were nearly agreement with the changes in the
wettability and adhesion to PP matrix and unsaturated PET matrix with treatment time and
output power. The surface roughness of the Ar plasma treated abaca fibers was higher than
that of O, plasma treated abaca fibers, while the O/C ratio of the Ar plasma treated abaca fi-
bers was lower than that of the O, plasma treated abaca fibers. The adhesion to PP matrix of
the Ar plasma treated abaca fibers was better than that of the O, plasma treated abaca fibers,
while the wettability and adhesion to unsaturated PET matrix of the Ar plasma treated abaca
fibers was poorer than that of the O, plasma treated abaca fibers. All these results indicated
that the surface roughness and O/C ratio of abaca fibers could be considered as the main con-
straint on the adhesion to PP matrix and unsaturated PET matrix, respectively.
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