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Abstract Polyamide 6 and polyamide 6/layered silicate
nanocomposites were treated by oxygen plasma and the
resulting surfaces were characterized by X-ray photoelectron
spectroscopy (XPS) and Fourier transform infrared-attenu-
ated total reflection (FTIR-ATR). The surface properties were
also analyzed by water contact angle measurements and
Taber abrasion test. It is found that plasma treatment had
different effects on the surfaces of the homopolymer and the
polymer nanocomposites. Furthermore, both plasma duration
and nanoclay content affect the contact angle and degree of
abrasion resistance. In pure polyamide 6, plasma treatment
caused the surface to be highly hydrophilic due to the for-
mation of cyclic cis-amide species. Polymer nanocomposites
treated with plasma also became more hydrophilic due to
oxidation and enrichment of clay at the surface. The abrasion
resistance of pure polyamide 6 was increased after exposure
to plasma. This is attributed to cross-linking of polymer
chains when exposed to plasma. For the polymer nanocom-
posites, an improvement in abrasion resistance was obtained
in samples with low clay content when exposed to plasma for
a short time. This is also due to cross-linking as well as the
higher abrasion resistance of clay. However, longer exposure
to plasma resulted in poorer abrasion resistance due to self-
aggregation of clay particles which can be easily removed
from the surface. A model was proposed to explain the effect
of oxygen plasma on polymer nanocomposite surface.
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Introduction

Polymer-layered silicate nanocomposites (PLSNs) have
attracted a great deal of attention in both academia and
industry since the Toyota research group first successfully
synthesized polyamide 6/montmorillonite (MMT) nano-
composites [1]. Much research work have since been
devoted to synthesizing or preparing hybrids based on other
polymers or nanofillers [2]. In many cases, the PLSNs
demonstrated enhanced mechanical, thermal, electrical,
and barrier properties as compared to the homopolymers
and micro-composites [3, 4].

Though a great deal of effort has focused on the bulk
properties of PLSNs, their surface properties (e.g., abrasion
resistance, hydrophilicity, etc.) have received less attention
[4]. The addition of a second inorganic phase into homo-
polymers offers new possibilities, not only in enhancing the
bulk properties of the resulting nanocomposite, but also in
customizing suitable surface properties for different
applications.

Polyamide 6 is an important engineering plastic used
widely in applications such as bearings and gears where
high abrasion resistance is critical. In the early 1990s, the
Toyota research group successfully synthesized polyamide
6/montmorillonite nanocomposites with excellent tensile,
thermal, and barrier properties [5]. However, polyamide
6/MMT nanocomposites were found to have poor abrasion
performance. Srinath and Gnanamoorthy showed that melt
intercalated polyamide 6 nanocomposites exhibited lower
abrasion resistance compared to the homopolymer [6, 7].
In a further study, our group was able to investigate
the micro-mechanics of the abrasion process in poly-
mer nanocomposites using Fourier transform infrared
(FTIR) and X-ray photoelectron spectroscopy (XPS)
techniques [8].
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Plasma treatment of surfaces is a well-developed tech-
nique to produce controlled surface modification of poly-
mers [9]. A plasma is a cluster of particles containing equal
numbers of positive ions and electrons, free radicals, and
natural species created by exciting a gas in an electro-
magnetic or electrical field [10]. The presence of these
species induces the formation of free radicals in the poly-
meric chains and hence serves to activate the polymeric
surface [11]. The gas composition and plasma conditions
will determine the type of reactions occurring on the
polymer surface, e.g., etching, activation, functionalization,
chain scission, or cross-linking [12]. Such plasma treatment
of polymeric materials can lead to enhanced properties
such as adhesion, durability, wettability, biocompatibility,
and friction resistance [12, 13]. In contrast to polymers and
other organics, inorganic materials such as nanoclay are
much more stable when exposed to oxygen plasma [14].

There are only a handful of reports on the surface
modification of PLSNs by plasma. Fong et al. [15] exposed
both polyamide 6/MMT and epoxy/MMT nanocomposite
surface to oxygen plasma. As a result, a passivated inor-
ganic surface region was formed at the polymer nano-
composite surface due to the preferential removal of
organics. The authors concluded that this inorganic layer
retarded penetration of the plasma and prevented further
polymer degradation. Wu et al. [16, 17] have used a mix-
ture of oxygen (O,) and nitrogen (N,) plasmas to modify
the surface of polyethersulfone/layered silicate nanocom-
posites and cyclic olefine copolymer/layered silicate
nanocomposites. They found no difference in the surface
roughness and barrier properties of both the homopolymers
and the nanocomposites after plasma modification.

To the authors’ knowledge, the abrasion resistance of
PLSNs treated with plasma has not been investigated pre-
viously. In this work, pure polyamide 6 and its nanocom-
posites have been modified by oxygen plasma. The surface
chemical structure changes were investigated by XPS and
FTIR spectroscopy. The properties of the surfaces were
then discussed in light of the surface structure.

Experimental
Materials

Polyamide 6 (PA) films and polyamide 6/montmorillonite
nanocomposite films containing 2, 4, 6, and 8 wt% nano-
clay (designated as PC2, PC4, PC6, and PC8, respectively)
were purchased from Nanocor Corporation and used as
received. The nanocomposites were made by in situ poly-
merization of polyamide 6 with 12-aminododecanoic acid-
modified montmorillonite and then melt extruded. The
thickness of the films ranged from 0.06 to 0.08 mm.

Surface treatment by O, plasma

O, plasma treatment was carried out in a March PX-500
lead frame plasma cleaning system operating at a radio
frequency of 13.56 MHz. The glow discharge was pro-
duced using a plasma power of 400 W and O, flow rate of
150 scem (standard cubic centimeters per minute). Plasma
duration times were set at 15, 30, 45, and 60 min,
respectively. After the plasma treatment, the samples were
stored under ambient conditions (i.e., at a temperature of
23 °C and relative humidity of 65%).

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy measurements were
made using a Kratos Ultra XPS system equipped with an
Al Koy , X-ray source (hv = 1486.6 eV). The pressure in
the analysis chamber was maintained at or below
3.0 x 107 Torr during the measurements. The spectra
were obtained at a photoelectron take-off angle of 90°
measured with respect to the plane of the sample surface.
Peak fitting was performed using a Shirley baseline. The
areas of the XPS peaks were divided by the instrument
relative sensitivity factor to account for the different pho-
toionization cross-sections.

Infrared spectroscopy

Fourier transfer infrared-attenuated total reflection mea-
surements were performed on a Nicolet Nexus 5700
spectrometer using the Smart Orbit ATR accessory. The
beam splitter was KBr and the detector was a liquid
nitrogen-cooled MCT detector. 64 scans were collected for
each spectrum at a resolution of 2 cm™'. ATR correction
was applied to each spectrum.

Abrasion test

Abrasion tests were performed on a Taber model 5135
Abraser under atmospheric conditions. The loading was set
at 1000 g and two CS-17 Calibrase abrasion wheels were
used to effect the abrasion. 1000 cycles were performed on
each sample. The weight loss during this process was taken
as the measure of abrasion resistance. Three samples were
tested for each material, and the results were then averaged.

Contact angle measurement

Water contact angles were measured by the sessile drop
method on an FTA200 Dynamic Contact Angle Analyzer.
A drop of ultrapure water was deposited on the sample
surface, and the contact angle was determined by the
equipment software. At least three measurements per
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sample were taken. Ultrapure water (8.02 MQ cm) was
obtained from Millipore Milli-Q system.

Results and discussion
Plasma-treated polyamide 6

Changes in the surface chemistry of the samples were
analyzed using XPS and ATR measurements. Table 1
shows the XPS atomic concentration analysis results of
untreated and plasma-treated PA films. It is observed that
after plasma treatment, the relative atomic concentration of
oxygen increases about twofold, while the concentrations
of carbon and nitrogen atoms decrease. Furthermore, the
atomic composition does not vary significantly with
increasing plasma duration, indicating that the surface
composition has reached steady state after 15 min of
plasma treatment.

Further analysis was performed on the chemical com-
ponents of C 1s. Figure 1 shows the XPS C 1s spectra of
pure polyamide 6 before and after plasma treatment. The C
1s spectrum of untreated PA in Fig. 1a has been fitted with
four peaks [18]. The C-C peak (C1) is attributed to the
carbon atoms of methylene groups in the main chain and its
binding energy is calibrated to 284.6 eV. The C—C=0 peak
(C2) at 285.2 eV represents the carbon atom bonded to the
carbonyl carbon of the amide group. The C-N/C-O peak
(C3) at 286 eV is generally attributed either to the carbon
atom bonded to the amide nitrogen or to the carbon atom
bonded to alcohol or ether groups formed due to oxidiza-
tion reactions. The N-C = O peak (C4) at 287.7 eV is
assigned to the carbonyl carbon of the amide group.

Figure 1b shows a representative XPS C 1s spectrum of
polyamide 6 after 60 min of O, plasma treatment. All the
plasma-treated PAs have qualitatively similar C 1s spectra
regardless of the plasma duration. It was found that a total
of five peaks were necessary to fit the spectra of plasma-
treated PA. Four of these peaks are similar to those of the
untreated PA. The additional new peak (C5) is located at

Table 1 XPS atomic concentration analysis of untreated and plasma-
treated polyamide 6

Plasma time (min) Atomic concentration %

O 1s N Is Cls
0 11.96 10.6 77.45
15 20.22 10.24 69.54
30 22.47 9.99 67.54
45 22.07 8.71 69.23
60 2291 8.33 68.76
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Fig. 1 XPS C 1s spectra of a untreated polyamide 6 and b polyamide
6 treated with 60 min of oxygen plasma

288.3 eV and is attributed to the carbonyl carbon of acids
and esters [19-22].

Previous studies have shown that when polymer surfaces
were subjected to plasma, oxidation would take place, thus
leading to the formation of carboxylic acid, ester, ketone,
and alcohol groups [18, 23, 24]. As the carbonyl carbon of
ketone (O = C-C) has a similar chemical shift as the
amide carbon [20], it would contribute to the intensity of
the C4 peak. The carbons bonded to these newly formed
carbonyl groups would then contribute to the intensity of
the C2 peak. The formation of alcohol groups will also
increase the intensity of the C3 peak. Table 2 summarizes
the binding energy and relative percentage of Cls peaks for
untreated and plasma-treated surfaces. After plasma treat-
ment, it is observed that the relative amount of C1 and C4
decrease, while the amount of C2, C3, and C5 increase.

Figure 2 shows the ATR spectra of the untreated and
plasma-treated PA films in different infrared regions. Some
differences could be observed in the spectra of PA after
plasma treatment. Firstly, from Fig. 2a, a shoulder appears
in the region from 1680 to 1700 cm™', and its intensity
increases with increasing plasma duration. This shoulder is
attributed to the carbonyl groups formed from oxidation
reactions [25-27]. This is consistent with XPS results.
From Fig. 2b, it is observed that the two peaks in the region
from 1350 to 1310 cm™" increase with plasma treatment
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Table 2 Binding energy and relative percentage of different chemical components of C 1s for untreated and plasma-treated polyamide 6

Plasma time (min) Cl1 C2 C3 C4 C5

B.E. (eV) % B.E. (eV) % B.E. (eV) % B.E. (eV) % B.E. (eV) %
0 284.6 53.49 285.19 15.64 285.91 16.31 287.67 14.56 - -
15 284.6 3347 285.18 25.58 286.02 16.04 287.71 8.76 288.33 16.16
30 284.6 30.21 285.21 27.15 286.08 15.55 287.71 5.79 288.30 21.30
45 284.6 33.11 285.21 24.69 286.05 17.82 287.70 5.74 288.31 18.65
60 284.6 37.52 285.19 22.03 285.99 17.13 287.69 8.38 288.30 14.95
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Fig. 2 ATR spectra of untreated and plasma-treated polyamide 6
films in different regions: a 1500-1800 cm™', b 1200-1400 cm™ ",
and ¢ 600-800 cm ™!

time. These peaks are attributed to the C-N stretching
vibration region of cis-amides [26, 27]. From Fig. 2c, it is
observed that a peak in the 790750 cm ™' region increases
in intensity with plasma time. This peak is attributed to the
N-H wagging vibration of cis-amides [27].

Generally, PA molecules exist in the frans configura-
tion, while the cis configuration exists mostly in cyclic
amides with ring sizes having less than eight atoms [27].
The appearance of cis peaks after plasma treatment indi-
cates the formation of cyclic amides on the surface.

Plasma-treated polyamide 6 nanocomposites

Table 3 shows the XPS analysis results of the plasma-
treated polyamide 6 nanocomposites containing 2 wt%
nanoclay (PC2). As all the plasma-treated nanocomposites
had similar composition, only the data for PC2 is pre-
sented. In the nanocomposites, since silicon is a major
component of nanoclay, its atomic concentration is repre-
sentative of the relative content of MMT on the surface.
Before plasma treatment, the Si concentration is only
0.39%. However, after the surface was exposed to oxygen
plasma for 15 min, Si concentration increased significantly
to 13.41%. As plasma treatment was increased further, Si
concentration continued to increase but at a much smaller
rate. The changes in the atomic concentration of carbon,

Table 3 XPS analysis of untreated and plasma-treated polyamide 6
nanocomposite containing 2 wt% nanoclay (PC2)

Plasma time (min) Atomic concentration %

O 1s N 1s C s Si 2p
0 11.91 10.56 77.15 0.39
15 42.46 4.86 39.27 13.41
30 43.47 3.58 37.44 15.51
45 45.31 2.09 35.02 17.58
60 46.68 2.01 33.14 18.17
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Fig. 3 XPS C 1s spectra for untreated and plasma-treated PC2
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Fig. 4 ATR spectra of untreated and plasma-treated NC2

oxygen and nitrogen are similar to PA, i.e., that of oxygen
increases while those of carbon and nitrogen decrease.
Figure 3 shows the XPS C Is spectra for PC2 samples at
different plasma treatment times. It is observed that the C4
peak at 287.7 eV, which belongs to the carbonyl carbon of
the amide group, has disappeared after plasma treatment.
A new peak at 288.3 eV, which is attributed to the carboxyl
carbon of acid or ester groups, has appeared. The intensity
of this peak decreases with increasing plasma duration.
Figure 4 shows the ATR spectra for PC2 with and
without plasma treatment. Montmorillonite has four
absorbance peaks arising from the Si—O stretching vibra-
tions in the 940-1140 cm ™! region, namely at 1116, 1085,
1047, and 1024 cm™* [28]. As shown in Fig. 4, the inten-
sities of the Si—O stretching peaks at 1024 and 1085 cm™'
increase substantially with increasing plasma treatment
time, implying an increasing concentration of nanoclay on
the surface. This result is different from XPS which shows
that surface Si concentration only increases slightly with
increasing exposure to plasma. The reason for this differ-
ence is that XPS could only probe the nanocomposite
or pure polymer surface up to a depth of only several
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nanometers whereas the penetration depth of infrared is
around 1.5 pm. While the topmost few nanometers of the
surface have reached a somewhat steady state clay con-
centration, the plasma was still causing compositional
changes well below the surface even after 1 h.

Figure 4 also shows the appearance of a new peak at
1720 cm™' in the plasma-treated nanocomposite. The
intensity of this peak increases with plasma treatment time
firstly and becomes relatively unchanged after 30 min. This
is attributed to the carbonyl groups formed due to the
oxidation process. The position of this carbonyl peak,
however, is different from that of plasma-treated polyam-
ide 6. This indicates that different types of carbonyl groups
are formed on PA surface and nanocomposites surface.
Furthermore, no infrared absorbance peaks due to cis-
amide groups are observed for PC2 and nanocomposites
with other MMT content.

Abrasion resistance

Figure 5 shows the abrasion results for polyamide 6 and its
nanocomposites. For the samples without any plasma
treatment, it is observed that the abrasion resistance
decreases with clay content. These results are consistent
with other literature reports [6]. The plasma-treated poly-
amide 6 has better abrasion resistance compared to the
untreated material as well as all the plasma-treated nano-
composites. The optimal plasma treatment time for sur-
face-modified PA is 15 min and the abrasion resistance
decreases with increasing exposure. For PC2, PC4, and
PC6, a plasma duration of 15 min resulted in better abra-
sion resistance than the respective untreated nanocompos-
ites. Increasing the plasma treatment time led to poorer
abrasion resistance. For PC8, all the plasma-treated sur-
faces perform worse than untreated PC8. Among all
the nanocomposites, plasma-treated PC2 has the best
abrasion resistance. In fact, PC2 exposed to 15 min of
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Fig. 5 Abrasion results of untreated and plasma-treated polyamide 6
and its nanocomposites
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oxygen plasma has better abrasion resistance than pure
polyamide 6.

Water contact angle measurements

The water contact angle measurement was conducted after
stabilizing the sample in air for 1 day and stored for 1
month. Figure 6a shows the water contact angle of
untreated polyamide 6 which is 64°. All plasma-treated
polyamide 6 were fully wetted, i.e., their water contact
angles were 0° even after 1 month, as shown in Fig. 6b.
This implies that the surface of plasma-treated polyamide 6
was stable.

Oxygen plasma treatment has been found to improve the
wettability of polymer surface due to the functionalization
reactions which induced polar groups [38, 42, 43]. However,
the hydrophilicity will generally recover to a certain extent
during storage due to post-reaction [12] or reorientation of
the polarity groups [29, 30]. The stability of the plasma-
treated polyamide 6 surfaces indicates the presence newly
formed chemical species which will not react in air and has

(a)

(b)

Fig. 6 Image of water contact angle for a untreated and b plasma-
treated polyamide 6

Contact angle (°)

Plasma time (min)

Fig. 7 Water contact angle measurements for untreated and plasma-
treated polyamide 6 nanocomposites

good water solubility. This is consistent with ATR analysis
(Fig. 2a, c) which shows cyclic cis-amides being formed on
the surface of plasma-treated polyamide 6.

The water contact angles for nanocomposites samples
are shown in Fig. 7. Before plasma treatment, the water
contact angles were all around 60°. After plasma treating
and storage for 1 month, the contact angles were reduced.
After 15 min of plasma treatment, the contact angle
decreased to between 30° and 40° for PC2, PC4, and PC6.
Further exposure to plasma caused the contact angle to
increase to around 50° in these samples. For PC8, the
contact angles for plasma-treated samples remained at a
relatively constant value of 50°.

Plasma reaction mechanisms on pure polyamide 6
surface

Based on the experimental results, we propose the reaction
mechanisms shown in Fig. 8. Different kinds of free radi-
cals can be formed once PA is exposed to the plasma
phase. In Reaction 1, chain scission occurs at the C-C
bond and forms short fragments. This reaction can proceed
further, resulting in the formation of smaller fragments.
Reaction 4 shows how a fragment with one amide group
and less than 8 carbon atoms can form a cyclic cis-amide
[27], the existence of which was confirmed by ATR
(Fig. 2b, c) results. The chain scission products can also
react with oxygen radicals in the plasma phase to form
oxidized products (Reaction 5) [31].

In Reaction 2, chain scission occurs at the C-IN bond.
The radicals formed in this reaction can also undergo fur-
ther chain scission or oxidization reaction (Reaction 6).

In Reaction 3, the C-H bond is broken and the sub-
sequent products can undergo cross-linking [32, 33]
(Reaction 7) and oxidization (Reaction 8). The cross-
linking can lead to increased surface hardness and stiffness
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[34], thereby enhancing the abrasion resistance of plasma-
treated polyamide 6 [12, 34, 35]. However, the abrasion
resistance of polyamide 6 is found to decrease with
increasing plasma duration. This is because both cross-
linking and chain scission reactions occur simultaneously
during the plasma process [32, 36]. Chain scission reac-
tions lead to degradation of the polymeric chain and for-
mation of short chain fragments, which could be removed
easily during the abrasion process. When chain scission
reaction occurs on the network polymer chains, the net-
work is broken and shortened. Furthermore, these short
chains have been found to cross-link more easily [37], thus
the network size formed by these chains would be smaller.
Hence increasing plasma treatment leads to more cross-
links but smaller network size. Besides cross-linking, the
products of Reaction 3 can also undergo oxidization, as
shown in Reaction 8.

As mentioned above, oxidation reactions occur during
oxygen plasma treatment. Oxidation products have been
observed by XPS analysis and ATR (Fig. 2a). Firstly, the
atomic concentration of oxygen (Table 1) is observed to
increase. This is attributed to the incorporation of oxygen
atoms during the plasma reactions. The formation of acid
groups was observed in XPS C Is spectra (Fig. 1) and ATR
spectrum (Fig. 2a). Further analysis of the relative per-
centage of different chemical components of C 1s for
untreated and plasma-treated polyamide 6 has been pre-
sented in Table 2. In plasma-treated polyamide 6, the
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intensity of the new peak at C5 (O—C=0) and that of C2
(C—C=0) in the C 1s spectra are observed to increase
simultaneously. Furthermore, the percentages of the Cl
(C-C) and C4 (O=C-N or O=C-C) peaks are observed to
decrease. However, the relative percentage of C3 (C-O/C-N)
do not change much, thereby indicating that the oxidiza-
tion process also results in the formation of hydroxyl
groups on the surface. It is also observed that regardless of
plasma treatment duration, XPS results show that the rel-
ative chemical compositions of the plasma-treated PAs are
similar. Hence the polyamide 6 surface reaches an equi-
librium state within 15 min. This phenomenon is com-
monly observed for plasma-treated surfaces and is referred
to the “saturation state” of the surface [36].

Plasma reaction mechanisms on polyamide 6
nanocomposites surface

Chemical composition changes of the polyamide 6 nano-
composites due to plasma treatment have been analyzed by
XPS. As shown in Table 3, the most significant changes in
atomic concentrations occurred in the first 15 min of
plasma treatment: Si and O increased while N and C
decreased. Hence we propose that plasma modification of
the nanocomposite surface occurs in two stages. Stage 1 is
the rapidly etching of the organic component on the surface
and occurs within the 15 min of plasma treatment during
which the chemical composition changes significantly.
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At the end of stage 1, the surface becomes enriched in clay
as the organic components are removed by plasma [15].
In stage 2, the plasma continues to remove the polymer, but
at a much slower rate, thereby leading to slower compo-
sitional changes at the surface.

From the C 1s spectra of PC2 shown in Fig. 3, it is
observed that the peak attributed to amide groups disap-
pears within 15 min and a new peak representing carbox-
ylic carbons of acid or ester appears. The concentration of
this peak decreases with time. These results show that there
are at least two kinds of modifications occurring on the
nanocomposite surface under oxygen plasma. One is oOXi-
dation reaction, resulting in the formation of carboxylic
groups. The second is degradation which would lead to the
disappearance of amide group and the reduction of car-
boxylic group with time. Such degradation can be cata-
lyzed by organoclay [38, 39]. For polymers, degradation is
usually initiated on functional groups, such as amide and
carboxylic groups, and the rate of degradation is in the
order: (CONH) > (COO-) > (CH2) [40]. This explains
why the amide groups disappear fastest in the nanocom-
posites within 15 min of plasma treatment. Later, the
newly formed carboxylic groups were also degraded. The
degradation reaction would result in the formation of small
segments, which can evaporate and extracted in the gas-
eous phase [41].

The increase in silicon concentration at the surface is
due to clay aggregation as the organic components are
removed due to degradation reaction. The increase in sur-
face oxygen concentration may be attributed to two rea-
sons. The first reason is the oxidization reaction of the
remaining organic molecules on the surface. The second
reason is due to the higher oxygen concentration in MMT
compared to PA, hence oxygen content increases with clay
content. However, based on the earlier C 1s spectra anal-
ysis, it is observed that the oxygen containing groups
decrease with time, thus the second reason should be the
reasonable one to account for the observed increase in
oxygen concentration. Finally, as the carbon and nitrogen
atoms are mostly derived from PA, thus their concentration
changes are just opposite to that for silicon.

Based on XPS and ATR measurements, it is seen that
PA is much more vulnerable than nanoclays in the plasma
environment. Thus, the polymer chains are quickly etched
away while nanoclay is left behind and would aggregate
on the surface. The surface concentration of clay increases
with plasma time, leading to a layer of clay rich region
which is also increasing in thickness. However, it is
observed that the abrasion resistance of PC2, PC4, and
PC6 increased for short plasma treatment time but
decreased with increasing plasma duration (Fig. 5), so that
the best abrasion resistance is obtained at 15 min of
plasma treatment. On the other hand, for PC8, the

abrasion resistance is not improved at all regardless of
plasma duration.

In a previous study of the abrasion resistance of poly-
amide 6 nanocomposites, we have shown that (a) the
polymer matrix is easier to be removed than clay during the
abrasion process and (b) in nylon 6/MMT systems, the poor
abrasion resistance is attributed to defects at the clay—
polymer interface, resulting in greater wear of the polymer
matrix [8]. Based on the data in this paper, we propose a
schematic for the surface modification of the nanocom-
posite as shown in Fig. 9. After the first stage of plasma
treatment (i.e., the first 15 min), only the surface polyam-
ide chains are removed, leaving behind a surface rich in
clay. Such a surface would be more wear resistant [8].
In stage 2, the polymer segments are further degraded,
including the inner polymer chains which are beneath the
surface clay. This would lead to self-aggregation of the
clay layers on top of the surface [15]. Such self-aggregated
clay, however, would not be tightly bound to the polymer
matrix and would be easily cut off by the abrader. This
explains why nanocomposites with lower clay content that
are not treated with plasma or treated with short durations
of plasma have better abrasion resistance. For PCS, the
effect of defects at the clay—polymer interface is prepon-
derate over better wear resistance of clay [8], hence it is not
possible to improve the abrasion resistance of PC8
regardless of plasma duration. Hence all the abrasion
resistances of plasma-treated PC8 are similar or worse than
PC8 without plasma treatment.

The water contact angles of PC2, PC4, and PC6
decrease after 15 min of plasma treatment, then increase
again with plasma duration. The initial decrease in contact
angle is attributed to an increase of surface hydrophilicity,
which is due to the functional groups formed on the surface
as a result of plasma oxidation. From the XPS C 1s spectra
analysis, it is observed that the concentration change of
carboxylic groups has the same trend as the water contact
angle.

Plasma Etching
l l l l l l l l Exposed clays
Stage 1 l
- N = 7 = - 5 7/ — —
/__/_\ /I /_\_/_\ /I

Aggregated clays l Stage 2

7 — \/_

P N /l

Fig. 9 Schematic illustration of plasma modification on polyamide 6
nanocomposite surface
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Another factor that can affect the contact angle is
nanoclay aggregation on the surface. As PC8 has the most
nanoclay, its effect on contact angle is dominant. PC8
samples with different plasma treatment time all have
contact angles of around 50°. For PC2, PC4, and PC6, their
contact all tend to 50° with longer plasma duration. Hence
the effect of nanoclay aggregation on contact angle will
gradually dominate at long plasma treatment times. These
observations indicate the contact angle of the polyamide
surfaces treated with plasma will stabilize at around 50°.

Conclusions

Abrasion tests and water contact angle measurements were
performed on commercial polyamide 6 and polyamide 6
nanocomposites. The surfaces of the materials were ana-
lyzed by FTIR-ATR and XPS.

In pure polyamide 6, plasma treatment led to the for-
mation of cross-links and cyclic cis-amide species on the
surface, thereby causing an increase in abrasion resistance
and hydrophilicity, respectively.

In the plasma-treated polymer nanocomposites, the sur-
face also became more hydrophilic due to oxidation and
enrichment of clay at the surface. However, the plasma-
treated nanocomposite surface is not as highly hydrophilic
as that of plasma-treated homopolymer. Furthermore, an
improvement in abrasion resistance was obtained in sam-
ples with low clay content when exposed to plasma for a
short time. This is attributed to both cross-linking as well as
the higher abrasion resistance of clay. However, longer
exposure to plasma resulted in poorer abrasion resistance
due to self-aggregation of clay particles which can be easily
removed from the surface. It is observed that, with the
exception of the nanocomposite with the highest clay con-
tent, there is an optimum duration (~ 15 min) of plasma
treatment whereby pure polyamide 6 and the nanocom-
posites can achieve the best abrasion performance.

Our results show that oxygen plasma treatment can be
used to modify polymer and polymer nanocomposite
surfaces to enhance abrasion resistance. The best results
are obtained at low clay content and an optimum plasma
time. As polyamide 6 is widely used as an engineering
plastic such as gears, one important implication of this
work is that by introducing nanoclay into the polymer
matrix and subjecting the nanocomposite to oxygen
plasma, it is possible to enhance both the tensile properties
and abrasion resistance of the resulting hybrid material.
Understanding the effect of oxygen plasma on the polymer
nanocomposite would facilitate the design of materials
with “customized” surface properties for a wider range of
applications.

@ Springer
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