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ABSTRACT: In this article, abrasion performance of com-
mercial nylon 6 and nylon 6/montmorillonite (MMT) nano-
composites was studied. The polymer nanocomposites
showed poor abrasion resistance compared to the neat
polymer. The wear loss increased linearly with clay concen-
tration. Changes in surface morphology, composition, and
structure were investigated by scanning electron micros-
copy (SEM), Fourier transform infrared (FTIR)-attenuated
total reflection spectroscopy, and X-ray photoelectron spec-
troscopy (XPS). SEM images showed that all the abraded
surfaces contained fractured particles. However, the
abraded nanocomposite surfaces had much deeper grooves
compared to the homopolymer. FTIR results showed an
increase in the amount of a crystals and a decrease in the
amount of c crystals on all the surfaces after abrasion. This
was attributed to the strain-induced c to a crystal transfor-
mation. The largest amount of a crystals was formed in the

abraded surface of pure nylon 6, and the amount of a crys-
tals formed decreased with increasing MMT content. XPS
results showed an increase in the [Si]/[N] elemental ratio
for all nanocomposites after abrasion, indicating an increase
in the clay content of the surface. Abrasive wear mecha-
nism is as follows: (1) tensile tearing is the dominant wear
mechanism for all the samples; (2) the cutting mechanism
becomes more important when MMT content increases; (3)
the polymer matrix is easier to be removed than clay dur-
ing the abrasion process; (4) 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. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 113: 3286–
3293, 2009
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INTRODUCTION

Abrasion resistance is a system property for poly-
meric materials. The abrasion performance of a
given sample is influenced by wear mechanisms
involved, abrasive test method utilized, bulk and
surface properties of the sample, etc. Lancaster1

studied the physical processes involved in abrasive
wear of a wide range of polymers including nylon.
Their results demonstrated that two extreme types
of abrasive wear could occur with polymers: (1) cut-
ting, which is caused by relatively sharp asperities
and which occurs frequently in more plastic poly-
mers; (2) fatigue, or sometimes tensile tearing, which
is caused by more rounded asperities and which
tends to be a characteristic of more elastic polymers.
These wear mechanisms are, by and large, controlled

by the bulk properties of the polymer. Thus Lancas-
ter was able to obtain certain relationships between
the wear rate of a polymer with its hardness, tensile
strength, and elongation to failure in tensile tests. A
number of models that attempted to relate the abra-
sion resistance of polymers to other mechanical
properties have been proposed.2,3 One of the earliest
of these is commonly known as the Ratner–Lancas-
ter correlation, which was found to be suitable for
correlating the wear behavior and the mechanical
properties of polymers and polymer composites by
other authors.4–7 This model was initially adopted in
an extensive way by Ratner and coworkers8,9 and
had been critically reviewed and extended by Lan-
caster.1,10 In this theory, three stages are proposed to
be involved in the abrasion wear process of poly-
mers: (1) deformation of the surfaces to an area of
contact determined by the indentation hardness, H;
(2) relative motion opposed by the frictional force, F
¼ kl; and (3) disruption of material at the contact
points involving an amount of work equal to the
integral of the stress–strain relationship. An approxi-
mate measure of the latter is the product of the

Journal ofAppliedPolymerScience,Vol. 113, 3286–3293 (2009)
VVC 2009 Wiley Periodicals, Inc.

Correspondence to: L. S. Loo (SSLoo@ntu.edu.sg).
Contract grant sponsor: Ministry of Education,

Singapore.



stress to break, rb, and the elongation to break, eb.
Thus, the wear rate of a polymer, W, is given by:

W ¼ kl
Hrbeb

; (1)

where k is the load, l is the coefficient of friction,
and H is the hardness.

Another important aspect is the effect of fillers on
the abrasion performance of polymeric materials.
Incorporation of fillers in most polymer composites
was found to affect the abrasive wear resistance
severely. The filler material can be traditional micro-
scale particles such as glass fiber, carbon fiber, or
another polymer with relatively higher abrasive
resistance. In recent years, nanoscale fillers were
widely incorporated into polymers to produce poly-
mer nanocomposites. Regardless of the filler size,
however, the effects of fillers in polymers were
found to be beneficial for some materials under
certain wear conditions while detrimental for
others.1,2,7,11–13 Bauer and Mehnert13 did a series of
investigations on polyacrylate/SiO2 nanoparticle
coatings, which showed improved scratch and abra-
sive resistance compared to the neat polymer. On
the other hand, fibrillar silicate/styrene-butadiene
rubber nanocomposites showed increased wear
when the filler content was increased.11 In general,
the abrasion resistance of polymer nanocomposites
will be affected by amount of filler added, filler–ma-
trix interaction, and type of matrix. Furthermore, the
filler will also change the mechanical properties of
polymer matrix, such as increasing the strength and
stiffness, while causing corresponding reductions in
the elongation to break and ductility.14–16 Conse-
quently, the effects of fillers on the abrasion resist-
ance of polymer nanocomposites are quite
complicated to analyze and predict. In this article,
the authors study the effects of montmorillonite
(MMT) nanoclay on the abrasion performance of ny-
lon 6.

Nylon 6 has been widely used as engineering
plastics in applications such as bearings or packag-
ing materials. Its abrasion resistance is an important
property for its widespread applications. Nylon 6/
montmorillonite nanocomposites were first success-
fully synthesized by Toyota research group in the
early 1990s. The resulting nanocomposites had excel-
lent mechanical, thermal, and barrier properties. The
yield strength and tensile modulus of the nanocom-
posites increased with nanoclay concentration.16

However, nylon 6/MMT nanocomposites had poor
abrasion performance. Srinath and Gnanamoorthy7,17

reported the abrasive wear characteristics of melt
intercalated nylon 6 nanocomposites, containing 1, 3,
and 5 wt % modified MMT clay, using a pin-on-disc
abrasion machine. All the nanocomposites they

investigated exhibited low abrasive resistance com-
pared to pure nylon.
Generally, the abrasion surfaces are often charac-

terized by scanning electron microscopy (SEM) or
microscopy to show their morphology. However,
electron microscopy methods are not capable of
detecting compositional and structural changes at
the abrasion surface. The knowledge of such changes
will enable researchers to better understand the
micromechanics of the abrasion process and to
determine the role played by the nanofillers. This, in
turn, will lead to the intelligent design of surfaces
with improved abrasion resistance. Spectroscopic
techniques such as Fourier transform infrared (FTIR)
spectroscopy and Raman are useful for characteriz-
ing surface chemical structures.18 Furthermore, FTIR
has been used to investigate the deformation behav-
ior of montmorillonite in nylon 6 nanocomposites.19

Recently, Raman spectroscopy has also been success-
fully applied to explain the wear behavior for
sintered and thermoplastic polyimides.20 X-ray pho-
toelectron spectroscopy (XPS) can be used to deter-
mine the elemental composition of surfaces.21 This
technique is particularly useful because SEM images
do not allow one to distinguish between the nano-
sized clay platelets and the nylon matrix and also do
not provide quantitative information of the various
phases on the surface. The purpose of this article is
to use FTIR-attenuated total reflectance (ATR) and
XPS to investigate the surfaces of nylon 6 and nylon
6/MMT nanocomposites and to study the effects of
nanoclay on the abrasive resistance of the nanocom-
posites. To the authors’ knowledge, this is the first
time that FTIR and XPS techniques are used to char-
acterize abrasion surfaces.

MATERIALS AND METHODS

Materials

Pure nylon 6 films and nylon 6/montmorillonite
nanocomposite films containing 2, 4, 6, and 8 wt %
nanoclay were purchased from Nanocor Corporation
(Arlington Heights, IL) and used as received. The
nanocomposites were made by in situ polymeriza-
tion of nylon 6 with 12-aminododecanoic acid-modi-
fied montmorillonite and then melt extruded. The
thickness of the films ranged from 0.06 to 0.08 mm.

WAXS measurement

The films were characterized by wide-angle X-ray
scattering (WAXS). WAXS was performed on a
Rigaku Rint 2000 unit by using Cu Ka radiation at a
voltage of 40 kV and a current of 40 mA. The scan
speed was 1.0�/min and the scan step was 0.02�.
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Abrasion test

Abrasion tests were performed on a Taber model
5135 Abraser under atmospheric conditions (23�C,
55% relative humidity). The films were mounted
onto the specimen holder of the Abraser. Two CS-17
Calibrase abrasion wheels were then attached to the
Abraser’s rollers and the loading was set at 1000 g.
CS-17 wheels are resilient wheels that are composed
of rubber and aluminum oxide abrasive particles.
One thousand cycles were performed on each sam-
ple after which the final weight of the sample was
measured again. The weight loss during this process
was evaluated as the abrasion resistance. Three sepa-
rated films were tested at each nanoclay concentra-
tion, and the results were then averaged.

Scanning electron microscopy

The morphology of abraded surfaces were analyzed
by JEOL JSM-6390LA analytical SEM by using an
acceleration voltage of 10 keV.

Infrared measurement

FTIR-ATR measurements were performed on the
unabraded and abraded surfaces by a Nicolet Nexus
5700 spectrometer by using the Smart Orbit ATR
accessory. The Smart Orbit is a high-performance di-
amond single-reflection ATR. The depth of penetra-
tion is � 1.5 lm at 1000 cm�1 wavelength. The beam
splitter is KBr and the detector is a liquid nitrogen-
cooled MCT detector. Sixty-four scans were collected
for each spectrum at a resolution of 2 cm�1. ATR
correction was applied to each spectrum. To deter-
mine peak intensities in the region between 900 and
940 cm�1, these spectra were baseline corrected man-
ually. A flat baseline was drawn from 900 and 940
cm�1. Least-squares peak fitting by using Gaussian
band shapes was performed by OriginPro 8 soft-
ware. The peak centers and line widths were not
fixed initially.

X-ray photoelectron spectroscopy measurement

XPS measurements were made by using a Kratos
Ultra XPS system equipped with an Al Ka1,2 X-ray
source (hm ¼ 1486.6 eV). The pressure in the analysis
chamber was maintained at or below 3.0 � 10�9

Torr during the measurements. The spectra were
obtained at a photoelectron takeoff angle of 90�

measured with respect to the plane of the sample
surface. Peak fitting was performed by using a Shir-
ley baseline. The areas of the XPS peaks were
divided by the instrument relative sensitivity factor
to account for the different photoionization cross-
sections.

RESULTS AND DISCUSSION

Crystal structure and morphology of nylon 6 and
nylon 6/MMT nanocomposites

Nylon 6 exhibits polymorphism, and the polymorph
depends on the crystallization conditions. At room
temperature two crystalline modifications exist,
namely the a phase and c phase.22,23 The a crystal-
line phase has a monoclinic structure with crystal
parameters a ¼ 0.956 nm, b ¼ 1.724 nm, c ¼ 0.801
nm, and b ¼ 67.5�.24 The c phase also has a mono-
clinic structure with a ¼ 0.933 nm, b ¼ 1.688 nm, c ¼
0.478 nm, and b ¼ 121�.25 Figure 1 shows the WAXS
data for the nylon 6 and nanocomposites films. Only
two peaks located at 11� and 21.5� are observed for
all specimens. These peaks are attributed to the (020)
and (200) planes, respectively, of the c crystals. No
peaks corresponding to the a crystals at 2y ¼ 20�

and 2y ¼ 24� are seen.16,26 It can be concluded that
the dominant crystalline structure for all the films is
the c phase.
The WAXS region for 2y less than 10� is usually

used to characterize the degree of dispersion of
MMT nanoclay: the absence of peaks in this region
implies that the nanoclay is fully exfoliated, while
the presence of peaks indicates that the clay is inter-
calated or aggregated.15 Figure 1 shows that there
are no peaks in this region for all the samples, indi-
cating that the MMT clays are fully exfoliated in the
nanocomposites.

Abrasion results

Figure 2 shows the abrasion results for the nylon 6
and nanocomposites films. It is observed that the
weight loss increases almost linearly with MMT

Figure 1 WAXS patterns of pure nylon 6 and nylon 6/
MMT nanocomposites.
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content. The lowest loss is incurred by pure nylon 6
films (8.03 mg) and the highest loss is incurred by 8
wt % nanocomposite films (19.4 mg). It is apparent
that the presence of MMT in the polymer matrix
reduces the abrasion resistance of nylon 6. These
results are quite consistent with those obtained by
Srinath and Gnanamoorthy,7,17 as discussed earlier.

SEM results

Figure 3 shows the SEM micrographs of pure nylon
6 and nanocomposites containing 4 and 8 wt %
MMT after the abrasion test. Two kinds of deforma-
tion are observed here: (1) fractured particles turned
up due to the tractive stress and (2) grooves that

show the tracks of abrasive particles and are due to
the cutting function. The abrasion surface of pure
nylon 6 has homogeneously distributed fractured
particles and less obvious grooves. However, the
wear damage is more serious for the nanocompo-
sites, especially the one with 8 wt % MMT content.
As shown in the figure, the abrasion surface of this
nanocomposite does not have as many fractured
particles but deeper grooves are present. It is
observed that the abraded surface of the nanocom-
posite containing 4 wt % clay contains both frac-
tured particles and grooves. Hence as the MMT
content increases, the surface morphology after abra-
sion contains deeper grooves and less fractured
particles.

Crystalline transformation observed by FTIR-ATR

The FTIR spectra and peak assignments of nylon 6
have been published in several articles.27,28 Figures
4–6 show the ATR spectra of the nylon 6 films. In
these spectra, the peak intensities are shown to scale
and are displaced vertically relative to each other for
clarity of presentation. The spectra before and after
the abrasion test were recorded. Figure 4 shows the
ATR spectra of the surfaces of pure nylon 6 and
nanocomposites containing 4 and 8 wt % MMT
nanocomposites in the NH stretching region. It is
observed in all the samples that before abrasion, the
NH stretching peak is located at around 3282 cm�1,
corresponding to the c crystal phase.29 However,
after abrasion, all the peaks underwent a left shift
toward the lower energy region around 3293 cm�1,
which is where the NH stretching band for the a

Figure 3 SEM micrographs of the abrasion surfaces of nylon 6 as well as nylon 6 nanocomposites containing 4 wt %
MMT and 8 wt % MMT. Top images show magnification at �300 and bottom images show magnification at �1000.

Figure 2 Abrasion weight loss of nylon 6 and nylon 6/
nanoclay nanocomposites versus clay content.
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phase is located.30 This band shift is attributed to
the formation of more a phase crystals at the film
surface during abrasion.31

More concrete evidence of the increase in the
amount of the a crystals at the abrasion surface is
given at the lower wavenumber regions of the ATR
spectra. Figure 5 shows the ATR spectra of the
unabraded and abraded surfaces of pure nylon 6
and nanocomposites containing 4 and 8 wt % MMT
nanocomposites in the 1400–1500 cm�1 region. In
this region, due to the CH2 scissors deformation, c
crystals have two characteristic peaks at 1463 and
1436 cm�1, while a crystals produce two peaks at
1477 and 1418 cm�1.28,32 From Figure 5, it is
observed that the surface of all the unabraded films

consists primarily of c crystals as shown by the solid
arrows indicating only two peaks at 1463 and 1436
cm�1. The 1477 and 1418 cm�1 peaks due to the a
crystals are barely visible as shoulders. The crystal
composition of the film surface is thus similar to
that of the bulk as confirmed by WAXS results. After
abrasion, however, the two peaks attributed to the a
phase (as indicated by the dashed arrows in Fig. 5)
become much more distinct for all three samples, in
addition to the c peaks.
Figure 6 shows the ATR spectra of the unabraded

and abraded surfaces of pure nylon 6 and nanocom-
posites containing 4 and 8 wt % MMT nanocompo-
sites in the 900–1140 cm�1 region. This region
contains both the COANH stretching peaks from the
nylon 6 crystals and the SiAO stretching bands
(dash-dot arrows) from clay. The three peaks from
MMT clay are SiAO stretching bands at 1084, 1038,
and 1010 cm�1.26,27,31,33 Before abrasion, the 976
cm�1 peak (solid arrow) from the c crystal is present
in all the spectra, whereas the a peak at 930 cm�1

can hardly be seen due to the stronger c peak at 914
cm�1.34 After abrasion, the a peak at 930 cm�1

(dashed arrow) appears in all the film surfaces.
There is also a corresponding decrease in the inten-
sity of the c peaks at 976 and 914 cm�1. This con-
firms that a crystals were generated on the film
surface during abrasion.
The ATR technique can also be utilized to shed

some light on how the a crystals were created, by
analyzing the peak areas of the different crystal
phases on the surfaces. The 930 and 914 cm�1 peaks
will be used to determine the amounts of the a and
c phases, respectively. Although these two peaks
overlap, they can be deconvoluted quite easily as

Figure 5 ATR spectra of the 1400–1500 cm�1 region for
pure nylon 6 and nylon 6 nanocomposites containing 4
and 8 wt % MMT before (thick solid lines) and after (thin
solid lines) abrasion test.

Figure 6 ATR spectra of the 900–1140 cm�1 region for
pure nylon 6 and nylon 6 nanocomoposites containing 4
and 8 wt % MMT before (thick solid lines) and after (thin
solid lines) abrasion test.

Figure 4 ATR spectra of the NAH stretching region for
pure nylon 6 and nylon 6 nanocomoposites containing 4
and 8 wt % MMT before (thick solid lines) and after (thin
solid lines) abrasion test.
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there are no other peaks in this region. Figure 7
shows an example of the peak-fitting procedure. For
this analysis, the c peak at 914 cm�1 is preferred
over the more strongly absorbing peak at 975 cm�1

because the latter overlaps strongly with the clay
peaks in the nanocomposites.

Figure 8 shows the peak areas A930 and A914 for
the film surfaces plotted against clay content, before
and after abrasion: A930 and A914 refer to the areas
under the 930 and 914 cm�1 peaks, respectively.
From Figure 8(a), it is observed that, for every sam-
ple, the value of A930 is much higher after abrasion
compared to before abrasion. This indicates that
there is an increase in the amount of a crystals on
the surface as a result of the abrasion process. Fur-
thermore, the magnitude of increase is largest for
the pure nylon 6 surface, and smallest for the nano-
composite containing 8 wt % MMT. From Figure
8(b), it is seen that the value of A914 decreases after
abrasion for all samples, implying a decrease in the
amount of c crystals on the abraded surface.

Based on these results, we propose that the a crys-
tals on the surface were formed from the c crystals
as a result of abrasion. Specifically, this transforma-
tion is attributed to tensile forces during the abra-
sion process. The strain-induced c to a crystal
transition is a common phenomenon and has been
observed and studied by other researchers.25,35–38

Miyasaka and Makishima proposed that the driving
force for this crystalline transformation is due to the
formation of the more stable hydrogen bonds during
the tensile drawing process.39 As the c phase crystal
is 3% shorter than a phase due to the twisting of the
amide group, the application of a tensile force will
induce the stretching of the crystal chains. When the
stretched chain length reaches that of the a crystal, a
more stable hydrogen bond network between anti-
parallel chains is formed, resulting in the c phase

crystals being transformed into a crystals. Further-
more, strain-induced transformation of the meso-
morphous b phase to the a phase has also been
observed for nylon 6.36 It is likely that some a crys-
tals could also be formed from this transformation,
but further work will be needed to prove this.
Furthermore, as clay content increases, the relative

amount of a crystals on the abraded surface
decreases, implying that less of the c phase were
being transformed into a crystals during abrasion.
Hence, the presence of MMT renders the films less
ductile, resulting in more cutting and less tensile
tearing occurring during the abrasion process.

Surface composition changes observed by XPS

It is also instructive to compare the relative composi-
tional changes of the polymer and nanofiller at the
nanocomposite film surface before and after abra-
sion. This is achieved by using XPS technique.

Figure 7 Example of the peak fitting procedure.

Figure 8 The peak areas (a) A930 and (b) A914 for the sur-
faces plotted against clay content, before and after abra-
sion. A930 and A914 refer to the areas under the 930 and
914 cm�1 peaks, respectively.
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Figure 9 shows the XPS results of the surface com-
position before and after abrasion as a function of
clay content. The ratio of silicon to nitrogen atoms,
[Si]/[N], is used to compare the relative amount of
MMT and polymer at the surface. It is observed that
at every clay concentration, the value of the [Si]/[N]
ratio is higher for the sample after abrasion than
that before abrasion. This shows that it is easier for
the polymer matrix to be removed from the surface
in the presence of clay particles. As the amount of
clay increases, the loss of the polymer matrix due to
abrasion increases. He et al.15 did a study on the
mechanisms for the embrittlement of nylon 6/clay
nanocomposites. They concluded that this embrittle-
ment was caused by the clay dispersed in the poly-
mer matrix, which triggered the formation of
numerous crazes and microcracks near the interface
between the clay and matrix. This phenomenon has
been observed by transmission electron microscopy
and collaborated by small-angle X-ray scanning. For
the materials in our study, the presence of such
defects at the clay–polymer interface would make it
easier for nylon polymer to be removed from the
surface during abrasion. This is why the presence of
the nanoclay does not enhance the abrasion resist-
ance of the nanocomposites but rather worsen the
wear behavior. Increasing the clay content would
increase the density of such defects on the surface,
making the nanocomposite even more susceptible to
abrasive wear. What is promising about the XPS
results is that the increased amount of clay on the
abraded surface would indicate that it is more diffi-
cult to remove clay from the surface compared to
the polymer. Hence the MMT particles can be antici-
pated to impart greater abrasion resistance to the
nanocomposites if one can reduce the number of
defects at the matrix–particle interface.

SUMMARY AND CONCLUSIONS

Abrasion tests were performed on commercial nylon
6 and nylon 6/MMT nanocomposite films and the
surfaces were analyzed by SEM, FTIR-ATR, and
XPS. The following observations and conclusions
can be drawn:

1. Tensile tearing is the dominant wear mechanism
for all the samples. This is confirmed by both
SEM and FTIR results. SEM images of all samples
show fractured particles on the abraded surfaces.
FTIR results indicate an increase in the amount of
a crystals and a decrease in the amount of c crys-
tals on the surface after abrasion. This is attrib-
uted to strain-induced c to a (and possibly b to a)
transformation.

2. The cutting mechanism becomes more impor-
tant when MMT content increases. SEM images
show that the surface of pure nylon 6 surface is
more homogeneous and has more fractured
particles and less obvious grooves. However,
with increasing MMT content, the damage on
the surface becomes more serious and grooves
become deeper. FTIR results show that the larg-
est amount of a crystals were formed in pure
nylon 6, and the amount of a crystals formed
decreases with increasing MMT content.

3. The polymer matrix is easier to be removed
than clay during the abrasion process. This is
borne by the XPS results, which show an
increase in the [Si]/[N] ratio for all the nano-
composites after abrasion.

This work has shown that it is possible to use of
FTIR-ATR and XPS to investigate the microme-
chanics of the abrasion process, particularly for ny-
lon nanocomposites. FTIR and XPS can be used to
probe structural and compositional changes, which
can be correlated to the deformation processes
involved. This would allow one to design polymer
nanocomposite system with better abrasion resist-
ance. 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 as the content of nanofiller increases. Remov-
ing or reducing such defects, such as through modi-
fying clay surface with suitable surfactants, would
result in better performance of the nanocomposites.

The authors thank Prof. Mary Chan for providing the materi-
als and equipment.
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