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Polymer nanocomposites are particle-filled polymers in which at least one dimension of the
dispersed particles is in the nanometer range. Dispersing nanosize particles in a polymer
matrix induces superior mechanical properties compared to traditional macro fillers.
Nanolevel reinforcement also affects the tribological properties and needs to be clearly
understood before using in practical applications. Friction and wear characteristics of
Nylon 6 nanocomposites under dry sliding conditions are reported in this paper. Nylon 6
with 5% organoclay was prepared by melt intercalation technique. The tensile behaviour is
evaluated according to ASTM standards. A pin-on-disc type tribometer is used for
evaluating the friction and wear behaviour. It is found that the Nylon 6 nanocomposites
have superior tribological properties than unfilled polymer. Formation of uniform tenacious
transfer layer by Nylon 6 nanocomposite on the counterface contributes to the reduction in
coefficient of friction and specific wear rate. Nylon Nancomposites exhibited high wear

resistance compared with the neat Nylon.
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1. Introduction

Advanced polymer composites are replacing metals
in many bearing and gear applications owing to its
lightweight and economic fabrication. Polymers have
poor mechanical strength compared with metals and
are reinforced with fillers and fibres to improve the
mechanical properties. Fibres or fillers ranging from
few tens of microns to few millimetres of length are
reinforced in commercial reinforced composites. If a
nanometer level dispersion could be achieved, the me-
chanical properties might be further improved [1]. Lay-
ered polysilicate clays like montmorillonite, hectorite,
and saponite are the few potential precursors used for
producing nanolevel dispersion [2]. These clays have
silicate layers held together by vanderwals bonds. Dis-
persion of the layers or agglomerated tactoids into dis-
crete monolayers, which can be achieved by various
methods including, melt intercalation, yields a new
class of material called Polymer Clay Nanocompos-
ite (PCN). Layered silicate clays are hydrophilic and
are less suitable for mixing and interacting with most
polymer matrices. These silicate clays are organically
modified to make it compatible with organic matrix,
which helps in better intercalation and exfoliation. Cho
and Paul [3] prepared Nylon 6 nanocomposites by melt
compounding using a conventional twin-screw extruder
and found the mechanical properties of the nanocom-
posites were significantly increased with a marginal de-
crease in ductility. Addition of organoclay to Nylon 6
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significantly increases the ductile-to-brittle transition
temperature [3]. Nylon 11/organoclay nanocomposites
prepared by melt compounding exhibited high ther-
mal stability, storage modulus and tensile strength [4].
Polyamide 12/fluromica and polyamide 12/organically
modified fluromica nanocomposites prepared by melt
compounding technique exhibited superior mechanical
properties compared with neat Nylon 12 [5].

Recent investigations reveal that the polymer
nanocomposites also exhibit good tribological prop-
erties [6—8]. Friction and wear tests were conducted
on low nanometer silicon nitride filled epoxy compos-
ites by Guang et al. [6]. The composite materials ex-
hibit significantly improved tribological performance
and mechanical properties at low filler content. Tribo-
chemical reactions involving SizN4 nanoparticles were
accounted for the improved tribological performance of
nano-Si3Ny/epoxy composites. Friction and wear prop-
erties of nanometer SiO, filled polyetheretherketone
(PEEK) were studied by Wang et al. [ 7]. The nano sized
SiO; filled PEEK showed considerably lower wear rate
and coefficient of friction than neat PEEK. The im-
proved performance was attributed to the formation of
a thin, uniform tenacious transfer layer on the coun-
terface. The wear resistance of nano sized ZnO filled
PTFE increased while the coefficient of friction re-
mained the same due to prevention of destruction of
the PTFE banded structure during the friction process
by nanometer ZnO [8].
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Nylon 6 being a most common engineering ther-
moplastic is used in many tribological applications
[9]. Nylon 6 nanocomposites have been successfully
prepared and found to exhibit superior mechanical
properties [3-5]. Tensile and tribological behaviour of
organoclay reinforced Nylon 6 based composites are
reported in this paper.

2. Materials and processing

Commercial grade Nylon 6 is used for preparing the
nanocomposites. The organoclay used was montmo-
rillonite modified by 2 methyl, 2 hydrogenated tallow
quaternary ammonium chloride (Elementis Specialties,
USA). Individual platelet size of the clay ranges from
about 0.5 x 0.5 x 0.001 microns to about 0.8 x 0.8 x
0.001 microns in size while the clay bundles is of the
order of about 75 microns [10].

Nylon 6 granules were preheated at 333 K for 4 h be-
fore extrusion. The organoclay was mixed with Nylon 6
pellets thoroughly using a screw mixer and fed into the
twin-screw extruder (Make Berstroff). The extrudate
was cooled by passing through a water bath and small
pellets were made by using a chopper. The X ray diffrac-
tion analyses were conducted on the molded specimens
to find out the dispersion of clay in nanocomposite.

Tensile specimens according to dimensions pre-
scribed in ASTM D 638 [11] were injection molded to
evaluate the tensile behaviour of Nylon 6 and Nylon 6
nanocomposite. Gage length and thickness of the ten-
sile specimen are 7.62 and 4 mm respectively. Speci-
mens were injection molded at a pressure of 125 MPa
and at a temperature of 513 K. Tests were carried out
according to ASTM D 638 using an Instron tensile test-
ing machine. Atleast three tests were conducted in each
material. Tests were performed at a constant strain rate
of 2 mm/s at room temperature.

Tribological properties of test materials were studied
using a pin-on-disc tribometer developed in the labora-
tory according to ASTM G99 [12]. Injection moulded
cylindrical pins of 8 mm diameter and 20 mm length
were used. The counter face disc was made of stain-
less steel (AISI 314). The centre line average surface
roughness (R,) of the ground disc is 0.6 um. The fric-
tion force was measured by using a force transducer
fixed on the loading lever arm and the temperature of the
disc was measured by using a non-contact infrared tem-

Normal Load

perature sensor (Fig. 1). Friction and wear tests were
conducted at different normal loads varying from 30
to 60 N. Tests were performed at a constant sliding
velocity of 0.4 m/s. Tests were conducted under unlu-
bricated dry laboratory conditions (32°C £ 3°C, RH
57% = 5%). Friction force and disc temperature were
measured continuously and data were stored using a
personal computer based data acquisition system. The
sliding surfaces of the pins were cleaned before testing.
The initial mass of pins was measured using an elec-
tronic balance of 0.1 mg accuracy and the dimensions
of pins were measured using a digital micrometer of
accuracy 1 um. The centre line average surface rough-
ness (R,) of the pin and disc was measured using a
perthometer. Tests were run up to a sliding distance
until the coefficient of friction stabilises. After the test
the pin was cleaned and the specimen mass and sur-
face roughness were measured. Three tests were con-
ducted under each test condition and the average values
of measured friction force, disc temperature and mass
loss were used for further analysis. The specific wear
rate (K,) was calculated using Equation 1

_ (my —mp) x 1000
- pNS

where m; and m, are mass (g) of specimen before and
after testing, p is the specific gravity of the specimen,
N is the normal load (N) and S is the sliding distance
(m). The worn-out surfaces were observed using
optical microscope.
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3. Results and discussion

3.1. Clay exfoliation

Fig. 2 shows the X-ray diffraction patterns of organ-
oclay and Nylon 6 nanocomposite. Organoclay shows
a diffraction peak at 7.2° corresponding to the gallery
spacing between the clay platelets. During melt pro-
cessing the polymer molecule intercalates into the gal-
leries of the clay and exfoliates the layers. Hence the
gallery distance is not detected in the X-ray diffraction
patterns of Nylon 6 nanocomposite.

3.2. Tensile behaviour
The typical stress-strain data of Nylon 6 and Nylon 6
nanocomposites are shown in Fig. 3. Tensile properties

IR Non contact
Temperature sensor

Figure 1 Schematic representation of pin-on-disc configuration.
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Figure 2 X-ray diffraction patterns of organoclay and Nylon 6 nanocom-
posite.
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Figure 3 Stress-strain curves of Nylon 6 and Nylon nanocomposite.

derived from the curves are given in Table I. Nylon 6
nanocomposite exhibits higher tensile strength and ten-
sile modulus than Nylon 6. Due to addition of 5% clay
the tensile strength increases (by ~ 14%) but there is a
drastic improvement in Young’s modulus (increased by
120%). The number of available reinforcing elements
is increased due to dispersion of clay layers and it im-
proves the load carrying capacity. As aspectratio of clay
is high, it has a large surface area available for adhesion
between the polymer molecules and clay layers. This
facilitates better load transfer to the reinforcing phase
and contributes to the improved strength and modulus
[2]. However the tensile property improvements occur
sacrificing the ductility of the polymer similar to any
other engineering material. The elongation at fracture
decreases from 384 to 95%. Hence there is a decrease
in toughness, measured by the area under stress-strain
curve, and the elastic resilience, calculated by the area
under the stress-strain curve up to elastic limit, indicat-
ing less energy required for fracture and deformation of
nanocomposite than Nylon 6. Nano level reinforcement
though improves the strength and modulus imparts brit-

TABLE I Tensile properties of Nylon 6 and Nylon 6 nanocomposite

Properties Nylon 6 Nylon 6 4 5% clay

Ultimate tensile 44.6 (£5%) 50.8 (£5%)
strength (MPa)

Yield strength (MPa) 30 (£5%) 21 (£5%)

Modulus (MPa)
Elongation at break

145 (£10%)
384% (£3%)

315 (£10%)
95% (£5%)

Area under stress 30.3 (£5%) 22.1(£5%)
strain curve (MPa)
Elastic resilience (MJ/m?) 1.54(£5%) 1.49(£5%)

tleness to the composite. Similar results were reported
in polyamide, PA 11 [4] and polypropylene [13] nan-
oclay systems. Liu et al. [4] observed similar improve-
ments in the tensile strength and modulus sacrificing the
ductility for PA 11 by reinforcing with organoclay. Ad-
dition of 4% organoclay shows significant improvement
in tensile strength and modulus with drastic decrease
in elongation at break. A decrease in the area under
stress-strain curve due to 1% nano silica reinforcement
in polypropylene with significant improvements in ten-
sile strength and modulus was reported by Wu et al.
[13].

3.3. Friction and wear behaviour

Owing to changes in the real area of contact and shear
strength of polymer, in most sliding tests the run-in fric-
tion precedes the steady state friction [14]. A similar
trend was observed in Nylon 6 and Nylon 6 nanocom-
posites during the current studies (Fig. 4). The coeffi-
cient of friction increases initially and than stabilizes
after the initial run-in period. The effect of nano level
reinforcement is evident as nanocomposites exhibits
lower coefficient of friction than Nylon 6. The nano
level reinforcement reduces the average steady state
coefficient of friction from 0.50 to 0.35.

The effect of applied normal load on the coefficient
of friction of Nylon 6 and Nylon 6 nanocomposites is
shown in Figs 5 and 6. The coefficient of friction in-
creases with increase in normal load due to the changes
in the real area of contact [15]. Both the materials ex-
hibit the similar trend. During injection moulding as
polymer cools in the mould, a skin is formed over the
surface [16, 17]. This skin is harder than the inside ma-
terial. Table II shows the durometer hardness (Shore D)
measured at moulded exterior surface and cut surface
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Figure 4 Effectof sliding distance on coefficient of friction at the normal
load of 60 N and sliding speed of 0.4 m/s.
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Figure 5 Variation of coefficient of friction for Nylon 6 at different
normal loads (sliding speed = 0.4 m/s).
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TABLE II Hardness (Shore D) of the pins

Hardness (Shore D) of the pin

At moulded surface At cut surface

Nylon 6 + 5% Clay 75 70
Nylon 6 72 68
0.5
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Figure 6 Effect of normal load on the coefficient of friction of Nylon 6
nanocomposites (sliding speed = 0.4 m/s).
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Figure 7 Temperature rise of the disc during the tests conducted at the
normal load of 60 N and sliding speed of 0.4 m/s.
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Figure 8 Effect of normal load on specific wear rate.

(inside material) of Nylon 6 and Nylon 6 nanocompos-
ite. The changes in real area of contact and formation
of transfer film in addition to the formation of skin in-
fluence the coefficient of friction. At lower loads, the
coefficient of friction is low and after certain distance of
sliding, the coefficient of friction increases and steadies
off. Increase in the normal load also shifts the transition
region (change from run-in friction to steady state fric-
tion) towards left, as the increase in applied load tends
to disrupt the skin faster. At the applied normal load of
60 N, a complete shift of the transition region towards
left was achieved for Nylon 6 but not in the nanocom-
posite. In Nylon 6 nanocomposite the skin is harder than
the skin formed on pristine Nylon and hence requires a
higher load to disrupt it. Nylon 6 nanocomposite spec-
imens require a higher load to attain the complete shift
of the transition region.

During the test, the rise in temperature of the disc was
observed due to frictional heating [18]. Fig. 7 shows
the rise in temperature of the disc during the sliding
tests for tests conducted up to a distance of 8000 m at
normal load of 50 N and sliding velocity of 0.4 m/s.
A higher temperature rise was observed during tests
with Nylon 6 pins compared with tests conducted with
nanocomposite pins. As the coefficient of friction is
high, when the Nylon 6 slides over the stainless steel
the heat generated is also high. Similar results were also
observed at all other loads investigated.

Effect of normal load on specific wear rate of Nylon
6 and Nylon 6 nanocomposite is shown in Fig. 8. Nylon
6 nanocomposite is more wear resistant than Nylon 6
at all normal loads investigated. The specific wear rate
of both Nylon 6 and Nylon 6 nanocomposite increases
with an increase in the normal load, as the wear loss is
proportional to the normal load [19].

Nylon 6 nanocomposite with 5% clay exhibited a
lower coefficient of friction and specific wear rate than
pristine Nylon 6 at all test conditions investigated. This
behavior may be attributed to interfacial strengthen-
ing of the nano level reinforcements [20, 21]. As the
clay particles are dispersed in nano level in Nylon 6
matrix and also due to the high specific surface area
of the nanoparticles the interfacial adhesion between
matrix and nanoparticle is high and contributes to the
improved tribological behavior. Due to the presence of

Figure 9 Transfer layer formed on the counterface disc after sliding at normal load 50 N and speed 0.4m/s of: (a) Nylon 6 and (b) Nylon 6 + 5% clay.
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Figure 10 Worn pin surface after sliding at the normal load 50 N and speed 0.4 m/s of: (a) Nylon 6 and ( b) Nylon 6 + 5% clay (arrow indicates the

sliding direction).

nanolevel filler, which has the same size as the seg-
ments of the surrounding polymer chains, the material
removal of nanocomposites is mild and also aids in the
formation of uniform tenacious transfer layer [7, 22].
This is evident from the micrographs (Fig. 9a and b)
of the transfer layer formed on the counterface. Fig. 9a
shows the transfer layer formed on the counterface dur-
ing sliding of Nylon 6 pins. The worn surfaces of Nylon
6 and Nylon 6 nanocomposite are shown in Fig. 10. Due
to the formation of patchy incoherent transfer film on
the counterface, the wear track formed during Nylon 6
pin is severe and thick. The wear tracks observed in the
nanocomposite pin are thin due to protection offered by
the transfer layer formed on the disc.

4. Conclusions

Tensile and tribo behaviour of Nylon 6 and Nylon 6
nanocomposite are investigated and the following con-
clusions were drawn:

1. Nylon 6 nanocomposite exhibit higher tensile
strength and modulus than pristine Nylon 6.

2. Coefficient of friction of Nylon 6 nanocomposite
under dry sliding conditions when slid against stainless
steel was lesser than that of Nylon 6.

3. Nanolevel filler is effective in reducing the specific
wear rate of Nylon 6 at all the normal loads investigated.

4. Formation of uniform tenacious transfer layer by
Nylon 6 nanocomposite on the counterface contributes
to the reduction in coefficient of friction and specific
wear rate.

5. Presence of nanolevel filler of same size of the
surrounding polymer molecules causes mild material
removal.
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