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ABSTRACT: The effect of adding a 1 wt % proportion of thermotropic liquid crystals
4,49-dibutylazobenzene (LC1) and 4-octyl, 49-cyanobiphenyl (LC2) on the tribological
properties of polyamide 6 (PA 6) is compared with that of the addition of MoS2 in
different concentrations (1 and 5 wt %). Friction and wear are determined in a pin-on-
disk tribometer by using injection-molded additivated nylon disks against steel or
aluminum pins, below (25°C) and above (80°C) glass transition temperature. Polymeric
blends are characterized by differential scanning calorimetry and by optical and scan-
ning electron microscopy and microanalysis. Concentration of liquid crystalline addi-
tives is higher at the surface than in the bulk of PA 6 disks. Crystallinity degree of PA-6
is not significantly changed by the presence of additives. Addition of 1 wt % LC1
improves processibility of PA 6 by increasing its melt flow rate. Cyanoderivative liquid
crystal (LC2) shows the best wear-reducing ability for PA 6/steel contacts at all
temperatures. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 2426–2432, 2001

Key words: nylon (PA 6); sliding friction and wear; MoS2; liquid crystal–polymer
blends

INTRODUCTION

The use of polymers and polymeric composites in
seals and bearings and other applications where
tribological properties are important is growing
rapidly.1

The growth of the worldwide plastics industry
owes much to developments in additive technolo-
gy.2 Even plastics with excellent natural lubricity
should be used with one or more antiwear addi-
tives.

Recently, a new class of self-reinforcing poly-
meric materials based on blends of isotropic ther-
moplastics and thermotropic liquid crystal poly-
mers was developed.3,4

Nylons are used as gear and bearing materials
because of their balance in strength, hardness, and
toughness and because of their good friction prop-
erties. For such applications, nylons are filled with
lubricating additives such as polytetrafluoroethyl-
ene (PTFE), silicone fluids, carbon fibers, graphite,
molybdenum disulfide, and metallic powders.3

Lubricants in small amounts (usually ,1%)
can be used as melt-processing aids or, in larger
proportions, to improve the properties of the end-
use part. Lubricated nylons involve larger
amounts (10–20%) of modifiers to improve the
wear and friction characteristics of nylon parts.
In both instances, surface rather than bulk prop-
erties are involved.
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MoS2 is a solid lubricant4 having a lamellar or
platelike crystal structure usually used in nylon
composites to reduce wear rates and increase
pressure–velocity (PV) limits.

Long-chain disubstituted azo derivatives be-
long to well-known thermotropic liquid crystals
families,5 and, besides their optoelectronic appli-
cations, they were investigated for their lubricat-
ing properties both as pure6 and as lubricating oil
additives.7

Cyanoaryl liquid-crystalline derivatives were
extensively developed by their electrooptic prop-
erties as thermotropic liquid crystals.5 Several
authors7–10 have also studied their lubricating
ability in metal–metal contacts.

We have recently shown11 that even polymers
with poor self-lubricating characteristics, such as
polystyrene (PS) or styrene acrylonitrile (SAN),
can be more wear resistant when additivated
with thermotropic liquid crystals, in particular
with 4,49-dibutylazobenzene (LC1).

In this work, we use 4-octyl, 49-cyanobiphenyl
(LC2) as polymer additive for the first time to
compare its properties with that of the azo deriv-
ative.

The aim of the present work was to determine
the capacity of liquid crystals to improve wear
resistance of a self-lubricating polymer such as
PA 6 used widely in tribological-demanding appli-
cations. We have compared the performance of
the new additives with that of a classical nylon-
lubricating additive such as MoS2.

EXPERIMENTAL

Materials

Pellets measuring 3 mm of polyamide 6
([C6H13NO2]n) and MoS2 (powder, 99%, ,2 mm
size) were purchased from Aldrich (Milwaukee,
WI).

LC1 was prepared12 and purified13 as previ-
ously described. LC2 was supplied by Merck
(Poole, UK).

Pin materials were AISI 52100 steel and anod-
ized aluminum (Ra # 0.1 mm).

Preparation and Characterization of Additivated
PA 6 Disks

The nylon pellets were milled to powder and
blended with the additive by using an IKA A-10
refrigerated mill equipped with tungsten–carbide

blades. PA 6 pellets (8 g) were milled for 8 min.
The additive (80 mg) was then blended by milling
for another 8-min period. The final homogeneous
powder has a mean particle size of ,10 mm. Melt
powder was injection molded at 250°C with a
mold temperature of 130°C to obtain PA 6 disks.

PA 6 disks were kept in an atmosphere of con-
trolled humidity, and water absorption was kept
, 10% for every tested specimen.

Physical and Mechanical Properties of PA 6 Disks

Degree of crystallinity for additivated PA 6 was
determined by differential scanning calorimetry
(DSC)14 in a Perkin–Elmer DSC-6 and the results
are shown in Table I.

Melt-flow rate was determined according to
ASTM D1238 standard, as the mean values of
three measures with , 1% standard deviations.

At 25°C, a mean Shore D value of 77 was ob-
tained for all additivated nylon disks, whereas
heating at 80°C lowers hardness values to 65
Shore D. Roughness (Ra) for nylon disks was
# 0.5 mm.

Tribological Experiments

Tribological experiments were carried out on a
pin-on-disk ISC 200PC tribometer with the fol-
lowing experimental parameters: pin radius
5 0.34 mm; sliding radius 5 10.5 mm; sliding
distance 5 1000 m; normal load 5 7N; sliding
speed 5 0.1 m/s. The friction coefficient for each
test was continuously recorded during the test
time. Friction coefficients shown in Table II are
mean values after three tests under the same
experimental conditions.

For each additive, two sets of experiments were
carried out, at 25 and 80°C, below and above the
glass transition temperature, respectively.

Optical micrographs of additivated PA 6 were
obtained with an Olympus BH2 microscope. Worn
surfaces were observed under a JEOL 6100 SEM
microscope and wear tracks measured by image
analysis with a Leica DMRM microscope con-
nected to an Optimas image analyzer. Wear vol-

Table I Crystallinity of Additivated PA 6 as
Determined by DSC

Additive
(wt %) LC1, 1% LC2, 1% MoS2, 1% MoS2, 5%

Crystallinity
degree (%) 23.31 23.47 22.65 21.90
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umes were calculated by measuring wear track
width,15 as previously described.11 Track widths
are mean values after at least 12 measurements.
Wear coefficients shown in Figure 2 are mean
values after three tests for each material under
the same experimental condition.

RESULTS AND DISCUSSION

Thermal Properties

Crystallinity percentages14 were determined by
DSC from the fusion heat of each sample with
respect to that of the 100% crystalline material.
The overall crystallinity percentage of the poly-
mers is very similar (see Table I).

Melt-flow rate for LC1-additivated PA 6 is
higher (66 cm3/min) than for pure PA 6 (63 cm3/
min). This higher melt flow eases the injection-
molding process, so this type of additive could
have interesting scope as processing aids.

Another consequence of the presence of liquid-
crystalline fluids during the injection processing
of PA 6 disks is the distribution of the additive
within the matrix.

Optical microscopy examination of the near-
surface areas of thin films of LC-additivated ny-
lon-6 shows that the distribution of the additives
in the polymer matrix is not uniform. In fact, the
additive is present in a higher proportion close to
the surface. Figure 1 illustrates this effect for
LC1-additivated PA 6. This figure shows an opti-
cal micrograph of a 50-mm-thickness film with a
liquid-crystalline-rich surface layer between 30
and 60 mm thick.

This is, as far as we are aware, the first time
this kind of filler-rich skin layer was character-
ized for liquid crystal/polymer blends. This obser-
vation could give rise to new surface-modified
polymers with enhanced wear resistance without
affecting the bulk properties of the base polymer.

Friction Coefficients

Friction coefficients are shown in Table II and
vary between 0.18 and 0.30.

Literature values16 for friction coefficients of
nylon under dry wear against steel range between
0.25 and 0.6. A value of 0.35 was described17 for
PA 6 disks against mild steel pins in a triple
pin-on-disk machine.

The friction and wear behavior of MoS2-filled
nylon was studied by many authors,18 but results
vary widely with test conditions and proportion of
the additive.

From our data (see Table II), the effect of MoS2
appears to be independent of temperature and
concentration.

It is apparent that, under the conditions stud-
ied here, the addition of a 1 wt % of any additive

Table II Friction Coefficients of Additivated PA 6/Metal Contacts [Load
5 7N. Sliding speed 5 0.1 m/s. Distance 5 1000 m]

PA-6 Additive

Aluminum Pin Steel Pin

25°C 80°C 25°C 80°C

LC1 1% 0.28 (0.02) 0.22 (0.002) 0.25 (0.05) 0.18 (0.02)
LC2 1% 0.30 (0.07) 0.21 (0.01) 0.22 (0.02) 0.23 (0.01)
MoS2 1% 0.30 (0.07) 0.23 (0.01) 0.26 (0.02) 0.25 (0.02)
MoS2 5% 0.20 (0.06) 0.21 (0.01) 0.28 (0.01) 0.25 (0.01)

Figure 1 Crossed polarizers optical micrograph of 1%
LC1 PA 6 film showing higher LC concentration close to
the surface (PA 6 crystals appear white; LC1 appears
gray).
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has a similar effect on the friction coefficient of PA
6, regardless of the mating material and the tem-
perature.

The only exception is that of LC 1 when sliding
against steel at 80°C, which presents the lowest
friction coefficient of all tests. At this high tem-
perature (above the glass transition tempera-
ture), large deformations are produced in the PA
6/steel contact and segregation of the liquid-crys-
talline additive could give rise to an oriented lu-
bricant layer in the contact zone.

The high polarity of the cyanoaryl molecules19

of LC2, as compared with the apolar molecules of
LC1, could account for their stronger interaction
with the nylon matrix, making this additive less
prone to segregation even at high temperature
and, consequently, friction values for this additive
are independent of temperature.

Wear Coefficients

Figure 2 shows wear rates (K, mm3 N21 m21) for
each material and test conditions. For the mate-
rials studied here, severe wear (. 20 3 1025 mm3

N21 m21) was only observed for PA 6/steel at
80°C. Steel pins remain unworn throughout the
tests. In contrast, aluminum pin surfaces experi-
ence some volume loss (a mean value of 2.5
3 1023 mm3 after each test at 25°C).

LC2 shows good antiwear ability when com-
pared (Fig. 2) with the other additives, particu-
larly for PA 6/steel pairs.

We have previously described the good lubri-
cating behavior of LC2 in aluminum/steel con-
tacts when used as 1 wt % lubricating oil additive.
This could be due to its ability to form adsorbed
monolayers20 onto the metal surface, particularly
on steel pin surfaces that remain unworn
throughout the tests.

Adsorbed monolayers of liquid crystals were
observed by scanning tunneling microscopy
(STM) techniques.19

Second harmonic generation methods have
shown20 that the liquid-crystal molecules exhibit a
temperature-independent polar order on treated
substrates with the principal axis inclined by a qua-
si-universal tilt angle of 60–80°, regardless of the
method of surface treatment and the type of liquid
crystal, concluding that polar ordering is confined to
the first monolayer where almost all the molecules
point their polar heads (the cyano groups of LC2)
toward the solid substrate. This polar ordering rap-
idly decays into the bulk.5,21

Molecular alignment was recently demon-
strated in liquid-crystalline-confined films,22 re-
vealing a profound dependence of the alignment
on the applied stress.

Figure 2 Wear coefficients for additivated PA 6 [Load 5 7N; sliding speed 5 0.1 m/s;
distance 5 1000 m].
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One percent LC2 shows even better antiwear
performance than 5 wt % MoS2 for PA 6/steel
pairs (see Fig. 2). LC2 shows a slightly higher
value of wear coefficient for PA 6/aluminum at
80°C, probably because the formation of oriented
monolayers of LC2 molecules is disrupted by the
wear of the aluminum pin.

Wear Mechanism

As can be seen in Figure 2, wear of PA 6/alumi-
num pairs are lower than that of PA 6/steel con-
tacts even at 80°C. Thus, mechanical effects are
predominant over thermal ones on the wear of PA
6. Only LC2 lowers the wear of PA/steel (Fig. 3)
with respect to aluminum at 25°C, due to its high
affinity for steel surfaces.

Under the conditions studied here, wear tracks
are wider and smoother for PA 6/steel (Fig. 3)
than for PA 6/aluminum contacts (Fig. 4), where
large cracks can be seen inside the wear track.

Wear scars of PA 6 after sliding against steel
(Fig. 3) and aluminum (Fig. 4) show significant
differences. Figure 4 shows surface cracks trans-
verse to the direction of sliding. This is in agree-
ment with a fatigue–wear mechanism23 and could
be attributed to the fact that aluminum pins wear
off during the tests, thus increasing surface as-
perities, whereas steel pins remain unworn.

For all four additivated PA 6 studied, the ad-
hesive component of the wear mechanism is con-
firmed by observation of wear-debris particles
(see Fig. 5) and transfer film adhered to metallic
pin surfaces (Fig. 6).

The ribbonlike morphology of wear debris (Fig.
5) suggests that a significant thermal softening of

the polymer,24 combined with the transfer to the
metallic pin, took place.

The high wear rate of MoS2 additivated PA
6/steel contacts is illustrated in Figure 7, which
shows sulfur concentration outside [Fig. 7(a)] and
inside [Fig. 7(b)] the wear track.

CONCLUSION

1. Liquid-crystalline additives could be consid-
ered processing aid additives for PA 6. In fact,
LC1 increases the melt-flow rate of PA 6, thus
easing the injection process.

2. Injection-molded PA 6/liquid-crystal blends
show filler-rich skin layers, giving rise to surface-
modified polymers. This preferential distribution

Figure 3 Wear track on 1% LC2 PA 6 disk (steel pin;
25°C).

Figure 4 Wear track on 1% LC1 PA 6 disk (alumi-
num pin; 25°C).

Figure 5 Ribbonlike wear debris on 1% LC2 PA 6
(steel pin; 80°C).
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of liquid crystal at the surface does not affect
base-polymer bulk properties such as crystallin-
ity percentage.

3. For PA-6/steel contacts at 80°C (above glass
transition temperature), the lowest friction coef-
ficient is achieved when 1 wt % LC1 is added to
PA 6, thus showing superior lubricating ability
than 5 wt % MoS2. This lubricating ability of LC1
could be due to its accumulation near the surface.
This behavior could be favored by heating and
applied stress during tribological tests.

5. For every additive, PA 6/steel contacts at
25°C and PA 6/aluminum contacts, at any tem-
perature, experience mild wear with wear coeffi-
cients , 2 3 1024 mm3 N21 m21.

A transition from mild to severe wear is ob-
served for PA 6/steel contacts when heating from

Figure 6 Wear debris adhered to aluminum pin
(25°C).

Figure 7 Comparison of sulfur contents (a) outside and (b) inside the wear track for
1 wt % MoS2-additivated PA 6.
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25 to 80°C. The highest wear rate is observed for
5 wt % MoS2.

The best antiwear additive for PA 6/steel con-
tacts at 80°C is LC2, which reduces wear to a
mean value of 3 3 1024 mm3 N21 m21. This polar
cyanoaryl liquid crystal also gives the lowest wear
coefficient for PA 6/steel at room temperature,
thus showing a special affinity for steel surfaces.

6. Although adhesion is the predominant wear
mechanism for PA 6/steel contacts, wear of PA
6/aluminum contacts show a fatigue component.
This could be related to the fact that aluminum
pins experience some wear during the tests,
whereas steel pins remain unworn.

We wish to thank Dirección General de
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