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ABSTRACT: Composites of nanometer-sized silica (SiO,)
filler incorporated in nylon-6 polymer were prepared by
compression molding. Their friction and wear properties
were investigated on a pin on disk tribometer by running a
flat pin of steel against a composite disc. The morphologies
of the composites as well as of the wear track were observed
by scanning electron microscopy (SEM). The addition of 2
wt % SiO, resulted in a friction reduction (w) from 0.5 to 0.18
when compared with neat nylon-6. This low silica loading

led to a reduction in wear rate by a factor of 140, whereas the
influence of higher silica loadings was less pronounced. The
smooth morphology obtained after the wear test indicated
the negligible contribution to friction of the pin to the
nanocomposite.© 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 92:
1855-1862, 2004
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INTRODUCTION

In recent years, there has been rapid growth in the use
of thermoplastic polymers to replace metal compo-
nents in wear-resistant applications." Dry metal-poly-
mer bearings are used for cost reduction and facile
assembly in production. Because of their hardness,
toughness, and friction properties, polyamides (PA)
are used for gear and bearing materials.> For these
applications, carbon, copper compounds (e.g., CuO),
or glass fibers as filler components and poly(tetrafluo-
roethylene) (PTFE) or MoS, as solid lubricants have
been added to PA.>"° The former improves mainly the
mechanical strength and wear resistance of polymers,
whereas the latter improves friction characteristics
and contributes to the control of wear."”

Nylons are semicrystalline and their crystallinity
can be modified by decreasing cooling rates during
the thermal molding® and by the addition of a nucle-
ating agent such as fumed silica or aluminum. How-
ever, high amounts of nucleating agents can cause
brittleness or unwanted tribological properties in the
materials.
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The role of the filler component in influencing the
wear behavior of polymers is not yet completely un-
derstood but plausible explanations have been pro-
vided.”'® The mechanical and/or chemical interaction
between composite and counterface are believed to
affect the wear process.'! Sliding tests of a steel pin on
polymer discs have shown that part of the polymer is
transferred to the surface of the pin, producing shield-
ing of the soft polymer surface from the hard metal
asperities. The excellent heat-transfer characteristics of
the metallic counterpart contribute to this film forma-
tion during frictional processes in almost all polymers
with viscoelastic properties.®'? The wear of spherulitic
nylon is preceded by interfacial frictional heating and
subsequent removal of the material and transfer to the
counterface as well. Therefore, the wear resistance of
nylon is attributed to its ability to form thin films
while sliding against a steel counterpart. A self-lubri-
cating polymer-matrix material is used in the aviation
and aerospace industry’® because their coefficient of
friction is low (typically between 0.1 and 0.5) com-
pared to metal-to-metal contacts. Corresponding val-
ues of the dimensional wear coefficient (K,,) are typi-
cally in the range of 107 ® to 10> mm® (Nm) '. A wear
rate of 107°® mm?®/Nm is usually set as a limit above
which a material is no longer considered wear-resis-
tant. Thermoplastic polymer matrix composites are
also used as coating materials for the bore of tubulars
used as water injectors in the oil industry. Nylon-6
occupies a prominent position in the engineering ther-
moplastics because of its wide spectrum of properties,
such as high crystallinity, high strength, and feasibil-
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ity of fabrication and processing.'* The tribological
behavior of polyamide and their composites has been
reported previously.”'® Polyamide has superior wear-
resistance sliding against a steel counterface relative to
other polymers. Factors that exert influence on friction
and wear characteristics of polymer composites are
the particle size, morphology, and concentration of the
filler. If the particles are large and hard, they are
readily pulled out of the matrix material and contrib-
ute to wear of the composites by their abrasive action
and cause wear and damage of the counterpart mate-
rial. For example, when fused silica and dolomite
fillers with a particle size of 5 and 10 wm were used in
polymeric coatings, the filled nylon showed the worst
abrasive wear resistance.'® The fillers, rather than sup-
porting the load, were pulled out, causing cracks in
the material because of the poor bonding between
filler and matrix material. The incorporation of filler to
polymers has modified the coefficient of friction (w)
and/or wear rate (K,), although the detailed mecha-
nism is still unclear.>” By using nanoparticles, particle
pull-out can be avoided because better adhesion be-
tween polymer and filler is expected because of the
high surface area of the nanoparticle.

Silica nanoparticles are currently used for the en-
hancement of the mechanical properties in PA-6."” In
this study, the effect of nanosilica addition in nylon-6
on the tribological performance was investigated.
Cooling rates were kept constant for the consolidation
of the nanocomposites. The material’s microstructure
and dispersion of the nanocomposite were studied by
scanning electron microscopy (SEM).

EXPERIMENTAL
Synthesis of nanocomposites

Nylon-6 was obtained from Sigma-Aldrich (The Neth-
erlands). Two extreme values of silica particles were
studied: 2 and 14 wt % because at 2 wt % particles are
homogeneously dispersed and at 14 wt % particles are
more likely to be aggregated. For the preparation of 2
wt % nanocomposites (2NS), silica nanoparticles were
synthesized in-house. Tetraethylorthosilicate (TEOS,
21 mL) (Aldrich, The Netherlands) was slowly added
to 21 mL of dry ethanol (1:1 vol/vol). The mixture
was stirred and 8 mL of 1M HNO; was added. The
sample was heated to 60°C for 3 h together with 3 mL
of deionized water and then placed in an ice-bath. The
silica sol (5 mL) was dispersed in EtOH (90 mL) and
kept in the refrigerator for 1 week.'® The resulting
particle size of the spheres was =20 nm in diameter.
For the nanocomposite with 14 wt % of silica loadings
(14NS), the silica sol SNOWTEX® (Nissan Chemical,
Japan), with a particle size of 10-20 nm, was used. The
preparation of the nanocomposite has been described
elsewhere." Nylon films were produced by drawing a
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steel knife over a pretreated glass containing a solu-
tion of the polymer in formic acid at a rate of 1 mm
min~ ' by using Doctor Blade™ equipment. Films pro-
duced were 0.1- to 0.5-mm-thick. The composite was
left overnight in inert atmosphere and a film coating of
1 mm formed on the glass. During the elaboration of
the nanocomposite, temperatures of 80 and 250°C
were used in the vacuum oven and compression
molding, respectively (vide infra). The formic acid, wa-
ter, and/or ethanol are expected to evaporate during
the production of the sample. The final products com-
prise a pure system of nylon-6 and silica nanopar-
ticles.

Compression molding of the nanocomposites

Prior to tribological measurements, the film-cast nano-
composites were compression molded into sheets
measuring 19 X 5.5 cm? and a thickness of 1 mm at
250-260°C. Compression was performed in three
steps, as follows: 2 min at 5 MPa, 3 min at 10 MPa, and
5 min at 20 MPa at 250°C, and subsequently, the
samples were cooled to room temperature.

Characterization

Wide-angle X-ray diffraction (WAXD) patterns at
room temperature of the nylon-6 with nanosilica were
obtained. Partially crystalline nylon consisted of a
broad amorphous halo on which the peaks from the
crystalline regions were superimposed. Thus, the nor-
malized area of the crystalline peaks could be used to
obtain the degree of crystallinity.” Analysis of the
crystallinity was performed by using a Philips
PW3710 diffractometer. Microstructures and wear
tracks were characterized by means of SEM by using a
Hitachi S800 with an in-lens detector. To determine
phase distribution and the presence of impurities, en-
ergy-disperse X-ray analysis (EDX, Kevex) was used
coupled with SEM. Quantitative XRF was used to
determine the amount (as wt %) of silica present in
each sample by utilizing a Philips PW 1480/10 flu-
orometer (Eindhoven, The Netherlands).”® The com-
position of the outermost atomic layer of the nano-
composites was measured by low-energy ion scatter-
ing (LEIS).** The samples were first bombarded
with low-energy (noble gas) ions by using a 3-keV
*He" beam. During the measurements, an area of 1.4
mm” was analyzed and only about a 0.3 atomic layer
was removed. Further analysis of the surface was
done with XPS spectra taken with a Quantum 2000
Scanning Esca Probe of Physical Electronics. The AlKa
X-ray beam had a power of 25 W and the analysis area
was 1000 X 500 um. For calibration of the spectra, the
Cl1s line of aliphatic carbon (284.8 eV) was chosen as
reference. LEIS study of one sample was used to verify
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Figure 1 The test set-up.

the silica particles of the outermost atomic layer on the
nanocomposites.

Tribological conditions

The compression-molded polymers were cut into
discs with a diameter of ~40 mm and thickness be-
tween 0.9 and 1.07 mm. The disc surface roughness
varies from Ra = 0.5 to 1.4 um. The roughness of the
pin was Ra = 0.15 um. Dry sliding-wear tests were
performed with a pin-on-disc tribometer (CSEM, Neu-
chatel, Switzerland), placed in a climate chamber
(Heraeus, HC4057, Balingen, Germany) at 23°C and
40% relative humidity. A picture of the test set-up is
shown in Figure 1 and consisted of a flat round steel
pin 100McCrW4 sliding against a rotating polymer
sample. The sliding velocity for the nanocomposites
was set at 0.1 m/s to avoid the occurrence of a high PV
(applied pressure X sliding velocity) value for nylon
and of possible thermally induced fracturing. The load
used was 1N and the mean initial contact pressure was
0.7 MPa with a pin of 1.3 mm. The resulting PV was
75,339N/m s. The sliding distance of the tests was
adapted for each specific measurement to obtain sig-
nificant wear and to detect possible fatigue and was
set at a distance of 10 km. The coefficient of friction
was measured on-line by monitoring the ratio be-
tween the measured shear force and the applied nor-
mal force through measurement of the deflection of
the pin-arm (lever) with two inductors. The wear track
depth after the test was measured with a Micromap
512 opto-profiler. The measurements have been dupli-
cated.

RESULTS
Sample characteristics

WAXD patterns of the nylon-6 with nanosilica at room
temperature were obtained. Two strong peaks located
at 20 values of 21° and 23° were characteristic of the
a-form of nylon-6 crystal, which was assigned as the
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TABLE I
Degree of Crystallinity of the Composites

B,, measured X,

Sample 26 FWHM (%)
PA6 23.54 1.31 33
2NS 23.71 1.17 39
14NS 23.76 1.22 36

(200) and (002), (202) reflections. The degree of crys-
tallinity of the a-phase of nylon-6 was obtained from
the multipeak resolution method.* Table I shows the
intensities and assignments of the pure PA-6, PA com-
pression molded with 2 wt % of nanosilica (2NS) filler,
and PA compression molded with 14 wt % of silica
(14NS). The degrees of crystallinity of the samples
were 33, 39, and 36%, respectively.

The results for the LEIS measurements of the 14NS
nanocomposite before the friction experiments are
shown in Figure 2. The Si, O, C, and Cl peaks were
clearly observed. The value of the Si—O ratio corre-
sponded with the ratio of a pure silica sample, indi-
cating the presence of SiO, nanoparticles on the sur-
face. The silica particles in 2NS were well dispersed
and had an average particle size of =20 nm, as seen by
SEM (Fig. 3). The picture showed individual nonag-
gregated white particles characterized by EDX as SiO,.
This was in agreement with the LEIS study, which
showed that silica could be detected in the outermost
atomic layer of the composite.

Tribological tests

Table II shows the coefficient of friction (u) and spe-
cific wear rate (K,,) of the PA6, 2NS, 14NS nanocom-
posites and the correspondent u measurements
against sliding distance are shown in Figure 4. Pure
nylon showed a u of 0.18 at the beginning of the
friction measurements. During the test, the u was
gradually elevated up to a steady state of u = 0.45. At

LEIS signal (counts/nC)

b Si

4

) :

500 1000 1500 2000 2500 3000 3500

Energy (eV)

Figure 2 LEIS results of the 14 NS nanocomposite before
testing.
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Figure 3 Silica nanoparticles dispersed in the polymer ma-
trix (2NS).

filler loadings of 2 wt %, the starting u was 0.14. This
nanocomposite rapidly reached a steady value of w
= 0.18. The addition of 14 wt % of silica in the PA-6
resulted in an initial w of 0.11. After 0.1 km, a transient
period resulted in uw = 0.2, whereas after 1 km, a
building up of w was again observed up to almost the
same steady-state value of the neat polymer (0.40).
The opto-profiler of the resulting wear track in the
14NS is shown in Figure 5. As seen from this figure,
higher volume was lost close to the middle of the
track.

It was observed that the coefficient of friction for 2
wt % of SiO,-filled composite was lower than that of
unfilled nylon-6. Addition of 14 wt % of SiO, resulted
in a coefficient of friction value (u) slightly lower than
pure nylon-6 after a few kilometers of wear track.
Therefore, the 2NS composite had a lower wear rate
and a lower coefficient of friction when compared to
PA6 and 14NS.

Figure 6 shows the worn disc surface after the test of
the 2NS nanocomposite. An overview of the 2NS
nanocomposite wear track is shown in Figure 6(a). A
detailed photograph of the edge of the 2NS wear track
is shown in Figure 6(b). The micrograph showed dif-
ferent surface microstructure when compared the
wear track with the area outside. A higher magnifica-
tion as given in Figure 6(c) showed a patchy layer

TABLE 11
Wear Rate and Coefficients of Friction of PA6 (C)
Nanocomposites
Silica Friction Wear rate
(Wt%) coefficient (u) [mm®/Nm] (K,)

0 0.45 529 X 107°
2 0.20 20x1077
14 0.40 2.81 X 10°°

Velocity = 0.1 m/s; Load = 1N, Distance of sliding 10 km.
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Figure 4 Plot of coefficients of friction (u) against sliding
distance for PA-6 and nanocomposites on steel counterface.
Velocity = 0.1 m™~'; load = 1IN.

formed after the test, whereas in Figure 6(d), a smooth
character is seen along the track.

SEM pictures of the 14NS nanocomposite are shown
in Figure 7. The edge of the wear track at these silica
loadings is seen in Figure 7(a). Irregular patches were
formed along the wear track [Fig. 7(b)]. At higher
magnifications, a rough surface topography was ob-
served and groove formation with particle dislodging
during sliding was evident [Fig. 7(c)]. The surface also
showed accumulation of worn material in the wear
track in the form of lumps [Fig. 7(d)].

SEM pictures of the pin of the 14NS were taken to
verify film formation on the counterface, as shown in
Figure 8(a). The surface seemed to be covered with
worn material that has probably been back-transferred
from the counterface to the pin surface. At higher
magnifications, compacted long patches were also
seen [Fig. 8(b)]. After the wear test, good dispersion of
the nanoparticles in the polymer was seen on the pin
counterface, as indicated in Figure 8(c).

DISCUSSION

The XRD results indicated the positive effect of the
filler on nucleation. As indicated in Table I, the degree
of crystallinity slightly increased with 2NS composite
when compared with pure nylon-6. As a semicrystal-
line polymer, nylon-6 is regarded as a two-phase sys-

ﬂrﬂ
\\W W

1.70 pm

-6.18 um

Figure 5 Opto-profiler of the wear track of the filled nylon
(14 wt %). Length: 1741 pum; area: 1741 X 1346 pm.
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Figure 6 Wear track of 2NS nanocomposite as shown by SEM.

tem consisting of crystalline and amorphous regions.
The chain segments existed as folded chain lamellae
organized into spherulites. Crystalline structures have
higher density than amorphous structures because of
the highly ordered packing. More energy is required
to damage this orderly packed dense crystalline ma-
terial than for disrupting the loosely packed amor-
phous materials.** Cartledge® demonstrated that
higher crystallinity (varying cooling rates) results in a
hard composite with high wear resistance.

Friction and wear

All quantitative discussions of friction depend criti-
cally on the experimental conditions under which it
was measured. The neat polymer showed an initial
coefficient of friction of 0.2, which gradually elevated
up to a steady state of 0.45 (Fig. 4). This study showed
that the silica nanoparticles were effective in reducing
the coefficient of friction () and wear rate (K,,) of PA6
when added in an amount of 2 wt % (Table II). The
plate abraded the pin slightly; this process increased
the coefficient of friction at the start of the test. After
this transient period, the plate reduced the surface
roughness of the polymer and also provided a cleaner

surface. Both factors tended to avoid the increase in
the coefficient of friction. The resulting u and K, for
the 2NS composite was lower than for the 14NS com-
posite, which showed during the first kilometer a w of
0.20. After 1.32 km, the u of 14NS varied until a steady
coefficient of friction comparable to that of unfilled
nylon-6 (u = 4.0).

A transfer of polymer to the metal surface initiated
by adhesion between the two materials, during slid-
ing, contributed to shear in the subsurface region of
the contact. Even in static contact, this transfer was
reported in a polymer such as PTFE.?

In Figure 9, a schematic illustration of the friction
model for 2NS and 14NS during sliding is shown. In
the initial stage of sliding (first kilometer), there was
an intimate contact between pin and disc [Fig. 9(a, b)].
Further sliding involved the transfer of polymer to the
harder metallic counterface caused by electrostatic
forces (e.g., van der Waals) or tribochemical reactions
on the surface [Fig. 9(c, d)]. It was believed that the
nanosilica particles in the composite improved the
adhesion to the counterface, resulting in a lowered
wear rate by a factor of 10% in the case of 2NS. The
bonding between polymer and counterface was in this
case stronger. The contact of the nanocomposite with
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Figure 7 Wear track of the 14NS nanocomposite.

the pin led to a layer formation by material removal
from the disk to the counterface (vide infra), adhesive
wear being the most important mechanism for this
layer formation.

The layered-film formation observed on the pin in
the 14NS experiment as visible in Figure 8(a) was
explained as follows: Part of the nanocomposite was
transferred to the steel counterface and upon sliding a
secondary contact occurred. After consecutive sliding,
the material was transferred to the counterface filling
the uneven surface of the pin [Fig. 9(c, d)]. In the case
of 14NS, repeated movement over the pin led to pro-
gressive build up of a transferred layer, as seen in
Figure 8(b). The detachment of material from the disc
to the pin was aided by the nanoparticles, as seen at
higher magnification in Figure 8(c). This is schemati-
cally represented in Figure 9(f).

The smooth and compacted patches observed in
Figure 6(c) suggested that in the 2NS case, the material
was retransferred to the disc in patches, supporting
the total load of the pin during sliding. This process
led to a deformed material as seen in Figure 6(d).
Upon consecutive contact, the migration of the nano-
composite took place forming a film on the pin as
schematically illustrated in Figure 9(e). The difference

in frictional behavior of 2NS and 14NS composite was
then attributed to the difference in composite—coun-
terface interaction.

SEM photographs from the edge of the 2NS material
[Fig. 6(b)] suggested that the smooth surface observed
on the wear track was due to the formation of a
protective film. It was believed that for 2NS a uniform
layer was formed on both faces and that during slid-
ing the surface molecules of the polymer were highly
oriented in the direction of sliding. The layer adhered
well to the pin, and further sliding occurred between
the surface of the bulk polymer, which contained sim-
ilarly oriented molecules than the transfer film on the
counterface [Fig. 9(g)].

On the contrary, the 14NS involved peeling-off of
material from the transfer film followed by rolling, as
seen in Figure 7(c). The difference in coefficient of
friction can be related to a higher degree of interfacial
wear of the disc and the counterface. Higher amounts
of silica particles in PA-6 filled the rough parts of the
counterparts in less time than in 2NS. Even though a
layer in 14NS was formed more rapidly than in 2NS,
this layer eventually became detached, forming round
debris asperities, as illustrated in Figure 9(f). Under
these conditions, the polymer was transferred to the
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counterface in regular lumps [Fig. 7(c)] and patches
0.1 to 10 um thick [Fig. 7(d)].

The rate of wear appeared to be dictated by the rate
of removal of the transfer film from the counterface,
rather than by the rate of polymer transfer into the
film.

To study possible chemical changes during sliding,
XPS experiments on the pin and transfer material was
performed. Fe,O; formation was seen as caused by the
oxidation of steel. Except for the Fe,O;, no chemical

Pin surface

Patched layer formation

EMT = & Tiied
W= dmm

| Eignai & =
— Phoio bo = 808 Tine 110258

10pm

Magn 01 R X

100nm

Figure 8 Pin counterface of 14NS nanocomposite.
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Figure 9 Scheme and proposed mechanism of the film
formation when using 2 wt % (left) and 14 wt % silica
nanoparticles (right).

change occurred in the process of nylon-6/nanosilica
sliding against the steel disk.

CONCLUSION

The addition of a second phase was one of the meth-
ods used to improve the tribological properties of the
thermoplastic PA6 (such as coefficient of friction and
wear rate). The addition of 2 wt % nanosilica particles
improved the coefficient of friction and wear resis-
tance of nylon-6 composites. Smooth surfaces were
obtained in the nanocomposites, indicating a well-
functioning tribological system. A transfer film on the
steel pin was developed, caused by adhesion and in-
terlocking of fragments of material into metal asperi-
ties. Wear depended upon the adhesion of the transfer
film to the counterface, and the protection of polymer
surface from metal asperities by transfer film. A sys-
tematic study is necessary to find out the threshold
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value of filler concentration where the nanocompos-
ites start showing a lower coefficient of friction.
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