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Acrylic based polyurethane (PU) coatings with various amounts of nanosilica contents were prepared using solution casting
method. The nanosilica (SiO,) particles used are around 16 nm in diameter. The friction and wear test was conducted using the
reciprocating wear testing machine. The tests were performed at rotary speed of 100 rpm and 200 rpm with load of 0.1kg to 0.4 kg
under 1N interval. The effect of the PU/nano-SiO, composite coating on friction and wear behavior of polypropylene substrate was
investigated and compared. The worn surface of coating film layer after testing was investigated by using an optical microscope.
The introduction of PU/nanosilica composite coating containing 3 wt% of nano-SiO, content gives the lowest friction coefficient
and wear rate to PP substrate. Both the friction and wear rate of PP substrate coated with >3 wt% of nano-SiO, filled PU coating
would increase with the increasing of applied load and sliding time.

1. Introduction

Polypropylene (PP) is an attractive engineering material due
to its low cost, ease of processability, good mechanical prop-
erties, resistance to organic solvents, and favorable environ-
mental aspects. However, the disadvantages of polypropylene
are the lack of adhesion and poor scratch resistance [1, 2].
Current technologies applied to improve scratch resistance of
PP included coating, lamination, additives, and altering the
nature of the PP resin. Incorporating metal-oxide nanopar-
ticles such as nanoalumina and nanosilica into polymer
coatings to enhance mechanical durability has been widely
utilized in the current antiscratch and mar technologies [1].
Generally, hydrophobic surface type nanomaterials will be
more attractive for polymer coating due to their unique prop-
erties such as self-cleaning, antisticking, water repellence and
anticontamination [3, 4]. From the recent research studies
in nanoparticles field, hydrophobic nano-SiO, particles have
been widely introduced into coatings to improve the heat
resistance, wear resistance, hardness, antisticking, and optical
properties of the polymer materials [1, 2].

In polymeric coatings, the use of nanoparticles is more
towards upgrading the level of resistance to wear and friction.
The presence of nanoparticle in the surface layer of film

enhances the scratch hardness and hence protects both the
coating film and substrate against marring, cracking, wear,
and mild abrasions [2]. Blees et al. [1] have studied the adhe-
sion of the sol gel coating on polypropylene by using scratch
test method that focuses on the effect of friction between
indenter and coating on the critical load. The critical load
(normal to the surface) showed a pronounced decrease of
more than the order of magnitude with increasing of friction
coeficient. Zhou et al. [2] have reported that the addition
of nano-SiO, can improve the hardness, abrasion resistance,
scratch resistance, tensile strength, modulus, and weather-
ability of the polymer based coating lacquer. Despite using
nano-SiO, particles, the other nanoparticles such as TiO,,
SiC, ZnO, ZrO,, and Al,O; were also chosen to improve tri-
bological properties [5-14]. Song et al. [5] have studied the tri-
bological behaviours of the phenolic composite coating filled
with modified nano-TiO,. The addition of small amounts
of TiO, or TF-TiO, can improve the friction-reduction and
antiwear abilities of phenolic coating, and TF-TiO, as a filler
is superior to TiO, in terms of ability to decrease the friction
coeflicient and wear rate of phenolic coating [6].

Recently, the gradual replacement of metal parts into
polymeric components takes place in several industries



especially in automotive and aerospace manufacture. Thus,
the need for understanding the tribological behaviour of
polymers substrate and polymer base coating materials
becomes important. The polymer matrix composites (PMCs)
are subjected to abrasive wear in many applications especially
plowing effect from counterface hard asperities during coal
handling, and the mining process has resulted in material
removal and groves. Previous studies [15-18] have reported
the effect of inorganic fillers to the friction and wear behavior
of polyurethane coating; however, the tribological studies
related to the performance of these polymers composite coat-
ings onto various substrates are limited. Thus, this study was
mainly focused on the effect of acrylic based polyurethane
coating embedded with nanosilica to the wear and friction
resistance of polypropylene substrate.

2. Experimental

2.1. Materials. In this work, acrylic based polyurethane,
PU340, was supplied from Worldtex Specialty Chemical. PU
340 is a one-pack translucent solventborne polyurethane
based on aliphatic urethane with approximately 30% solid
content (viscosity at 25°C: 80 MPa). Meanwhile, nanosilica,
Aerosil R972, supplied by Degussa Huls, was used for the
preparation of the nanocomposites. Aerosil R972 is one type
of hydrophobic fumed silica treated with dimethyldichlorosi-
lane (DDS) based on hydrophilic fumed silica. The average
primary particle size of Aerosil R972 was 16 nm in average
diameter with the specific surface area of 130 m*/g. The mix-
ture of toluene/isopropanol/ethyl acetate in a fixed volume
fraction of 6:3:1 was employed in the present work as a
solvent. Polypropylene (PP) substrate with a size of 110 mm
x 25mm x 1 mm was used as a substrate for PU/nanosilica
composite coating. Various amounts of nanosilica powders
ranging from 0 to 10 wt% were added to the polyurethane
(PU) resin. The mixture was vigorously stirred using mag-
netic stirring at ambient temperature for at least 1 hour until
clear dispersion and homogeneous mixture were obtained. To
obtain the same coating thickness of around 3 micrometers
for all samples, 1 g of the mixed suspensions was then directly
coated on each PP substrate using Rod Mayer technique. The
coating thickness is mainly determined by the withdrawal
speed, by the solid content, and by the viscosity of the liquid
[19]. The consistency of the coating thickness was controlled
by monitoring the three factors above. Only the sample
with the consistent thickness will be used for the further
characterization study.

2.2. Preparation of PU/Nanosilica Composite Coating on
PP Substrate. Nanosilica particles were directly embedded
into the acrylic resin solution at 60°C under vigorous stir-
ring for an hour. Polyurethane/nanosilica composite was
deposited on polypropylene substrate using a Rod Mayer
bar. The Rod Mayer technique was used to deposit the
polyurethane/nanosilica composite material on the surface
of the polyethylene substrate. Wire-wound rod 0.5 inch
in diameter and 12 inches in length was used to spread
the nanocomposite materials on the surface of the ceramic
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FIGURE 1: Schematic diagram of reciprocating wear machine.

substrate. The wire-wound rod used has wire of 20 mils.
The PU/nanocomposite coating passes through the grooves
between the wires and then levels off to a uniform thickness
on the substrate. All the samples were cured in the laboratory
with relative humidity of 40-60% and temperature of 25°C.
After solvent evaporation, a thin film around 3 ym was
obtained on the substrate.

2.3. Characterization. The nanocomposite coating thickness
was measured by using optical microscope DM750P. The
microstructure of PU coating and PU/nanosilica composite
coatings was examined with a Field Emission Scanning
Electron Microscope (FESEM, Hitachi Corporation, Japan)
with accelerating voltage of 0.8 kV. For SEM study, a 1cm X
1cm size piace was cut from the middle part of the sample.
In order to increase the resolution for the SEM observation,
the tested polymeric samples were plated with gold coating
to render them electrically conductive. The friction and wear
test was conducted under a dry and clean condition using
Reciprocating Wear Testing Machine (BICERI). This appa-
ratus consists of a stationary pin sliding on a reciprocating
plate with its axis perpendicular to the direction of motion as
illustrated schematically in Figure 1. The sizes of samples used
are 110 mm X 25 mm with the thickness of 2 mm. The sliding
performs at a rotary speed of 100 rpm and 200 rpm with the
load varying from 0.1kg to 0.4 kg. The reciprocal sliding tests
were run at a sliding distance of 80 mm/revolution with an
interval of 0.1kg and duration time of 10 minutes. The worn
surface after testing was then observed using light optical
microscope. All the friction and wear tests were carried
out at ambient temperature, 20°C to 25°C, with the relative
humidity of 60%. A computer program periodically records
the amount of linear wear, which is equal to the decrease in
pin height plus the depth of the groove worn in the plate.

3. Results and Discussion

FESEM was used to investigate the dispersion of nano-SiO,
particle and surface morphological changes of the nano-
SiO, filled PU coating. The FESEM micrograph in Figure 2
reveals the dispersion condition of 3 wt% and 7 wt% of nano-
SiO, contents in polyurethane coating. From Figure 2(a),
the dispersion of 3 wt% of nanosilica particles in PU matrix
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FIGURE 2: FESEM micrographs of PP substrate coated with (a) 3 wt% and (b) 7 wt% nano-SiO, filled PU coating.

can be concluded to be well distributed with numerous
clusters. However, there were higher agglomerates and aggre-
gates found in polyurethane filled with 7 wt% of nano-SiO,
(Figure 2(b)). This microstructure had caused the increase of
surface roughness for polyurethane films containing 7 wt%
of nano-SiO, content. The strong tendency of nano-SiO,
to agglomerate has caused difficulty to achieve homogenous
dispersion in PU/nano-SiO, composite coating especially
filled with high content of nano-SiO, particles. It was also
found that there were some cavities or pores on the surfaces
of PU/nano-SiO, composite coating containing 7 wt% of
nano-SiO, that might be caused by the trapped air bubbles
generated during the mixing and stirring process [6-11].
According to Kansy et al. [20], nanoparticles dispersion and
surface roughness have considerable impact on the friction
and wear behaviors of the nanocomposite coating. Higher
roughness increases the asperities slope angle which in turn
increases friction coefficient [21].

Figure 3 illustrates that the neat polypropylene achieves
the highest friction coefficient with a value of 0.6 under
0.2 kg load. When neat polyurethane coating was introduced
to PP substrate, it shows that there was a slight decrease
in the coefficient of friction. The introduction of 3 wt% of
nano-SiO, into the PU coating layer has successfully reduced
the friction coeflicient of the nanocomposite coated PP
from 0.56 to 0.30. This might be due to the thin layer of
PU/nano-SiO, coating with low amount of nanomaterials
which has provided a form of self-lubrication during sliding.
The same observation was found in the research on titanium-
containing amorphous hydrocarbon coatings [22, 23] and
titanium carbide amorphous composite coating [24]. How-
ever, there was a sharp increase of friction coefficient of PP
coated with PU/nano-SiO, composite film when 7 wt% and
10 wt% nano-SiO, particles were introduced to the compos-
ite. This may be closely related to the amount and distribution
state of nanosilica particulates on coating surfaces, that is, the
coating surface roughness. The polyurethane nanocomposite
coatings with lower content of nanosilica may have smaller
surface roughness thus lower friction coefficient, and for
polyurethane nanocomposite coating with higher content of
nanosilica, they may have larger surface roughness which
leads to higher coefficient of friction. This is possibly due to

Friction coefficient

PP
PP + PU/
nanosilica-0%
PP + PU/
nanosilica-1.5%
PP + PU/
nanosilica-3%
PP + PU/
nanosilica-7%
PP + PU/
nanosilica-10%

Specimen

FIGURE 3: The friction coeflicient of PU/nano-SiO, composite
coated PP substrates under load of 0.2 kg with a speed of 100 rpm
in 10 min sliding time.

the different extent of abrasion action of nanosilica aggregates
[22]. Hence, it can be concluded that the addition of small
amounts of nano-SiO, content can exhibit the improvement
of friction coeflicient of the polyurethane coated PP matrix.
Figure 4 shows the effect of applied load on the friction
coefficient of nano-SiO, filled PU coating under the speed
of 100rpm in 10 min sliding time. It can be seen that PP,
PP coated with a neat PU coating, and PP coated with PU
filled with high amount of nano-SiO, would increase with
increasing applied load from 0.1kg to 0.4kg. However, the
friction coefficient of PP coated with 3wt% of nano-SiO,
filled PU coating dropped when applied load increases from
0.1kg to 0.2 kg. This might be with the incorporation of small
amounts of nanosilica; the effect of load on friction coefficient
was caused by the elastic deformation of surface asperities
under relatively lower load and the plastic deformation under
relatively higher load [25, 26]. At low load of 0.1 kg to 0.2 kg,
the particle-shaped or flaky debris on the surface of PP coated
with PU/nano-SiO,-3% composite would be crashed, staved,
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FIGURE 4: Effect of applied load on the friction coefficient of
PU/nano-SiO, composite coated PP under speed of 100 rpm.

or sheared into thinner flakes or small particles accordingly,
thus reducing the surface roughness [27]. The newly formed
debris would become more integrated, and concurrently, the
film on the worn surface would be thinner. Consequently, the
more integrated smaller debris but the thinner film on the
worn surface would bring smaller friction coefficient due to
the decrease in the degree of the two-body abrasive wear [28].
Therefore, the minimal friction coefficient was observed on
PP coated with PU containing 3 wt% of nano-SiO, particles
under the applied load of 0.2 kg. At higher loads, the plastic
deformation occurs at the asperities in contact. Increasing
applied load on nanocomposite layer with 3 wt% of nano-
SiO, content would result in more nano-SiO, dropping out
from the polyurethane matrix during the friction process,
which led to severe abrasive wear and resulted in a higher
friction coefficient. With the high amount of >3 wt% of nano-
SiO, in PU coating, the friction coeflicient increased with
the increasing of applyied load due to the combination of
both high amounts of nanosilica aggregates, and applied load
would lead to severe plastic deformation of polyurethane
coating, owing to mechanical incompatibility between the
coating and substrate.

Since 3wt% of nano-SiO, filled PU composite coated
on PP substrates shows the lowest friction coefficient, hence
it appears as the optimal nanosilica content in PU. This
proportion was further investigated for the effect in terms
of applied load and speed on the friction behavior. Figure 5
illustrates the friction coefficient of PP coated with 3 wt%
of nano-SiO, filled PU under sliding speeds of 100 rpm and
200 rpm at different applied loads. The friction coefficient
of all composite coated samples increases as sliding speed
goes up from 100 rpm to 200 rpm. The increase of friction
coeflicient with sliding speed is closely related to the friction-
induced heat. At higher speed, the friction-induced heat will
pay a significant role at the frictional interface sliding com-
pared to that at lower speed. This accelerated the degradation
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and decomposition of the polyurethane resin matrix and
nanosilica, thus causing the increase of friction coeflicient of
the composite, and substrates became more severe at high
sliding speed [29].

The effect of applied load on the wear rate of various
compositions of PU/nano-SiO, composite coated PP sub-
strate under speed of 100 rpm and 10 min sliding time is
shown in Figure 6. The neat PP without composite coating
layer shows the highest wear rate throughout the applied load
ranges. The wear rate of PP substrate decreases significantly
with the introduction of neat PU coating and PU/nanosilica
composite coating modified with small amount of nano-SiO,
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particles. However, with addition of >3 wt% of nano-SiO,
to the PU coating layer would increase the wear rate of the
samples significantly. Hence, it can be concluded that the
addition of small amounts of nano-SiO, content at 3 wt%
would lead to the improvement of wear rate of polyurethane
coated PP substrate.

Same as the effect of friction coefficient, 3 wt% of nano-
SiO, filled PU coating provides the lowest wear rate to PP
substrate for all the applied loads from 0.1kg to 0.4 kg. The
wear rate increases with the increasing of applied load for
uncoated PP and PP coated with PU containing high amount
of nano-SiO, fillers (e.g., 7-10 wt%). The increase in wear rate
as a result of increasing load may be due to the failure of
the coatings to protect the surface of the substrate as high
applied load can lead to severe plastic deformation of the
polyurethane coating. The plastic deformation is due to the
mechanical incompatibility between the polyurethane coat-
ing and the substrate under high applied load. Higher amount
of nano-Si0, fillers also means a more severe aggregation of
the fillers, thereby hindering the friction-reducing behavior
of the filled composite coating, due to the abrasion action
of the filler aggregates [2, 30, 31]. On the other hand, small
amount of nano-SiO, filler aggregates on composite coating
surfaces may function to resist abrasion by the counterface
asperities, thereby resulting in improved wear resistance of
the composite coating [2, 30].

Figure 7 illustrates that the wear rate of 3 wt% nano-SiO,
filled PU coated PP substrate increases with the rising of
applied loads of >0.2kg for both sliding speeds of 100 rpm
and 200 rpm. This indicates that the addition of nanosilica
has helped in improving the ability of carrying loads in
the polyurethane coating. The better antiwear behavior of
nano-SiO, coating under different applied loads mainly
dominated by the elastic deformation of surface asperities
under relatively lower load and plastic deformation under
relatively higher load as has been described before [25, 30].

Hence, it can be concluded that the optimal amount of
nano-SiO, at 3wt% filler aggregates on composite coating
surfaces may function to resist abrasion by the counterface
asperities, thereby resulting in improved wear resistance of
the composite coating.

Figure 8 shows the optical micrographs of the worn
surface of PU/nano-SiO, composite coated PP substrate with
various content of nano-SiO, tested under the applied load
of 0.2kg and a speed of 100 rpm. The worn surface after
wear test for PP coated with a neat PU coating shows signs
of adhesion and abrasive wear (Figure 8(a)). The surface
was very rough, displaying plucked and ploughed marks
indicative of adhesive wear and ploughing. This might be due
to fatigue-delamination generated under repeated loading
during sliding [32]. Fatigue wear has been regarded as a main
mechanism responsible for the sliding of the unfilled PU
coating against a hard counterpart.

With the introduction of 3 wt% of nano-SiO, contents in
the PU coating layer, it can be seen that the worn surface
of the nanocomposite coated PP substrate was smooth and
showed only fine scratches as shown in Figure 8(b). It can
be inferred that a polymer film layer can be transferred
to the steel counterpart, and this results in a new counter
surface producing primarily an adhesive wear mechanism.
For polymer coating sliding surface, this mechanism is less
harmful if compared to abrasive wear as this mechanism
will result in a lower coefficient of friction and wear rate.
This smooth, uniform, and compact worn surface leads
to the good influence in increasing the wear resistance of
PU/nano-SiO, coating layer. This is proven from the previous
friction and wear behaviors study. However, the worn surface
appeared with severe plastic deformation and microcracking
as the nano-SiO, content in PU/nano-SiO, composite was
increased to 7 wt% (Figure 8(c)).

The worn surfaces of PP substrate coated with 3 wt%
nano-SiO, filled PU coating under different applied loads
are shown in Figures 9(a)-9(c). Figure 9(a) shows that the
worn surface of the coating was smooth under 0.1kg load
with speed of 100 rpm. When the applied load was increased
to 0.2kg, there are some adhesion marks and cracks on the
worn surfaces as shown in Figure 9(b). With further increase
of applied load, there are some large amounts of cracks or
flaky debris in the worn surface that would be crushed or
sheared into smaller particles or thinner flakes and act as
lubricants (Figure 9(c)). At the same time, the newly formed
debris would come into being a more integrated layer on the
worn surface and reduced the “direct contact” between the
fabric composite and the counterpart.

The effect of speed on the worn surface of 3 wt% nano-
SiO, filled PU coated PP substrate is shown in Figure 10.
Mild wear occurred on the worn surface of the sample tested
with the speed of 100 rpm (Figure 10(a)). In Figure 10(b), the
wear became severe under speed 200 rpm indicating that
the serious fatigue wear is the main wear mechanism of the
filled PU coating when sliding under higher speed. It can be
inferred that large area of frictional surface of the filled PU
coating would flake away if the speed increases further and
the coating would be seriously damaged.
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FIGURE 8: Optical micrographs of the worn surface of PU/nano-SiO, composite coated PP with various content of nano-SiO, (a) 0 wt%, (b)
3 wt%, and (c) 7 wt% (0.2kg, 100 rpm, 10 min).

(@) (®)

(c)

FIGURE 9: Optical micrographs of the worn surfaces of PP coated with 3 wt% nanosilica filled PU coating under different applied loads (a)
0.1kg, (b) 0.2kg, and (c) 0.4 kg (100 rpm, 10 min).
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FIGURE 10: Optical micrographs of the worn surfaces of 3 wt% nanosilica filled polyurethane coating under 0.2 kg load, with different speeds

of (a) 100 rpm and (b) 200 rpm (10 min).

4. Conclusions

PU/nano-SiO2 composite coating without agglomeration
was successfully prepared by using a magnetic stirring tech-
nique. Introduction of small quantities of nano-SiO2 into PU
coating would resist the abrasion by counterface asperities
and hence can improve the wear resistance of composite
coating. The friction and wear behavior of PU/nano-SiO2
composite coating was closely related to the sliding condition,
such as sliding speed and applied load. The sliding speed
and applied load have influenced the wear process and the
worn surface. The low load and speed combination has
made the matric tend to adhere to nanoparticles and give
the lesser degree of debris formation. The wear resistance
behavior of PU/nano-SiO2 composite coating under different
applied loads was mainly dominated by both the elastic and
plastic deformation. In this study, PU/nano-SiO2 composite
coating with 3 wt% of nano-SiO2 content exhibits a strength-
ened filler-matrix bonding has successfully protected the
polypropylene substrate against wearing and mild abrasions.
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