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ABSTRACT: Polyoxymethylene (POM) composites filled
with low-density polyethylene (LDPE) and rice husk flour
(RHF) were prepared by injection molding. The POM/5
wt % LDPE/7.5 wt % RHF composite exhibited the lowest
wear rate, whereas the coefficient of friction remained
low, and the POM/5 wt % LDPE/5 wt % RHF composite
had the best mechanical properties. X-ray diffraction anal-
ysis was carried out, and the worn surfaces were exam-
ined with scanning electron microscopy. The results
showed that the addition of the filler reduced the crystal-
linity degree of the POM composites. The main wear

mechanism for unfilled POM was adhesion, whereas for
the POM composites, wear seemed to occur mainly by fa-
tigue and abrasion. It was experimentally confirmed that
the POM composite filled with LDPE and RHF, which is
well-performing, low-cost, and environmentally friendly,
could be a potential material for tribological applica-
tions. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 108: 2778–
2786, 2008
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INTRODUCTION

Ecological concern has recently resulted in a renewed
interest in natural materials, and issues such as recy-
clability and environmental safety have become
increasingly important for the introduction of new
materials and products.1 In Europe, new environmen-
tal legislation has been passed by the European Par-
liament that requires manufacturers of materials and
end products to consider the environmental impact of
their products at all stages of their lifecycle, including
ultimate disposal.2 These environmental issues in
combination with their low cost have recently gener-
ated considerable interest in natural fibers, such as
jute, sisal, coir, flax, wood flour, and rice husk flour
(RHF).3–6 Natural fibers provide a number of advan-
tages over traditional synthetic fibers such as glass
fibers and carbon fibers. They are (1) low density, (2)
high specific strength and modulus, (3) relative non-
abrasiveness to processing equipment, (4) wide avail-
ability, (5) cheapness, (6) renewability, (7) biodegrad-
ability, (8) CO2 neutrality (when burned), and (9)
energy recovery (when incinerated).

The combination of good mechanical and physical
properties together with their environmentally

friendly character makes natural fibers extremely
possible alternatives for traditional synthetic fibers in
engineering composites. Developments in natural
fibers in the past few years have shown that it is
possible to obtain well-performing natural fiber/
polymer composites.7–11 These so-called green com-
posites, with environmentally friendly and low-cost
characters, have found applications in many indus-
tries, especially in the automotive and construction
industries.12

Polyoxymethylene (POM) is a widely used mate-
rial in many tribological applications because of its
excellent friction and wear properties. To further
enhance its tribological behavior and broaden its
application, various fillers, such as polytetrafluoro-
ethylene (PTFE), MoS2, glass fibers, and carbon
fibers, have been incorporated into POM as internal
lubricants or reinforcements by many researchers.13–15

However, little consideration has been given to the
problem of environmental pollution and cost control
when POM is filled with these fillers. For example,
many POM products for tribological applications
include PTFE as an internal lubricant, which will
exert an unfavorable impact on our environment at
the end of their life cycle because of the existence of
fluorine. The high price of PTFE also increases the
cost of the POM products. Therefore, it is of great
significance to find other materials as substitutes for
these traditional fillers while maintaining the excel-
lent properties of POM products.
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In this investigation, low-density polyethylene
(LDPE), which possesses a low friction coefficient
and does not contain any element harmful to the
environment, was selected as the internal lubricant
to take the place of traditional lubricants such as
PTFE and MoS2. In the mean time, RHF, a kind of
readily available natural fiber, was used as the rein-
forcement because of its characteristics mentioned
previously. The end-of-life incineration of natural
fibers results in recovered energy. This work aims to
produce a polymer composite that is well-perform-
ing, low-cost, and environmentally friendly. It is also
hoped that this work will be helpful in understand-
ing the effect of natural fibers on the mechanical and
tribological properties of POM composites.

EXPERIMENTAL

Materials and sample preparation

The matrix polymer material used was a POM co-
polymer (M90) provided by Yunnan Yuntianhua Co.
(Yunnan, China). LDPE (Q/3201-BYC-01, Bycolene),
used as the internal lubricant, was supplied by
BASF-YPC Co. (Nanjing, China). RHF was obtained
from ground rice husks through a 60-mesh sieve.

The pelletized POM and LDPE were dried in an
electric oven at 858C for 2 h, and RHF was dried at
958C for 24 h to remove water before extrusion. The
materials were then weighed in the required propor-
tions, and the mixture was blended with a high-
speed mixer. After that, the polymer blends were
produced with a reciprocating single-screw extruder
(diameter 5 30 mm, length/diameter 5 20; CM-30,
Nanjing Chengmeng Chemical Machine Co., Nanj-
ing, China). The temperatures maintained in the five
zones of the extruder barrel were 160, 180, 190, 195,
and 1858C. The screw speed was set at 20 rpm. The
extrudate was obtained in the form of a cylindrical
rod that was quenched in cold water and then pel-
letized.

For making the specimens for mechanical and tri-
bological tests, the pelletized polymer blends were
put in a cuboidal mold (85 3 47 3 46 mm3) made of
1Cr18Ni9Ti, which was heated to 1758C. After the
blends melted, a maximum pressure of 20 MPa was
applied to expel the entrapped air out of the mold.
Then, the heat was turned off, and the molded
blends were left to cool in the mold under pressure
for 30 min before it was opened. Afterwards, a
molded slab with a size of 85 3 47 3 10 mm3 was
obtained. Two specimens for tribological tests with a
size of 43 3 36 3 10 mm3 were cut out of the
molded slab. They were then finished by abrasion
against 800-grit sandpaper to ensure good contact
between the specimen surface and the counterface.
The standard specimens for mechanical property

tests were made through machine work on the
molded slab.

Mechanical property tests

The tests of the compressive properties were per-
formed with a universal testing machine (New Sansy
Co., Shenzen, China) with a specimen of the size of
30 3 10 3 10 mm3 according to GB/T 1041-92 at a
loading speed of 5 mm/min. The tests of the impact
strength were carried out according to GB/T 1043-
79.

Friction and wear tests

Friction and wear tests were performed in a com-
puter-controlled reciprocating sliding tribotester. A
schematic diagram of the part related to the loading of
the apparatus is shown in Figure 1. The counterface
was made of 45 carbon steel with a chemical composi-
tion of 0.42–0.50 wt % carbon, 0.50–0.80 wt % manga-
nese, and 0.17–0.37 wt % silicon. The counterface was
polished with 1500-grit metallographic abrasive paper
before the test. A dry sliding test was conducted
under ambient conditions (temperature 5 20 6 58C,
relative humidity5 60 6 5%) with a nominal pressure
of 5 MPa and a reciprocating sliding frequency of 1.0
Hz. The stroke length was 14 mm. Before testing, the
surfaces of the specimens and counterface were
cleaned with acetone and thoroughly dried.

The friction force and normal load were measured
from the output of linear variable strain gauges, and
then the frictional coefficient was calculated and
recorded automatically by the computer. During the
test, the surface temperature of the specimen was
monitored by a thermocouple that was inserted into
a hole of 0.8 mm in the track close to the rubbing
surface. Wear loss was measured gravimetrically
with a precision balance to an accuracy of 0.1 mg af-
ter each test. The wear test for each condition was
repeated two times, and the average values were
reported. The results were within a scatter range of
615%. The sliding distance of each test was 300 m,
which was enough to allow for the steady-state slid-
ing period to be achieved. The specific wear rate [wr

Figure 1 Schematic representation of the part related to
the loading of the tribotester.

POM COMPOSITES FILLED WITH LDPE AND RHF 2779

Journal of Applied Polymer Science DOI 10.1002/app



(mm3/N m)] was calculated with the following
equation:

wr ¼ Dm
qFNL

(1)

where Dm is the specimen’s mass loss (g), q is the
density of the specimen (g/mm3), FN is the normal
load applied to the specimen (N), and L is the total
sliding distance (m).

Morphology observation

A Philip Quanta 2000 scanning electron microscope
(New York) was employed to observe the worn sur-
face morphology of the specimens after testing.
Before observation, a gold layer had to be deposited
on the surface of the specimen because of the non-
conductivity of the POM composites.

X-ray diffraction (XRD) experiment

Wide-angle X-ray diffraction (WAXD) patterns were
obtained with a Bruker D8 Advance diffractometer
(Kleve, Germany) with Ni-filtered Cu Ka radiation
under the following conditions: an accelerating voltage
of 40 kV and an electron current of 40 mA. The scanning
angle (2y) ranged from 5 to 608. The crystallinity degree
of the POM materials was obtained with the following
equation:

Xc ¼ 1

1þ kðSa=ScÞ (2)

where Xc refers to the mass fraction crystallinity, Sc
refers to the crystalline area, Sa refers to the amor-
phous area, and K refers to the modified coefficient
(0.56).

RESULTS AND DISCUSSION

Mechanical properties

The mechanical properties of POM and its compo-
sites are listed in Table I. It can be seen that the

addition of LDPE causes a reduction in the compres-
sive properties of POM. Among the POM/LDPE
composites, the POM/7.5 wt % LDPE composite
shows the best compressive properties. However, for
impact strength, a maximum value of 7.2 kJ/m2 was
obtained for 5 wt % LDPE. On the basis of these
data, in combination with the results of tribological
tests (discussed in the next section), we decided to
continue our study of the POM composites with the
LDPE content fixed at 5 wt %.

With the further addition of RHF, the compressive
properties of POM composites initially increase with
the proportion of RHF but gradually decrease later.
This suggests that RHF, as the reinforcing filler,
plays an active role in improving the mechanical
properties. However, as shown in Table I, the impact
strength rapidly decreases with the proportion of
RHF, which indicates that RHF reduces the tough-
ness of POM composites. It should be noted that the
incorporation of more than 7.5 wt % RHF leads to a
dramatic decrease in the mechanical properties of
POM, either the compressive properties or the
impact strength. This could be attributed to the poor
compatibility of the excessive RHF and polymer
matrix, which results in a loose structure of the com-
posite. From Table I, it can be concluded that the
POM/5 wt % LDPE/5 wt % RHF composite exhib-
ited the best general mechanical properties.

Friction and wear

The coefficient-of-friction plots as a function of the
sliding distance for POM and its composites filled
with LDPE and RHF are shown in Figures 2 and 3.
It can be seen from Figures 2 and 3 that the coeffi-
cient of friction of POM and its composites initially
decreases rapidly with a sliding distance up to 100
m and thereafter stabilizes at a steady value, which
is reported as the steady-state coefficient of friction,
as shown in Figures 4 and 5. This reduction in
the coefficient of friction has been attributed to the

TABLE I
Mechanical Properties of POM and Its Composites

Sample
LDPE
(wt %)

RHF
(wt %)

Density
(g/cm3)

Compressive yield
strength (MPa)

Compressive
modulus (MPa)

Impact strength
(kJ/m2)

POM (A) — — 1.390 110.6 1377 6.3
POM/LDPE (A1) 2.5 — 1.375 96.8 1209 6.5
POM/LDPE (A2) 5 — 1.348 101.8 1314 7.2
POM/LDPE (A3) 7.5 — 1.321 105.1 1371 6.2
POM/LDPE (A4) 10 — 1.308 98.6 1203 5.3
POM/LDPE (A5) 12.5 — 1.284 92.1 1134 4.2
POM/LDPE/RHF (B1) 5 2.5 1.336 110.8 1488 6.6
POM/LDPE/RHF (B2) 5 5 1.327 117.2 1617 6.2
POM/LDPE/RHF (B3) 5 7.5 1.315 106.7 1455 5.7
POM/LDPE/RHF (B4) 5 10 1.299 89.2 1221 4.3
POM/LDPE/RHF (B5) 5 12.5 1.283 79.3 1113 3.3
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development of a transfer film that was observed af-
ter each test.

Figure 4 gives the steady-state coefficient of fric-
tion and wear rate of POM composites filled with
various contents of LDPE. It shows that the addition
of LDPE could reduce the coefficient of friction of
POM. The lowest steady-state coefficient of friction
of 0.126 was obtained in the case of POM/2.5 wt %
LDPE, which is also the lowest value among all the
POM composites tested in this study. With greater
proportions of LDPE, the steady-state coefficient of
friction increases to different degrees but is still
lower than that of unfilled POM. To confirm this ob-
servation, the friction test for the case of 2.5 wt %
LDPE was performed again, and the results coin-
cided well with the preceding experiment. It is not
very understandable why the addition of such a low

content of LDPE is much more effective in reducing
the coefficient of friction than that of any other filler
proportions.

As for reduction of wear, the effect of 2.5 wt %
LDPE is negligibly small, but with 5 wt % LDPE, the
wear rate decreases from 2.09 3 1026 to 1.20 3 1026

mm3/N m (a reduction by a factor of 1.7). Then, the
wear rate increases rapidly with increasing LDPE
content and is even higher than that of unfilled
POM in the case of 12.5 wt % LDPE. This indicates
that an LDPE proportion greater than 5 wt % would
be undesirable in terms of wear reduction. This is
presumably because the compatibility between POM
and LDPE becomes weak with the proportion of
LDPE larger than 5 wt %. These observations indi-
cate that the optimum content of LDPE as the inter-
nal lubricant for POM is around 5 wt %, with which

Figure 2 Variation of the coefficient of friction with the
sliding distance for POM filled with LDPE (test conditions:
sliding speed 5 0.028 m/s and contact pressure 5 5 MPa).

Figure 3 Variation of the coefficient of friction with the
sliding distance for POM filled with both LDPE and RHF.
The test conditions were the same as those in Figure 2.

Figure 4 Variation of the steady-state coefficient of fric-
tion and wear rate with the content of LDPE for POM
filled with LDPE. The test conditions were the same as
those in Figure 2.

Figure 5 Variation of the steady-state coefficient of fric-
tion and the wear rate with the content of RHF for POM
filled with both LDPE and RHF. The test conditions were
the same as those in Figure 2.
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the POM/LDPE blend has a good combination of
friction and wear behavior.

Next, RHF was incorporated into the POM compo-
sites as the reinforcement, whereas the LDPE pro-
portion was fixed at 5 wt % for the reason men-
tioned previously. Figure 5 shows the effect of the
RHF content on the coefficient of friction and wear
rate of the POM composites filled with both LDPE
and RHF. The inclusion of RHF lead to an increase
of different degrees in the coefficient of friction,
except in the case of 5 wt % RHF. Moreover, when
the RHF content is larger than 5 wt %, the coefficient
of friction increases gradually with increasing RHF
content. This indicates that the inclusion of RHF
serves no useful purpose in reducing the coefficient
of friction of POM composites in the presence of
LDPE. However, it should be noted that, as can be
seen from Figures 4 and 5, the coefficient of friction
of POM/LDPE/RHF composites is still lower than
that of unfilled POM.

It also can be seen from Figure 5 that the wear
rates of the composites including 2.5 and 5 wt %
RHF are close to and a little higher than that of
POM/5 wt % LDPE. The lowest wear rate of 1.07
3 1026 mm3/N m, among all the composites tested,
has been obtained for POM/5 wt % LDPE/7.5 wt %
RHF. However, when the RHF content is larger than
7.5 wt %, the wear rate of the composites dramati-
cally increases to a value that is even comparable to
that of unfilled POM. As mentioned in the earlier
section, the reason might be the poor compatibility
between the excessive RHF and polymer matrix,
which results in a loose structure of the composite.

The aforementioned observations show that the
POM/5 wt % LDPE/7.5 wt % RHF composite exhib-
its the best antiwear property, whereas the coeffi-
cient of friction is kept low. To further understand
whether such a composite is suitable for practical
applications, a comparative investigation of the tri-
bological behaviors was made between this compos-
ite and the commercialized composites, which have
been widely used in tribological applications. Fric-
tion and wear tests for these two composites were
performed under the same conditions used in an
earlier study. The POM/5 wt % LDPE/7.5 wt %
RHF composite has a wear rate lower than that of
POM/20 wt % PTFE but a little higher than that of
POM/20 wt % PTFE/10 wt % glass fiber (GF). The
POM/5 wt % LDPE/7.5 wt % RHF composite exhib-
its a coefficient of friction lower than that of the
POM/20 wt % LDPE/10 wt % RHF composite but
higher than that of POM/20 wt % PTFE. In other
words, the POM/5 wt % LDPE/7.5 wt % RHF com-
posite has a better combination of friction and wear
behavior than either of the two composites. Thus, it
is supposed that this composite is a potential mate-
rial for practical applications.

Surface temperature

The surface temperature of POM and its composites
after the 300-m friction and wear test is presented in
Figure 6, and a schematic diagram of the trend of
changes in the surface temperature during the test is
also shown in the top left corner of Figure 6. In addi-
tion, the coefficient of friction of POM and its com-
posites is given in Figure 6 to further understand the
interrelationship between the surface temperature
and tribological behaviors of POM composites.

It is distinct that the two parameters (surface tem-
perature and coefficient of friction) are closely corre-
lated with each other. There is a general tendency
that the larger the coefficient of friction is, the higher
the surface temperature is. It is not difficult to
understand that increasing the coefficient of friction
leads to an increase in the frictional heat, which
mainly determines the surface temperature. How-
ever, the tendency is not so clear in the case of a
high filler content. This is presumably because exces-
sive filler greatly affects the thermal properties (e.g.,
thermal conductivity) of POM composites, which
also play an important role in determining the sur-
face temperature. The same explanation could be
given for the following phenomenon: as can be seen
from Figure 6, the surface temperature of composites
B3, B4, and B5 is obviously higher than that of com-
posites A3, A4, and A5, although the coefficients of
friction for these composites are comparable. It is
believed that the poor thermal conductivity of RHF
is responsible for the rise in the surface temperature.
No apparently direct connection has been found
between the surface temperature and wear rate. It
could not be said, nevertheless, that there is no rela-
tionship between the two. This is because the surface
temperature rise could greatly affect the mechanical
properties of polymer composites and consequently
influence the wear performance, especially when the

Figure 6 Surface temperatures of POM and its compo-
sites after the 300-m friction and wear test.
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flash temperature at the asperity peaks of the real
contact area is considered.16

XRD analysis

Figure 7 presents the XRD patterns of POM and its
composites. The two strong diffraction peaks at 2y
5 22.88 and 2y 5 34.78 are the distinctive feature of
the hexagonal crystalline form of POM. For POM
composites, the diffraction angle almost remains
unchanged, and this indicates that the filler does not
change the crystalline form of the POM matrix. As
expected, the intensity of the diffraction peaks
increases with the addition of filler. What is more
important, the fraction peaks of the POM composites
broaden, indicating less crystallinity perfection.

To obtain more information about the crystallinity
perfection, the crystallinity degree of POM and its
composites was calculated from the amorphous and
crystalline areas of the POM (100) diffraction peak,
corresponding to a modified coefficient of k 5 0.56
in eq. (2).17 The results are listed in Table II. There is
a noticeable decrease of about 10% points in the
crystallinity degree for the POM/LDPE composites
compared to unfilled POM. With the addition of
RHF, the crystallinity degree is further slightly low-
ered. The lowest crystallinity degree of 56.2%, a
reduction of 12.9 percentage points compared to that
of unfilled POM, is found for the POM/5 wt %
LDPE/12.5 wt % RHF composite. The possible rea-
son for the reduction in the crystallinity degree is
that the presence of the filler restrains the crystalliza-
tion process of POM to a certain extent.

Table II also shows that the crystallinity degree of the
composites changes very little with the content of the
filler, either LDPE or RHF. Consequently, it is impor-
tant to point out that the crystallinity degree should not
be considered the main factor that affects the mechani-
cal and tribological behaviors of POM composites in
this study, although an increasing crystallinity degree

often brings better mechanical properties and some-
times even better tribological behaviors.18

Examination of worn surfaces

Figures 8–10 show the scanning electron microscopy
(SEM) morphologies of the worn surfaces of POM
and its typical composites. Figure 8(a) shows that for
unfilled POM, the abrasion marks parallel to the slid-
ing direction are not as clear as in the case of POM
composites, and severe plastic deformation and adhe-
sion can be clearly seen with higher magnification
[Fig. 8(b)]. These observations suggest that the wear
process of unfilled POM is governed by an adhesive
wear mechanism. In fact, the unfilled POM exhibited
the highest surface temperature of 978C during the
steady-state sliding. Such a high temperature, to-
gether with the heavy loading condition, led to the
softening of POM in the real contact area where a
higher flash temperature was expected. As a result,
severe plastic deformation and adhesion occurred,
resulting in POM materials being rapidly removed by
the hard asperities of the metallic counterface.

Figure 7 XRD patterns of POM and its typical composites.

TABLE II
Calculated WAXD Results of POM and Its Composites

POM
composite

Amorphous
area

[Cps 3 2y (8)]

Crystalline
area

[Cps 3 2y (8)]

Crystallinity
degree
(%)

A 16,494.3 20,690.3 69.1
A1 43,001.1 36,314.7 60.1
A2 41,236.3 36,586.9 61.3
A3 42,482.1 36,122.8 60.3
A4 44,737.3 34,439.5 57.9
A5 43,197.8 36,791.9 60.3
B1 42,235.5 34,240.0 59.1
B2 41,882.2 31,648.1 57.4
B3 43,182.2 34,002.1 58.4
B4 44,771.2 32,310.0 56.3
B5 44,731.1 32,088.1 56.2

Cps, counts per second.
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Figure 9 shows that the worn surfaces of the POM
composites filled with LDPE are relatively smooth
compared to that of unfilled POM. Even at a high

magnification, plastic deformation can barely be seen
[Fig. 9(b,d)]. Figure 9(b) also shows that there is
some tiny wear debris adhering to the worn surface

Figure 8 SEM micrographs of the worn surface of unfilled POM.

Figure 9 SEM micrographs of the worn surfaces of the POM composites filled with LDPE alone: (a,b) 5 and (c,d) 12.5 wt
% LDPE.
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of the POM/5 wt % LDPE composite, which agrees
with its low wear loss. In the case of 12.5 wt %
LDPE, as can be seen in Figure 9(d), a local wear
scar was observed on the worn surface, which could
lead to large wear debris and consequently high
wear loss. It is supposed that such a large wear scar
was caused by the fatigue wear of adhesive con-
tact.19 As discussed earlier in this article, excessive
LDPE addition could result in a weak bond between
the POM matrix and LDPE, so microcracks may
occur and expand under the repeated sliding action.

For the composites including RHF, well-distrib-
uted RHF can be clearly seen on the worn surface
[Fig. 10(a,c)]. With a high magnification, as can be
seen in Figure 10(b), no obvious damage could be
found on the worn surface of POM/5 wt % LDPE/
7.5 wt % RHF, except for some nanogrooves parallel
to the sliding direction. These grooves are much
slighter than those of the POM/5 wt % LDPE com-
posite [Fig. 9(a)], indicating that 7.5 wt % RHF acts
effectively as the reinforcement for POM. Therefore,
for this composite, which has the lowest wear rate

among all the composites tested, wear presumably
occurred by fatigue and the depletion of transfer
film.20,21 In the case of 12.5 wt % RHF, large cavities,
which were caused by the removal of RHF due to
the repeated sliding action, were observed [Fig.
10(d)]. This observation confirms the assumption
proposed in the earlier section that excessive RHF
could lead to a loose structure of the POM compos-
ite due to the poor compatibility between the matrix
and RHF.

CONCLUSIONS

1. The impact strength of POM composites filled
with LDPE increases with filler addition up to 5
wt %, and the compressive properties decrease
because of the addition of LDPE. The POM/5
wt % LDPE/5 wt % RHF composite showed
good mechanical strength.

2. The addition of the proper content of LDPE
increases the tribological behaviors of POM.
The POM/5 wt % LDPE composite showed a

Figure 10 SEM micrographs of the worn surfaces of the POM composites filled with both LDPE and RHF: (a,b) 7.5 and
(c,d) 12.5 wt % RHF.
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good combination of friction and wear behav-
iors, The lowest wear rate of 1.07 3 1026 mm3/
N m was obtained for POM/5 wt % LDPE/7.5
wt % RHF. An SEM examination of the worn
surfaces revealed that the main wear mecha-
nism for unfilled POM is adhesion. As for POM
composites, wear seems to occur mainly by
fatigue and abrasion.

3. It was experimentally confirmed that it is feasi-
ble to produce a POM composite for tribological
applications that is well-performing, low-cost,
and environmentally friendly.
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