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The tribological characteristic of pure polyamide (PA6) and 2.5%, 5% zinc borate (Zn3BO6) �lled (by wt)
polyamide composites were comparatively evaluated under dry sliding conditions. Wear tests were carried out at
room temperature under the loads of 5, 10, and 20 N, and at the sliding speeds of 0.5, 1.0, and 1.5 m/s. The
coe�cients of friction of the materials were signi�cantly in�uenced by an increase in zinc borate content. The
friction coe�cient of the PA6 was getting decreased from 0.420 to 0.188 with an increase in zinc borate content,
depending on applied loads and sliding speeds. The results showed that the wear rates of pure PA6 and zinc borate
�lled polyamides increased with increase in loads. The wear rate of the PA6 decreased from 4.2× 10−6 mm3/m to
5.0× 10−7 mm3/m with an increase in zinc borate content depending on applied loads.
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1. Introduction

Polymer and its based materials �nd ever increasing
usage for numerous industrial applications in the sliding/
rolling components such as bearings, rollers, seals, gears,
cams, wheels, piston rings, transmission belts, grinding
mills, and clutches where their self lubricating properties
are exploited to avoid the need for oil or grease lubrica-
tion with its attendant problems of contamination [1].
Inorganic particles are added to polymers in the ex-

pectation of obtaining unique physical and mechanical
properties [2, 3]. No tribological properties of polyamide-
-zinc borate composites have been described so far. Car-
rion et al. have recently described the tribological per-
formance of polyamide nanocomposites containing ZnO
nanoparticles [4, 5]. Tribological performances of PA6
based coating materials used in space-based mechanical
systems, aircraft propulsion and structures were inves-
tigated by Chen et al. [6]. Indumathi et al. observed
that the tribological performance of PA6 showed mod-
erate improvement due to cryo-treatment [7]. Inorganic
particles have been widely used in recent years as �llers
in polymers to improve their hardness and tribological
performance [8].
In the present work, test materials have been prepared

as series of �lled PA6 materials with zinc borate �ller
(0%, 2.5% and 5 wt%) to study the tribological e�ect of
the �ller content. The aim of this work was to study the
e�ect of the zinc borate on the wear and friction behavior
of PA6 as a good releasing mechanism for vehicles.

2. Experimental

2.5 wt% and 5 wt% of zinc borate (1�10 µm) were
introduced to PA6 to investigate the wear relationships
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between the PA6 and zinc borate combinations. The
polymer matrix material that was used in this study is a
commercial grade PA6 Arkema Polymer Industry USA.
Zinc borate obtained from Sigma�Aldrich Chemie GmbH
was used in the polymer matrix composites. For tests,
the samples were manufactured in the form of a pin the
dimension of which is 6 mm in diameter and 60 mm in
length. For production of zinc borate �lled polymers, an
injection apparatus was used with four di�erent heating
stages of 240, 255, 260, 265 ◦C. Injection and molding
pressure were chosen as 4 MPa and 8 MPa, respectively.
The mold temperature was �xed at 15 ◦C and the pres-
sure was applied for 3 composites. The friction and wear
tests were realized using a pin-on-disk arrangement with
the standards of ASTM G 99 and ASTM G 115 against
the hardened AISI 4140 steel (58 HRc).
Wear tests parameters are given in Table. The hard-

ness tests were performed on Instron S1 Durotech, digital
shore D scale hardness tester with using the standard of
ASTM D 2240. Rigaku D/MAX/2200/PC model XRD
analyser (Cu Kα 40 kV, 30 mA) was used for character-
ization of zinc borate particles.

TABLE

Experimental process parameters of wear tests.

Parameters (units) Experimental conditions

applied load [N] 5, 10, 20

sliding speeds [m/s] 0.5, 1.0, 1.5

temperature [◦C] 23± 2

humidity [%] 58± 1

sliding distance [m] 1000

surface roughness, Ra [µm] 0.36

3. Results and discussion

XRD pattern of pure zinc borate particles is given in
Fig. 1. Figure 2a and b presents the variation of the
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coe�cient of frictions and wear rates of pure PA6 and zinc
borate �lled polyamides according to zinc borate content
under the loads of 5, 10, and 20 N at the sliding speeds
of 0.5, 1.0, and 1.5 m/s, respectively.

Fig. 1. XRD pattern of the pure zinc borate particles.

Fig. 2. Variation of coe�cient of friction (a) and wear
rate (b) of pure PA6 and zinc borate �lled polyamides
according to zinc borate content, applied load, and slid-
ing speeds.

From Fig. 1 XRD peaks have given the results of the
zinc borate formulation of the Zn3B6O12·3.5H2O com-
pound. Tian et al. [9] found that the same X-ray di�rac-
tion pattern is given in Fig. 1. In the other articles,
zinc borate was characterized by the same XRD pattern
[10�12].

Figure 2a reveals that a 300% increase in load value
caused the increase in the coe�cient of friction of PA6
and the zinc borate �lled polyamide composites in the
range of 33�72%, 25�53% and 15�25% depending on zinc
borate content for 0.5, 1.0, and 1.5 m/s sliding speeds,
respectively. A 200% increase in the sliding speed caused
the increase in the coe�cient of friction of PA6 and the
zinc borate �lled polyamide composites in the range of
31�54%, 10�43% and 12�19% depending on zinc borate
content for 5, 10, and 20 N, respectively. The addition
of zinc borate in the PA6 resulted in the decrease of the
coe�cient of friction in the range of 28�44%, 27�39%
and 29�40% according to applied loads for 0.5, 1.0, and
1.5 m/s sliding speeds, respectively. In general, as shown
by the �gures and calculated and discussed results, the
coe�cient of friction of zinc borate �lled PA6 decreased
with increase in zinc borate content for the all test con-
ditions, and increase in the load value in the wear test
caused the increase in coe�cient of friction. An increase
in the sliding speeds resulted in the increase of the coef-
�cient of friction tested under the loads of 5 N and 10 N,
however, the coe�cient of friction has not been a�ected
e�ectively for the zinc borate �lled polyamide composites
tested under the loads of 20 N for all the sliding speeds.
Unal and Mimaroglu [13] were found that the friction co-
e�cient of the PA6 material was 0.09 under 20 N load
and 0.88 m/s sliding speed. In the report of Unal [14],
the friction coe�cient of PA6 was found between 0.37�
0.52. And so, both of the studies friction coe�cients were
increased with increasing loads and speeds.

Figure 2b reveals that a 300% increase in load value
caused the increase in the wear rate of PA6 and the zinc
borate �lled polyamide composites in the range of 160�
171%, 39�180%, and 50�68% depending on zinc borate
content for 0.5, 1.0, and 1.5 m/s sliding speeds, respec-
tively. A 200% increase in the sliding speed caused the
increase in the wear rate of PA6 and the zinc borate �lled
polyamide composites in the range of 80�127%, 56�105%,
and 15�45% depending on zinc borate content for 5, 10,
and 20 N, respectively. The addition of zinc borate in the
PA6 resulted to decrease the wear rate in the range of 55�
68%, 61�74% and 64�72% according to applied loads for
0.5, 1.0, and 1.5 m/s sliding speeds, respectively.

In general, as shown by the �gures and calculated and
discussed results, the wear rate of zinc borate �lled PA6
decreased with increase in zinc borate content for the all
test conditions, and increase in the load value in the wear
test caused the increase in wear rate. An increase in the
sliding speeds caused the increase of the wear rate tested
materials under the loads of 5, 10, and 20 N. Unal et al.
[15] determined that the abrasive wear rate of 30% wol-
lastonite �lled PA6 composite drops by 40% compared
to pure PA6. The wear rates for wollastonite �lled PA6
composites are ranging in 2.2×10−5�5.8×10−5 mm3/m.
Tong et al. found that the abrasion resistance of the wol-
lastonite �lled UHMWPE composites was higher than
that of the matrix material when the �ller content was
20 wt%, with the best abrasion resistance being obtained



The E�ect of Sliding Motion on Tribological Characteristics . . . 477

at a �ber content of 10% [16, 17]. Increase in zinc bo-
rate of the PA6 resulted in the increase of the polymer
hardness and pressure strengths of the PA6-zinc borate
�lled polyamides beside the lubricant behaviors. Shore
hardness of the pure PA6, 2.5 wt% and 5 wt% zinc bo-
rate �lled PA6 composites was measured in this study
as 73.58, 74.4, and 74.92, respectively. This is in good
agreement with literature [18].

Fig. 3. Optical micrographs of worn surfaces of (a)
pure PA6 and (b) PA6+2.5 wt% zinc borate, (c)
PA6+5 wt% zinc borate at 0.5 m/s sliding speed un-
der 10 N load.

Figure 3a�c shows the optical micrographs of worn pin
surfaces of pure PA6, 2.5 wt% and 5 wt% zinc borate
�lled PA6 at the 0.5 m/s sliding speed under the load
of 10 N. As it can be seen in Fig. 3, the worn surface of
the zinc borate �lled PA6 includes some micro scratches
and some grooves and valleys on the worn surfaces.
In addition these, some softened zone, especially low
content zinc borate including polyamide composites,
are shown on the wear track. Also, worn surfaces of
the polyamide composites are getting roughened with
an increase in zinc borate content. It is probable that
zinc borate particles may be transferred on the steel
counter face while of PA6 matrix were smeared on the
slick line. These particles might cause the formation of
micro scratching e�ect during the sliding tests, and some
parts of the PA6 were softened with sliding e�ect and
smeared the worn surfaces and produced some plastically
deformed and so smeared zones. Carrion et al. observed
that neat PA6 shows a wide and relatively polished wear
track. Wear track shows a rougher surface with wear
debris particles trapped in the worn area. Finally, PA6+
�ller has a wider wear track with the parallel grooves [4].

4. Conclusions

As a result, the coe�cient of friction of zinc borate
�lled PA6 decreased with increase in zinc borate content
for the all test conditions, and increase in the load value
in the wear test caused the increase in coe�cient of fric-
tion. An increase in the sliding speeds resulted in the in-
crease of the coe�cient of friction tested under the loads
of 5 N and 10 N. The wear rate of zinc borate �lled PA6
decreased with increase in zinc borate content for the all
test conditions, and increase in the load value in the wear
test caused the increase in wear rate. An increase in the
sliding speeds caused the increase of the wear rate tested
materials for all applied loads. The worn surface of the
zinc borate �lled PA6 includes some micro scratches and
some grooves and valleys on the worn surfaces. In ad-
dition these, some softened zones, especially low content
zinc borate including polyamide composites, are shown
on the wear track. Also, worn surfaces of the polyamide
composites are getting roughened with an increase in zinc
borate content.
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