
consistent with the general findings on the addition
of GF [21].
The effect of the compatibilizer on the tribological
properties of composites is different for GF and BF.
A decrease in wear and friction coefficient was ob-
served for PA6BF-C, while an increase in wear was
observed for PA6GF-C compared to PA6BF and
PA6GF, respectively. This could be linked to the dif-
ferent mechanical properties of BF and GF shown in
Section 3.1. Based on the findings of Friedrich [22]
in correlation with the tribological properties of poly-
meric compounds and the interaction of fibres with
the polymeric matrix, in the recent paper, the BF
seems to be softer than the GF, which leads to a less
stiff gradient between matrix and filler So, in com-
bination with the compatibilizer, a positive effect for
BF and a negative effect for GF is noticeable. This
could also be underpinned by comparing the running
surface in Figures 9c, 9d and 9f, 9g.  Figures 9c, 9d
stays homogeneous, and Figures 9f, 9g shows a
change, showing a rather inhomogeneous surface
structure.
PTFE does not influence the coefficient of friction
due to the dominating behaviour of fibre-counterpart
interaction, which has an abrasive impact on the fric-
tion behaviour, but additionally reduces the wear
rate. Optimal tribological performance, combining
the lowest wear rate and the lowest coefficient of
friction, was achieved with fiber reinforcement and
internal lubrication with PTFE. These findings are
in good correlation with the work of Li  [23], show-
ing that besides the stabilizing of the matrix with fi-
bres, solid lubricants are needed to enhance the wear
performance.

3.4. Fiber length
Fiber length influences the mechanical properties of
composites. Since both GF and BF are brittle, they
break up into smaller pieces during the composite
preparation and processing. To get a better insight
into the fiber length and the influence of injection
molding on it, we determined the fiber length distri-
bution on the TGA residues of composite granulates
and injection molded samples. The breakage of
fibers is random, and a lot of particles smaller than
the fiber thickness can be observed (5–10 µm). The
length was calculated only for fibers with a length
above 30 µm. Results are presented in Figure 10 and
Table 3. Average fiber lengths were comparable and
in the range of the standard deviation for all com-
posites. Most of the fibers are on a length scale of
30–600 µm, although individual fibers of up to
2 mm can be found.
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Figure 9. Light microscopic analysis of the sample running
surfaces (50×) and the counterparts (7×) for all ex-
amined variants. Arrows indicate the moving di-
rection. a) PA6, b) PA6-C, c) PA6BF, d) PA6BF-C,
e) PA6BF-PTFE-C, f) PA6GF, g) PA6GF-C,
h) PA6GF-PTFE-C.

Figure 8. Wear rates and coefficients of friction as deter-
mined using the pin-on-disc method.

Table 3. Average fiber length before and after the injection
molding.

Fiber length
[µm]

Before injection molding Injection moulded
PA6BF 280±236 218±168
PA6BF-C 278±219 237±204
PA6BF-C-PTFE 240±186 281±194
PA6GF 312±198 267±153
PA6GF-C 234±181 210±148
PA6GF-C-PTFE 297±208 207±134



3.5. SEM and EDS analysis of fracture
surface

SEM and EDS analyses were performed to deter-
mine the differences in fracture mechanism and
 distribution of particles within the PA6 matrix. No
significant differences were observed between the
fractured surfaces of samples with GF or BF. The

surfaces of PA6GF and PA6BF are shown as exam-
ples in Figure 11. The fibers are pulled out of the ma-
trix due to the weak interfacial forces. An EDS map-
ping was performed to see the distribution of PTFE
particles within the matrix since it is known that the
PTFE is highly hydrophobic, while the fibers and
PA6 are more hydrophilic. However, as also shown
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Figure 10. Fiber length distributions of reinforced materials after compounding (a), (c), (e), (g) and after the injection mold-
ing (b), (d), (f), (h).



in Figure 11, the distribution of fluorine is very
good. There were no particles larger than 50 μm ob-
served, and most of them were smaller than 40 μm,
which is the nominal size of the PTFE particles. It
seems that during the mixing in the extruder, the
fibers break into smaller and sharper particles, which
cut PTFE particles into smaller fragments as well.

4. Conclusions
The goal of the present study was to compare the
properties of composites of PA6 with GF and BF for
gear applications. The composites were prepared
under the same processing conditions to ensure the
same history of the tested samples.
The mechanical properties of composites with GF
are generally better than those of composites with
BF. In both cases, the best mechanical properties
were obtained with the addition of fibers and PTFE.
Since PTFE does not possess high mechanical
strength and is incompatible with PA6, this can be
explained by the increased concentration of fibers
within the PA6 matrix. The same is true for the high-
est thermal conductivity of composites with PTFE.

The mechanical properties of composites strongly
depend on the fiber length; the longer the better.
However, during the composite preparation in a
twin-screw extruder, the fibers break into much
smaller fibers and small particles. The average
length of the fibers is reduced from 4–5 mm to sev-
eral hundred micrometers. No important differences
in length were observed between GF and BF. During
injection molding, the most common technique for
producing gears, additional fiber breakage occurs,
although it is less extensive. The fiber length is fur-
ther reduced by several tens of microns.
Both GF and BF slightly increased the crystallinity
of PA6 and changed the size of the crystallites.
SEM and EDS mapping analyses showed that the
interactions between the fibers (both GF and BF)
and the PA6 matrix are not good. The fibers are
pulled out of the matrix. However, despite large dif-
ferences in surface tension between PA6 and PTFE,
the distribution of PTFE particles in the PA6 matrix
is very good. The PTFE particles are smaller than
those specified by the manufacturer, likely due to
the sharp GF or BF cutting of the particles during
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Figure 11. SEM images of the fracture surface of PA6GF (a) and PA6BF (b). SEM image of PA6GF C PTFE with corre-
sponding EDS elemental maps of C, F, Si, O, Al, N, Ca, and Mg (c).



the composite preparation process in the twin-screw
extruder.
The tribological tests clearly show that fiber-based
reinforcing materials have an influence on friction
and wear behaviour. In addition to the use of com-
patibilizer and the use of solid lubricants such as
PTFE, the potential for BF as a substitute for GF
could be considered. Further investigations are still
needed to adopt material formulations regarding the
load collective for potential gear applications.
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