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The quality of plastic gears, especially their durability, is becoming increasingly important due to advances in electric mobility.
Therefore, new materials are being developed that must have better mechanical properties, high thermal conductivity for heat
dissipation, and tribological properties. The composites of expanded graphite (EG) and glass fibre-reinforced polyamide 6
(PA6/GF) were prepared, and the effect of EG particle size (~5μm (EG5) and ~1000μm (EG1000)) on these properties was
investigated. Composites with different contents (2-10wt%) of EG in PA6/GF were prepared using a laboratory twin-screw
extruder and then injection moulded in the form of rods and discs required for thermal, thermomechanical, and tribological
tests. EG acted as a nucleating agent but hindered the crystallization rate at higher concentrations, which was more
pronounced when EG5 was added. Dynamic mechanical analysis showed that the storage modulus increased with the addition
of both types of EG. However, the addition of EG5 increased the storage modulus more than EG1000. The lowest coefficient of
friction was obtained by the addition of 10wt% EG5. The wear increased with the addition of both types of EG, only slightly
with the addition of EG1000. The thermal conductivity of the composites with EG increased from 0.42W/mK to 1W/mK. The
results show that the use of EG with smaller particle size is much more beneficial than with a larger one.

1. Introduction

Polymers are used in various applications where the durabil-
ity of the product depends heavily on the mechanical as well
as on the tribological properties of polymers. Therefore, for
several years, there has been an increasing interest in study-
ing the influence of various solid lubricants and other fillers,
especially nanofillers, on these properties.

To improve mechanical properties such as tensile strength,
hardness, impact strength, and dimensional stability, polymers
are usually filled with glass fibres (GF), basalt fibres, carbon
fibres, and more recently natural fibres [1–5]. To improve the
thermal, electrical, and tribological properties of polymers, var-
ious graphite powders are widely used as fillers [6, 7]. To
improve only tribological properties of polymers, other addi-
tives, such as MoS2, wax, polytetrafluoroethylene (PTFE), and

ultrahigh molecular weight polyethylene (UHMWPE), have
also been used [8–11].

Various types of graphite, such as natural, synthetic,
expanded (EG), or expandable graphite, are often added to
polymers to improve thermal and electrical conductivity as
well as mechanical and tribological properties. However, sci-
entific results do not always confirm its positive influence on
subsequent properties. Suresha et al. reported that graphite
reduced the coefficient of friction (COF) and wear rate and
improved the thermal conductivity and mechanical proper-
ties of epoxy composites [12]. The reduction of COF due
to the addition of graphite was also observed in polyimide,
especially at high load and high sliding velocity [8]. An
increase in COF was observed in acrylic elastomer/EG when
the composite was made from latex. In contrast, a decrease
in COF was observed for the same composite prepared by
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direct mixing [13]. The results show that the influence of the
composite preparation method on tribological properties
cannot be neglected. In thermoplastic polyurethane, the
addition of graphite decreased the COF but increased the
wear rate [14]. However, the tribological behaviour depends
not only on the graphite content but also on the particle size
and the mating material. The COF and wear of polystyrene
(PS) against steel were much higher than those against
PA66. Besides, the graphite particle size played an important
role against steel, but not against PA66 [15].

Polyamides are engineering semicrystalline polymers
with various useful properties. There are several types of
polyamides (PA6, PA66, PA12, etc.) of which PA66 and
PA6 are widely used in mechanical engineering. Due to the
good mechanical and tribological properties, PA6 is one of
the main polymers for the production of plastic gears, which
are more and more used as substitutes for metal gears.

The influence of different types of graphite on the prop-
erties of PA6, which is the subject of our work, was also
studied; however, various results were reported. You et al.
reported that the addition of graphite (particle size 25μm)
to PA6/GF increased COF and wear [16]. In contrast, Unal
and Mimaroglu found a decrease in COF and wear for
PA6/graphite composites. Better results were obtained for
composites with 5% than for 15% of graphite [17]. Xu
et al. obtained the lowest COF and wear with the addition
of 1% graphite (particle size < 38μm). Further increase (up
to 10%) increased both parameters to approximately the
same values as with pure PA6 [18]. In contrast, Sathees
Kumar and Kanagaraj determined the optimum concentra-
tion of graphite (particle size 250μm) in PA6, which gave
the lowest COF and wear rate, to be 20% [19].

The results on mechanical properties of PA6/graphite
composites are similar to the results on tribological proper-
ties and therefore inconclusive. Uhl et al. prepared PA6/
graphite composites by melt blending, using a variety of
graphites, including virgin graphite and expandable and
expanded graphite in concentrations up to 5%. Results for
Young’s modulus scattered with concentration and type of
graphite and were mostly lower, especially after annealing
at 120°C. The increase in modulus was observed for compos-
ites with EG. Dynamic mechanical analysis (DMA) also
showed that the storage moduli (E′) for PA6/graphite nano-
composites were mostly lower than those for neat PA6 [20].
Zhou et al. prepared PA6 composites with high loadings (up
to 60wt%) of low-temperature expandable graphite (LTEG)
by an in situ exfoliation melting process. Their DMA analy-
sis showed that the incorporation of LTEG significantly
increased the storage modulus [21].

Unal et al. prepared composites of PA6 containing 5-
15% of graphite. Tensile strength, elongation at break,
impact strength, and specific wear rate decreased, while
modulus of elasticity and hardness increased with increasing
graphite content [22]. Uhl et al. also reported a decrease in
tensile strength and elongation, while they observed no sig-
nificant change in elastic modulus for different graphite
types at concentrations up to 5% [20]. Sathees Kumar and
Kanagaraj observed an increase in tensile and impact

strength as well as the Shore hardness with graphite addition
up to 20%. However, modulus decreased at all graphite con-
centrations being highest at 20% [19]. Other authors report
an increase in tensile and impact strength and a decrease
in hardness [1].

In addition to the various types of graphite, other solid
lubricants have also been used to improve the tribological
properties of PA6. Li et al. reported the effects of PTFE,
graphite, UHMWPE, and their mixtures on the mechanical
and tribological properties of glass fibre-reinforced polyam-
ide 6 (PA6/GF) [1]. The results showed that graphite could
increase the tensile strength of the PA6/GF composite, but
at the same time, the material became soft. The combination
of PTFE/UHMWPE solid lubricants was the best choice to
improve the friction and wear performance. PTFE,
UHMWPE, and MoS2 were also tested to improve the tribo-
logical properties of the PA6/TiO2 composite. The lowest
COF and wear rate were observed when PTFE was added,
while MoS2 increased both values. A synergistic effect was
observed when all three solid lubricants were combined [9].

The variability in observed results, both in terms of tri-
bological and mechanical properties, may be a consequence
of several factors, such as differences in the methods of com-
posite preparation and differences in particle size and shape.
Particle size and shape are very often not even mentioned in
the literature. There are very few systematic studies on the
influence of graphite particle size on the tribological perfor-
mance of the material. However, contrary results can be
found. A decrease in COF and wear rate with decreasing
graphite particle size has been found for PEEK and PAEK
composites [23, 24], while the opposite has been observed
for polybenzoxazine composites [25].

Therefore, the main objective of this work was to inves-
tigate the influence of expanded graphite concentration (2-
10wt%) and particle size (5μm and 1000μm) on the ther-
mal, mechanical, and tribological properties of polyamide
6/glass fibre composites. Relatively low content of EG was
added to maintain the toughness of composites.

2. Materials and Methods

2.1. Materials. Polyamide 6 (Durethan BKV 30 H3.0) rein-
forced with 30% glass fibre was used as a matrix. Expanded
graphite powder Thermophit™ GFG5 and GFG1000 HD
with a median grain size (D50) of ~5μm (EG5) and
~1000μm (EG1000), respectively, were kindly donated by
SGL Group GmbH, Meitingen, Germany.

2.2. Preparation of Composite Materials. Composites of PA6/
GF, with two types of expanded graphite, were prepared
using a Dr. Collin ZK 25T twin-screw extruder at 250°C
and 60 rpm. The concentrations of EG5 in the composites
were 2, 4, 6, 8, and 10wt%. Due to the large particle size of
EG1000, we were unable to maintain a constant feed at
low loadings, so only composites containing 6, 8, and
10wt% EG1000 were prepared. The samples were designated
as shown in Table 1.

A Babyplast injection moulding machine was used to
prepare test specimens required for the thermal, mechanical,
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and tribological tests. The temperature of the nozzle was
275-290°C, and the temperature of the mould was 90°C.

2.3. Instruments and Measurements. The dispersion of
graphite in the PA6/GF matrix was studied by scanning
electron microscopy (SEM) using a Zeiss Supra 35 VP
microscope at an accelerating voltage of 1 kV. The samples
were cooled in liquid nitrogen and fractured before
measurement.

Viscoelastic properties were measured with a TA Q800
dynamic mechanical analyzer (DMA) using a dual cantile-
ver. Rectangular specimens (55 × 10 × 1:5mm) were heated
from 0°C to 200°C at a heating rate of 3°C/min, an amplitude
of 15μm, and a frequency of 1Hz.

Differential scanning calorimetry (DSC) was performed
using a Mettler Toledo DSC1 calorimeter. Samples were
heated/cooled/heated, at heating and cooling rates of 10°C/
min each.

Tribological tests were performed with a unidirectional
sliding motion in a UMT-2 tribometer (Bruker, Campbell,
CA, USA) at a room temperature around 25°C. Before test-
ing, the specimens were polished in a sequence of different
grinding and polishing steps to achieve the final roughness
of Ra = 0:30μm. The tests were performed at a rotation fre-
quency of 7.234Hz and a normal load of 6N.

Thermal conductivity was measured using the Thermal
Constants Analyser TPS 1500. The measurement time was
20 s, and the heating power was 20mW.

X-ray diffraction patterns were determined using a
PANalytical X’Pert PRO X-ray diffractometer (λ = 1:54Å,
2θ = 2 − 60°, step 0.33°).

3. Results and Discussion

Graphites EG5 and EG1000 differ not only in particle size
but also in particle structure (Figure 1). EG5 is in the form
of small flat particles whose thickness is mostly in the nano-
meter range. At higher magnification, it is easy to see that
the particles are composed of many flat particles of different
shapes and sizes bound to each other. The particles of
EG1000 are larger and more compact. Even at higher magni-
fications, there were hardly any sharp edges in nanometer
size to be found.

The difference in structure is also evident in the XRD
diffractograms, which show only three diffractions
(Figure 2). The diffractograms differ greatly in signal inten-
sities and slightly in the position of the peaks, which are
located at 26.5°, 44.3°, and 54.5°, corresponding to planes
(002), (101), and (004), respectively [25]. A sharp diffraction
peak centred at 2θ = 26:5° represents well-ordered graphene
stacks with an interlayer spacing of 3.35Å. The Scherrer
equation was used to calculate the crystallite sizes of the
graphites, which are 25.7 nm and 20.3 nm for EG1000 and
EG5, respectively.

Figure 3 shows the dependence of storage modulus as a
function of temperature for the composites with an addition
of 10wt% filler. The storage moduli (E′) were increased by
the addition of both types of EG, which is in agreement with
some previous findings [20, 21]. Increasing the EG5 concen-
tration up to 10wt% increases the storage modulus, while a
sharp increase, followed by a decrease in modulus, is
observed for EG1000. A decrease is a consequence of aggre-
gation of large G1000 particles at higher concentrations and
formation of voids in the material. The results are shown in
Table 1.

The composites with EG exhibited higher storage modu-
lus only below the glass transition, above which it was the
same or even slightly lower. This may be attributed to low
interactions between EG and the softened polymer, which
slips under the load on the surface of the higher modulus
EG. The reinforcing effect of the filler at higher temperatures
is therefore not observed.

The glass transition temperature, determined from the
peak of the loss modulus, did not change with the addition
of EG and was 44 ± 2°C (Figure 3). For clarity, only the mea-
surements for pure PA6 and the composites with 10wt% of
graphite are shown.

Thermal conductivity is an important parameter for var-
ious industrial applications such as electronics, heat
exchangers, and plastic gears. Carbon-based materials, espe-
cially carbon nanotubes and graphene, are known for their
excellent thermal conductivity. Graphite and carbon black
do not perform as well but are cheaper and therefore more
suitable for most applications. The thermal conductivity of
composites depends on the size and aspect ratio of the fillers,
the interactions between the filler and the polymer, the dis-
persion of the fillers, the crystallinity of the polymer matrix,
and even the orientation of polymer molecules [26].

The thermal conductivity of the prepared composites
increased by increasing the amount of expanded graphite
of both sizes. The addition of 10wt% graphite increased

Table 1: Storage modulus determined at 25°C and thermal
conductivity of glass fibre-reinforced PA6 composites with the
addition of expanded graphite EG5 and EG1000.

Composites Sample
Storage modulus

E′ (MPa)

Thermal
conductivity (W/

mK)

PA6/GF A 5391 ± 232 0.42

PA6/GF/
2%EG5

B2 5540 ± 222 0.54

PA6/GF/
4%EG5

B4 6021 ± 183 0.66

PA6/GF/
6%EG5

B6 6064 ± 150 0.76

PA6/GF/
8%EG5

B8 6201 ± 242 0.88

PA6/
GF10%EG5

B10 6560 ± 232 1.01

PA6/GF/
6%EG1000

C6 6118 ± 158 0.81

PA6/GF/
8%EG1000

C8 5639 ± 158 0.96

PA6/GF/
10%EG1000

C10 5651 ± 189 1.04
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Figure 1: SEM micrograph of EG5 ((a) magnification 5,000x) and EG1000 ((b) magnification 5,000x).

80000
75000
70000
65000
60000

20000

15000

10000

5000

0
20 30 40 50

2𝜃 (°)
60

EG5

EG1000

(0
02

)

In
te

ns
ity

 (a
.u

.)

(1
00

)
(1

01
) (0

04
)

Figure 2: XRD spectra of graphites EG5 and EG1000.
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Figure 3: The dependence of storage and loss modulus on temperature for PA6-GF and composites with 10wt% EG.
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the thermal conductivity by 150%. Slightly higher values
were obtained for EG1000 composites. Almost equal ther-
mal conductivity is surprising since large particles with good
thermal conductivity can transport heat from one side to the
other very fast. On the other hand, much smaller particles
are better distributed within the polymer, which leads to a
higher surface area and better heat transfer. The results are
shown in Table 1.

The fracture surfaces of the PA6/GF composite prepared
by the addition of different amounts of EG were charac-
terised by SEM. The surface of the polyamide matrix in
PA6/GF (Figure 4(a)) is relatively smooth, as is the surface
of the glass fibres. The fibres are pulled out of the PA6, indi-
cating weak interactions between the polymer and the glass
fibres. Similar observations were made for composites with
EG1000. However, in Figure 4(b), large graphite particles
can be seen. Due to the strong shear forces during extrusion,
the EG1000 particles were broken up and their structure was
no longer as compact as shown in Figure 1. Therefore, thin
graphite sheets were easily visible at higher magnifications.
The surface of the glass fibres was still mostly smooth, but
small polymer particles adhering to the fibres could be seen
in some places. A different structure was observed for the
composites containing 2wt% and 10wt% EG5
(Figures 4(c) and 4(d), respectively). The surface of the poly-
amide was rough. Graphite particles could not be observed
as a separate phase at any magnification. The surface of
the glass fibres was also rough and covered with the polymer
matrix. Although the fibres were pulled out, the holes with

the sharp edges were practically not observed in sample
B10. It appears that the small EG particles acted as a compa-
tibilizer and enhanced the interactions between the glass
fibres and the PA6 matrix, which also resulted in increased
stiffness as determined by DMA measurements.

It is well known that the addition of fillers to a semicrys-
talline polymer can affect both the crystallization kinetics
and the degree of crystallinity. Different results were
obtained for different polymers. EG acted as a nucleating
agent in high-density polyethylene. The crystallization peak
shifted by 3°C toward higher temperature, the melting tem-
perature decreased by 2°C, and the overall crystallinity
decreased from 86% to 66% with increasing EG content up
to 10wt% [27]. Similar results, but with increasing degree
of crystallinity, were also obtained for poly(phenylene sul-
fide) [28]. For PA6 composites, in situ expanded graphite
increased the peak crystallization temperature from 170°C
up to 195°C and increased the degree of crystallinity at lower
loadings (5-10%), while a further increase to 35% decreased
the crystallinity [21].

Similar results have been obtained in our experiments.
Although the peak crystallization temperature was shifted
only 1-2°C to a higher temperature, the crystallization of
composites started (Tcs) at 10-15°C higher temperature.
Thus, the crystallization temperature range was much
broader. The melting enthalpy slightly increased with the
addition of up to 6wt% graphite and decreased above this
level. Both crystallization and melting are more affected by
EG5 than by EG1000. This can be explained by the better

10 𝜇m
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Figure 4: SEM micrograph of PA6/GF (a) and composite with 10wt% EG1000 (b), 2% EG5 (c), and 10% EG5 (d). Magnification 1000x.
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dispersion of smaller particles, which acted as a better nucle-
ating agent on the one hand, but on the other hand, the high
number of finely dispersed flakes hindered the crystallization
process due to the limited space between the flakes. Large
and thick particles of EG1000 are less dispersed; therefore,
the influence on crystallization and melting is much lower.
The thermal characterization results are shown in Table 2
and Figure 5. For clarity, only DSC thermograms of the
composites with 10wt% of EG are shown.

The coefficient of friction of PA6 was 0.292 and was not
significantly changed by the addition of EG5 or EG1000. The
addition of EG5 slightly reduced the CoF at all concentra-
tions, and the lowest value (0.27) was obtained for compos-
ites with 10wt% EG5. This might be attributed to good
dispersion of small particles within the polymer matrix,
which acted as lubricants. The highest coefficient of friction
(0.301) was obtained for composites with 10wt% EG1000.
The results of the influence of particle size on CoF are in
agreement with the findings for PAEK-graphite composites

[23]. Nevertheless, the differences are quite small, only up
to 8%. The detailed data are presented in Table 3.

Wear increased with the addition of both EG but only
slightly when EG1000 was added. The results are in agree-
ment with previous findings for polyurethane composites
[14] but not for PAEK [23]. Increased wear is a result of a
softer surface or poor interfacial adhesion between the filler
and matrix.

4. Conclusions

The influence of the amount of expanded graphite and par-
ticle size (5μm and 1000μm) on the mechanical, thermal,
and tribological properties of glass fibre-reinforced PA6
composites was investigated. Thermomechanical analysis
showed that the storage modulus increased with the addition
of both types of EG. Increasing the concentration of EG5 up
to 10wt% increased the storage modulus by 22%. However,
the highest increase in modulus (13%) of EG1000/PA6 was
observed at 6wt% EG1000. Above this concentration, the
modulus decreased to almost the same value as for pristine
glass fibre-reinforced PA6. EG had no effect on the glass
transition temperature of PA6.

The addition of EG, especially EG5, acted as a nucleat-
ing agent for the crystallization of PA6, and crystallization
started at 10-13°C higher temperature. However, the con-
fined space between the dispersed graphite flakes hindered
the crystal formation, especially at EG5 concentrations
higher than 6wt%. The degree of crystallinity decreased
with increasing EG5 concentration from 6wt% to
10wt%. Nucleation, although much weaker, was also
observed with EG1000 but not the negative effect on the
degree of crystallinity. This was explained by the presence
of much larger and thicker EG particles, which are not
finely dispersed in PA6 and therefore cannot hinder
crystallization.

The particle size of EG affected the tribological proper-
ties. The lowest coefficient of friction was obtained by add-
ing 10wt% EG5. However, wear was highest for this
composite. Wear also increased, but only slightly, when
EG1000 was added.

All PA6/GF with expanded graphite had higher thermal
conductivity, and no large difference was found between
EG5 and EG1000.

Table 3: Coefficient of friction (CoF) and wear of PA6/GF and
composites with EG5 and EG1000.

CoF (/) Wear (×10 [7]mm3/nm)

A 0:292 ± 0:011 5:49 ± 0:30
B2 0:277 ± 0:013 6:66 ± 1:00
B6 0:285 ± 0:030 9:35 ± 1:40
B10 0:270 ± 0:036 18:77 ± 3:40
C6 0:283 ± 0:007 6:27 ± 0:60
C10 0:301 ± 0:010 6:96 ± 0:80

Table 2: Peak melting and crystallization temperature (Tm, Tc),
melting and crystallization enthalpy (ΔHm, ΔHc), and the starting
temperature of crystallization (Tcs).

Sample Tm (°C) ΔHm
∗ (J/g) Tc (

°C) ΔHc
∗ (J/g) Tcs (

°C)

A 219.4 49.1 190.6 44.0 202

B2 219.9 50.7 192.4 44.5 215

B4 219.9 50.9 192.0 44.6 215

B6 219.9 52.2 192.2 45.5 215

B8 219.5 46.6 190.9 39.9 215

B10 219.4 47.1 190.1 39.6 215

C6 220.2 51.2 191.4 46.0 211

C8 220.2 50.9 191.5 45.5 213

C10 219.9 50.8 191.7 45.2 215
∗Recalculated on the content of PA6/GF.
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Figure 5: The cooling and the second heating DSC curves of
composites: PA6/GF (A), PA6/GF/10%EG5(B10), and PA6/GF/
10%EG1000 (C10).
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