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The polyamide PA6 composites reinforced with carbon fibres (CF) are widely studied due to their prop-
erties and their high strength to weight ratio. Good adhesion between a filler and a matrix is essential
for enhancing properties of a resulting composite. This study investigates the effect of the short CF con-
tent and the used CF treatment on mechanical properties of the PA6-CF composites. The composites
were subjected to tensile, flexural, compression, hardness and Charpy tests as well as dynamical mechan-
ical analysis. An atomic force microscopy was employed to investigate topography of the CF and the com-
posites. Initially, the properties of the composites were improved through the oxidation of the CF
in HNOs. Subsequently, to further enhance these properties, the oxidized CF were grafted with nano-
SiO2. The CF content in the tested composites varied from 10 wt% to 60 wt%. The most significant im-
provement of the tested properties was observed at the CF content of 40 wt%.
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1 Introduction

Polymers reinforced with carbon fibres (CF) stand
out with their high strength to weight ratio, which
paired with their excellent thermal, electrical, struc-
tural and tribological properties designates them as al-
ternative to conventional metal structural materials.
Due to their exceptional propetties, carbon fibre rein-
forced composites are widely used in various applica-
tions such as automotive, aerospace industry, sport
equipment and wind energy. For high performance
applications thermoplastic matrices are used including
polyamide (PA), polyethylene terephthalate (PET),
polycarbonate (PC), polyetheretherketone (PEEK)
among others [1]-[4].

The synthetized CF are inert, non-polar material
with smooth surface, thus they have poor affinity to
some polymers, which are generally polar. Therefore,
to utilize their full reinforcement potential their sur-
face is treated to ensure good interfacial adhesion be-
tween the CF and the polymer matrix [4]. The adhe-
sion can be improved by physico-chemical processes,
by which reactive functional groups are created on the
CF surface, mechanical processes, that increase rough-
ness of the CF surface or their combination [5]. Vari-
ous approaches [6] to enhance adhesion to polymer
matrix include oxidation [7]-[9], chemical grafting [10],
chemical deposition [11], [12], sizing agent coating
[13], [14], coating with nanofillers [15], plasma treat-
ment [16], microwave irradiation [17].

Polyamide 6 (PA0) is widely used matrix of CF re-
inforced polymer composites, due to its good me-
chanical properties, chemical resistance and versatility.
It has good wear resistance and a low coefficient of
friction, making it suitable for applications where fric-
tion and abrasion occur. The PAG has a relatively high
melting point (around 220 °C), which allows it to with-
stand elevated temperatures. It can be easily processed
using a variety of manufacturing methods, including
injection moulding, extrusion and blow moulding, en-
abling the production of complex shapes and parts
[18], [19].

Thanks to their material properties, the PA6-CF
composites are broadly researched. The properties of
final composites are affected by several factors. Be-
sides used types of the matrix and fibres, the proper-
ties also depend on manufacturing processes, otienta-
tion and concentration of the fibres [20], [21], and
their adhesion to the matrix. Effects of CF length and
content, on the mechanical, thermal and morphologi-
cal properties of the PAG-CF composites prepared
by melt mixing method were investigated in the work
[21]. The increase in the tensile strength, modulus and
hardness values and the decrease in elongation at
break with the increasing CF content were reported.
The glass transition temperature and melting tempet-
ature were not changed significantly. Heat of fusion
and the relative degree of crystallinity values of com-
posites decreased with the ascending CF content.
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The storage and loss moduli values of composites in-
creased with the increasing CI content. Similar results
were observed also in the study [22]. In the study [23],
mechanical properties of CF composites with various
CF content up to 30 wt% and different polymer ma-
trices (polypropylene, polyethylene, polyamide 6 and
polyamide 12) were compared. The results of tensile
and tree-point flexural tests indicate significant in-
crease in the mechanical properties of the CF compo-
sites. However, it is observed that the percentage in-
crease in mechanical properties reduces as the CF con-
tent rise, as improvement is more pronounced when
comparing composites with the CF content of 0 wt%
and 10 wt% than when comparing those with 20 wt%
to 30 wt% CF content. Besides the CF content, eval-
uated mechanical properties were significantly af-
fected by matrix type of the composites. The best re-
sults were observed in PA6 composites due to better
mechanical properties of PA6 compared to other ma-
trices.

Nanoparticles are widely used to improve adhesion
between the CF and polymer matrix, including carbon
nanotubes [24], nanosilica (S102) [6], [25], [26], gra-
phene oxide [27] and titanium dioxide [28]. In the
study [25], the short CF reinforced PA6 composite
with polydopamine/nanosilica (PDA-SiO2) intetrfacial
layer on the CF surface was studied and a 28.09% in-
crease in strength was observed compared to the un-
treated CF. In the study [10] the interfacial adhesion
of PAG composites reinforced with CF was investi-
gated. The CF were oxidized, modified with 3-ami-
nopropyltriethoxysilane and then grafted with SiO:2
nanoparticles. The SiOz2 nanoparticles uniformly dis-
tributed on the CF surface improved interfacial adhe-
sion between CF and PAG6 and improvement in the
strength compared to composites with untreated CF
was observed. In the study [26], polyurethane
with nano-SiO2 was used to size continuous CF fila-
ments to enhance their compatibility with PA6 matrix,
resulting in improved mechanical properties and
20.75% increase in tensile strength compared to the
composites with untreated CF.

This study focuses on the enhancement of the PAG
composites reinforced with chopped short CF. The
effect of different modification methods applied to
the CF and variation of the CF content on the me-
chanical properties of the resulting PA6-CF compo-
sites is investigated. Three groups of PA6-CF compo-
sites were tested: the first group comprised compo-
sites produced with the unmodified CF, the second
group was produced with the CIF oxidized in HNOs
and in the last group, the CF were oxidized in HNOs
and subsequently grafted with nano-SiOz. Each group
encompassed composites with a different CF content,
spanning from 10 to 60 wt%. The PAG specimens
without CF reinforcement were also examined for
comparative analysis.

2 Materials

The polyamide PAG matrix was reinforced with the
short, chopped CF, which were made by precision cut-
ting from a continuous carbon fibre. Selected material
properties of the used CF are listed in the Tab. 1. The
mechanical properties of the CF composite materials
depend on the adhesion between the fibres and a pol-
ymer matrix. Therefore, the CF surface treatments are
utilized to improve the adhesion. In this study, three
types of the short CF were used:

* The CF without treatment — in order to re-
move all impurities from the surface, the CF
were cleaned in acetone for 20 minutes.

¢ The CF oxidized in HNO3 — the CF were ox-
idized and mixed in HNOs at a temperature
of 80 °C for 5 hours, then washed with deion-
ized water and dried in an oven. Treatment of
the CF with nitric acid can increase their sur-
face energy and form functional groups,
which can lead to better adhesion between
the CF and the polyamide matrix. Addition-
ally, it can facilitate their better dispersion in
the polyamide matrix, resulting in a more ho-
mogeneous material with better mechanical
properties.

*  The CF grafted with nano-SiO; — the CF ox-
idized in HNOs were mixed in a toluene so-
lution containing 4% of nano-SiO2 powder at
a temperatute of 90 °C for 6 hours, then
washed with ethanol and dried. Grafting with
the SiO2 nanoparticles can improve the adhe-
sion between the CF and the polyamide ma-
trix, leading to better load transfer and higher
mechanical strength of the composite. More-
over, they can aid in dispersing the CF and
preventing the formation of agglomerates, al-
lowing better homogeneity of the composite.
The presence of SiO2 can increase the thermal
stability of the composite, thermal conductiv-
ity and resistance to thermal shocks [25].

Tab. 1 Material properties of the used CF

Density 1.80 g/cm?
Fiber length 3 mm
Fiber diameter 7 um
Tensile strength 4 GPa
Tensile modulus 240 GPa
Combability with | PEEK, PEI, PA, polyamides
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Three variants of composite materials PAG-CF
were prepared. The first variant contained the CF
without surface treatment. The second variant of the
samples was prepared with CF oxidized in HNOs and
the last one contained the CF grafted with nano-SiOs.
For each variant, samples were prepared with a differ-
ent CF content in the range of 10 — 60 wt% (specifi-
cally 10, 15, 20, 30, 40, 50 and 60 wt%). The composite
samples were labelled based on the CF concentration:
PA6-CF10, PA6-CF15, PA6-CF20, PA6-CF30, PAG-
CF40, PA6-CF50, and PA6-CF60. In addition to the
PAG6-CF composites, PA6 matrix material samples
were also tested as reference.

PAG pellets
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Pellets (Fig. 1) for the production of the PA6-CF
composites were prepared by melt mixing using a co-
rotating twin-screw extruder (the speed of the first
screw was 50 rpm, the speed of the second screw was
120 rpm). The PAG was fed into a hopper and the car-
bon fibres were simultaneously added. By rotating the
second screw, they were dispersed in the PAG matrix
at a temperature in the range of 270 — 290 °C for 5
minutes. Then, the extruded material was cooled in a
water bath and divided into pellets measuring 4 — 5mm
in length. These pellets were dried in an oven for 24 h
at 80 °C to remove residual water prior to injection
moulding,.

PA6-CF pellets
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Fig. 1 Examples of PAG pellets, short chopped CF and PAG-CF pellets

Specimen were prepared according to relevant
standards using injection moulding machine. The in-
jection parameters are listed in the Tab. 2. The mould-
ing scheme with indicated temperature zones is in the
Fig. 2.

Tab. 2 The injection parameters (temperature Jones are nupi-
bered in the Fig. 2)

Parameter Value
Drying temperature 80 °C. 24 hours
and time (1) ’
Feed section tem- 30 °C
perature (2)
Barrel temperature 240 — 300 °C
(3)
Nozzle temperature 270 — 300 °C
G)
Melt temperature (5) 270 — 300 °C
Mold temperature 100 — 120 °C
©)
Holding pressure 700 — 800 bar
Back pressure 120 — 150 bar
Injection speed 170 — 180 cm?/s
Screw speed 100 rpm

Fig. 2 Injection moulding scheme

3 Experimental methods

The mechanical properties of each PA6-CF com-
posite were investigated utilizing following measure-
ments:

* Tensile tests (ISO 527) were performed at
20 °C and loading speed 50 mm/min. Type 5
specimens with a gauge length of 50 £0.1 mm
and a thickness of 3 0.1 mm were used. Ten-
sile strength, tensile modulus and elongation
at break were determined. An extensometer
was also used to obtain more accurate elonga-

tion data.
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*  Three-point flexural tests ISO 178) were per-
formed using method A at temperature of
20°C and loading speed 2 mm/min. The
specimens measured 80 £0.1 mm in length
and 10 £0.1 mm in width, with a thickness of
4 £0.1 mm. The distance between the sup-
ports was 64 £1 mm.

*  Compressive tests (ISO 604) were carried out
at 20 °C, using the specimens with the follow-
ing dimensions: length 10 £0.1 mm, width
10£0.1 mm and thickness 4 £0.1 mm.

*  The hardness tests were conducted using the
Shore D method (ISO 868) at 20 °C.

*  The Charpy tests ISO 179) were performed
at temperatures of 20°C and -30°C, using test
samples with a type A notch. The samples
were 80 £0.1 mm long, 10 £0.1 mm wide and
4 +0,1 mm thick. Charpy notched impact
strength was evaluated.

*  The temperature and frequency dynamic me-
chanical analysis (DMA) sweeps were carried
out, using the 20 +0.1 mm long, 10 £0.1 mm
wide and 2 £0.1 mm thick specimens. They
were subjected to tensile stress in the temper-
ature range of -80 to 200 °C using a heating
rate of 15 °C/min at a frequency of 1 Hz. A
cryogenic nitrogen container was used to ap-
ply low temperatures. The frequency sweep
was performed in the range of 0.01 Hz to 50
Hz at a temperature of 20 °C.

The tests were performed on 10 specimens of each
material. After production, the specimens were stored
for 7 days at laboratory temperature of 20 °C in order
to stabilize the properties. All specimens were placed
in a dehumidifier for 24 hours at 80 °C before the test,

Unmodified CF

znm

210 x:1.6 um y: 1.6 um
x:1.6 um y: 1.6 pm Ry K

o

CF oxidized in HNOs

as humidity can affect the physical properties of poly-
amides. The MATLAB was used to process and eval-
uate the experimental data.

Furthermore, the atomic force microscopy (AFM)
was employed to investigate topography of the PAG-
CF composites and the surface modification of the CF
using the AFM NT-206 microscope. Quantitative
measurements of sample topography by the AFM en-
able important metrological assessments such as
roughness profile, roughness parameters, detection of
surface roughness, as well as more advanced measure-
ments such as skewness and kurtosis of the assessed
profile [29], [30]. The used microscope allows evalua-
tion of maximum profile peak height, nominal length
of the profile, actual length of the profile, arithmetic
mean deviation Ra, root mean square deviation of the
assessed profile Rq, skewness and kurtosis. To analyse
the roughness of the tested materials parameters Ra
and Rq were determined, as they are commonly used
[10], [31]. The roughness was evaluated using the
AFM NT-206 software, by processing the statistical
value of z-heights of the imaged surface area

4 Results and discussion
4.1 Topography

Firstly, the CF surface of untreated as well as the
surface of the CF subjected to treatments was exam-
ined by the AFM and roughness parameters Ra and
Rq were determined. The corresponding topography
is shown in the Fig. 3 and the values of Ra and Rq are
listed in the Tab. 3. The surface of the unmodified CF
was the smoothest. Oxidation of the CF in HNOs led
to an increase in the surface roughness and the CF
grafted with nano-SiO2 had a surface coating of the
highest roughness. Through the evaluation of the
treated CF surface, it is evident that oxidation in
HNO:s followed by grafting of nano-SiOz effectively
enhances surface roughness. This enhancement facili-
tates improved adhesion between the CF and the pol-
ymer matrix.

CF grafted with nano-SiO:

168 x: 1.6 pm y: 1.6 pm

Fig. 3 Surface topography of the carbon fibres
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Tab. 3 Surface ronghness parameters of short carbon fibres

Modification of short
carbon fibres Ra [nm] Rq [nm]
Unmodified 71 87
Oxidized in HNO:s 85 104
Grafted with nano-SiO2 102 119

The AFM was also utilized to investigate the to-
pography of the individual composites. Examples are
illustrated in the Fig. 4. The distribution of CF bundles
within the PAG matrix varied depending on their con-
centration in the composite. Compated to the poly-
mer without filler, the CF caused slight inhomogenei-
ties. The composites featuring modified CF exhibited
a more organized structure. The values of the surface
roughness parameters Ra and Rq of the composites

The average roughness of the reference sample was
Ra=0.56 ym and Rq = 0.61 um. In general, the surface
roughness of the PA6-CF composites increased with
the percentage of the CF filler. The roughness values
did not exhibit significant difference depending on the
used CF treatment method. Besides the CF content,
the surface roughness is also influenced by processing

technology and selected processing parameters [32],
[33].

obtained by the AFM software are listed in the Tab. 4.
€im PAG6-CF0 2 1H PAG-CF10 R

PA6-CF20
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Fig. 4 Topography examples of the PAG and PAG composites reinforced with the CF grafted with nano-5iO:z
Tab. 4 Roughness of PAG-CF composites

Sample and CF Ra fum] Rq [um]
treatment unmodified HNO:s Nano-Si0: unmodified HNO:s Nano-Si0:
PAG6-CF10 0.61 0.60 0.61 0.67 0.67 0.67
PA6-CF15 0.67 0.67 0.67 0.77 0.78 0.77
PAG6-CFE20 0.73 0.72 0.73 0.81 0.81 0.80
PA6-CF30 0.76 0.76 0.75 0.85 0.85 0.85
PAG6-CF40 0.87 0.88 0.86 0.94 0.93 0.93
PAG-CFE50 0.91 0.91 0.90 1.03 1.03 1.02
PA6-CF60 0.94 0.94 0.93 1.08 1.08 1.07
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4.2 Mechanical properties

The tensile test results are shown in the Fig. 5. The
addition of the CF to the polymer matrix significantly
affects the tensile properties of the resulting compo-
site, primarily due to the high strength and stiffness
inherent in the CF. The tensile strength of the PAG-
CF composites increased with the increasing filler
content up to 40 wt%. The PA6-CF40 composites
with the unmodified CF, the CF oxidized in HNO3
and the CF grafted with nano-SiO2 exhibited respec-
tive increases in tensile strength of 150.57%, 163.40%,
and 176.57% compared to the reference sample PAG,
with the tensile strength of 85.21 MPa. The addition
of the CF grafted with nano-SiO:z yielded the most
substantial enhancement in tensile strength, reaching
a peak of 235.78 MPa in the PA6-CF40 composite.
However, beyond the CF content of 40 wt%, a decline
in strength was observed. At high CF concentrations,
filler agglomeration may arise, causing fibres to cluster
into larger groups. This phenomenon compromises
homogeneity, as even dispersion of filler within the
polyamide matrix deteriorates, resulting in critical ar-
eas that may negatively affect overall strength. A sim-
ilar trend was observed in the measured tensile modu-
lus of PA-CF composites, that also exhibited a con-
sistent rise with increasing filler content up to 40 wt%
and then stagnated. The highest stiffness was achieved
in PA6-CF40 composite with the CF grafted with
nano-Si02, with the 779.06% increase in the tensile
modulus (28.13 GPa) compared to the reference sam-
ple PAG (3.20 GPa). With increasing stiffness of the
composites, elongation at break decreased. The de-
cline in elongation at break with the increasing CF
content was observed up to 40 wt% and then plat-
eaued. Compared to the reference sample (4.55%), the
PAG6-CF40 composite with CF grafted with nano-8iO2
exhibited the most significant reduction of 62.41% in
elongation at break, reaching 1.71%.

The flexural test results are shown in the Fig. 5.
The flexural strength, similarly, to the tensile strength,
increased with the increasing filler content up to 40
wt% and beyond this point, flexural strength de-
creased. The PA6-CF40 composite with nano-SiO2
exhibited the highest flexural strength of 298.54 MPa,
which is 165.79% increase compared to the PAG
(112.32 MPa). In the PA6-CF40 composites with the
untreated CF, the flexural strength increased by
136.06%, and in the PA6-CF40 composites with the
CF oxidized in HNOs, it increased by 148.50% in
comparison to the PAG.

The incorporation of the CF also improved the
compressive properties of the resulting composites
(Fig. 6). The compressive test results showed an in-
crease in the compressive strength up to the CF con-
tent of 50 wt%. Additionally, the PA-CF composites

grafted with nano-SiO2 exhibited superior perfor-
mance when compared to other CF variants. The
compressive strength of unfilled PA6 was 110.23
MPa. An addition of 50 wt% of the unmodified CF,
the CF oxidized in HNOs and the CF grafted with
nano-Si02 resulted in a 128.1%, 135.73% and
144.53% increase of the compressive strength, respec-
tively.

The Charpy tests were performed at temperatures
of 20 °C and -30 °C. The results are shown in the
Fig. 7. A significant increase in the Charpy notched
impact strength with the increasing CF content was
observed up to 40 wt%, followed by a plateau. The
composite PAG-CF50 with the CF grafted with nano-
SiO2 exhibited the highest values of the Charpy
notched impact strength, specifically 10.36 kJ/m? at
20 °C and 8.33 kJ/m? at -30 °C, which is a 106.37%
and 109.82% increase in comparison to the reference
PAG sample. At a temperatute of -30 °C, the Charpy
notched impact strength of the tested materials was on
average 15.88% lower than at a temperature of 20 °C.
This is caused by a decrease in the mobility of polymer
chains and their ability to deform and absorb energy
during impacts at lower temperatures. The CF are
characterized by high stiffness but lower ductility and
in combination with a brittle polymer matrix due to
sub-zero temperatures, it can contribute to brittle frac-
ture behaviour and a decrease in the Charpy notched
impact strength.

The Shore D hardness test results are depicted in
the Fig. 7. The hardness increased, with an increasing
CF content. The composite PA6-CF60 with CF
grafted with nano-SiO2 presented the highest hardness
of 94.22 Shore D, which is 17.47% increase compared
to PAG.

The test results indicate an improvement in me-
chanical properties attributable to the CI reinforce-
ment. The PA6-CF composites showed an increase in
stiffness, as mechanical load is transferred from the
polyamide matrix to the CF. The high strength of the
CF enables the composites to withstand higher loads
without significant deformation or damage. This load
transfer mechanism helps distribute the applied load
more efficiently throughout the volume of the com-
posite material, resulting in increased strength. A
strong interaction between the matrix and the filler is
essential to ensure effective load transfer. In the com-
posites with the CF oxidized in HNOs, the adhesion
of the CF to the PAG matrix improved, resulting in
enhanced properties. Even better results were
achieved when the CF, after oxidation in HNOs3, were
grafted with nano-SiO2. A significant improvement in
properties was observed up to the content of 40 wt%o.
At higher concentrations of the CF, the agglomeration
of the fibres can occur causing their inhomogeneous
distribution in the PAG6 matrix, which can negatively
affect the resulting properties.
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4.3 Dynamic mechanical analysis

The composites were subjected to DMA to obtain
the temperature dependence and frequency depend-
ence of the storage modulus E’, the loss modulus E"

Fig. 7 Charpy tests results and bardness tests results

and a tangent of the phase angle tan J. The selected
results, including the reference PAG sample and the
composite materials PA6-CF with the CF contents of
10 wt% and 40 wt% are depicted in the Fig. 8 — 10.
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The storage modulus E’ of the tested composites
increased with an increasing CIF content up to 40 wt%o,
then it did not change significantly. The applied mod-
ifications of the CF increased the storage modulus. At
low temperatures, the storage modulus exhibited rela-
tively high values. This is because the movement of
molecules in the polymer matrix slows down at lower
temperatures, potentially leading to a change in crys-
talline structure, which significantly impacts the stiff-
ness of the material. The mobility of polymer chains
increases with temperature; consequently, the storage
modulus decreases as the temperature rises. The val-
ues of the loss modulus E" were significantly smaller
than the values of the elastic modulus, which means
that elastic properties prevail in the tested materials.
Similarly to the E', the loss modulus also exhibited no-
table increase with addition of the CF 40 wt%.
Changes in a temperature dependence of the tangent
of the phase angle tan J indicate changes in material
properties such as stiffness, damping, and energy dis-
sipation. The width, height and position of the peaks
reflect the nature and intensity of the relaxation pro-
cesses occurring in the material. These relaxation pro-
cesses may involve segmental motions of polymer
chains, molecular rearrangements, or other viscoelas-
tic phenomena. The peak of the tan J decreased with
the increasing CI content. The glass transition tem-
perature T, of the reference PA6 material determined
from the maximum temperature dependence of tan §
was around 45 °C. The addition of CF moved the T,
slightly to higher temperatures, up to 49 °C. This shift
was the most prominent in the samples with the larger
content of the CF grafted with nano-SiOz. Similar
change of the T, in the PA-CF composites was also
observed in the study [21]. The DMA frequency
sweep findings indicate a slight rise in the elastic mod-
ulus (E'), loss modulus (E"), and tan § across all mate-
rials as the frequency increases.

The incorporation of the CF into the polyamide
matrix modifies the viscoelastic properties of the com-
posite material by increasing stiffness, limiting the mo-
bility of the polymer chain and reducing deformation,
improving load transfer and also increasing resistance
to elevated temperature. Proper surface treatments of
the CF can improve adhesion to the matrix, thereby
increasing the overall viscoelastic performance of the
composite.

5 Conclusion

The incorporation of the carbon fibres into the
polyamide matrix demonstrated a significant improve-
ment in mechanical properties in all tested parameters.
The reinforcing effect of the CF led to a significant
improvement in the tensile, compressive and flexural
strength. The stiffness and hardness of the resulting

composites increased. This improvement can be at-
tributed to the high strength and stiffness of the CF,
which effectively reinforce the PA6 matrix. The DMA
results showed that the incorporation of CF into the
PAG matrix has a significant effect on the dynamic-
mechanical properties of the resulting composites.
The presence of the CF contributed to an increase in
storage modulus, an increase in dynamic stiffness and
damping properties of the resulting composite mate-
rials. Furthermore, it can be inferred that the surface
treatment of the CF, involving oxidation in HNOs fol-
lowed be grafting with nano-SiOz, significantly im-
proved the mechanical properties of the resulting
composite materials. This enhancement can be con-
tributed to better adhesion between the CF and the
PAG matrix.

The resulting properties depend on many factors,
such as filler dimensions, filler aspect ratio, uniformity
of filler dispersion, and manufacturing processes. Fur-
ther research may also focus on other factors such as
temperature effects, environmental aging, and multi-
axial loading to explore the potential of these compo-
site materials in various engineering applications.
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