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ABSTRACT

This study examines graphite morphology’s impact on water absorption and fatigue properties of biopolyam-
ide-based composites. Graphite is incorporated in flake and expanded forms. Flake graphite consists of thin, flat
flakes with layered crystalline structure, high purity, and thermal/electrical conductivity. Expanded graphite, pro-
duced by intercalating flake graphite with acid and heating, has a worm-like, porous structure with low density
and high surface area. The methodology includes density measurement, water absorption testing, and mechanical
assessments. Fatigue behavior is assessed using the Lehr method, with mechanical hysteresis loops analyzed.
Graphite enhances mechanical performance of biopolyamides. The modulus of elasticity increases by 40% for
material modified with flake graphite, while expanded graphite presents a 10% increase. However, tensile strength
decreases by a few percent with flake graphite and 30% with expanded graphite. Water absorption is reduced by
up to 20% due to graphite’s lamellar structure. Graphite composites show increased fatigue and dynamic creep
resistance, with fatigue strength increasing 30% relative to matrix material. Expanded graphite influences friction
behavior under low-load conditions. Graphite-filled composites maintain mechanical properties upon thermal ag-
ing, while neat BioPA degrades significantly. After accelerated thermal aging, unmodified material presents a 30%
and 70% decrease in elastic modulus and tensile strength, while flake graphite composites shows a 20% and 15%
decrease, respectively. The findings demonstrate graphite morphology’s role in improving tribological properties,
moisture uptake and fatigue resistance.

Keywords: biopolyamide composites, graphite morphology, water absorption, fatigue resistance, thermal aging.

INTRODUCTION condensation reactions of di-amines and bio-
derived di-carboxylic acids, or ring-opening

Polyamides (PA) and biopolyamides have  polymerization of lactams [2]. In terms of me-
distinct characteristics that differentiate them in
terms of properties and applications. Bio-based
polyamides, derived from biological sources,
offer improved sustainability and environmen-

chanical and thermal properties, biopolyamides
show superior properties compared to conven-
tional polyamides. For example, biopolyamides

tal benefits in comparison to conventional poly- have higher tensile strength and thermal stabil-
amides [1], Bio-polyamides are less crystalline ity than. petrochemlcal polymamides, .mal'<1ng
and more flexible, making them suitable for ap- them suitable for high-performance applications

plications such as printing inks, varnishes and [3-5]. The synthesis of identical polyamide ma-
heat-sealable coatings [1]. Biopolyamides can terials can be achieved whether the monomer is

be synthesized by various methods, including derived from petroleum or biological sources,
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contingent upon monomer purification. How-
ever, from an environmental perspective, the
shift from petrochemical-based to bio-based
polyamide production is significant. Bio-based
polyamides use renewable resources and dem-
onstrate better life-cycle attributes, including
reduced carbon emissions and potential biode-
gradability. [6]. In addition, current research
focuses on the development of environmentally
friendly composites and nanocomposites based
on biopolyamides and natural fillers, emphasiz-
ing the sustainability of these materials [7]. On
the other hand, conventional polyamides such
as nylon are widely used in various industries
[8]. Biopolyamide composites are in high de-
mand in various fields due to their potential
in sustainable and high-performance applica-
tions. Scientists investigate various aspects of
biopolyamide composites, including the effect
of fibre type on microstructure and mechanical
parameters [9], synthesis and modification of
modern materials based on biopolyamides [7]
and use of polyamides from renewable sources
as matrices for short-fibre reinforced biocom-
posites. Research focused on improving the
properties of biopolyamide composites by in-
corporating different fibres such as glass [10],
basalt, wood [11, 12]. In addition, preparation of
biopolyamide nanocomposites using techniques
such as melt mixing and in situ polymerisation
was investigated [13]. Environmentally friendly
composites were developed using partially bio-
based polyamides and natural fillers such as
halloysite nanotubes [14]. In addition, compati-
bilisation of starch particles with biopolyamides
was investigated to improve sustainability and
adjust the start-up temperature [15]. Research-
ers also delved into structural optimisation of
biopolyamides to increase strength and resis-
tance in contact with food chemicals, and the
preparation of cured biopolyamides for impact-
resistant hybrid composites [16, 17]. However,
scientists are not only interested in strength or
thermal properties, but also in tribological prop-
erties. These additives play a key role by offer-
ing increased lubricity, reduced coefficients of
friction and lower wear rates.

The primary wear mechanism of polymer
materials during dry gliding is adhesive wear,
affected by surface work and sliding surface
durability. This wear depends on transfer layer
abrasion and replacement rates. To improve
tribological properties of polymer-metal pairs,

both external lubricants (oil, grease) and inter-
nal lubricants are used. External lubricants re-
quire regular replacement and can be unevenly
distributed, increasing costs. Internal lubricants
in polymers can improve wear and friction re-
sistance by replacing fast-wearing polymers and
lubricated metals, while offering benefits like
weight reduction, reduced noise, lower costs,
and elimination of corrosion [18].

Internal lubricants are used to reduce coef-
ficients of friction between polymer and metal
surfaces, increase wear resistance, improve flow
characteristics and polymer properties. Research-
ers have developed a wide range of internally lu-
bricated polymers with various lubricants such as
polytetrafluoroethylene (PTFE), silicone oil [19],
aramid fiber [20], graphite and molybdenum di-
sulfide (MoS,), etc., ensuring less wear and low-
er coefficient of friction, and thus longer service
life of the parts. Self-lubricating polymer materi-
als can be produced by adding a small amount
of silicone fluid directly to molten thermoplastic.
Commonly used internal lubricants include wax-
es, fatty acids, metal stearates, aramid, silicone,
graphite, and molybdenum disulfide [21, 22].

Graphite, an allotropic form of carbon, has a
layered structure of two-dimensional hexagonal
units, with carbon atoms forming honeycomb-
like arrangements through covalent bonds. These
parallel layers are held by van der Waals forces.
Graphite exhibits good lubrication, electrical con-
ductivity along layers, high strength, chemical
stability, thermal conductivity, and shock resis-
tance [23]. Research on the introduction of graph-
ite into polymer composites is aimed at improving
the conductive properties of the material as well
as improving tribological properties [24-26].

Polymer composites with graphite powder as
a solid lubricant were developed by Difallah et al.
using hot-compression molding. The matrix was
acrylonitrile butadiene styrene (ABS). Mechani-
cal studies showed graphite particles negatively
affected sample stretching, but reduced the friction
coefficient, with optimal results at 7.5% weight
content. The ABS intake mechanism without
graphite was adhesive. Microscope observations
revealed that graphite introduction formed a third
phase, improving tribological properties [27].

Studies by Gheisari et al. showed that graph-
ite’s physical form determines the composite
surface topography after abrasion tests. Graph-
ite flakes in polytetrafluoroethylene composite
were 5-6 times larger than particles in polyimide
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composite. Flakes mixed with PTFE caused non-
uniform wear and uneven topography due to their
larger size and stronger matrix bond [28]. Shang
et al. studied polyether ether ketone (PEEK) com-
posites with graphite particles, examining effects
of graphite content and particle size on properties.
Adding graphite decreased coefficient of friction,
reaching minimum at 25 wt.%. PEEK/graphite
composites showed higher wear rate due to graph-
ite’s layered structure. Smaller graphite particles
improved wear resistance and mechanical proper-
ties by enhancing interfacial connection [29].

Suresha et al. studied graphite particles’ ef-
fects on glass and carbon fibre laminates. Stud-
ies show glass fiber composite’s tensile strength
increases with graphite content. Graphite surface
layer improved wear characteristics. Carbon-
epoxy composite wear occurred through micro-
cracks, but graphite filler reduced this by promot-
ing layer transfer mechanisms [30, 31].

Studies by Bokarev et al. [32] and Matsu-
moto [33] highlighted the efficacy of inorganic
nanoparticles and oxidised nanocarbons as ad-
ditives to improve tribological properties of lu-
bricants and epoxy resins, respectively. Addition
of these nanomaterials increases hardness and lu-
bricity, resulting in improved tribological perfor-
mance of composite materials. Similarly, Chan-
drabhan et al. [34] and Yan et al. [35] investigated
use of graphene oxide nanosheets and phospho-
rus-nitrogen additives to improve tribological
properties by providing self-lubrication and ac-
tive elements to reduce friction and wear rates. In
addition, in research conducted by Ranjan et al.
[36] and Liu et al. [37] project investigated use
of TiO,/gC,N, nanoadditives and epoxy resins to
enhance the oxidative properties of vegetable oils
and improve underwater tribological properties,
respectively. These additives interact with lubri-
cant and form protective films that improve tribo-
logical performance.

The objective of this study is to examine the
influence of graphite morphology on water ab-
sorption and fatigue properties of biopolyamide
matrix composites. Incorporation of graphite
into biopolyamide, either as flakes or expanded
graphite, through surface and structural modifica-
tions, significantly reduces water absorption and
enhances certain fatigue properties of the mate-
rial. These effects, contingent upon the graphite
structure, arise from variations in microstruc-
ture, stress distribution, and surface character-
istics, rather than solely from well-documented
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tribological properties of graphite. Previous re-
search on polymer composites with graphite ad-
ditives has predominantly focused on its impact
on tribological properties, such as reduction of-
friction coefficient and material wear. This study
extends existing knowledge by demonstrating
that the morphology of graphite (flake versus ex-
panded) is also critical for moisture absorption,
fatigue properties, and resistance to thermal ag-
ing, areas that have been insufficiently explored
in the context of biopolyamides. Analysis of ma-
terial properties from different perspectives is ex-
tremely important because it allows for a better
understanding of the mechanisms occurring in
structure of composites during loads, especially
dynamic loads. In the case of the materials stud-
ied — epoxy composites with silicon carbide mic-
roparticles — it was shown that their high hetero-
geneity at different structural scales significantly
affects their physical and mechanical properties
[38]. Research on composite materials, particu-
larly those derived from biorenewable raw mate-
rials, is of significant importance in light of rap-
idly evolving technological trends and increasing
environmental demands. Current developments in
composite materials reveal a heightened interest
in carbon fibre-reinforced thermoplastic polymer
composites (CFRTPs), which are progressively
being adopted in applications where traditional
thermosetting resins once prevailed.

Carbon fiber-reinforced PA6 and PA12 poly-
amide composites are being developed for aero-
space applications, offering cost-effectiveness
and ease of processing for non-critical compo-
nents like cable ducts and interior elements. These
materials operate at temperatures from 80 °C to
130 °C and can be formed at high temperatures
and reprocessed, making them ideal for complex
aerospace shapes [39].

MATERIALS AND METHODS

Materials

In the experimental phase of the study, three
materials were synthesized. Biopolyamide Eco-
PaXX® Q150-D PA410 (DSM Plastic, Heerlen,
Netherlands) served as the matrix. Two types of
graphite were utilized as additives: graphite flakes
with a size of 4 um, exhibiting a distinct scale
structure and a characteristic metallic luster. This
material is employed as a component in sealing
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materials, refractory products, and casting tech-
nology (FG 597, Grafity SINOGRAF, Torun, Po-
land). Additionally, modified graphite, specifical-
ly expanding flake graphite, was used. Due to its
expansion capabilities at elevated temperatures, it
is also utilized as a flame retardant (antipyrene) in
fire-resistant plastics or coatings (EG 290 Grafity
SINOGRAF, Torun, Poland). The graphite expan-
sion temperature of 230 °C for 2h was employed.
The test specimens were fabricated via injection
molding using the processing parameters present-
ed in Table 1. Prior to injection, the biopolyamide
was subjected to drying for 24 hours at 80 °C. A
description of the manufactured materials is pre-
sented in Table 2.

Methods of testing

DComposite densities was measured using
hydrostatic method with a RADWAG WAS 22W
laboratory scale (Radom, Poland). Water absorp-
tion was assessed using the gravimetric method
in accordance with the PN-EN ISO 62:2008 stan-
dard [40]. Each time after the assumed period of
incubation of the samples in water, the samples
were dried with a paper towel and weighed.
The weight was determined using an electronic
Ohaus Adventurer laboratory balance (Parsippa-
ny, New Jersey, United States). Both static ten-
sion and static bending tests were conducted. For
the impact testing, unnotched specimens were
subjected to the Charpy method using a Zwick/
Roell HIT5.5P hammer (Ulm, Germany) accord-
ing to PN-EN ISO 179-1:2010 [41]. The static
tensile test (PN-EN ISO 527-1:2010) [42] and
static bending test (PN-EN ISO 178:2011)[43]
were performed on a Shimadzu AGS-X 10 kN

testing machine (Kyoto, Japan) with a test speed
of 10 mm/min. A series of strength tests were
conducted utilizing digital image correlation
(DIC) analysis. DIC method is a non-contact,
image-based technique that processes digital im-
ages of deforming objects to calculate full-field
displacements, deformations, and/or vibrations.
This method provides more comprehensive data
compared to traditional strain gauges and exten-
someters, offering both local and average infor-
mation on deformation during mechanical test-
ing. The GOM Aramis SRX system with GOM
Corelate pro software was employed for DIC
measurements. All strength tests were repeated
after the accelerated thermal aging process using
QUYV accelerated weathering tester aging cham-
ber (Q-LAB Corporation, Westlake, Ohio, USA).
Method and parameters are described in detail in
[44] according to the ASTM G154 standard [45].
The parameters of one cycle of the aging process
are shown in Table 3, and this process was re-
peated for a period of 1000 hours.

The first mechanical hysteresis loops were
devised to demonstrate the viscoelastic charac-
teristics of the manufactured composites. The
test involved an applied load of up to 60% of the
maximum force required to break the sample,
ascertained during the tensile test. This method
sought to ascertain the displacement that arises
during cyclic operation. The tests were conduct-
ed using a Shimadzu AGS-X 10 kN testing ma-
chine (Kyoto, Japan) equipped with software for
energy dispersion analysis (Autograph Trape-
zium X). The loading and unloading speed were
set at 10 mm/min.

Fatigue tests were conducted using an elec-
trohydraulic servo fatigue testing machine,

Table 1. Injection molding parameters to produce testing specimens

Temperature (°C) Injection pressure Compression | Press time
Feed zone | Zone1 | Zone2 | Zone3 | Zone4 | Nozzle | Mold (bar) pressure (bar) (s)
40 190 265 265 275 280 60 1200 600 8
Screw speed (RPM) | Back pressure (bar) Injection speed (mm/s) Gate design and location
100 40 20 Edge gate
Table 2. Description of manufactured materials
Index Description
BioPA 100 % EcoPaXX® Q150-D PA410
10G 90% EcoPaXX® Q150-D PA410 +10wt. % graphite flakes FG 597
10GEXP 90% EcoPaXX® Q150-D PA410 +10wt. % expanded graphite EG 290
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Table 3. Characteristics of the aging cycle

Cycle
Function Intensity (W/mw/nm) Temperature (°C) Time (min)
UV radiation 1.55 60 08:00
Shower - - 00:15
Condensation - 50 03:45

specifically the Shimadzu EHF-E Series (Kyoto,
Japan). The study was based on the principles of
the Lehr method, originally developed for fatigue
testing of metals as an alternative to the tradition-
al Wohler method used for long-term testing [46].
The Lehr method is founded on the observation
that a significant increase in energy dissipation,
strain, and temperature of the tested samples typi-
cally occurs prior to fatigue failure. The core of
this method involves assessing these parameters
in an accelerated fatigue test, where cyclic load-
ing increases in amplitude over time, and relating
them to the maximum stress. This approach has
proven effective in determining fatigue strength
as a comparative parameter for evaluating the
fatigue properties of polymer composites with
a thermoplastic matrix [47]. Accelerated fatigue
parameters encompassed an initial load of 5% of
the material’s tensile strength (140 N), with a sub-
sequent increase in amplitude of an additional 5%
after 1000 cycles. The experiment was conducted
until specimen failure occurred.

Tribological tests, including friction coef-
ficient measurement, were carried out in accor-
dance with the requirements of ISO 20808:2016
[48]. The T-01M tribotester developed by the
Institute for Sustainable Technologies in Radom
was used to carry out experiments. This device
enables tribological studies of ball-target associa-
tions under conditions of sliding friction with the
rotational motion of the sample.

A diagram of the tribological system is shown
in Figure 1. This system consists of a disc in ro-
tation (n) and a counter-sample in the form of a
sphere, statically fixed and pressed against the sur-
face of the disc with a preset normal force (P). The
device is controlled by computer software, which
enables ongoing data recording and determination
of friction coefficient as a function of time or fric-
tion distance. The test parameters included mea-
surement at two loads of 10 and 20 N. The friction
distance was 250 m at a speed of 120 RPM.

To assess surface topography before and
after the tests, a Profilm3D non-contact optical
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profilometer from Filmetrics was used. It is an
interference profilometer of white light enabling
spatial representation of surface microgeometry
in the form of three-dimensional digital mod-
els. The principle of operation of the device is
based on the phenomenon of interference of
light waves reflected from the tested object and
the reference standard, which allows for precise
roughness measurements.

RESULTS AND DISCUSSION

Mechanical investigation
and water absorption

Water ingress into composite materials pre-
dominantly occurs through diffusion, wherein
water molecules infiltrate the matrix and, to a
lesser extent, the fibers. This process is influ-
enced by factors such as the angle between the
direction of water ingression and the orienta-
tion of the fibers. Additional pathways for mois-
ture ingress include capillarity and migration
through defined microcracks, which arise only
after specific damage to the composites. Such

n

Figure 1. Diagram of the tribological system
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damage, which facilitates moisture penetration
by activating these supplementary pathways,
often arises from the composite’s exposure to
moisture. Capillary mechanism involves the
movement of water molecules along the fiber-
matrix interface, followed by diffusion from this
boundary into the polymer matrix. This mecha-
nism is activated only if fiber-matrix separation
has occurred, typically due to water-induced
degradation at the interface. Moisture migration
through microcracks encompasses both flow and
retention of water within microcracks as well as
other forms of micro-damage induced by envi-
ronmental factors [49].

Figure 2 shows the results of the water ab-
sorption measurement. The study was conducted
for 90 days. The results of the study show that
introduction of graphite into polyamide causes a
reduction in water absorption from 3.6% to 2.9%,
which means that water absorption is reduced by
20%. This is a beneficial phenomenon because
polyamides, as condensation polymers, absorb
water up to 11%. In the case of biopolyamides,
this effect has been reduced to about 4%, but
the effect of moisture on the change in strength
properties is quite significant, as it leads to plas-
ticization of material. The reduction in water ab-
sorption by polyamide and other polymers after
introduction of graphite powder or flakes is at-
tributable to several related mechanisms, mainly
due to the barrier properties and the modified mi-
crostructure of the composite. First of all, the la-
mellar morphology of graphite creates a tortuous
path that water molecules must travel through to
penetrate the polymer matrix [50, 51]. This struc-
ture forces the water to travel a longer and more
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Figure 2. Water absorption of manufactured materials

complex route than pure polymer, which signifi-
cantly reduces both the rate and the total amount
of water absorbed.

In addition, graphite, as a hydrophobic mate-
rial, hinders penetration of water into the compos-
ite, which translates into a further reduction in the
rate of its absorption [51].

Equally essential is effective dispersion and
sufficient interfacial bonding between graphite
particles and the polymer matrix. This arrange-
ment reduces the formation of microvoids and
free spaces that would normally be water diffu-
sion channels. Studies show that proper wetting
of fillers by polymer resin increases the structural
integrity of the composite, reducing its poros-
ity and effectively “sealing” the material against
moisture ingress [51, 52]. In the case of polyam-
ides, the presence of such fillers reduces their
hygroscopicity, which allows them to maintain
dimensional stability and mechanical properties
over a longer period of use. In addition, the re-
inforced interface limits the mobility of the poly-
mer chains in the presence of moisture, reducing
the plasticizing effect that water could have in the
polymer network [53].

Another factor affecting barrier properties
of composites is the orientation of the graphite
particles during processing. When the flake par-
ticles are parallel to the surface of the material,
they form a physical barrier that prevents water
molecules from penetrating deeper. This type of
layered structure proves to be particularly advan-
tageous in applications that require both water re-
sistance and high mechanical strength. Not only
does it reduce water absorption, but it also in-
creases the overall stability of the composite [51].

In conclusion, the combined effect of graph-
ite’s hydrophobicity, its favorable orientation in
the structure, strengthened interfacial bonds, and
the tortuous path effect provides a consistent ex-
planation for observed reduction in water absorp-
tion in graphite-reinforced polymer composites,
including polyamide-based systems [53].

The fundamental tests encompass determi-
nation of composite density and strength assess-
ment to ascertain primary mechanical properties.
The density of composites with graphite addi-
tion remained at a comparable level, measuring
1.104 £ 0.007 for polyamide, 1.145 + 0.001 for
the composite containing 10% graphite in flake
form, and 1.150 £ 0.001 for the composite with
10% expanded graphite content. The results of
the strength tests are presented in Figures 3—6.
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The incorporation of graphite additives signifi-
cantly reduced the material’s deformability and
resistance to dynamic impacts. Biopolyamide
exhibits a large deformation exceeding 50%,
whereas the addition of graphite resulted in an
approximately 10-fold decrease in deformation.
The polyamide stretching curve reveals several
distinct stages of deformation. Beyond the initial
elastic phase and the onset of plastic deforma-
tion, there is a notable force drop, during which
the sample undergoes significant constriction,
leading to a reduction in recorded force. Subse-
quently, the material resumes plastic deformation
until the test concludes with the sample fractur-
ing. Notably, deformation is localized primarily
within the constriction area. This phenomenon
is characteristic of the behavior observed in the
stretching of woven plastics, such as polyamides
or polyethylene terephthalate. These findings
were corroborated by the impact test (Figure 6).
Furthermore, the introduction of graphite, par-
ticularly in its expanded form, causes a reduc-
tion in tensile strength. For the material modified
with flake graphite, a slight reduction in tensile
strength was observed. Other strength param-
eters increased, notably the modulus of elasticity
for the material modified with graphite flakes.
To elucidate the mechanism by which graph-
ite flakes enhance the Young’s modulus and flex-
ural strength of polymer composites, it is instruc-
tive to analyze the findings of relevant studies.
Research conducted by Ho et al. demonstrated
that large graphite flakes are more efficacious in
reinforcing epoxy composites compared to small
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flakes, particularly with respect to flexural modu-
lus [54]. Furthermore, Lim et al., in their inves-
tigation of polyamide composites (nylon 610),
emphasize that the intact structure of graphite
flakes and their interaction with the matrix ma-
terial contributes to improved mechanical prop-
erties, including Young’s modulus and flexural
strength. The authors underscore the significance
of morphology and compatibility of graphite
flakes within the composite matrix [55]. Unal
et al. conducted a study incorporating graphite
fillers into composite materials with a polyam-
ide-6 matrix, revealing variations in mechanical,
electrical, and tribological properties based on
differing percentages of graphite content, there-
by highlighting the influence of graphite filler

10G 10GEXP

5300 |
4770 |
4240
3710 _ 3793 g

Youngs modulus
MPa

72F o 704
63 |
54|
45|

Tensile strength
(MPa)

60
45|
30|
15 |

Strain (%)

BioPA

10G 10GEXP
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concentration on the mechanical behavior of the
composite [56]. Kalaitzidou et al. and Gaxiola et
al. investigated polypropylene matrix compos-
ites and similarly demonstrate a positive effect of
graphite flakes as reinforcement in polymer com-
posites [57, 58]. The increase in Young’s modulus
and flexural strength in polymer composites by
graphite flakes involves several key factors that
are substantiated in the literature. Primarily, the
orientation of the graphite flakes in the compos-
ite matrix is essential. Studies by Zhou et al. and
Banerjee et al. have demonstrated that graphite
flakes align with their base planes perpendicular
to the tensile direction, resulting in anisotropy of
flexural strength and fracture toughness, thereby
contributing to enhanced mechanical properties

[59, 60]. Furthermore, the morphology and struc-
ture of graphite flakes play a significant role in
improving the mechanical properties of com-
posites. Research by Lim et al. emphasizes that
the intact structure of graphite flakes and their
interaction with the matrix material are sub-
stantial reinforcement factors [55]. Moreover,
Pandey et al. demonstrated that graphite flakes
increase the thermal stability, thermal conductiv-
ity, and electrical conductivity of composites, in-
directly influencing mechanical properties such
as Young’s modulus and flexural strength [61].
Analyzing the properties of composites at vari-
ous structural levels, encompassing both micro
and macro scales and considering different load-
ing modes such as shear, tension, and bending, is
crucial. This comprehensive analysis facilitates
a thorough understanding of the material’s per-
formance under real-world operating conditions,
identifies the key mechanisms responsible for
the initiation and progression of damage, and
optimizes the material design process to enhance
resistance to cracking and other forms of deg-
radation. Without such a multifaceted analysis,
critical aspects of the material’s behavior may be
overlooked, potentially leading to inaccurate as-
sessments of its durability and safety in technical
applications [38].

The produced materials were also subjected
to tensile testing through the application of digi-
tal image correlation. Digital image correlation
(DIC) is widely employed in the structural anal-
ysis of polymer composites. It is used to detect
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delamination in polymer composites, thereby
providing insights into internal structural dam-
age [62, 63]. Aravind et al. investigated advance-
ments in utilizing nanocrystalline cellulose for
reinforcement of natural fibers in biocomposites,
emphasizing progressions within this domain
[64]. Moreover, digital image correlation was
employed in the simulation of hybrid carbon-
aramid composite materials, illustrating its effec-
tiveness in the mechanical characterization and
analysis of composite structures [65].

The sample images recorded using the digi-
tal image correlation technique illustrate areas
where strain arises in the tested samples. Fig-
ure 7, obtained using the DIC technique, shows
the strain distributions in the y-direction, cor-
responding to the direction of the tensile force.
The results are presented using a color diagram
on a vertical scale, reflecting the range from the
minimum to the maximum strain values. In ad-
dition, the illustrations indicate the moments
immediately preceding the fracture of the com-
posites during the experiments. The areas show-
ing the highest strain values in the y-direction
are denoted by red areas along the measurement
length. Numerous red areas are observed in the
images, distributed inhomogeneously on the
surface. The analysis of the obtained test results
shows that the introduction of graphite in the
form of powder causes a more uniform deforma-
tion along the entire length of the sample, while
the unmodified material is characterized by a
more nonuniform location of tensile stresses and
strains. The introduction of expanded graphite
causes the formation of weakened areas of the
sample, where the largest local deformations oc-
cur, suggesting a non-uniform bulk structure of

i PA =

<= 10GEXP

the material. The images shown in Figure 7 were
recorded at a strain rate of 1 mm/min.

Mechanical hysteresis loops
and accelerated fatigue

Energy dissipation in low cyclic loaded

The tested materials were subjected to low-
cycle loads. Tests of this nature are crucial for
initially assessing the adhesion between the com-
ponents of the composite. The initial hysteresis
loops enable the determination of the energy dis-
sipated in the system during cyclic loading. En-
ergy in the material is dissipated through various
mechanisms. In polymer material, it primarily
occurs through internal friction between polymer
chains. In composite materials, this additional en-
ergy is dissipated to alleviate stresses arising from
production and those that occur between the com-
posite components. After a defined stress thresh-
old is overcome, additional energy is absorbed to
separate components from each other and over-
come frictional forces between the reinforcement
and the matrix [66, 67].

Figure 8 illustrates the first and twentieth hys-
teresis loops recorded at 60% of the maximum
force required to fracture the sample. The present-
ed loops demonstrate a more pronounced effect
of the addition of graphite in the form of flakes
compared to expanded graphite. The introduced
additives reduce the dynamic creep of polyam-
ide. Figure 8b depicts differences in dissipation
energy between the first and twentieth hysteresis
loops. The base material and the composite with
the addition of exposed graphite exhibited simi-
lar energy values both at the commencement and

Figure 7. Sample images recorded utilizing the digital image correlation (DIC)
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conclusion of the test, whereas the addition of
flake graphite resulted in a reduction in the dis-
sipation energy during the initial loading cycle
relative to the base material. This observation,
in relation to the aforementioned theory, may
indicate a relatively strong interaction between
composite components. Comparable research
findings were reported for composites based on
polyoxymethylene matrix [68, 69], polyamide
[10-11], or thermoplastic elastomer [70]. The
energy dissipated in polymer composites during
the initial hysteresis loops is essential for com-
prehending the material’s behavior under cyclic
loading. Furthermore, the initial hysteresis loops
are utilized to characterize the viscoelastic nature
of polymers. An example is the study of Panin
et al., who examined the variability of the me-
chanical hysteresis loop in polyimide-CF-PTFE
composites to evaluate low- and high-cycle fa-
tigue. They emphasized the significance of the
hysteresis loop region as a measure of energy
loss and attenuation capacity during cyclic load-
ing [71]. Dong et al. observed that the dissipated
energy, represented by the hysteresis loop region,
increased in the first compression cycle of carbon
nanotube-reinforced double-lattice hydrogels
(CNTs), indicating enhanced energy dissipation
after the addition of CNTs [72]. Furthermore,
Webber et al. noted substantial hysteresis dur-
ing the first loading cycle of the dual-lattice hard
hydrogels, which intensified with the maximum
strain applied, underscoring the role of the initial
hysteresis loop in energy dissipation [73]. Ad-
ditionally, Krasnobrizha et al. elucidated the re-
lationship between damage propagation, energy
dissipation, and the manifestation of hysteresis
loops in woven composites, emphasizing the

importance of understanding hysteresis behavior
in relation to material damage [74].

Accelerated fatigue

Graphite-modified biopolyamide composites
were subjected to accelerated fatigue tests with
force excitation utilizing a sinusoidal profile. The
tests were conducted in the loading-unloading
mode, with a frequency of 5 Hz, on a hydraulic
testing machine. For all composites, the value of
the minimum excitation force remained constant
throughout the test at 0.14 kN. The maximum
load value in the initial 1000 test cycles was 0.28
kN. Subsequently, every 1.000 cycles, the maxi-
mum load level was increased by 0.14 kN (5% of
the maximum force required to fracture the sam-
ple). Tests were conducted until sample failure
occurred. Mechanical hysteresis loops were re-
corded, along with the maximum elongation and
maximum value of dissipation energy obtained
at each load level. Based on these data, fatigue
strength was determined according to Lehr’s
method as a comparative parameter for compos-
ites tested under identical conditions. Addition-
ally, the relative fatigue strength was calculated
by dividing the Lehr fatigue strength value by the
tensile strength value of the composite.

The results of measurements from acceler-
ated fatigue tests are presented in Table 4 and
Figure 9-11. The maximum fatigue stress (z ),
average elongation, and energy released in each
range of the assumed load at the thousandth
cycle or at the full cycle immediately preceding
fracture were determined. The maximum cyclic
loads carried corresponding to the maximally se-
lected load for the test specimens were 69.6% for
BioPA, 76.8% for 10G, and 87.7% for 10GEXP
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of their maximum tensile forces. The base ma-
terial, polyamide, exhibited a notably high elon-
gation of the sample (19.8 mm) and the highest
energy dissipation in the final order cycles. This
phenomenon may be attributed to the heating of
the viscoelastic matrix during cyclic loading and
the increase in dynamic creep of the material.
The recorded hysteresis loops shown in Figures
8—10 are characterized by an increase in surface
area with an increasing number of cycles. The in-
troduction of graphite particles enhances fatigue
strength and significantly reduces dynamic creep.
The most effective material was determined to be
polyamide modified with graphite in the form of
flakes, as it did not significantly reduce the ten-
sile strength, resulted in an increase in the stiff-
ness of the material, and demonstrated the high-
est fatigue strength.

Energy dissipation in polymer composites
during low-cycle loads is a critical factor that
significantly influences the behavior and perfor-
mance of the material under repeated loading
conditions. Numerous studies have investigated
the mechanisms of energy dissipation in poly-
mer composites subjected to low-cycle loads. For
instance, Luo conducted experiments on precast

composite walls under low-cyclic reverse load-
ing, demonstrating how the hysteretic curve re-
gion reflects the deformation capacity, energy
dissipation capacity, and plasticity of the samples
under such loading conditions [75]. Furthermore,
Connesson et al. analyzed the evolution of the
microstructure of a material under cyclic loading,
examining the dissipation of energy due to inter-
nal friction, elucidating the relationship between
microstructural changes and energy dissipation
[76]. Additionally, Scott-Emuakpor et al. inves-
tigated the conservation of strain energy through-
out the fatigue process, indicating that not all en-
ergy dissipated during cyclic loading contributes
to the fatigue initiation process. These examples
illustrate the complex nature of energy dissipa-
tion mechanisms in materials under cyclic load-
ing conditions [77].

Cadavid et al. observed that the energy dissi-
pated in the cycle at the conclusion of the fatigue
period tends to increase due to the expansion of
the area encompassed by the hysteresis loops
[78]. Risitano et al. emphasized the significance
of thermal analysis in evaluating the uniaxial fa-
tigue strength of materials and mechanical com-
ponents. They elucidated the role of temperature

Table 4. The level of maximum forces in hysteresis loops versus the increasing number of cycles and results of
calculations: maximum stress at fatigue (Zz), tensile strength (cM), relative fatigue strength (relative to fatigue
strength Zz /oM -100%), mean elongation, energy dissipated in each cycle for tested composites

Samples Maxm'ELI:'r:)Force Number of cycle Zz, MPa oM, MPa Zz/cM 100 %
BioPA 1.96 12,840 245 70.4 34.80
10G 2.1 13,780 31.2 68.3 4568
10GEXP 1.68 10,770 22.4 47.9 46.76
The chosen
level of Pmax, | 0.28 042 | 056 0.70 | 0.84 0.98 1.12 1.26 1.40 1.54 1.68 1.82 1.96 2.1
kN
Number of 1 2 3 4 5 6 7 8 9 10 11 12 13 14
cycles, (*10°%)

BioPA
Mean "

) 0.31 048 | 0.66 0.82 1.01 1.19 1.40 1.63 1.89 2.21 2.80 548 | 19.82 -

elongation, mm
Energy
dissipated in 0.0003 | 0.0014 | 0.0034 | 0.0061 | 0.0103 | 0.0153 | 0.0230 | 0.0348 | 0.0499 | 0.0760 | 0.1389 | 0.3961 | 0.4566 -
each cycle

10G
Mean "

) 028 | 042 | 0.56 0.70 | 0.83 0.97 1.11 1.25 1.39 1.53 1.67 1.80 188 | 4.90

elongation, mm
Energy
dissipated in 0.0002 | 0.0008 | 0.0017 | 0.0034 | 0.0062 | 0.0099 | 0.0154 | 0.0230 | 0.0342 | 0.0533 | 0.0828 | 0.1330 | 0.3112 | 0.5566
each cycle

10GEXP
Mean 028 | 042 | 056 | 069 | 0.83 | 097 1.11 1.25 1.38 162 | 4.74* B
elongation, mm
Energy
dissipated in 0.0003 | 0.0016 | 0.0043 | 0.0082 | 0.0137 | 0.0223 | 0.0343 | 0.0512 | 0.0759 | 0.1215 | 0.2076 -
each cycle

Note: *Breaking the sample.
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in the energy process associated with fatigue-in-
duced plastic energy [79]. The incorporation of
graphite flakes into polyamide appears to result
in increased fatigue-induced temperature dissipa-
tion, which consequently reduces dynamic creep

and facilitates increased dimensional stability
of the samples. Comparable conclusions were
drawn by Marat-Mendes et al. [80]. They identi-
fied the strengthening properties of graphite, as
well as the enhanced thermal resistance, which
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contributed to the overall mechanical perfor-
mance of the composite, enabling more efficient
energy dissipation during fatigue loading. This
phenomenon is particularly significant in appli-
cations where materials are subjected to cyclic
stress, as it contributes to delaying the onset of
fatigue failure.

Furthermore, Khammassi and Tarfaoui em-
phasize the significance of graphite morphology,
including its size and dispersion within the poly-
mer. They assert that these factors play a crucial
role in determining the mechanical performance
of the resulting composite [81]. Additionally,
properly dispersed graphite can function as a bar-
rier to crack propagation, thereby enhancing the
fatigue life of the material [82].

Aging investigation

Polymer aging can manifest in various forms,
affecting their properties and shelf life over time.
Scientific studies have identified different types
of aging mechanisms, which include thermal
aging [83], mechanical degradation, mechano-
chemical degradation [84, 85], chemical degra-
dation [86]. Moisture absorption alone can con-
tribute to changes in the strength characteristics
of polymer composites, accelerating their aging
under the influence of environmental factors [87].
The combination of multiple factors such as the
effects of the aqueous environment, temperature
or UV radiation results in a significant loss of al-
most all polymer properties, and understanding
the effects of different types of polymer aging is
essential to predict and manage the degradation

of polymer materials over time, thus ensuring
their long-term performance and durability. On
the basis of the literature indicated, it is possible
to indicate possible changes and processes oc-
curring in the structure of polymers and polymer
composites, which are shown in Figure 12. The
research examples presented by Sadritdinov et
al. demonstrated a significant effect on moisture
absorption, which contributes to changes in the
strength characteristics of the composite, accel-
erating its aging under the influence of environ-
mental factors [88]. Tue and Thwe discussed the
strength behavior of the composite after aging,
highlighting the critical role of interfacial adhe-
sion between the fiber and the matrix polymer
in maintaining mechanical properties over time
[89]. This underscores the importance of consid-
ering the impact of aging on the durability and
performance of polymer composites.

Figures 13—15 present the results of tests
from the static tensile test for the fabricated
materials both before and after the accelerated
thermal aging process. The results demonstrated
that the incorporation of graphite additives to
biopolyamide enhances the resistance of com-
posites to external factors. The impact of aging
factors on biopolyamide resulted in a significant
decrease in strength properties. Tensile strength
decreased from 70 MPa to 25 MPa, modulus of
elasticity by approximately 1 GPa, and strain at
break reduced from over 50% to slightly above
1%. Materials modified with graphite particles
also exhibited a decrease in strength properties;
however, this decrease was within 10 MPa, con-
sidering tensile strength and a decrease in elastic

Aging of a polymer
material or polymer
composite

I
| Secondary
crystalization

Degradation of |l
polymer chain

Crosslinking o

Polymer composites
Destruction of the
fiber-matrix el Matrix cracking
interface

Moisture-related |l
changes

Figure 12. Changes in the structure of polymers and polymer composites due to material aging
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modulus at a similar level of approximately 1
GPa. No substantial changes were observed in
deformation at break for the tested materials be-
fore and after the accelerated thermal aging pro-
cess. The study results indicate that the incor-
poration of graphite into a biopolyamide matrix
enhances resistance to aging factors.

Similar conclusions were reached by Zhao
et al. These investigations demonstrated that
graphite additives can enhance the thermal sta-
bility and tribological properties of polymers
under conditions of elevated temperature and
external environment [90]. Consequently, the
findings of this study corroborate the hypoth-
esis that graphite can mitigate the effects of
high temperature on polymers, rendering it a

Figure 15. Strain at break before and after
accelerated aging

promising additive for improving the perfor-
mance of polymer materials under harsh envi-
ronmental conditions. One of the primary mech-
anisms by which graphite stabilizes polymers is
through its exceptional thermal stability. Graph-
ite, particularly in the form of exfoliated graph-
ite, exhibits remarkable resistance to thermal
degradation, which can significantly enhance
the thermal stability of the polymer composite.
For instance, research has demonstrated that the
incorporation of graphite into polymers, such
as polypropylene, results in increased thermal
degradation temperatures, thereby providing
a barrier against the thermal stresses that can
lead to aging and degradation of the polymer
matrix. The lamellar structure of graphite not
only contributes to its thermal stability but also
functions as a barrier to the diffusion of vola-
tile degradation products, further protecting the
polymer from aging effects [91].

Furthermore, graphite’s capacity to absorb
thermal energy contributes to the stabilization
of the polymer matrix. The distinctive structure
of graphite facilitates effective heat dissipa-
tion, which proves advantageous during ther-
mal cycling conditions frequently encountered
by polymers in service. This thermal absorption
property mitigates the probability of thermally
induced chain scission and other degradation
mechanisms that may compromise the polymer’s
integrity over time. By occupying free volume
within the polymer matrix, graphite constrains
the mobility of polymer chains, a crucial factor
in maintaining the structural integrity of the ma-
terial under thermal stress [92].
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Tribological investigation

Friction is the phenomenon of resistance to
motion that arises at the point of contact between
two bodies. With regard to the state of motion, a
distinction is made between static friction (at the
beginning or end of motion) and kinetic friction
(during motion), with static friction usually be-
ing greater. Friction is also divided into internal
(occurring within one body) and external (be-
tween two bodies on their contact surface). An-
other division is physical dry friction (clean sur-
faces) and technical friction (presence of impuri-
ties, gases and products of chemical reactions).
In dry friction, most of the energy (about 90%)
dissipates in the form of heat. Polymers are val-
ued for their good tribological properties: wear
resistance, low weight and vibration damping,
but their disadvantage is low thermal conductiv-
ity and high thermal expansion. The operation of
friction pairs depends on the actual contact sur-
face (RPS), which affects frictional force, heat
generation and wear. RPS is influenced by geo-
metric (roughness) and physical (material char-
acter) factors [93, 94].

Adhesion between bodies is explained by
several theories (mechanical, adsorption, electri-
cal, diffusion, chemical). The breaking of inter-
molecular bonds can occur superficially (adhe-
sively) or deep within the material (cohesively).
Friction is affected by load, sliding speed and
temperature. As the load and speed increase,
the nature of the contact changes (from elastic
to plastic), and the coefficient of friction can in-
crease or decrease. In the friction-speed coeffi-
cient curve, there is often a maximum — its posi-
tion depends on the structure and temperature of
the polymer. The surface condition and structure
of the polymer (crystallinity, chain orientation)
also strongly influence the tribological proper-
ties. During friction, changes in the structure of
the surface layer occur, macromolecules are de-
stroyed and free radicals are formed, which can
enter into chemical reactions, affecting wear and
surface properties. Understanding friction pro-
cesses allows you to design polymers with the
desired tribological properties. Optimisation of
these properties is possible, m.in other things,
through modifications to the material structure,
surfactants and various processing methods [95].

The results of the tests on the determination
of the friction coefficient and surface roughness
are presented in Figures 16—17 and Table 5.
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Figure 16. Surface topography of specimens

The coefficients of friction (CoF) obtained
for the tested materials show clear differences de-
pending on the type of filler used and the value of
the normal force. Both BioPA and the compos-
ite with the addition of 10% graphite (10G) are
characterized by low and stable CoF values, rang-
ing from 0.072 to 0.081, with a slight decrease in
the value when the load increases from 10 N to
20 N. A different characteristic is shown by the
10GEXP sample — at a load of 10 N it achieves a
significantly higher coefficient of friction (0.212
+ 0.086), which, however, rapidly decreases to
a level comparable to other materials (0.078 +
0.002) at 20 N. This suggests that the sandwich
structure of expanded graphite may require a
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Table 5. Results of measurements of the friction coefficient and surface roughness

10N 20N
Material CoF ) CoF ) Roughness Ra (um) Roughness Sa (um)
BioPA 0.081 + 0.001 0.074 + 0.002 0.403 0.687
10G 0.077 +0.002 0.072 = 0.001 0.266 0.425
10GEXP 0.212 £ 0.086 0.078 + 0.002 0.996 2.933

sufficiently high pressure to activate the shear
mechanism and generate a lubricating film.

The surface roughness parameters, described
by the Ra and Sa indicators, show clear differ-
ences between the analyzed materials. The com-
posite containing 10% graphite (10G) is char-
acterized by the lowest roughness (Ra = 0.266
pum, Sa = 0.425 pm), while slightly higher values
were obtained for pure BioPA (Ra = 0.403 um,
Sa =0.687 um). The highest roughness is shown
by the sample with the addition of expanded
graphite (10GEXP), for which the Ra and Sa
values are 0.996 pm and 2.933 pum, respectively.

The relationship between roughness param-
eters and the coefficient of friction indicates
that a more developed surface topography can
contribute to an increase in frictional resistance,
especially under low load conditions. The high
roughness of 10GEXP correlates with the high-
est CoF value recorded at a load of 10 N (0.212
+ (0.086), which may be due to increased me-
chanical friction on a microscale, caused by
the presence of numerous micropeaks and de-
pressions affecting local contact conditions. At
higher loads (20 N), when the graphite struc-
tures are effectively sheared and a lubricating
film is formed, the roughness differences are

blurred, which is reflected in similar CoF values
for all samples.

The influence of uneven microstructure
in polymer composites containing expanded
graphite on the coefficient of friction is a mul-
tifaceted phenomenon, significantly influenced
by the quality of dispersion, particle flaking, and
the formation of lubricating films at the sliding
contact. When graphite is evenly dispersed, its
internal layered structure can be effectively uti-
lized, allowing the layers to slide and thereby
reduce friction [96, 97]. Conversely, in instances
of uneven dispersion or agglomeration, these ad-
vantages are mitigated by local stress concentra-
tions and disruptions in transfer film formation.
Research indicates that techniques such as exfo-
liation, sonication, or high-shear mixing can de-
crease the particle size of expanded graphite and
enhance microstructural homogeneity [98]. This
facilitates the consistent formation of a continu-
ous lubricating film, which is essential for sta-
ble frictional behavior. An uneven distribution
of the filler results in the formation of clusters,
which interfere with the uniform deformation of
the contact surface and the effective formation
of the transfer film, potentially causing fluctu-
ations or an increase in the coefficient of fric-
tion [99]. In polymer composites, the interfacial

105



Advances in Science and Technology Research Journal 2025, 19(8), 90-113

bond between the matrix and the graphite is also
critical. The uneven distribution of graphite af-
fects the variable density of hydrogen bonds,
thereby altering the tribological response [99].
Furthermore, microstructural heterogeneity can
lead to local variations in mechanical and ther-
mal reactions during slippage, destabilizing lu-
brication mechanisms [97, 100]. In conclusion,
although expanded graphite inherently reduces
friction when homogeneously integrated into the
matrix, microstructural irregularities can negate
these benefits. Therefore, optimizing processing
methods to ensure uniformity is imperative. The
balance between the properties of well-exfoliat-
ed layers and the effects of agglomeration ulti-
mately determines the tribological behavior of
the composite.

Lower roughness values for BioPA and 10G
promote the stabilization of the coefficient of
friction regardless of the normal force. It can
be assumed that a more homogeneous surface
reduces local increases in contact stress and fa-
cilitates the formation of regular sliding zones.
Thus, the surface topography is an important
factor determining the friction conditions, affect-
ing the initial pressure distribution, the number
of active microcontacts and the efficiency of the
autolubrication mechanisms present in graphite-
filled composites.

Shang et al. found that PEEK/graphite com-
posites exhibited optimal tribological behaviour
when the graphite content was 25 wt% [101].
In addition, Li et al. found that the tribological
properties of glass fibre reinforced polyamide 6
composites were significantly improved by us-
ing graphite together with PTFE and UHMWPE
[102]. Alajmi and Shalwan emphasized that
graphite as an additive to polymer composites
has a positive effect on tribological properties
[103]. Moreover, Katiyar et al. showed that the
addition of graphene oxide, graphite, and carbon
nanotubes to polymers improved tribological
properties [104]. This finding is consistent with
a study by Sakka et al., which showed that treat-
ed carbon nanotubes/epoxy composites showed
better tribological behavior [105]. Additionally,
Przekop et al. (2020) highlighted that graphite
effectively improves the tribological properties
of polymer materials [106].

To determine which form of graphite — graph-
ite flakes, graphite powder or expanded graphite
— provides better tribological properties in poly-
mer composites, several studies provide valuable
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insights. Feng et al. found that graphite flakes
in polypropylene composites form a continuous
thermally conductive network, indicating their
potential to increase thermal conductivity [107].
Guo and Yang mentioned that expanded graph-
ite, along with other forms of graphite, has been
used to improve the wear resistance of copper-
based composites, suggesting its positive effects
on tribological properties [108]. In addition, Jin
et al. investigated the comparative tribological
behaviour of resin-based friction materials con-
taining natural graphite and expanded graphite,
highlighting the importance of the type of graph-
ite in influencing tribological performance [109].
Li et al. (2013) highlighted the importance of
graphite as a solid lubricant in friction mitigation
in polymer composites, pointing to its positive ef-
fect on tribological behavior [102]. Katiyar et al.
discussed the importance of graphite powder as a
filling material for improving tribological proper-
ties in various matrices [110]. Collectively, these
studies indicate that various forms of graphite sig-
nificantly contribute to enhancing the tribological
properties of polymer composites. In summary,
based on the synthesis of the referenced studies,
it can be inferred that graphite flakes, graphite
powder, and expanded graphite possess the po-
tential to enhance the tribological characteristics
of polymer composites. The selection of the most
appropriate form of graphite may be contingent
upon the specific requirements for composites
and the processing conditions.

Microscopic observations

Figures 18-20 illustrate the microstructure
of the materials under investigation. Figure
18 depicts the structure of the base materials.
Polyamide is characterized by a relatively plas-
tic fracture, as corroborated by strength tests,
which indicate a deformation at break of ap-
proximately 50%. The incorporation of graph-
ite, both in the form of powder and expanded
graphite flakes, alters the fracture behavior from
ductile to brittle. Microscopic images reveal a
more intricate structure with sharp edges, indic-
ative of the brittle nature of the fracture. Figure
18, which presents the structure of a compos-
ite modified with graphite flakes, highlights the
distinctive features of expanded graphite (Fig-
ure 20), consisting of parallel graphite planes.
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Figure 20. Microstructure of the composite with the addition of 10% wt. expanded graphite

CONCLUSIONS mechanical and tribological properties. The in-
corporation of graphite, in both flake and expand-
The research conducted elucidates the im-  ed forms, resulted in a 20% reduction in water

pact of graphite morphology on the properties of ~ absorption. This phenomenon is attributed to the
biopolyamide-based composites, with a particular ~ formation of a tortuous path within the material
focus on water absorption, fatigue behavior, and structure, facilitated by the lamellar morphology
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of graphite, the hydrophobic nature of the filler,
and enhanced interfacial adhesion between the
filler and the polymer matrix. The composites
demonstrated a significant reduction in dynamic
creep and a notable improvement in fatigue re-
sistance, especially in the material modified
with flake graphite, where the increase in fatigue
strength reached 30% compared to the base mate-
rial. The addition of flake graphite led to a 40%
increase in the modulus of elasticity, whereas
expanded graphite resulted in a 10% increase.
Concurrently, a decrease in tensile strength was
observed — by a few percent for composites with
flake graphite and by 30% for those with expanded
graphite. The study further confirmed that the se-
lected graphite morphology effectively mitigates
the adverse effects of thermal aging. Graphite-
modified materials retained their key mechanical
properties after accelerated thermal aging, with
the decrease in the modulus of elasticity limited
to 20% and in tensile strength to 15%, in contrast
to unmodified biopolyamide, which exhibited de-
creases of 30% and 70%, respectively. Regarding
tribological properties, expanded graphite signifi-
cantly influenced the coefficient of friction under
low-load conditions, increasing it to 0.212 at 10
N; however, under higher loads, all composites
exhibited low, stable coefficient of friction values
(approximately 0.078-0.081). It is also notewor-
thy that while the addition of graphite decreased
the elongation at break and impact strength, it
resulted in a substantial increase in stiffness and
stable friction behavior. The results confirm that
graphite-modified biopolyamides facilitate the
design of composite materials with a balanced
profile of mechanical, moisture resistance, and
tribological performance. These findings open
new avenues in materials engineering for the
development of environmentally friendly, high-
performance materials for technical applications.
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