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RESUMO

Este estudo centra-se na otimizagao da composicao quimica de materiais compdsitos a base de
poli (4cido lactico) (PLA), reforcados com carbono, nomeadamente fibras curtas de carbono
(SCFs) e nanoplaquetas de grafeno (GNPs), em concentrag¢des varidveis (0,5 a 5 % em peso para
cada forma de carbono). O desempenho mecanico e triboldgico destas amostras, designadas por
PSG, foi avaliado. Adicionalmente, a investigagdo focou-se também na avaliacio das
propriedades mecanicas e tribologicas de amostras a base de PLA incorporando hidroxiapatita
(HA) como reforgo, em concentragoes de 5 e 10% em peso (amostras designadas por PH). Para
fabrico das amostras, foi usada a impressao 3D de fabricagao de filamento fundido (FFF). Os
resultados deste estudo revelaram uma dispersao bem-sucedida dos reforcos dentro dos
compdsitos. Nas amostras PSG e PH, a presenca de SCF e GNP, e HA facilitou a cristaliza¢ao dos
filamentos de PLA, atuando como agentes nucleadores. A medida que as concentracdes dos
reforcos aumentavam, melhorias notaveis foram observadas na dureza, médulo de elasticidade
e resisténcia especifica ao desgaste para ambas as amostras de PSG e PH. Especificamente, o PSG-
5, consistindo de um reforgo de 5% em peso de SCF + 5% em peso de GNP, exibiu um notavel
aumento de 30% na dureza em comparac¢ao ao PLA puro. Da mesma forma, a adi¢ao de 10% em
peso de HA (PH-10) resultou num aumento de 6% na dureza. O moédulo de elasticidade
apresentou uma tendéncia semelhante, verificando-se aumentos maximos de 220% no caso da
amostra PSG-5 e de 202% no caso da amostra PH-10. Para além disso, todas as amostras PLA
reforcadas exibiram coeficientes de friccao (COF) mais baixos em comparagao com o PLA puro.
As amostras de PSG apresentaram valores de COF variando de 0,49 a 0,6, enquanto as amostras
de PH mantiveram um valor de COF constante de 0,49 para PH-5 e PH-10, superando o COF de
PLA (0,57). A amostra PSG-5 apresentou a menor taxa de desgaste especifico (4,04 x 10+
mm3/N.m) entre os compdsitos PSG, enquanto a amostra PH-10 exibiu a menor taxa de desgaste
em 2,75 x 10-4 mm3/N.m entre os compdsitos PH. Esses valores representaram uma redugao de
desgaste de, respetivamente, 5 e 1,8 vezes em relacdo ao PLA. Em conclusdo, este estudo
demonstrou que a incorporacdao de SCF e GNP, e de HA, na matriz de PLA, melhora
significativamente as suas propriedades mecanicas e triboldgicas e destacou o potencial desses
compdsitos para aplicagdo numa gama ampla de aplicagdes que exijam a utilizagao de polimeros

com resisténcia mecanica e resisténcia ao desgaste melhoradas.
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ABSTRACT

This study focuses on optimizing the composition of Poly (lactic acid) (PLA)-based composite
materials by reinforcing them with carbonaceous fillers, namely short carbon fibers (SCFs) and
graphene nanoplatelets (GNPs), at varying concentrations (ranging from 0.5 to 5 wt.% for each
filler). These composite samples, referred to as PSG samples, were thoroughly examined to assess
their mechanical and tribological performance. Additionally, the investigation explored the
mechanical and tribological properties of PLA-based materials incorporating hydroxyapatite
(HA) at concentrations of 5 and 10 wt.%, known as PH samples. To create these samples, fused
filament fabrication (FFF) 3D printing was employed. The findings of this study revealed
successful dispersion of the fillers within the composites. In the PSG samples, the presence of SCF
and GNP facilitated the crystallization of PLA filaments, while in the PH samples, HA acted as a
nucleating agent, demonstrating a similar behavior. As the concentrations of the fillers increased,
notable improvements were observed in hardness, elastic modulus, and specific wear resistance
for both PSG and PH samples. Specifically, PSG-5, consisting of a 5 wt.% SCF + 5 wt.% GNP
reinforcement, exhibited a remarkable 30% increase in hardness compared to pure PLA.
Similarly, the addition of 10 wt.% HA (PH-10) resulted in a 6% increase in hardness for the PH
samples. The elastic modulus displayed a consistent trend, with PSG samples showing a
substantial 220% increase and PH samples demonstrating a notable 202% increase. Moreover, all
PSG and PH composite samples exhibited lower coefficients of friction (COF) compared to pure
PLA. PSG samples demonstrated COF values ranging from 0.49 to 0.6, while PH samples
maintained a constant COF value of 0.49 for both PH-5 and PH-10, surpassing the COF of PLA
(0.57). Furthermore, PSG-5 showcased the lowest specific wear rate at 4.04 x 10 mm?/N.m among
the PSG composites, while PH-10 exhibited the lowest wear rate at 2.75 x 10 mm?N.m among
the PH composites. These values represented a wear reduction of five times for PSG samples and
1.8 times for PH samples compared to different PLA compositions used in the respective
composite material systems. In summary, this study demonstrates that the incorporation of SCF
and GNP into the PLA matrix, as well as the addition of bioceramic filler HA, significantly
enhance the mechanical and tribological properties of the resulting composite materials. These
findings highlight the potential of these composites for a wide range of applications that require

exceptional mechanical strength and wear resistance.
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1. INTRODUCTION

Additive manufacturing (AM), also known as 3D printing, is a process of creating three-
dimensional objects by adding materials layer upon layer to form the desired shape [1]. This
innovative technology has transcended its initial use in prototyping and is now capable of
producing robust and safe products for commercial sale in significant quantities. The process uses
computer-aided design (CAD) and converts the design into a unique file format, and finally, it is
then used by the 3D printer to construct the product layer by layer [2]. The field of applications
of 3D printing is vast and includes industries such as medical, aerospace, automotive, art, and
manufacturing, where it is used to create prototypes, customized parts, and even entire vehicles,
among other applications [3-5]. Especially if it can be successfully put into mass production, the
technology has the potential to revolutionize the manufacturing, logistics, and management of
inventories industries [6]. In recent years, the rising demand for functional and personalized
biomedical devices and implants has prompted the investigation of innovative materials and
production techniques. AM, notably 3D printing, has arisen as a formidable tool in biomedical
engineering, enabling the production of intricate structures with accuracy [5, 7-9]. According to
market projections, the global biomedical 3D printing market was valued at around $1.45 billion
in 2021. This market is anticipated to witness substantial growth, reaching an estimated value of
approximately $6.21 billion by the year 2030. The projected compound annual growth rate
(CAGR) for the period between 2023 and 2032 is expected to exceed 22.5% [10-12]. These figures
exemplify the rapid expansion and immense potential of 3D printing in revolutionizing

healthcare and biomedical applications.

%ﬁﬂ 3D PRINTING IN HEALTHCARE MARKET SIZE, 2021 T0 2030 (USD BILLION)

63 $6.21

L 022 [ 2023 W 204 W 2025 [ ouc6 W o027 Qo028 2029 2030 |

Figure 1. 3D Printing in healthcare market size 2022 to 2030 [12]
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The healthcare industry is undergoing a transformative shift with the widespread adoption of 3D
printing technology. This innovative manufacturing approach has significant implications for
medical device manufacturing, tissue engineering, prosthetics, and personalized medicine. With
advantages such as time and cost savings, reduced anesthesia exposure, and enhanced surgical
planning, the demand for 3D-printed medical devices is rising. Examples include dental
restorations, orthopedic implants, and external prosthetics. The integration of 3D printing in
healthcare is revolutionizing patient care and driving advancements in the field [10].
The healthcare industry is benefiting from the advancements of 3D printing, which is enhanced
by the vast array of materials employed in additive manufacturing. These materials include
polymers, metals, ceramics, composites, smart materials, and other variants [7]. Polymers are the
most used material in AM, and common plastics such as acrylonitrile butadiene styrene (ABS),
PLA, polycarbonate (PC), polyether ether ketone (PEEK), etc. can be used [13]. In addition to these
materials, the adaptability of 3D printing also enables the use of uncommon materials like sticker
papers, chocolate, and polymer/adhesive sheets for laminated object manufacturing (LOM).
However, it is crucial to remember that the chosen material's characteristics significantly
impact the final quality of the printed product [14]. The types of multi-materials, including metal-
metal, metal-ceramics, metal-polymer, polymer-polymer, and functionally graded multi-

materials, are also reviewed in the literature [15].

[ Multi-materials ] ( \

Properties to improve
Hardness
Functionality
[Polymer—Polymer] [ Metal-Metal ] [ Ceramic-Ceramic ] Thermal performance
Ultimate tensile
strength
Wear resistance

[ Functionally graded ] Osteoconduction
Thermal conductivity

[ Polymer-Metal ] [ Metal-Ceramic ] Modulus

Cell proliferation
Surface finish
Flexural strength

[ Ponmer-Ceramic] \ /

Figure 2. Multi-materials for AM [15].

Among various materials available for 3D printing, PLA has gained significant attention due to
its biocompatibility, ease of processing, and desirable mechanical properties. Now with PLA, it
is possible to come up with a patient-specific customized solution of biomedical problems [16,17].
However, PLA materials face certain limitations attributed to their poor toughness, low impact
resistance, low hydrophilicity, slower degradation rate, and inadequate cell adhesion [16-18]. To
meet the demanding requirements of biomedical applications and harness the full potential of

PLA when it comes to tailormade solutions, further improvements in the mechanical and
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tribological performance of PLA are necessary. In recent years, the incorporation of fillers has
shown promise in enhancing the mechanical and tribological properties of PLA-based
composites. Among these, SCF, CNT, glass fibers (GF), and GNPs are promising fillers to
overcome the existing limitations of the polymer matrix by creating a composite with better
structural and functional properties that none of the constituents alone could achieve [19,20]. PLA
is a potential biodegradable polymer used as a matrix in polymer-based composites. PLA-
graphene nanocomposite blends are actively employed to produce 3D-printed scaffolds for tissue
engineering [21]. Although the biocompatibility of this composite has been demonstrated in
previous studies [22,23], its prospective application in load-bearing structures, as well as the
resulting performance under varying loading situations, should be investigated further. When
polymers are used in tribological applications at great velocity under high loads, they exhibit a
low load-carrying capacity and a short running life [24], with considerable financial loss to the
industry [25]. There is currently significant interest in applying polymer-based composites for
tribological applications [26,27]. Carbon fillers, including carbon nanotubes (CNT), carbon fibers
(CF), graphene, and others, can be used to improve the tribological behavior of polymer
composites [28]. Because of their excellent thermal, mechanical, and electrical properties, high
surface-to-volume ratio, and good dispersion in polymer matrices, SCF and GNP are good
candidates for the advancement of structural and functional polymer composites [29,30].
Another filler that recovers the inherent osteogenic incapability of PLA is a bioactive ceramic
called HA, which is an organic phase core ingredient for bones (60 wt.%) and tooth enamel (90
wt.%) [31]. HA, with the chemical formula CalO(PO4)6(OH)2, is a biocompatible and
biodegradable material that has shown great promise in bone regeneration [32]. The
incorporation of HA into PLA-based scaffolds has been explored in the field of bone tissue
engineering to enhance their biological properties and promote bone regeneration. The rich
carboxyl and hydroxyl groups of the HA structure provide it with a highly hydrophilic character
that facilitates cell adhesion and wound healing and can encourage hemostasis, prompt collagen
deposition and fibrosis, regulate inflammation balance, and promote re-epithelialization via the
enzymatic reaction of hyaluronidase and chemical interaction [32].

The present study aims to investigate the mechanical and tribological performance of 3D-printed
PLA composites reinforced with carbonaceous fillers (SCFs and GNPs) and HA fillers. First, the
optimal composition of the PLA-based composite with carbonaceous fillers will be determined
through systematic experimental investigation. Mechanical characterization, including tensile
strength, flexural strength, and impact resistance, will be conducted to evaluate the performance
of the composites. Furthermore, the tribological properties of the PLA-based composites with HA
fillers will be assessed through wear tests and friction tests. These evaluations will provide
insights into the wear rate, coefficient of friction, and surface morphology of the composites. In
vitro biocompatibility tests, including cell viability and proliferation assays, will be carried out to

evaluate the cytocompatibility of the composites, ensuring their suitability for biomedical
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applications. The findings from this research will contribute to the development of advanced 3D-
printed PLA composites with enhanced mechanical strength, wear resistance, and
biocompatibility. Such composites have great potential for use in various biomedical
applications, including bone tissue engineering, orthopedic implants, and other load-bearing

biomedical devices.
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2. BACKGROUND

2.1PLA

2.1.1 Properties and Characteristics of PLA

PLA is a bio-based and biodegradable polymer that has garnered considerable interest owing to
its distinctive characteristics and diverse array of potential uses. Comprehending the properties
and characteristics of PLA is imperative for investigating its potential as a matrix material in
composite systems. This section presents a comprehensive overview of the fundamental
properties and distinctive characteristics of PLA.

1. Mechanical Properties: PLA demonstrates a synergistic interplay between its elastic modulus
and fracture toughness, rendering it a viable candidate for diverse mechanical loading scenarios.
The tensile strength of the material generally falls within the range of 50 to 70 MPa, while Young's
modulus varies between 2 to 5 GPa, strain at fracture is around 4-10% based on the grade and
processing parameters [17,33,34].

2. Thermal Properties: Semi-crystalline PLA exhibits a modest glass transition temperature (Tg)
of approximately 55-58°C, which governs its thermal stability and processability. Upon
surpassing the glass transition temperature (Tg), PLA undergoes a transition from a vitreous
phase to a viscoelastic phase, thereby enabling malleability and plasticity [35]. PLA demonstrates
a melting temperature (Tm) that generally falls within the range of 130 to 230 °C. The thermal
characteristics of PLA render it appropriate for diverse processing methodologies, including but
not limited to extrusion, injection molding, and additive manufacturing via 3D printing [36].

3. Biodegradability: One of the principal benefits of PLA is its inherent biodegradability.
Polylactic acid (PLA) is a biopolymer from renewable resources, including corn starch or
sugarcane [37]. It degrades, undergoing first hydrolytic and latter enzymatic degradation
in industrial composting facilities and natural environments [38]. The eco-friendliness of PLA as
a substitute for petroleum-based plastics leads to a decrease in environmental impact
and advancement in sustainability.

4. Transparency and Appearance: PLA is renowned for its exceptional transparency, akin to that
of traditional plastics used in food packaging applications such as polyethylene terephthalate
(PET) and polystyrene (PS). The surface of the material exhibits a lustrous quality and can be
readily pigmented or manipulated to attain diverse optical outcomes [39]. The inherent aesthetic
properties of PLA render it a viable option for deployment in scenarios necessitating

transparency or visual allure, such as the packaging of comestibles and consumer goods.
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5. Processability: PLA exhibits favorable processability characteristics, facilitating diverse
shaping techniques, including but not limited to injection moulding, extrusion, blow moulding,
and film casting [36]. Compared to other biopolymers, PLA has better thermal processability,
reduced energy consumption, and improved manufacturing efficiency [17].

6. Barrier Properties: PLA demonstrates moderate barrier characteristics against gases, including
oxygen and carbon-dioxide, aroma molecules, and water vapor, thereby rendering it appropriate
for deployment in packaging-related domains. Nevertheless, its barrier characteristics exhibit
inferiority in comparison to other petrochemical-derived polymers, such as PET [40]. To augment
the barrier properties PLA, it is possible to utilize multi-layer or nanostructured coatings [41].

2.1.2 Limitations and Disadvantages of Neat PLA

Although PLA presents various benefits, it also exhibits specific constraints and drawbacks that
require careful consideration. Comprehending these constraints is pivotal in formulating tactics
to surmount them and enhance the efficacy of materials based on PLA. This section presents a
comprehensive overview of the principal constraints and drawbacks linked to neat PLA.

1. Brittleness: One of the principal constraints of neat PLA is its intrinsic fragility. It demonstrates
a relatively low impact strength and tends to display brittle fracture behavior under specific
conditions with less than 10% elongation at break [17]. This constraint restricts its utilization in
scenarios that necessitate elevated tenacity and endurance against impact or dynamic loading.

2. Processing Temperature: PLA exhibits a comparatively low thermal resistance and possesses a
processing temperature range that is more limited in comparison to certain other polymers.
Generally, it exhibits a glass transition temperature (Tg) ranging from 55-65 °C, which may pose
challenges to its processability in specific applications such as injection molding or blow molding,
electrical applications, thermoforming, etc. [42]. Elevated processing temperatures have the
potential to induce thermal degradation, whereas reduced temperatures may give rise to
suboptimal melt flow and processing challenges.

3. Slow degradation rate: The degradation rate of PLA is characterized by its slow hydrolysis of
ester groups. The degradation rate is subject to the influence of various factors, including but not
limited to PLA crystallinity, molecular weight, structure, diffusion of water level, and
stereoisomeric information [43]. Decelerated degradation kinetics can lead to a prolonged
lifespan of several years, which may not be optimal for scenarios that mandate regulated
degradation, such as specific biomedical applications.

4. Hydrophobicity: PLA displays a degree of hydrophobicity, indicating its tendency to repel
water. This phenomenon may result in decreased cellular and tissue affinity and, in certain
instances, elicit an inflammatory reaction upon exposure to biological fluids [44]. Enhancing the
hydrophilicity of PLA surfaces is crucial in augmenting its cellular interaction, particularly

in biomedical applications.
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5. Chemical Inertness: The absence of reactive groups in PLA makes it chemically inert. This
constrains the capacity to introduce functional groups in the sidechain or alter the surface and

bulk properties of the material via conventional chemical techniques [36].

2.2 Enhancing the Performance of PLA Composites

2.2.1 Importance of Reinforcing Agents in Improving the Mechanical Properties of PLA

The mechanical characteristics of PLA composites are significantly improved by reinforcing
agents. The PLA matrix can be modified by adding various agents to change critical mechanical
properties such as strength, stiffness, toughness, and wear resistance [45]. There are various
advantages of adding reinforcing agents to the PLA matrix. First and foremost, it improves the
composite's strength and stiffness, addressing neat PLA's innate brittleness and low tensile
modulus [46]. The reinforcing agents serve as load-bearing elements in the composite structure,
efficiently transferring stress and enhancing overall mechanical performance [47-49]. Second, the
toughness and impact resistance of PLA composites is improved by the reinforcing agents. Neat
PLA has limited use in situations requiring great energy absorption and impact resistance due to
its comparatively poor fracture toughness and impact strength [50,51]. Moreover, the
incorporation of reinforcing agents has the potential to improve the tribological characteristics
and wear resistance of PLA composites [52].

The efficacy of reinforcement agents in enhancing the mechanical characteristics of PLA
composites can be attributed to multiple mechanisms. The load transfer mechanism encompasses
the transmission of externally applied stress from the matrix to the reinforcing agent, thereby
facilitating the uniform distribution of the load and impeding the propagation of cracks [53]. The
interfacial bonding mechanism between the reinforcing agent and the PLA matrix is of
paramount importance in guaranteeing efficient stress transfer and load-bearing capacity.
Moreover, the dispersion and alignment of the reinforcing agents within the matrix exert a
substantial impact on the mechanical properties of the composite [54].

2.2.2 Reinforcement Approaches for PLA Composites

To harness the potential of PLA while balancing its limitations, researchers have directed their
attention toward reinforcing PLA with diverse substances and transforming it into different PLA-
based composite materials. Since the matrix is based on PLA which is a polymer these composites
are also termed as polymer matrix composite (PMC). PMCs refer to composite materials that

employ a polymer resin as the matrix material. PMCs possess favorable characteristics such as
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low weight, high stiffness, and robustness, rendering them highly suitable for deployment in the
aerospace and automotive sectors. The matrix within PMC is of paramount importance in
facilitating fiber bonding and load transfer [55]. The reinforcement material may manifest in the
configuration of fibers, particles, or nanofillers. Blending reinforcement agents into PLA can
substantially enhance its mechanical characteristics, including tensile strength, flexural strength,
and impact strength. Numerous investigations have been carried out to examine the impact of
fiber reinforcement on the mechanical characteristics of PLA. Incorporating fibers into the
composite material significantly enhances its mechanical properties, particularly in terms of high
tensile strength and stiffness [56]. The optimized alignment of fibrous structures amplifies the
load-bearing efficacy and impedes the propagation of cracks, thereby culminating in heightened
toughness. Numerous studies have shown that adding natural fibers, glass fibers, short carbon
fibers, and ceramic fillers can improve the mechanical properties of PLA and allow it to be used
in the intended applications [57-60]. Additionally, the researchers examined and found that
CNTs, GNPs), nano-hydroxyapatite (nHAp), and nano clay were successful in imparting the
desired qualities to PLA, improving both its mechanical and barrier capabilities [61-63]. In PLA
composites used for biomedical applications, bioceramic elements, including HA, calcium
phosphate, and bioactive glass, are frequently included, strengthening the composite while
encouraging bone repair [30]. According to studies, adding HA improves the mechanical
properties of ceramic scaffolds, and adding bioactive and biocompatible fillers to ceramic-
polymer composites improves cell adhesion. It makes developing new bone tissue easier after

implantation [64-66].

2.3 Overview of the Growing Interest in PLA-Based Composites

The recent surge in interest in composites derived from PLA can be attributed to several factors.
Firstly, there is an ever-growing demand for sustainable materials in various industries, such as
packaging, automotive, aerospace, and biomedical sectors. This need has encouraged researchers
to explore environmentally friendly alternatives to traditional petroleum-based polymers.
Secondly, the ability to customize the characteristics of PLA by incorporating reinforcement
materials has sparked extensive scholarly investigation. Researchers aim to enhance the
mechanical functionality, thermal stability, flame retardancy, and other functional properties of
PLA by integrating reinforcing agents into its matrices [67]. The versatility of PLA composites
allows for tailoring them to specific applications, thereby expanding their potential use in diverse
industries. To enhance the qualities of PLA composites, researchers have examined various types
of reinforcing agents. The choice of reinforcing material depends on the desired characteristics of
the composite and the specific application at hand. Different processing methods, such as melt

blending, solution casting, and 3D printing, have been explored to incorporate reinforcing agents
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into the PLA matrix [68]. The growing interest in PLA-based composites stems from the
opportunity to combine the desirable properties of PLA with the improved mechanical
performance offered by the reinforcing agents. Researchers can optimize the formulation and
processing parameters of the composite by understanding the interactions between the PLA
matrix and the reinforcing materials to achieve the desired properties.

Carbonaceous fillers including, CNT, CF, graphene, and others, are used to improve the
mechanical and tribological behavior of polymer composites [28]. Because of their excellent
thermal, mechanical, and electrical properties, high surface-to-volume ratio, and good dispersion
in polymer matrices, SCF and GNP are good candidates for the advancement of structural and
functional polymer composites [29,30]. Ferreira et al.[69] have shown in their study (Figure 3) that
incorporating short carbon fiber can enhance the mechanical properties of printed PLA and

positively affects the tensile and shear modulus in various printing directions.
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Figure 3. Effect of gCF reinforcement into PLA at +45° printinglorientation [69].
Another study by Rarani et al.[70] have shown from their experiments that, upon incorporating
continuous carbon fiber (CCF) into PLA, the ultimate tensile strength and tensile modulus of
elasticity during tensile tests and bending modulus and bending strength increases by fairly a
large margin indicating an overall improvement in the mechanical behavior of the material than
pure PLA. Figure 4a shows the tensile stress-strain curve of pure PLA and CCF/PLA composite,
and figure 4b illustrates load-displacement curves during three-point bending tests of both raw

and composite PLA material.
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Figure 4. Effect of CCF reinforcement into PLA (a) tensile stress-strain curve of pure PLA and CCF-PLA specimens
(b) load-displacement curves of pure PLA and CCF-PLA under three-point bending test [70].

Similarly, introducing graphene nanoplatelets into PLA can affect its mechanical properties

depending on factors such as raster direction and nanoplatelet size. One study conducted by

Vidakis et al.[71] have found that graphene-reinforced PLA doesn’t improve the mechanical

properties of the polymer matrix (Figure 5). However, this effort isn’t completely lost since it

imparts electronic properties into the composite, enhancing the functional properties of the

material.
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Figure 5. Comparison of the overall mechanical response of FDM-printed PLA polymer versus PLA/GNP composite

[71].

However, another study conducted by Gao et al.[72] have shown (Figure 6) that improvement of

the mechanical properties of the PLA matrix is possible, but it depends on the size of the filler.

From their study, it was observed that GNP in 5 wt.% content with a diameter of 15 pm which

was considered large, or GNP-L and GNP-s with a diameter of 1 um which was considered as
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smaller filler size, have differences in their mechanical properties. Larger GNP platelet of 15

micrometers at 5 wt.% shown the best mechanical behavior compared to non-reinforced polymer.
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Figure 6. Stress—strain curves of nanocomposite films for; (a) PLA/GNP-S and (b) PLA/GNP-L, showing the highest
mechanical reinforcement for 5 wt.% GNP-L based nanocomposites and fully preserved ductility for systems based on
5 wt.% GNP-S [72].

Multiwalled carbon nanotubes (MWCNT) have also been studied as reinforcements for PLA, with
concentrations exceeding 1 wt.% found to significantly enhance its mechanical properties [73, 74].
In addition, the incorporation of multiple carbon nanofillers has been investigated due to their
impact on the mechanical properties of PLA nanocomposites, with Batakliev et al.[75] showing
that (Figure 7) combining GNP and MWCNT nanocomposites with better mechanical properties

could be obtained.
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Figure 7. Hardness (a) and Youngs modulus (b) of GNP/MWCNT/PLA nanocomposites with overall 3 and 6 wt.%
carbon loading [75].

Basheer et al.[76] demonstrated (Figure 8) that adding both SCF and graphene to PLA doubles the
mechanical strength of the matrix. Their study shows that, both reinforcement and raster
orientation influence the mechanical properties by a significant margin.
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Figure 8. Strength of raw polylactic acid and hybrid polylactic acid (PLA-G-CF) material under tensile load [76].

With respect to the tribological properties, there are few studies available on the effect of adding
carbonaceous fillers to PLA. Batakliev et al.[77] studied the influence of MWCNTs and GNPs on
the tribological behavior of PLA using scratch and wear experiments and claimed that the scratch

resistance of the 12 wt.% GNP/PLA nanocomposite was twice as high as neat PLA. Bustillos et

al.[78] studied the influence of graphene on PLA and showed that PLA-graphene composites

presented a significant improvement in creep and wear resistance. Suresha et al.[79] have

demonstrated that adding 20 wt.% short carbon fibers to PLA resulted in composites with

improved wear resistance (70 % decrease in specific wear rate). From Figure 9 it is observed that

with the increase of load (10 to 20 N), the increment in mean specific wear rate for SCF-reinforced

PLA is less compared to the pure ones.

Mean Ks (x 10 m*/N-m)

Load Velocity

Distance

08

06

041

02 !

20 3005 10
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In a recent work on PLA-based biocomposites reinforced with SCF, GNP, and SCF + GNP [52]
produced by casting, it was shown that the joint addition of these two fillers (volume ratio

between the PLA and the fillers of 1:0.02) had a beneficial effect on the hardness and specific wear
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rate of PLA. The use of bioceramic materials, including HA, calcium phosphate, and bioactive
glass, is prevalent in PLA composites for biomedical purposes. The materials used have a dual
function of strengthening the composite and promoting bioactivity, which aids in the
regeneration of bone and osseointegration. The use of ceramic nano biomaterials, specifically
those based on calcium phosphate, has been the subject of numerous studies in the fields of
orthopedics and dentistry [61]. These materials have been investigated for their potential
applications in a wide range of scenarios. One common type of material used in biomedical
applications is bioceramics [80]. Incorporating synthetic biopolymers like HA as coatings on poly
(lactic-co-glycolic acid) (PLGA) surfaces can enhance the mechanical properties of ceramic
scaffolds. Additionally, ceramic-polymer composites are utilized in the biological field [64,66].
These composites present a workable option regarding mechanical strength, biological
usefulness, and biocompatibility. The addition of bioactive and biocompatible fillers enhances
the ability of bone cells to adhere, proliferate, and differentiate. This ultimately leads to the
formation of new bone tissue when implanted [65]. Concerning tribological properties,
several studies have investigated the impact of HA incorporation in polymer blends. The
composite's rigid contact points of HA particles are more unyielding against the counter body
than the polymer matrix's rigid contact points. Studies have shown that adding HA to polymer
matrices like ultra-high-molecular-weight polyethylene (UHMWPE) improves tribological
characteristics and wear resistance. For instance, Macuvele et al.[81] investigated the application
of organophilic bentonite (BO) to improve the interface between UHMWPE and HA, enhancing
the composite's mechanical and wear properties. The combined mechanical, tribological, and
biological advantages led them to conclude that the composite might be employed in bone tissue
engineering [81]. Figure 10 clearly shows that the incorporation of HA into UHMPWE matrix

improves the wear and friction behavior of the polymer.
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Figure 10. Effect on UHMPWE (a) Volumetric wear rate and (b) Friction coefficient [81].
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Experiments with various HA composites (including 7 wt.% nHAp) and UHMWPE
demonstrated decreased friction coefficients and wear rates [82]. When 50wt.% nHAP was
incorporated into UHMPWE, Mirsalehi et al. significantly reduced friction and wear [83]. In a
related study, Maksimkin et al. found an improved wear resistance of UHMWPE when combined
with HA [84]. Kang et al.[85] have shown that (Figure 11) nHAp gives better performance both
mechanically and tribologically compared to HA when incorporated into UHMPWE. However,
to the best of the author’s knowledge, no such tribological investigations have yet been conducted
on the PLA/HA composite material system.
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Figure 11. Effect on UHMPWE (a) Friction coefficient and (b) Volumetric wear rate [85].

2.4 Wide Range of Applications for PLA-Based Materials

PLA and its composite materials provide a versatile platform for various applications across
multiple industries. The distinctive amalgamation of characteristics, including biodegradability
and processability, renders PLA a compelling option for sustainable substitutes to traditional
petroleum-derived polymers. This section presents a comprehensive survey of the multifarious
applications wherein materials based on PLA have been utilized.

1. Packaging: PLA has garnered substantial attention in packaging due to its biodegradable
nature, transparent appearance, and commendable mechanical characteristics. It finds utility in
various applications, including but not limited to food containers, blister packs, films, and trays
[36]. Using PLA-based packaging offers an environmentally sustainable alternative, thereby

mitigating the ecological ramifications of disposable plastics.
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2. Biomedical and Healthcare: The biocompatibility and biodegradability of PLA render it
appropriate for diverse biomedical and healthcare applications. The utilization of this material is
observed in medical devices, drug delivery systems, tissue engineering scaffolds, and sutures [86-
92]. PLA-based materials exhibit regulated release characteristics and controlled degradation
rates, thereby enabling their application in the fields of regenerative medicine and implantable
devices [40,93,94].

3. Textiles and Apparel: PLA fibers have been formulated as an eco-friendly substitute for
synthetic fibers derived from petroleum, such as nylon and polyester. These fibers demonstrate
favorable mechanical strength, thermal endurance, and moisture sorption characteristics [95].
They are utilized in the domains of textiles, apparel, nonwoven fabrics, and home textiles, thereby
making a significant contribution towards the promotion of sustainable and environmentally
friendly fashion.

4. Agriculture and Horticulture: PLA-based materials have been used in agriculture and
horticulture. Their films are utilized together with plasticizers for mulching purposes, thereby
facilitating weed suppression, moisture preservation, and regulation of soil temperature [96].
Plant pots and trays based on PLA offer a biodegradable substitute for traditional plastic
receptacles, mitigating the accumulation of refuse and ecological contamination.

5. 3D Printing and Prototyping: The processability and compatibility of PLA with additive
manufacturing techniques, including 3D printing, have rendered it a prevalent material in
prototyping and small-scale production. PLA filaments are extensively utilized in desktop 3D
printers owing to their facile printability, minimal warping, and broad accessibility [97]. PLA has
emerged as a promising material for 3D printing applications, especially in the domain of
biomedical devices and a wide range of manufacturing and architectural applications [98]. The
utilization of PLA 3D printing has brought about a significant transformation in the creation of
personalized medical devices that are based on patient-specific anatomical information and
computer-aided design. This technology holds immense promise in the fields of tissue
engineering, diagnostic platforms, and drug delivery systems [99].

6. Consumer Goods: PLA-based materials are utilized in a variety of consumer products, such as
single-use utensils, food containers, disposable drinkware, and playthings. The utilization of
polylactic acid's biodegradability, aesthetic appeal, and food contact suitability confer
advantageous attributes to these applications [36].
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3. RESEARCH GAP AND OBJECTIVE

In a previous investigation conducted by Anzum Al Abir [52], the Tribos+ master thesis studied
the mechanical and tribological behavior of PLA reinforced with Sn-Zn-Bi, SCF, and graphene.
The study yielded promising results regarding the PSG composition, thereby opening avenues
for exploring the optimal composition of this composite material system. By conducting further
experiments and meticulously analyzing the results, it is possible to establish a scientifically
rigorous correlation between the reinforcement content and the beneficial characteristics of the
PLA/SCE/PSG composite.

Another intriguing application of PLA lies in the field of biomedical scaffolding. Scaffolds play a
crucial role in tissue engineering, facilitating the regeneration process at fractured bone sites. In
bone tissue regeneration, it is common practice to employ a scaffold positioned between the site
of the bone fracture and the subsequent injection of stem cells. This scaffold aids in the
regeneration of bone tissue. PLA has gained popularity in biomedical applications due to its
bioresorbability, biocompatibility, and satisfactory mechanical properties, which allow for
customized orthopedic solutions tailored to individual patients. However, it is important to note
that PLA has limitations in terms of bioactivity. For example, it lacks the ability to promote cell
adhesion and the osteogenic capability required for the differentiation of stem cells into
osteoblasts, responsible for bone tissue formation. Researchers have explored the incorporation
of HA into PLA scaffolds, testing them in laboratory settings (in vitro) and living organisms (in
vivo). The results demonstrated favorable mechanical and biological responses in the PLA/HA
composite. However, the tribological analysis of this material system has been overlooked.
Microscopic movement at the bone site can lead to scaffold degradation, triggering inflammatory
reactions and other undesirable cellular responses. Therefore, investigating the tribological
degradation of PLA/HA composites with incorporated HA fillers is crucial.

The primary objectives of this study are to identify the optimum composition for producing a
self-lubricating reinforced PLA composite using carbonaceous fillers (SCF and GNP) and to
investigate the mechanical and tribological properties of a bioceramic (HA) incorporated PLA
composite.
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4. EXPERIMENTAL DETAILS

4.1 Materials and Methods

This study focuses on the development and investigation of two distinct material systems: PLA
reinforced with GNP and SCF composites, referred to as PSG, and PLA filled with HA
composites, referred to as PH samples. The PSG samples were examined in their original state
after being printed from the filament developed earlier. In contrast, the PH samples underwent a
four-stage process before printing the composite material sample. These stages included mixing
and melting, granulation, filament extrusion, and, finally, 3D printing. The workflow of this
process is depicted in Figure 13.

PLA + Graphene + Short

Carbon Fibres (PSG) PLA +Hydroxyapatite (HA)

| PYS—
| FYS—

Filament Production through

Filaments (as received) melt extrusion

________________ 3D Printing of the samples for
Investigation

Figure 12. Workflow of PLA-based PSG and PH composite material investigation.

The previous study [52] provided a description of the materials utilized for PSG filaments. The
PLA granules (average diameter of 4.85 mm and density of 1.25 g/cm3) were supplied by
Goodfellow. SCF (density of 1.8 g/cm3) was provided by Sigrafil with an average filament length
of 80 um and diameter of 7 um. GNP (purity 99.9% and density of 2 g/cm3), with an average
thickness of 5 nm and length of 30 um, was supplied by Nanografi. The PLA utilized for the
second set of composite materials (PH-5 and PH-10) was provided by Sigma-Aldrich. The PLA
had an average diameter of 4.85 mm and a density of 1.25 g/cm3. The same company supplied
HA (with a density of 1.8 g/cm3) that had an average diameter of < 10um.
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Printed Sample 3D Printing Filament

Figure 13. 3D printed samples’ manufacturing process: mixing and melting of the PLA granules with reinforcements,
granulation of the mixtures, extrusion of the filaments, and 3D printing. The filaments and the 3D samples produced
are also shown.

During the production of PSG filaments, the torque was continuously measured as a function of
time while mixing PLA with SCF and GNP. After 30 minutes of melting at 190°C and mixing
inside the barbender Plastograph homogeneous PSG filaments were obtained [100]. To produce
PH filaments, the constituent materials were mixed and melted at 210°C for the same duration
inside the same machine. Later, the mixtures obtained were then granulated in Plaszone
equipment. After that, the filaments from PLA filled with HA were extruded by a 3Devo extruder
machine, while previously, PSG filaments were produced in Barbender equipment [100]. In both
cases, the 3D printed samples were produced by FFF (Prusa i3 MK3 3D printer). The printing
parameters are indicated in Table 1.

Table 1. 3D printing parameters.

Parameter name Value
Printed sample dimensions (mm) 60x10x3
Extruder Temperature (°C) 215
Bed | Painter’s tape
Bed Temperature (°C) 60
Cooling (Fan speed) 100%
Layer Thickness (mm) 0.2
Raster Angle (°) -45/+45
Infill Density (%) 100%
Nozzle diameter (mm) 0.8
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Table 2. Name and chemical composition of the samples produced in this work.

Sample name PLA (wt.%) SCF (wt.%) GNP (wt.%) HA (wt.%)
PSG-0.5 99 0.5 0.5 -
PSG-1 98 1 1 -
PSG-2 96 2 2 -
PSG-5 90 5 5 -
PH-5 95 - - 5
PH-10 90 - - 10

4.2 Characterization Techniques

4.2.1 Morphological and Chemical Characterization

4.2.1.1 Scanning Electron Microscopy (SEM) / Electron Dispersive Spectrometry (EDS)

SEM-EDS is a widely employed method for analyzing and evaluating various materials. This

technology has been extensively employed across diverse disciplines such as geology, metallurgy,

microelectronics, ceramics, coatings, cement, and soft materials. The fundamental principle

underlying EDS involves the utilization of an electron beam to induce the emission of X-rays from

a specimen, thereby enabling the acquisition of chemical information about the sample. Except
for hydrogen and helium, all elements in the periodic table can be qualitatively analyzed using
EDS, while SEM offers topographic information about the sample [101]. Before and after
tribological experiments, the morphology of the printed samples was examined using SEM

(Hitachi-SU3800) equipment. The chemical composition was determined using energy-dispersive
X-ray spectroscopy (EDS) with the X-MaxIN, Oxford Instruments, Abingdon, UK. (Figure 14)
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Figure 14. SEM (Hitachi-SU3800) used in this work.

4.2.1.2 Tomography

Computer tomography (CT) is an emerging non-destructive inspection (NDI) method that holds
significant relevance in industrial settings. It is particularly valuable when the 3D characteristics
of materials are crucial or when monitoring the development of critical features is of interest, be
it during the manufacturing process or while in service. CT is a powerful imaging technique that
offers both qualitative and quantitative analysis of the structural and compositional
characteristics of various materials, including composite materials. It is a widely employed
technique within the domain of polymer composites for the purpose of examining the internal
structure of said composites. This analysis encompasses the assessment of various aspects, such
as the distribution of fibers and voids, as well as the quantification of porosity and density of the
composite material. CT is a valuable technique that can be employed for investigating the
mechanical characteristics of composites, including their stiffness and strength. Additionally, this
technique enables the identification and assessment of defects within composites, such as cracks
and delamination. Nevertheless, there are still obstacles to overcome when employing CT for
composite materials. These challenges encompass the limited scanning volume in relation to the
composite architectures and components, as well as the requirement for image processing to
achieve quantitative analysis [102,103]. The tomographic analysis in this study was conducted
using SKYSCAN X-ray microtomography (Figure 15).
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Figure 15. SKYSCAN X-ray microtomography equipment used in this work.

4.2.1.3 3D Profilometry

3D profilometry is a non-contact surface measurement technique that provides quantitative
information about the surface topography of composite materials. The technique involves
scanning the surface of the material with a laser or stylus to obtain a 3D map of the surface. The
data obtained from the scan can be used to measure the roughness, waviness, and other surface
features of the composite material. 3D profilometry is a useful tool for the characterization of
composite materials, as it can provide information about the surface morphology of the material,
which is important for understanding the mechanical properties of the composite. The technique
is also useful for quality control and process optimization in the manufacturing of composite
materials [104]. Utilizing an Alicona-InfiniteFocus 3D profilometer (Figure 16), an analysis was
conducted on the wear track and scar present on the samples.

alicona
ANFINITES 0

Figure 16. 3D profilometer (Alicona-InfiniteFocus) used in this work.
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4.2.2 Structural Characterization

X-ray diffraction (XRD) is a prevalent technique in materials science investigating materials'
atomic and molecular structure. The methodology is founded upon X-ray interaction with the
crystal lattice of the substance, thereby inducing the X-rays to disperse in diverse orientations. By
analyzing scattered X-rays' angular and intensity distribution, researchers can discern the
interatomic spacing within the crystal lattice and the atomic type and arrangement. The data can
be utilized to determine the substance's crystallographic configuration, chemical makeup, and
physical characteristics. XRD is a unique technique for analyzing crystalline substances,
including metals, minerals, ceramics, and semiconductors.

Additionally, it can be applied to the investigation of non-crystalline materials, such as
amorphous solids and glasses. The non-destructive methodology can investigate materials in
diverse forms, such as powders, thin films, and single crystals. It is a potent instrument for
materials research. It has a wide range of applications, including the characterization of materials,
quality control, and the development of novel materials with tailored properties [105]. The
crystalline structure of the raw materials and composites was analyzed via XRD using Co-Ka
radiation (1.790300 A) on a Philips XPert instrument (Figure 17).

Figure 17. Philips XPert XRD equipment used in this work.

4.2.3 Thermal Characterization

Differential scanning calorimetry (DSC) is a thermal analysis technique widely employed to
investigate the thermal behavior of materials. It is exact and has gained significant popularity in

the scientific community. This methodology enables the quantification of the thermal energy
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differential necessary to elevate the temperature of a specimen relative to a reference substance
as a temperature-dependent variable. DSC is a commonly employed technique for characterizing
polymeric materials. It enables the determination of their thermal behavior and transformations.
Through quantifying the thermal energy transfer linked with the specimen, DSC can furnish
insights into thermal phenomena encompassing glass transition temperature (Tg), crystallization
temperature (Tc), and melting temperature (Tm). DSC is a highly valuable technique for
analyzing the thermal stability of various materials, including polymers. It enables the assessment
of their thermal properties, such as heat capacity, enthalpy, and thermal conductivity. The
methodology can additionally be employed to scrutinize reaction kinetics, phase transitions, and
chemical reactions that entail alterations in heat flow [106]. DSC was employed to evaluate the
alterations in thermophysical characteristics and crystalline structure of the PLA matrix. The
temperature range for all samples was between 25 °C and 230 °C. The temperature ramp was set
to 10 degrees Celsius per minute, and the carrier gas used was nitrogen at a flow rate of 40
milliliters per minute.

The assessment of the crystallinity degree of the composite powders after compaction was

conducted utilizing the equation [9]:

AH/

Xc (%) = o,

x 100 (1)

o

The symbol AHf denotes the fusion enthalpy of the specimens, while AHfo corresponds to the
conventional enthalpy of polylactic acid, typically assumed to be 93]/g [8]. The experimental
apparatus employed for the tests was the NETZSCH-DSC 204 f1 Phoenix equipment (Figure 18).

Figure 18. DSC equipment (NETZSCH-DSC 204 f1 phoenix) used in this work.
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4.2.4 Mechanical Characterization

4.2.4.1 Hardness

Shore-D hardness test is a non-destructive technique used to measure the hardness of materials,
including composite materials. The Shore-D hardness test measures the resistance of a material
to penetration of a spring-loaded needle-like indenter. The test is standardized and widely used
in the industry to determine the hardness of soft materials, usually plastic or rubber. The test
measures the penetration of a specified indenter into the material under specified conditions of
force and time. The hardness value is often used to identify or specify a particular hardness of
elastomers or as a quality control measure on lots of material. The data obtained from the test can
help engineers understand the mechanical properties of the composite material, which is
important for understanding the processing and performance of the composite. The test can also
be used to determine the degree of cure of reinforced and non-reinforced rigid plastics [107]. The
Shore-D hardness tester is a portable and user-friendly device comprising a dial indicator
exhibiting the hardness value on a scale from 0 to 100. The deflection of the instrument's needle
indicates the penetration depth of the conical tip, which correlates with the material's hardness
under examination. The Shore-D hardness examination is extensively employed in various
industries, including the automotive, aerospace, and construction sectors, to evaluate the

hardness and caliber of the materials utilized in their commodities [108].

Figure 19. Shore (Durometer) Hardness Tester used in this work.
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The Shore D hardness of the samples was assessed utilizing a CV Instruments Limited instrument
bearing serial number 6870 (Figure 19) in accordance with the ASTM D2240-00 testing standard.
The load was manually applied, and the results were recorded at a sampling rate of 3 Hz. Five

experimental trials were conducted on every specimen.

4.2.4.2 Dynamic Modulus of Elasticity Test

The impulse excitation technique (Figure 20) is used to calculate the elastic modulus. The test
measures the fundamental resonant frequency of test specimens of suitable geometry by exciting
them mechanically with an impulse tool. Five tests were performed on each sample according to
the standard ASTM E 1876-01 [109]. The elastic modulus was calculated using Equation 2:

mft?\ (13
E= 0.9465< ; >(t—3> T, )

Where [, t and d are the dimensions of the sample (length = 60 mm, width =10 mm, and thickness

= 3 mm, respectively), m is the mass and ft is the fundamental frequency of the first flexural
vibration mode. Because of the finite dimensions of the samples, a correction factor T; is needed.

For its calculation, a constant Poisson ratio of 0.3 was assumed.

Figure 20. Dynamic Young’s modulus measurement apparatus.
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4.2.5 Tribological Characterization

Ball on disc tribological test is a widely used technique to evaluate the wear, friction, and extreme
pressure properties of materials, including composite materials. The test consists of a ball under
load against a stationery disc. The wear loss of the ball or disc is determined gravimetrically
through microscopic examination and surface profiling. The sliding velocities and normal load
are controlled to simulate the operating conditions of the material. The ball-on-disc tribological
test is a useful tool for evaluating the tribological properties of different composites. The test can
provide information about the wear resistance and friction coefficients of various combinations
of materials and coatings, sliding properties of self-lubricating bearing materials, and low-friction
coatings [110,111]. Three tests were performed on each sample using a pin-on-disk tribometer
(RTec) (Figure 21).

v

Rtee

Figure 21. Pin on disk tribometer (Rtec).

A 5N load was exerted via a spherical pin utilizing a stainless steel (100 Cr6) ball measuring 5
mm in diameter. Before initiation, the spherical ball underwent ultrasonic cleansing in ethanol
and was subsequently desiccated within the pin holder. It was a test that involved reciprocation.
The stroke length was configured to 6 millimeters, the frequency was set to 8.5 Hertz, and the
overall time duration was 300 seconds. The experiment was conducted under standard laboratory
conditions with a temperature of 25°C and a relative humidity of 50%. Utilizing an Alicona 3D
profilometer, an analysis was conducted on the wear track and scar present on the samples. The

coefficient denoting the rate of wear, k, was computed utilizing the formula [112]:
v mm?
k=5 G0) 3)

The variable V represents the wear volume of the specimen, N denotes the applied load, and S
represents the distance traveled.
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5. RESULTS AND DISCUSSION

5.1. Raw Materials

The characterization of the raw materials PLA, SCF, and GNP was carried out in a previous study
[52] (Figure 22). The PLA granules (Figure 22a) were mostly spherical (equivalent to a diameter
of approximately 4.8 mm),

The GNP powder (Figure 22b) presented a flake-like morphology with stacked layers of graphite
sheets, and the SCF (Figure 22c) consisted of cylindrical rods with a length of tens of micrometers
and diameters lower than 10 pm. Figure 23 shows the optical and SEM images of the PLA and
HA raw materials used to produce the PLA, PH-5, and PH-10 filaments. The PLA granules
(Figure 23a) had a spherical shape with an equivalent diameter of approximately 4.8 mm. SEM
images revealed that the constituent granule size of the HA was typically < 10 pm (Figure 23b).
However, there are fair amounts of particles bigger than 10 um, and the aggregation tendency of
the particles was observed during SEM investigation.

4 { ! : & .40 4 e r >
-4 \ v el \ ~ i

Figure 22. a) Optical image of the PLA granules, b) and c¢) SEM images of the GNP, and SCF, respectively [52].
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Figures 24a and b show the XRD patterns of the raw materials used to fabricate the PSG and PH

composite system.
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Figure 24. XRD patterns of the raw materials used in this study. (a) PLA, SCF, and GNP [52], and (b) PLA and HA.

The PLA had two intense diffraction peaks at 20 =19° and 22°, ascribed to the (200/110) and (203)
planes, and two smaller peaks, corresponding to the (010) and (015) diffraction planes of the a'-
form orthorhombic crystallographic structure [113]. The lattice parameters were calculated from
the (010), (200), and (203) planes, and the values of a =1.06 nm, b = 0.57 nm, and c =2.85 nm were
obtained. In Figure 24a, characteristic diffraction peaks were also illustrated for SCF and GNP.
The X-ray diffraction (XRD) analysis of HA depicted in Figure 24b also illustrates three intense
peaks at 20 = 30.04°, 37.08°, and 37.98°, representing the (002), (211), and (300) crystallographic
planes, respectively [114].

The DSC curves of the raw PLA used to produce the PSG and PH filaments are shown in Figures
25a and b, respectively. The one used for the PSG samples shows two peaks at 60 and 173° C,
corresponding to the glass (Tg) and melting (Tm) temperatures, respectively. The PLA used for
the fabrication of the PH samples exhibits the same peaks but shifted to higher temperatures (72
and 183°C). The crystallinity (Xc) of the two PLA granules was calculated using Equation 1, and

the values obtained were 45 and 43%, respectively. Therefore, it can be concluded that the two
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kinds of PLA granules used are slightly different, which might be due to eventually different

chemical compositions, e.g., different numbers of additives.
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Figure 25. DSC curves of raw PLA used to produce the (a) PSG [52] and (b) PH filaments, respectively.

5.2. Mixture of PLA with the Reinforcements

The torque vs. time curves recorded during the mixture of the raw materials is presented in Figure
26. The maximum torque values occurred in the first seconds of the mixing process and depended
on the composition of the samples, i.e., the higher the concentration of SCF and GNP, the higher
the maximum torque. This can be explained by the plasticity of the raw materials. Both fillers are
ceramic materials with higher hardness and lower ductility than PLA. After 200 s, all the curves

became stable and horizontal, meaning that the mixtures were homogenous after that time.
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Figure 26. Torque vs. time curves of the reinforced PSG samples.

Considering the time required for the homogenization of PLA and reinforcement materials, HA
infill was mixed with PLA for 1800s using the same procedure.
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5.3. Production of the Filaments

The mixtures were extruded to produce the filaments and subsequently inspected by optical
microscopy. Figures 27a and b show optical images of the PLA and PSG-5 filaments, respectively.
They presented some variations in diameter (from 1.75 to 1.94 mm). The average diameter of the
filaments was 1.8 mm, suitable for 3D printing. The parts of the filaments with a diameter greater
than 1.85 mm were not used to print the samples, to avoid nozzle-clogging issues and to maintain
the uniformity of the samples printed. Optical images of the PH-5 and PH-10 filaments are
presented in Figures 27c and 27d, respectively. Several diameter variations were observed,
ranging from 1.65 to 1.94 mm. Filament sections from each batch (PH-5 and PH-10) closer to the
diameter of 1.75 mm were used to print samples considering similar above-mentioned printing

challenges.

Figure 27. Optical images of the (a) PLA, (b) PSG-5, (c) PH-5, and (d) PH-10 filaments.

During the production of PH filaments, controlling the pellet diameter during the granulation
process proved to be difficult, resulting in a collection of granules of different diameters. The
filament extrusion process was significantly impacted by this diameter variability, especially
when working with PLA and HA fillers. The filament diameter varied because of the granulator
machine's variable performance, which led to certain particles melting before others. Figure 28
shows how particles were distributed after granulation. This variation in filament diameter
consequently had an immediate impact on the samples' print quality, further jeopardizing their

overall consistency.
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Figure 28. Size distribution of the particles from granulator.

The tomography results of the extruded PLA, PSG-5, and PH-10 filaments are illustrated in
Figures 29a, 29b, and 29c, respectively. The filaments were quite dense. The GNP and SCF

reinforcements (yellow dots — Figure 29b) were homogeneously distributed throughout the
filaments (Figure 29b). The HA fillers were also distributed throughout the filaments of PH
samples (Figure 29c)

Figure 29. Microtomography images of (a) PLA, (b) PSG-5, and (c) PH-10 filaments - typical examples of all the other
filaments.

The DSC curves of PLA and PSG filaments are illustrated in Figure 30a. The curves are identical
and characterized by three peaks corresponding to the glass transition (Tg), cold crystallization
(Tec), and melting (Tm) temperatures. The only difference concerned the cold crystallization
temperature. The reinforced PLA sample (PSG-5) showed a Tcc value 8°C lower than that of PLA,
which suggests SCF and GNP acted as nucleating agents, lowering the crystallization
temperature. Similar results were obtained by Ruz-Cruz et al. [115] on PLA-based multiscale
cellulosic biocomposites and Vinyas et al. [116] on PLA + 10% carbon fibers. The existence of Tcc
in both DSC curves means that partial amorphization of PLA took place during the processing of

the filaments since this peak was not observed for raw PLA [71]. Analogous results were reported
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by Sorrentino et al. [117]. Similarly, the DSC curves of neat PLA and PH filaments illustrated in
Figure 30b are characterized by the same three distinct points, namely, glass transition (Tg), cold
crystallization (Tcc), and melting temperatures (Tm). We observe a very slight decrease in the
melting peak from 179.9°C to 178.9°C, but it is not relevant [118]. The crystallization temperature
of PLA/HA composites reduces all compositions compared to pure PLA. Furthermore, the
incorporation of HA into PLA composites leads to a reduction in the glass transition temperature
by approximately 5-8°C. This phenomenon may be attributed to the partial breakdown of PLA
polymer chains caused by including a highly hydrophilic filler, such as HA. The presence of HA
has the potential to induce hydrolysis in certain PLA chains, leading to a plasticization process
facilitated by the resulting lactic acid oligomer [119]. Figure 30b illustrates a comparative
representation of the DSC curves for PLA/HA composites with varying HA concentrations,

enabling the observation of distinct transitions.
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Figure 30. DSC curves of (a) PLA and PSG filaments and (b) PLA and PH filament

5.4. 3D Printed Samples

Figures 31 i) a to f and Figures 31 ii) a to d show SEM images of the PLA and PSG-5 printed
samples and PLA and PH-10 samples respectively, to serve as typical examples of all the others.
The average thickness of the layers for PSG samples was 200 um (Figures 31 (i) a and c), while for
PH samples, the average layer thickness varied from 350-400 um (Figures 31 (ii) a and c). A higher
porosity was observed at the interface of the composite samples (Figures 31 (i) (b,d) and Figures
31 (ii)b). The images of the surfaces fractured in liquid nitrogen (Figures 31(i) (c and e) revealed
a more ductile behavior of the PLA when compared to the composite samples) and partial
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separation of the various layers printed in the case of the composite samples. This is related to the
fragile behavior of SCF and likely a poor wettability between the PLA matrix and fillers. Triangle-
shape voids, which were formed during printing [69,120], were observed on the fracture surface
of the PLA samples.
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Figure 31. (i) SEM images of (a—c) PLA and (d-f) PGS-5 samples printed. (a,b) Cross-section view, the interface between
layers, and (c,f) the fracture surface. The inset in Figure (f) shows a carbon fiber in the PLA matrix. (ii) SEM images of
(a-b) PLA, and (c-d) PH-10 samples printed.

The XRD patterns of the 3D-printed PLA and PSG samples are shown in Figure 32a. The PLA
presented just one broad peak centered at 20°, corresponding to an amorphous structure. During
the 3D printing process, the rapid cooling rate impeded the crystallization of PLA. Besides this
peak, the reinforced PLA samples also showed diffraction peaks corresponding to the (200/110)
plane of PLA (26 = 19.1°) and graphene (26 = 30.9°). The intensity of both peaks showed a direct
dependence on the concentration of the filler (Figure 33a), meaning that, as mentioned before,
SCF and GNP accelerated the crystallization of PLA. Similar results were observed in different
studies where other reinforcements were added to PLA [115,116]. The XRD peak of SCF was not
detected due to its low intensity and overlapping with the amorphous peak of PLA. The XRD
patterns of the 3D-printed PLA and PH samples are shown in Figure 32b. Similarly, the PLA
presented just one broad peak centered approximately around 20°, corresponding to an
amorphous structure. During the 3D printing process, the rapid cooling rate impeded the
crystallization of PLA. Besides this peak, the HA-filled PLA samples also showed double
diffraction melt peaks corresponding to the (211) plane of HA with a shoulder (300) at 26 = 37.04°
and 38.39°. The intensity of all these peaks suggests that with the increase of HA content in PLA
matrix, the peak intensities are reduced while the characteristic diffraction peaks are more and
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more visible (Figure 33b). Similar results were obtained in different studies involving HA into
PLA [121,122].
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Figure 32. XRD patterns of printed (a) PLA and PSG samples and (b) PLA and PH samples.
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Figure 33. The intensity of (a) PLA (200/110) and graphene diffraction peaks of the samples printed (b) PLA (200/110)
and HA diffraction peaks of the samples printed.

The microtomography images of the PLA and PSG-5 samples printed are illustrated in Figure 34,
and the microtomography images of the PLA and PH-10 samples printed are illustrated in Figure
35. The 0.2 mm layer-by-layer construction is clearly noticeable (Figure 34a). The 45° raster angle
is visible on the surface of the samples (Figures 34a, 34c, 35a, and 35c). The dispersed GNP and
SCF particles (yellow dots) were all over the printed sample (Figures 34b and 34c), and the
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dispersed HA particles are seen to be distributed (pink dots) all over the printed sample as well
(Figures 35b and 35c).

Figure 35. Microtomography images of (a) PH-10, (b) PH-10 (front view) and (c) PH-10 (top view) samples printed.

Table 3 shows the hardness (H), elastic modulus (E), and the H/E ratio of the 3D printed samples
(PSG and PH material system). The H/E ratio represents the elastic strain to failure, which is
strongly correlated with energy dissipation in mechanical contact. Usually, this relationship is
calculated considering the unit of GPa for both properties, H and E. This is not the case in this
work, as the hardness was evaluated by the Shore D hardness test. Consequently, the values
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should not be compared with the ones from the literature and serve only to establish a

relationship between the various samples produced.

Table 3. Hardness (H), elastic modulus (E), and H/E ratio of the 3D printed samples.

PLA/SCF/GNP MATERIAL SYSTEM

SAMPLE | H(shoreD) E (GPa) H/E

PLA 63.41+0.8 1.86 £ 0.01 33.9 PLA/HA MATERIAL SYSTEM

PSG-0.5 |77.8+10  235+0.01 33.2 SAMPLE | H (shore D) E (GPa) H/E
PSG-1 79.4+ 0.5 3.14+0.01 25.2 PLA ‘ 73.8+04 1.9+ 0.07 38.84
PSG-2 79.21+ 0.7 3.28 £ 0.02 24.1 PH-5 ‘ 764+ 1.0 2.21+0.04 34.63
PSG-5 81.1+1.0 4,11+ 0.04 19.7 PH-10 ‘ 782+ 0.74 3.83+0.07 20.44

Concerning hardness, the values measured varied from 63.4 and 81.1 Shore D for the PSG
material system, while for the PH material system, Shore D values ranged from 73.8 and 78.2. No
significant differences in the hardness were detected in the different top surface areas tested, with
standard deviation values being quite low.

PLA samples in the PSG material system presented the lowest value (63 Shore D); however, for
PH samples, the measured lowest value was (73 Shore D). Since the PLA for both material systems
were bought separately, they show differences in their hardness value. The reinforced samples
showed higher hardness, with PSG-5 and PH-10 having the highest value (81 Shore D) and (78
Shore D), respectively. The PSG-1 and PSG-2 samples had the same average hardness (79 Shore
D), while for PH-5 samples, the measured hardness was (76 Shore D). The hardness of a material
depends on its chemical, physical, and mechanical properties. In addition, porosity also
contributes to the variation of this property. No significant porosity variation was observed with
the addition of carbon fillers or with the addition of HA powders into PLA. Therefore, the
addition of GNP and SCF to PLA, and in the case of PH samples, the addition of HA was
responsible for the increase in hardness. It is reported in the literature that even a small amount
of GNP and SCF can boost the hardness of polymer-based composites [20,123-125]. This happens
because both fillers are harder than PLA. On the other hand, researchers have stated that HA
particles improve the overall hardness of the material system when incorporated into polymer
matrices [83,126].

Regarding the elastic modulus, the values increased as the concentration of the fillers in the PLA
matrix increased. The PLA presented an elastic modulus of 1.86 GPa for PSG samples and 1.9 GPa
for PH samples; these values are slightly higher than the one reported by Leite et al. [127].
However, the values are lower than the typical elastic modulus of commercial PLA obtained by
traditional processes (3.5 GPa) [128,129] due to the low crystallinity and high number of pores of
the 3D-printed PLA. As observed for hardness, the addition of just 0.5 wt.% of SCF and 0.5 wt.%
of GNP significantly increased the elastic modulus (2.35 GPa). On the other hand, in PH samples,
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with the addition of 5 wt.% HA, the modulus of elasticity reached 2.21 GPa. Samples with 1 wt.%
and 2 wt.% of both fillers showed similar elastic moduli of 3.14 GPa (PSG-1) and 3.28 GPa (PSG-
2). The highest value (4.11 GPa) was obtained for the PSG-5 sample, and with the PH-10 sample
(highest concentration of fillers), 3.82 GPa was obtained as their elastic modulus of elasticity.
These results are in accordance with previous studies on PLA-based composites reinforced with
GNP or SCF [28,59,130-133] and PLA-based composites reinforced with HA or other ceramic
fillers [134-136]. These reinforcements have a higher tensile strength and elastic modulus than
PLA, which restricts the movement of the polymeric chains, leading to improved resistance to
strain and an increased load-bearing capacity. As a result, the reinforced PLA samples can resist
the loads applied more effectively than only PLA.

As expected, the H/E ratios of the samples printed showed a decrease with the increase in the
concentration of fillers. As mentioned before, the addition of GNP and SCF to PLA and HA to
PLA increased both H and E. However, its influence on E was predominant, and therefore, the
elastic strain to breakage is decreased by increasing the content of fillers in PLA.

The CoF curves of the 3D-printed samples from the PSG system are presented in Figure 36a. Small
amounts of SCF and GNP (0.5 wt.%) were enough to significantly reduce the CoF. All the
composite samples showed lower CoF values (0.49 to 0.6) compared to PLA (0.71). The PSG-0.5
and PSG-1 samples had the lowest value (~ 0.49) among all the composite samples. The further
increase in SCF and GNP contents (2 wt.% and 5 wt.%) led to an increase of CoF (0.6). These
results are in tune with the ones reported by Hanon et al. [132], although the polymer was
different (polyurethane-based resin) in that study, and only graphene was used as the
reinforcement. During the reciprocating ball-on-disk tests, the carbon flakes provided a transfer
of the film that acted as a solid lubricant [137], reducing the CoF of PLA [138]. The addition of
high concentrations of fillers (mainly SCF) gave rise to harder and less flexible composites. As the
fibers did not bend as easily in contact with the counter body, this led to more friction. Moreover,
SCF presented more surface asperities, which may also cause more friction. For the 3D-printed
samples from the PH material system, the addition of 5 wt.% HA into PLA reduced its CoF value
from 0.57 to 0.49 (figure 36b). The further addition of HA didn’t have any effect in changing COF
value compared to PH-5. Hence, the lowest CoF value for this material system was obtained when

5wt.% of HA was used as a filler into PLA matrix.
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Figure 36. CoF curves of the 3D printed samples (a) PSG material system (b) PH material system.

Figure 37a shows the 3D profilometry images of the printed samples” (PSG) wear profiles. The
corresponding specific wear rates are illustrated in Figure 38a. All the composite samples
presented lower wear depths than the PLA. The PSG-5 sample showed the lowest value (11 um),
much lower than PLA (50 pm). The PSG-0.5 and PSG-1 samples had similar values, close to 15-
16 pm. The PSG-2 sample had the highest maximum wear depth (18 um) among them. Figure
37b shows the 3D profilometry images of the printed samples’” (PH) wear profiles. Their
corresponding specific wear rates are illustrated in Figure 38b. All the composite samples
presented lower wear depths than the PLA. The PH-10 sample showed the lowest value (9 um),
lower than PLA (20 um). The PH-5 and PH-10 samples had similar values, close to 9-11 um.
Figure 38 shows the wear rate of 3D Printed samples. In PSG samples, the PLA presented a
specific wear rate of 2.1 x 10 mm3/N.m. The incorporation of SCF + GNP into PLA led to a
decreased wear rate. The lowest value was obtained for the PSG-5 sample (4.04 x 104 mm?/N.m),
corresponding to about 5 times reduction compared to PLA. All the other composite samples
showed lower specific wear rates (from 6.14 x 10 to 7.47 x 10 mm3/N.m) than PLA but higher
than PSG-5. Similar results were obtained by Bustillos et al. [78] for GNP-reinforced PLA. In PH
samples, PLA presented a specific wear rate of 4.82 x 104 mm?/N.m. The incorporation of HA into
PLA led to a decreased wear rate. The lowest value was obtained for the PH-10 sample (2.75 x 10-
4+ mm?®N.m), corresponding to about 1.8 times reduction compared to PLA. PH-5 and PH-10
samples had similar specific wear rates ranging from (2.73-2.86) x 10 mm?®N.m. Similar results
were obtained by Macuvele et al.[126] for UHMWPE/HA composite.

Friedrich [139] also demonstrated that SCF can significantly improve the wear resistance of
PEEK+ PTFE (polytetrafluoroethylene) engineered plastics. Both the SCF and GNP are harder
than PLA, which increases the composites' hardness and wear resistance. Additionally, SCF
increases the region of contact surface with higher load-bearing capacity, providing these
composites with higher wear resistance. During the sliding wear tests, there is a high probability

that these particles will be released by the composites and roll between the sliding surfaces.
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Subsequently, they act as solid lubricants, minimizing the contact points between the counter
bodies and the surface of the composites, which leads to lowered CoF and wear [27,137].
Moreover, the SCF and GNP fillers reduce the concentration of stress during the wear tests and
the formation of a network of microcracks, resulting in a dramatic decrease in wear [140]. The
carbon fibers act as a reinforcement phase, capable of distributing the load over a larger area. This
helps reduce the concentration of stress at the surface and increases the material's wear resistance.
Additionally, the carbon fibers act as a barrier to prevent the polymer matrix from deforming,
which also improves the material’s wear resistance. With increasing carbon content, the hardness
and elastic modulus of the composites also increase, which means they can withstand large loads
without breaking or deforming. As a result, overall improvements of the composite materials’
(PSG) mechanical properties help to increase the wear resistance. In PH samples, it was
demonstrated that adding HA to the PLA matrix enhances its tribological capabilities. There
hasn't been a study done yet that investigates this phenomenon. However, contemporary
research has examined the effects of adding HA to polymer composites, and a consensus has
evolved about its favorable impact on wear properties [141]. This discovery is in line with the
findings of current research. According to Kang et al. [85], the reason why wear rates are reduced
when HA is introduced to UHMPWE is that the filler particles—in this case, HA —behave as stiff
points against the opposing surface, which is frequently comprised of metal. The normal load
and shear stress placed on the polymer is reduced because of this interaction, which lowers the
rate of wear. The research of Schwartz et al. [142] and Xiong et al. [82] lends credence to this notion.
It is important to note that the wear of materials is inextricably tied to both their mechanical

characteristics, such as their modulus, and the fabrication processes used to create them [84].
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Figure 37. Wear profiles of the 3D printed (a) PSG samples and (b) PH samples.
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Figure 38. Specific wear rates of the 3D printed (a) PSG samples and (b) PH samples.

Figure 39. SEM images of the wear scars on the 3D printed (a) PLA and PSG samples and (b) PLA and PH samples
after the tribological tests.

The wear mechanisms on the worn surfaces were characterized using SEM (Figure 39). The worn
surface of the PLA in both samples mostly demonstrated the adhesive wear mechanism that led
to wear debris emerging because of an adhesion process caused by plastic deformation and shear.
This conclusion is consistent with Lancaster’s work [143].

Abrasion, along with adhesion, was the most common wear process in all the reinforced PLA
composites. In PSG samples, SCF particles emerged on top of the composite surfaces during the
sliding of the steel counter body on them (Figure 39 - PSG-5A). The wear of the composites was
mainly due to a three-body abrasive wear mechanism. A similar phenomenon has already been
documented in other studies [78,131]. The SCF assisted in supporting the applied load and
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protected the PLA matrix from wear. GNP acted as a solid lubricant, reducing the direct contact
between the steel balls and the PLA matrix, thus preventing easy removal of the polymeric
matrix. This explains why the wear was significantly lower in the composites compared to PLA
in PSG samples. In the case of the PH sample, HA particles acted as a rigid contact point against
the counter body resulting in improvement in wear and friction behavior [85].

Finally, one may say that the increase in the fillers content (from 0.5 to 5 wt.%) in PSG samples
was responsible for the increase in the mechanical properties and load-bearing capacity and the
decrease in the plastic deformation, which led to the enhanced specific wear resistance of the
composites. Although samples of PLA reinforced with only one kind of mono filler were not
produced in the case of PSG samples, it is possible to state that the results are in line with a
previous study on the fabrication of PLA bio-composites by mechanical alloying and casting [52].
That is, there was a combined effect of the solid lubrication of graphene and the increase in
hardness and elastic modulus achieved by SCF. In PH samples, although the variation in
mechanical and tribological properties took a positive turn with the incorporation of HA into the
polymer matrix, there wasn’t a significant improvement in properties when HA content was
increased from 5wt.% to 10 wt.%. To understand better the effect of filler content variation in PH

materials it is recommended to investigate PLA filled with 15 wt.% HA in PH composites.
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6. CONCLUSIONS

The results of this study allowed us to draw the following conclusions:

The manufacturing process employed in this study successfully produced filaments with
a well-dispersed distribution of SCF, GNP, and HA. This effective dispersion of fillers
within the PLA matrix is a crucial factor in enhancing the mechanical and tribological
properties of the composite material. A noticeable increase in the hardness and elastic
modulus of the PLA composite occurred as a result.

The incorporation of these fillers into the PLA matrix contributed to solid lubrication
properties, which are vital for reducing friction and wear between moving surfaces. The
fillers acted as solid lubricants within the composite material, facilitating smoother sliding
and reducing frictional forces. This solid lubrication effect greatly enhances the
tribological performance of the PLA composite, rendering it particularly suitable for
applications where low friction and exceptional wear resistance are of utmost importance.
The mechanical and tribological properties exhibited by the PSG and PH samples were
found to be directly dependent on the filler content. The variation in filler content allowed
for the fine-tuning of these properties, providing insights into the optimal composition
for achieving desired mechanical strength, stiffness, and wear resistance. This dependence
highlights the importance of carefully controlling the filler content when designing PLA-
based composite materials with specific mechanical and tribological requirements.

The PSG-5 sample (5 wt.% of SCF and 5 wt.% of GNP) showed a 30% increase in hardness
compared to unreinforced PLA (81.1 and 33.4 Shore D, respectively) and a 220% increase
in modulus of elasticity (4.11 and 1.86 GPa, respectively). On the other hand, the PH-10
sample (5 wt.% of PLA and 10 wt.% of HA) showed a 6% increase in hardness compared
to unreinforced PLA (78.2 and 73.8 Shore D, respectively) and a 202% increase in modulus
of elasticity (3.83 and 1.9 GPa, respectively). However, a further investigation with
15wt.% HA should be done to draw similar conclusions about PH samples.

Regarding the tribological behavior, the reinforced PLA samples showed lower friction
coefficients than the non-reinforced PLA, as well as a decrease in the specific wear rate.
The PSG-5 sample from PSG samples had the lowest value (4.04 x 10* mm?/N.m),
corresponding to about 5 times reduction compared to PLA, while PH-10 sample from
PH samples showed a 1.8 times reduction in wear (4.04 x 10 mm?N.m) than PLA.
Finally, the PLA-based composites produced in this work are promising materials for
biomedical applications, e.g., manufacturing of improved PLA-based scaffolds and

implants.
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