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RESUMO

Os compositos de matriz polimérica sdo uma excelente opcdo para muitas industrias
tecnologicamente exigentes, tais como aeroespacial, automoével, naval e civil. Tal deve-se as
suas excepcionais propriedades multifuncionais. Devido a sua crescente demanda, sdo
necessarios estudos detalhados sobre o seu comportamento fisico, quimico, tribologico e
mecanico sob vdrias situacdes de exposi¢do. Os polimeros a base de petroleo tém inumeros
efeitos ambientais negativos, como poluicdo (terra, dgua, etc.) e aquecimento global. Como
alternativa, os polimeros biodegradaveis t€ém grande potencial elavado para substituir os
plasticos tradicionais a base de petrdleo. Entre eles, o poli (acido latico) (PLA) ¢ um pléstico
biodegradavel promissor, amplamente disponivel, que tem a capacidade de se decompor apos
0 uso, sem poluir o0 meio ambiente, sendo por isso usado em diferentes aplicacdes de
engenharia. No entanto, apresenta algumas limitagdes, como a baixa resisténcia ao desgaste e
as baixas propriedades mecanicas que, por vezes, provocam algum grau de limitacdo funcional

das pecas.

O objetivo deste projeto ¢ melhorar as propriedades mecanicas e triboldgicas do PLA através
do seu reforco com materiais autolubrificantes com baixo atrito e taxa de desgaste, capazes de
minimizar a formagao e libertagdo de detritos de desgaste. Para tal, nanoplaquetas de grafeno
(GNP), fibras curtas de carbono (SCF) e uma liga de brasagem a base de Sn foram adicionados
a matriz de PLA para melhorar as suas propriedades. Existem inimeras técnicas de produgao
de compositos de matriz polimérica, cada uma com vantagens e desvantagens Unicas. Neste
estudo, trés processos de produgdo diferentes foram usados para produzir as amostras
compdsitas: (i) sintese mecanica seguida de fundigdo, (ii) a sintese mecanica/plastografia
seguida de extrusdo e impressao 3D e (iii) a texturizacdo a laser do PLA fundido, compactagao
a frio dos reforgos e sinterizagdo a laser. Os resultados mostraram que as amostras compdsitas
reforcadas com GNP e SCF (50-50% em peso relativo) apresentaram os melhores
desempenhos mecanico e triboldgico, seguidas pelas refor¢adas apenas com GNP. Nas
amostras produzidas pelo processo de fundi¢cdo e impressdo 3D, concluiu-se que a adi¢ao de
GNP melhorou significativamente as propriedades mecanicas e triboldgicas dos compositos
PLA-GNP. Embora as amostras reforcadas com a liga Sn-Zn-Bi tenham melhorado a dureza
dos compositos obtidos por fundi¢cdo, o coeficiente de atrito e a resisténcia ao desgaste foram
piores nessas amostras, em comparagdo com os outros compdsitos € com o PLA puro. Outra

conclusdo importante retirasda deste trabalho foi a de que 1% em peso de GNP e SCF ¢



suficiente para aumentar significativamente a dureza dos compositos. No entanto, o aumento
do teor destes refor¢os nao teve grande influéncia nesta propriedade. A dureza do composito
com 5% em peso de GNP e SCF, apenas sofreu um pqueneo aumento de dureza quando
comparada com a amostra com 1% em peso destes refor¢os. Em relagdo ao comportamento
tribologico, observou-se que os valores de COF aumentaram com o aumento do teor de GNP
+ SCF. No que diz respeito ao processo de texturagdo e sinterizacdo a laser e com base nos
resultados preliminares, pode afirmar-se que os compositos com GNP tiveram o melhor
desempenho triboldgico e que o compdsito com SCF apresentou os valores mais elevados das
propriedades mecanicas. No entanto, as condi¢des de sinterizacdo ndo foram as mais indicadas,

pelo que ha necessidade de estudar com mais detalhe diferentes parametros do processo.

Para trabalhos futuros propde-se estudar com mais detalhe o efeito dos refor¢os no polimero

PLA.



ABSTRACT

Polymer composites are an excellent option for many technologically demanding industries,
including aerospace, automotive, marine, and civil. This is due to their exceptional multi-
functional qualities. A detailed examination of these composites' physical, chemical,
tribological, and mechanical behaviour under various exposure situations is required due to the
rising demand for them. Petroleum-based polymers have numerous negative environmental
effects such as pollution (land, water, etc.), and global warming. Biodegradable polymers are
one of the most potential materials for replacing traditional petroleum-based plastics. Among
all the polymers, poly (lactic acid) (PLA) is a promising biodegradable plastic that is not only
widely available but also safe to decompose after use without polluting the environment. PLA
is also used in different engineering applications. But it has a few disadvantages such as the
low wear resistance and low mechanical properties which sometimes causes some degree of

functional limitation of the parts.

The goal of this project is to improve the mechanical and tribological properties of PLA. This
will be accomplished by creating a self-lubricating reinforced PLA composite with low friction
and wear rate, capable of minimizing wear debris formation and release. For this purpose,
graphene nanoplatelets (GNP), short carbon fibres (SCF), and soft Sn-based brazing alloy were
added to the PLA matrix to improve its properties. There are numerous polymer matrix
composite production techniques, each with unique advantages and disadvantages. In this
study, three different production processes were used to produce the composite samples. The
first one is mechanical alloying followed by casting, the second one is mechanical
alloying/plastography followed by extrusion and 3D printing, and the third one is laser
texturing of casted PLA, cold compaction of the reinforcements, and laser sintering. In all the
cases, the composite samples reinforced with GNP and SCF (50-50 relative wt.%) showed the
best results in terms of mechanical and tribological performance. The second-best composite
sample were the ones with GNP solely. In the samples produced by the casting and 3D printing
process, the GNP reinforced composite exhibited that the GNP alone can significantly improve
the mechanical and tribological properties. Though the samples reinforced with Sn-Zn-Bi alloy
improved the hardness of the casted composites, the friction coefficient and wear resistance
were the worst in those samples compared to the other composites and the pure PLA as well.
Another important finding was that the 1 wt.% of GNP and SCF is enough to increase the

hardness significantly. But adding more concentration of GNP and SCF to the composite did



not help much in hardness. At 5 wt.% of GNP and SCF, the hardness of the composites
increased a little bit compared to the ones with 1 wt.% of reinforcements. Concerning the
tribological behaviour, it was observed that COF values increased with the increase of the GNP
and SCF wt.%. The lack of adequate sintering process conditions led to some difficulties with
the samples produced by laser surface texturing, cold compaction, and laser sintering.
However, based on some preliminary results, it can be said that the composites with GNP
performed better tribologically and the composite with SCF showed improvement in

mechanical properties.

There is a scope of future work regarding this project to have a better understanding of the

composite and the effect of reinforcements on its properties.
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1. INTRODUCTION

A variety of materials have been employed in recent years to decrease the debris generated
between the sliding surfaces. Metals, ceramics, and polymers are used in hard-on-soft and hard-
on-hard bearings, respectively, where soft bearings represent polymers and hard bearings
represent metals and ceramics [1]. To date, metallic titanium alloys, CoCr alloys [2], stainless
steel [2], and ceramic materials such as alumina and zirconia [3] have been used for various
biomedical applications. Because of their numerous features, including bioactivity,
degradability, mechanical capabilities, and processing ability, natural and synthetic polymers
have been widely used in tissue engineering and regenerative medicine.

In tissue engineering and regenerative medicine, degradable polymers such as PLA,
polyglycolic acid (PGA), poly lactide-co-glycolic acid (PLGA), poly-caprolactone (PCL), poly
tri-methylene carbonate (PTMC), and their copolymers or mixes are often utilized as scaffold
materials [4].

Incorporating metal nanoparticles into a polymer matrix is a straightforward way to take
advantage of nanoparticles. The approach in consideration is one of the most effective methods
for preventing nano-sized metals from aggregating and preserving their characteristics. In this
way, a polymer/metal nanocomposite with a polymer phase that acts as a stabilizer and a
protective agent exhibits several important properties. In contrast to traditional composites, the
presence of a large polymer-metal interface fundamentally influences polymer attributes such
as crystal-ness, glass transition temperature (Tg), and free volume content, and thus contributes
more electrical, mechanical, physical, thermal, and chemical properties. The presence of a
polymer-metal interface makes the material more advantageous than traditional composite [5].
Polymer/metal nanocomposites can be made in a variety of ways, including mechanical milling
and cold compaction, mix melting to blend polymer and metal nanoparticles, in situ
polymerization of monomer within metal nanoparticles, in situ reductions of metal salts, and
complexes in a polymer matrix and many more ways [6]. By carefully determining and
combining polymer and metal pieces, the required nanocomposites may be streamlined. The
kind of polymer matrix, content, nature, size, and scattering degree of metal nanoparticles fused
in polymer, as well as interaction at the interphase/interface area between polymer and
nanoparticles, are all factors that influence the characteristics of polymer nanocomposites [7].
It should be noted that nanoparticles must be adjusted considering the various properties of the

polymer matrix to improve nanoparticle adhesion and dispersion [8-10].
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Polymers such as proteins (soy, collagen, fibrin gels) or polysaccharides (starch, alginate,
chitin/chitosan), polyhydroxyalkanoate (PHA), PLA, and PGA have huge potential in
biomedical applications [11,12]. These are biocompatible and degradable to non-toxic parts
with a regulated breakdown rate. Polymers that dissolve in water, such as polyethylene glycol
(PEG), polyvinyl acetic acetate, poly acrylic acid (PAA), polyvinyl acetate (PVA), and guar
gum, have also been used in this field [20]. For example, biosensors with mono- and bi-metallic
core shells of sulfonated poly (ether ether ketone) (SPEEK)/Pd, Co, Pt, Ni, and Cu
nanocomposites are efficient for detecting glucose [13].

Among all of these, PLA has potential in a range of fields, such as mechanical parts like gears,
biomedical engineering and also in electronics engineering. PLA has proved its value as a
3D printable biopolymer, which has been supported by its participation in the global pandemic
of Coronavirus Disease of 2019 (Covid-19) [14].

Because of the intrinsic advantages of nano-sized metals, such as large surface area and high
moduli, metal nanoparticles often improve the mechanical properties and characteristics of
polymers. Furthermore, the establishment of a solid interphase range between the polymer
matrix and the nanoparticles facilitates the achievement of significant mechanical properties
[15].

Metal nanoparticles, such as Ag, Au, Ti, Bi, Zn, Pt, Pd, and Cu, are commonly used because
they have interesting biological, chemical, and physical features. Shape and size have a strong
influence on the properties of metal nanoparticles, with small particle sizes, narrow size
distributions, and well-stabilized metal nanoparticles demonstrating the optimum condition
[16].

Papageorgiou et al. [17] performed a study to find the mechanical properties of syndiotactic
polystyrene (PS) nanocomposites containing around 3 wt. % of different nanofillers such as
multi-wall carbon nanotubes (MWCNT), Cu nanofibre, Ag nano & nanodiamond particles. It
was revealed that metal nanoparticles could improve hardness, Young's modulus and impact
strength with Ag nano in PS matrix. Mechanical properties were also improved by combining
metal nanoparticles in PVA/Ag [18] and another study of chitosan/Ag [19] nanocomposites.
As a result, we can conclude that metal nanoparticles can provide numerous advantages in the
mechanical characteristics and properties of polymer matrices.

Carbon fibres are useful as reinforcing materials in a variety of matrix materials due to their
high modulus, chemical reaction resistance, and the strength-to-weight ratio [20-31]. Carbon
fibres are beneficial as reinforcing materials because of their distinctive attributes, which
include high tensile modulus, low density, low thermal expansion coefficient, thermal stability,
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excellent creep resistance, chemical stability, low electrical resistivity, and high thermal
conductivity [32,33]. Carbon fibre reinforced polymer matrix composites have already
transformed conventional materials in a variety of applications.

Polymeric matrix composites with graphene and its subordinates as fillers have illustrated the
incredible potential for different critical applications, for example, gadgets, environmentally
friendly energy vitality, aerospace, and automobile businesses. As previously stated, 2-D
graphene has superior electrical, mechanical, and thermal properties, as well as other intriguing
elements. It is reasonable to expect some significant changes in a variety of properties in
composites containing graphene as a nanofiller. The recent achievement in blending a large
amount of graphene has progressed the development of graphene-based composite and
crossbreed materials [34].

Many studies have investigated the practicability of graphene as a nanofiller in various
polymeric systems, such as epoxy, PS, PANI, PU, poly (vinylidene fluoride) (PVDF), Nafion,
polycarbonate (PC), PET, and others [35]. Carbon fibre reinforced polymer matrix is also of
great importance for improving the characteristics of the material. SCF and CCF reinforced
PLA composites have also been studied to understand the effect on the mechanical behaviour
of the composite [36]. The improvement of their characteristics is significant in terms of

tribological behaviour, especially friction and wear [37].

2. AIM OF THE STUDY

The goal of this project is to improve the mechanical and tribological properties of PLA
polymer. This will be accomplished by creating a self-lubricating reinforced PLA composite
with low friction and wear rate, capable of minimizing debris formation and release. Under
identical test conditions, the composite's friction and wear properties will be compared to those
of pure PLA. There will be three routes for the manufacturing of the samples: 1) casting of
mechanically alloyed reinforced PLA, 2) 3D printing from PLA and reinforced PLA filaments
produced by mechanical alloying or plastography, and finally 3) laser texturing of PLA,
reinforcement of the texture by cold compaction, and laser sintering. The reinforcement
materials used in this work are metallic Sn-Zn-Bi alloy, graphene nanoparticles, and short

carbon fibres.
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3. STATE OF ART

3.1 Poly (lactic acid) (PLA)
PLA is a thermoplastic polyester. The chemical formula of PLA is (C3H402) .. PLA is a

biodegradable polyester made from lactic acid (LA) or 2-hydroxy propionic acid, which is
commonly generated through bacterial fermentation of carbohydrates from agricultural
products like maize, potatoes, and cassava [36]. PLA manufacturing procedures include
injection moulding, film extrusion, blow moulding, thermoforming, fibre spinning, and film-
forming. Packaging, textile, biomedical, structural, and automotive are just a few of the
industries where PLA-derived products have been used [38]. PLA polymers have a glass
transition temperature of 60—65 °C, a melting temperature of 130-180 °C, and Young's
modulus of 2.7-16 GPa, ranging from amorphous glassy polymer to semi-crystalline and
highly crystalline polymer [39-41]. PLA can tolerate temperatures of up to 110 degrees Celsius
[42].

PLA has grown in popularity because of its cost-effective production from biodegradable
materials. PLA has the second greatest volume of usage of any bioplastic in the world. It
covered 65% of the market share of bioplastics in 2020 [43]. In 3D printing, PLA is one of the
most extensively used plastic filament materials.

The use of natural fibre to reinforce PLA composites is a crucial aspect of boosting
biocomposites' mechanical uses. Furthermore, bio polyester PLA is the biodegradable polymer
with the biggest variety of utilization for industrial demands among biodegradable polymers
[38]. PLA has attracted a lot of interest as a polymeric scaffold for drug administration because
of its biocompatibility and biodegradability. As PLDLA/TCP scaffolds for bone engineering,
a composite blend of poly PLDLA and tricalcium phosphate (TCP) is utilized [44, 45].

3.2 Polymer Matrix Composites
Metal matrix composites (MMC), ceramic matrix composites (CMC), and polymer matrix

composites (PMC) are three main types of composites used in a variety of engineering
applications. The best properties of two or more heterogeneous materials are combined in
composite materials [46,47]. Composites are made up of two basic components: reinforcement
and matrix. The properties of composite materials are determined by the type of reinforcement
and matrix materials used, as well as the manufacturing techniques [48].

A PMC is a material made up of short or continuous fibres that are held together by an organic

polymer matrix. PMCs are used to transfer loads between matrix fibres. The lightweight, high
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rigidity, and high strength along the direction of their reinforcements are just a few of the
benefits of PMCs. Abrasion resistance and corrosion resistance are two further advantages. The
matrix in PMCs is responsible for bonding the fibres together and transferring loads between
them [49]. Thermosets or thermoplastics are commonly used as PMCs matrices. Thermosets
are by far the most common variety today. Epoxies, phenolics, polyurethanes, and polyimides
are among the resin systems used in thermosets. Epoxy solutions are currently the most popular
in the advanced composites industry [50-52]. Fibre-reinforced PMCs have a volume of around
60% reinforcing fibre. Fibreglass, graphite, and aramid are some of the most prevalent fibres
found and employed in PMCs [49]. Nanomaterials reinforced PMCs, unlike fibre-reinforced
PMCs, can produce considerable improvements in mechanical characteristics at much lower
loadings (less than 2% by volume) [53]. The mechanical properties of virgin graphene are like
those of carbon nanotubes. Solution processing, melt processing, or in-situ polymerization are
commonly used to process graphene PMCs in the same way that carbon nanotube PMCs are

produced [54].

3.3 Polymer matrix composites processing routes
Figure 1 depicts the major processing routes for polymer matrix composites. Thermosets and

thermoplastics are the two types of polymer matrices presented. A thermoset begins as a low-
viscosity resin that reacts and cures during processing, resulting in an impenetrable solid. A
thermoplastic is a high-viscosity resin that is heated above its melting point to be processed.

A thermoset resin cannot be reprocessed by reheating because it sets up and cures during
processing. A thermoplastic, on the other hand, can be reheated above its melting temperature
for further processing. For both groups of resins, some procedures are better suited to

discontinuous fibres, and others are better suited to continuous fibres [55].
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Figure 1: Major polymer matrix composite fabrication processes [55]

3.4 PLA-based composite material
Due to growing concerns about decreasing resources and increased pollution, interest to

produce biopolymers has gained a lot of traction in recent years.

PLA is one of the most widely produced biopolymers in the world, making it an excellent
candidate for product commercialisation with a global capacity of over 211,000 tons in 2020
[56].

Hinchcliffe et al. [57] combined theoretical and practical work on pre-stressed natural fibre
reinforced PLA composites. The mechanical characteristics of PLA were improved in the study
by adding additives. In comparison to solid non-reinforced PLA composites, the PLA
reinforced composite had a 116 % increase in tensile strength and a 12% increase in flexural
specific strength.

PLA matrix composites reinforced with magnesium (Mg) alloy have become more commonly
available for usage in biomedical applications. The addition of Mg particles to PLA/Mg
composites has been proven to increase the mechanical properties of the composites. At the

same time, the PLA lowers Magnesium's rapid breakdown rate and H» emission [58].

3.5 PLA-based composite tribological behaviour
MWCNTs and GNPs were investigated as nanocomposites in PLA using the melt extrusion

method [59]. To understand the tribological behaviour of the composite, the characterisation
of the scratch and wear conditions, as well as the morphological aspects of the composite
materials were investigated. As an initial phase in the procedure, the materials were created

using the melt extrusion method. Filaments suitable for 3D printing were created from the
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obtained pellets, which had a nanofiller loading of up to 12 wt.%. Scratch tests with a micro-
cutting diamond blade were done using a constant normal force of 2 N. Scratch resistance of
the 12 wt.% GNP/PLA nanocomposite was found to be twice as great as the plain PLA applied
as a standard [59].

At the relevant applied normal force of 2 N, the addition of GNPs resulted in significantly
better tangential force (Fx) and, as a result, higher COF and scratch-resistance of the PLA-
based nanocomposites that we can observe in Fig. 2. This was due to the filler forming a
network structure that prevents the diamond blade from passing through the sample. With CNT

monofiller, the COF was significantly lower.
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Figure 2: COF dependence on carbon monofiller content in PLA-based nanocomposites (scratch test data) [59].

Batakliev et al. [59] investigated the wear behaviour of carbon monofiller nanocomposite
samples in comparison to pure polylactic acid, as shown in Fig 3. All the wear tests were carried
out for a total of 300 seconds.

In Fig. 3, the coefficient of friction parameters indicated average values for the entire test
period. Pure PLA had a higher COF, ranging from 0.15 to 0.16, whereas GNP and CNT-

containing composite samples had lower COF values, ranging from 0.10 to 0.11.
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Figure 3: COF dependence on carbon monofiller content in PLA-based nanocomposites (wear test data) [59].

In the same work, the amount of reinforced materials was also increased up to 3 and 6 wt.%
(Fig. 4). When compared to the clean PLA, there was a significant drop in COF reaching a
value of 0.07 up to 3 wt.% MWCNT loading. With mono filler of 3 and 6 wt.% of GNP or
CNT or a mixture of both, the COF value was significantly lower than pure PLA. 3 wt.% of
MWCNT gave the smallest value of COF which can be described by the self-lubricating
property of CNT. But the 1.5 wt.% of GNP and CNT increased the COF value in comparison

with the monofiller system. A significant decrease in COF value was found for the GNP and

CNT reinforced (6 wt.%) samples.
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Figure 4: COF dependence on 3 and 6 wt.% monofiller and bifiller content in PLA-based nanocomposites [59].

The amount of reinforced materials was increased up to 9 and 12 wt.% (Fig. 5). The result was
the same as expected. The COF value was lower than pure PLA for both cases though the 12
wt.% filler system has a slightly higher COF value than the 9 wt.% system.
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Figure 5: COF dependence on 9 and 12 wt.% monofiller and bifiller content in PLA-based nanocomposites [59].

Magsood et al. [60] investigated the mechanical properties of pure PLA and PLA with CCF,
SCF, and a mixture of CCF and SCF. In his study, he used fused deposition modelling (FDM)
to produce all the samples. He produced and compared the properties of four sets of specimens.
The following four sets of specimens were created using FDM technology: PLA, PLA with
SCF (PLA-SCF), PLA printed with CCF (PLA-CCF), and PLA-SCF printed with CCF (PLA-
SCF-CCF). After the FDM fabrication process, the effects on the tensile and flexural
characteristics of specimens were studied experimentally. From Fig. 6, PLA composite with
CCF and the mixture of CCF & SCF had a greater slope of the stain-stress curve. Their tensile
stress was significantly higher for them than pure PLA and PLA-SCF composite.
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Figure 6: Average tensile stress-strain curve for PLA and PLA-based composites [60].

From the results obtained by Maqsood et al. [60], it was obvious that the tensile strength (Fig.
7 a) and Young’s modulus (Fig. 7 b) increased 5 times with the PLA-CCF and PLA-SCF-CCF
composite than with pure PLA and PLA-SCF composite. The Young’s modulus of PLA-SCF
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composite was also higher than pure PLA. Ductility (Fig. 7 c) was higher for pure PLA and
PLA-SCF composite.
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Figure 7: Results of tensile properties of 3D printed PLA and PLA-based composites [60].
A similar result was obtained from flexural tests. The stress-strain curve (Fig. 8) depicted
higher stress for PLA-CCF and PLA-CCF-SCF composite than the other two systems. The
flexural stress and flexural modulus increased with the PLA-CCF and PLA-SCF-CCF
composite (Fig. 8). The flexural modulus of the PLA-SCF composite was also higher than the
pure PLA.

25



200

TLA

PLA-CCF

160 PLA-SCF
PLA-SCF-
CCF

40

—
[ 4
=

Stress (MPa)
3

Strain (%)

Figure 8: Average stress-strain curve for PLA and PLA-based composites from flexural test [60].

Figures 9 a, and b exhibit the flexural stress and flexural modulus of PLA-based 3D printed
samples. The flexural stress and flexural modulus were much higher for PLA-CCF and PLA-
SCF-CCF composites than for pure PLA and PLA-SCF composites. Flexural stress (Fig. 9 a)

was even lower for PLA-SCF than pure PLA though the opposite result is obtained for flexural
modulus (Fig. 9 b).
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Figure 9: Results of flexural properties of PLA and PLA-based 3D printed composite samples [60].
Valapa et al. [61] studied the influence of graphene on the tensile properties of PLA and
showed that the PLA-graphene composite has higher tensile strength than PLA and it is more

effective when the graphene percentage is at the lowest quantity which is depicted in Figs. 10
a, and b.
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Figure 10: Tensile strength (a), and elongation-at-break (b) for PLA and PLA-GR nanocomposites [61].

Figures 11 a and b represent the TEM images of bi-filler composites with total filler contents
of 6wt. % (a) PLA/1.5wt. % GNP/4.5wt. % MWCNT and (b) PLA/3wt. % GNP/3wt. %
MWCNT. Figures 11 a and b depict good bi-filler dissemination at both combined
concentrations. Both fillers appear to form an interconnected network of particles and small
aggregates, with single nanotubes, small MWCNT aggregates, and GNPs forming an
interpenetrated network of particles and small aggregates. The combination of the two
nanofillers in the PLA matrix resulted in the possibility of a unique synergetic effect for

improving electrical and mechanical properties [62].

Figure 11: TEM images of the bi-filler composites containing (a) polylactic acid (PLA)/1.5wt.% GNP/4.5wt.% MWCNT and (b)
PLA/3 wt.% GNP/3 wt.% MWCNT, respectively [62].

Typical thermoplastic polymers are electrical insulators. Polymers that contain electrically
conductive reinforcement exhibits electric conductivity like semiconductors or metals. From

Fig. 12, we can see that with increasing filler element, electric conductivity increases for both
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the system (mono filler or bi filler composites) [62]. This behaviour can be utilised to develop

biosensors.

¥
10 E /
'E' 107 =
r:i 4]
— 10 3
2 ]
- ]
E 107 g
B 1]
g 10 E Muno-filler Compuosites
[ L =@=T1AGNP Composites
E 10° 3 == PLAMWONT Composites
E - Bi-filler Compusite
5 10" i-filler Compusites
L *  PLALSWONP SMMWONT
8} 10’ A PLASHGNPIUMWONT
EE 0 PLA A%GNEA S HMWENT
Ih: O PLAMSSGNPLSWMWCNT
10 T T T T . T J T

i J T
0 I 2 3 4 5 G 7

Filler concentration [wi%)]

Figure 12: Electrical conductivity vs. GNP and MWCNT filler content for mono-filler (PLA/GNP and
PLA/MWCNT) and bi-filler (PLA/GNP/MWCNT) composites [62].

3.6 Mechanical Alloying
MA is a one-of-a-kind technology for creating alloys and composites that are unlikely to

achieve using traditional procedures like melting [63]. This process was first used to make
oxide-dispersion enhanced nickel alloys in the 1960s. Its application, however, is no longer
confined to the manufacture of metal alloys. Shaw et al. [64] were the first to examine the use
of MA to make polymeric alloys without the use of chemical reagents in 1988. poly amide
(PA) pellets were mechanically alloyed at -150°C in a high-energy shaker ball mill in this work.
After 24 hours of MA, the PA particles had been refined from huge uneven particles to small

layer structure particles.

3.6.1 Polymer-based composites produced by MA
Multi-scaled composite materials are important because they have better mechanical properties

than materials made with traditional fillers or polymer mixes. Composite materials based on
UHMWPE, quasicrystals, polyimide, and bronze were studied for usage in machine moving
parts, gears, bearings, and sliding elements in a study done by Kaloshkin et al. [65].

The major goal was to look at the process of fabricating these composite materials and see if
they are repeatable and reliable in an industrial setting. Kaloshkin et al. [65] produced multi-
scaled UHMWPE polymer-based composite materials by mechanical alloying (Table 1). A

planetary mill was used to prepare the samples. The authors showed that the quasicrystalline
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phase was dissolved into an intermetallic solid solution when milled with bronze; however,
milling with polymers preserved the quasicrystalline phase, whereas UHMWPE crystallized
throughout the milling process. The tribological properties (Fig. 13) showed better results for
composite materials with QC/bronze-based filler than for polyimide. However, they had a
higher density than UHMWPE and a lower coefficient of friction than the other compositions.
They also had superior abrasion resistance and a lower coefficient of friction than the other
compositions. As a result, it appeared that a compromise between strong abrasion resistance
and low density will be required for applications in moving parts, bearings, and gears. The
polyimide-based specimen outperformed pure UHMWPE and QC/bronze-based filler in terms
of strength and hardness. This research had also demonstrated that mechanical alloying may
be used to manufacture composite materials with acceptable characteristics for use in weary

conditions.

Table 1: Wt.% of the multi-scaled UHMWPE polymer-based composite materials prepared with MA process [65].

Sample | Sample 11 Sample III Sample IV

Component wt% Component wt% Component wt% Component wt%

Quasicrystal 13 Quasicrystal 20  Quasicrystal 15 Quasicrystal 20
Polyimide 37 Polyimide 30 Bronze 35 Bronze 30
UHMWPE 50 UHMWPE 50 UHMWPE 50 UHMWPE 50
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Figure 13: Mechanical and tribological properties of the reinforced UHMWPE samples [65].

In another work, for dental implant use, Souza et al. [66] examined the friction and wear
behaviour of two PEEK matrix composites filled with natural amorphous silica fibres (PEEK-
NASF) and particulate zirconium-lithium silicate glass fibre (PEEK-LZSA). MA of PEEK
powder with varied contents (10, 20, and 30% mass. percent) of either of the fillers at 150 rpm
for 24 hours using zirconia balls produced the PEEK-based composites. Hot pressing at 2 bars

compressed the milled powders into cylinders, which were subsequently sintered slightly above
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the melting point of PEEK and held at 4 bars for 4 seconds. The COF of the composites did
not improve when compared to unfilled PEEK, hence the tribological outcomes from this
investigation were not positive.

There are very few works done on producing PLA composite with the mechanical alloying
process. One study showed that polylactidebacterial cellulose nanocrystals (BCNC)
nanocomposites were developed by the ball milling method. It was found that the thermal
stability of the PLA nanocomposites was not affected by the addition of BCNC [67].
Regardless of the nanofiller quantity, PLA films containing nanocellulose had better Young's
modulus and tensile strength, as well as lower elongation at break, than plain PLA films. It's
worth noting that the film with the minimum BCNC concentration (0.5%) had the largest
reinforcing effect, which was most likely due to greater nanofiller redistribution within the
polymeric matrix [67]. The storage modulus was used by Ambrosio-Martin et al. [67] to
investigate the load-bearing capability of neat PLA and BCNC-containing nanocomposites
produced using ball milling. Figure 14 depicts the results. When compared to neat PLA, the

storage modulus of PLA nanocomposite films improved over the whole temperature range.
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Figure 14: Storage modulus plot versus temperature for neat PLA and its nanocomposites films with BCNC [67].

In Fig. 15, the composites containing BCNC had a significant reduction in oxygen
permeability, implying that the well-distributed fraction of crystal-line nanofillers effectively
blocked oxygen flow. However, the greatest reduction was seen with the least nanocellulose
content, emphasizing the importance of dispersion to optimize performance improvements for

this type of composite.
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Figure 15: Oxygen permeability at 80% RH for neat PLA and Its nanocomposites with BCNC prepared by ball milling [67].

3.7 3D printing of PLA-composite
3D printing is a potential technique to create thermoplastic parts with complicated geometries,

significant design flexibility, recyclability, and minimal material waste [68].

For polymer composite, FFF (fused filament fabrication) 3D printing is one of the most well-
known used methods. There are studies on metal/polymer composite filament production and
3D printing to enhance the properties of the polymer [69]. Caminero et al. [68] studied PLA
composite where graphene nanoplatelets were reinforced into PLA matrix to study the
mechanical properties of the composite and the composite samples were produced by 3D

printing. The parameters used in 3d printing during the study are given in table 2.

Table 2: Process parameters for 3D printing.

Parameters Value

Layer thickness (mm) 0.12
Feed rate (mm/s) 50
Flow rate (mm?3/s) 4.8
Top and Bottom thickness (mm) 0.6
Nozzle temperature (°C) 210
Nozzle size (mm) 0.4

In terms of tensile and flexural stress, it was shown that samples made of PLA-Graphene
composites performed the best overall. However, the PLA-Graphene composite samples'
impact strength tended to decline with the inclusion of GNPs. Additionally, the PLA-Graphene
composite specimens' general dimensional correctness was unaffected by the insertion of
graphene nanoplatelets. Additionally, PLA Graphene Composite samples displayed the best
overall surface texture performance (Fig. 16), especially when pieces were printed flat and on

the edge. The encouraging findings of this work demonstrate the viability of 3D printed PLA-
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graphene composites for possible usage in a variety of applications, including biomedical

engineering. [79].
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Figure 16: Tensile stress-strain curves (a) and Flexural stress-strain curves (b) for the 3D printed PLA and PLA-
Graphene composite samples [68].

3.8 Laser texturing of PLA
Laser texturing is another method that was used by Tomanik et al. [70] to influence the

micromechanical and biological properties of the poly L-lactic acid (PLLA) surface.

Three different laser parameters were used for the experiments as shown in table 3. The authors

showed that laser-based technologies are widely used for patterning and/or texturing polymer

surfaces. They showed how CO: laser irradiation affected the surface microhardness,

roughness, wettability, and cytocompatibility of PLLA thin films. The experiments reveal that

CO: laser texturing of PLLA allows for the adjustment of the structural and physical properties

of the PLLA surface to the needs of the cells despite substantial changes in the mechanical

characteristics of the laser-treated surface polymer.

Table 3: Three different parameters were used for the experiment of laser texturing on PLLA [70].

Optical Scanning Hatching Pulse Pulse Accumulated
Specimen Power P (W) Speed V (Line-to-Line  Repetition Rate Energy Fluence F4
(cm/s) Space) h (um) (PRR) (Hz) E; (m]) (J/em?)
Reference - 3
F 0447 155 24
F, 0.867 71 254 28 31.0 48
Fy 1.286 458 71

A microscopic examination (Fig.17) of the surfaces of the irradiated specimens revealed the

presence of repeated structures.
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Figure 17: Microscopic images of the obtained surfaces (magnification 100) recorded for reference material (Ref) and laser-
treated with accumulated fluences of 24 J/cm2 (F1), 48 J/cm2 (F2) and 71 J/cm2 (F3) [70].

The observed micro-patterns grew larger as the laser irradiation settings were raised. Increased
utilization of accumulated flux formed micro-grooves, making the surface progressively rough,
according to the surface roughness profiles determined.

The surface of PLLA is hydrophobic. An increase in the used accumulated fluence was
characterized by a reduction in the contact angle during the surface laser structuring process,
resulting in better wetting (wettability) of the material and higher surface roughness. The larger
surface roughness and changing relationships between polar and nonpolar functional groups,
as well as between acidic and basic sites available at the modified surface region, were partly
responsible for the observed decrease in the contact angle of water wetting increasing surface
hydrophilicity. They also had better adhesion when the surface roughness is increased. The use
of laser treatment to significantly increased surface roughness allows for an increase in bone-
forming cell proliferation and differentiation. The formation of nano or micropatterns on
aliphatic polymer surfaces after laser irradiation was associated with an increase in roughness.
The PLLA surfaces that had been irradiated had parallel and equidistant grooves and ridges.
The pattern repeated itself, and as the fluence of the laser increased, the distance between every
two adjacent ridges grew. Waugh et al. [70] discovered an improvement in the biocompatibility
of CO: laser-treated surfaces. As the infrared spectroscopy revealed the presence of a vinyl
group in PLLA irradiated with higher laser fluences, a biological test to determine the material's
cytotoxic effects were required. The examined polymers had no cytotoxic activity, according

to the biological evaluation.
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In Fig. 18, the relation between the indentation force and the depth was observable. The
significant finding was that the polymer's mechanical parameters were changed from stiff (F1,
F2) to compliant (F3) while the surface topography and wettability were also altered. The
PMC's reinforcement shielded the polymer matrix from abrasion by generating a transfer film

on the counter surface.
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Figure 18: Typical loads vs. indentation depth curves for reference material (Ref) and laser-treated with accumulated
fluences of 24 J/cm2 (F1), 48 J/cm2 (F2) and 71 J/cm2 (F3) [70].
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4. RESEARCH GAP AND OBJECTIVE

In the field of PMCs, there is a lack of studies concerning their reinforcement by GNP, SCF,
or metallic alloys. In a previous study (not published) performed by Crystal Emonde, (on the
aim of the Tribos+ master thesis) a PEEK material was reinforced with Sn-Zn-Bi, SCF, and
GNP. The mechanical and tribological behaviour of the samples were assessed. In this study,
we are interested to change PEEK to PLA.

PEEK is a popular material for biomedical use, especially for implants. But pure PEEK, as well
as PEEK-based composites, have the same issue of bio inertia and the general mechanical
properties of PEEK-based composites are not quite impressive [71]. In the previous study, the
mixture of the reinforcement and the polymers were not homogeneous. There was another issue
of porosity in the PEEK-based composites.

On the other hand, PLA is considered because of its properties such as nontoxicity,
biocompatibility, biodegradability, mechanical properties, and processability. PLA is thus an
environmentally friendly, non-toxic polymer with properties that allow it to be used in the
human body. Blending PLA with other polymers and materials is also quite easy and provides
simple ways to improve associated properties or create novel PLA polymers/blends for target
applications [72]. Moreover, PLA has a lower glass transition and melting temperature than

PEEK which will help the heat treatment process to reduce the porosity of the composite.

The main objective of this project is to study the influence of different reinforcements (Zn-Sn-
Bi alloy, GNP, and CSF) on the mechanical and tribological properties of PLA. Three
approaches will be used: 1) mechanical alloying of the metallic elements, mechanical alloying
of the PLA + reinforcement, and casting, and 2) mechanical alloying / plastography of
reinforcement + PLA, filament extrusion, and 3D printing, and 3) Laser texturing,
reinforcement of the texture by cold compaction, and laser sintering.

The structural, morphological, mechanical, and tribological behaviour of the different samples
will be assessed by different techniques to determine the most suitable compositions for

increasing the aforementioned properties.
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5. EXPERIMENTAL DETAILS

In this section, the manufacturing processes and the experimental parameters used to produce
the different samples are described. Besides, a brief description of the characterisation

techniques used in this work is also included.

5. 1. Manufacturing processes

5.1.1. Mechanical alloying procedure
Mechanical alloying was chosen as a solid-state powder processing technique because it allows

the mixing of metallic powders and coating the PLA with different reinforcements.

The MA procedure begins with the proportional mixing of powders (with a typical range of
sizes ranging from 1 to 500 microns) [73] and their transportation to the vial with the grinding
balls. Depending on the morphologies, such as metallic powders, intermetallic compounds, or
dispersoid powders, and the character of the components within mixtures, such as ductile-
ductile, ductile-brittle, or brittle metal powders, different alloys can be created [74].

A high-energy planetary ball mill (Frisch Pulverisette 6) was chosen to undertake the
mechanical alloying of the components because of its adaptability in milling ductile and brittle
components at high velocities. This mill consists of bowls, often known as vials, set on a
revolving disk, and rotated along their axes by a specific drive system. The contents of the vials
are affected by the centrifugal forces generated by the revolving disk around its axis and the
autonomous turning of the vials (powders and balls). The centrifugal force is synchronized and
opposed since the disk and vial rotate in opposite directions [73]. As shown in Fig. 19, grinding
is caused by frictional forces between the grinding balls and the vial wall, followed by a high-
energy collision of the balls and powder as they are lifted off the vial's surface and hit by the
opposite wall at a high speed.

Rotation of the
supporting disc

Centrifugal
force

Rotation of the milling vials
——

Balls | Powders

Figure 19: Planetary ball milling mechanism [75].
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Ball-powder-ball collision, on the other hand, alters the morphology of metal powder in two
ways, depending on the sort of constituent particles. When the clean surfaces of the ductile
components in the powder overlap, cold welding occurs, resulting in the creation of layered
composites. The brittle components, on the other hand, are typically confined in the composite
and occluded within the ductile components [73, 76]. The layered composites deform into
convoluted lamellae when the two processes of cold welding and fracture occur, and the

microstructure of the powder becomes increasingly refined [76].

Figure 20: Ball-powder-ball collision of metal powders during MA [76].

Due to substantial plastic deformation, the hardness of the particles increases approximately
linearly with time as MA proceeds. The agglomerated powders fracture into smaller particles
as the milling time is increased. Lamellae are no longer resolvable by optical microscopy at

this point, and milling is no longer possible [76].

Mechanical alloying of brazing alloy
The alloy was prepared in concentrations of 89wt.% Sn, 8wt.% Zn, 3wt.% Bi. Besides, 1wt.%

of stearic acid was added as a PCA to prevent excessive cold welding of all mixtures. The
powder to ball ratio used for milling was 20:1. 15 SS balls were used with a diameter of 18.5mm
and 32 g of the weight of each ball. A planetary ball mill (Frisch Pulverisette 6) was used for
milling, using a speed of 300 rpm and various grinding times. The vials were opened after 1,

3,5, 10, 15, 20, and 25 h to collect a bit of powder for characterisation.

Mechanical alloying of PLA-based polymer matrix composite
PLA granules supplied by Goodfellow having an average diameter of 4.85mm and density of

1.25 g/cm3 were used during the research. In total, eight composite mixtures were produced
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(Table 4). The relative amount of SCF and GNP in samples containing these two

reinforcements was 50-50.

Table 4: References and composition of the samples produced in this work by casting.

Samples Short Name Samples Short Name
PLA PLA PLA-Alloy PA

PLA-SCF PS PLA-SCG-Alloy PSA
PLA-GNP PG PLA-GNP-Alloy PGA
PLA-SCF-GNP | PSG PLA-SCF-GNP-Alloy PSGA

The milling parameters were the same as before mentioned in the 5.1.1 (Mechanical alloying

of brazing alloy) section, but the milling time was 10 minutes for all the samples.

Figure 21: Planetary ball mill (Frisch Pulverisette 6)

5.1.2. Casting
For the casting process, a mould of 4 mm diameter was used. 4.6g of the PLA granules or the

PLA composites were poured into the mould and then it was placed inside the furnace. Casting

process parameters are shown in Table 5.

Table 5: Furnace control parameters for casting.

Parameter name Value
Initial temperature 25°C
Casting temperature 200°C
heating rate 5°C/min.
Final temperature 35°C
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A schematic diagram of the casting process is shown in Fig. 22. The samples were produced
by melting the PLA at 200°C for lh. A slow cooling process was used to maintain the
crystallinity of PLA.

Furnace

- Sample

Figure 22: Schematic diagram of the casting process.

5.1.3. 3D printing Procedure

Extrusion
Plastic extrusion devices known as filament extruders create thermoplastic-based filaments

used in 3D printers. Extrusion systems work by mixing raw plastic granules and additional
additives, if any, in a mechanical mixer, then conveying the composite grains formed through

a feed hopper to the heating nozzle side via a screw shaft [77].

In Fig. 23, a schematic diagram of the extrusion process is shown. In the extrusion process, the
coated particles are fed through the hopper. Then the particles got melted at 190°C and pressed
with the screw. The melted PLA composite passed through the extrudate in the form of a
filament of ~1.8 mm diameter which is suitable for 3D printing. The hot filaments were cooled

down in a water tank and a pull roller was used to control the diameter of the filament.
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Figure 23: Schematic diagram of the extrusion process.

Figure 24: Extruder used in this work.

3D printing Process
The classic polymer extrusion process is analogous to part production in 3D printers.

Modelling the part in a Computer-Aided Design (CAD) system is the initial stage of
production. After that, the developed model is transformed into STL format, which allows data
to be transferred between CAD platforms. Data linked to the model in STL format is
communicated to the 3D printer after 2D slicing. The superposition of thermoplastic molten
material termed filament, which is deposited from the nozzle of the 3D printer, produces the
3D geometry of the component designed in the computer environment [69]. In a nutshell, the
technology entails pouring molten material in stages from a hot nozzle onto a heated flat table

surface (Fig. 25).
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Prusa i3 MK3 3D printer (Fig. 26) was used to print the sample for this project.

Heat sink

Cooling fan -
+

Filament

H)

Temperature control

Platform

Filament drive

control

Liquefier

Molten material

Figure 25: Production by 3D printing method [78].

In table 6, all the information regarding 3D printed samples and 3D printing parameters is

shown.

Table 6: 3D printing parameters

Printed samples dimensions (mm)

60x10x2

Extruder Temperature (°C)

215

Bed

Painter’s tape

Bed Temperature (°C)

60

Cooling (Fan speed) 100%
Layer Thickness (mm) 0.1
Raster Angle (29) -45/+45
Infill Density (%) 100%
Nozzle diameter (mm) 0.4

Figure 26: 3D printer (Prusa i3 MK3) used in this work.
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Reinforcement %wt.-controlled 3D printing
Another process was undertaken to make the composite using Brabender Plastograph (Fig. 27).

In this case, the PLA granules and the reinforcements were put together at 200 °C inside the
mixing chamber. A torque vs time graph was continuously observed during the melting and
mixing process. The graph became stable and horizontal to the time axis against the torque axis
after a few minutes indicating the mixture is homogenous. The process was carried out for 30

minutes for each mixture. The compositions are shown in table 7.

Table 7: The composition and reference of the samples produced in this process.

Sample name | PLA wt.% SCFwt.% | GNP wt.%
PSG-0.5 99 0.5 0.5

PSG-1 98 1 1

PSG-2 96 2 2

PSG-5 90 5 5

Figure 27: Plastograph used in this work.

After that, the mixtures were granulated in a granulator (Fig. 28) to make them suitable for the
extrusion process to get the 3D printable filaments. After granulation, the 3D printed samples

were produced in the same process described in the 5.1.3 (3D printing Process) section.
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Figure 28: Granulator used in this work.

During this 3D printing process, there were a few changes in the parameters (table 8).

Table 8: 3D printing parameters.

Printed samples dimensions (mm) 60x10x2
Extruder Temperature (°C) 215

Bed Painter’s tape
Bed Temperature (°C) 60

Cooling (Fan speed) 100%

Layer Thickness (mm) 0.2

Raster Angle (2) -45/+45

Infill Density (%) 100%

Nozzle diameter (mm) 0.8

5.1.4 Laser Texturing & Sintering Procedure

Laser Texturing
Casted PLA samples were textured with a COz laser. Then the grooves created by the laser

were filled with reinforcements and pressed in a hydraulic press with a Ston load for 5 minutes.
After that, the surface was sintered again with the same laser to make the final composite

sample.

Table 9: Composites composition and their name for laser texturing and sintering method

Sample name Composition
PST PLA SCF

PGT PLA GNP
PGST PLA SCF GNP

For laser texturing on the casted PLA sample, the parameters used during the process are given

in table 10.
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Table 10: Laser texturing and laser sintering parameters.

Speed 60mm/s
Power 10%
Frequency 100kHz
Spot delay 0.1ms
Step angle 90°

Laser Sintering
During the sintering process, there were two different parameters used for different composites.

For the PST sample, the less energized laser was used (Table 11) whereas for the PGT and
PGST energy was higher (Table 12).

Table 11: Laser sintering parameters for PST.

Speed 3000mm/s
Power 10%
Frequency 100kHz
Spot delay 0.1ms
Step angle 90°

Table 12: Laser Sintering parameters for PGT and PGST.

Speed 120mm/s
Power 10%
Frequency 100kHz
Spot delay 0.1ms
Step angle 90°

5. 2. Characterisation techniques

5.2.1. Morphological and chemical characterisation
A concentrated electron beam is used to scan a sample's surface in a scanning electron

microscope (SEM), which creates images of the sample. The sample's surface topography and
chemical composition are revealed by the signals that are created because of the electrons'
interactions with the sample's atoms [79]. To see the morphology of the samples, SEM
(Hitachi-SU3800) technology was used before and after blending with the mechanical alloying

process.

The analytical method, energy-dispersive X-ray spectroscopy (EDS) is used to characterize a
sample's chemical makeup or determine its elemental composition. It depends on the

interaction of an X-ray excitation source and a sample. Every element has a different atomic
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structure, which allows for a different collection of peaks on its electromagnetic emission
spectrum, according to the fundamental concept guiding its characterisation [80]. Moseley's
law foretells the peak placements. EDS (Oxford Instruments X-MaxN) analysis was performed
to identify the elemental distribution throughout the different samples using mapping for

different milling times of the samples.

Figure 29: SEM (Hitachi-SU3800) used in this work.

5.2.2. Tomography
Like tomography and X-ray computed tomography, X-ray microtomography employs X-rays

to produce cross-sections of real objects that may be utilized to construct virtual models (3D
models) without harming the originals [81]. SKYSCAN X-ray microtomography was used for

the tomographic analysis in this work.

SKYSCAN

X.RAY MICROTOMOGRAPH

Figure 30: SKYSCAN X-ray microtomography equipment used in this work.
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5.2.3. 3D profilometry
Rapid, non-destructive, and non-contact surface method-optical profilometry is a form of

microscope which uses a beam splitter to divide the light coming from a bulb into two separate
streams. The light travels along two paths: one to the surface being tested, the other to a
reference mirror. The two surfaces' combined reflections are transmitted onto an array detector.
Interference can happen when the path difference between the recombined beams is on the
order of a few light wavelengths or less. The surface features of the test surface are disclosed
by this interference [82].

A 3D profilometer (Alicona-InfiniteFocus) was used to analyse the wear track and scar on the

samples.

Figure 31: 3D profilometer (Alicona-InfiniteFocus) used in this work.

5.2.4. Structural characterisation
X-ray diffraction is a technique for examining the structure and physical characteristics of

materials. The experimental science known as X-ray crystallography employs incident X-ray
beams to diffract in various directions to determine the atomic and molecular structure of
crystals. An image of the density of electrons within the crystal can be created in three
dimensions by measuring the angles and intensities of these diffracted beams. The average
locations of the atoms in the crystal can be calculated from this electron density [83]. The
crystalline structure of the particles and composites was investigated by XRD (Philips XPert)
with Co-Ka radiation (1.790300 A).
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Figure 32: Philips XPert XRD equipment used in this work.

5.3.5. Thermal analysis characterisation
Differential scanning calorimetry (DSC) is a thermal analytical technique that measures the

difference in heat required to raise the temperature of a sample and a reference as a function of
temperature. DSC is widely utilized to investigate polymeric materials and determine their
thermal transformation. The glass transition temperature (Tg), crystallization temperature (Tc),
and melting temperature (Tm) are all important thermal transitions [84]. Differential Scanning
Calorimetry was used to assess the change in thermophysical behaviour and crystallinity of the
PLA matrix. For all the samples, the temperature range was 25 °C to 230 °C. The heating rate

was 10 °C /min and the atmosphere was N>, 40 ml/min.

The degree of crystallinity of the composite powders after compaction was evaluated using the

equation [85]:

Xe (%) =2 %100 (1)

AHfo
Where AH represents the melting enthalpy of the samples and AH° is the standard enthalpy
of PLA normally taken as 93J/g [85].

NETZSCH-DSC 204 f1 phoenix equipment was used for the tests.
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Figure 33: DSC equipment (NETZSCH-DSC 204 f1 phoenix) used in this work.

5.3.6. Mechanical and tribological characterisation
The Shore durometer is a tool used to gauge a material's hardness; commonly, it is used with

rubbers, elastomers, and polymers. Greater resistance to indentation and consequently tougher
materials are indicated by higher numbers on the scale. Lower numbers denote softer materials
and less resistance. There are various durometer scales available for materials with various
qualities. The ASTM D2240 type A and type D scales, which employ somewhat different
measurement systems, are the two most popular scales. Softer ones are rated on the A scale,
while harder ones are rated on the D scale [86].

The samples’ Shore D hardness was determined using a CV Instruments Limited with the serial
number 6870 under the ASTM D2240-00 testing standard. The Load was applied manually,

and the results were taken in 3s. 5 tests were done on each sample.

Figure 34: Shore (Durometer) Hardness Tester used in this work.
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3-Point Bending test
The three-point bending flexural test yields information on the material's bending modulus of

elasticity, flexural stress, flexural strain, and flexural stress-strain response. This test is carried
out using a three-point bend fixture on a universal testing machine. For 3D printed samples, a
Shimadzu AG-10 universal testing machine equipped with h SkN load cell at room temperature
and with a grip speed of 2 mm/min was used for the 3-point bending tests of 5 samples from
each type of composites. The specimens with dimensions of 60x10x2 mm were tested based

on ASTM Standard D 790.

The stress-strain curve is obtained using from the load-displacement curve using equations 2

and 3 [87].

O-f = 2bd? (2’)
6Dd
& =" )

Here, orand €f are Flexural stress and flexural strain respectively. P is applied load, and D is

displacement. L, b, and d are the length, width, and thickness of the samples respectively.

Bl SHIMADZU

Figure 35: 3-Point bending test equipment (Shimadzu AG-10 universal testing machine).

Ball on disk tests (Reciprocating)
Before starting the wear characterisation, the casted samples were polished with 2400

mesh grit paper followed by 4000 mesh grit paper. Then the samples were tested in the
Rtec instrument -MFT 5000. For 3D printed samples, there was no polishing involved. 3

tests were performed on each sample using this process.
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Figure 36: Pin on disk tribometer (Rtec).

A load of 5N was applied through a spherical pin based on a SS (100 Cr®) ball with a
diameter of 5 mm. Before starting, the ball was ultrasonically cleaned in ethanol and dried
into the pin holder.

It was a reciprocating test. The stroke length was set at 6 mm, the frequency was 8.5 Hz,
and the total time duration was 300 s. The experiment was carried out at room temperature
(25°C temperature, 50 % humidity).

A 3D profilometer (Alicona) was used to analyse the wear track and scar on the samples.
The specific wear rate, k, was calculated using the equation [88]:

k= 14 (nm3) )

N \ nm

Where V denotes the wear volume on the sample, N is the load applied, and S is the

journey distance.
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5.3. Raw materials
The elemental Sn (purity 99.9%), Zn (purity 98.8%), and Bi (purity 99.5%) powders from

Goodfellow were used for the brazing alloy design, with average particle sizes of 45, 7.5,
and 45 pum, respectively. A mixture of short carbon fibres and Graphene nanoplatelets
were used as reinforcements within the Sn-based brazing alloy. Sigrafil provided the SCF,
which had a filament length of 80p and diameter of 7 while Nanografi provided the GNP
(purity 99.9%), which had an average thickness of 5 nm and dimensions of 30 um. The
density of SCF and GNP were 1.8gm/cm”3 and 2 gm/cm”3 respectively.

In Fig. 37, the raw PLA particles are shown to have an average diameter of 4.85 mm.

Figure 37: Raw PLA.

Morphology
Figure 38 shows the SEM images that correlate to the individual raw powders. GNP

powders have a flake-like morphology with stacked layers of graphite sheets, whereas
SCF appears as a random distribution of cylindrical rods. Sn powder has a droplet-shaped
spheroidal morphology, with a size distribution of big and tiny particles that varies. Bi
powder has a completely spherical shape and particles of equal size. Zn powders have a
spherical shape with a varied size distribution that includes small, medium, and large

particles.
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100 pm

100 pm

Figure 38: SEM images corresponding to the initial morphology of raw powders: (a) GNP, (b) SCF, (c) Bi, (d) Zn, (e) Sn

Structural evaluation
The crystallographic structure of the raw PLA powders characterized by XRD is illustrated in

Fig. 39. Two dominant diffraction peaks at 26=19° and 22° represent the (200/100) and (203)
planes, respectively, and the weak diffraction peak at 25.5° is indicative of the (015) plane.
[89].
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Figure 39: XRD pattern of raw PLA.

The crystallographic structure of the raw Sn-Zn-Bi mixture powders characterized by XRD is
illustrated in Fig. 40. Sn peaks are visible at 35.7°,37.4°, 51.4°, and 52.6° angles. The small Bi
peak is noticeable at a 42.4° angle whereas the two Zn peaks are at 45.7° and 50 angles. These

peaks are expected to be seen in the XRD of Sn-Zn-Bi alloy produced by MA.

Sn

“a
g Sn\A
\
= Bi Zn\

“a
JUl LZ .J\AJL R

30 35 40 45 50 55 60

Angle (28)

Figure 40: XRD pattern of raw Sn-Zn-Bi mixture.

The diffraction pattern of the GNP has one characteristic peak at ~31°, corresponding to the
002 planes. Diffraction peaks at 20 ~ 31.9° can be identified as the amorphous structure of
SCF illustrated in Fig. 41.
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Figure 41: XRD pattern of PLA, GNP, and SCF.

DSC measurement
DSC of PLA is shown in Fig. 42. PLA exhibited a glass temperate (T,) peak at around 6

°C, and a melting temperature (Tm) peak at around 173 °C. The crystallinity (Xc) is

measured using equation 1 and the value is 45%.

DSC /(mW/mg)
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0

-200 Complex Peak:
Area: -41797 Jig
Peak*: 173.0 °C
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-400 Tg
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-800

-1000
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————DpsC
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Temperature /°C

Figure 42: DSC of PLA particle.

The PLA used for 3D printing was a little different. The DSC analysis (Fig. 43) shows a small
cold crystallization peak at 160°C which was not present in the raw PLA used for casted
samples. Tg is 68.6 °C and T is 178.4 °C which is a little higher than the PLA used for casted
samples (Fig. 42). The crystallinity (Xc) of this PLA is 38.825%.
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Figure 43: DSC of PLA used for 3D printing.
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6. RESULTS AND DISCUSSION

As mentioned in section 4, 3 different sets of manufacturing processes were used in this project
to produce different reinforced PLA composites (Fig. 44): (1) mechanical alloying and casting,
(2) mechanical alloying / plastography, filament extrusion, and 3D printing, and (3) laser
texturing reinforcement of the texture by cold compaction, and laser sintering. The results will

be presented separately, for each manufacturing process.

PLA — > > PLA + Graphene + Alloy
Nl (PGA)
PLA + Graphene (PG) | _, > 5 PLA + Short Carbon Fibres +
< Alloy (PSA)
PLA +.Ehort Carbon | _, 5 > | PLA + Graphene + Short Carbon
Fibres (PS) Fibres (PSG)
PLA + Metallic alloy (Sn- | __ ‘ PLA + Metallic alloy + SCF +
Zn-Bi) (PA) | GNP (Sn-Zn-Bi) (PSGA)
N v
Process 1 Process 2
CASTING 3D PRINTING

8 types of samples 3 types of samples 3 types of samples

Figure 44: Diagram of all the raw materials and techniques used in this work.
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Mechanical alloying and casting

A flow diagram of the complete Mechanical alloying and casting process for sample production

is given in Fig. 45. It is a two-step process. The first step is mechanical alloying of alloy, and

the second step is mechanical alloying of PLA with all reinforcements followed by casting.

89wt.% Sn,
8wt.% Zn,
3wt.% Bi

PLA + GNP/
SCF/ Alloy

Alloy after 25
hours

Planetary ball milling

Step 2

Furnace

Cd
Mold . T— . Mold .
—) II’ Particles II sample

4cm diameter 200 °C
Control

lhour

heating rate 5 °C/min

Schematic diagram of the casting process

Casted Samples

Figure 45: Flow diagram of mechanical alloying and casting.
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6.1. Mechanical alloying and casting Process

Before casting, mechanical alloying was used for the synthesis of the composite materials
(Table 13).

Table 13: Samples composition produced in this process and their corresponding reference.

Samples Short Name Samples Short Name
PLA PLA PLA-Alloy PA

PLA-SCF PS PLA-SCG-Alloy PSA
PLA-GNP PG PLA-GNP-Alloy PGA
PLA-SCF-GNP | PSG PLA-SCF-GNP-Alloy PSGA

6.1.1. Mechanical alloying
Mechanical alloying of the metallic powders

Morphological and structural characterisation
The SEM images and the corresponding EDS elemental mapping of the metallic alloy blends

after 5, 10, and 25h of MA are presented in Figs. 46, 47, and 48, respectively.

(a)

Figure 47: (a) SEM images and (b) EDS elemental maps of Sn-Zn-Bi mixture after 10 hours of MA.

58



(b)

Figure 48: (a) SEM images and (b) EDS elemental maps of Sn-Zn-Bi mixture after 25 hours of MA.

During the first Sh of MA, there is a change in the shape of the particles, which become more
flattened (Fig. 46). This phenomenon is well described in the literature on MA of ductile
materials [90]. After 10 h of MA (Fig. 47), the average particle size of the sample is lower than
the one for 5 h of MA. This means a fracture process occurred from Sh of MA likely due to the
work-hardened, by plastic deformation, of the particles [91]. After 25h of MA (Fig. 48),
particles with a size lower than 10 mm are detected. From the EDS elemental maps, it can be
observed that the mixing of Sn, Zn, and Bi is quite homogeneous after 25h of milling (Fig. 48).
Figure 49 shows the EDS elemental analysis after 25h of milling. Well-defined peaks of tin are
present, together with the Zn and Bi ones with lower intensity (lower concentration in the

mixture).
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Figure 49: EDS elemental analysis of Sn-Zn-Bi alloy after 25 hours of MA.
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Evolution of the crystal structure
The evolution of the XRD patterns of the Sn-Zn-Bi mixture as a function of MA time is

presented in Fig. 49. After 5 h of MA, diffraction peaks of the constituent metals, i.e., Sn, Zn,
and Bi are still detectable. When MA time is increased to 10 h, the diffraction peaks of Zn are
no longer visible, which indicates that the dissolution of the atoms of Bi into the Sn lattice
occurred. After 25 hours of MA, only Sn diffraction peaks are visible, which means that the Zn
and Bi were incorporated in the Sn lattice. However, no noticeable shift of the Sn diffraction
peaks is observed since the atomic radii of these elements are quite similar (1.45, 1.42, and
1.43 A for Sn, Zn, and Bi, respectively). These results are in accordance with previous work
on this system [92] that showed that it is possible to incorporate Zn and Bi into the tin lattice

after a certain period of MA.

Sn

Sn

Sn

Intemsity (a.u)

[ T
30 35 40 45 50 55
Angle 26
——5hours ——10hours ——25 hours

Figure 50: XRD patterns of the Sn-Zn-Bi mixture milled for 5, 10, and 25h.

Mechanical alloying of the metallic alloy- and carbon-reinforced PLA

Morphological and structural characterisation
Figure 51 shows an optical image of the PLA granules coated with GNP and metallic alloy, as

a typical example of all the other coated systems. In all the cases, the PLA granules seem to be

entirely coated, presenting a dark grey colour.
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Figure 51: PLA granules coated with GNP and metallic alloy, as a typical example of the other coated systems.

SEM/EDS analysis (Fig. 52) was performed to confirm the optical observations.
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Figure 52: (a) SEM images and (b) EDS elemental maps PLA granules coated with GNP and SCF, as a typical example of all
the other systems.

The SEM images (Fig. 52a) show that the PLA granules were completely covered by the
different reinforcements. The EDS maps (Fig. 52b) confirm that the distribution of the different

metallic elements on the PLA surface is quite homogenous.

6.1.2. Casting
Figure 53 shows pictures of PLA and reinforced PLA casted samples. All but PLA present the

same grey tone as the MA’ed coated granules.

PG

Figure 53: Different casted samples produced in this work.
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Morphological and structural characterisation
The XRD patterns of the raw PLA (granules) and casted PLA samples are illustrated in Fig.

54. They exhibit the same diffraction peaks at the same angles, meaning that casting did not
induce any new structural phase. However, the diffraction peaks are slightly broader, meaning
a decrease in the PLA structural order. It is likely that a partial amorphization of PLA occurred
during casting since the background of the corresponding XRD pattern can’t be fitted by a

horizontal line.

(100/200)

Intensity (a.u)

4% (203)
(015)

T T T T T 1

10 12 14 16 18 20 22 24 26 28 30 32 34

Angle (26)
——PLA Casted ———Raw PLA

Figure 54: XRD patterns of the raw and casted PLA.

Thermal analysis
The DSC analysis of the casted sample (Fig. 55) corroborates the XRD analysis, confirming

that casting induced some amorphization of the PLA. Contrary to raw PLA, a cold
crystallization peak at ~110 °C was detected for the casted sample. This cold-crystallization
process is defined as a polymer crystallization that occurs above the glass transition
temperature (Tg) upon heating in the presence of nuclei formed during the previous cooling
step or during the sample's permanence at temperatures below Tg. So, during DSC, the PLA
polymer got heated again and got sufficient energy for mobility above Tg temperature to
arrange itself into the ordered structure (i.e., crystalline structure) by chain folding.
Crystallinity (Xc) of the casted sample was calculated and the value of 40 % was obtained. This
value is slightly lower than the one calculated after the DSC analysis of the raw material (45%)

due to the loss of crystallinity during the casting process [93].
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Figure 55: DSC of casted PLA.

Structural evaluation of the reinforced PLA composites
The XRD patterns of the casted PLA and reinforced PLA with GNP and SCF samples (PLA,

PG, and PS) are shown in Fig. 56. The characteristic diffraction peak of GNP is clearly
noticeable at a 20 angle of 33°. The diffraction peak of SCF is hardly distinguishable once it

is positioned at the same diffraction angle as one of the PLA diffraction planes.
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Figure 56: XRD patterns of the PLA, PS, and PG casted samples.

Figure 57 represents the XRD patterns of the PLA and PLA reinforced Sn-Zn-Bi samples.
Considering the position of the Sn diffraction peaks (main element in the Sn-Zn-Bi alloy), the
XRD analysis of the reinforced PLA sample was performed just for 20 between 35 and 40°.
The results show the characteristic diffraction peaks of Sn, proving the existence of the alloy

in the reinforced PLA casted sample.
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Figure 57: XRD of PLA and PLA reinforced with the metallic alloy casted samples.

Mechanical and tribological characterisation

Shore D Hardness tests
The Shore D hardness of the different casted samples is presented in Fig. 58. All the composites

have higher hardness values than pure PLA (77 Shore D). PSG has the highest value among all
the samples (84.5, corresponding to a 10% increase in hardness compared to PLA). PS and PG
have a similar shore D value of 83. PSA, PSGA, and PGA also have almost similar shore D
hardness (80, 81, and 81 respectively). The samples partially or totally reinforced with the
metallic alloy have lower hardness values compared to SCF and GNP reinforced PLA samples.
All the hardness values have a standard deviation of ~1 to 2 shore D. Addition of SCF and
GNP increases the hardness of the composite as they are much harder than the polymer matrix.
Similar results were obtained in other works where hardness was reported to be increased by
the addition of GNP into polymer-based composites [94-97]. In some other studies, the increase

of hardness of polymers by incorporating SCF was also observed by many authors [98,99].
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Figure 58: Shore D hardness of the casted samples.

Tribological analysis
Figure 59 illustrates the COF vs time (maximum of 300 s) curves for all the casted samples.

All the reinforcements did not induce a significant reduction in the COF values. The average
COF value of PLA is around 0.50. PG sample has the lowest value of COF (0.43)
corresponding to a 14% reduction followed by PSG (0.44) which is a 12% reduction of COF
compared to PLA (Fig. 60). The reason behind this may be the effect of graphene as a solid
lubricant [100]. PGA, PSA, and PS have a similar average COF value (0.48). PA sample has
the highest value of COF, which fluctuates during the tribological test from 0.53 to 0.6 with an
average value of 0.55 which is a 10% increase in COF compared to PLA. The PA sample had
cracks on the surface and chipping of material happened during the test due to the improper
incorporation of alloy into the polymer which might be the reason for this increase in COF.
PSGA shows the same average COF (0.50) as PLA. Batakliev [101] observed a similar COF
reduction in PLA composites reinforced with GNP and carbon nanotube. The usual load
applied during the wear test may cause the carbon flakes to separate from the nanocomposite
matrix and provides a transfer film that acts as solid lubricants resulting in noticeably lower

coefficients of friction than pure PLA [102].
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Figure 59: Time vs COF curves of the casted samples.
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Figure 60: Average COF values of the casted samples

Figure 61 represents the 3D profilometry images of the wear scars and the corresponding wear
profiles obtained from the casted samples after the tribological tests. The wear profile of the
PSG sample has the lowest maximum wear depth (~6 um), almost 7 times lower than the PLA
sample (~40 pm). The PA sample has the highest maximum wear depth of ~110 pum. In this
sample, some chipping happened during the tribological tests meaning that the metallic alloy
was not properly incorporated into the PLA matrix and the adhesion was not good enough
between PLA and the alloy to sustain the load applied during the test which created a deep
wear profile on the sliding area noticeable in the 3D scan (in the colour contour of the 3D scan,

green to blue represents the lower to a higher depth of the wear profile). PG has the second-
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lowest maximum wear depth of ~11 pm. PSA and PGA have almost the same maximum wear

depth (~50 um). PS and PSGA have ~35 and ~22 um of maximum wear depth respectively.
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Figure 61: Images of the wear profiles and 3D scans of the casted samples.

The wear rate of the casted samples is illustrated in Fig. 62. Increased hardness values helped
to increase wear resistance for the composite samples with GNP and SCF [103]. Pure PLA has
an average specific wear rate of 1.8e-3 mm”3/Nm. PSG sample has the lowest amount wear
rate (1.5e-04 mm”3/Nm) corresponding to a 12 times reduction compared to pure PLA. PG
sample also shows a reduced wear rate (2.4e-04 mm”3/N). Like the COF, the highest wear rate
was found for the PA sample (3.5¢-03 mm”3/Nm) which is almost 2 times higher than PLA.
During reciprocating pin on disk test, chipping of material occurred. The reason for this is the
lower adhesion between the alloy and the polymer achieved by casting. PSGA also shows
significant wear resistance (6.5¢e-4 mm3/Nm) but is higher than PSG and PG. PSA (1.9¢-3
mm3/Nm) and PGA (2e-3 mm3/Nm) show higher wear rates than pure PLA. An increase in
wear resistance by integration of GNP into the PLA matrix was reported by Ustillos et a/ [103].
Friedrich [104] showed in his study that SCF can affectively increase wear resistance in

polymers. SCF and GNP both are much harder than the PLA and they can increase the hardness
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in the composite which helps to have higher wear resistance. SCF increases the contact area of

higher load-bearing capacity resulting in higher wear resistance for these composites.
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Figure 62: Specific Wear rate of the casted samples.
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Mechanical alloying, filament extrusion, and 3D Printing

From the above-mentioned results, it was obvious that casted samples reinforced with the

metallic alloy did not perform well mechanically and tribologically. So, it was decided just to

3D print PLA with SCF and GNP reinforcements. Mechanical alloying was used to produce

different composite materials. Then, they were extruded to produce the filaments. Finally, 3D

printing was used to fabricate three different samples of PLA, PLA+GNP, and
PLA+GNP+SCF (Table 14) (Fig. 63).

E ¢
PLA + GNP/ SCF L

Table 4: All 3D printed composites

Cooling fan

control

PG-3D PLA-3D

Platform

Figure 63: Complete diagram of 3D printed samples’ manufacturing process.
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6.2. Mechanical alloying / plastography, filament extrusion, and 3D Printing

The reference names and compositions of the 3D printed samples are shown in Table 14.

Table 14: Reference name and their composition of the 3D printed samples.

Samples Short Name
PLA PLA-3D
PLA-GNP PG-3D

PLA-SCF-GNP PSG-3D

6.2.1. Mechanical alloying
The mechanical alloying process was the same as described in section 5.1.1. Only the

difference was the raw material was used as mentioned in table 14.

6.2.2. Filament Extrusion
The filaments were produced from mechanically alloyed mixtures synthesised with the same

experimental parameters as the ones referred to in section 5.1.3.

Morphological and thermal characterisation of the filaments
The raw PLA particles with and without GNP and SCF coatings were extruded and

subsequently inspected using an optical microscope (Fig. 64). From the figure it is observed
that the diameter of the produced filament presents some diameter variations between 1.83 and
1.94 mm. But in some places, the diameter was 1.75 mm as well. On average the diameter was

about 1.8mm which is suitable for 3D printing.

The tomography results of the extruded filaments are illustrated in Fig. 65. The filaments are
quite dense, with few pores. The GNP and SCF reinforcements are distributed all over the
filaments which is noticeable by the yellow marks in the figure. This yellow marks actually

indicates the agglomeration of the reinforced particles inside the filament. It should be noted
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that, as expected, no elongated whiskers of SCF could be detected, because they were broken

during the MA process.

/

Figure 65: Microtomography images of (a) PLA, (b) PG, and (c) PSG filaments.

DSC analysis of the filaments is illustrated in Fig. 66. The curves are quite similar which means

the reinforcements did not affect the thermal property of the PLA. A huge cold crystallization

peak is visible at 100 °C for all the samples. The extrusion process involves melting and rapid

cooling of the polymer and therefore, the PLA didn’t have enough time to crystallize. A similar

phenomenon was also described by Sorrentino ef al. in their work [93].
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Figure 66: DSC curves of (a) PLA, (b) PG, and (c) PSG filaments.
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6.2.3. 3D printing

Morphological and structural characterisation
The printed samples are shown in Fig. 67.

Figure 67: 3D printed samples.

The XRD patterns of the 3D printed samples are shown in Fig. 68. The PLA-3D sample is
amorphous with a broad peak centred at 20°. PLA loses its crystalline structure during 3D
printing due to the rapid cooling during processing. The XRD analysis of the PG-3D and PSG-
3D samples was performed between 25° to 35° (position of the main diffraction peaks of GNP
and SCF) and it confirmed the presence of both phases in the final printed samples. The peak
for GNP is dominant whereas it is difficult to observe the XRD peak for SCF due to the
amorphous structure of the PLA.
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Figure 68: XRD patterns of the 3D printed samples.

The microtomography images of the 3D printed PG-3D and PSG-3D samples are illustrated in
Figs. 69 and 70, respectively. The 0.1mm layer-by-layer construction is clearly noticeable in
the images for the 3D printed samples. The 45° raster angle is also visible on the top surface of
the samples. In both samples, the number of pores is higher at the centre of the samples than at

their edges.
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Figure 69: Microtomography of PG-3D.

Figure 70: Microtomography of PSG-3D sample.

Mechanical and tribological characterisation
Figure 71 shows the Shore D values of the 3D printed samples. PLA-3D sample has a mean

Shore D value of 61. Both, the PG-3D and PSG-3D have higher hardness values (73 and 78
Shore D, respectively.) The higher hardness value corresponds to a 22% increase when
compared to the PLA-3D sample.

The shore D values of all the 3D printed samples are lower than the corresponding ones of the
casted samples. The explanation for that is based on morphological and structural features: The
3D printed samples are mainly amorphous and present a higher level of porosity than the casted

samples.
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Figure 71: Shore D hardness of the 3D printed samples.

In Fig. 72, the load vs displacement and the flexural stress-strain curves obtained from the 3-
point bending tests of the 3D printed samples are presented. For the same amount of
displacement, a higher force is needed for the PG-3D and PSG-3D samples than for the PLA-
3D ones (Fig. 72a). This means that the PG-3D and PSG-3D samples have higher flexural
modulus than the PLA-3D sample. The flexural modulus of the PG-3D and PSG-3D samples
(Fig. 73) is 7.2 and 8.1 GPa, respectively, which corresponds to values 2.2 and 2.6 times higher
than the one of the PLA-3D sample (3.2 GPa). These results are in line with the previous studies
by many authors for PLA-based composite with GNP or carbon fibre [68, 105-107]. SCF or
GNP particles are attributed to the restriction of the polymeric chains which results in high

resistance to strain and increases the load-bearing capacity.
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Figure 72: (a) Load vs displacement and (b) Flexural stress-strain curves of the 3D printed samples obtained from the 3-
point bending tests.
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Figure 73: Flexural modulus of the 3D printed samples.

Figure 74 illustrates the COF vs time curves of the 3D printed samples. The average COF value
of PLA-3D is around 0.60. PSG-3D sample has the lowest value of COF (~ 0.5) which
corresponds to an 18% reduction when compared to the PLA-3D sample (Fig. 75). PG-3D
shows a COF of ~ 0.53. The 3D printed samples have higher values of COF than the
corresponding casted samples mainly because they were not polished to maintain the integrity
of their surfaces and, therefore, they have higher roughness. The average roughness (Ra) of all
the printed samples was almost the same (1.1-1.3 um) whereas the Ra value of the polished
casted samples was 500-600 nm. Higher roughness means less contact area and higher pressure
was generated during the sliding test resulting in a boost in COF value for the printed sample

compared to casted samples [108,109].
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Figure 74: Time vs COF curves of the 3D printed samples.
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Figure 75: Average COF values of the 3D printed samples.

Figure 76 presents the 3D profilometry images of the wear scars and the corresponding wear
profiles obtained from the 3D printed samples after the tribological tests. It is clearly observable
that the wear profile of the PSG-3D sample has the lowest maximum wear depth (~ 15 pm)
almost 4 times lower than the PLA-3D sample (~ 55 um). The maximum wear depth of the
PG-3D sample is in between these values (~ 23 pm).
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Figure 76: 3D profilometry images of the wear profiles and 3D scans of the 3D printed samples.

The wear rate of the 3D printed samples is illustrated in Fig.77. Pure PLA-3D has an average
specific wear rate of 1.3e-3 mm”3/Nm. PSG-3D sample has the lowest wear rate (2.6e-04
mm”3/Nm) which is more than a 5 times reduction when compared to PLA-3D. The PG-3D

sample has an intermediate wear rate of 4.5e-04 mm”3/Nm.
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Figure 77: Specific Wear rate of the 3D printed samples.

These results of COF and wear rate of the composite sample agree with the works of many
authors who showed the effect of SCF, and GNP incorporated polymer composites produced
by 3D printing [98, 110].

78



Plastography, filament extrusion, and 3D Printing (Preliminary results)

A flow diagram of the 3D printing of the sample using plastography and granulation to control

the reinforcements percentage in the composite is given in Fig. 78. Filaments of PLA with

different amounts of GNP + SCF were produced by plastography (melting and mixing the PLA

granules with GNP, SCF) followed by extrusion. Then, they were used to print the parts.
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Figure 78: Complete diagram of 3D printed samples’ manufacturing process using plastography.
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6.3. Plastography, filament extrusion, and 3D Printing procedure
Table 15 presents the composition of PLA, GNP, and SCF for 3D printed composites using

plastography and their reference name.

Table 15: Composition of PLA, GNP, and SCF for 3D printed composites using plastography and their reference name.

Sample name PLA wt% SCF wt% GNP wt%
PSG-0.5 99 0.5 0.5

PSG-1 98 1 1

PSG-2 96 2 2

PSG-5 90 5 5

6.3.1 Plastography

During the mixing of SCF, GNP, and PLA in a plastograph, a Torque vs time curve was

generated to observe the homogeneity of the mixture (Fig. 79). When the mixture becomes

homogenous the curve becomes stable and horizontal to the time axis as the torque needed to

mix the material is the same all over the mixture which is noticeable in Fig. 79. After the 600s

the curve becomes stable. The more the amount of the material, the more torque is needed.

That is why the torque value is going up with the increase in the percentage of the

reinforcements.

70

Torque (Nm)

\

600 800 1000 1200
Time (s)
——— PLA+0.5%C =———PLA+1%C =———PLA+2%C =———PLA+5%C

Figure 79: Torque vs time curve for different PLA, GNP, and SCF mixtures.

6.3.2. 3D printing

Figure 80 shows the PSG-2 which is a typical image of all the samples produced in this process.

Here it is clearly noticeable that the surface is much wavier due to the higher layer thickness
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and the bigger nozzle used to produce the samples compared to previously produced 3D printed
samples (Fig. 67).

In this case, the parameter was changed because of some reasons. This time the raw powders
were not broken by the milling process. So, the length of SCF inside the composite was 100-
150 pm. Previously the diameter of the nozzle was 0.4mm so it was difficult to print the
samples properly as the nozzle got clogged and no material was coming out of the nozzle.
Another reason was that the diameter of the filament was more than 1.9mm in some places of
the filament. As a result, a 0.8mm nozzle was used for the printing and the layer thickness was
also changed to 0.2mm. Another noticeable thing is that during the mixing in the plastograph,
there were some foreign elements inside the chamber even after cleaning it several times which

may affect the composition of the composites as well as the results.

Figure 80: PSG-2 3D printed sample.

Mechanical and tribological characterisation
PSG-5 has the maximum Shore D hardness and PSG-0.5 has the lowest. PSG-1 and PSG-2

have almost the same hardness value though PSG-1 is slightly better (Fig. 81).

So, the specimen with a 5 wt.% GNP, SCF content had the greatest value. Clearly, the presence
of graphene and SCF, which is significantly harder than the polymer matrix, increases
hardness. Even a small amount of GNP+SCF—up to 1 wt. %, as demonstrated in other

experiments [111-113] can boost the composite material's hardness value.
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Figure 81: Shore D hardness of the 3D printed samples.

From Fig. 83, it is observed that PSG-0.5 has the lowest average COF value (0.49) among all
the samples although the difference between the PSG-1 sample is not significant. PSG-1 has
an average COF value of 0.5. But the PSG-2 has a comparatively higher COF value (0.54), and
the PSG-5 possesses the highest of all which is 0.58. The findings demonstrated that the
coefficient of friction was unaffected by GNP and SCF concentrations above 0.5 percent by
weight. Therefore, the GNP+SCF percentage of 0.5 wt.% for the composite material employed
in this study was deemed the ideal ratio for achieving the best results for friction behaviour
which is somehow similar to the study of Hanon ef al. [110] although in that study the polymer

was different and only graphene was used as reinforcements.
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Figure 82: Time vs COF curves of the 3D printed samples.
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Figure 83: Average COF values of the casted samples.
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Laser texturing, cold compaction, and laser sintering

A flow diagram of the laser texturing, reinforcement of the texture by cold compaction, and

laser sintering for sample production are given in Fig. 84.
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Figure 84: Laser Texturing and Sintering process for composite manufacturing.

This process consisted of three steps: laser texturing of casted PLA, reinforcement of the

texture with GNP, SCF, and GNP+SCF by cold pressing, and laser sintering.
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6.4. Laser texturing, reinforcement of the texture by cold compaction, and laser sintering
Three different samples were produced by this process (Table 16).

Table 16: Composition and reference name of Samples produced by laser texturing.

Sample name Composition

PG-T PLA reinforced with GNP

PS-T PLA reinforced with SCF

PSG-T PLA reinforced with SCF and GNP

6.4.1 Laser texturing

Morphological characterisation
Different laser parameters were used to optimize the texture to obtain a pattern capable to

accommodate the different reinforcements. The best results were obtained with the following
parameters: laser power 10 W, speed = 60 mm/s, frequency = 100 kHz, spot delay = 0.1 ms
and step angle =90°. With these experimental conditions, quite a uniform pattern was produced

(Fig. 85). Grooves have a depth of about 200 um and a width of 400 pm.

S L

Figure 85: 3D profilometry images and 3D scan of the textured PLA.

6.4.2. Cold Compaction
Figure 86 shows the 3D profilometry images and 3D scans of the reinforced samples after cold

compaction of the three reinforcements (GNP, SCF, and GNP+SCF). For PG-T the GNP
particles almost covered the whole groove of the textures. On average only 25 um of depth was

left after the cold compaction with GNP. A similar phenomenon happened with the PSG-T
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samples. SCF and GNP covered most of the grooves (30 pm of depth left). But for the PS-T
samples, SCF did not cover the textured zone as the adhesion between SCF was not good after
cold compaction. The SCF could not attach to each other by pressing whereas the GNP built

layers and it is doubted that it might have transformed into Graphite on the textured surface.
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MeasurePosition 1:979.744um 2:20.698um
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Angle: 173.507° Distance: 1.721mm

Figure 86: 3D profilometry images and 3D scan of the reinforced textured PLA.

Mechanical and tribological characterisation

Shore hardness values of the samples are shown in figure 87. PG-T has the lowest shore D

value (63) whereas PS-T has the highest one (74).
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Figure 87: Shore D hardness of the 3D textured samples

PG-T shows the lowest COF value (0.33), and PST has the highest one (0.59) (Fig 89). But
many more of these values are needed to be evaluated again as the composite samples after
sintering was not in good condition. Much more iterations of sintering parameters need to be

done to find out the optimum condition to produce good composite samples.

0.7
0.6

0 50 100 150

Time (s)

——PGT ——PST ——PSGT

Figure 88: Time vs COF curves of the textured samples.
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Figure 89: Average COF values of the textured samples.
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/. CONCLUSION

Three different routes were followed to produce the composite samples - mechanical alloying
followed by casting, mechanical alloying/plastograohy followed by 3D printing, and laser
texturing followed by cold compaction and laser sintering. Based on the results obtained the

following main conclusions may be withdrawn:

e Concerning the casted samples, all the composites produced presented higher hardness
values than pure PLA (77 Shore D). The highest Shore D hardness was obtained for PSG
(84.5, corresponding to a 10% increase in hardness compared to PLA). PG showed the lower
COF (0,43) whilst the PSG sample presented the higher hardness and wear resistance (85
and 1.5¢* mm?3/Nm, respectively). The PSG sample showed only an increase of 2.3 % in
COF when compared to the PG sample. So, it can be concluded that PSG was the best
performing sample produced by the casting process. PA samples (PLA reinforced with
metallic alloy) produced by casting did not perform well compared to the other composite

samples showing worse tribological and wear properties than pure PLA.

e The best mechanical and tribological properties of the 3D printed parts were obtained for
the PSG-3D sample. The GNP and SCF reinforcements increased the flexural modulus,
hardness, and wear resistance of the PLA matrix and reduced its friction coefficient. 3D
printed samples had higher COF values than casted samples which were explained by their
higher average roughness. The hardness values of the 3D printed samples were also lower
than the corresponding ones of casted samples because of their amorphization and higher
number of pores. The increase in the percentage of SCF and GNP in the composites hadn’t
a beneficial effect on the tribological properties, but there was a slight increase in hardness

from PSG-0.5 to PSG-1.

e The samples produced by laser surface texturing and sintering presented some issues related
to the lack of a proper sintering process However, as preliminary results, it can be stated

that the PGT performed better tribologically and PST mechanically.
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8. FUTURE WORK

There are few scopes for future work.
1. Concerning the casting process, to study the influence of different concentrations of
GNP and SCF on the mechanical and tribological behaviour of the PLA composites.
2. Study of the laser sintering parameters on the final properties of the PLA composites.

3. Trying new polymer and reinforcements.
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