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Summary

This paper reviews AM technologies, their potential applications in composite structure
manufacturing, and their capabilities and limitations. In addition, five MEX processes that can be
used in the production of continuous fibre reinforced composite production are analysed. Moreover,
towpreg preparation methods, which are used for CFRC production, and their benefits for composites
are reviewed. Also, various types of biopolymers, their origins, advantages and disadvantages, and
their potential applications in AM are discussed. The paper also describes the preparation process of
synthetic towpregs, which were used in the additive manufacturing of composite structures.
Continuous synthetic fibres were embedded with PHBH/PBS blend biopolymer matrix by applying
the melt impregnation method, and the quality of the fibre impregnation was determined by the
ASTM D4018 standard, which has shown that it is difficult to properly impregnate synthetic fibres
with PHBH/PBS biopolymer and that each synthetic fibre type brings different processing challenges.
Additionally, pull-out tests were conducted to determine the interfacial shear strength (IFSS) of
synthetic fibres and biopolymers, as well as the effect of impregnation on IFSS, which showed that
unimpregnated synthetic fibres are more compatible with the PHBH/PBS blend biopolymer than with
the PHA matrix by 39%, and that synthetic fibre impregnation improves IFSS with biopolymers.
Moreover, composite structures composed of PHA or PHBH/PBS blend biopolymers and synthetic
fibres were additively manufactured by applying the towpreg co-extrusion method, in accordance
with ASTM D3039 and ASTM D7264 standards. Tensile and flexural tests on these composite
structures were performed, which results provided that these structures exhibit superior mechanical
properties compared to pure biopolymers. Additionally, fibre, matrix, and air void content in a
composite structure were determined in accordance with ASTM D2734 standard.
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Santrauka

Siame darbe apzvelgiamos adityvios gamybos (AG) technologijos, ju pritaikymo galimybés
kompoziciniy struktiry gamyboje ir jy panaudojimo galimybés bei apribojimai. Be to, apzvelgiami
penki medziagos ekstrudavimo procesai, kurie gali buiti naudojami kompoziciniy struktiiry gamyboje,
pritaikant iStisinius pluoStus armavimui. Taip pat aptariami pluosty paruoSimo metodai, kurie
naudojami iStisiniy pluosty armuoty kompozity gamybai, ir apzvelgta jy sutrekiama nuauda pritaikant
juos kompozity gamyboje. Be to, apzvelgiami jvairiy tipy biopolimerai, jy kilmé, privalumai ir
trikumai bei galimos taikymo galimybés AG srityje. Darbe taip pat apraSomas sintetiniy pluosty
paruoSimo procesas, kuris buvo atlickamas prie§ pritaikant pluostus kompoziciniy struktiry
adityvioje gamyboje. IStisiniai sintetiniai pluostai buvo impregnuoti PHBH/PBS miSinio
biopolimerine matrica, pritaikant i§lydyto impregnavimo metoda, o pluosty impregnavimo kokybé
jvertinta pagal ASTM D4018 standarta, kuris parodé, kad yra sudétinga tinkamai impregnuoti
vientisus sintetinius pluostus PHBH/PBS biopolimeru ir kad kiekvienas sintetinio pluosto tipas kelia
pluosty ir biopolimery pavir$iy sasajos stipruma, taip pat impregnavimo daroma poveik] tarpusavio
stiprumui. Bandymai parode, kad neimpregnuoti sintetiniai pluostai yra 39% labiau suderinami su
PHBH/PBS misinio biopolimeru nei su PHA matrica, ir kad sintetiniy pluoSty impregnavimas
pagerina adhezija su biopolimerais. Taip pat, kompozitinés struktiiros, sudarytos i§ PHA arba
PHBH/PBS miSinio biopolimery ir sintetiniy pluosty, buvo pagaminti adityviniu biidu, taikant
impregnuoto pluosto koekstruzijos metoda pagal ASTM D3039 ir D7264 standartus, kurie taip pat
buvo naudojami atliekant §iy kompoziciniy struktiiry tempimo ir lenkimo bandymus. Rezultatai
parod¢, kad Sios kompozitinés struktliros pasizymi geresnémis mechaninémis savybémis negu
lyginant su grynais biopolimerais. Be to, pluoSto, matricos ir oro ertmiy kiekis kompozitingje
struktiiroje buvo nustatytas pagal ASTM D2734 standarta.
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Introduction

Additive manufacturing (AM) technologies provide the opportunity to produce prototypes and final
products with complex geometric shapes rapidly and flexibly, which is something that conventional
manufacturing methods cannot achieve. According to the ISO/ASTM 52900:2021 standard, AM
technologies are classified into seven different types of processes. One of these methods is material
extrusion (MEX), in which materials are extruded through a nozzle [1, 2]. For MEX processes, often
thermoplastic polymers are used as the main material to produce components. Therefore, this method
can be applied to produce polymer matrix composites (PMC), where a thermoplastic polymer matrix
is reinforced by synthetic or natural fibres in short or continuous fibre forms. There are five different
MEX methods to produce continuous fibre reinforced composites (CFRC), where this type of
composite structure is used in many various industry fields, since they provide possibilities to produce
lightweight structures, which are characterised by having great mechanical properties, such as low
density structures with high strength and stiffness [3]. Most consumers and governments seek and
demand that products be as sustainable as possible, that they be made from natural or renewable
sources, and that they be easy to recycle or reuse [4]. Traditional PMCs are commonly composed of
thermoset resins, such as epoxy or polyester and are reinforced with synthetic fibres, such as carbon,
glass, and aramid fibres. Therefore, these composites are unsustainable since they are produced from
petroleum based materials and cannot be reused or recycled as easily as thermoplastic polymers. Also,
during the production of these composites, a lot of waste is generated that cannot be reused. So, by
using thermoplastic biopolymers as matrix material and applying AM technologies, there are
possibilities to produce more sustainable composite structures, which could be used as an alternative
to unsustainable traditional composites. Thermoplastic biopolymers such as biopolyesters provide a
sustainable solution, because these materials are produced from renewable sources, including
microbes and plants. Also, these materials are biodegradable, renewable, and non-toxic to people. For
this reason, this type of polymer, such as polylactic acid (PLA) or polyhydroxyalkanoates (PHA), is
used in the pharmaceutical, food, and biomedical industries [5]. Although these biopolymer materials
have a positive impact on the environment, they usually have poorer mechanical properties compared
to petroleum based thermoplastics. As a result, their use in structural products or elements is still
limited. Moreover, it is shown that continuous fibres can improve the mechanical properties of
thermoplastics components. However, only a few possible variations of composite structures have
been researched on additively manufactured composite materials. Therefore, this study aims to
develop and evaluate the mechanical properties of additively manufactured composites, which would
be composed of biopolymers and synthetic fibres.

Aim: to develop additively manufactured composite structures composed of biopolymers and
synthetic fibres and investigate their mechanical properties.

Tasks:

1. to perform impregnation of synthetic fibres and determine its impact on the compatibility;

2. to prepare composite structure specimens by using material extrusion technology;

3. to evaluate reinforcement material content in a composite structure;

4. to determine the main mechanical properties of the composite structures and perform comparative
analysis.

Hypothesis: additively manufactured composite structures, composed of biopolymers and synthetic
fibres are sustainable alternative to traditional composite structures.
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1. AM Technologies, CFRC Production Methods, and Biopolymers Use in Additive
Manufacturing

1.1. Additive Manufacturing Technologies

According to the ISO/ASTM 52900:2021 standard, there are seven different categories of AM
technologies, which are applied to produce parts by adding materials layer by layer. This provides
flexibility in design and the ability to achieve complex geometric shapes with a minimum amount of
waste, which could be difficult to achieve by using traditional manufacturing processes such as
milling or turning. These AM technologies are classified into binder jetting, direct energy deposition
(DED), material extrusion (MEX), material jetting (MJ), powder bed fusion (PBF), sheet lamination
(SL) and vat polymerization (VP). AM methods are selected by the materials used for these
technologies or other factors such as the product’s quality, size of the product and its application [6].

Many of these AM technologies can be applied to produce PMC, which can be classified into short
or discontinuous, continuous fibre composites, and voxelated polymeric composites. Classification is
based on the type of fibre and its composition in the composite structure. This type of composite
structures commonly reinforced using synthetic or natural fibres. Both polymer matrix categories,
which are thermoplastics and thermosets, are applied in the production of PMC by using AM
technologies. Thermoplastics as raw materials are used in the form of filaments or powders, and are
used accordingly in material extrusion, selective laser sintering (SLS) and multi jet fusion (MJF).
Thermoset resins are commonly applied for the AM methods, which are MJ, MEX, and VP, where
photopolymers and thermal curable resins are used [7]. It is also important to note that some AM
technologies, such as powder bed fusion, can be applied in the production of metal matrix composites
(MMC) and ceramic matrix composites (CMC) [8].

1.1.1. Binder Jetting

During the binder jetting process (Fig. 1.), parts are made by bonding powder particles together.
Therefore it can work with almost any type of powdered material, which includes polymers, ceramics
and metals, and in many cases, no heat sources are used during the process. Although this method
makes it possible to produce large sized products quickly and without any additional supports, it still
has the disadvantage of requiring post processing, which determines the final properties of the
product, as the printed product is usually fragile. This binder jetting system works by firstly spreading
a thin layer of powder supply using a powder spreading tool, then the print head jets the liquid binding
agent in a desired pattern on the powder bed to form the desired layer, and lastly build platform
lowers, where the next layer is going to be formed. After each layer, this process is repeated till part
is produced [9].

Build Envelop

Fig. 1. Schematic of binder jetting process [9]
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The binder jetting method can be applied to produce MMC, such as SiC-aluminium composites, by
including SiC ceramic particles with an aluminium matrix. During production of SiC-aluminium
composites, firstly SiC preforms get printed, then sintered, and only by using pressurised infiltration,
mixed powder of aluminium and magnesium is added to the preform by merging SiC sintered preform
into mixed powder and accomplishing infiltration process [10]. Since SiC ceramic material can be
applied to binder jetting technology, it can also be applied to produce whisker reinforced CMC [11].

1.1.2. Direct Energy Deposition

The working principle of DED and deposition head is presented in Figure 2, where high density heat
sources, such as lasers, electron beams, or plasma, are used to melt a substrate. Heat source forms the
melt pool, where it melts deposited raw material, which can be in powder or wire form. Powdered
metal material is usually inserted together with a carrier gas. As the deposition head moves forward
together with heating source, deposited material solidifies on the substrate, leading clad tracks layer
behind. Deposition head can be attached to 3-7 axis systems, which provides flexibility and precision
for the process. This method commonly provides opportunities to use produce multi material
components, large components, and it is also used for repair or coating purposes. For the DED
process, various material classes are used, such as alloy and stainless steels, titanium, cobalt, nickel,
aluminium, shape memory and high-entropy alloys, intermetallics, ceramics, composites, and
functionally graded materials [12 —15].

Powder nozzle
Laser beam
Shielding gas

Powder
Deposited material x /
Fusion zone Molten pool

Substrate plate
NN AN

\

Fig. 2. Scheme of direct energy deposition process [16]
1.1.3. Material Extrusion

Material extrusion based AM technology is one of the most widely used methods, where materials
are extruded through the nozzle or plunger on the print bed, where objects are printed (Fig. 3.). For
this method, polymers, bio and food products, metals, ceramics and composite materials can be used
in forms of liquefied solid, paste or gel. The main MEX technology, which is sometimes referred to
as fused deposition modeling (FDM), is considered to be that which uses polymer thermoplastic
material during the process, but MEX also includes robocasting or direct ink writing (DIW), where
paste and gel type materials are used. Also, for this technology, metal and ceramic material extrusion
is included, which requires additional processing steps in component production. For these processes,
metal or ceramic powders are blended with thermoplastics to form extrudable material [17, 18].
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Fig. 3. MEX schematics: a) FDM, b) DIW, c) metal or ceramic extrusion [17]

For MEX, polymer matrix composites can be manufactured in various ways, and reinforcing fibres
in the composite can be distributed not only in short or nanoparticle form, but also in the form of
continuous fibre. Since this technology mainly uses thermoplastic polymer materials, such as PLA,
polyethylene terephthalate (PET), acrylonitrile butadiene styrene (ABS), thermoplastic polyurethane
(TPU), polypropylene (PP), and nylon (PA), which are relatively inexpensive materials that are easy
and common to work with, but in some cases have insufficient mechanical properties. Therefore,
these materials are being reinforced with discontinuous or continuous, synthetic or natural fibres to
improve the mechanical properties of those matrixes. Discontinuous fibre reinforced composites are
produced using modified filament, which is produced by mixing various short chopped fibres, whose
length is commonly up to 100 um, with matrix filament. To use modified filament, it is not necessary
to use a specially modified extrusion head, and there are no restrictions on the geometric flexibility
of the manufactured product when using this type of composite material. Meanwhile, in order to use
continuous fibres to manufacture composite structures, it is necessary to use special extrusion heads
and methods, and the possibility of producing products of a somewhat complex shape is reduced.
However, polymer matrix continuous fibre reinforced composites have significantly better
mechanical properties than composites reinforced with short fibres [19].

1.1.4. Material Jetting

In the material jetting process (Fig. 4.), photopolymers or jettable inks are deposited on build platform
through the printhead as droplets, which form a thin layer of molten material, which is later cured
using ultraviolet light emission. After each layer, build platform is lowered, and the process is
repeated until the product is produced.

Supply of model and support material

UV lamp (curing)

\/\ %{z“ X-Y” motion
O [ 2 ]

Sl
Bes Jetting head for support material
= Jetting head for model

Droplets

)
Model ——— «ﬁ%— Support material
8

2 : Build substrate
Build table

H 2" motion

Fig. 4. Schematic of MJ technology [22]
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This method allows to produce high quality parts with low surface roughness, since there is the
possibility to produce thin layers, whose thickness can start from 16 pm. This technology also
requires almost no additional post processing, only removal of supports, which are quite commonly
used for this method since no overhang layer formation is possible using liquid materials. Supports
are generated using different materials than building materials. One of the disadvantages of this
method is the limited amount of available materials that can be applied to this method, and their poor
mechanical properties. But still, MJ technology is being applied in the medical industry fields, in
production of plastic injection moulds, and nanocomposites, where graphene, metal or ceramic fillers
are used [20, 21].

1.1.5. Powder Bed Fusion

Powder bed fusion (PBF) technology (Fig. 5.) is somewhat similar to binder jetting. Here, instead of
printing head, which spreads the binder, the heat source, such as a laser or electron bean is used to
sinter or melt the powder material. This technology is classified into: selective laser sintering (SLS),
direct metal laser sintering (DMLS), and selective laser melting (SLM) methods. For PBF printing
various types of materials, including polymers, metals, and ceramics, in forms of a powder can be
applied. Also, composite materials reinforced by nanoparticles are used. During the PBF process, for
each layer, powder roller spreads powder stock onto the build platform, where particles are melted
by using a heat source, which traces layer of the desired object shape. After each layer, steps are
repeated till desired part is produced [23].

Laser beam

’— Powder roller

Powder bed ———+

Manufactured - 1
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Fig. 5. Schematic of powder bed fusion technology [23]

Parts produced using PBF technology are usually characterized by having great surface finishes and
mechanical properties. However, equipment and materials used for these methods are quite expensive
and production time is quite consuming. This is one of the most widely used AM technologies in
industry, which is adapted in aerospace and automotive industries, where lightweight and high
strength with complex shape parts are required. Also, this processing method is often used in
medicine, in the production of customized implants [24].

1.1.6. Sheet Lamination

Sheet lamination technique (Fig. 6.) is most unique AM technology, because products are
manufactured by cutting and laminating material plates. For sheet lamination, the material must be in
a sheet form that can be rolled, pressed and cut. Therefore, materials such as paper, polymer films or
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composites, foils, ceramics, textiles and metal plates are used. Products are manufactured using this
method by placing a layer of sheet on a platform. Then, by using a heated laminating roller, adhesives
and pressure layers are joined together. Later layers outline and crosshatch of the product is typically
cut out using a CO2 laser. Finally, the platform with part blocks gets lowered, and production steps
are repeated till the final product is produced. Sheet lamination is no longer used so often because,
during production, a large amount of waste is generated that cannot be reused, difficult post
processing, and also more limitations on geometrical shapes compared to other AM technologies.
This technique is mostly applied only for prototyping and sand casting tooling, due to the low material
cost [25, 26].
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Fig. 6. Schematic of sheet lamination process [27]
1.1.7. Vat Polymerization

Vat polymerization is classified into many different techniques (Fig. 7.), such as stereolithography
(SLA), liquid crystal display (LCD), digital light processing (DLP), and continuous liquid interface
production (CLIP), which is somewhat similar to DLP. During any vat polymerization process, layer
of liquid photosensitive resin material gets solidified in the desired shape by using a corresponding
light source and wavelength. Different types of methods use different sources of light to harden the
resin. In the SLA method, a laser is used as a light source, for the DLP projected light source is
applied, and for the LCD array of ultraviolet light emitting diodes is applied [28, 29].

a) b) C)
/ d POEDOPRDORDORSO@
Mirror \ R P of
Laser Projector UV LED array

Fig. 7. Schematic of vat polymerization technologies: a)SLA, b)DLP, c)LCD [29]

Photopolymers that can be applied for vat photopolymerization commonly are classified into
standard, structural, tough and durable, flexible and elastic, castable wax or ceramic, biocompatible,
and bioink resins. All these raw material resins are selected differently according to the proposed
mechanical and chemical characteristics. Therefore, because of materials variety and high precision
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in parts dimensions, products, such as shoe soles, artificial ears, hearing aids, jewellery, microneedles,
flexible electronics, smart composites, and many more complex components are being produced
using these methods [30].

1.2. Continuous Fibre Reinforced Composites Production Methods

There are five methods to additively manufacture continuous fibre reinforced composites (CFRC)
using MEX technology, which are classified as: towpreg extrusion, in-situ consolidation, in-line
impregnation, in-situ impregnation, and towpreg co-extrusion (Fig. 8.).
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Fig. 8. Schematics of CFRC production methods [31]

These production methods of CFRC are proven to be highly promising. Since it provides the
opportunity to produce customizable and complex shape products, which are characterized by having
great mechanical properties with a high strength to weight ratio. Therefore, these composite
structures, where thermoplastic matrixes are reinforced with continuous fibres, can be applied in
various engineering applications, where lightweight components with high strength are required.
Factors such as the content of the fibre within the composite or fibre volume fraction and fibre
orientation impacts composites structures strength and stiffness. The larger the amount of fibre
content in a composite structure, the greater mechanical properties composite would have. However,
when additively manufacturing composites with high fibre content, problems as the following may
arise: weak interfacial bonding, higher porosity, reduced printability, and material uniformity [31].

When applying MEX printing technologies for composites production, various types of printing
heads are used. Processes are being divided according to their use into: single extrusion, in-situ co-
extrusion, and dual extrusion (Fig. 9.). Single extrusion uses modified thermoplastic filaments, which
are reinforced with additives in the form of nanoparticles or short fibres. Composite fibres consisting
of continuous fibres and thermoplastic polymer can also be used in single extrusion. This method is
called towpreg extrusion, where impregnated continuous fibre is extruded without additional matrix
material. In both co-extrusion and dual extrusion, the matrix and continuous reinforcing fibres, are
used separately and are joined only during printing, in the print head or directly on the printing
platform or component. Dry or prepreg natural or synthetic fibres can be used during co-extrusion
printing, commonly referred to as in-situ impregnation or towpreg co-extrusion. During double
extrusion, the thermoplastic matrix and reinforcing fibres are extruded through separate nozzles,
which allows the use of fibres only in certain places, where it is mostly needed [32].
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Fig. 9. Print head variations for composite production using MEX methods [32]

The least commonly used CFRC methods are in-line impregnation, where continuous dry fibres being
impregnated during printing process, and in-situ consolidation, which is even contributed to
automated fibre placement. The in-line impregnation method is very complicated and inefficient, as
problems arising during impregnation directly affects the entire production line process. In-situ
consolidation, such as other CFRC manufacturing methods provide possibility to produce high
performance thermoplastic composite structures, during which production processes, continuous
thermoplastic towpreg is layered on the build surface using a compaction roller and energy supply,
such as a laser, which melts towpreg and helps to bond with other layers. Perhaps this method could
be used in the manufacturing of aircraft thermoplastic composite components, but it is avoided due
to such disadvantages as a complex process, which requires high demanding manufacturing
equipment, capable of providing high temperature and pressure, which is needed to form high quality
components using thermoplastic towpregs [33].

The more commonly in-situ impregnation and towpreg co-extrusion are used, because they provide
more simplicity and flexibility in the production of CFRC. Both of these methods extrude a polymer
matrix together with continuous reinforcing fibre. The only difference between them is that for in-
situ impregnation, dry continuous fibres are used, and for towpreg co-extrusion already prepared
towpreg is used. During in-situ impregnation, pure fibre tow is impregnated with thermoplastic matrix
during the printing process, where the majority of printing settings drastically affect the mechanical
properties of composite structures. The appropriate printing speed affects the quality of the fibre
impregnation. When printing at higher speeds, the fibre tow gets poorer impregnation, which leads to
voids in composite structures. Although the in-situ impregnation method is quite slow, it eliminates
the need of pre impregnated fibre tow, which provides some cost reduction and flexibility [34, 35].
The towpreg co-extrusion method has somewhat similar advantages and disadvantages to in-situ
impregnation, but when using already prepared continuous towpreg for composites production,
bonding between matrix material and reinforcing fibre in order to improve printing quality, and also
to make the printing process less complicated [36 — 39].

Continuous reinforcing fibres for MEX processes are prepared or impregnated in order to bond
individual fibres of fibre tows bundles and increase their compatibility with the matrix thermoplastic
used for printing processes. Towpregs for production processes are prepared accordingly to the type
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of CFRC printing method that they are going to be used in. Fibres before production can be processed
by applying conversional solution infiltration technologies or by coating the fibres with thermoplastic
or thermoset resin, which is usually the same or similar material to the matrix material used for
composite structure, and also it is referred to as melt impregnation. During conversional solution
infiltration fibres usually impregnated by pulling them through a mixture of dissolved thermoplastic,
which is dissolved in a selected solvent. This impregnation method can be simpler in some cases, as
the dissolved substance used is less viscous and can be more easily absorbed into the fibre. However,
most solvents are toxic, making this process harmful, and solvents could even damage the properties
of the matrix or fibre materials. These disadvantages can be avoided by applying the melt
impregnation method, in which no additives are used. During this impregnation method fibres are
pulled through melted thermoplastic material, which is melted in the container with the help of an
extruder. After coating the fibre with thermoplastic, the desired towpregs diameter is achieved by
selecting the appropriate output nozzle of the container [40 — 45].

1.3. Biopolymers and Their Use in Additive Manufacturing

Biopolymers are materials that are produced from natural or plant-based resources, including
biowastes or crops. These materials are characterised by the fact that they are biodegradable and can
be broken down in natural environments, into biomass, water, carbon dioxide, and organic
macromolecular materials. Also, biopolymers are known for their cost efficiency, biodegradability,
renewability, and other environmentally friendly factors, such as non-toxicity and ease of extraction
[46]. Biopolymers are classified according to where they have been derived, commonly into
polysaccharides, protein derived polymers, and biopolyesters. Polysaccharides are commonly derived
from plants, such as cellulose, hemicellulose, lignin, pectin, alginate, and starch. Protein derived
polymers can be derived from animals and plants, and these types of polymers are extracted from
functional amino acid groups, such as wheat protein, soy protein, sunflower protein, gelatine, collagen
and gluten. Deriving protein-derived polymers is a difficult process, and these types of polymers have
poor mechanical properties and high moisture sensitivity. A group of biopolyesters is produced from
plants and microbes. This group includes PLA, PHA, poly(e-caprolactone) (PCL), and many more
polymers [47]. For example, biopolyesters such as PHA, poly(hydroxybutyrate) (PHB),
poly(hydroxybutyrate cohydroxyvalerate) (PHBV), and other similar copolymers are fermented from
microorganisms. While PLA, polybutylene succinate (PBS), polycaprolactone (PCL),
poly(trimethylene terephthalate) (PTT), polypropylene (PPP), and other types of homo-polyesters,
aliphatic co-polyesters, and aromatic co-polyesters are produced from biotechnology via
conventional synthesis methods. Most of the mentioned materials can be applied in additive
manufacturing, as long as they can be extruded and classified as thermoplastic [48]. Not only
biopolyesters, but also agro-polymers, specifically starches, can be applied in additive manufacturing.
However, there have been only a few attempts to produce starch-based products [49].

Different biopolyesters are characterised by different mechanical and processing properties, as well
as biodegradability. Some studies examining the degradation of biopolymers have found that
biopolyesters produced from microorganisms, such as PHB and poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBH), are characterised by having better decomposition in soil than
biopolymers produced from biotechnology, such as PLA and PBS. PHA in soil with food wastes
could lose approximately 14.1%, and PHBH about 18.8% of their mass in 4 months. In the same
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conditions and time period, PLA would not lose any weight, and PBS would lose only of 1.2% their
mass [50].

Most commonly used biopolymer in AM is PLA, because of its quite good mechanical properties,
desired thermal properties and processing ease. Other materials, including PCL or PHA, which bring
different processing properties, can be applied in AM and used for MEX or PBF methods. PCL
material in AM is applied for the production of implantable medical devices, since it is suitable for
applications where long degradation times are required, and can be degraded in the human body
initially through hydrolysis of the ester bonds. Recently, there has been a growing trend toward using
PHA material. However, this material is characterised by having a lower glass transition temperature
than PLA, which makes this material exhibit poorer physical properties and makes it less suitable for
AM processes. In order to improve its processability and ductility, PHAs copolymer groups, such as
PHB, PHBV and PHBH, are developed and used. From all PHA groups copolymers, PHBH provides
a wider processing window, better thermal stability, and mechanical characteristics, making it suitable
for applications where flexibility and compostability are needed [51, 52].

1.4. Chapter Summary

This chapter reviews seven main AM technologies and their potential applications in composite
structure manufacturing, as well as their capabilities and limitations. In addition, five MEX processes
that can be used in the production of continuous fibre reinforced composite production are reviewed.
Also, towpreg preparation methods, which are used for CFRC production, and their benefits for
composites are discussed. This section also describes various types of biopolymers, their origins,
advantages and disadvantages, and their potential applications in AM. Furthermore, there is an
increasing interest and high demand for sustainable manufacturing methods and renewable or
recyclable materials in the production of composite structures. Moreover, there is a lack of research
on these types of additively manufactured continuous fibers reinforced composites, where
biopolymers are applied. Most of the studies and industrial applications are focused on petroleum
based polymers and traditional composite manufacturing methods, which provide great mechanical
properties but are highly unsustainable. Therefore, further research is needed to develop more
sustainable composite structures that could replace traditional, unsustainable composite materials.
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2. Methodology
2.1. Materials

For this project, two different types of biopolymers are used: PHA and a PHBH/PBS blend with a
ratio of 50%/50% in the form of filament, which both of them have a diameter of approximately 1.75
mm. Both of these materials have a similar appearance but differ in their mechanical and processing
properties. Mechanical properties of pure PHA, PHBH, and PBS biopolymers are provided in Table
1. PHA polymer has a density of approximately 1.24 g/cm?® and has a low melting temperature, which
is 140-170 °C, and also this material has a low glass transition temperature [53]. PHBH is a copolymer
of PHA, with similar properties, which has a density of 1.24 g/cm?, and whose melting temperature
is 150-190 °C [52]. PBS thermoplastic is quite a flexible material, and it has a density of 1.25 g/cm?,
a melting temperature point of 90-120 °C, and this material has a low glass transition temperature,
which ranges from -45 to -10 °C [57]. PHA is classified as having a high crystalline nature, which
makes it difficult to thermally process this material. Therefore, PBS is introduced to PHBH, and a
PHBH/PBS blend filament is produced to decrease crystallinity.

Table 1. Mechanical properties of pure PHA, PHBH, and PBS biopolymers

Material and Tensile strength, Young’s modulus, Bending strength, Flexural modulus,
references MPa MPa MPa MPa
PHA [53, 54] 19.0-20.2 104.3-540 29.3 1000
PHBH [55, 56] 13-23 200-1267 29.5 1029
PBS [58, 59] 35-37.8 675.2 21.4 613.2

These matrixes in composite production were reinforced with synthetic fibres, such as 3K carbon
(CF), e-glass (GF), and aramid (AF) fibres (Fig. 11.). Also fibre impregnations with PHBH/PBS were
carried out before applying them in AM processes, and other tests were conducted on them to
determine their compatibility with biopolymers, the consistency of the impregnation, and the fibre
content in the composites.

a b c

Fig. 10. Synthetic fibre tows: a — 3K carbon fibre, b — glass fibre, ¢ — aramid fibre
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Mechanical properties of these synthetic fibres are provided in Table 2. Carbon fibre is characterised
by having a significantly higher stiffness compared to other synthetic fibres. Glass fibre has a higher
density and lower strength, but it is more flexible and less brittle. Aramid offers lower density than
other fibres, and also it has similar properties to glass fibre, but it is more expensive.

Table 2. Mechanical properties of synthetic fibres [60 — 62]

Synthetic fibres 3K Carbon fibre E-glass fibre Aramid fibre
Density g/cm3 1.8 2.55 1.44

Tensile strength, MPa 4230 2650 2950

Tensile modulus, GPa 254 72 91

Elongation at break, % 1.6 4.5 3.6

2.2. Melt Impregnation of Continuous Synthetic Fibres

The impregnation of synthetic fibres with PHBH/PBS blend biopolymer is performed to improve the
mechanical properties of manufactured composites and to ensure better bonding between the matrix
and reinforcing material [63]. During melt impregnation (Fig. 11.), an unimpregnated synthetic fibre
(1) is pulled through a melted PHBH/PBS blend polymer (2), which is fed into a heating block through
an extruder (3), where in the inner chamber the molten biopolymer impregnates the continuous fibre
tow. Then the towpreg is cooled down by a fan (4) and wound onto a spool (5), which is driven by a
stepper motor. The temperature of the heating block is set to 190 °C, the PHBH/PBS filament is fed
into the heating block at a speed of 12 mm/min, and the stepper motor, which is pulling the fibres,
rotates at a speed of 4 RPM, which is equivalent to approximately 1200 mm/min linear speed.

Fig. 11. Scheme of melt impregnation method

Unimpregnated fibre is fed into the heating block through the input nozzle, and impregnated towpreg
is fed out through the output nozzle. These are interchangeable nozzles, and by using different
diameter nozzles, it is possible to control the diameter of the impregnated fibre and the amount of
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coating polymer matrix. For this study, a 1.5 mm diameter input nozzle and a 0.8 mm output nozzle
were chosen based on experimental work.

2.3. Resin Content of Towpregs

After impregnation of synthetic fibres, it is important to assess the quality of the impregnation and
calculate the amount of matrix that has penetrated the fibre tow, which is determined by resin content
(RC) and can be calculated according to ASTM D4018 standard [64]. According to this standard,
towpreg should be uniformly impregnated and should contain 35 to 60% of resin by weight. Resin
content of impregnated fibre calculated using following equation:

RC = 100(1 — (MUL/MUL;)) (1)

where RC — resin content, %; MUL — mass per unit length of fibre, g/m; MUL; — mass per unit length
of impregnated fibre, g/m. Mass per unit length calculated using following equation:

MUL = W, /L )

where MUL — mass per unit length, g/m; Wi — mass of the specimen, g; L — length of specimen, m.
For these measurements, unimpregnated 3K CF, GF, and AF, and the same synthetic fibres
impregnated with PHBH/PBS blend biopolymer were used as specimens. In total, 6 groups of 10
specimens in each group were prepared. Specimens were prepared by chopping fibre tows to 1 m (£
0.02 mm) in accordance with ASTM D4018 standard, and then they were weighed using “KERN
ADJ 200-4” analytical scales (Fig. 12.) with 0.0001 g measurement readability and +0.0004 g
linearity.

Fig. 12. Fibre tow weighing using analytical scales
2.4. Interfacial Shear Strength Determination Between Synthetic Fibres and Biopolymers

Interfacial shear strength (IFSS) determines the resistance of the interface between the matrix and
fibre materials. To evaluate the compatibility of synthetic fibres and biopolymers and determine the
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effect of impregnation on adhesion, the multiple-fibre pull-out test is conducted [65 — 68]. In total,
12 groups of 10 specimens for each group were prepared. The selected classification of groups based
on the materials used is shown in Table 3.

Table 3. Classification of IFSS specimens

Fibre types Matrixes
PHA PHBH/PBS
Unimpregnated Carbon fibre PHA/CFn (PHBH/PBS)/CFn
Glass fibre PHA/GFn (PHBH/PBS)/GFn
Aramid fibre PHA/AFn (PHBH/PBS)/AFn
Melt impregnated with Carbon fibre PHA/CFm (PHBH/PBS)/CFm
PHBH/PBS Glass fibre PHA/GFm (PHBH/PBS)/GFm
Aramid fibre PHA/AFm (PHBH/PBS)/AFm

All of the specimens were prepared by melting PHA or PHBH/PBS blend pellets around the
unimpregnated or melt impregnated synthetic fibres. For all types of specimens, 0.3 g of matrix
material for each specimen is used, except for PHA/CFn, PHA/GFn, and PHA/AFn groups. For these
groups, 0.25 g of PHA is selected. To weigh matrix pellets, “BLOW JS13” scales with +0.01 g
measurement accuracy were used. Weighted matrix pellets placed in a cylindrical form casting mould
with continuous synthetic fibre (Fig. 13.). Prepared casting mould with matrix material and fibres
placed in ,,Memmert* oven. For specimens with PHA matrix material, the mould is placed in an oven
preheated to 180 °C, and the specimens are heated for 25 minutes until pellets have completely melted
and coated synthetic fibre tow. Specimens with PHBH/PBS blend matrix were placed in an oven at
195 °C for 40 minutes.

a ) b

Fig. 13. Prepared casting mould for IFSS specimens production: a — side view, b — top view

After removing the casting mould form with specimens from the oven. It was left to cool down at
room temperature for 2 hours, so the mould could cool down completely and the polymer matrix
could crystallise. Then the specimens were removed from the mould and prepared for IFSS testing.
Before accomplishing pull-out testing, the formed matrix plate thickness and embedded fibre tow
length (Fig. 14 b.) were measured with a +£0.01 mm accuracy calliper. Also, before the test, tabs were
attached to the fibre ends. These tabs were placed in the tensile grips of the testing machine during
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pull-out testing. Adhesion forces were determined by applying the fibre pull-out test method on
prepared IFSS test specimens. To perform these tests, the “Tinius Olsen M25KT” universal
mechanical testing machine is used. The IFSS specimen fibre is clamped by machine grips, and the
matrix plate is placed behind the fixture plate (Fig. 14 a.). During pull-out testing, the matrix plate is
held in place, and the fibre is pulled out at a 2 mm/min speed till synthetic fibre tow is pulled out of
the matrix material.
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Fig. 14. Interfacial shear strength: a — pull-out testing scheme, b — specimen dimensions

During IFSS pull-out testing, only force and displacement are obtained. For IFSS calculation, it is
required to know the maximum force, which is required to pull out the fibre from the matrix plate,
the embedded fibres length of the specimens, which was measured before testing, and fibres diameter.
IFSS is calculated according to the following formula:

F
LIFss = 4L 3)

where 1/r55 — interfacial shear strength, MPa; F — maximum force required to pull-out fibre tow, N; d
— fibre tow diameter, mm; L — embedded fibres length, mm. Since fibre tow diameter cannot be
measured using measuring instruments such as a calliper or micrometre. Therefore, the diameter has
been calculated by fibre tow cross-sectional area using an analytical method. It is known that the
theoretical 3K CF tow cross-sectional area is 0.12 mm? [69]. GF tow weight/length ratio is 0.3 g/m,
and its density is 2.55 g/cm?, which makes its cross-sectional area similar to that of 3K CF fibre tows.
The weight/length of the used aramid fibre tow ratio is 0.09 g/m, and its density is 1.44 g/cm?[62].
Therefore, its cross-sectional area is 0.063 mm?. Glass and aramid fibre tow cross-sectional areas
were calculated by dividing the weight/length ratio by linear density. These cross-sectional areas were
calculated to diameter, using the following formula:

d= |= )

where d — synthetic fibre tows diameter, mm; A — cross-sectional area of the synthetic fibre tow,
mm?. Calculated 3K CF and GF tows diameter is 0.39 mm, and AF diameter is 0.28 mm.
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2.5. Composites Additive Manufacturing

For the production of composite specimens, which were used for tensile and flexural tests, a modified
MEX printer “GeeeTech MeCreator 2” (Fig. 15.), with a custom designed towpreg co-extrusion head
is used. This custom heating head is designed to produce composite structures, and this printer has a
build volume of 160x160x160 mm.

Fig. 15. “GeeeTech MeCreator 2” printer

A special towpreg co-extrusion print head (Fig. 16.) is designed to combine thermoplastic materials
with the prepared continuous reinforcing fibres during the printing process. Towpregs are deposited
on the printing bed by the traction force, which occurs when the deposited polymer solidifies and
holds fibre on the print bed or part, and the head moves forward. The inner diameter of the used
nozzle was 1.5 mm.

Biopolymer Towpregs
filament

Heating
head

(l;/.lovir?g Traction
irection f
| orce

Printing bed
a b

Fig. 16. Towpreg co-extrusion head: a — during the printing process, b — scheme

For this study, tensile and bending test specimens were additively manufactured in accordance with
ASTM D3039 and ASTM D7264 standards, which are standard test methods for tensile and flexural
properties of polymer matrix composite materials [70, 71]. Before manufacturing specimens, model
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files of different sizes were designed using “SolidWorks” 3D modelling software, and based on these
models, processing paths were generated, and other printing parameters were chosen using “Simplify
3D” slicing software. A model with a rectangular cross-section of 150x13.2x0.8 mm is designed for
tensile specimens, and a model with a rectangular cross-section of 150x13.2x4 mm is designed for
flexural specimens. Accordingly, the printing parameters listed in Table 4 were selected based on the
intended use of the specimen and the matrix material used.

Table 4. Printing parameters for composite specimens

Parameters Tensile specimens Flexural specimens

PHA PHBH/PBS PHA PHBH/PBS
Layer height 0.4 mm 0.5 mm
Extrusion width 1 mm 1.2 mm
Extrusion multiplier | 0.75 0.6
Extruder temperature | 170 °C 185 °C 170 °C 175 °C
Print bed 30°C 55°C 30 °C 50 °C
temperature
Movement speed 180 mm/min

The parameters were selected experimentally, layer height and extrusion width selected so that the
tensile specimen would consist of 2 printed layers and 11 unidirectional lines, and flexural specimens
would consist of 8 printed layers and 9 unidirectional lines (Fig. 17.). The extrusion multiplier value
of filament is selected less than 1, because at the extrusion time, matrix material is fed together with
towpreg. This value is selected to ensure that neither too much nor too little matrix material is
extruded during printing. These parameters influence the mechanical properties of the composite
specimen, as their selection determines the amount of reinforcing fibres and air voids in the composite
structure.
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Fig. 17. Cross-sectional view of composite specimens: a — tensile specimen, b — flexural specimen

The generated print path (Fig. 18.) is a continuous path with no deviations, meaning that each new
layer starts at the same positioning, shifting only by the layer height. In order to maximise the tensile
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strength of the specimen, all fibres in the composite are aligned in a single direction and parallel to

the loading direction, so that the reinforcing efficiency, as determined by Krenchel’s factor, is equal
to 1 [72].

Fig. 18. Printing path of tensile specimen, view from top
2.6. Determination of the Void Content, Matrix and Fibre Volume in Composites

Void content in a composite structure can be determined by using destructive or non-destructive test
methods [73]. A destructive test method can be accomplished by applying the ASTM D3171 standard
[74]. This method provides better results than non-destructive, but the test specimens can no longer
be used for other tests. Therefore, to avoid this, a non-destructive method can be used, such as the
one specified in the ASTM D2734 standard [75]. The amount of air voids in the composite structure
defines the mechanical properties of the composite. A lower air void content results in better
mechanical properties. The amount of fibre and matrix in the composite also has a significant impact.
A higher fibre content in the composite structure usually results in better mechanical properties.

To determine the matrix and fibre content in the composite structure and the void content, a non-
destructive test method is chosen. The printed specimens were weighed and measured, and
calculations were performed in accordance with ASTM D2734. Before measuring and weighing, the
tensile and flexural specimens were prepared by trimming their ends in order to obtain more accurate
results (Fig. 19.).

a

Fig. 19. Composite specimen: a — printed specimen without post-processing, b — specimen with trimmed
ends (L — specimen length, W — specimen width)

b

L

The processed specimens were weighed using “BLOW JS13” scales with £0.01 g measurement
accuracy. Specimens length (L), width (W) and height (H), measured using a digital calliper. First,
the amount of fibre content in the composite is calculated using this equation:

— UL+*L*MUL %100 (5)
where r — reinforcement in composite, weight %; UL — unidirectional lines of fibres; L — specimens

length, mm; MUL — mass per unit length of used fibre, g/mm; m — specimens mass, g. Unidirectional
line number depended on specimen type: the tensile specimen had 22 unidirectional lines, and the
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flexural specimen had 72. Mass per unit length of the used pure fibre is taken from RC calculations.
Later matrix content in the composite structure is calculated using the following equation:

R=100—r (6)

where R — resin in composite, weight %; r — reinforcement in composite, weight %. Eventually, the
void air content in the composite specimen is determined by using the following equation:

V =100 - My(5 + ) (7)

where V — void content, volume %; M4 — measured composite density, g/cm?; R —resin in composite,
weight %; D — density of resin, g/cm’; r — reinforcement in composite, weight %; R — density of
reinforcing fibre, g/cm®. PHA and PHBH/PBS blend biopolymers have a 1.24 g/cm® density. This
value is used as the density of resin. The density value of the reinforcing fibre is chosen based on the
synthetic fibre used in a composite. For carbon fibre 1.8 g/cm?, for glass fibre 2.55 g/cm® and for
aramid fibre 1.44 g/cm?, density values were used. The density of the composites was calculated
based on the specimens dimensions and weight using the following equation:

_ m
T LsWxH

Mgy (®)
where Mg — measured composite density, g/cm?; m — specimens mass, g; L — specimens length, cm;
W — specimens width, cm; H — specimens height, cm.

2.7. Mechanical Testing on Composites

A universal testing machine, “Tinius Olsen M25KT”, is used to determine the mechanical properties
of the printed composite structures. Tensile and flexural tests were conducted in accordance with
ASTM D3039 and ASTM D7264. In total, 12 groups of 5 specimens for each group were prepared
for these tests. 30 specimens were prepared for tensile tests, and another 30 specimens were prepared
for flexural tests. The groups were classified according to the matrix material and reinforcing
synthetic fibres used in composite structures. All fibres used in the composites were impregnated with
PHBH/PBS blend biopolymer.

2.7.1. Tensile Testing

Tensile test specimens were prepared, and the tests were conducted in accordance with ASTM D3039.
Before tensile testing, the printed specimens were prepared by cutting off the ends, weighing and
measuring all dimensions, such as length, width and height, then affixing tabs, produced from PLA
with 40x13x2 mm dimensions and 20° angle. Tabs were designed and attached to reduce stress
concentrations. Also, points were marked that would allow to determine longitudinal and transverse
deformations during the testing (Fig. 20.).

Fig. 20. Prepared tensile specimen, view from top and side
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A “Tinius Olsen VEM 300 video extensometer with a “Still Optics” lens is used to measure the

deformations. Before performing the tests, measurement points were selected in the software (Fig.
21.).

Fig. 21. Tensile testing setup: a — video extensometer and testing machine, b — selected points in software

The tensile tests is performed by placing the specimen in the machine grips (Fig. 22.). To ensure that
the specimens were positioned identically, a positioning plate is used, which is placed in the lower
grip. A loading rate of 2 mm/min is selected for the tests.

Fig. 22. Tensile specimen placed in the grips

During the test, the specimen is pulled until it breaks. Only the force data is obtained, while strains
are determined by a video extensometer. Therefore, to determine the mechanical properties of the
composite structure, it is necessary to calculate the tensile strength (o) and the Young’s modulus (E).
The tensile strength is calculated using the following equation:

6== ©)

where ¢ — ultimate tensile strength, MPa; F — maximum load before failure, N; A — average cross-
sectional area, mm®. The Young’s modulus is calculated using the following equation:
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(10)
where E — Young’s modulus, MPa; Ao — difference between the tensile stresses applied between two
points of deformation, MPa; Ae — difference between two points of deformation, 0.003-0.002
(nominally 0.0025).

2.7.2. Flexural Testing

The flexural test is performed in accordance with ASTM D7264. The specimens were only prepared
by cutting off the ends, weighing and measuring length, width and height. A 3-point bending test
method is used (Fig. 23.), in which a specimen is placed on two support rollers with a distance of 80
mm, which is selected by the span-to-thickness ratio of 20:1. The span-to-thickness ratio is chosen so
that the specimens length would be about 20% longer than the support span. The support span is
chosen by the average flexural specimen thickness, which was 4 mm. The selected testing speed is 2
mm/min of crosshead movement.

L
SUPPORT SPAN

a
Fig. 23. 3-point bending test: a — loading diagram [68], b — during bending testing

During testing, displacement and force acting on the specimen are obtained. Therefore, flexural
strength is calculated using the following equation:

__ 3PL
" 2bh2?

an

where o — flexural strength, MPa; P — maximum force acting on specimen, N; L — distance between
the support rollers, mm; b — width of the specimen, mm; h — height of the specimen, mm. To calculate
the flexural modulus, firstly, the maximum strain at the outer surface has to be calculated using
the following equation:

6S8h
E = L_Z (12)

where € — maximum strain at the outer surface, mm/mm; 8 — mid-span deflection, mm; h — height of
the specimen, mm; L — support span, mm. The flexural modulus is calculated using the following
equation:

_Ac
T As

(13)

where E — flexural modulus, MPa; Ao — difference between the flexural stresses applied between two
points of deformation, MPa; Ae — difference between two points of deformation, 0.003-0.002
(nominally 0.0025).
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2.8. Chapter Summary

The objective of this study is to investigate the mechanical properties of composite structures
composed of biopolymers and synthetic fibres manufactured using AM technology. This chapter
describes the biopolymer matrix and synthetic reinforcement materials used for the production of
composite structures. The section describes the preparation of synthetic towpregs for additive
manufacturing using the melt impregnation method, where continuous synthetic fibres are embedded
with PHBH/PBS blend biopolymer matrix. The quality of the fibre impregnation is determined by
the amount of resin absorbed by the fibre, which is calculated in accordance with the ASTM D4018
standard. The chapter covers the pull-out test method procedure, which is used to determine the
interfacial shear strength of synthetic fibres and biopolymers, as well as the effect of impregnation
on IFSS. This section also describes how AM technologies were used to produce composite
specimens for tensile and flexural tests. Presented as the fibre, matrix, and air void content in a
composite structure, determined in accordance with ASTM D2734. It is also presented how, in
accordance with ASTM D3039 and ASTM D7264 standards, tensile and flexural tests were
performed to determine the mechanical properties of composite structures composed of biopolymers
and synthetic fibres manufactured using AM technology.
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3. Resin Content Evaluation, Interfacial Shear Strength Determination, Tensile and Flexural
Test Results of Composite Structures

3.1. Resin Content of Impregnated Synthetic Fibres

Continuous carbon fibre towpregs (Fig. 24.) were prepared for additive manufacturing by melt
impregnating 3K carbon fibre with PHBH/PBS blend polymer. After impregnating the fibre, it was
observed that the polymer was not distributed evenly along the entire length of the fibre, but the entire
surface of the fibre was coated with polymer matrix, which made the fibre suitable for use in additive
manufacturing of composite materials and less prone to damage.

Fig. 24. 3K carbon fibre towpreg

To evaluate the quality of 3K carbon fibre impregnation, resin content calculations were performed,
the results of which are presented in Table 5. The samples were randomly selected from different
sections of the continuous impregnated carbon fibre tow.

Table 5. Resin content of prepared 3K carbon fibre towpreg

Sample No. Pure 3K CF, mg/m | Impregnated 3K RC, % Fibre content, %
CF, mg/m

1 201.3 309.6 34.98% 65.02%

2 201 245.3 18.06% 81.94%

3 201.9 309.8 34.83% 65.17%

4 203.4 3393 40.05% 59.95%

5 205.3 252.7 18.76% 81.24%

6 202.2 246.1 17.84% 82.16%

7 200.2 254.1 21.21% 78.79%

8 201.3 259.2 22.34% 77.66%

9 204.5 243.8 16.12% 83.88%

10 203.4 259.6 21.65% 78.35%
Average 202.45+1.6 271.95+34.3 24.58+8.63% 75.42%+8.63%

The results presented show that the mass per unit length of pure 3K CF, on average, is 0.202 g/m, and
the impregnated fibres are 0.272 g/m. This means that this towpreg on average contains 24.58% of
resin by weight. Resin content of CF towpreg ranged from 16.12% to 40.05%, and the results had

35



8.63% standard deviation. Such a large, uneven matrix distribution over the fibre can lead to the
formation of larger voids in composite structures and poorer dimensional accuracy in printed parts.

Continuous glass fibre towpregs (Fig. 25.) were prepared similarly to 3K CF towpreg. After
impregnation, it was observed that glass fibre absorbs PHBH/PBS polymer similarly to carbon fibre.
However, the impregnation process for glass fibre is simpler because it is more resistant to breakage
than carbon fibre.

Fig. 25. Glass fibre towpreg

To evaluate the quality of glass fibre impregnation, resin content calculations were performed, the
results of which are presented in Table 6. The samples were randomly selected from different sections
of the continuous impregnated glass fibre tow. In a similar way as it was done with carbon fibre tow.

Table 6. Resin content of prepared glass fibre towpreg

Sample No. Pure GF, mg/m Impregnated GF, RC, % Fibre content, %
mg/m

1 311.8 381.7 18.31% 81.69%

2 311.9 373.1 16.40% 83.60%

3 312.2 381.4 18.14% 81.86%

4 310.3 375.8 17.43% 82.57%

5 310 369.9 16.19% 83.81%

6 312.8 340 8.00% 92.00%

7 311.4 367.2 15.20% 84.80%

8 311.5 343.2 9.24% 90.76%

9 309.8 374.8 17.34% 82.66%

10 310.2 361.5 14.19% 85.81%
Average 311.19+1.0 366.86+14.7 15.04+3.63% 84.96+3.63%

The results presented show that the mass per unit length of pure glass fibre, on average, is 0.311 g/m,
and the impregnated glass fibres are 0.367 g/m. This means that glass fibre towpreg on average
contains 15.04% of resin by weight. Resin content of CF towpreg ranged from 9.24% to 18.31%, and
the results had 3.64% standard deviation. These results show that the glass fibre impregnated with
PHBH/PBS is impregnated more uniformly, but a smaller amount of the matrix agent covers the fibre
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itself compared to carbon fibre towpreg. To produce glass fibre towpregs with higher matrix content,
different impregnation process parameters and a larger outlet nozzle should be used.

Continuous aramid fibre towpreg (Fig. 26.) prepared in the same way as other synthetic fibre
towpregs. This aramid towpreg, even after being impregnated with a biopolymer matrix, remained
just as flexible as the unimpregnated fibre and had randomly formed lumps. Towpregs flexibility did
not cause any problems during composite printing, but lumps could have caused issues during
printing, so towpreg was passed through the heating block again to remove the lumps.

Fig. 26. Aramid fibre towpreg

To evaluate the quality of aramid fibre impregnation, resin content calculations were performed, the
results of which are presented in Table 7. The samples were randomly selected from different sections
of the continuous impregnated aramid fibre tow. In a similar way to how it was done with other
synthetic fibre tows.

Table 7. Resin content of prepared aramid fibre towpreg

Sample No. Pure AF, mg/m Impregnated AF, RC, % Fibre content, %
mg/m

1 86.4 154.7 44.15% 55.85%

2 86 162.9 47.21% 52.79%

3 85.6 116.1 26.27% 73.73%

4 85.3 116.9 27.03% 72.97%

5 85.1 101.5 16.16% 83.84%

6 86.1 122.5 29.71% 70.29%

7 86.2 116.3 25.88% 74.12%

8 85.4 147.8 42.22% 57.78%

9 85.1 127.4 33.20% 66.80%

10 85.3 176.4 51.64% 48.36%
Average 85.65+0.5 134.25+24.5 34.35+11.39% 65.65+11.39%

The results presented show that the mass per unit length of pure aramid fibre, on average, is 0.086
g/m, and the impregnated aramid fibres are 0.134 g/m. This means that aramid fibre towpreg, on
average, contains 34.35% of resin by weight. Resin content of AF towpreg ranged from 16.16% to
51.64%, and the results had 11.39% standard deviation. Aramid fibre towpreg had the highest resin
content, but it also had the most uneven distribution of the matrix material, compared to other
synthetic fibres.
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3.2. Interfacial Shear Strength Test Results

Initial test of interfacial shear strength test to determine the compatibility of the synthetic fibres and
biopolymers was performed with PHA and unimpregnated fibres (Fig. 27.).

a

Fig. 27. IFSS specimens with unimpregnated synthetic fibres and 0.25 g of PHA matrix: a — PHA/CFn, b —

PHA/GFn, ¢ — PHA/AFn

Results of adhesion tests of PHA and unimpregnated synthetic fibres are presented in Table 8. To

obtain more accurate results, some data values were removed from the calculation.

Table 8. Pull-out test results of specimens with PHA and unimpregnated synthetic fibres

Specimen type Maximum force, N Embedded fibres length, mm IFSS, MPa
PHA/CFn 70.83+6.82 3.78+0.64 17.6+4.4
PHA/GFn 50.56+8.91 3.99+0.28 10.4+1.7
PHA/AFn 27.9244.5 3.8+0.21 6.1+1.2

The results show that carbon fibre had the highest IFSS with PHA, and it is the most compatible one
with this biopolymer, compared to other synthetic fibres. 3K CF interfacial strength with PHA
polymer was 17.6 MPa on average. While other fibres such as GF, have only 10.4 MPa of IFSS on
average, and AF only have 6.1 MPa of IFSS on average, with PHA. Similar IFSS specimens with
PHBH/PBS blend matrix and unimpregnated synthetic fibres (Fig. 28.) were prepared, and the same
pull-out tests were performed to determine whether synthetic fibres are more compatible with PHA
or PHBH/PBS biopolymers.

Fig. 28. IFSS specimens with unimpregnated synthetic fibres and 0.3 g of PHBH/PBS blend matrix: a —
(PHBH/PBS)/CFn, b — (PHBH/PBS)/GFn, c — (PHBH/PBS)/AFn

a
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Results of adhesion tests of PHBH/PBS matrix and unimpregnated synthetic fibres are presented in
Table 9. During testing, not all of the fibres pulled out of the matrix plate. Some of the specimens
broke, and those values of broken synthetic fibres were not included in the calculations.

Table 9. Pull-out test results of specimens with PHBH/PBS and unimpregnated synthetic fibres

Specimen type Maximum force, N Embedded fibres length, mm IFSS, MPa
(PHBH/PBS)/CFn | 115+8.49 4.14+0.35 22.8+2.6

(PHBH/PBS)/GFn | 60.13+2.86 4.214+0.22 11.68+0.29
(PHBH/PBS)/AFn | 49.31+5.76 4.34+0.25 12.93+1.45

The results show that synthetic fibres are more compatible with PHBH/PBS blend polymer than with
PHA. CF had 29.5% higher IFSS with PHBH/PBS blend than with PHA matrix. Glass fibre only had
12.3% higher IFSS on average than with PHA, and aramid fibre had 2 times higher IFSS with
PHBH/PBS than with PHA. Also, it was noted that AF is more compatible with PHBH/PBS than GF.
To determine the effect of impregnation on the adhesion strength between synthetic fibres and
biopolymers, pull-out tests were performed on IFSS specimens with melt impregnated synthetic
fibres and PHA matrix (Fig. 29.). Experiments with this type of specimens also helped to determine
the function of PHBH/PBS as an interface between synthetic fibres and the PHA matrix.

a b C

Fig. 29. IFSS specimens with melt impregnated synthetic fibres and 0.3 g of PHA matrix: a — PHA/CFm, b —
PHA/GFm, ¢ — PHA/AFm

Results of adhesion tests of PHA matrix and synthetic towpregs are presented in Table 10.

Table 10. Pull-out test results of specimens with PHA and synthetic fibre towpregs

Specimen type Maximum force, N Embedded fibres length, mm IFSS, MPa

PHA/CFm 93.67+£25.09 3.96+0.34 19.66+5.96
PHA/GFm 105.234+6.71 4.36+0.26 19.72+0.93
PHA/AFm 52.54¢5.14 4.57+0.39 13.13+1.6

The results show that GF towpreg had the highest IFSS strength with PHA polymer, than other
synthetic towpregs. Overall, it had similar IFSS strength as CF towpreg. Results also show that
impregnation helped to improve IFSS between the PHA biopolymer and synthetic fibres. By
impregnating CF with PHBH/PBS, IFSS was improved by 11.7%, GF IFSS was improved by 89.6%,
and AF IFSS with PHA was improved by 115.2%. These results also indicate that PHBH/PBS is
suitable as an interface material between the PHA matrix and reinforcing synthetic fibres. Similar
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IFSS specimens with PHBH/PBS blend matrix and synthetic towpregs (Fig. 30.) were prepared, and
the same pull-out tests were performed.

a b C

Fig. 30. IFSS specimens with melt impregnated synthetic fibres and 0.3 g of PHBH/PBS blend matrix: a —
(PHBH/PBS)/CFm, b — (PHBH/PBS)/GFm, c — (PHBH/PBS)/AFm

Results of adhesion tests of PHBH/PBS matrix and synthetic towpregs are presented in Table 11.

Table 11. Pull-out test results of specimens with PHBH/PBS and synthetic fibre towpregs

Specimen type Maximum force, N | Embedded fibres length, mm IFSS, MPa
(PHBH/PBS)/CFm | 142.47+7.64 4.29+0.27 27.21+2.27
(PHBH/PBS)/GFm | 108.52+16.65 4.36+0.24 20.42+3.66
(PHBH/PBS)/AFm | 43.54+3.21 5.254+0.22 9.46+0.90

The results show that CF towpreg had the highest IFSS with PHBH/PBS matrix. By impregnating
carbon fibre with PHBH/PBS, IFSS was improved by 19.3 %, and GF IFSS with this matrix was
improved by 74.8%. Similar improvements were made with the PHA matrix. Therefore, these results
show that by impregnating carbon and glass fibres with PHBH/PBS blend polymer, their interfacial
strength with the matrix material can be improved. However, after impregnating the aramid fibre, its
IFSS with PHBH/PBS decreased by 26.8%. This result shows that impregnation does not always
improve material compatibility. Furthermore, this result indicates that the PHBH/PBS composite
reinforced with AF would have poorer mechanical properties than the PHA/AF composite structure.

3.3. Results of Tensile Tests
3.3.1. Tensile Test Results of Composites Composed of PHA and Synthetic Fibres

A total of 15 composite specimens were printed with a PHA matrix (Fig. 31.): 5 specimens were
reinforced with continuous carbon fibre towpreg (PHA/CF), 5 with continuous glass fibre towpreg
(PHA/GF), and 5 with continuous aramid fibre towpreg (PHA/AF). All synthetic towpregs were
impregnated with PHBH/PBS blend biopolymer. Thermally processed PHA stays soft and elastic
longer than other thermoplastics. Therefore, after printing the composite specimen, it was left on the
build plate to cool off at room temperature for at least 30 minutes to ensure that the shape and
dimensions of the specimen remain unaffected. After being removed from the printing platform,
samples were weighed, measured and mechanical tests performed at least one day after their
production. It was also observed that during printing, due to the longer crystallization time of this
matrix material, it is more difficult to produce precise composites. This means that every time the
printing trajectory changes, the synthetic fibre is being dragged across the printed composites top
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surface because the matrix material, which has not yet fully cured, does not hold the deposited
towpreg in place.

a

Fig. 31. Printed composite tensile specimens: a — PHA/CF, b — PHA/GF, c — PHA/AF

The printed tensile specimens with PHA matrix after processing were weighed and measured. The
weights, dimensions and calculated composite fibre, matrix and void contents are presented in Table
12.

Table 12. Dimensions, weights, and fibre, matrix, and void contents of a composite tensile specimen with a
PHA matrix

Specimen | S. No Length, | Width, | Height, | Cross- Weight, | Fibre Matrix | Void
type mm mm mm sectional | g content, | content, | content,
area, weight weight volume
mm?2 % % %
PHA/CF 1. 126.54 12.87 1.01 13.00 1.78 31.7% 68.3% 21.3%
2. 127.53 12.86 1.01 12.99 1.71 33.2% 66.8% 25.4%
3. 127.91 12.96 0.98 12.70 1.77 32.2% 67.8% 20.9%
4. 127.80 12.93 1.01 13.06 1.77 32.2% 67.8% 23.0%
5. 126.79 13.07 1.04 13.59 1.80 31.4% 68.6% 24.0%
Average | 127.31 12.94 1.01 13.07 1.77 32.1% 67.9% 22.9%
PHA/GF 1. 128.19 12.79 1.02 13.05 1.99 44.1% 55.9% 25.8%
2. 127.66 12.62 1.01 12.75 1.99 43.9% 56.1% 23.6%
3. 126.92 12.54 1.00 12.54 1.93 45.0% 55.0% 24.8%
4. 128.19 12.61 0.98 12.36 2.00 43.9% 56.1% 21.1%
5. 129.07 12.48 1.01 12.60 1.94 45.5% 54.5% 26.3%
Average | 128.01 12.61 1.00 12.66 1.97 44.5% 55.5% 24.3%
PHA/AF 1. 126.44 11.49 0.99 11.38 1.36 17.5% 82.5% 25.6%
2. 126.61 11.47 0.99 11.36 1.37 17.4% 82.6% 25.0%
3. 127.17 11.66 1.00 11.66 1.41 17.0% 83.0% 25.1%
4. 126.42 11.83 0.99 11.71 1.42 16.8% 83.2% 24.5%
5. 127.32 11.82 1.00 11.82 1.42 16.9% 83.1% 25.7%
Average | 126.79 11.65 0.99 11.58 1.40 17.1% 82.9% 25.2%
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The results show that the printed specimens had quite consistent dimensions. The most consistent
measurement was the height, which remained consistent over different types of composites. The
composites reinforced with GF and CF exhibited a larger width than the composites reinforced with
AF. Although the same parameters were used to manufacture all these specimens, this may have been
due to the smaller fibre tow size. The analytically calculated density of these composites is 1.06 g/cm’
of PHA/CF, 1.22 g/cm® of PHA/GF, and 0.95 g/cm® of PHA/AF on average. Overall, the PHA/GF
composite had the highest analytical density, weight, and fibre content among other types of
composites. The total void content volume of all composite types varies between 22.9% and 25.2%.
These values are quite high, but it is unlikely to have a significant impact on the tensile strength. The
amount of fibre may have a greater impact on these strengths. After measuring the printed composites,
the specimens with PHA matrix were prepared for tensile testing (Fig. 32.), the tabs were attached,
and deformation points marked.

C

Fig. 32. Prepared composite tensile specimens: a — PHA/CF, b — PHA/GF, c — PHA/AF

The forces obtained during the tensile testing on composite tensile specimens with PHA matrix and
the calculated tensile strength, along with Young’s modulus, are presented in Table 13.

Table 13. Mechanical properties of composite tensile specimens with PHA matrix

Composite type Specimen No. Maximum force, N | Tensile strength, Young’s modulus,
MPa GPa

PHA/CF 1. 3551 294.7 41.71

2. 4258 337.5 34.27

3. 4181 350.0 36.57

4. 4775 389.5 35.35

5. 3213 272.0 41.96

Average 3996617 328.7+46.4 37.97+3.62
PHA/GF 1. 4680 388.4 16.28

2. 4395 348.4 15.13

3. 4838 405.0 14.95

4. 5057 412.5 16.03

S. 4585 388.1 15.77

Average 4711251 388.5+24.8 15.63+0.58
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Composite type Specimen No. Maximum force, N | Tensile strength, Young’s modulus,
MPa GPa
PHA/AF 1. 2697 223.8 10.34
2 2618 207.5 9.81
3 2565 214.7 9.11
4. 2718 221.7 9.54
5 2548 215.7 10.43
Average 2629+76 216.7+6.4 9.84+0.55

The results show that composite specimens, where PHA 1is reinforced with GF, had a higher tensile
strength than those reinforced with other synthetic fibres. PHA/GF had the 388.5 MPa tensile
strength, which is 18.2% higher than PHA/CF composites and 79.3% higher than PHA/AF
composites tensile strengths, on average. Also, the PHA/CF composite type had the highest Young’s
modulus, meaning it was stiffer than other composite structures. The PHA/CF composite structure
type had 142.9% higher Young’s modulus than the PHA/GF, and 285.87% higher than the PHA/AF
composite type. Overall, all these composite materials exhibited excellent mechanical properties,
which had higher tensile strengths and Young’s modulus than high-performance engineering
thermoplastics such as polyetheretherketone (PEEK). The PHA/CF composite after tensile testing
and stress-strain curves are shown in Figure 33.
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Fig. 33. PHA/CF composite results after tensile testing: a — broken composites, b — stress-strain curves

The tensile strength results of PHA/CF composites ranged from 271.95 to 389.48 MPa. Standard
deviation and variation coefficient were 46.4 and 14.1%, respectively. Therefore, these results can be
considered not as reliable as other specimen type results. Such a large distribution of results could
have caused damaged fibres during the impregnation and printing process, and unevenly impregnated
fibres. From stress-strain curves, it can be seen that PHA/CF composites strain at break ranged from
0.8% to 1%. Moreover, these samples mostly exhibited SGM failure mode, which is determined in
accordance with the ASTM D3039 standard. The specimen No. 5 had the lowest tensile strength, and
it is the only specimen that was not separated into two pieces after breaking. The PHA/GF composite
after tensile testing and stress-strain curves are shown in Figure 34.
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Fig. 34. PHA/GF composite results after tensile testing: a — broken composites, b — stress-strain curves

Although the stress-strain curves of the PHA/GF composites are similar, the tensile strength results
ranged from 348.4 to 412.5 MPa. Standard deviation and variation coefficient of tensile test results
were 24.8 and 6.4%, respectively. The distribution of test results shows that the glass fibres were not
as severely damaged as the carbon fibres, during the production process. Moreover, PHA/GF
composite specimens mostly exhibited SGM failure modes, and specimen No. 3 had a LAT failure
mode. Also, during tensile testing, glass fibres inside the specimens started breaking sequentially
before fully breaking. The PHA/AF composite after tensile testing and stress-strain curves are shown
in Figure 35.

250
== Specimen No. 1
e====Specimen No. 2 &
200 Specimen No. 3
= Specimen No. 4
% 150 === Specimen No. 5
7
2 100
&
50
0
0 0.5 1 15 2 2.5
Strain (%)
a b

Fig. 35. PHA/AF composite results after tensile testing: a — broken composites, b — stress-strain curves

The tensile strength results of PHA/AF composites ranged from 207.53 to 223.85 MPa. Standard
deviation and variation coefficient were 6.4 and 3%, respectively. These samples exhibited LIT and
SIM failure modes. Also, composites reinforced with continuous aramid fibres after the tensile test
did not break into two separate pieces. Overall, all PHA/AF composite tensile specimens exhibited
similar results. However, these composite structures had the lowest tensile strength and Young’s
modulus compared to composites reinforced with carbon or glass fibres.
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3.3.2. Tensile Test Results of Composites Composed of PHBH/PBS and Synthetic Fibres

A total of 15 composite specimens were printed with a PHBH/PBS matrix (Fig. 36.): 5 specimens
were reinforced with continuous carbon fibre towpreg ((PHBH/PBS)/CF), 5 with continuous glass
fibre towpreg ((PHBH/PBS)/GF), and 5 with continuous aramid fibre towpreg ((PHBH/PBS)/AF).

il L

a

b c

Fig. 36. Printed composite tensile specimens: a — (PHBH/PBS)/CF, b — (PHBH/PBS)//GF, ¢ —
(PHBH/PBS)//AF

The printing process was significantly simpler and easier when using a PHBH/PBS matrix compared
to PHA. Once printing was complete, there was no need to wait that long before removing the printed
composite structure from the build platform. These specimens are also distinguished by their
smoother edges and smoother surface. The printed tensile specimens with the PHBH/PBS matrix after

processing were weighed and measured. The weights, dimensions and calculated composite fibre,

matrix and void contents are presented in Table 14.

Table 14. Dimensions, weights, and fibre, matrix, and void contents of a composite tensile specimen with a

PHBH/PBS matrix
Specimen type S. No Length, | Width, | Height, | Cross- Weight, | Fibre Matrix | Void
mm mm mm sectional | g content, | content, | content,
area, weight | weight | volume
mm?2 % % %
(PHBH/PBS)/CF | 1. 133.13 | 11.85 1.25 14.81 1.87 31.7% 68.3% 31.1%
2. 132.79 | 12.63 1.09 13.77 1.73 34.2% 65.8% 31.8%
3. 13420 | 13.02 1.06 13.80 1.77 33.8% 66.2% 31.0%
4. 13292 | 12.49 1.16 14.49 1.78 33.3% 66.7% 33.2%
5. 134.64 | 12.57 1.13 14.20 1.80 33.3% 66.7% 32.0%
Average | 133.54 | 12.51 1.14 14.21 1.79 33.3% | 66.7% | 31.8%
(PHBH/PBS)/GF | 1. 134.84 | 12.17 | 0.99 12.05 1.96 47.1% 52.9% 26.2%
2. 134.17 | 12.49 1.01 12.61 2.1 43.7% 56.3% 22.4%
3. 133.2 12.19 | 0.98 11.95 2.09 43.6% 56.4% 17.8%
4. 135.04 | 12.26 1 12.26 2.04 45.3% 54.7% 23.8%
5. 133.44 | 12.18 | 0.97 11.81 1.97 46.4% 53.6% 23.2%
Average | 134.14 | 12.26 | 0.99 12.14 2.03 452% | 54.8% | 22.7%
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Specimen type S. No Length, | Width, | Height, | Cross- Weight, | Fibre Matrix | Void
mm mm mm sectional | g content, | content, | content,
area, weight | weight | volume
mm?2 % % %
(PHBH/PBS)/AF | 1. 134.23 11.25 0.95 10.69 1.45 17.5% 82.5% 20.5%
2 134.71 11.31 0.95 10.74 1.44 17.6% 82.4% 21.7%
3 134.47 11.68 0.99 11.56 1.55 16.4% 83.6% 21.4%
4. 134.82 11.57 0.98 11.34 1.49 17.1% 82.9% 23.3%
5 134.49 11.46 0.98 11.23 1.44 17.6% 82.4% 25.0%
Average | 134.54 | 1145 0.97 11.11 1.47 17.2% 82.8% 22.4%

The results show that dimensions were quite similar to those of composites produced with a PHA
matrix. Specimens had similar weights, fibre, matrix, and void contents. Overall, tensile specimens
reinforced with CF had 32.7% of fibre content, with GF had 44.7%, and with AF 17.2%. The
analytically calculated density of these composites is 0.94 g/cm3 of (PHBH/PBS)/CF, 1.25 g/cm3 of
(PHBH/PBS)/GF, and 0.99 g/cm3 of (PHBH/PBS)/AF on average. (PHBH/PBS)/GF and
(PHBH/PBS)/AF composites had similar and significantly lower void volume than (PHBH/PBS)/CF
composites. Composites reinforced with aramid fibre had the lowest weight and the lowest amount
of reinforcement in the structure, and composites reinforced with glass fibre had the highest weight
and the highest amount of reinforcement in the structure. After measuring the printed composites, the
specimens with PHBH/PBS matrix were prepared for tensile testing (Fig. 37.), the tabs were attached,
and deformation points marked.

C

Fig. 37. Prepared composite tensile specimens: a — (PHBH/PBS)/CF, b — (PHBH/PBS)//GF, ¢ —
(PHBH/PBS)//AF

The forces obtained during the tensile testing on composite tensile specimens with PHBH/PBS matrix
and the calculated tensile strength, along with Young’s modulus, are presented in Table 15.

Table 15. Mechanical properties of composite tensile specimens with PHBH/PBS matrix

Composite type Specimen No. Maximum force, N | Tensile strength, Young’s modulus,
MPa GPa
(PHBH/PBS)/CF 1. 3840 259.2 11.87
2. 4511 327.7 26.86
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Composite type

Specimen No.

Maximum force, N

Tensile strength,
MPa

Young’s modulus,
GPa

3. 4327 3135 28.58

4. 4199 289.8 28.58

S. 4563 321.2 27.88

Average 4288+289 302.3+£28.0 24.75+7.24
(PHBH/PBS)/GF 1. 4716 3914 14.19

2. 4929 390.7 13.75

3. 4673 391.2 14.18

4. 4983 406.4 13.80

S. 4682 396.3 14.70

Average 4798+148 395.2+6.7 14.12+0.38
(PHBH/PBS)/AF 1. 3190 298.5 10.12

2 3223 300.0 9.94

3 2905 251.2 8.00

4. 2771 244.4 8.25

5 3070 273.4 9.63

Average 3032+192 273.5+25.8 9.19+0.99

The results show that (PHBH/PBS)/CF composites had moderate tensile strength, which was 302.3
MPa on average, and the highest Young’s modulus, which was 24.75 GPa on average. This means
that composite structures reinforced with carbon fibre are nearly twice as stiff as those reinforced
with glass or aramid fibre. (PHBH/PBS)/GF type composite structure exhibited the highest tensile
strength, which was 395.2 MPa, on average, and it was 30.7% higher than (PHBH/PBS)/CF
composites, and 44.5% higher than (PHBH/PBS)/AF composites. These results were likely
influenced by the fibre content in the composite. The (PHBH/PBS)/CF composite after tensile testing
and stress-strain curves are shown in Figure 38.
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Fig. 38. (PHBH/PBS)/CF composite results after tensile testing: a — broken composites, b — stress-strain

curves

The tensile strength results of (PHBH/PBS)/CF composites ranged from 259.24 to 327.67 MPa.
Standard deviation and variation coefficient were 28 and 9.3%, respectively. Therefore, these results
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can be considered not as reliable as other specimen type results. Specimen No. 1 had the most
influential impact on the distribution of the results. This specimen had 14.3% lower tensile strength
and 52% lower Young’s module than the averages of this type of composite. Moreover, these samples
exhibited GAB, SGM, and SGR failure modes, which are determined in accordance with the ASTM
D3039 standard. The first three exhibited a GAB failure mode, which means that these specimens
had a grip failure type at the grip and at the bottom of the specimen. Other specimens had long
splitting at the gage, and in the middle and one on the right. The (PHBH/PBS)/GF composite after
tensile testing and stress-strain curves are shown in Figure 39.
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Fig. 39. (PHBH/PBS)/GF composite results after tensile testing: a — broken composites, b — stress-strain
curves

The results of (PHBH/PBS)/CF composites ranged from 390.73 to 406.44 MPa. Standard deviation
and variation coefficient were 6.7 and 1.7%, respectively. Therefore, these results can be considered
more reliable than those of (PHBH/PBS)/CF composites. Moreover, these samples exhibited XAB,
XAT, and SGM failure modes. These are classified as explosive failure modes near the tab at the
bottom or top of the specimen, and long gage splitting at the middle of the specimen. During tensile
testing, before the composite specimen failed completely, the fibres broke one after another within
the composite structure. The (PHBH/PBS)/AF composite after tensile testing and stress-strain curves
are shown in Figure 40.
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Fig. 40. (PHBH/PBS)/AF composite results after tensile testing: a — broken composites, b — stress-strain
curves
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The results of (PHBH/PBS)/AF composites ranged from 244.39 to 299.97 MPa. Standard deviation
and variation coefficient were 25.83 and 9.4%, respectively. These deviations are similar to those of
(PHBH/PBS)/CF composites. These samples exhibited LIT and SIM failure modes, and they are
classified as lateral inside tab failure mode at the top, and long splitting inside tab at the middle of the
specimen, respectively. Also, composites reinforced with continuous aramid fibres after the tensile
test did not break into two separate pieces, which was not the case with other types of composites.

3.3.3. Comparative Analysis of Tensile Results

Tensile strength results of all tested composite types are provided in Figure 41. It can be seen that
glass fibre reinforcement provided the highest tensile strength and similar impact to both matrix
materials. (PHBH/PBS)/GF composite type only had 1.7% higher tensile strength than the PHA/GF
composite structures.
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Fig. 41. Tensile strength results of all tested composite types

The results show that by reinforcing PHA polymer with carbon fibre it would have 8.7% higher
tensile strength, on average, than (PHBH/PBS)/CF composite structure, and by reinforcing
PHBH/PBS blend polymer with aramid fibre it would have 26.2% higher tensile strength, on average,
than PHA/AF composite structure. Results also show that fibre contents in composite structures had
a significant impact on tensile strengths. Young’s modulus results of all tested composite types are
provided in Figure 42.
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Fig. 42. Young’s modulus results of all tested composite types

These results show that biopolymers reinforced with carbon fibre would have almost 2 times larger
rigidity than those reinforced with glass or aramid fibres. Also, composites for which structure PHA
was used as matrix material had slightly higher Young’s modulus, for example PHA/CF, had 35.7%
higher than (PHBH/PBS)/CF, PHA/GF, had 10.7% higher than (PHBH/PBS)/GF, and PHA/AF,
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had 7.1% higher Young’s modulus than (PHBH/PBS)/AF. For this comparison graph and results, the
PHBH/PBS/CF specimen No. 1 test results were not included.

3.4. Results of Flexural Tests
3.4.1. Flexural Test Results of Composites Composed of PHA and Synthetic Fibres

A total of 15 composite specimens were printed with a PHA matrix for flexural testing (Fig. 43.): 5
specimens were reinforced with continuous carbon fibre towpreg (PHA/CF), 5 with continuous glass
fibre towpreg (PHA/GF), and 5 with continuous aramid fibre towpreg (PHA/AF).

I

Fig. 43. Prepared composite flexural specimens: a — PHA/CF, b — PHA/GF, ¢ — PHA/AF

The printed flexural specimens with PHA matrix after processing were weighed and measured. The
weights, dimensions and calculated composite fibre, matrix and void contents are presented in Table
16.

Table 16. Dimensions, weights, and fibre, matrix, and void contents of a composite flexural specimen with a
PHA matrix

Specimen | S. No Length, | Width, | Height, | Cross- Weight, | Fibre Matrix | Void
type mm mm mm sectional | g content, | content, | content,
area, weight weight volume
mm?2 % % %
PHA/CF 1. 129.71 12.68 4.11 52.11 7.01 27.0% 73.0% 23.4%
2. 128.69 12.57 4.05 50.91 6.73 27.9% 72.1% 24.3%
3. 130.24 12.37 4.21 52.08 6.87 27.6% 72.4% 25.3%
4. 129.63 12.54 4.09 51.29 6.91 27.4% 72.6% 23.3%
5. 129.25 12.35 4.1 50.64 6.82 27.6% 72.4% 23.2%
Average | 129.50 12.50 4.11 51.40 6.87 27.5% 72.5% 23.9%
PHA/GF 1. 124.89 12.35 4.11 50.76 7.65 36.6% 63.4% 21.0%
2. 125.64 12.09 4.09 49.45 7.67 36.7% 63.3% 19.2%
3. 125.53 12.29 4.16 51.13 7.81 36.0% 64.0% 20.0%
4. 124.46 12.17 4.12 50.14 7.74 36.0% 64.0% 18.5%
5. 124.76 12.39 4.12 51.05 7.73 36.2% 63.8% 20.3%
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Specimen | S. No Length, | Width, | Height, | Cross- Weight, | Fibre Matrix Void
type mm mm mm sectional | g content, | content, | content,
area, weight weight volume
mm2 % % %
Average | 125.06 12.26 4.12 50.50 7.72 36.3% 63.7% 19.8%
PHA/AF 1. 124.59 11.21 3.99 44.73 5.53 13.9% 86.1% 21.5%
2 125.08 11.21 3.97 44.50 5.65 13.7% 86.3% 19.7%
3 124.56 11.25 3.97 44.66 5.57 13.8% 86.2% 20.8%
4. 124.77 11.16 3.99 44.53 5.57 13.8% 86.2% 20.7%
5 124.77 11.18 4.01 44.83 5.52 13.9% 86.1% 22.0%
Average | 124.75 11.20 3.99 44.65 5.57 13.8% 86.2% 20.9%

The results show that the printed flexural specimens had a slightly smaller amount of fibre
content weight than the tensile composite specimens. The analytically calculated density of these
composites is 1.03 g/cm?® of PHA/CF, 1.22 g/cm® of PHA/GF, and 1.00 g/cm® of PHA/AF on
average. Overall, the PHA/GF composite had the highest analytical density, weight, and fibre content
among other types of composites. The total void content volume of all composite types varies
between 19.8% and 23.9%. These values are quite high, but are smaller than those of tensile
specimens. The forces obtained during the flexural testing on composite flexural specimens with
PHA matrix and the calculated flexural strength, along with flexural modulus, are presented in Table

17.

Table 17. Mechanical properties of composite flexural specimens with PHA matrix

Composite type Specimen No. Maximum force, N | Flexural strength, Flexural modulus,
MPa MPa

PHA/CF 1. 183 102.7 13565

2 191 111.4 15092

3 177 96.7 12265

4. 205 117.3 14172

5 177 102.1 14184

Average 187+11.9 106.0+8.2 13856+1043
PHA/GF 1. 167 95.9 8257

2. 163 96.4 8222

3. 169 95.2 7286

4. 160 93.2 7990

5. 166 94.6 7450

Average 165+3.3 95.1+1.2 7841+447.5
PHA/AF 1. 85 57.2 3095

2. 88 60.0 4868

3. 90 60.9 4206

4. 88 59.1 3856

5. 83 55.1 3447

Average 87+2.9 58.4+2.3 3895687
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The flexural results show that composite specimens, where PHA is reinforced with CF, had the
highest flexural strength compared to those reinforced with other synthetic fibres. PHA/CF had
the 106 MPa flexural strength, which is 11.5% higher than PHA/GF composites and 81.5% higher
than PHA/AF composites flexural strengths, on average. Also, the PHA/CF composite type had the
highest flexural modulus, meaning it was stiffer than other composite structures. PHA/CF composite
structure type had 76.7% higher Young’s modulus than the PHA/GF, and 255.7% higher than the
PHA/AF composite type. Overall, composite structures reinforced with carbon and
glass fibre exhibited better flexural properties than composites reinforced with aramid fibre. The
PHA/CF composites after flexural testing and stress-strain curves are shown in Figure 44.
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Fig. 44. PHA/CF composite results after flexural testing: a — damaged composites, b — stress-strain curves

The flexural strength results of PHA/CF composites ranged from 96.7 to 117.3 MPa. Standard
deviation and variation coefficient were 8.2 and 7.7%, respectively. From stress-strain curves, it can
be seen that PHA/CF composites had a similar failure type. Moreover, these specimens showed
no significant visual damage. The PHA/GF composites after flexural testing and stress-strain curves
are shown in Figure 45.
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Fig. 45. PHA/GF composite results after flexural testing: a — damaged composites, b — stress-strain curves

The flexural strength results of PHA/GF composites ranged from 93.2 to 96.4 MPa. Standard
deviation and variation coefficient were 1.2 and 1.3%, respectively. From stress-strain curves, it can

52



be seen that PHA/GF composites had a similar failure type. Moreover, these specimens, after testing,
were slightly damaged on the top surface. The PHA/AF composites after flexural testing and stress-
strain curves are shown in Figure 46.
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Fig. 46. PHA/AF composite results after flexural testing: a — damaged composites, b — stress-strain curves

The flexural strength results of PHA/AF composites ranged from 55.1 to 60.9 MPa. Standard
deviation and variation coefficient were 2.3 and 4%, respectively. From stress-strain curves, it can be
seen that PHA/AF composites had high ductility, and all of them had similar results. Moreover,
these specimens, after testing, were slightly deformed and did not have any visible damage.

3.4.2. Flexural Test Results of Composites Composed of PHBH/PBS and Synthetic Fibres

A total of 15 composite specimens were printed with a PHBH/PBS matrix for flexural testing (Fig.
47.): 5 specimens were reinforced with continuous carbon fibre towpreg (PHBH/PBS)/CF), 5 with
continuous glass fibre towpreg (PHBH/PBS)/GF), and 5 with continuous aramid fibre towpreg

((PHBH/PBS)/AF).
C

Fig. 47. Prepared composite flexural specimens: a — (PHBH/PBS)/CF, b — (PHBH/PBS)//GF, ¢ —
(PHBH/PBS)//AF

a

The printed flexural specimens with the PHBH/PBS matrix after processing were weighed and
measured. The weights, dimensions and calculated composite fibre, matrix and void contents are
presented in Table 18.
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Table 18. Dimensions, weights, and fibre, matrix, and void contents of a composite flexural specimen with a
PHBH/PBS matrix

Specimen type S. No Length, | Width, | Height, | Cross- Weight, | Fibre Matrix | Void
mm mm mm sectional | g content, | content, | content,

area, weight | weight | volume

mm?2 % % %

(PHBH/PBS)/CF | 1. 132.8 12.14 | 4.19 50.87 7.19 26.9% 73.1% 21.4%
2. 132.77 | 12.08 | 4.21 50.86 7 27.7% 72.3% 23.6%

3. 133.51 | 12.02 | 4.19 50.36 6.96 28.0% 72.0% 23.8%

4. 132.14 | 12.03 | 4.16 50.04 6.73 28.6% 71.4% 25.2%

5. 133.29 | 12.1 4.14 50.09 7.17 27.1% 72.9% 20.7%

Average | 132.90 | 12.07 | 4.18 50.45 7.01 277% | 72.3% | 22.9%
(PHBH/PBS)/GF | 1. 136.02 | 11.41 4.03 45.98 7.42 41.1% 58.9% 24.5%
2. 137.46 | 11.67 | 3.78 44.11 6.5 47.4% 52.6% 34.6%

3. 137.02 | 11.43 3.99 45.61 7.32 41.9% 58.1% 25.9%

4. 136.1 12.02 | 4.12 49.52 8.28 36.8% 63.2% 19.7%

5. 136.68 | 12.09 | 4.12 49.81 8.06 38.0% 62.0% 23.2%

Average | 136.66 | 11.72 | 4.01 47.01 7.52 41.0% | 59.0% | 25.6%
(PHBH/PBS)/AF | 1. 132.54 | 10.72 | 4.06 43.52 5.85 14.0% 86.0% 19.8%
2 131.73 | 10.76 | 4.07 43.79 5.66 14.4% 85.6% 22.5%

3 131.99 | 10.81 3.96 42.81 5.23 15.6% 84.4% 27.0%

4. 132.99 | 10.76 | 4.07 43.79 5.6 14.7% 85.3% 24.0%

5 13436 | 10.81 4.07 44.00 5.87 14.1% 85.9% 21.5%

Average | 132.72 | 10.77 | 4.05 43.58 5.64 14.5% | 85.5% | 23.0%

The results show that the printed flexural specimens with PHBH/PBS blend matrix had a slightly
smaller amount of fibre weight than the tensile composite specimens. Overall, flexural specimens
reinforced with CF had 27.6% of fibre content, with GF had 38.7%, and with AF 14.2%, which
are lower than tensile specimens, because of different printing parameters. The analytically calculated
density of these composites is 1.05 g/cm3 of (PHBH/PBS)/CF, 1.17 g/cm3 of (PHBH/PBS)/GF,
and 0.98 g/cm3 of (PHBH/PBS)/AF on average. Overall, the (PHBH/PBS)/GF composite had the
highest analytical density, weight, and fibre content among other types of composites. The total void
content volume of all composite types varies between 22.9% and 25.6%. (PHBH/PBS)/GF specimen
No. 2 was printed with the lowest matrix content and highest void content among other (PHBH/PBS)
GF specimens. The forces obtained during the flexural testing on composite flexural specimens
with PHBH/PBS blend matrix and the calculated flexural strength, along with flexural modulus, are
presented in Table 19.

Table 19. Mechanical properties of composite flexural specimens with PHBH/PBS matrix

Composite type Specimen No. Maximum force, N | Flexural strength, Flexural modulus,
MPa MPa
(PHBH/PBS)/CF 1. 161 90.6 11660
2. 146 81.7 10652
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Composite type Specimen No. Maximum force, N | Flexural strength, Flexural modulus,
MPa MPa

3. 138 78.2 11149

4. 128 74.0 10238

S. 146 84.4 11850

Average 144+12 81.846.3 11110+675
(PHBH/PBS)/GF 1. 94 60.6 5512

2. 42 30.0 2615

3. 87 57.2 5112

4. 138 80.9 6994

S. 130 76.0 6167

Average 98+38.4 60.9+20 5280+1651.6
(PHBH/PBS)/AF 1. 84 57.2 2984

2 80 53.9 2735

3 51 36.0 2444

4. 74 49.9 2565

5 88 59.0 3335

Average 75+14.7 51.249.2 2813+355.4

The flexural results show that composite specimens, where PHBH/PBS is reinforced with CF, had
the highest flexural strength compared to those reinforced with other synthetic fibres.

(PHBH/PBS)/CF had the 81.8 MPa flexural strength, which is 33.1% higher than (PHBH/PBS)/GF

composites, and 59.8% higher than (PHBH/PBS)/AF composites flexural strengths, on average. Also,
the (PHBH/PBS)/CF composite type had the highest flexural modulus, meaning it was stiffer than
other composite structures. (PHBH/PBS)/CF composite structure type had 110.4% higher Young’s
modulus than the (PHBH/PBS)/GF, and 294.5% higher than the (PHBH/PBS)/AF composite type.
Overall, composite structures reinforced with carbon and glass fibre exhibited better flexural
properties than composites reinforced with aramid fibre. The (PHBH/PBS)/CF composites after
flexural testing and stress-strain curves are shown in Figure 48.
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Fig. 48. (PHBH/PBS)/CF composite results after flexural testing: a — damaged composites, b — stress-strain
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The flexural strength results of (PHBH/PBS)/CF composites ranged from 74 to 90.6 MPa. Standard
deviation and variation coefficient were 6.3 and 7.7%, respectively. From stress-strain curves, it can
be seen that (PHBH/PBS)/CF composites had a similar failure type. Moreover, these specimens had
a crack at the bottom of the specimens. The (PHBH/PBS)/GF composites after flexural testing and
stress-strain curves are shown in Figure 49.
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Fig. 49. (PHBH/PBS)/GF composite results after flexural testing: a — damaged composites, b — stress-strain
curves

The flexural strength results of (PHBH/PBS)/GF composites ranged from 30 to 80.9 MPa. Standard
deviation and variation coefficient were 20 and 32.8%, respectively. This wide variation in results
was due to the specimen No. 2, which was produced with a smaller amount of matrix material than
the other specimens. By excluding the results of specimen No. 2 from stress-strain curves, it can be
concluded that (PHBH/PBS)/GF composites had a similar failure type. Moreover, these specimens
mostly had a slight crack at the bottom of the specimen. The (PHBH/PBS)/AF composites after
flexural testing and stress-strain curves are shown in Figure 50.
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Fig. 50. (PHBH/PBS)/AF composite results after flexural testing: a — damaged composites, b — stress-strain
curves
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The flexural strength results of (PHBH/PBS)/AF composites ranged from 36 to 57.2 MPa. Standard
deviation and variation coefficient were 9.2 and 17.9%, respectively. This wide variation in results
was due to the specimen No. 3, and this was influenced by poor IFSS between the PHBH/PBS matrix
and AF towpreg. From stress-strain curves, it can be seen that (PHBH/PBS)/AF composites had high
ductility and almost all of them had similar results, except the specimen No. 3, which had an
interlaminar shear failure mode, while other specimens after testing were only slightly deformed and
did not have any visible damage.

3.4.3. Comparative Analysis of Flexural Results

Flexural strength results of all tested composite types are provided in Figure 51. It can be seen that
carbon fibre reinforcement has provided the highest flexural strength to both matrix materials. In the
provided comparison graphs, the results of (PHBH/PBS)/GF specimen No. 2 and (PHBH/PBS)/AF
specimen No. 3 were not included.
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Fig. 51. Flexural strength results of all tested composite types

The results show that by reinforcing PHA polymer with synthetic fibre it would have higher flexural
strength than composites for which the PHBH/PBS polymer is used. For example, PHA/CF had
29.6% higher flexural strength than (PHBH/PBS)/CF, PHA/GF had 38.5% higher flexural strength
than (PHBH/PBS)/GF, and PHA/AF had 6.2% higher flexural strength than (PHBH/PBS)/AF.
Flexural modulus results of all tested composite types are provided in Figure 52.
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Fig. 52. Flexural modulus results of all tested composite types

These results, similarly as tensile results, show that biopolymers reinforced with carbon fibre would
have almost 2 times larger rigidity than reinforced with glass or aramid fibres. Also, composites for
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which structure PHA was used as matrix material had slightly higher flexural modulus, for example,
PHA/CF had 24.7% higher than (PHBH/PBS)/CF, PHA/GF had 31.9% higher than (PHBH/PBS)/GF,
and PHA/AF had 38.5% higher than (PHBH/PBS)/AF.

3.5. Chapter Summary

This chapter covers resin content calculation of impregnated synthetic fibres, which helped to
determine the quality of prepared towpregs, and interfacial shear strength test results of
unimpregnated and impregnated synthetic fibres with different polymer matrix materials, which
showed compatibility of synthetic fibres with biopolymers and the impact of impregnation for IFSS
improvement. Additionally, this section covers additive manufacturing processes of tensile and
flexural test composite specimens and the challenges posed by the materials used. It also provides the
dimensions of the produced specimens, the calculated contents of reinforcing fibre, and air voids in
the composite specimens, and an analysis of the mechanical properties of the composite specimens.
The resin calculations have shown that it is difficult to properly impregnate synthetic fibres with
PHBH/PBS biopolymer by using the melt impregnation method, and that each synthetic fibre type
brings different processing challenges. IFSS test results have shown that unimpregnated synthetic
fibres are more compatible with the PHBH/PBS blend biopolymer than with the PHA matrix by 39%,
on average. Also, pull-out test results have shown that synthetic fibre impregnation improved IFSS
with PHA by 53.9%, and with PHBH/PBS by 26.2 %, on average. Moreover, during the printing
process of composite structures, it was noted that by using PHBH/PBS as the matrix material, the
production process is less complicated than using PHA. Also, mechanical properties test results have
shown that fibre content in the composite significantly impacts tensile strength, and fibre type impacts
the composite structures rigidity. For example, composite structures reinforced with the highest glass
fibre content exhibited the highest tensile strength, while carbon fibre reinforced composites had the
highest Young’s modulus, flexural strength and modulus. By reinforcing biopolymers with aramid
fibre it was noted that composite structures would not be as resistant to high tensile and flexural
loadings as other synthetic fibres, but would have more flexibility and ductility.
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4. Composite Specimens Production Cost

Traditional composite production is quite expensive since it requires manual labour, many tools, and
lots of materials are wasted producing small parts. Therefore, by applying additive manufacturing,
some expenses can be avoided, because less waste is generated, less expensive equipment is used,
and an automated or semi-automated process, for which skilled personnel are not required.
Furthermore, the number of parts produced does not affect the cost of production.

4.1. Towpreg Preparation Cost

Impregnated fibres were used to produce the composite specimens in this study. The use of towpregs
increased the cost of producing the final composite structures. To estimate the cost of impregnation,
material costs were calculated, and the cost of custom melt impregnation equipment was added to the
cost calculation. The used equipment consisted of a direct drive extruder with a modified
impregnation chamber, which costs roughly 170 Eur [76], a stepper motor, whose price is around 30
Eur [77], and other electronics, such as power supplies, control units, and sensors, which could add
up to 100 Eur to the equipment cost. All things combined, it can be estimated that the price of the
impregnation equipment is around 300 Eur. Also, it can be estimated that this equipment consumes
100W of power during the impregnation process. To calculate the impregnated towpreg cost, the
following formula was used:

Syntehtic towpreg cost (Eur/m) = EHRI;ﬂ (14)
ph

where EHR — equipment hourly rate, UHMR — used materials hourly rate cost (Eur/h), Myn — meters

per hour (depends on parameters, the amount of fibre in meters impregnated per hour).

4.1.1. Material Consumption During Towpreg Production

During this study, 3 types of synthetic fibres were impregnated with a PHBH/PBS mixture
biopolymer. The cost and consumption of these materials are calculated in towpregs cost. It was given
that the price of 3K CF tow is 0.03 Eur/m on average [78], the price of GF tow is 0.003 Eur/m, and
the price of AF tow is 0.014 Eur/m [79]. PHBH/PBS blend filament was used in the impregnation
process. It is known that this material has a density of 1.24 g/cm?, and this blend is composed of
PHBH and PBS polymers. 1 kg of PHBH pellets costs 48.40 Eur [80], and 1 kg of PBS powder costs
50.95 Eur [81]. This means that the PHBH/PBS filaments price would be 49.68 Eur/kg. Biopolymer
consumption was calculated based on the impregnation parameters. PHBH/PBS filament was fed into
the heating block at a speed of 12 mm/min, and fibre was pulled through it at a 1200 mm/min linear
speed. Knowing that the diameter of the filament is 1.75 mm, the volume and mass flow of the
filament were calculated using the following formulas:

2
A=mr?=m« (0'”5) = 0.024 cm? (15)
2
Ver = Ax FR = 0.024(cm?) * 1.2 (cm/min) = 0.029 cm3/min (16)
Mgg = Vig * Denisty = 0.029 (¢cm3/min) * 1.24(g/cm?®) = 0.036 g/min (17)

where Vrr — volume flow rate, and Mrr — material flow rate. It was calculated that the mass flow rate
into the extruder is 0.036 g/min, and 1200 mm of fibre is pulled in a minute. Then, 0.03g of
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PHBH/PBS blend polymer is used to impregnate 1 meter of synthetic fibre. Over one hour of the
impregnation process, only 1.8 g of matrix material is used, which costs only 0.09 Eur.

Also, in one hour, 72 meters (Mpn) of fibre tow is impregnated, therefore the cost of synthetic fibre
accounts for a larger portion of the expense. The cost of used synthetic fibres and matrix in one hour
is shown in the following calculations:

UHMRcp = S + Scp = 0.09(Eur) + (72 * 0.03(Eur/m)) = 2.25 Eur/h (18)
UHMRGp = Sy + Sar = 0.09(Eur) + (72  0.003(Eur/m)) = 0.31 Eur/h (19)
UHMR g = S + Sap = 0.09(Eur) + (72 * 0.014(Eur/m)) = 1.1 Eur /h (20)

where UHMR — used materials hourly rate cost, Eur/h; CF — carbon fibre; GF — glass fibre; AF —
aramid fibre; Sm — cost of used matrix per hour. Calculations show that using carbon fibre instead of
glass fibre can increase the cost of the materials by a factor of 10.

4.1.2. Impregnation Equipment Cost Impact on the Price of the Towpreg

The impregnation equipment consumes 0.1 kWh per hour, which costs approximately 0.022 Eur/h.
Considering that the impregnation process is automated, but requires starting and stopping, which
would take 5 minutes of manual labour, the cost of completion of this task may be evaluated at 0.8
Eur. However, even if the impregnation process is not complete after one hour, it can be considered
as a routine inspection of the equipment, which can be carried out at regular intervals and may be
performed by human resources. The depreciation of the equipment can be calculated based on its
service life, which is estimated to be enough to impregnate 100 kilometres of fibre. In this case, the
cost of impregnating one meter of fibre would be 0.003 EUR, and the hourly depreciation would be
0.22 EUR. Equipment’s hourly rate was calculated using the following formula:

EHR = Sene + Saep + Sper = 0.022 + 0.216 + 0.8 = 1.038 Eur /h 1)

where Sene — hourly energy consumption cost, Eur/h; Sqep — hourly depreciation cost of the equipment,
Eur/h; and Sper — hourly employee labour cost related to the equipment operation, Eur/h. Lastly, the
towpreg cost of one meter for each fibre type was calculated using the following formulas:

CF towpreg cost = XrUHMRer _ LO38%225 _ 3 046 Eur/m (22)
Mph 72
GF towpreg cost = ZXrUHMRer _ LO38403L _ 0,019 Eur/m (23)
Mph 72
AF towpreg cost = EHRT;HMRAF = 1'03;3;1'1 = 0.03 Eur/m (24)
ph

4.2. Composite Structures Production Cost

Composite manufacturing costs are calculated by taking into account the materials used, the hourly
rate of machinery, which involves electricity usage and printer depreciation, and also additional cost
which is associated with the setup of equipment and parts removal from the build plate. Printing cost
was calculated using the following formula:

Printing cost = Material cost + MHR * Prduction time + Setup cost (25)
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4.2.1. Cost of Materials used for Printing

The cost of the materials used varied depending on the type of matrix and type of fibre, while the
materials used depended only on the type of specimen, whether it is a tensile or bending specimen.

PHA filaments 1 kg cost about 29.67 Eur [82], and PHBH/PBS blend filament costs 49.68 Eur/kg.
To produce tensile specimens, 1.2 g of filament was used and to produce flexural specimens, 4.9 g of
filament was used for each specimen structure. Therefore, by applying the material consumption
formula, the matrix material usage to produce each specimen was calculated:

Matrix material usage (g)
1000

Cost =

+ Filament price (Eur/kg) (26)

— PHA material cost to produce tensile test composite: 0.04 Eur

— PHBH/PBS material cost to produce tensile test composite: 0.06 Eur
— PHA material cost to produce flexural test composite: 0.15 Eur

— PHBH/PBS material cost to produce flexural test composite: 0.24 Eur

Towpreg usage cost in composite production is calculated based on the amount of synthetic fibres
used to reinforce these composite structures. For tensile test specimens, 3.3 meters of synthetic
towpregs were used, and for flexural test specimens, 10.8 meters of synthetic towpregs were used.
Calculated cost of towpreg used per composite type:

— CF in tensile specimens: 3.3*0.046=0.15 Eur

— GF in tensile specimens: 3.3*%0.019=0.06 Eur

— AF in tensile specimens: 3.3*0.03=0.1 Eur

— CF in flexural specimens: 10.8*0.046=0.5 Eur
— GF in flexural specimens: 10.8%0.019=0.21 Eur
— AF in flexural specimens: 10.8%0.03=0.33 Eur

4.2.2. Composite Specimens Production Cost, Including Setup and Equipment Cost

The equipment hourly rate is calculated, including printer depreciation and energy consumption. The
used printer costs around 424 Eur [83]. If a custom printhead, which costs about 150 Eur
approximately, is added to the equipment price, then the printer price is worth 574 Eur. The typical
service life of such a printer is approximately 8 years. If it is estimated that the printer will work 2000
hours per day, then the depreciation cost of the machine:

7% = 0.036 Eur/h 27)

Saep = 842000

To fully calculate the printer hourly rate, electricity consumption needs to be estimated. The printer
consumes around 0.2 kWh during normal printing, and the electricity price is 0.22 EUR/kWh.
Therefore, the energy cost is 0.044 Eur/h. Knowing the equipment hourly depreciation and energy
consumption, the machnies hourly rate was calculated:

MHR = Sgop + Sete = 0.036 + 0.044 = 0.08 Eur/h (28)

If labour cost is included in the production of composites, then an additional 0.8 Eur of machine setup
cost can be added for each specimen type. To produce a tensile specimen, it takes about 25 minutes,
and to produce a flexural specimen, it takes about 95 minutes of production time. Composite
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production costs for each specimen type, excluding material costs, were calculated using the
following formula:

Specimen production cost = MHR * Production time + Setup (28)

— Tensile specimen production cost=0.08*0.42+0.8=0.84 Eur
— Flexural specimen production cost==0.08*1.6+0.8=0.93 Eur

These specimen production costs were added to the material consumption, and the total composite
specimen production costs were recalculated for their type and the composed materials types, using
the following formula:

Total production cost = MCy + MCr + Specimen production cost (29)
Where MCwm — matrix material consumption cost, MCr — towpreg material consumption cost.

— Total PHA/CF tensile composite production cost: 0.04+0.15+0.84=1.03 Eur

— Total PHA/GF tensile composite production cost: 0.04+0.06+0.84=0.94 Eur

— Total PHA/AF tensile composite production cost: 0.04+0.1+0.84=0.98 Eur

— Total (PHBH/PBS)/CF tensile composite production cost: 0.06+0.15+0.84=1.05 Eur
— Total (PHBH/PBS)//GF tensile composite production cost: 0.06+0.06+0.84=0.96 Eur
— Total (PHBH/PBS)//AF tensile composite production cost: 0.06+0.1+0.84=1 Eur

— Total PHA/CF flexural composite production cost: 0.15+0.5+0.93=1.58 Eur

— Total PHA/GF flexural composite production cost: 0.15+0.21+0.93=1.29 Eur

— Total PHA/AF flexural composite production cost: 0.15+0.33+0.93=1.41 Eur

— Total (PHBH/PBS)/CF flexural composite production cost: 0.24+0.5+0.93=1.67 Eur
— Total (PHBH/PBS)//GF flexural composite production cost: 0.24+0.21+0.93=1.38 Eur
— Total (PHBH/PBS)//AF flexural composite production cost: 0.24+0.33+0.93=1.5 Eur

From the calculations provided, it can be seen that the costs of raw materials, electricity and
equipment do not have a significant impact on the price of the composite, as the main factor affecting
the price is the cost of labour. Therefore, when producing larger samples, their price did not increase
as significantly. For example, PHA/CF tensile composite materials account for 18.4% of the total cost
of the sample, while flexural composite materials account for 41.1% of the total cost of the sample.

4.3. Chapter Summary

This chapter covers the production cost of the additively manufactured composite structures. The
towpreg preparation cost calculation is provided, during which it was calculated that to melt
impregnated carbon fibre with PHBH/PBS polymer costs 0.046 Eur per meter, and other synthetic
fibres, such as glass fibre it costs 0.019 Eur per meter, and aramid fibre 0.03 Eur per meter. The costs
of the manufactured composite specimens were also calculated. It was calculated that producing one
tensile specimen costs an average of 0.99 Eur, while a flexural test specimen production costs 1.47
Eur on average.
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Conclusions

Synthetic fibres impregnation was performed with PHBH/PBS blend biopolymer before AM
process to achieve better bonding between the matrix and reinforcement material. CF towpregs
were prepared with 24.6% RC content, GF with 15%, and AF with 34.4%. Pull-out test results
have shown that fibre impregnation improves IFSS with PHA by 53.9%, and with PHBH/PBS by
26.2 %, on average. Only the aramid fibres interface with PHBH/PBS was decreased after
impregnation.

. Composite structure specimens composed of biopolymers and synthetic fibres were prepared by
applying material extrusion and towpreg co-extrusion methods. During production, it was
observed that the printing process is less complicated when using PHBH/PBS as a matrix material
rather than PHA.

. Reinforcement material content in prepared composite structure evaluated in accordance with
ASTM D2734 standard. It was determined that tensile specimens reinforced with CF had 32.7%
of fibre content, with GF had 44.7%, and with AF 17.2%. Also, flexural specimens reinforced
with CF had 27.6% of fibre content, with GF had 38.7%, and with AF 14.2%, which were lower
than tensile specimens, because of different printing parameters. These reinforcement contents
significantly impacted the mechanical properties of composite structures.

. Tensile and flexural mechanical test results determined that PHA/CF composite structures had
the highest Young’s modulus and flexural properties, compared to other composite structure
types. These structures exhibited a tensile strength of 328.7 MPa, Young’s modulus of 37.97 GPa,
flexural strength of 106 MPa, and flexural modulus of 13.86 GPa. The highest tensile strength
was achieved with (PHBH/PBS)/GF composite structures, which had 395.2 MPa of tensile
strength. PHBH/PBS)/AF composite structures had the poorest mechanical properties, which
were 273.5 MPa of tensile strength, 9.19 GPa of Young’s modulus, 51.2 MPa of flexural strength,
and 2.8 GPa of flexural modulus. Also, composites reinforced with AF had a more flexible and
ductile structure than biopolymers with CF or GF reinforcements.
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