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Palavras-chave Ácido Poliláctico (PLA); Termoplástico; Nanotubos de Carbon; Fabrico Adi-
tivo (AM); Fabrico por Filamento Fundido (FDM); Nanocompósito.

Resumo Tendo já provas dadas no fabrico de prototipagem, o fabrico aditivo revela-
-se como uma tecnologia capaz de produzir componentes funcionais para as
diversas áreas de engenharia. Os materiais termoplásticos apresentam pro-
priedades que permitem conferir ao produto fabricado caracteŕısticas que
asseguram o seu correto funcionamento e a sua reutilização, assegurando
o ciclo de vida do produto. Com a evolução da nano engenharia, tem-
se vindo a utilizar diversos produtos baseados na inserção de nano partic-
ulas em determinados materiais de modo a conceber novas propriedades
nunca antes obtidas. Obtendo provetes consitúıdos por Ácido Poliláctico
através de fabrico por filamento fundido em impressão 3D, analisou-se as
suas propriedades mecânicas mediante os resultados dos respetivos ensaios
de tração. Analogamente, foram produzidos provetes constitúıdos por Nan-
otubos de Carbono que posteriormente foram também submetidos a testes
de tração. Tendo obtido os resultados para cada tipo de material, fez-se uma
análise e comparação entre cada um com o intuito de compreender como
evolui o material após a mistura com um nanomaterial, retirando as con-
clusões necessárias acerca da evolução que estas modificações ao material
proporcionam e da sua utilização futura e procurando aspetos de melhoria
do processo geral para eventuais trabalhos futuros.





Keywords Poly-Lactide Acid (PLA); Thermoplastic; Multi Wall Carbon Nanotubes
(MWCNT); Additive Manufacturing (AM); Fused Deposition Manufactur-
ing (FDM); Nanocomposite.

Abstract Having shown evidences in prototype fabrication, Additive Manufacturing
reveals itself as a technology capable of producing functional components
for the various areas of engineering work. The thermoplastic materials have
properties which grant the fabricated product characteristics that ensure
their correct usage and recycle, preserving its life cycle. With the evolution
of nanoengineering, several products based on the insertion of nanoparti-
cles have been implemented and used in various applications, as they were
granted new and better properties, never before been able to obtain. After
acquiring Poly-Lactide Acid specimens through fused deposition modelling
in 3D printing, they were submitted to tensile tests in view of analysing
their mechanical behaviour. The same process was done to the thermoplas-
tic material mixed with Carbon Nanotubes which were submited to tensile
tests as well. Having obtained the results for both types of material, it was
conducted an analysis and comparison between each one with the intention
of comprehending how the material evolves after being mixed with a nano-
material, drawing afterwards the necessary conclusions as to the evolution
of said modifications in the thermoplastic in study and its future use, and
seeking ways of improving the general process to be used in eventual future
works.
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Chapter 1

Framework

1.1 Introduction

Since the birth of the Additive Manufacturing industry, it has been expanding at a fast
rate and for the past years it has been gaining a signi�cant growth in terms of usage in
the general production industry and in terms of popularity. What was once regarded
as being restricted to just rapid prototyping, it has been continuously evolving to the
point where it can also create fully functional components to be used in the industry
such, as automotive. This technology has also captured signi�cant media attention and
gathered interest among the traditional manufacturing industries, as it comes with sev-
eral advantages such as the possibility of producing extremely customised parts with a
certain degree of complexity, in an economic and sustainable way, meeting the compa-
nies expectations of reducing the general production costs while enhancing the product
quality and time e�ciency.

1.2 Motivation

Being a relatively new technology it is somewhat interesting to study how to enhance
the resulting products, what kind of materials and mixing elements should be added to
the original base material in order to give it better properties for various areas of work.
Of course, being available for common use, upgrading them can also be of an interest to
the common 3D printer, as they can have faster access to a certain component needed
for a more personal project. Regarding the materials used for Additive Manufacturing,
investigating how they behave both mechanically and thermally, before and after mixing
with another material, can provide useful insight for other projects regarding these types
of plastic, as well as how the adding materials in
uence the plastic's behaviour and if
such implementation is worthwhile.

1.3 Objectives

The prime objective of this work is to assess the evolution of Poly-Lactide Acid (PLA)
samples obtained through Fused Deposition Modelling after being mixed with carbon
nanotubes. After obtaining the intended results, it will be conducted an analysis on all
the experiment stages of this work in order to try to justify any eventual discrepancy

1



2 1.Framework

between results, whether or not they demonstrate an improvement of the mechanical
properties of the sample. The resulting investigation will consist of an equally important
objective that complements the assessment previously mentioned as the main objective.
Secondary objectives for this work consist of safeguarding the material's state, being it
grain or �lament. By means of analysing the plastic's heating cycle using a Di�erential
Scanning Calorimetry (DSC), it can be assured that the grains are being dried correctly.
Regarding the �lament, it's apparent form throughout the extrusion process must be
taken into consideration so that it suits the printer's requirements. When conducting
the experiment phase, ful�lling all the mentioned goals translates into a more robust and
reliable work, as it is developed in a much more controlled and supervised environment.

1.4 Work Guideline

The general document structure is comprised of four major chapters with each one giving
an unique approach. The state of the art review will give a theoretical insight on all
the technologies, processes and materials surrounding this work's environment, giving
a basis on how to proceed in the experimental phase. The experimental work follows
the state of the art review, informing how the procedure was conducted from the very
�rst steps until the �nal tests, also giving information on every precautionary measure
taken during a speci�c production phase. The experimental results chapter features
all the tensile test results, showcasing the stress-strain graphic curves and the speci�c
values registered. Afterwards, a section of discussion is present, consisting in a deep
analysis regarding the nature of said results. To round up the document structure, a
chapter giving the �nal remarks is presented, reviewing the work as a whole, including an
insight on how future projects can be conducted and similar areas that can be explored
via an investigation and research study.

Jo~ao Pedro Menezes Andias Master's Thesis



Chapter 2

State of the Art

In this chapter it is presented the state of the art of all the technology associated with
this work. It starts by giving the general de�nitions of Additive Manufacturing, its
advantages, limitations and applications, focusing more speci�cally on Fused Deposition
Modelling afterwards. Next, a section regarding a Di�erential Scanning Calorimetry is
present, which describes its functionality, advantage of use and result display, as the
process has been proven to be extremely informative in the experimental approach and
in the veracity of the parameters used on certain phases of the work. The chapter ends
by describing the materials used throughout this work, and the use of the freeze drying
technic or lyophilisation as a useful process to dry the nanomaterials.

2.1 Additive Manufacturing

Additive manufacturing (AM), also known as 3D printing, uses computer-aided design
to build objects layer by layer. The usage of this terminology is under the jurisdiction
of Committee F42 on Additive Manufacturing Technologies [1]. After reaching a mutual
agreement with the American Society for Testing and Materials (ASTM), the Society
of Manufacturing Engineers (SME) provided the insight and technical expertise of its
RTAM Community members to serve as the foundation and base rules of this standard.
Nowadays, SME continues to play a pivotal role in advising and providing important
guidance to most of the ASTM standards and their development [1].

This form of fabrication method contrasts with more traditional ones, as most of
their processes such as cutting and drilling, grind away unwanted excess from a solid
piece of material, often metal, giving origin to unnecessary waste, not utilising the full
potential of a given material. The increasing amount of new equipment, technologies,
and materials in AM are driving down the costs of building parts, devices, and products
in industries such as aerospace, medicine, automotive, consumer products, and more [2].
Figure 2.1 shows schematically this di�erence between both forms of fabrication.

The general advantages of additive manufacturing when compared to traditional
manufacturing are the capabilities in design and development of products. Despite cer-
tain limitations, companies are using AM increasingly to use the many possible bene�ts
like complexity-for-free manufacturing. When we look at traditional manufacturing, the
more complex the product is, the more it will cost. Being fabricated with a more de-
gree of precision, it requires more energy and time to produce the pretended object or

3



4 2.State of the Art

Figure 2.1: Schematic representation of the di�erences between Additive and Subtractive
Manufacturing in terms of material waste (adapted from [3]).

product. It can be said that, in this situation, there exists a direct connection between
complexity and manufacturing costs [4], one key aspect that does not occur in AM.

Despite the product in hand having a relative moderate complex rate, in AM there is
no limitation when it comes to higher costs for higher complex objects, as well as there
is no need to produce or purchase auxiliary tools to help in the fabrication stage. The
same logic can be applied to the design stage, as there is a moderate to high concern
regarding the costs in construction of said product, thus its design being heavily limited.
The greater freedom of design via AM makes it possible to combine an assembly of parts
into one part and, therefore, to reduce the required assembly work and costs [4].

Another key aspect is that AM, unlike traditional manufacturing processes, does
not need a strict user involvement, as the machines can operate independently, meaning
that the production of components will require a minimum of operator involvement.
During part building, the various machines systems do not require any input from the
operator, as systems require no input from said operators. This alone creates an impact
on the manner in which a manufacturing environment operates, giving the users the
liberty to work on other machines and making it 
exible and feasible for parts to be
built overnight or at weekends when traditional manufacturing companies would need
to either halt production or increase workers pay rates at these times. As such, the total
number of production hours of the machines is increased without the need to move to
shift patterns in order to have skilled machine operators on site. Thus, the majority of
costs will result from the machine, its capital cost, energy consumption and usage [5].

AM is more and more often, not only used for rapid prototyping but for the produc-
tion of ready made elements and for making functional and durable products [6]. In-
cremental production is increasingly used in the performance of functional and durable
products. Currently �ve out of ten printed elements are ready made products [7]. Wher-
ever there is a variety of products, individuality of production and short-run, incremental
production is the solution. Industrial design, medicine, aviation and the armaments in-
dustry take advantage of the advantage of incremental manufacturing systems in the
performance of fully usable products [7].

Medicine is one of the most important and notorious areas that AM products can be
pivotal in terms of availability and time to be fabricated, granting the possibility of hav-
ing speci�c designs products �t determined body parts such as some prosthesis. With the
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2.State of the Art 5

aim to assist, maintain or restore a persońs mobility, doctors need custom-made design
implants which are less in number and di�er from patient to patient. Additive manu-
facturing ful�ls this need e�ciently and products are quickly available and produced at
an economical price [8]. Table 2.1 summarises the several applications in medicine.

Table 2.1: Applications of AM in medicine, adapted from [8]

Criteria Achievement

Designing and manufacturing of surgical
aid tools, bio-models and implants.

�Play a useful role for design and production of surgical support tools,
bio-models and implants;
�Used for the surgical tools up gradation.

Designing and manufacturing of various
sca�olds for tissue engineering.

�An AM characteristic is to design and manufacture the di�erent sca�olds
for the restoration of tissues;
�It replaces conventional sca�old fabrication methods;
�AM help for printing organs, produced cells, cell-laden biomaterials,
biomaterials individually.

Development of various medical devices
and surgical training models.

�Used for developing various medical models, surgical training models
which are used in medical education.

Individualisation
�AM is used for individualisation, as data di�ers from patient to patient;
�Used for customised implant fabrication.

Complex Geometry
�This technology has great potential for fabrication
of complex geometries implant.

Functional integration
�The medical models are in functional integration;
�It works like an original one.

Reduced costs
�AM technology helps for reducing cost of medical implant
as compared to other manufacturing processes.

Rapid availability �AM has availability for producing medical model in short time.

Improved patient care
�This technology is used for development and improve patient care
through the customised model.

Cost-e�ectiveness for the hospital
�AM technology makes possible to manufacture customised implants
which comfortably �t the patient with reasonable cost.

Weight reduction
�Reduction of weight done with the help of this technology
by changing material.

The aerospace industry continues to �nd new applications for additive manufactur-
ing. One area of focus shared by a variety of aerospace companies is the creation of
engines using 3D printing techniques, and this is true from jet turbines to rocket en-
gines. In April 2016, General Electrics (GE) sent the �rst two production run LEAP-1A
engines to Airbus with 19 3D printed nozzles included. LEAP engines using these nozzles
are approximately 15 percent more fuel e�cient than their counterparts [9]. At the end
of December 2016, another major step forward was achieved for LEAP engines and their
3D-printed nozzles. The LEAP-1C jet engine was approved by the Federal Aviation
Administration (FAA) and the European Aviation Safety Association (EASA) [9].

Regarding safety, there are numerous of practical applications of these polymer lat-
tices that were developed by di�erent researchers and industries for the Head Health
Challenge [10] organised by GE and the National Football League (NFL) for improv-
ing the safety of NFL players on the football �eld. In particular, the best helmet for
protection from the impact was prototyped using AM techniques [10; 11].

Table 2.2 shows a resume of the most common used materials and their respective
applications in Additive Manufacturing, pointing out the bene�ts and challenges carried
out for each a�nity.
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6 2.State of the Art

Table 2.2: Resume of AM applications, adapted from [10]

Materials Main applications Bene�ts Challenges

Metals
Alloys

�Aerospace;
�Automotive;
�Military;
�Biomedical.

�Multifunctional optimisation;
�Mass-customisation;
�Reduced material waste;
�Fewer assembly components;
�Possibility to repair damaged
or worn metal parts.

�Limited selection of alloys;
�Dimensional inaccuracy;
�Poor surface �nish;
�Post-processing may be required
(machining, heat treatment, etc).

Polymers
Composites

�Aerospace;
�Automotive;
�Sports Medical;
�Architecture;
�Toys;
�Biomedical.

�Fast prototyping;
�Cost-e�ective;
�Complex structures;
�Mass-customisation.

�Weak mechanical properties;
�Limited selection of polymers;
�Anisotropic mechanical properties
(in �brereinforced composites).

Ceramics

�Biomedical;
�Aerospace;
�Automotive;
�Chemical industries.

�Controlling porosity of lattice;
�Printing complex structures;
�Printing sca�olds for body organs;
�Reduced fabrication time;
�A better control on composition.

�Limited number of printable ceramics;
�Dimensional inaccuracy;
�Poor surface �nish;
�Post-processing may be required.

Concrete
�Infrastructure;
�Construction.

�Mass-customisation;
�No need for formwork;
�Less labour required;
�Useful in harsh environments
such as space construction.

�Layer-by-layer appearance;
�Anisotropic mechanical properties;
�Poor inter-layer adhesion;
�Di�cult application to larger buildings;
�Limited number of printing methods,
concrete mixture design.

2.2 Fused Deposition Modelling

The technology behind Fused Deposition Modelling (FDM) was invented by Scott Crump,
CEO of Stratasys. The term FDM is trademarked by Stratasys. At least one of the
patents issued to Mr. Crump has expired, enabling companies like RepRap to use that
knowledge to develop their versions of extrusion systems. RepRap coined the term fused
�lament fabrication to avoid trademark con
icts [12].

In the physical process of fabrication, a plastic �lament is fed through a heating
element and becomes semi-molten. It is then fed through a nozzle and deposited onto
the print bed or the partially constructed part already being produced. At this phase,
since the material is extruded in a semi-molten state, the newly deposited material
fuses with adjacent material that has already been deposited onto the print bed. The
head containing all the extrusion components then moves around in the X-Y plane and
deposits material according to the part geometry de�ned by the user previously. After
depositing the intended layer in the X-Y plane, the platform moves vertically along the
Z axis to begin depositing a new layer on top of the previous one [13]. After a period
of time, the head will have deposited a full physical representation of the original CAD
�le. The time taken to produce a full 
edged piece depends on the printing parameters
set by the user, being the extrusion speed the major contributor.

The extruder, arguably the most complex part of a 3D printer that is still seeing
intense development, is actually the marriage of two key elements: the �lament drive
and the thermal hot end. The �lament drive pulls in plastic �lament often bundled in
spools of either 3mm or 1.75mm diameter �lament using a geared driver mechanism.
The hot end usually is thermally insulated from the rest of the extruder and is made up
of either a large block of aluminium with an embedded heater or some other heater core,
along with a temperature sensor [14]. Another key component of a FDM 3D printer is
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