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Summary

The aim of this thesis is the implementation of a production process for a FDM
3D printer at Punch Torino S.p.A., the analysis of its performance and the charac-
terization of the tensile properties of two materials, ULTEM™and Carbon PEEK.
In the first part of the document, a brief introduction on Additive Manufacturing
techniques is present, with a focus on Fused Deposition Modelling, followed by a
description of the host company and of the materials that have been studied. Then,
the results of the capability assessment of the printer are reported: the study was
done following the norm ISO/ASTM 52902:2019. Finally, several specimens were
tested following ASTM D638-2014 to determine the tensile properties of the mate-
rials and define how they change by varying three parameters: printing orientation
(horizontal or vertical), infill rate (100% or 35%) and testing temperature (ambient
or 120°C). All the artifacts were created using a Roboze Argo 500 printer at Punch
Torino, and the tensile tests were conducted at Politecnico di Torino (DIMEAS).
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Chapter 1

Introduction

1.1 Introduction to Additive Manufacturing

Additive Manufacturing (AM) is a term used to identify a group of productive
technologies that build parts by “adding” material layer by layer, differently from
traditional processes (milling, drilling. ..) which start from a full piece and create
all the features by removing material[1]. The procedure can be generically described
as a succession of three steps[2]:

1. Data preparation: a 3D CAD model of the object is designed. Then, by means
of specific software, it is converted into a .STL file, i.e., the external surfaces
of the part get approximated with a lot of triangles: their number depends on
the desired resolution. After this operation, the component gets horizontally
sliced and the various layers are created. Eventually, the building instructions
are collected into a G-Code which will be used by the machine to print the

part(s).

2. Layer-by-layer building: it represents the “real” printing process; the machine
follows the commands contained in the G-Code and creates the object. The
effective procedure depends on the adopted technology, but in general all of
them are based on a building platform that moves down after the creation of
each layer to allow the printing of the next one.

3. Post-processing: 3D printed parts must be post-processed so that they respect
dimensional tolerances and aesthetical requests. Also, some features, such as
holes or threads which require high precision, may be added at the end of the
job using different instruments.

Patented in the 1970s, but effectively born in the 1980s, Additive Manufacturing
was initially used for creating prototypes and casting mould and tools. Since the
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Introduction

beginning of 215 century, the usage of AM techniques is growing very quickly
thanks to continuously evolving resources, which allow to create new processes
and improve the already existing ones. Since the parts are built layer by layer,
potentially there are no limits regarding the shapes that can be created and this
massive design flexibility is one of the main advantages of using these technologies; it
allows the building of completely customized parts, and this fact is widely exploited
in the biomedical field: for example, a dental implant or a prosthesis can be tailored
to each patient[3]. In addition, new opportunities are brought by the constantly
increasing number of materials that can be utilized: today, a variety of polymeric
[4], metallic and composite materials[5] are available, and cover a wide range of
applications. To underline the importance that these technologies will have in
the near future, Additive Manufacturing has been included among the drivers of
Industry 4.0[6] [7]: this expression was coined in Germany during the 2011 Hannover
Fair and it refers to the fourth Industrial Revolution; its main achievement will be
the creation of “Smart Factories”: in other words, high-developed plants where all
the machines are constantly communicating and collab with each other thanks to
wireless connections, cloud-based platforms are employed to store and analyse data,
human workers are joined by autonomous robots and other independent devices,
and modern technologies, such as AM itself, are widely used.[8]

1.2 AM techniques

During the years, different processes have been developed. They all have both
advantages and limitations if compared to the others and it must be highlighted
that not all the technologies are suitable for all applications: in fact, depending on
the material or on the particular conditions that the product must satisfy, a certain
technique should be selected rather than another. The ASTM F42 Committee
has collected them into seven categories|9], which will be briefly described in the
following:

e Powder Bed Fusion

Directed Energy Deposition

Material Extrusion

Vat Photopolymerization

Binder Jetting

Material Jetting

Sheet Lamination
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Powder Bed Fusion Powder Bed Fusion (PBF) techniques exploit a heat source
which makes powder particles melt and adhere to each other to form the
desired cross section. The source is generally an electron beam or a laser that
is directed towards a powder bed which progressively moves down thanks
to an elevator, to permit the fusion of a new layer of material after it gets
deposited on it. Both metals and polymers can be used.

The products are characterized by fine resolution and high quality; moreover,
supports are not needed during printing. However, these techniques are quite
slow and costly.[10][11]

Direct Energy Deposition DED techniques are used to print metal parts by

contemporarily spraying powder particles in the desires location and melting
them; the heat source is either a laser or an electron beam: if the latter is used,
the process occurs in a protected environment, thanks to the introduction of
inert gases.
These technologies are often used to repair broken objects, by adding material
only where it is needed. Completely new items can be built exploiting DED,
but they must be post-processed due to poor surface finish. More recent
processes substitute the powder with a metallic wire: in this way, wasted
material is reduced and efficiency increase (powder particles, when sprayed,
do not completely melt).[12][13]

Material Extrusion Material Extrusion techniques print objects by heating a
polymeric (sometimes metallic or ceramic) filament to make it softer so it
can be extruded using a calibrated nozzle. It is the most common Additive
Manufacturing process thanks to its versatility and relatively low cost.[10][11]
More details about this technology will be given in Chapter 1.3 of this Thesis,
where Fused Deposition Modelling (FDM) will be analysed.

Vat Photopolymerization VP processes create parts by making liquid polymers
solidify: some plastics are in fact photosensitive, which means that they cure if
they are invested by a light source (e.g., UV radiations). This process requires
a vat filled with the selected photopolymer (generically called “precursor”)
mixed with a photoinitiator, a substance that helps to start the polymerization
process when the light invest the liquid. The beam’s stimulus causes the
solidification of the desired layer; after it, the bottom of the vat moves down
and the procedure restarts.[14]

Binder Jetting In this technique, a liquid binder is deposited by a nozzle on a
thin layer of powder to impregnate and attach the particles. In this way, the
needed cross section is created. The process is similar to the PBF, but it does
not rely on heating up the powder; in BJ the particles get glued together, in
practice.
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Many different materials can be printed this way, such as polymers, metals,
ceramics and even sand. However, the resulting part may be very porous, so
it needs either an infiltration process or a thermal treatment; furthermore,
its mechanical properties are generally poor, so it is usually used only for
conceptual prototypes.[11][15]

Material Jetting Material Jetting involves the properties of photopolymers, as

VP: the liquid material is deposited on the build platform and immediately
cured by means of a light source. Then, the plate goes down and another layer
can be created. Since the deposited material is not initially solid, a support
material may be necessary, especially to hold up overhang structures.
This technique produces low wastes since the deposition of the liquid’s droplets
is very accurate and the surface quality is high, so it is used especially for
conceptual prototypes. This application is enhanced by the fact that MJ
machines are able to print coloured materials, so the resulting part can be
very realistic and detailed.[16][17]

Sheet Lamination As it can be deducted by its name, Sheet Lamination is an
AM technique which consists in bonding together several sheets or foils and
then cutting them precisely by using a laser or a mechanical cutter (bond-then-
form). The process can also happen in the opposite way (form-then-bond).
Sheets are almost always metallic, but also paper can be used. The union of
the foils does not involve melting: in fact, they are stuck to each other thanks
to the application of some kind of energy (usually coming from an ultrasonic
wave) together with mechanical pressure; in case of paper sheets, they are
simply glued together. The part often undergoes surface finishing to respect
the requested tolerance values.[10][11][15]

1.3 Fused Deposition Modelling

1.3.1 Description of the process

Fused Deposition Modelling (FDM) is an Additive Manufacturing technique based
on Material Extrusion. It was patented in 1989 by Scott Crump and the industrial
process was firstly introduced two years later by Stratasys, an American company.
The process consists in heating and extruding a filament made of thermoplastic
material on a building plate. The part is created layer-by-layer, the polymer
flows out of a calibrated nozzle (which moves in X and Y directions, following the
instructions contained in the G-Code), while the platform moves along Z axis. Some
machines are equipped with more than one nozzle, meaning that different filaments
can be contemporarily extruded; this property can be conveniently exploited
by printing the building material (the one for the part) with one nozzle, and a

4
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compatible support material with the other, facilitating the support removal during
the post-processing.|2]

The method is becoming more and more widespread due to the advantages of the
thermoplastic materials used, such as cheapness, long life, high toughness, easy to
find, recyclability, low shaping temperature, and reshaping when heated. Today,
home users can also produce various parts with this method. Due to the simple
working principle and low equipment required, the costs of devices producing with
the FDM method are lower than the devices used in other AM methods.[5] A
scheme of the process is illustrated in fig.1.1 (taken from [18])

—l_

Figure 1.1: Scheme of the FDM process

Many parameters must be taken into account when working with FDM; the
combination of them all influence the final result of the job. It is important to set
them as well as possible and find the optimal set of values to use, considering pros
and cons of each modification: for example, reducing the height of each layer, the
surface quality will increase, while the printing time will increase. So, the definition
of the parameters shall be adapted based on the piece being printed. Moreover,

5
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mechanical properties are influenced by these variables and the changing of one of
them may affect more or less the resistance of the part.[19][20] Fig.1.2 (taken from
[20]) shows the several parameters affecting an FDM machine’s performance.

@'unc ept mudclg ( Unprm:l.tsscarj
material

Model build
lemperature

FDM machine

ozzle diameter
Color
Envelope -
temperature
Machine
calibration

Density ————=
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Figure 1.2: Parameters that influence a FDM process
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1.3.2 Materials

Many different materials can be printed by FDM machines: polymers are the
most used, but also metals, ceramics and composites are available. Two essential
conditions must be satisfied by a material to make it suitable for FDM: 1) it should
be possible to store it in filament form, wrapped around a coil, and 2) when heated,
it should melt in order to extrude it using a nozzle.

Polymers They represent the first materials that have been used for FDM printing
and nowadays are the most frequently used. By definition, a polymer is a large
molecule made up of chains or rings of linked repeating units (monomers);
two categories can be individuated: natural polymers (e.g., silk, rubber, etc.)
and synthetic ones[21]. The latter can be further divided into thermosets and
thermoplastics. Thermoplastic (or thermosoftening) polymers are suitable for
FDM technique since they can be easily softened and re-shaped by heating
them; in fact, there are no chemical bonds between different thermoplastic

6
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chains, but only intermolecular forces. Thanks to this characteristic, they
can be stored as filaments, heated and deposited in a different shape. A wide
range of thermosoftening plastics can be nowadays printed, each of them has
its own characteristics; the most used are[4]:

o Polylactic Acid, PLA: it is the most common FDM material, due to its
low cost and ease of printing, thanks to the low melting temperature
(180-220°C). It is a bioplastic, so it gets easily degraded by external
agents; moreover, it is not suitable for temperature applications above
60°C because it tends to warp. It is also the most used plastic among
domestic users.

o Acrylonitrile Butadiene Styrene, ABS: this thermoplastic has good char-
acteristic such as resistance to abrasion and impact, and well behaves if
it undergoes cyclical loads and temperature changes; moreover, it shows
good mechanical properties. With respect to PLA, ABS is more ductile
and impact-resistant, but has a lower tensile strength.

Thanks to the general advancements of the AM sector, and to several studies
regarding this topic, nowadays plastics with greater properties can be extruded,
multiplying the possibilities of application of 3D-printed products. These
materials are called technopolymers or super-polymers, to highlight their
superiority with respect to “classic” polymers, and they are appositely designed
to bear high temperatures and stresses, making them suitable for sectors as
aerospace and automotive, where they can even substitute metallic parts.
Carbon-PEEK and ULTEM™are two important technopolymers which will
be deeply analysed in the following chapters, in which an evaluation of their
tensile properties will be done.

Metals and Ceramics Metallic and ceramic parts can be printed using FDM,
but some considerations must be done. In the case of metals, their melting
temperature is too high to be reached by modern nozzles; as regards ceramics,
they are too fragile to be stored as filaments. It means that pure metallic or
ceramic FDM is impossible to be achieved, currently.

The solution that is being adopted is mixing metallic or ceramic powder with
binder polymers and some additives; the filament is created and extruded.
During extrusion, the plastic part melts due to the heat. At the end of this
step, the resulting green part undergoes a debinding process during which the
binder component flows away, and the metallic/ceramic particles fuse together.
This operation is also necessary to close the pores that are present inside the
structure.[22]

This process shows some difficulties, since it depends on many factors and, also,
a not-so-easy sintering step is necessary: the definition of the entire procedure

7
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must be very accurate and take into account all the different parameters, such
as the ratio between polymer and filler and also the internal distribution of the
powder particles. Another obstacle is determining the perfect composition of
the binder polymer; a possible method is following multi-objective optimization
and searching for the best combination of the variables.[23]

On the other hand, this technique offers undoubted advantages. Firstly, a
general reduction of wastes with respect to “traditional” technologies: all the
metallic/ceramic material is in fact used during FDM. Moreover, if compared
with other AM processes based uniquely on powder (Selective Laser Sintering,
Selective Laser Melting. .. ), Fused Deposition Modelling reduces the costs,
because the equipment is less expensive, and there are no risks associated to
the use of powder (if badly handed, it could cause explosions and interfere
with the human body). Some materials that can be printed in this way are
Fe, steel and various alloys.[24][25]

1.3.3 Advantages and Limits of FDM

FDM shows both advantages and limitations with respect to traditional techniques
and other AM processes.

Comparing FDM with other additive technologies, one of the main advantages is
that it ensures good performances as regards dimensional tolerances and superficial
rugosity: this means that printed parts require less post-processing operations,
hence reducing time and costs. Furthermore, exploiting multi-nozzles machines,
supports may be printed in a material different from the part’s one; in some cases,
they can even be soluble in water, meaning that there is no risk of damaging the
product while removing them; it is important to notice, however, that they can be
employed only if the two materials are compatible with each other. With respect to
traditional techniques, in the following paragraph will be shown that FDM allows
to reduce time and costs, thanks to the relatively low price of the equipment. About
this, some domestic low-cost printers exist too, but their performances cannot be
compared with the one of the industrial machines; however, these smaller and more
affordable tools contribute to increase the popularity of Additive Manufacturing
and FDM itself among the customers. The availability of several materials and the
presence of open-source software are also plus points for this technique. Finally,
as said before, this technology produces minimal waste of material. Considering
all these aspects, FDM is surely a competitive process, and it is in fact one of the
most established AM methods in the modern industry.

Obviously, FDM presents some disadvantages and limitations. Due to the nature
of the process itself, very good performances regarding accuracy and part quality
are not so easy to achieve, despite being one of the most accurate AM techniques;
surface roughness of FDM-printed parts is mainly influenced by the so-called “stair

8
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stepping effect”, caused by the software during the creation of the layers: the object
gets horizontally sliced and undergoes an unavoidable approximation of its external
surfaces. This element causes a not perfect adhesion between two consecutive
layers, enhancing high roughness values, porosity and crack formation. Hence,
post-processing is very often necessary to reduce surface roughness; depending on
the building material, both mechanical and chemical processes can be used, such
as sanding, grinding or impregnation. This causes an increment of time and costs
especially for big pieces. Then, support removal is another disadvantage, since it
must be done manually, and it is not always easy: the risk of damaging the product
is concrete and some little defects may remain on the surface of the piece. Again, it
is a time-consuming activity in case of big, complex products. Some limitations are
related to the equipment: for instance, nozzles have a certain finite resolution that
prevent them to print very small details; the dimensions of the building chamber
and of the platform limit how big the products can be; a single machine can print
a limited range of materials.[2][26]

1.3.4 Industrial Applications and Prospects

FDM is a very versatile technique: the wide range of available materials and
all the advantages related to Additive Manufacturing makes it suitable for a lot
of applications. Thanks to the possibility of creating customized and detailed
parts in a limited amount of time, the process is particularly suitable for creating
prototypes (Rapid Prototyping); these properties can be conveniently exploited
also for biomedical applications (i.e., in dentistry) and other fields in which small
or medium batches of products are requested: for instance, the costs and the
wastes of creating a polymeric mould are lower than building a metallic one. Also,
the combination of FDM and Reverse Engineering (whose concept will be briefly
described in the following lines) makes it possible to repair damaged parts even
without having the original drawing. Some of the principal applications will be
now described:

Rapid Prototyping (RP) Prototyping is one of the most important steps when
a new product is being projected. Different types of prototypes exist and
FDM technology is powerfully employed for conceptual and functional ones
(actually it is the second most used AM technique, after Stereolithography).
Conceptual prototypes are simply used to understand if the shape of the
projected part is right and for assembly checking, so the material of the mock
object is not important; so, the rapidity in obtaining the prototype has a
terrific importance and AM techniques give the opportunity to obtain single,
customized parts very quickly. Functional prototypes represent the following
step: these must be in the same material of the ultimate part, but it doesn’t
matter if the technique is different, so FDM can be efficiently exploited even if
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the final product won’t be produced in this way. RP is mostly used in sectors
such as automotive, aerospace, biomedical.[27]

Rapid Repair AM offers the possibility to repair and restore a damaged piece in
an automated way, without necessarily requiring the operations of a skilled
manual worker. As regards this application, FDM is not the most used AM
technology, but in literature a few documents about it are present. The
restoring process involves the use of Reverse Engineering (RE): by means of
an optical scan, the geometry of the damaged part is obtained, and the data
get elaborated to recreate the desired project, which will be then printed. This
technique is advantageous especially for fields (such as marine and offshore
industries, aircrafts...) for which the production of single units is very
expensive and for repairing object of complex shapes. Furthermore, it is
advantageous also in terms of wastes, since a broken part can be restored and
reused, enhancing circular economy.[28]

Automotive This sector was one of the first in which AM techniques were em-
ployed, due to the fact that prototypes are widely used and, as already written
before, FDM can be exploited for their production. Another major application
in this field regards the creation of jigs, fixtures and gauges: these are useful
tools needed, for example, during assembly or for checking parts. If they
are made of plastic, instead of metal, they are lighter but still very durable;
moreover, if they break, they can rapidly be re-printed, saving time and
costs. Important manufacturers have already adopted FDM, for instance the
well-known company Ford utilized more than 50 3D-printed components for
building one of its cars, and BMW has used FDM for several years now, to
print more ergonomic tools to be used during assembly.[29]

Aerospace Besides the production of jigs and fixtures and of prototypes, many
applications in this field rely on “metal substitution”: nowadays, some printable
materials are characterized by high mechanical properties (similar to metals)
and other useful characteristic, e.g., ULTEM™is flame-retardant. So, heavy,
metallic aircraft parts can be substituted by lighter, polymeric or composites
ones, characterized by the same properties. The reduction of the structure’s
weight causes a lower use of fuel and a subsequent decrease of pollution.
Moreover, FDM adapts particularly well to this sector since it often requires
low volume productions: several case studies demonstrate that using this AM
technique gives many advantages, reducing time and costs. Some applications
regard helicopter’s pilot sticks, parts of air supply ducts on jets and structural
parts of rockets.[30][31]

Biomedical applications The medical field represents the third largest sector
employing Additive Manufacturing, exploiting the possibilities of obtaining
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dimensionally accurate products in a little amount of time. Moreover, FDM
can be integrated with Reverse Engineering and digital scanning techniques
such as CT (computed tomography) or MRI (magnetic resonance imaging), to
obtain fully customized parts, based on the anatomy of the patient. Medical
applications include soft scaffolds (support structures to facilitate cellular
growth), blood vessels, cartilage, joints. FDM also has a certain importance in
drug delivery: the availability of biocompatible materials allows the printing
of tablets and other devices.[26][32]

Other applications can be individuated in moulds for injection moulding, toys
sector, electronic industry, and energy storage devices, among others.[33][34]
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Chapter 2

Equipment and Materials

2.1 Additive LAB at Punch Torino S.p.A.

This Thesis was prepared during a seven-month internship at Punch Torino S.p.A.,
in collaboration with the Pre-Production Engineering department. The latter is in
charge of the society’s Additive Manufacturing Laboratory (AM Lab), consisting
in four FDM printers: Ultimaker S5 Pro Bundle, Markforged X7, and Markforged
OnyxPro since 2019, and Roboze Argo since May 2022; the latter is the object of
this Thesis.

Figure 2.1: From left to right: UM S5, MF X7, MF OnyzPro
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The machines principally cover internal projects, printing both prototypes and
final products specially designed for useful applications inside the factory, such as
particular tools for the metrology laboratory, the workshop, or the test benches;
when possible, also substitutive parts of other machines get printed, and this is
convenient when buying a replacement for the broken item would be very expensive.
With the acquisition of Argo 500, more materials became available, including high
performing super-polymers impossible to be printed with the rest of the equipment:
this is a great opportunity to expand the AM production of Punch, enabling the
creation of a new industrial procedure totally focused on commissions coming
from external customers. In this way, the company can benefit from the printer
both economically, since the activities would obviously be paid, and commercially,
opening the possibility to establish a collaboration with the clients.

Roboze

ARGO 500

Figure 2.2: Roboze Argo 500

2.2 Roboze Argo 500

Roboze is an Italian company founded in Bari in 2015 and specialized in the building
of FDM printers. Their machines are capable of printing super-polymers, so they
can be exploited in many different sectors. As of 2022, it has more than 120
employees and has sold printers in more than 25 countries, and it has opened a
second headquarter in Houston, Texas, in addition to the Apulian one.
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Roboze produces two branches of machines: “Professional Series” printers, smaller
machines capable of printing super-polymeric prototypes or little parts, declared to
be twice as fast as other equivalent tools, and “Production Series” printers, devoted
to larger parts and bigger batches.[35]

The Argo 500 belongs to the latter category, having an available printing volume
of 500 x 500 x 500mm?, inside a chamber that can be homogeneously heated up to
180°C. The movement of the extruder and of the building platform is due to racks
and pinion gears, guaranteeing more precision (10 pm in the horizontal plane, 25 pum
in the vertical direction) and repeatability with respect to “traditional” industrial
printers controlled by rubber belts. To pursue the goal of metal replacement,
the machine is capable of extruding super-polymeric and composite filaments at
temperatures up to 450°C (in the extruder); it is currently under development the
implementation of a double-nozzle technology that will make the printer able to
use two different materials in the same job. The nozzles come in two configurations,
“speed” and “quality”: the first is characterized by a ()0.6 mm hole and a resolution
of 0.300 mm; the second has to be used for more detailed jobs, having a (0.4 mm
hole, resulting in resolution equal to 0.225 mm. The machine is equipped with four
dryers in which the plastics undergo a preliminary drying process, in order to get
rid of moisture and improve the printing quality.

Both “traditional” and high-performance polymers can be printed, ranging from
ABS, PLA, and Nylon, to PEEK, Carbon PEEK and ULTEM™. Roboze engineers
studied accurately each of them and determined the optimal parameters and tools
to be used to obtain high quality parts. In fact, each material must be extruded
by a certain type of nozzle, that can be a “Tip2-B” (for unfilled, relatively low-
melting materials), a “Tip2-HA” (filled, low-melting materials) or a “Tip3-HSA”
(high-melting materials). Also, a different build sheet has to be applied on the
platform, based on the polymer that is being used: each type of sheet has some
particularities that optimize the adhesion of the first deposed layers. Moreover,
important parameters have to be set or respected to obtain perfect parts: for
instance, minimum amounts of time regarding the drying of the spools or the
preheating of the chamber, and operating temperatures. Each information has
been collected into tables to be carefully followed when using the Argo 500.

2.3 Materials

2.3.1 Carbon PEEK

Carbon PEEK (C-PEEK) by Roboze is a fibre-loaded version of the technopolymer
PEEK (polyether-ether-ketone). It contains 10% short Carbon fibres, improving
compression resistance, stiffness, and load capacity. It is one of the best choices as
regards metal replacement, thanks to its good resistance to abrasion and wear and its
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very good mechanical properties (table 2.1, considering the "xy" configuration[36]),
which make it suitable also for extreme environmental conditions. Its excellent
mechanical properties make it suitable for creating both functional prototypes and
parts.

Properties
Tensile Strength (25°C) 125.8 MPa
Young’s Modulus (25°C) 8.1 MPa
Flexural Strength (25°C) 144 MPa
Flexural Modulus (25°C) 5.1 MPa
Shore Hardness 84.7 D scale
Melting Temperature 345 °C
Glass Transition Temperature 138 °C
Thermal Expansion Coefficient | 0.00004 | K
Specific Weight 1.33 g/cm?
Colour Black

Table 2.1: Extract of the Carbon PEEK Technical Data Sheet

Many different sectors take advantage of the characteristics of Carbon fibres
reinforced PEEK (the reinforcing can come in different percentages): Aerospace
and Automotive exploits its low specific weight (1.33g/cm?)[36] obtaining products
lighter than the original ones made of steel, pursuing the idea of metal replace-
ment[37]; it is also used, for example, in parts of vehicles’ braking system[38]; Oil
and Gas industries create very resistant tubes; its biocompatibility makes it usable
in the Biomedical and Dental engineering[3]. Common applications also regard
parts of pumps and compressors, gaskets (fig.2.3, taken from [36]), bushings.[39]

Figure 2.3: Gasket made of Carbon PEEK
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For this Thesis, when working with Carbon PEEK the following parameters
and instructions were always completely followed to guarantee optimal printing
conditions (table 2.2), as suggested by Roboze:

Parameters
Build Sheet Translucent Beige

Nozzle type Tip3-HSA

Nozzle diameter 0.6 mm

Drying time 8 hours
Drying temperature 100 °C

Chamber pre-cond. time 1.5 hours
Chamber pre-cond. temperature | 160 °C
Extruder temperature 450 °C

Table 2.2: Adopted parameters for Carbon PEEK

2.3.2 ULTEM™9085

ULTEM™AMO9085F by Sabic is a mixture of thermoplastics obtained by adding
polycarbonate to a polyetherimide base. It is a technopolymer having good me-
chanical (table 2.3, considering the "xy" configuration[31]) and electrical properties,
but most of all it is suitable for high temperature applications, since it is one of
the best flame retardant materials. It resists to hydrolysis and acid solutions, and
also to UV radiations and atmospheric agents.[31]

Properties

Tensile Strength (25°C) 87 MPa
Young’s Modulus (25°C) 2.6 MPa
Flexural Strength (25°C) 57 MPa
Flexural Modulus (25°C) 2.3 MPa

Melting Temperature 280 °C

Glass Transition Temperature 177 °C

Thermal Expansion Coefficient | 0.000057 | K
Specific Weight 1.27 g/cm?

Colour Beige

Table 2.3: Extract of the ULTEM™Technical Data Sheet

Its characteristics makes it ideal to be used in the Aerospace industry[40]: this
resin successfully satisfies international regulations, and its usage has been approved

17



Equipment and Materials

by FAA (Federal Aviation Administration); its lightness, coupled with its physical
and mechanical properties, represents a serious candidate for metal replacement.
ULTEM™’s resistance to hydrocarbon, alcohols, and water solutions makes it
suitable to be used in creating ducts (fig.2.4, taken from [41]) for the Automotive
sector. Energetic and Petroleum industries are able to employ components for rotors,
pumps, drills and sensors. Other applications regard circuit boards, eyeglasses, and
equipment for food preparation and sterilization.[42]

Figure 2.4: Duct made of ULTEM™9085

As for C-PEEK, when printing with ULTEM™ Roboze’s instructions have been
carefully followed to guarantee a theoretically optimal result. Table 2.4 collects the
principal parameters and tools that were used.

Parameters
Build Sheet Translucent Dark Grey

Nozzle type Tip3-HSA

Nozzle diameter 0.6 mm

Drying time 8 hours
Drying temperature 120 °C

Chamber pre-cond. time 1.5 hours
Chamber pre-cond. temperature | 180 °C
Extruder temperature 380 °C

Table 2.4: Adopted parameters for ULTEM™
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Chapter 3

Capability Assessment

If not differently specified, all the images, descriptions, and reference values con-
tained in this chapter have been taken from the ISO/ASTM 52902:2019 Stan-
dard[43].

3.1 Introduction

The capability assessment[43] is a test that can be conducted on specific 3D printed
specimens to investigate how precise a machine is, by creating a certain number of
test pieces and measuring some of their features. The repeatability of the printer
can also be studied, by making it create the same object multiple times. Moreover,
the same item can be oriented differently to check that the system is able to
maintain constant printing properties along both X and Y directions.

The test was done following ISO/ASTM 52902:2019 Standard, adoptable for any
AM technique: it gives instructions regarding the specimens that should be printed,
the features to be measured, and contains the reference drawings and values. It
suggests a set of benchmarking test pieces to be built and measured, but printing all
of them is not necessary and a selection can be made. Furthermore, the document
describes different ways to gauge features: each method has a certain precision
and, consequently, a certain reliability; based on the desired level of accuracy, a
particular approach should be selected rather than another.

Some of the cases in which a capability assessment is useful are:

o Capability evaluation of an AM system: as already explained, by comparing
the nominal values contained in the Standard, and the measures of the “real”
piece, it can be understood if the system is working properly and evaluate its
accuracy. Some benchmarks can also be defined, such as the smallest hole or
the thinnest rib the printer is able to create.
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o Calibration of an AM system: thanks to the comparison between nominal
and real measures, it can be figured out also if the printing parameters are
on point or should be changed. In the previous chapters it has already been
written that the printing quality is influenced by several values, and even a
small modification may influence the final results; exploiting the capability
assessment tests, the optimal set of parameters can be identified, by checking
which of them better reply the CAD designs.

o Performance comparison between different AM systems: printing the same
test artifacts with different systems, and comparing the results, it can be
defined which of them performs better. It is highly possible that a printer will
be more accurate in creating certain features, while the other machine will be
better for the other specimens.

For this Thesis, capability assessment tests have been conducted on all the four
printers owned by PUNCH Torino, to elaborate a complete report about the
performance of each machine. A general procedure has been established by choosing
a common set of specimens to be measured, and defining fixed measurement
techniques, in order to have results as comparable as possible. It must be noticed
that, since the work of this Thesis regards the characterization of the Roboze Argo
500, the description of the capability assessment procedure will be focused on this
printer, even if it has been the last to be tested (the rest of the equipment was
analysed prior its installation). Moreover, an additional test has been done on it,
with a set of specimens defined by Roboze itself (par. 3.2.1).

3.2 Roboze Argo 500

3.2.1 Post-installation Capability Assessment: Ultra-PLA

After the installation of the Argo 500 in the Lab, Roboze asked for a capability
assessment to check the performance of the newly installed machine. A preliminary
test was made in Bari by Roboze operators, but another one was necessary to find
out if some problems emerged during the transportation to Torino. Also, it was
used to guarantee that the printer’s performance was respecting the benchmark
declared by the manufacturer. The selected material was Ultra-PLA, since it is
one of the most used plastics and it does not require any time consuming pre- or
post-printing operation. The nozzle was a Tip2-B (diameter ()0.4mm).

The company sent a G-Code (fig.3.6) ready to be used, containing seven specimens:

e 1x thickness resolution rib

« 2x resolution slot angles (parallel to X and parallel to Y axis),
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e 1x circular artifact,
« 2x axis resolution artifacts (one for X, one for Y),

o 1x vertical resolution artifact (7 axis).

Some of them were taken by ISO 52902 Standard, while others were created ad
hoc by Roboze engineers to check a particular feature; in the following, it will be
reported if the specimen was created by them.

Thickness Resolution Rib This specimen is useful to define the precision of the
machine in creating thin walls, and so the thinnest wall it can print. It consists
in six ribs of different thickness, supported by quasi-oval pillars.
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Figure 3.1: Thickness resolution ribs artifact
(Roboze)
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Figure 3.2: Thickness resolution slot angles arti-
fact (Roboze)
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Resolution Slot Angles The specimen is formed by seven branches and the
features of interest are the six spacing among them: in this case, the width
of each slot had to be measured. The nominal width changes through the
specimen. Also, the branches are inclined with respect to the connecting
branch, so the angles they form can be evaluated, in order to define an angular
conformity. Two specimens were printed to test the accuracy along X and Y
axes, respectively.

Circular artifact Geometrically, this artifact consists of a tear-shaped base, sup-
porting two concentric rings of different thickness; also, a circular hole is
present, in the center of the other two circumferences. By measuring each
diameter, the printer’s accuracy in creating concentric circles is evaluated.
With respect to the circular artifact suggested by the Standard, here a 15
diameter is present instead of a )16.

v
I\ _ 1

Figure 3.3: Circular artifact (Roboze)

Resolution X /Y axis artifact This artifact is very similar to the linear artifact
proposed by ISO 52902. A slim rectangular base supports five prismatic
protrusions; the distance between them is not constant. Both the size of the
prisms and the spacing among them are measured, to check the linear position-
ing accuracy of the machine along a certain direction, and the repeatability
regarding the creation of the same protrusion in different points of the plate.
Two identical artifacts were printed, the one parallel to X axis, the other to Y
axis.
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Figure 3.4: Resolution X/Y axis artifact (Roboze)

Vertical Resolution Z axis artifact This artifact is not included in the ISO
Standard but was projected by Roboze in order to evaluate the capability
of the printer to create features on a high vertical wall. In this way the
perpendicularity of the vertical face can be studied, too. The distance between
the different “steps” is equal to 40 mm.
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Figure 3.5: Vertical resolution Z axis artifact (Roboze)

Roboze also provided a file containing all the reference drawings and values, require-
ments about how to measure each feature (the tool and the procedure to follow),
and the tolerance values to check the conformity of all the pieces; with regard to
this latter element, a piece was considered to be “not conform” if at least one of
the measures relative to it was out of tolerance. The measurements of this set of
specimens were taken by a Metrology Lab operator in PUNCH Torino, since some
instruments (e.g., the CMM) require a qualified user to utilize them. It must be
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said that each artifact could have been exploited to investigate other aspects of the
Argo’s performance, but the measurements have been limited to the requests of
Roboze.

Figure 3.6: PLA: buildsheet preparation on Simplify 3D

3.2.2 Results and Analysis

The tables contain the results of the measurements, along with the reference values
and tolerances to be respected. The order is the same as the list in paragraph 3.2.1.
Analysing the results, the following aspects can be highlighted:

« Apart from one value related to the circular artifact (¥14), all the measured
features are in tolerance; this means that all the specimens are conform (apart
from the previously cited one).

o With regards the circular artifact, after a discussion meeting with Roboze, it is
considered conform: the out-of-tolerance value is in fact due to the resolution
of the nozzle. The internal ring is 0.5 mm thick, a value that is physically
impossible to achieve with a (¥)0.4 mm nozzle. Indeed, the machine creates a
first circumference, whose thickness is approximately 0.4 mm; after detecting
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that 0.4 is less than 0.5 (which is the nominal thickness value), it creates another
circle next to the other: its width becomes 0.4 x 2 = 0.8mm, overcoming the
reference value. It is easy to understand that either printing only one circle,
or printing two circles, one diameter will be always not compliant.

The effectively employed tools were not always the ones that were suggested.
In some cases, this shift has been done in order to obtain more precise
measurements (e.g., when the CMM was used instead of a caliber), giving
more reliability to the results. Instead, two instrument changings regarded
the resolution slot specimens: to measure the inclination of the branches, the
CMM was employed in place of the goniometer, since the latter was impossible
to be used due to the presence of the connecting arm; to measure the width
of the slots a caliber was utilized, because the Johnson blocks would have
deformed the branches, altering the real spacing. The measure was taken at
the bottom of the slot, where the features are stiffer.

To sum up, considering that all the measures are conform (the only non-
conformity is related to mechanical limits), the printer does not present any
problem and satisfy all the requirements.

Figure 3.7: PLA: printed pieces
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The same set of specimens (fig.3.7) will be printed and tested regularly, to
check the machine continues to fulfil the tolerance values and guarantees constant
properties; the results will be periodically transmitted to Roboze. Also, the test
may be repeated with different materials.

Thickness Resolution Ribs artifact

Feature Nominal (mm) | Measured (mm)

1.0 1.02

2.0 2.02

. . 3.0 3.02

Rib thickness 10 2.00

5.0 4.99

6.0 6.01

Table 3.1: PLA: thickness resolution ribs artifact

Resolution Slotted Angles (X)
Feature | Nominal | Measured
5° 4.93°
10° 9.67°
Branch 15° 14.81°
inclination | 20° 19.73°
25° 24.67°
30° 29.63°
1.00 mm | 1.05 mm
200 mm | 2.03 mm
. 3.00 mm | 3.04 mm
Slot width =G 4,00 mm
5.00 mm | 5.02 mm
6.00 mm | 6.01 mm

Table 3.2: PLA: resolution slotted angles artifact - X axis

26




Capability Assessment

Resolution Slotted Angles (Y)

Feature | Nominal | Measured
5° 4.90°
10° 9.82°
Branch 15° 14.80°
inclination | 20° 19.77°
25° 24.76°
30° 29.68°
1.00 mm | 1.06 mm
200 mm | 2.01 mm
. 3.00 mm | 3.02 mm
Slot width = 4,01 mm
5.00 mm | 4.98 mm
6.00 mm | 6.00 mm

Table 3.3: PLA: resolution slotted angles artifact - Y axis

Circular artifact

Feature | Nom (mm) | Meas (mm) Feature Meas (mm)
10.0 9.973 Roundness 10 | 0.178
14.0 13.549 Roundness 14 | 0.151
Diameter 15.0 15.242 Roundness 15 | 0.073
30.0 29.922 Roundness 30 | 0.071
47.0 46.946 Roundness 47 | 0.063
50.0 49.894 Roundness 50 | 0.034
Table 3.4: PLA: circular artifact
X-axis Resolution artifact
Feature | Nominal (mm) | Measured (mm)
15 14.98
30 29.95
Protrusion | 30 29.95
30 29.95
15 14.96
75 74.93
Spacing 60 60.07
45 44.97
30 29.98

Table 3.5: PLA: X-axis resolution artifact
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Y-axis Resolution artifact
Feature | Nominal (mm) | Measured (mm)
15 14.93
30 29.90
Protrusion | 30 29.95
30 29.95
15 14.96
75 74.96
Spacing 60 59.91
45 44.94
30 29.98

Table 3.6: PLA: Y-axis resolution artifact

Vertical Resolution artifact
Feature | Nominal (mm) | Measured (mm)
22.3 22.295
62.3 62.262
102.3 102.285
. 142.3 142.310
Helght 7553 182.115
222.3 222.150
262.3 262.160
300.0 299.760
Perpendicularity 1 0.135
Perpendicularity 2 0.211

Table 3.7: PLA: vertical resolution artifact

3.3 Capability Assessment for comparison be-
tween different materials

As written at the beginning of this chapter, the capability assessment can be used
to compare the performances of different printers and understand which one should
give better results in creating a particular feature. PUNCH Torino engineers
defined a set of artifacts, taken by ISO/ASTM 52902 Standard, for two purposes:
to understand if (and how much) Roboze’s performance changes when the material
changes, and to make a comparison between the four different printers. A total of
seven tests have been conducted as of October 2022. Table 3.8 contains a summary
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of them:

n° Printer Material

1 Markforged X7 Onyx

2 | Markforged OnyxPro Onyx

3 Ultimaker S5 PLA

4 ULTEM™9085
5 Roboze Argo 500 Carbon-PEEK
6 Ultra-PLA

7 Carbon-PA

Table 3.8: Recap of capability assessments

A selection of artifacts was made, for a total of 14 different parts. In reality,
many of them are characterized by the same shapes, but they are scaled: in fact,
different sizes of the same item can be printed: from the biggest to the smallest,
coarse, medium and fine. The following list contains all the specimens and their
sizes:

e 1x linear artifact, LA;

« 2x circular artifact, CA-M/F (medium and fine sizes);

« 2x resolution pins, RP-C/M (coarse and medium sizes);

« 2x resolution holes, RH-C/M (coarse and medium sizes);

« 2x resolution ribs, RR-C/M (coarse and medium sizes);

« 2x resolution slots, RS-C/M (coarse and medium sizes);

« 2x resolution slotted angles, RSA-C/M (coarse and medium sizes);
o 1x surface texture artifact, ST-M (medium size).

LA and CA specimens were chosen to investigate the accuracy of the printers,
ST-M to obtain information about the rugosity of inclined surfaces, the remaining
ones to study the resolution in creating various features.

Linear artifact It is the analogue of the linear artifact projected by Roboze, but
in this case the design suggested in the Standard was used. The length of
each protrusion and the distances among them were measured to evaluate the
accuracy and the repeatability of the printer. Since only one LA was printed,
only one direction’s resolution could be verified.
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Figure 3.8: Linear artifact

Circular artifacts As for the corresponding Roboze version, their features of
interest were the rings and the central hole; the measure of each diameter
helped to check the accuracy of the system. The specimen was printed in
two different sizes, to cover a wider range of values. Differently from the
previous capability assessment, the designs corresponded completely to the
ones contained in ISO 52902.
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Figure 3.9: Circular artifacts
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Resolution Pins artifacts These artifacts were used to define how precisely the
machine creates slim features and also the smallest printable pin, by measuring
its diameter. They consisted in a parallelepipedal base on which five pins were
built; the selected ratio between their height and diameter was 6:1 and two
specimen sizes were chosen: coarse and medium.
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Figure 3.10: Resolution pins artifact (medium size)

Resolution Holes artifacts To check the smallest printable hole, this kind of
specimen had to be used. Five holes characterized by different diameters were
created on a parallelepipedal base; again, coarse and medium size artifacts
were printed to investigate the results for a higher number of features.
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Figure 3.11: Resolution holes artifact (medium size)

Resolution Ribs artifacts It was the same artifact as in the previous capability
assessment. The only differences were the shape of the pillars sustaining the
ribs, which now were square-shaped, and that two different sizes were printed
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(coarse and medium). The height of the ribs was 10 mm (a 20 mm option was
also available).
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Figure 3.12: Resolution ribs artifact (medium size)

Resolution Slots-Resolution Slotted Angles artifacts These artifacts were
used to define the accuracy of the printer in creating slots of a certain size,
between two branches. RSA specimens had inclined surfaces. Coarse and
medium sizes were selected, for a total of four items, having six slots each.
The height was 10 mm.
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Figure 3.13: Resolution slots artifact (medium size)
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Figure 3.14: Resolution slotted angles artifact (coarse size)

Surface Texture artifact This artifact consisted in a series of seven flat tabs
connected by structs, each of them characterized by a different inclination with
respect to the horizontal plane from 0° to 90°. The rugosity of each surface was
then measured. It was an interesting specimen because it clearly gave hints
about the dimensional tolerances that can be achieved by using a certain AM
technique. For a medium size artifact, the tabs measured 12.0 x 30.0 x 3.0mm.

Figure 3.15: Surface texture artifact
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The features that have been measured and the corresponding measuring tech-
nique/tool are contained in table 3.9; when possible, the usage of simple instruments
(like calipers and feeler gauges) was privileged for two reasons: they can be used
by anyone, without needing particular skills, and they are always immediately
available. The measurements will obviously be less precise but can be done as soon
as the print job finishes; a greater usage of more complex equipment would require
a longer time before having any result, meaning the printer cannot be used in the
meantime (or if it is used, its performance would not be guaranteed).

Specimen Feature Measuring tool

LA Protrusion 'thlckness Handheld caliper
Spacing

CA Diameter Handheld caliper

RP Pin diameter Handheld caliper

Handheld caliper
CMM for smaller holes

RR Rib thickness Handheld caliper
Handheld caliper

RH Hole diameter

RS Slot width
or Feeler gauge for smaller slots
Handheld cali
RSA Slot. width ANERER Caaber
Feeler gauge for smaller slots
ST Surface rugosity Profilometer

Table 3.9: Measured features and tools

3.3.1 Capability Assessment: ULTEM™and Carbon-PEEK

The following tables contain the results of the measurements of the specimens
made of ULTEM™. In most cases, results were obtained by making an arithmetical
average of multiple values: only for this first material, all the measures will be
reported; then, for C-PEEK and all the other printers/materials, only the final
results will be shown either in this chapter, or in Appendix A.

ULTEM™

ULTEM™specimens were printed using a Tip3-HSA nozzle (diameter: 0.6 mm),
whose extruder is made of a high-strength alloy capable of bearing materials
characterized by high melting temperatures. As requested by ISO 52902, all the
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items were printed in a single job (fig.3.16), and the most important parameters
are the same listed into table 2.4.

Figure 3.16: ULTEM™: preparation of the job on Simplify 3D

Linear artifact Three measures were taken using a handheld digital caliper, at
bottom, centre and top of each protrusion; the values were then averaged.

Linear Artifact

Feature | Nominal (mm) | Average (mm) | Bottom | Centre | Top
2.5 2.87 3.00 2.72 2.90
5 5.29 0.27 5.32 5.29

Protrusions | 5 5.25 5.28 5.22 5.24

5 5.35 5.40 5.39 5.25
2.5 3.01 2.98 3.01 3.04
S 4.69 4.70 4.79 4.59

Spacings 7.5 7.32 7.27 7.37 7.32
10 9.74 9.75 9.67 9.81
12.5 11.85 11.87 11.85 11.84

Table 3.10: ULTEM™: linear artifact

It can be noticed that all the protrusions are bigger than their nominal
dimensions; as a consequence, all the spacings are smaller. Considering the
repeatability of the printer, the three 5-mm-features are similar; the second
2.5-mm-protrusion is the worst one, being 20% bigger than its CAD version.

Circular artifacts For each diameter, two measurements are done at two different
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heights: 0.25F and 0.75F, where F' is the height of each ring. The chosen
instrument was the handheld caliper.

Circular Artifact - medium

Feature | Nominal (mm) | Average (mm) | 0.25 F | 0.75 F
10 9.89 9.91 9.86
14 fail

Diameter 16 fail
30 2947 29.45 29.49
47 46.63 46.66 46.60
50 49.62 49.65 49.58

Table 3.11: ULTEM™: circular artifact - medium size

Circular Artifact - fine

Feature | Nominal (mm) | Average (mm) | 0.25 F | 0.75 F
5 4.79 4.85 4.72
7 fail

Diameter 8 fail
15 14.77 14.75 14.78
23.5 23.27 23.25 23.28
25 24.76 24.74 24.77

Table 3.12: ULTEM™: circular artifact - fine size

Two diameters were impossible to be measured because the resolution of the
printer is not high enough to create too thin rings. All the acquired measures
are lower than the corresponding design ones.

Resolution Pins artifacts Each pin’s diameter is evaluated by using a caliper
and averaging three measures, taken at bottom, centre and top of the features.

Resolution Pins artifact - coarse
Feature | Nominal (mm) | Average (mm) | Bottom | Center | Top
4 4.06 4.06 4.15 3.97
Pin 3 2.89 2.77 2.76 3.15
diameter 2 2.22 2.32 2.25 2.10
1 1.23 1.24 1.17 1.28
0.5 fail

Table 3.13: ULTEM™: resolution pins artifact - coarse size
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Resolution Pins artifact - medium

Feature | Nominal (mm) | Average (mm)
0.5 fail
: 0.4 fail
N Pmt 0.3 fail
1AmEEr 70 2 fail
0.1 fail

Table 3.14: ULTEM™: resolution pins artifact - medium size

If bigger pins are more or less precise, smaller ones were not even printed,
setting an inferior threshold. Moreover, it can be noticed that the diameter of
each feature varies depending on the height the measure corresponds to.

Resolution Holes artifacts Since the holes were too small to be measured with
a caliper, their diameters were evaluated by means of the CMM (Coordinate
Measuring Machine), averaging two measures taken at different heights with

respect to the base plane (0.8mm and 1mm).

Resolution Holes artifact - coarse
Feature Nominal (mm) | Average (mm) | 0.8 mm | 1 mm
4 3.52 3.55 3.49
3 2.25 2.25 2.25
Hole diameter | 2 fail
1 fail
0.5 fail

Table 3.15: ULTEM™: resolution holes artifact - coarse size

Resolution Holes artifact - medium
Feature Nominal (mm) | Average (mm) | 0.8 mm | 1 mm
0.5 fail
0.4 fail
Hole diameter | 0.3 fail
0.2 fail
0.1 fail

Table 3.16: ULTEM™: resolution holes artifact - medium size

All the holes result much smaller than the virtual ones, also due to a not
perfect circular shape of the features; holes whose nominal diameter was minor
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than 3 mm were not even printed (RH-medium artifact was, in fact, totally
failed).

Resolution Ribs artifacts The results were the average of three measures, taken
in three different points of each rib with a caliper.

Resolution Ribs artifact - coarse
Feature Nominal (mm) | Average (mm) | Left | Centre | Right
6 6.04 6.02 | 6.00 6.09
5 4.97 4.97 | 4.97 4.97
. . 4 3.99 3.94 | 3.99 4.04
Rib thickness = 3.08 31 [3.06 |3.08
2 2.02 1.98 | 2.03 2.06
1 1.29 1.24 | 1.31 1.33

Table 3.17: ULTEM™: resolution ribs artifact - coarse size

Resolution Ribs artifact - medium
Feature Nominal (mm) | Average (mm) | Left | Centre | Right
1 1.31 1.27 | 1.33 1.34
0.8 1.34 1.32 | 1.35 1.36
. . 0.6 fail
Rib thickness 04 Fail
0.2 fail
0.1 fail

Table 3.18: ULTEM™: resolution ribs artifact - medium size

Again, thinner features were impossible to be created. Ribs whose nominal
thickness is between 2 and 6 mm are very precise; on the contrary, 0.8- and
1-mm features are quite bigger than the respective CAD design. It can also
be highlighted that the thickness of each rib does not appear to be constant
along the wall length, but it varies.

Resolution Slots Two instruments were used for these specimens. When possible,
the width of each slot was calculated averaging three measures (bottom, centre,
top) evaluated with a caliper; otherwise, feeler gauges were used for narrower
slots.
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Resolution Slots artifact - coarse
Feature | Nominal (mm) | Average (mm) | Left | Centre | Right
6 5.92 5.91 | 5.92 5.92
) 4.94 4.9 4.93 4.99
. 4 3.96 3.94 | 3.93 4.00
Slot width 13 2.96 298 (295 | 2.9
2 1.99 2.01 | 1.96 2.01
1 1 (feeler gauge)

Table 3.19: ULTEM™: resolution slots artifact - coarse size

Resolution Slots artifact - medium
Feature Nominal (mm) | Measure (mm)
1 1
0.8 0.8
Slot width | 0.6 0.6
(feeler gauge) | 0.4 0.4
0.2 fail
0.1 fail

Table 3.20: ULTEM™: resolution slots artifact - medium size

These artifacts are really good: many real features are very close to the virtual
ones. Without considering the failed geometries, smaller slots are exactly as
wide as desired; however, it must be taken into account that their measurement
was done using a feeler gauge, so possible deviations from the design cannot
be detected.

Resolution Slotted Angles artifacts The same considerations for the previous
artifacts can be made.

Resolution Slotted Angles artifact - coarse

Feature | Nominal (mm) | Average (mm) | Bottom | Centre | Top
6 5.83 0.85 5.77 0.88
2 4.93 4.94 4.91 4.95
: 4 3.97 3.93 3.96 4.02
Slot width 2.97 297 292 [3.02
2 1.99 1.97 1.97 2.02

1 1 (feeler gauge)

Table 3.21: ULTEM™: resolution slotted angles artifact - coarse size
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Resolution Slotted Angles artifact - medium
Feature Nominal (mm) | Measure (mm)
1 1
0.8 0.8
Slot width | 0.6 0.6
(feeler gauge) | 0.4 0.4
0.2 fail
0.1 fail

Table 3.22: ULTEM™: resolution slotted angles artifact - medium size

The results are again really good, without considering the failed features; in
fact, the obtained slots exactly correspond to their virtual version.

Surface Texture artifact The average rugosity of each surface is evaluated using
a profilometer.

Surface Texture artifact - medium

Feature | Tab inclination | Average rugosity (um)

0° 15.63

15° 16.50

30° 16.98
Rugosity | 45° 22.32

60° 38.38

75° 23.09

90° 9.18

Table 3.23: ULTEM™: surface texture artifact - medium size

There are no reference values to evaluate the rugosity of the tabs. It can be
seen that, generally, the roughness increases as the inclination of the face
increases, with the exception of the last two tabs. The rugosity is influenced
by the layer height, as well as by the slicing of the CAD model: in fact, the 90°
face is characterized by the lower roughness since it is perfectly perpendicular
to the Z-axis.
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Carbon PEEK

Carbon PEEK specimens (fig.3.17) were printed using a Tip3-HSA nozzle (diameter:
(0.6 mm), different from the one used for ULTEM™ in order to avoid problems
such as the clogging of the extruder. The most important printing parameters
are the same listed into table 2.2. Evaluating the result of the previous capability
assessment, it was decided not to print two specimens: Resolution Pins and
Resolution Holes artifacts (medium size). The other items and the measuring
instruments were the same as before.

Figure 3.17: Carbon PEEK: specimens of the capability assessment

Linear artifact With respect to the ULTEM™specimen, the Carbon PEEK part
is more precise as regards the creation of the spacings, but slightly worse in
printing the protrusions.

Linear artifact
Feature | Nominal (mm) | Average (mm)
2.5 2.95
) 5.31
Protrusions | 5 5.20
5 5.35
2.5 2.84
5 4.75
Spacings 7.5 7.34
10 9.73
12.5 12.21

Table 3.24: Carbon PEEK: linear artifact

Circular artifacts Numerically speaking, Carbon PEEK is more precise than
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ULTEM™for 5 measures out of 8. However, ©¥5, 25 and 50 circles are very
different from the virtual model, so it is impossible to clearly define which

material is better than the other.

Table 3.25: Carbon PEEK: circular artifact - medium size

Circular artifact - medium
Feature | Nominal (mm) | Average (mm)
10 9.88
14 fail
. 16 fail
Diameter 30 2984

47 46.78
50 48.09

Circular artifact - fine
Feature | Nominal (mm) | Average (mm)
) 4.51
7 fail
. 8 fail
Diameter 5 14.80
23.5 23.36
25 24.63

Table 3.26: Carbon PEEK: circular artifact - fine size

Resolution Pins artifacts In this case, the printer was able to create almost all
the pins, but their quality was too bad to allow a proper measuring of their

diameters.

Resolution Pins artifact - coarse

Feature

Nominal (mm)

Average (mm)

Pin diameter

4

fail

3 fail
2 fail
1 fail
0.5 fail

Table 3.27: Carbon PEEK: resolution pins artifact - coarse size

Resolution Holes artifact Again, all the measurable holes are much smaller
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than the nominal ones but are slightly better than the corresponding feature
in ULTEM™. Moreover, the measurement process was not so easy due to the
low quality of the holes’ internal surfaces.

Resolution Holes artifact - coarse
Feature Nominal (mm) | Average (mm)
4 3.53
3 2.33
Hole diameter | 2 fail
1 fail
0.5 fail

Table 3.28: Carbon PEEK: resolution holes artifact - coarse size

Resolution Ribs artifacts Thicker ribs are quite precise, but not as much as the
ULTEM™ones. As before, thinner ribs (1- and 0.8-mm wide) turn out to be
bigger than the corresponding design, so a lower benchmark as regards these
features can be set. Very thin parts were not even printed.

Resolution Ribs artifact - coarse

Feature Nominal (mm) | Average (mm)

6 6.15

5 5.11

. . 4 3.99

Rib thickness 3 319

2 2.02

1 1.48

Table 3.29: Carbon PEEK: resolution ribs artifact - coarse size

Resolution Ribs artifact - medium

Feature Nominal (mm) | Average (mm)
1 1.49
0.8 1.43
. . 0.6 fail
Rib thickness 04 fail
0.2 fail
0.1 fail

Table 3.30: Carbon PEEK: resolution ribs artifact - medium size
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Resolution Slots artifacts Compared with the ULTEM™ones, Carbon PEEK
artifacts are less precise, and all the slots are a lot smaller than the corre-
sponding reference design. The medium specimen is a little better, but not as
good as the ULTEM™one. It is interesting to notice that the 1-mm slots are
quite different even if the nominal width was the same.

Resolution Slots artifact - coarse
Feature | Nominal (mm) | Average (mm)
6 5.61
) 4.65
. 4 3.65
Slot width 3 573
2 1.79
1 0.6 (feeler gauge)

Table 3.31: Carbon PEEK: resolution slots artifact - coarse size

Resolution Slots artifact - medium

Feature Nominal (mm) | Average (mm)
1 0.9
0.8 0.8
Slot width 0.6 0.6
(feeler gauge) | 0.4 0.3
0.2 fail
0.1 fail

Table 3.32: Carbon PEEK: resolution slots artifact - medium size

Resolution Slotted Angles artifacts Also with regard to RSA specimens, Car-
bon PEEK artifacts are worse than the others; actually, the medium sized
specimen was not measurable at all since no slots were completely open to
allow the passage of the feeler gauge. Interestingly, the 2-mm feature is bigger
than the design one.
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Resolution Slotted Angles artifact - coarse
Feature | Nominal (mm) | Average (mm)
5.66

4.72

3.74

2.88

2.05

0.6 (feeler gauge)

Slot width

N W~ OO

Table 3.33: Carbon PEEK: resolution slotted angles artifact - coarse size

Resolution Slotted Angles artifact - medium
Feature Nominal (mm) | Average (mm)
1 fail
0.8 fail
Slot width | 0.6 fail
(feeler gauge) | 0.4 fail
0.2 fail
0.1 fail

Table 3.34: Carbon PEEK: resolution slotted angles artifact - medium size

Surface Texture artifact As before, the average rugosity increases as the incli-
nation of the tab grows. The 90°-face is the less rough for the same reasons
previously explained. Comparing the results of both the materials, Carbon
PEEK is generally better than ULTEM™  except for the 30° and 75° faces,
that are slightly rougher.

Surface Texture artifact - medium

Feature | Tab inclination | Average rugosity (um)

0° 15.57

15° 16.15

30° 19.51
Rugosity | 45° 19.98

60° 24.16

75° 24.78

90° 4.96

Table 3.35: Carbon PEEK: surface texture artifact - medium size
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3.3.2 Results and Analysis

The following table (table 3.36) contains final considerations about the results of
the capability assessments just described.

Specimen(s) Comments

The best choice is not clearly identifiable; protrusions are better made by ULTEM™/

Linear artifact while spacings are more precise in the C-PEEK specimen.

Any of the materials is significantly better than the other. The ULTEM™Sspecimens are
characterized by more precision in creating the smallest and the largest diameters of
each part, while C-PEEK ones give better results for the intermediate circles. The
machine was not able to print the thinnest internal ring of each artifact.

Circular artifacts

Considering exclusively the coarse-size artifact, ULTEM™is clearly better even if the
results are not so good. C-PEEK specimen is characterized by a very low quality that
made the measuring impossible. Also, the smallest pins were not printed.

Resolution Pins
artifacts

Resolution Holes | All the holes were smaller than the nominal ones, and C-PEEK performs slightly better.
artifacts RH-fine artifact was completely failed by ULTEM™ so it was not printed in C-PEEK.

ULTEM™specimens are generally better than C-PEEK ones; however, 1-mm and 0.8-mm
ribs are dimensionally unacceptable due to the big difference from the nominal values.
Thinner ribs could not be printed.

Resolution Ribs
artifacts

Resolution Slots | Both the ULTEM™Sspecimens are very good, the smaller slots perfectly reply the virtual

artifacts part; C-PEEK gives worse results.
Resolution Again, ULTEM™artifacts are almost perfect, with real measures very close to the CAD
Slotted Angles design. On the contrary, C-PEEK parts are not good, especially the medium-size one
artifacts that completely failed (no slots were measurable).

In both specimens, the average surface roughness increases as the inclination of the
tabs grows; this trend does not apply only for the 75° face of the ULTEM™artifact. The
least rough tabs are the 90° ones, since they are perpendicular to the 7 axis and so they

are not affected negatively by the slicing operations. C-PEEK is generally better than
ULTEM™,

Surface Texture
artifact

Table 3.36: Comparison between ULTEM™and Carbon PEEK - capability
assessments

To conclude, these tests were useful to set benchmarks regarding the machine’s
capability. As expected, very small features were impossible to be printed, or
their quality was not good enough: this is principally related to the nozzles, which
inevitably have some technological limits due to their limited resolution. It would
be interesting to repeat the test using a smaller nozzle (e.g., with a diameter of
0.4 mm), and compare the results. However, the printer managed to create all the
bigger features, even if it is clear that some of them were not perfect: this aspect
should be taken into account when projecting using these materials and consider if
it would be necessary to slightly oversize (or undersize) the element to respect the
desired dimensions. The fact that the printer failed the creation of some artifacts
is not a major problem, since the capability assessment aims to define limits on its
usage. It may be useful to repeat the tests periodically to control the maintenance
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of the printer’s performance, otherwise it may be done whenever the nozzle changes
or after a long no-printing period of the machine.
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Chapter 4

Tensile Tests

4.1 Introduction

After the characterization of the machine’s performance, to better understand the
behaviour of ULTEM™and Carbon PEEK, several tensile tests were conducted.
It was decided to perform these tests for various reasons: first of all, knowing
the real mechanical limits of the materials allows to project functioning parts,
without risking their failure; this aspect contributes to increase the reliability of
the company with its customers, since Punch will be able to guarantee that the
products will satisfy the external requests. Moreover, the obtained results will
contribute to extending the scientific knowledge about the usage of the involved
materials and the FDM technology, especially considering that it is an anisotropic
process affected by several parameters (cfr. chapter 1.3.1).

The scope of this thesis was to understand how and how much different parameters
influence the mechanical properties of the printed parts. It is clearly impossible
to study the impact of each parameter all at once, so a selection of a restricted
number of variables had to be made.

4.1.1 Parameters

Other than considering two different materials, ULTEM™and Carbon PEEK, the
final selection included three other parameters: printing orientation, infill rate and
testing temperature.

» Printing orientation: this parameter represents the orientation of the part
with respect to the three principal axes; the direction of each axis is shown in
fig.4.1 left, coherently with the printer’s set up. Two alternatives were chosen,
namely zy (horizontal or flat) and zz (vertical or upright): the letters stand
for the directions of the two principal dimensions of the part. The choice
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depended on the fact that these two orientations seems to be the benchmarks
of many tensile tests performed on FDM products, due to the nature of the
process itself: since the specimens are built layer-by-layer, a tensile load will
be directed parallel to the layers in a “flat” part, while it will be perpendicular
in an “upright” (fig.4.1, taken from [36]).
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Figure 4.1: a) Axes directions with respect to the building platform, b) Different
building orientations of the same part.

o Infill rate: this value indicates the material filling of the part; it can vary
from 0% (totally empty), to 100% (completely filled), and the two selected
values for the thesis are 100% and 35%. This parameter directly influences
the quantity of material that has to be used, and consequently it affects the
mechanical performance of the part and the printing time. As it can be seen
in fig.4.2 (taken from [44]), the infill rate regards the internal part of the
product, while the wall layers (i.e., the layer constituting the contour of the
piece) are not affected by its variations; the number of wall layers can however
be modified separately.

o Testing temperature: it is known that temperature deeply affect the perfor-
mance of a material, changing, for instance, its elasticity modulus. Moreover,
the applications of Punch AM products may regard high temperature situa-
tions, so it is surely useful to determine the behaviour of ULTEM™and Carbon
PEEK in not standard conditions. For this purpose, some batches have been
tested at environmental temperature (20°C), some others at 120°C, without
exceeding the glass transition temperature of the two materials, beyond which
they would soften.
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10% 20% 30% 40% 50%

60% 70% 80% 90%

Figure 4.2: Different infill rates for the same part

Having four variables that could assume two different values, it was easy to
determine that the number of possible combinations is 2* = 16. This means
that, ideally, sixteen different specimens (whose shape depended on the reference
Standard choice, cfr. par.4.2) should be printed and tested to completely cover
all the cases. A test matrix could be created, containing all the parameters
characterizing each version of the artifact (tab.4.1).

material orientation | infill rate | test temperature
1 ambient 1
2 100% 120°C 2
3 Xy ambient 3
4 35% 120°C 4
5 | Carbon PEEK L00% ambioent 5
6 120°C 6
7 7 ambient 7
8 35% 120°C 8
9 ambient 9
10 100% 120°C 10
11 Xy ambient 11
35% o
12 120°C 12
13| ULTEM™ ambient 13
14 100% 120°C 14
15 zx 3597 ambioent 15
16 120°C 16

Table 4.1: Test matrix
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4.2 ASTM D638

ASTM D638-2014[45] was the selected Standard for the tensile tests. This choice
mainly depended on two factors:

1. Researching on websites as Google Scholar or Research Gate, it was the most
utilized normative for tensile tests, followed by ISO 527; these two can be
considered almost equivalent, however D638 was generally preferred by other
authors (e.g., [46][47]).

2. The tests made by Roboze, whose results are collected into the official Technical
Data Sheets, were done following ASTM D638; using the same standard,
the outcomes were surely more comparable. Following this aspect, many
influencing parameters in this thesis have been maintained the same as in the
TDS, in particular the type of specimen and the speed of testing.[36][31]

It must be highlighted that currently there are a very restricted number of Standards
written specifically for Additive Manufacturing; ASTM D638 itself is generically
applicable to any kind of plastics, without taking into account the production
method.

This Standard prescribes the usage of dog-bone shaped specimens, to whom a
tensile load must be applied until their breaking, if possible. As it can be seen
in figure 4.3[45], the central part of these pieces has a smaller cross section with
respect to the extremities, and it is the area where they should break to consider
the test valid. In figure 4.4[45] the reference dimensions are reported: some of the
are fixed, some others can be adapted to the specific equipment.

o —

7 (0.28) or under
Type | Type Il

ol i —

Dimensions {see drawings)

W,

1 T
W i.-..c[|
L [} — Y W—Widih of namow section™" 13 (0.50) B (0.25)
t-— G —-T '._I I__I L—Length of narow section 57 (2.25) 57 (2.25)
" i WO—Width overall, min™ 19 (0.75) 18 {0.75)
L

WO—Width overall, min®

LO—Length owersll, min™ 1I:i£|"|.t'-.$.|:- I&S'I(IF.E]
e (5—@Gage length’ 50 (2.00) 50 {2.00)

= Lo G—G_a.ge length’
[—Distance betweaen grips 115 {4.5) 135 (6.3)

R—Radius of fillet 76 (3.00) 76 (3.00)
Figure 4.3: Design of the specimen for fo-0utermus Mipe V)
the tensile test

Figure 4.4: Reference dimensions for
the specimen

The most important parameter to be determined is the thickness of the specimen
(T in fig.4.4), since it directly influences the minimal cross section of the artifact
and, consequently, its resistance. To be sure to collect a proper number of data for
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all the specimens, it was necessary to calculate the minimum 7" which allowed the
theoretically weakest piece to bear a load of 2000 N. Starting from the official TDS
of ULTEM™and Carbon PEEK, the lowest foundable oy,.cqx was 28.2 MPa (Carbon
PEEK, 100% infill, 25°C, zx orientation) and the relative minimum thickness was
calculated in the following way:

Fbreak
Obreak = A —

minimalcrosssection

 Fiear _ 2000N

2
— Aminimalcrosssection - Obreak - 98 9M Pa = 70.9mm
A=W xxT —
Amini ; 70.9mm?
s Tmin _ minimalcrosssection _ — 5 A5mm — Tspec — 6mm

w 13mm

Furthermore, in order to avoid the slipping of the specimens during the test, the
extremities” dimensions of the part were augmented by increasing the overall length
LO and the overall width WO; they were influenced by the size of the grippers of
the Instron.

The final isometric design and measures of the specimen are reported respectively
in figures 4.5, 4.6 and table 4.2.

ISONETRIC VIEW

Figure 4.5: Design of the ultimate specimen
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Dimensions Value [mm]
LO - length overall 185
L - length of narrow section o7
R - radius of fillet 76
WO - width overall 35
T - thickness 6
W - width of narrow section 13

Table 4.2: Ultimate dimensions of the specimens

Figure 4.6: Dimensions of the ultimate specimen

The subsequent step was making some test prints to check firstly the effective
capability of the machine to properly create the specimens, both horizontally and
vertically; due to the higher costs of Carbon PEEK and ULTEM™ in this phase
the parts were created in Ultra-PLA, considering also that they were needed only

as dimensional prototypes.

The horizontal artifact was good already after the first print, while the vertical one
was affected by the over-heating effect: this phenomenon happens when the layers
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are so small that they have not enough time to cool down before the following one
is created; this causes the lower layers to be partially liquid when the upper ones
get deposited, and the result is not as precise as desired (fig.4.7).

The overheating problem could be easily solved by printing more than one
vertical specimen during the same job, giving each part more some more seconds
to solidify. In particular, five identical items were created, but another issue arised:
the layers in the upper sections were not perfectly aligned, meaning that the parts
vibrated during the printing operations. The vibrations were due to the fact that
the specimens are very slim so they tended to flex when the nozzle was moving.
To overcome this problem, two lateral “support-towers” were inserted (fig.4.8).

Figure 4.7: Ultra PLA: horizontal (left) Figure 4.8: C-PEEK: vertical specimen
and vertical (right) overheated specimen with two support towers

After reaching a good result for both the configurations, some preliminary tests
in Carbon PEEK and ULTEM™were also made. Some difficulties in removing the
parts from the buildsheet were encountered, resulting in ruining either the pieces or
even the buildsheet (fig.4.9). As a solution, the separation distance was increased
during the building preparation with Simplify3D. This parameter indicates the
gap between the extruder and the building platform during the printing of the
first layer; by augmenting its value, the filament coming out from the nozzle gets
less pressed and the adhesion among the material and the buildsheet is less severe,
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facilitating the post-processing operations. After these final adjustments, the
definitive specimens were ready to be printed and tested.

Figure 4.9: Carbon PEEK: broken buildsheet and ruined specimens after the
artifacts’ removal

4.3 Printing and Testing

As prescribed by the Standard, a test is considered valid if at least five identical
specimens break in the narrow central section. Considering the relatively high cost
of the materials and the quite long printing time, especially for the vertical parts
(fig.4.10), the specimens were therefore printed in batches composed of five items.
When possible, multiple batches were included in the same printing job (fig.4.11).

Although 16 types of specimens were planned (cfr. chapter 4.1), batches 6, 14,
15, 16 were decided not to be printed; this choice was motivated by the following
reasons: firstly, data from previous research and from the technical data sheets
showed a significant reduction of the mechanical properties of both the materials in
the vertical configuration, especially in terms of op,.¢qx; this means that in reality
this orientation will be rarely used, unless it is necessary. Some vertical batches
were however tested for completeness and to confirm these trends. Secondly, an
unforeseeable increase in electricity costs caused Punch Torino to limit the usage
of all its equipment, including the Roboze printer, temporarily reducing the daily

56



Tensile Tests

Figure 4.10: ULTEM: complete vertical Figure 4.11: C-PEEK: four horizontal
batch batches in the printer

available printing time; since vertical batches were quite long to be made, and con-
sidering also the hours devoted to the heating of the chamber, they were practically
impossible to be created. Fortunately, the majority of the specimens had already
been printed before the application of this regulation.

In total, 60 specimens were printed, completely following the procedures regard-
ing pre- and post-processing. The default temperatures and timings (e.g., pre-
conditioning of the chamber, drying of the coils, etc.) were respected in order to
guarantee an optimal result.

Each artifact was tagged by a letter and a number (e.g., “A1”), to quickly identify
its characteristics and its testing temperature. Moreover, also the actual measures
of thickness and width in the restricted sections had to be found using a caliper and
averaging three different values for both the parameters, in order to calculate the
tensile stress o acting on the parts; all the final W and T are reported in Appendix
B, and it can be noticed that all the thicknesses are higher than the nominal 7" (6
mm), while the widths are generally less than 13 mm for the horizontal specimens
and more for vertical ones. Numbering the batches as the specimen’s types in table
4.1, it resulted:
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batch specimens batch specimens
from | to from | to

1 Al A5 8 D6 | D10

2 A6 | A10 9 E6 | E10

3 B1 B5 10 El E5

4 B6 | B10 11 F1 F5

5 c6 | C10 12 F6 | F10

7 D1 D5 13 G1 G5

Table 4.3: Labels of the specimens

The tests were made at Politecnico di Torino — DIMEAS department, using an
Instron 8801 machine. The specimen was locked using two couples of grippers; the
upper couple was connected to a mobile crossbar which moved upwards, applying
a tensile load to the piece. Above it, a 100 kN load cell was present to measure
the applied force F', which divided by the cross-section area A = W x T gave the
tensile stress 0. When possible, the deformation values € were acquired using an
extensometer; if not, they were calculated dividing the displacement by the initial
gage length: this happened for some ULTEM™batches, when it was not safe to use
the extensometer due to the possibly excessive elongation of the specimens. The
longitudinal modulus, or Young’s modulus E, could also be evaluated, either directly
by the software Bluehill, or as the ratio %Z, which corresponds to the angular
coefficient of the initial part of the stress-strain curve, which can be considered
almost linear at low e. To sum up the procedure:

e The software was provided with the measures of the specimen’s thickness T’
and width W, through which it calculated the cross-section area A. Also, the
speed of test was chosen to be 5 mm/min.

e The specimen got mounted on the machine and blocked. The closure of the
clamps was automatic for the ambient temperature tests, while it was manual
for high temperature ones.

o If needed, the extensometer was positioned in the central part of the specimen
(fig.4.12a).

o At this point, batches 2, 4, 8, 10, 12 have been heated up to 120°C: this
operation happened into a dedicated oven and lasted about 10 minutes for each

specimen, to be sure that the whole system reached the desired temperature
(fig.4.12b).

o The test began and went on until the rupture of the piece under examina-
tion (fig.4.13). The Instron acquired data about the displacement of the
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upper clamp (AL[mm]) and about the tensile load (F[N]); the extensometer
measured the deformation (e[mm/mm]).

e The machine stopped and each element could be removed.

Figure 4.12: a) specimen with extensometer; b)Instron 8801 set for high temper-
ature tests

An Fzxcel file containing all the information and the measures was automatically
created by the software, ready to be used for the data analysis. Also, a recap file
for each batch was generated, containing all the important values and, for instance,
their average, standard deviation and coefficient of variation (COV): the latter was
very important to evaluate the dispersion of the obtained data and consequently
their reliability. These files allowed the creation of the load-displacement and
stress-strain graphs reported in the following sections.

In this case, all the specimens were valid since the fractures happened in the narrow
section (fig.4.14). If even only one artifact did not break in the central part, its
batch would have been discarded, unless another identical item was tested.
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ik

Figure 4.14: Selection of broken specimens
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4.4 Results and Comments

4.4.1 Load vs Displacement diagrams

Exploiting the data about the tensile load applied on the part and about the
movement of the mobile crossbar of the machine, the load vs displacement diagrams
can be drawn. Since their trend is exactly the same of the stress vs strain ones,
only two cases will be reported (fig.4.15). It can be seen that batch 1 (Carbon
PEEK) is characterized by a more linear trend with respect to batch 9 (ULTEM™);
moreover, when the rupture comes, the former specimens instantly break, while
the latter ones clearly yield.

Load-Displacement - batchl

—A1
A2

Load F [N]

A3
A4

—As

—E6
—E7
E8
E9

—E10

Figure 4.15: Batches 1 and 9 - load vs displacement
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4.4.2

Stress vs Strain diagrams - Carbon PEEK
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Stress-Strain - batch8
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Figure 4.16: Carbon PEEK: stress vs strain diagrams

Looking at the graphs, it is clearly visible that Carbon PEEK does not yield before
breaking. All the curves are monotonically crescent, with almost constant slopes,
except for batches 2 and 4 where the tensile modulus decreases as it approaches
the rupture point. Some particularities can be evidenced:

o Batch 3: specimen B3 failed a little bit before the others.
» Batch 5: specimen C10 strangely bore more load and its slope is higher.

o Batch 8: the results are very scattered. Specimens D6 and D7 broke quite
soon, D10 failed later with respect to the others; moreover each artifacts
cracked at different stress levels.

65



Tensile Tests

4.4.3

Stress vs Strain diagrams - ULTEM™
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Figure 4.17: ULTEM™: stress vs strain diagrams

ULTEM™shows a more ductile behaviour with respect to Carbon PEEK; all the
batches (except b.13) clearly demonstrate that the material yielded before breaking.
Again, some particularities can be highlighted:

o Batch 11: specimen F1 broke a little sooner than the others.

o Batch 12: until the yielding point, all the specimens behaved equally; then,
they elongated differently. However, the oy,..qr is quite constant.

« Batch 13: the specimens did not yield, suggesting that the vertical printing
orientation may have caused this different trend: the layers were in fact
perpendicular to the load.
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4.4.4 Results and Analysis

batch | material print infill test Oyield | Obreak E
orientation | rate | temperature | MPa | MPa | MPa
1 env X 99 7256
100%
2 . ¢ 120°C X 71 | 7160
horizontal
3 35% env X 67 5037
4 C-PEEK 120°C b'e 48 4932
5 env X 30 3741
100%
6 vertical ’ 120°C not printed
7 env X 22.5 | 3023
35
8 % 120°C X 24 2895
9 100% env 80 75 3566
10 horbontal ’ 120°C 44 | 35 | 2256
11 35% env 48 46 2179
12 ULTEMT™™ ¢ 120°C 35 27 1470
13 env b'e 55 3486
100%
14 vertical ’ 120°C not printed
15 35% env not printed
0
16 120°C not printed

Table 4.4: Results of the tensile tests

Some considerations can be made about the obtained results.

Validity of the test As already said, all the specimens broke in the restricted
part, so they can be considered valid. However, some numerical results may
be less reliable than others, due to higher coefficients of variation: if this
value is high, it means that the specimens belonging to the batch behave
quite differently from each other, giving more uncertainty about the results.
The best example of this situation is batch 8: for completeness, the set will
however be considered during the analysis of the data, keeping in mind that
“strange” results may be due to its particular behavior.

General trends As expected, batches 1 and 9 are characterized by the highest
Oprear and E respectively for the Carbon PEEK and the ULTEM™specimens.
In fact, their characteristics (horizontal orientation, 100% infill rate and testing
at ambient temperature) suggested they would have been the best sets. Figures
4.18 and 4.19 respectively show the trend of op,.cqr and E for the two materials:

69



Tensile Tests

o [MPa]

o [MPa]

110

100

90

80

80

70

60

50

40

30

20

Carbon PEEK - Gy

h, 100%, amb

h, 100%, 120°C

h, 35%, amb
h, 35%, 120°C
v, 100%, amb
2 3

batch

ULTEM™ - Gy, ot

v, 100%, amb

h, 35%, amb

h, 100%, 120°C
I h, 35%, 120°C
10 11

12 13
batch

Figure 4.18: Values of opreak

70

v, 35%,amb ¥ 35%,

120°C



Tensile Tests

E [MPa]

E [MPa]

8000

7000

6000

5000

4000

3000

2000

1000

4000

3500

3000

2500

2000

1500

1000

5

8

0

5
h, 100%, amb, 1 100, 120°C

1 2

h, 100%, amb

| h, 100%, 120°C
9 10

Carbon PEEK - E

h, 35%, amb h, 35%, 120°C

| v, 100%, amb
4 5

batch

ULTEM™ - E

v, 100%, amb

h, 35%, amb

| h, 35%, 120°C
11 12 13

batch

Figure 4.19: Values of £

71

.
v, 35%,amb | aoer 1000

7 8



Tensile Tests

Numerically speaking, Carbon PEEK is stronger than ULTEM™ as expected.
Analyzing the trend it can be easily seen that the printing orientation deeply
affect the performance of Carbon PEEK (batches from 5 to 8 are significantly
weaker), while ULTEM™is less influenced, since the difference between sets
9 and 13 is not as wide as, for instance, 1 and 5. Moreover, the resistance
of batch 2 is higher than the ones of batches 3 and 5, suggesting that the
higher temperature affected Carbon PEEK less with respect to a lower infill
rate or a different printing orientation, but it must be taken into account that
considering a different temperature and/or a different infill rate the situation
may change; the same considerations can be made for ULTEM™ where the
higher temperature caused the more evident drop of performances. These
graphs highlight some interesting facts: as regards Carbon PEEK] its Young’s
modulus is almost completely independent from the testing temperature since
it doesn’t change between batches 1-2, 3-4, and 7-8; differently, 35% infilled
specimens and vertical ones are characterized by a lower E. Considering
ULTEM™, sets 9 and 13 have quite the same tensile modulus, suggesting that
the printing orientation does not affect it (unfortunately this trend cannot be
confirmed since the last batches could not be printed); on the other hand, a
temperature increase makes F decrease (9-10, 11-12), and also an infill rate
reduction has the same effect (9-11, 10-12).

As already said, all the previous statements refer to particular conditions. To
confirm the trends, some intermediate cases should be also evaluated (e.g.,
50% infill rate, 80°C tests...), trying to derive, if possible, a mathematical
law approximating them.

Now each parameter will be treated separately, to check which of them has
effectively had more impact. The unit of measure is [M Pa) for all the factors,
while the resulting ratios are obviously non-dimensional.

Effect of the orientation

Oprear CarbonPEEK

batchb B 3£ _ 0.303: batch7 225 0.335: batch® B 274 — 0.500
batchl 99 " batch3 67 batchd 48
Obrear ULTEM™
batchl3 55
batch9 75 0.733
E CarbonPEEK
41 2 2
batchb B 37 _ 0.516: batch7 ~ 3023 — 0.600; batch8 2895 _ 0.587

batch3 5037 batch4d 4932

E ULTEM™
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batch13 3486

batch9 3566
Calculating the ratios among the rupture stress of corresponding vertical and
horizontal batches, it appears that vertical Carbon PEEK specimens are even
70% weaker than horizontal ones, while ULTEM™is less affected. As regards
the Young’s modulus, ULTEM™is almost not affected, while Carbon PEEK
becomes less rigid, with a decrement of 40-50% from the original value.

=0.978

Effect of the infill rate
Opreatr CarbonPEEK

batch3 67 batch4d 48 batch?  22.5
batchl ~ 99 0.677; batch2 ~ 71 0.676; batch5 30 0.750
Obrear ULTEM™
batch1l 46 batchl12 27
=—=0.613; ——=—=0.771
batch9 75 "batch1l0 35
E CarbonPEEK
batch3 B 5037 — 0.694: batch4 B 4932 — 0.689: batch7 ~ 3023 — 0.808

batch2 — 7160 batchb 3741

E ULTEM™

batch1l 2179 “batch12 1470

batch9 3566 "batch10 2256
Except for some ratios, the 35% infilled specimens experience an average
reduction of 30-40% for both e and E with respect to the corresponding
completely full ones. In the case of Carbon PEEK, low-infilled horizontal
specimens are stronger than full vertical ones (cfr. Batches 3 and 5). As
regards ULTEM™, in this case reduction of the tensile modulus is evident,
differently from the previous case.

batchl ~— 7256

= 0.611 = 0.652

Effect of the test temperature

Oprea CarbonPEEK

batch?2 71 batch4 48 batch& 24
= — =0.717; = — =0.716; = =1.07
batchl 99 "batch3 67 "batch7  22.5
Obreas ULTEM™
batch10 35 batchl2 27
= —_—— .4 N = —_—— .
batch9 75 0.467; batchll 46 0.587
E CarbonPEEK
batch2 7160 batch4d 4932 batch8 2895
arens — 0.987; 0% _ — 0.979; ¢ — 0.958

batch3 ~ 5037 batch? 3023
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E ULTEM™

batchl10 B 2256 batchl12 B 1470
batch9 3566 batch1l — 2179

Finally, the effect of test temperature is more evident for ULTEM™artifacts,
which experience a not indifferent reduction of both the researched parameters.
Regarding Carbon PEEK; its op.eqr is affected by reduction of 39% (it must
be noticed that one ratio in major than 1, which is quite strange, but it may
be due to the not completely reliable results regarding batch 8); the Young’s
modulus, on the other hand, is almost unaffected by the temperature.

= 0.632; = 0.675

Yielding For all the ULTEM™batches, except batch 13, a yielding stress oy;eq
can be identified, as reported in the previous table.

ULTEM™ - 6,4
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30
20

10
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Figure 4.20: Values of oyciq

As before, the ratios between the different stresses can be calculated to evaluate
the reduction of the performances. In this case, all the sets are horizontally
oriented.

Effect of the infill rate

batchll 48 batchl2 35
o batch9 ~ 80 "batchl0 44 0.795
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Effect of the test temperature

' batch10 B 44

4 . batchl12 B 35
7 batch9 80

0.550; batchll ~ 48

=0.729

Considering the chosen parameters, the testing at 120°C makes the yielding
stress reduce more than reducing the infill to 35% (0.550 against 0.600). It
does not make sense repeating the calculations for E since it is the same as in
the previous cases.

75






Chapter 5

Conclusions

The topic of this Thesis was the implementation of a new industrial process at
Punch Torino S.p.A, based on the Fused Deposition Modelling technique. In
particular, the performance of the newly acquired Roboze Argo 500 printer was
investigated by means of capability assessments, following the ISO/ASTM 52902
Standard. Analysing the results, it can be understood with which material a
particular feature is replicated in the best way. The sets of major interest were the
ones printed in ULTEM™and Carbon PEEK, the analysis of the results is summed
up in table 5.1:

Artifact Which material is better?
Linear artifact Not clear
Circular artifacts Not clear
Resolution Pins artifacts ULTEM™
Resolution Holes artifacts Carbon PEEK
Resolution Ribs artifacts ULTEM™
Resolution Slots artifacts ULTEM™
Resolution Slotted Angles artifacts ULTEM™
Surface Texture artifact Carbon PEEK

Table 5.1: Capability assessments comparison: Carbon PEEK and ULTEM™

Identical capability assessments were conducted for the others 3D printers
owned by Punch, or with the same printer but using different materials. The
complete results are collected in Appendix B. Moreover, a further test using
different artifacts was necessary to certify the correct functioning of the Argo 500,
and all the specimens turned out to be conform.

Then, the mechanical properties of ULTEM™and Carbon PEEK were studied
performing a series of tensile tests (ASTM D638) at Politecnico di Torino. The
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main goal was understanding if and how some changes in the printing parameters of
the specimens would affect the breaking and the yielding stresses (Gpreqk; yicia) and
the Young’s Modulus (F). As expected, a reduction of all these values happened
in case of:

o Vertical printing orientation rather than horizontal,
« Reduction of the infill rate (35% versus 100%),
« Increment of the testing temperature (120°C versus ambient).

A total of 60 specimens were tested, divided into 12 batches composed of 5
identical artifacts; each batch was characterized by a certain combination of the
three previously listed parameters: orientation, infill rate and testing temperature.
No specimens were discarded since all the fractures occurred in their central part;
however, results about batch 8 may be as not reliable as the others due to a very
high dispersion of the values.

Analysing the results collected in table 4.4, it can be highlighted that Carbon
PEEK seems not to be affected by the temperature increase, while the change in
the printing orientation did not alter the mechanical performance of ULTEM™.

The obtained results match the initial expectations suggested by the values
contained in the Technical Data Sheets of the materials; moreover, they can be
used as a starting point or as an integration for deeper resources about Additive
Manufacturing materials. Further investigations may be done by considering some
other values of the already selected parameters, for instance a 50% infill rate or
testing at 100°C, and check if a mathematical rule describing the alteration of the
mechanical properties can be found by interpolating the results. Alternatively,
some other printing parameters may be considered, even if this would exponentially
increase the number of possible combinations. Eventually, analysis regarding
flexural, compressive and fatigue behaviours could be interesting to fully describe
the performance of the materials.
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Capability Assessment

In the following the results of the capability assessments that have not been treated
in chapter 3 are reported. The acronyms in the tables stand for:

XT7: Markforged X7, Onyx

Pro: Markforged OnyxPro, Onyx

S5: Ultimaker S5, PLA

PLA: Roboze Argo 500, PLA

CPA: Roboze Argo 500, Carbon-PA

Linear artifact

Nominal | X7 Pro S5 | PLA | CPA
2.5 264 | 279 |262 |2.78 |2.61
5 5.16 | 529 |5.06 |526 |5.71
5 525 | 529 |5.06 |526 |5.58
5 5.16 | 5.19 | 5.11 | 525 |5.77
2.5 263 |269 |263 |2.77 |2.61
5 488 | 481 |4.84 |4.79 |4.85
7.5 731 | 732 | 744 |7.22 |6.8
10 9.87 19.79 1993 |9.74 |9.49
12.5 12.45 | 12.38 | 12.35 | 12.29 | 11.76

Table A.1: Linear artifact
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Circular artifacts

Nominal | X7 Pro S5 | PLA | CPA
10 991 [988 |9.62 |9.82 |996
14 13.94 | 13.92 | 13.86 | 13.35 | fail
16 14.97 | 15,07 | 14.81 | 15.29 | fail
30 29.99 | 29.79 | 29.79 | 29.76 | 29.75
47 47.02 | 46.99 | 46.84 | 46.92 | 46.56
50 50.01 | 50.10 | 49.81 | 49.95 | 49.75
5 491 | 493 |4.56 | 487 |4.87
7 6.91 | 6.88 |6.61 | 6.58 | fail
8 8.02 | 804 | 7.79 | 820 | fail
15 14.96 | 14.92 | 14.76 | 14.85 | 14.91
23.5 23.50 | 23.49 | 23.38 | 23.55 | 23.27
25 25.04 | 25.09 | 24.92 | 25.04 | 24.71
Table A.2: Circular artifacts
Resolution Pins artifact
Nominal | X7 | Pro| S5 | PLA | CPA
4 4.10 | 4.06 | 4.03 | 3.96 | 3.96
3 3.18 | 3.11 | 3.10 | 3.00 | 3.16
2 2.25 1 2.22 | 2.07 | fail 2.15
1 1.29 | 1.23 | 1.45 | fail fail
Table A.3: Resolution Pins artifact
Resolution Holes artifact
Nominal X7 Pro S5
4 3.89750 | 3.92755 | 3.66250
3 2.87745 | 2.92985 | 2.67225
2 1.80585 | 1.86495 | 1.61935

Table A.4: Resolution Holes artifact
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Resolution Ribs artifacts

Nominal | X7 | Pro| S5 | PLA | CPA
6 6.12 | 6.08 | 6.07 | 6.05 | 6.04
5 5.15 | 5.10 | 5.04 | 5.07 | 5.02
4 419 | 4.13 | 4.05 | 4.06 | 3.98
3 3.18 | 3.11 | 3.04 | 3.02 | 3.05
2 2.13 | 2.05 | 205|204 |203
1 1.16 [ 1.12 | 1.04 | 1.15 | 1.36
1 1.15 | 1.17 | 1.05 | 1.08 | 1.32
0.8 0.99 1 0.95 090|096 | 1.31
0.6 0.78 | 0.73 | 0.71 | 0.84 | fail
0.4 0.66 | 0.68 | fail | fail fail

Table A.5: Resolution Ribs artifacts

Resolution Slots artifacts

Nominal | X7 | Pro| S5 | PLA | CPA
6 5.98 | 5.76 | 591 | 5.93 | 6.09
5 4.97 | 4.85 | 4.89 | 4.92 | 5.00
4 3.96 | 3.82 | 3.89 | 3.93 | 4.04
3 3.00 | 2.77 1 290 | 2.96 | 3.00
2 1.99 | 1.80 [ 1.92 | 1.96 | 2.03
1 0,95 10.95 095|090 | 1.00
1 0.9510.95| 095 | 1.00 | 1.00
0.8 0.75 1 0.75 | 0.75 | 0.80 | 0.80
0.6 0.50 | 0.60 | 0.55 | 0.60 | 0.50
0.4 fail | fail | 0.35 | 0.40 | 0.40
0.2 fail | fail | fail | fail 0.20

Table A.6: Resolution Slots artifacts
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Capability Assessment

Resolution Slotted Angles artifacts
Nominal | X7 | Pro | S5 | PLA | CPA
6 5.80 [ 593 | 5.92 | 5.94 | 5.74
5 4.84 1491 | 4.94 | 496 | 4.86
4 3.82 1393392396 |3.90
3 2831294292295 | 288
2 1.83 1194 | 1.87 | 1.95 | 1.89
1 0.95 | 1.00 | 0.95 | 0.90 | 0.90
1 0.95]0.95|0.95 | 1.00 | 1.00
0.8 0.75 | 0.70 | 0.75 | 0.80 | 0.80
0.6 0.50 | 0.50 | 0.55 | 0.60 | 0.60
0.4 fail | fail | 0.35 ] 0.30 | 0.30

Table A.7: Resolution Slotted Angles artifacts

Surface Texture artifact
X7 Pro S5
0° | 5.571 | 6.995 | 9.938
15° | 20.373 | 18.807 | 9.893
30° | 18.898 | 20.013 | 10.799
45° | 13.798 | 13.917 | 20.083
60° | 11.507 | 11.110 | 21.450
75° 1 9.900 | 18.807 | 17.266
90° | 9.875 | 9.706 | 4.634

Table A.8: Surface Texture artifact
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Appendix B

Measures of the specimens

specimen | W T spec | W T spec | W T
Al 13.02 6.51 C6 | 1247 6.55 E1 | 13.02 6.51
A2 13.02 6.61 C7 | 1345 6.38 E2 | 13.02 6.61
A3 13.02 6.62 C8 | 1342 6.42 E3 | 13.02 6.62
A4 13.07 6.64 C9 | 13.36 6.50 E4 | 13.07 6.64
A5 12.99 6.63 C10 | 1345 6.48 E5 | 12,99 6.63
A6 13.01 6.62 D1 | 13.31 6.49 E6 | 13.01 6.62
AT 13.03 6.64 D2 | 13.25 6.37 E7 | 13.03 6.64
A8 12.93 6.60 D3 | 13.30 6.45 E8 | 1293 6.60
A9 12.99 6.56 D4 | 13.26 6.42 E9 | 12,99 6.56
A10 13.00 6.59 D5 | 13.30 6.46 E10 | 13.00 6.59
B1 12.89 6.58 D6 | 13.22 6.31 F1 | 12.89 6.58
B2 12.96 6.63 D7 | 13.16 6.21 F2 | 1296 6.63
B3 12.91 6.65 D8 | 13.21 6.35 F3 | 1291 6.65
B4 12.97 6.63 D9 | 13.20 6.29 F4 | 1297 6.63
B5 12.94 6.66 D10 | 13.28 6.38 F5 | 1294 6.66
B6 12.99 6.63 Gl | 13.24 6.39 F6 | 1299 6.63
B7 12.96 6.63 G2 | 13.36 6.35 F7 | 1296 6.63
B8 12.92 6.63 G3 | 13.26 6.32 F8 | 1292 6.63
B9 12.89 6.62 G4 |13.30 6.34 F9 | 12.89 6.62
B10 12.96 6.63 G5 | 13.32 6.40 F10 | 12.96 6.63

Table B.1: Measures of the specimens for the tensile tests
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