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Abstract

Over the years, Injection Molding has been the ruling protessanufacturepolymeric
components for the automotive industBy this processexcellentpropertiesand fully dense
partscan be achievednjection Molding canbe priceyif a production batch size is not big
enough to justify thaigh costs othe moldsWith theincreagng demand for Electrivehicles
theneedfor plasticparts with a combination gioodmechanical and dielectric propertesild
grow significantly. Whenlow production volumes are requirefldditive Manufacturing of
polymeric componentsan be considered as an alternative to Injection Moldikay this to
happen, the behavior of parts produbgdAdditive Manufacturig need to bdestedin order
to demonstratéheir mechanicatapabilitiesandaselectrical insulatorsvithin a high voltage
level, atwhich componentand devicesitilized in Hectric Vehicleapplicationsare tested

In this work, tensile and electrical insulation specimens manufadnamadpolyamide (PA12)
by Selective Laser Sinterif@&LS)and HR Multi Jet Fusion(MJF)in three build orientations
were tested and compared &muivalent specimens produced kyection Molding. For
analyzing their mechanical properties, tensile tesiecarried outaccording to the ISG27
standard. To evaluate their efficiency as electrical insulatolgge withstand (HIPOTiests
were peformed to the specimensatwoltagdevel of 4kV AC and withina temperature range
betweer20and100C°C.

The test resultsbtained by the tensile experimedenotedhat the parts produced by Powder
Bed Fusionfor these experimentspresented brittle behavior at fractukeith a maximum
elongation at brealbetween 126% The maximum achievedtensile strengthvalues
represente@lmost74% of the ones obtained by thejectionmolded equivalentspecimens.
As electrical insulatorghe HIPOT testesultsshowed that SLS specimens with a thickradss
2mm withstood a 4kV AC voltage loadcomparablyas the injection molded partsThe
Radiation Absorbing Material present in the HNRJFfusing agent could ba contributor for
dielectric breakdowron the tested specimenTherefore, e applicability of theHP-MJF
processs questionabléor high voltage environmenend within the test conditiorsmployed

Keywords: Selective Laser Sintering, Multi Jet Fusion, dielectric breakdown, HIPOT,
tensile testPowder Bed Fusigrelectrical insulationelectromechanical
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ABS Acrylonitrile butadiene styrene.
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ASTM T American Society for Testing and
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IM 7 Injection Molding.
IRT Infrared.

ISOT International Organization for
Standardization.

ORNLT Oak Ridge National Laboratory.
OEM Original Equipment Manufacturer.
PAT Polyamide.

PBFi Powder Bed Fusion.

PBT1 PolybutyleneTerephthalate.

PEIT Polyetherimide.

PEVT Pure Electric/ehicle.

PHEV i Plugin Hybrid Electric Vehicle.
PLAT Polylactic acid

POMi Polyoxymethylene.

RAM i RadiationAbsorbing Material.
RPi Rapid Prototyping.

SLSi Selective Laser Sintering.

TPUT Thermoplastic Polyurethane

UTST Ultimate TensileStrength.
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Introduction

1.1 Objectivesand motivation

This thesis has the goal of studying thlectromechanicddehavior of additively
manufactured specimens when exposed to a high electric field and to tensile loading by
comparing them with specimens manufactubgdinjection molding (IM).A voltage
withstand test(HIPOT) is performed inelectronic devicesfor electric vehicle(EV)
applicationsduring production. Thereforéhis method is applied to evaluate if insulators
produced by Selective Las@&intering (SLS) and HRMulti Jet Fusion(HP-MJF) are
comparable to their injection molded counterparts. Mechanical properties play an equal
role of importance for components that have the purpose of enclosing and supporting
electrically conductive partBecause of their importance, thikesis also compes
mechanical properties lignsile testingSLS, as a pioneeringolderBed Fusion (PBF)
procesdas beemxtensivelystudied on the contrary HRIJF isarelatively newprocess
and a research gap has hébentifiedin terms ofstudies that locate this technology on the
map to produce parts for elemtnechanicahpplications.

This thesis aims to answer the following research questions:

1 Are specimens manufactured by Selective Laser SinteringViauttil Jet Fusion
comparable with injection molded parts and suitable to be utilized as electrical
insulators within a defined test Voltage level utilized in the manufacturing of EV
component3

1 What are the main differences on mechanical properties betgmerimens
manufactured by injection molding and by Powder Bed Fusion determined by
shortterm tensile testing?

1.2 Scope of this thesis

EV applications are®owide to be covered in a single thesis proj&bierefore, this
thesisis limited to studytestspecimens and not specific components that are present on a
vehicle. Although, there is an overview of general requirements for plastics for EV
applications included osection3.1, not all the applications and requirements are covered
in depthor included on the empirical section

This thesiss based on a literature review of books, journal paetEles AM related
websites standardand material datasheefsbasic overviews given toAM technologies
commonly utilized for processing plastics with higher emphasis onettieologies
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includedin the empirical chapter§he scope of this thesis is limited to voltage withstand
and tensile characteristics of the samples withowiging all the dielectric and mechanical
properties thatauld be studied from a materitdr automotive application&urther studies
suggestedo complement this wor&n SectiorD.

1.3 Introduction and work structure

Additive Manufacturing/AM) involves a widegroup of manufacturing technologies that
are based obuilding solid objects layer by layer and directly from a digital motrel
contrast with conventional manufacturing methad#) AM, it is not required to sculpt a
shapefrom a block of raw mateial like with CNC mahining. Neither is required to
manufacturex mold or tool teshapea product like in injection moldin@M) or die casting.

Due to its layetbased nature, AM offers the opportunity to create solid objects with
minimal desig andgeometrylimitations. In mostof thecasesthose geometriesould be
nearlyimpossible tdecreate bythe conventionamethodgpreviously mentionefil, 2].

AM originated as a prototypintgchnology focused on visual models for fit, function and

form testing, and the processing speeds were low. The processes and equipment have
improved drastically over the last decades in terms of quality and, sgeadichthat for

some application®\M is no longera prototyping technology but the main process for end

use partandfor theserial productiorof small series of productfor instance hearing aids

[4].

Vehicle manufacturerandcomponensuppliershavebeensomeof theearlieradopters of

AM technologies for product development and manufacturing aiding tools. As most of the
parts for vehicles arproduced in massive volumes, injection molding is the most viable
methodfor large scalgroductionoutputs at high sgedsandhigh accuacy. AM cannot
beatinjection molding in terms ahechanicapropertiesspeed, costs per unit and quality

[1]. Butit offers other advantagesich aproduct customization, faster and cheaper design
modifications, offers design freedom in terms of packaging components in reduced spaces
and irregular geometrie&\t low productionvolumes,AM could provide parts atower
costsas there are no mold costsolved

Powder Bed Fusion (PBF) is an AM saategory of processesharacterized byheir
capacity totransform raw materials in the shape of fine powidleis threedimensional
solid objects by the aid of an energy souwekich when applied towards thew material,
fuses together the powder particl®8F,for examplepolymer Laser Sinterindyas high
potential to be utilized as a serial production meft3pdt does not require the addition of
support structures when printiqarts. Additionally, laser sintered parts possess a right
balance of mechanical properties, lelegm reliability and good precisidg].



Electric Vehicles(EVs) are complex products thatilize a series of electromechanical
components in their propulsion systefos distributing, transforming or storing energy.
Electricalenergy is then transformed im@echanical energy and intootion transferred
from an electric machine to the wheefsthe vehicle Most of those electromechanical
systems contaielectricallyconductive parts that need to be suppoded protectedbut
alsoto beinsulatedfrom eachotherto avoid undesired electric contad&r this purpose,
polymeric materials ara suitablesolution They possess excellent dielectric properties
are economic and ligiweight. Whenthe batch sizéor producing partsloes nofustify
the investmenbf aninjection moldng tool it is important to investigate how additively
manufacturegbarts react to high voltages comghte injection molded components.

This thesis is oriented on making a comparative study between three different
manufacturingechnologies (Injection Molding, Selective Laser Sintering aneMdiRi

Jet Fusion) in termgaf tensile properties angbltage withstandThe tensile properties can
provide a general idea of the mechanical behavior opénesand thevoltage withstand
teston how the partact as insulatsunder the stress atigh voltagdevel utilized during

EV componenproduction tests.

After this introductory sectiorsection2 provides a general background related to the
growth in the demand for electric vehickrsdan overview of common High Voltage (HV)
components present in aVE

Then section Jives and introduction tthermoplastic polymeyrthe differences between
amorphous and serorystalline polymersand general requirements for plastics that are
utilized in vehicle electrificationAs injection molding is the benchmark process on this
work, section 4 describes the basitsnjection moldingas a processSection scontains
descriptiors of the Additive Manufacturing technologiethat are commonly utilized for
processingolymers. The focus given toPowder Bed Fusioprocessesdescribing the
processtself, someprocesgparameters and materiaection 6digs intothe work done

by other researchers that haperformed similar experimentsfor PBF partsand
summarizestteir main findings.

The empirical content of this thesis starts from sectiah ptesents a comparative study
between specimens manufactured Ibjection Molding andSLS and MJF Section 7
includesthe methods and equipment utilized during the expetsnenanalyze tensile
properties and high voltage stressthe specimensnd the limitations of the testing
proceduresthe equipmentandthe devicesutilized. Section 8 contains the main findings
of the comparative study in a detailed manwéh comparéive graphs andliscussion
based orthe literature reviewed in section 6. Secti®rsummarizs, conclude the work
doneandcontainssuggestions fofuture workfor a potential continuation on this thesis
topic.



2. Background

The European Commission established that in order to reach the goal of 2°C
resulting from climate changeaused by greenhouse gas emissiohne transportation
sectorshouldcut emissionsyp60%and by phasing out internal combustion engine vehicles
from cities by the year 2059@]. It is estimated that bihe yea2025 the amount of electric
and hybridelectricvehicles circulating around the world will represantapproximate of
30% of the global vehicle fleet, with a 7.7% being battery electric vehicles (BEVs) and
23% hybrid electric vehicles (HEVYp]. According to the European Eneimmental
Agency, mly in the European Union the sales of BEVs incredsebll% andof plug-in
Hybrids by 35%from 2016 ta2017[6].

GLOBAL ELECTRIC VEHICLE FORECAST

B sBEVs [ rPHevs ] Full +Mid Hybrids [} PureICE

Figure 1: Electric vehicle forecast for 2025:R1 Morganestimateg5].

Vehicle manufacturers are cgantlylooking to develop lighter vehicles tsyvitching to
new materials for reducirfgel consumptiondt emissionr, in the case of EVextend
the range ofhevehicle One example dhis is the BMW i3 electric car, thats a body
structuremarufactured froma carbon fibercompositd7]. By the utilizng thermoplastics
good strengtlo-weight ratio of componentsan be achievedPlastic materials are
traditionallytransformed intdunctional componenty injection moldingthis process is
capableto supply the large volumes ngiced for automobile prodtion. Such wlumes
usually batcheswell above 1000pcsare not always required duringthe product
development phases oicamponenbr when a product run is smaller but stilimended
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to be an endise part For high volume manufacturing injection molding is the most
competitive solutioh2], but injection moldingcan beanexpensive processr prototyping
purposesAn injection moldingprototyperequires a soft mold and making modé#tions

to it result in added costs and extended time petiwatsare notesiredwhen fast design
changes are required

Additive Manufacturing (AM) technologiesffer the possibility to shorten the time spent
on developing products due to the fact, ttiety cansupport the creation déster design
iterationsby allowingdesigners and engineers to validate their coscapkreate physical
objecsdirectly from a digital mod@mported to anAM machinein STL format For small
production volumes, AM is not limited to prototyg and can offer an alternative for serial
production AM cannot be considerealcompetitor againshjection moldingin terms of
speed or achievable propertigd. The highest advantage of AM can be described by
guoting Neil Gershenfeld, from the MIT Center for Bits and Atoms who has Stid
revolution is not additive versus subtractive matiiring; it is the ability to turn data into
things and {8hConsgauentlynitisompartant sanphasizéhe potential of
AM as an innovatn-enhancingtechnologyand not asa replacement for existing
processes.

On the other handit is important to understand how some parts createdAlly
technologieautilized for plastics(SLS and MJFpehave compared tajection moldd
onesin applications where injection mofd) is the nost conventional solutiohe need
for elaboratingthis studysurgesfrom the will to increase th&nowledge for AM
technologies at the Product Development departmevialatet Automotive The results
will help as a starting point when selectiagsuitable process betwe8hS or MJF for
prototypes or for small production series f@omponentgresent in EVs

2.2 EV Powertrain HV Components

According to the EN 13447:2001 stand@{, an electrically propelled road vehicie a
vehicle that utilizes and transforms electrical energy to generate mechanical energy by
using oneor more electric machines with the goal of generating tracRoad éectric
vehicles englobe a wide variety of topologies and architectubes utilize electric
machines as their main or supplementary traction soisen electric propulsion systems
are mixed withother sources of propulsiothe vehicleis considereda hybrid electric
vehicle(HEV) [9]. When the propulsion system is purely basedlectricitythatis utilized

to transfer power to the wheat$ the vehicle the vehicleis considered a pure electric
vehicle (PEV). This section describesome ofthe main components utilized in electric
vehicles without going into details of the different topologies and architectures that
determine thalifferences between pure electriehiclesand severakxisting types of
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hybrid electricvehicles.For practicalities, only battery electric vehicles iaudedas the
maincomponents are common between HEVs and PEWNaIL. cell vehicle®r topologies
that do not use batteries to store enenggynotincludedin thisthesis

According to theMBN LV123 standard10], which is directly based on th@erman
Association of the Automotive Industry stand®iidA LV123, thetypical HV components

of an electricvehicleare an Energy Storage System (E&$)pwer distribution un{fPDU),
inverters for switching from DC to A@hen an induction motor is utilized transmission

with electric accessories such aselectric pumpwith motor, loads caused by running
accessories such as an A/C compressor or HV heater. A DC/DC converter that allows the
high voltageto be delivered téow voltageaccessories such as the auxiliary battery of the
vehicle. HV wire harnesses for AC or DC citsy an orboard charger with inlet that in

case of the usage of an AC power supply will be used to convert to DC to supply the ESS.
The schematic representatiorFigure2 shows the different components mentioned before
with two different alternative laputs depending on the type of external power source.

HV system BEV, PHEV
.................................... pmmmmmmmmm——————
i DC power supply circuit H AC power supply H
circuit

it ’
! 1
¥ K ]
[ DCHV circuit |1} 4
1y | HV battery i H
______________ I " pt 1 -
H [ ?:T]:r%aerrd i ; E i E External AC E
y LV powernet ! " . ! ! power supply, |
! |y bebe AC vehicle | low-voltage !
H ke epa converter . kagunal H
! ! =] HV/LV inlet i supply i
H H 1 1 | network H
H N S v !
Yommmmm oo ' " Power Umeopeopeepempeenes | mommmmomemeTos
1| ELAC distri-
: : compressor buton | s,
: : box : 1
8 [ ] 1 ExternalDC
[} 1 ]
i be . ...: power supply E
i1 El heater - vehicle inlet] ™ i
-] L ) DC connection ! !
HV cables i box ! :
| : : ______________ '
Iy
: ............................
I

i
'y
El. machine 1 3
i
)

Figure 2: Schematic representation of the HV components in a BEV or PHEV. Extracted®lom

Another aspect covered by tMBN LV123 is the list of typical partghat constituta HV
component It could include aow voltage control unit, a low voltage connector for
interface to the internal communications network of the vehicle, a ground connection, HV
electronics and electric compongnHV connectors, cooling connectigrmaechanical
protection given by a housing or cover and a mechanicafantto mount to the vehicle

for example bracketsandfastenerd10]. The focus of this thesis @ plastic parts that
provide support, enclose and insulate smallectricallyconductive components inside of
some of the main components mentioned abésehe number of HV components is wide

12



and each design caary depending on the manufacturer arddapplication, the internal
design or configurations @achHV component wagsotincluded in this thesis project.

The role of plastics im HV battery paclor power electronics componenssto provide

mechanical packagincombined with electrical insulatidar HV conductivecomponents

[11]. Some exampls are presented ifigure 3, which shows two different plastic
component sets, on the lefpper sidesome battery celtepeaterframesand manifold
assemblyfrom a Chevrolet Voltmade from BASF Ultramid 1563 (PA66 30%GF]11],

on the rightupperside a Nissanéaf 6 s di sassembled DC/ DC co
showing busbars and contactors supported by a plastic carrier plate that keeps them away
from touching the metal enclosuoe other conductive componeni&he lowerpicture in

Figure 3is a closeup view oft he Ni s s an L e ahHich smaputactwwed byon b 0 »
DensoCorporationaccording td12].

Eowy )
,‘,,2;_.#‘ FLOL A S
JNuog,
T
L=

Figure 3: (Upper left) Battery cell repeater frames from a Chevrolet jdl}. (Upper right) Disassembled
junction box of a Nissan Leaf. (Lower center) @agp picture of thebusbars of the Nissan leaf junction
box[12].
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3. Thermoplastic polymers

Polymers are the resulting long molecules of many monomers joethEghysically or
chemically.Polymers are organic materials anlbtaof commercially available polymers
canhave more than 1000 momer repeated unifd4]. Polymers in general can be divided
in three groupghermoplasticshermosetandelastomers. Theaneral difference between
those classifications how their large molecules interact with each other vtheg are
exposed to thermahanges.

Thermoplastics can be melted and solidified many times, while thermosetting polymers
and elastomersvhenthey solidify, develop stronghemicalbondsknown as molecular
crosslinking [14]. Crosslinking is irreversible and therefore, thermoset polyntersiot

soften when heatedfter they have been solidified withosuffering degradation.
Thermosets and elastors@&annot be processed by melting théhe terms plastic and
polymers are commonly utilized interchangeably but the main difference between them is
that a plastic is composdxy a polymerplus extraelements on them sh@as additives,
colorants fillers, etc [15]. This sectiononly coversthermoplasticpolymers therefore,
thermoset polymers, thermoplastilastomers and elasters are not encompassed further

When thermally processed, the mextules ofthermoplasticpolymersdo not create any
chemical covalent bond between its carbomtoms but are held together byeaker
intermolecularforcesknown as VarderWaals forceq16]. Therefore, they can soften
whenthe molecules are excited bgat under mechanical forces or when applying solvents
to them By adding those factort® the materialsthe distance betweedheir molecules
grows and consequently, the molecules tend to nvatle more freedom increasing
ductility and flow[16].

Thermoplastics can be divided in two main groapsording to their molecular structures
Amorphous and Senarystalline.Amorphous polymers do not form organized molecular
chains. Their molecule chains remain in random order and tangled.b&hegne brittle
when below their glass transition temperati a&ndwhenabove it theyareductileand
soft Amorphous polymers doot show a clar or definedtransition between solid and
liquid. Therefore, they do not reach a melting tempergtif¢ but rather a temperature
where processing them is easier called the flowing go{3]. For amorphous polymers
“Y is an unpredictable temperature that is mostly determengarically[3]. In contrast,
Semicrystalline polymers do form ordered molecular structbesed on their crystallinity
but are called senurystalline because they have somepprtion of amorphous in them
andpartof their molecular structuremeorganizel randonty creatng amorphous regions
mixed within the ordered structurgsee Figure 4) [16, 17]. When semicrystalline
polymers reach their glass transition tempera(livg, their molecules increase their
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mobility and turn ductile, if the temperature keeps increasing there is a sharp temperature
pointin whichthey reach their melting temperatf¥ ), in that pointthey become liquid

For semicrystalline polymerSY Y [3]. Y defines a point where a polymer experiences

a lot of changes in its properties, therefore it is importantnaaterial selection parameter

[14]. It is important to note that for serarystaline polymers, when cooling after melting

at”Y andreally close to it, the creation of crystals occurs, this is called the crystallization
temperature. Polymers with short molecules can form crystals f8kter

Figure4 shows the difference between the molecular structures in amorphous and semi
crystalline thermoplastic polymensarkingtheir amorphous and sefmiystalline regions
Another important thermal transition in polymers is tpeint when they start to
decompose/degrade, it is known as Decomposiemperaturg”Y), it occurs in most of
polymers above 3085C0°C [3].

Amorphous thermoplastic Semi-crystalline thermoplastic
random mmcrvstalline phase

Figure 4: Amorphous and sergrystalline structures schematic. Seerystalline regions are distinguished
on theright-sideschematicExtracted fron{3].

3.1 Requirementsfor Thermoplasticsin EV Applications

One of the maimssues in vehicles witBnergy Storage Syster(isSS) specifically
high energy density batteries, is the range that they can be driven before they need to be
re-charged. A feasible alternative to extend the driving rantfee vehiclas by decreasing
the overall mass of the vehicle so that the power demand on the powertrain is lower and
consequently, the overall energy consumption too. Utilizing plastics on battery related
components can contribute to the reduction of mass and allow dbtyhintegrated
components. On the other hand, besides of strapgileight ratio there are additional
requirements and properties to be considered when selecting materials that would be
surrounding, supporting or enclosing High Voltage components asimesglin the
following subsections.
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3.1.1 Flammability

A critical requirementfor plastics surrounding, enclosing or in contact with
electrically stressed items is flame retardancy. Even if batteries operate within a
temperature range below 60fT8] and ideally between room temperature and J33[;
if a fault occurs it can lead to fast temperature increments. Extreme abuse, shock and heat
could lead to a thermal runaway with severe reactiondvimgpthe emanation of toxic
gases, smoke and fire. In case of fire, the less materials contributing to combustion the
better. Therefore, the usage of halogee (in the EU and Japan) flametardant plastics
that fulfill requirements according to the B4 flammability standard and be within the
criteria of V-0 to V-2 is a common requiremef#0]. The V-0 criteria rules that a specimen
of a plastic material should not present flame for more than 10 seconds after burning it
constatly in a vertical burning test for 20 secondsither the flame while burning can be
as high as the clamp that holds the specimen or the droplets released by the melting
specimen should ignite a cotton indicator placed under the specimen. Other UL94
classifications can be observed in Table 1 and are important to identify which materials
can be utilized for certain applications.

Even if V-0 is required by many OEMs, eadii their specificatiors could be
different, and some battery pack components utilizéenals that are among different
UL94 criteria. Insomecases, if a plastic component is confined inside of a metal enclosure,
the flame retardancy requirements could be less strict and other UL94 grades can be
accepted by the vehicle manufacturer. Sorsrles include the battery cell holders and
battery modules of the VW Touareg 2010 and Porsche Cayenne 2010 hybrid models, which
were manufactured from the resin NORYLE SE
SabicandratedUL94 V-1 [21].

Tablel: Flammability criteria extracted frorthe UL94 standard[22].

Criteria conditions V-0 V-1 V-2
Afterflame time for each individual speciménor ¢ . 010/ O30/ 030
Total afterflame time for any condition set (plus 6 forthe | 050/ 025|025
5 specimens).
Afterflame plus afterglow time for each individual specim O3 0] O6 0| O6 0
after the second flame applicatian ( 0 .

Afterflameor afterglow of any specimen up to the holding No No No
clamp.
Cotton indicator ignited by flaming particles or drops. No No Yes
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3.1.2 Electrical Properties

According to the 1ISO 6469 standard, in electrically propelled vehicles there are
two voltage classes. Class A, or low voltage, which ranges from Quio 800 to 6@
and Class B, which covers the high voltages within a range between 30 to 1860
60 to 150 [23].

According to the IEC/CEI 60644 st andard, Ainsulation is ¢t}
product t hat separates t he conduc[gd.ve pal
Electrically insulative materials do not allow chag® move freely when a force
originated by an electric field is applied to them, in the case of polymers, the electrons stay
strongly attached to their polymer chain, not allowing them to flow with the field unless

the force generated by it is high enotghreak the bondVhen the electrons move current

is conducted Therefore, plastics are commonly utilized to insulate, carry and enclose
electrically conductive components such as busbars, fuses, contactors and sensors to
mention some examplesd asn the example®bservedn Figure 3 They possess low
electrically conductive properties, although polymers could tend to conduct electricity
minimally but often is due to impurities within their compositifd] .

For components #t require any kind of electrical insulation functi@ome ofthe most
observed values in a material by engineers and designers are high dielectric,dtighgth
insulation resistancand a Comparative Tracking index (CTI) corresponding to the highest
voltage considered in standard tests, ideally belonging to Material Group | according to the
IEC60112 test, which sets a value of 6@D& T[25, 26]. A high CTI value allows for
packing components closer to each other with lower chances of conductive t{2éking

Key properties to consider when selecting polynfersnsulating components according

to their application areh®wn in Figureb [27]. As observed in Figurg, for high voltage

(HV) applications, the dielectric strength plays a key role resulting from the possibility of
a material losing its insulating properties when exposed to high electric fields.
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Figure 5: Dielectric properties for insulators according their application Extracted fron{27].
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3.12.1Dielectric Strength

When exposed to stress caused by voltage, insulzdotsecome conductors by
losing their insulation propertiethe voltage level for this toccurcan be defined as the
Breakdown Voltage or Dielectric Breakdown Strength of a matg&j

The dielectric strength of an insulator is the limit voltage after which, the insulator will
presat a Dielectric Breakdown. The Dielectric Breakdown at high voltages could present
a burnt or carbonized local puncture where the failure occitre@7]. According to the
literature, it is difficult to identify a specific property in a material that could determine
how suitable a material is as an insulator, this assumption is often achieved by empirical
testing. The dielectric strength, according to $hef units, can be expressed in terms of
voltage per millimeters of thickness of the insulatofé & . It is common that a dielectric
breakdown takes place azone with imperfections or voids in a materesulting from

partial discharges formed dteeair or gasses trapped within the voids that possess a lower
dielectric strength than the polymeric matefia].

There are different factors such as aging, heat or mechanical stress that can contribute to
theoccurrence of a dielectric breakdavim many cases it is common that not a siragle
contributes to it but a combination of many of them and its mechaf&fhsEven if a
dielectric breakdown is difficult to predict the meclsans that contribute to it are
electronic, thermal and electromechanidal]. For instance, when performing dielectric
strength tests withwo electrodes it is possible to experience some deformation of the
specimen under tebe@use of compressive forces that result from the attraction that the
electrodes develop to each other, this can contribute to a lower dielectric strength region
[14].

3.13 Chemical andthermal resistance

Plastic parts that are in direct contact with battery electrolytes require to possess
good chemical and heat resistance so that the components can keep maintaining their
functions and integrity even if the operation temperatures are[BighIn the case of
components that belong or have to/any kind of liquid cooling system, a good compatibility
with antifreeze agents such as ethylene glycol or propylene glycol is a benefit.

In terms of heat resistance, a high heat deflectimpégature is a considerable property to
select a material for-mobility applications. The exposure of polymers to temperature
changes can cause geometrical distortions, softening, oxidation or embrittlement by
thermal aging24].
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3.14 Moisture absorption

As moisture promotes electrical conductivity, it is important to point that plastics
to be utilized as electrical insulators or to house electrical components should not be
propense to absorb too much moisture. Some insulators, on the other hand quiakly dr
get easily rid of any humidity with the heat produced by the cummgng toflow through
them. The exposure to water and high concentrations of stress could lead to the
development of water trees, which are cavities filled with water or ele@rbigt can cause
water bridges between conductive parts, according to DrgBfywater bridges do not
cause a dielectric breakdown directly but can promote its develop®emte testing
methods for water absorption of plastice @efinedby the ISO 62 and ASTM D570.

3.15 Mechanical and physicalproperties

Other important material selection requirements are low density to ensure low mass
and properties such as high stiffnés¥ o u n g 6 s, flexibilityy punctire and impact
resistance. For example, brittle materials could have more difficulties for absorbing energy
from impacts and vibration in comparison to ductile ones. Polymers, in general, are flexible
materials that respond slowly torées applied to them and usually yield before fracture.
On the contrary, brittle materials are affected immediately by loads and could fracture
drastically without a clear transition between their yield and fracture points and without
much extensiofiL4]. As it was mentioned above, mechanical factors can induce or promote
the breakdown of a solid insulator material the case of material brittleness with poor
impact resistancetresses applied to the polymeric material could keasmall cracks or
fractures that could lead to dielectric breakd@srwell[24].

The inner structure in the insulator material can also play an important role in meeting the
dielectric strength values for an application, woidside of a material can decrease the
insulation properties of i{24]. When carrying electrically charged components the
mechanical properties of polymers combined with their insulation properties have an
important rolefor fulfilling safety and functional requirements.

Some examples of injection molded polymers that have been developed for vehicle
electrification applications can be observed in TablliZhe values contained in table 2
were taken from themanufacturerslatasheetg29, 30, 31, 32.
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Table 2: Examples of different polymers utilized in EV powertrain components and some of their relevant
properties.Retrieved from[29, 30, 31, 32].

Resin Amodel® Zytel® Crastin® Noryl E
HFFR-4133 | FR95G25VONH | LW9030FR GFN1

Characteristi (PPA) (PA66/6TGF25) | (PBT-IGF-GF30) | (PPE + HIPS)
Density (¥ &) 1.45 1.4 1.55 1.17
Heat deflection 300 236 205 115
temperature,
1.8MPa fC)
Youngods 12000 8900 10200 4000
(MPa)
Dielectric 0.8mmY 30 | Not available 1mmY 29 3.2mmY 18

Strength (kV/mm)
Flammability UL | 0.8mmY 0.4mmY VO 1.5mmY VO | 0.75mmY

rating VO VO
Water absorption 0.28 4 0.35 0.06
(%)
CTI (V) 600 600 325 275
Manufacturer Solvay Dupont Dupont Sabic
EV Application Enclosure | Battery Housing| Power Battery cell
and and connectors | electronics spacers and
insulation [25]. insulation and | holders[21].
for HV enclosure$25].
components

4. Plastic injection molding basics

Plasticlnjection Molding (IM) as a process has appeared since the last part of the 1800s,
when the firstinjection molding machine was introduced to process cellulose nitrate.
During the Second World War the process was ldgeel for mass production anul946

the first €rew injection molding machinewas developedwhich is the most commonly
utilized type ofmachine nowaday(83, 34].

Plasticinjectionmolding can be described asylic process that can transfopolymeric
materials in the form of granulesith theaid of elevated temperatuggessurand a mold
into different types otomplexand identicaffinished productsnassivelyand with high
dimensional accuracylt has a wide range of applications that include consumer,
automotive and aerospapeoductsamongmultiple others. More than 30% of plastics
existing worldwide are processed by injection moldargl 50% of the equipmeno
process plastics is dedicated to injection moldiikj.
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IM is a repetitive process thatarts by filling the hopper of the machine wjblymer
granulesor pellets. Therthey are inserted into the barrel. The blaneges heatinglements
thathelpfor the materiato reachthe desired viscositythis stage is called the plasticizing
phaseThe injection stage starts whére materiais forced by the screwith a definel
amount of pressure into the mold. The malohsistsof two parts and contains a cavity
The cavitywill be filled with the polymer to form the product, which will laereplica of

t he c av iWhjedhe matdria ip leept inside of the mold cataiycooling, pressure

is appliedfor a short period of timeandsometimesnore molten material iaddedto the
part for shrinkage compensation, this pressure is known as holding plds$ulrgection
molded parts in generg@resent good density distribution, although some voids can be
formed during cooling when air gasbubbles get trapped in between the materalke it
has been solidifiedrigure 6 shows a screw injection molding machine with its general
components
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Operator interface Plastic
ﬂheck valve pellets -
/ Injection
Reciprocating cyllnder)
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T
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melt heaters
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Hydrauli(:/
power supply
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[
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—— Clamping unit Injection unit

Process controller

Figure 6: Screw Injection Molding Machine, extracted fr¢®5)].

IM as a process possessadvantages and disadvantages. Some advantages are: high
volume of production at a fast rate, repeatability, high dimensional accuracy, design
flexibility, extensive possibilities for automation atwv or no direct consumption of
solvents or water. Mostfats disadvantages are related to cosetupand tooling lead
times and equipmemxpenss. Asthe moldsneed to be manufactured from high strength
tool steels, their machininipr readiness could take from 12 to 16 weeaks are costly

[34]. It is important tamentionthat injection molds, depending on the product, could be
complex anccanrequire many artsthat wear over the timd-or prototype runs and, in
some cases, for serial productiohsmall volumeghereexist the possibility of making
aluminummolds The use of softer materials for tooling can reduce the lead time of the
tool from many weeks to few daj34].
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Within the automotive industry, injection molding is the magiplied method for
processing polymers for vehicle¥he most utilized polymers for automotive overall
applications are Polypropylene (32%), Polyurethane (17%) and PVC (16%). Other
polymers like Polyamide (PA), ABS and POM are also widely used but in fmaportion

[36].

4.1 Anisotropy of injection molded parts

The resulting properties @lastic parts processdxy injection moldingdependon many
parameters. T stiffness overall strengthand dimensional accuracyependon the
anisotropy of the molded pa#s well a®n how the orientation of the molecules, additjves
fibersor fillers of the materiaéndlocated alonghe final part after molded. Other process
factors and paramets affeting part qualitycan be the cooling rate, cavity dgisjinjection
speedand injection pressure among othidr§]. Several parametersteract and have many
dependencies with each othparameter@ambinations may hawveifferent effecs on part
properties They could be highly dependent on the material example increasing the
injection pressureand mold temperaturean have positive ffcts on shrinkage and
warping but higher injection pressure impacts negativel\etise to eject the pfBt].

Some known mechanisms that affect the orientation of injection molded patiseare
fountain flow effect, radial flow and flow induced by holding pressure while the part is
cooling. The fountain flow effectdepicted inFigure 7 is the resultof the difference in
temperatures between the mold cavity walls and thestheiblymermoing tirough a gate

to fill the cavity. Usually, after the melt contacts the colder wadlihe moldit solidifies
immediately stickingo the wallsand creating areffectthat resembles/hen a water jet
comes out from a fountaandgoes out from it as a comsit linear jetthenwhen reaching
certain point athe top it opens towards the sides to let the water fall back dama
towards the sidedue to gravity. In radial flow the material that goes through the gate starts
stretching and expanding in a radm&nner sticking first to the perpendicular walls next
to themold gates. Then the rest of the material starts pushing it to fill the dagity

Frozen layer

“ = ) _— - Flow front
Z[? Melt E/Va\ucuy distribution . &
9’ >

Gate

Figure 7: The fountain flow effect is one of the common mechamiffering anisotropy in injection
molded partsExtracted fronj16].
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5. Additive Manufacturing

Additive Manufacturing (AM) as a term, emerged from the term RBpadotyping (RP),
which started in the second part of the 1980s. RP was employed to establish methods for rapidly
allowing the creation of physicg@rototypesdirectly fromdigital data. The initial goal of these
methods was to only test the functionaéitydfit of parts within an assembly or for product display
purposes but with the evolution of the technologies involving those methods, it is currently
possible to create functional parts and -esd products with them. As a result, Additive
ManufacturinglAM) was established by the ASTM in agreement with the ISO as the term to refer
to technol ogi e sond delactive dradadréabe amaid paff,, B37h This section
includes the different categories of the most common Additive Manufacturing technologies that
allow the creation oplasticfunctional components, emphasizing on Powder Bed Fusion (PBF)
technologies and materials.

Additive Manufacturingsurges from the igethat parts can be produced by adding a layer on top
of anotherpreviousy createdoneto successively stack thewith the purpose obuilding the
desired partThis is achievedenerallyby stacking the layers in a vertical manrteach layer is a
crosssectional cut of the final part with gre-defined thicknesslependent on the equipment
capabilities

In comparison with othewell established andraditional manufacturing methods such as
machining,which removes material to scuydt the final productAdditively manufactured objects

tend to havdewer design limitations comparet their traditional counterparts because of the

Al ayer progesddasgribad aboven the other handas the parts are built bgyersbeing

stacked verticallysome featurein some processawed tobe supporéd byaddingremovable

material to avoid saggingy overhanb e cause t he par t s[l.AM optinoizes be b u
the utilization of raw materials bgdding material only in the locations where itaguired AM

is a revolutionary technology not only because of its advantages over traditional subtractive
methods, but because of the ability of producing abjelirectly fromdigital modelsand then
obtainfeedback fronthe addtively manufactured objectreating a fast improvement lofg].

From a design perspective, AM disrufite principles of Design for Manufacturing, that have the

goal of adaptingheshapeof a partto the limitations of a defined manufacturing procéssrefore

it i's sai d that wit h[2.Béides ofaheuppor structuses, themly f or  f 1
limiting factorsfor designing productorAd di t i ve Manuf acturing is th
imagination[1]. AM allowsdesigners and engineers to design for function and performance rather

than for manufacturingWith AM the manufacturingequipmentis more flexible to product

changes, if compared to traditional manufacturing, where a set ohthédsor cutting tools &

specifically manufactured to fit a specific part geomgzty
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According to Gibsoret. al.[1], the generic step by step process of any AM prosaspresented
schematicallyn Figure8.

The basis of any AM method is the (1) CAD data of the part tproelucedand its conversion
from the native format of the software where it has been designed t¢oSAMF [37]) format

(2). STL is themost commoriormat that catbe transferred to the AM manufacturing machine (3)
for manipulationand preparationOnce the STL file is loaded in the machine user interface, it is
then possible to do the machine setup\ere the build parameters, for instance layer thickness
tempeaturesand speedare defined. Afterwardshe build (5) is made autonsaty and the part
can be removed (6) from the machimken it is finishedAfter remonal, the postprocessing (7)
phase starts, in which the part can be separated frosnpsort material, deburredy cleaned

The final step is the part end application or, usenight require some surface finish such as
paintingor assembly wittother partg8).

1. CAD model

2. STL file

3. STL to AM machine

4. AM Machine setup

5. Part build

6. Part removal

7. Post-processing

8. Application

Figure 8: Generic steps of the AM procegslapted fronmj1].
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5.1 Additive Manufacturing processes for polymers

The ASTM in collaboration with the ISO haweveloped theASTM/ISO 52900:2015
standard, which divideadditive manufacturing processes in 7 categdraes which 6 are

capable of processing polynserssummarized in Table [87].

Table3: AM processes for polymers according to the ASTM/ISO 52900: 2@tHpted fronj37].

AM Process Description Suitable Raw
Materials material
feedstock
Binder Jetting (BJT) | Uses bonding agents to kee| Metals, sands | Powder,
granulated particles together and polymers. | granulates.
The bonding agent is
dispensed through a nozzle
over a build bed containing
the material particles.
Material Extrusion | Molten material is extruded | Polymers ang Filaments
(MEX) through a heated nozzle ove composites. and pellets.
a build bed to stack layers.
Material Jetting | Material droplets are Photopolymers| Melted or
(MJT) deposited into a build and waxes. liquid
platform with a printhead tha materials.
contains a UV light source
that cures the selectively
deposited material.
Powder Bed Fusion| A heat source fuses seledly | Polymers ang Powder
(PBF) a material in the form o metals. materials.
powder spread over a bui
platform.
Sheet  Lamination| Process sheet materials by | Thin metals, Sheet
(SHL) cutting them in layers to paper and materials.
join/bond them together to | polymers. Commonly
build and object in a vertical ina
manner. spool/roll.
Vat Liquid resin is contained in g Photopolymers| Liquid
Photopolymerization | vat and is cured selectively | Thermoset materials.
(VPP) via a UV light. polymers.

Each of the proceges mentioned above have their osuircategories, this thesis is
oriented toPowder Bed Fusionprocesses for polymers and therefore, the further sections
do not make mentions abther processes except ftaterial Extrusion and Vat
Photopolymerization due to their relevance in the AM development amgbortant
presence in thAM industry.
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5.1.1 Material Extrusion

The basic principles of the material extrusion process are based on heating a raw material,
which is therlocatedinto a heat chamber tmuefy and then with pressurthe materials

pushed through an extrusion nozzle wdgfined dimensions and shape. The material is
then solidified and boredl to a build bed that movapwards or downwards on tkertical

Z axis (seeFigure9) while thehorizontaldirectionsX and Y are covered by the nozzle
carrier. The goal of the movalbeild bed is tawonstructhe part layer by layer and to bond

the new material layer into the previously deposited layer until the complete stroicture

the partis finalized[1].

It is possible to solidify the molten materials only by the temperature difference between
the heat chamber temperature and the environmental temperatorestihermoplastic
polymers[1].

The raw materials that can be extruded be in the shape of powder, granulates, pellets

or filaments. When the material is not in the shape of a filaiheah be pushed by gravity

into the heat chamber, but an additional element must create the pressure to extrude the
molten material througkthe nozzlelt can be done by a plungexscrewor compressed

gas although these extruding systeargrarely appliedin any commercial AM system

[38].

When utilizing a filament material, the feeding system that movd#aheent towards the
heating chamber, creates the needed pressure to extrude the material through the nozzle
simultaneouslyin a similar manner as in a hot glue gun

5.1.1.1 Fused Deposition Modeling (FDM)

Among materiaéxtrusion methods, the most wideljliwed is Fused Deposition Modeling
(FDM), which was developed by the American company Stratasygyainds patent
grantedin 1992 their patent expired in 200€onsequentlyin the following yearghere

was an explsion of consumefriendly and lowcost desktop machines flooding the
material extrusiofbasedequipment markef39]. To avoid patent infringement, some
manufacturers commercialize their machines as Fused Filament Fabricatioor(FE§¢d
Layer Modelling/Manufacturing (FLM) instead of FDM but they operate under the same
principles as FDM macheswith smallvariations
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Process description

FDM utilizes heat to melt a material in the shape of a continuous filaghénEigure9a)

into a liquefier chamber(3 in Figure 9a) to then push it by a tractio(pinch roller)
mechanism(2 in Figure 9a) through an extrusion nozzl@ in Figure 9a). The molten
material is then depositeder the build platform, which issually also heated, and located
perpendicular to the axis of the nozAegantry system thedisplaces the extrusion nozzle
along the X and Y axes of the build platform in the locations where the material is required.

a) b)

Figure 9: a) Simplifiedschematic of FDM extrusion nozadapted fronjl, 38]. b) Simplified schematic of
main FDM extrusion componentetrieved froni4(Q].

Parameters and part quality:

According to Gibsoret. al.[1], for most of partsthe first shapghatan FDM machine

starts plotting is the outlidgerimeterof its cross sectigrwhich is printed at a lowepeed

to avoid drastic changeshndhe nozzle travel directiorss speedchangesmay lead to
geometric inaccuracie¥he reasoibehind it isthe synchronyariationsbetween the travel

of the nozzle along thhorizontal plae axd the nozzle extrusion ratBast directional
changeganlead to havecarce or excess ofaterial in some regions of the part. The infill

on the part could be plotted at higher speeds as it is not determining the geometry of it but
the orientation of thplottingon each layer can improve or decrease the overall strength of
the part. Gaps between layers can lead to weak areas and overlaps can be used to fill gaps
but they could result in part swelling. A good pracigéo plotevery extruded road in a
crosspattern to increase structural strengthe nozzle diameter determines the smallest
feature to be achieved in tipart. The strength of the part is strongly influenced by the
layering setup that can lead to stronger or weaker an#ais thepart[1].

The mechanical properties of FDM parts are anisotrai@pending on the printing
orientationFor instanceBagsik and Schéppngtl], made tensil e tests wi
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and Knoop and Shéppngl2] experimented with PA12 specimens. Both studescribed

that regardless of theaw material properes, the build orientation of their specimens
strongly affected the end properties of their specimens while loaded in tePesitsnbuilt

in the Z direction(see Figureé?5) have the lowestensilestrength valuedue to theveak
fusion betweemayers and the X build orientatiqeee Figur&5) showed the best tensile
behavior In contrast, when the pamtgereloaded in compression the Z direction presents
higher compressive moduluSverall material extrusion AM processes present the lowest
medianical properties in the normal direction of the layarseretwo layers fuse with
each otherlt has been demonstrated experimentally that it is possible to increase the
bonding between the layeasd in consequence, themechanicaproperties(approx.by

30%) by producing the FDM parts in an inert atmosphere. At high temperatures when
melting thefilament the materiacan suffer degradation resulting from oxidatifoom
contact with aif43].

Smaller nozzladiameters allow higher geometrical accuracy, but lower extrusion speeds
and the opposite happens with large nozzle diameters. For parts produced by FDM it is
advised to have a minimum feature size and wall thickness that are at least twice the nozzle
diameer [1]. Electrical properties of FDM parteas well anisotropi@according tathe

printing orientation. According to Hoff et. dl44] and Monzel et.al[45], FDM parts
present aligned voids in between layers that can lead to low mechanical properties and the
same issues are a cause of lower dielectric strength. In the ddgg, @f was noticeable

that the orientation flat (paralleb the build platform) showed the poorest dielectric
strength compared to vertically printed specimens for MB&materials. Although they

found that their experimental results are not completely aligned with the material
datasheetpublished by the matei manufacturer

Materials:

FDM materials, as explained before are delivered in the shape of aumgifilament

FDM is highly compatiblewith amorphous polymerwith low flow temperaturesiow
thermal expansion coefficient and laylass transition temperaturéyj [46]. The main
reasorfor suitabilityis that amorphous thermoplastics gradually suffer viscosity changes
with increasing temperaturdsDM is less suitable for highly crystalline polymegamt
crystallinethermoplastics have better mechanical, thermal and electrical properties, as well
as chemical resistance bteénd to be more challenging in terms of homogeneous
extrudabilityand theircrystalline structures tend ppomotefastershrinkagavhen cooling
making the adhesion between layerdo the build plate to the machinemplicated 1,

46]. On the other hand, with the corréetild chambeconditions, temperature control and
process parameters seanystalline thermoplastics are possible to extrsecessfullyoy

FDM whenthe crystallization speed can be controlléd.
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The most common FDM materiased on desktomachiness Poly Lactic Acid (PLA)it

is one of thdowest in costit is biodegradable anslocompatible On the contrary it does
not perform well when>gposed to high temperaturdsms poomechanical propertieand

low durability. It is suitable for form testing rather than functional testing for demanding
applications PLA can befound blended with particles of metals or wood mostly for
appearance andxture but this blends usually do nebhancéehe properties of the material
significantly[48].

Different variants of Acrylonitrile Butadiene Styrene (ABS) such as ABSplus,-iNBS
and ABSESD7from Stratasysre intended for functionaésting ABS-M30 has better
meclanical properties than stand&BS and is suitable for functional prototypes and-end
use parts. ABSplus has similar mechanical properties asMBESbut slightly higher
dielectric strength. ABESD7 is a variant of AB$130 but with eleatostatic dissipative
properties and a good altetivefor applications in electronidgg].

Polyamides aresemicrystalline materialsHowever, there are many nylon materials
available forFDM. For instancePA6 and PA12 aravailable from Stratasyshey are

tough and flexib, therefore suitable for functional parts with design features likefgaap

and living hinge$48]. Markforged offers nylon composite materials that blend PA12 with
different Continuous Fiber Filame€FF) variants including carbonkevlar andglass

fiber reinforcements for aday stiffness to theawPA12. Their technology consiststefo
nozzles, one deposits the polymer and the second one deposits the reinforcement. The glass
fiber reinforced material is suitablfor emobility functional parts if considering only
stiffness, heat resistance and electrical insulatMarkforged alsooffers a series of
materiat called ONYX, these materials are composites basdd bro u gléndo N( PA6)
plus choppedarbonfiber,it can ke reinforced by their CF§ystemsONY X FR has UL94

V-0 ratingfor a minimum thickness of-8mm. Those materials are only compatible with
Markforged machineg9].

Polypropylene, widely used for automotive applications amadgelectrical insulator is
available by BASFas apolypropylene glass fiber blersbld as Ultrafuse PPGF3@ is

stiff, withstands high temperaturbat because of the 30% glass fiber content it cannot be
processed with a regular extrusion nozzle, it requires a hardened one. BASF recommends
not to use more than 80% infill to avoid warp$gé).

For highperformancematerials ore example isSabi® sULTEME 9085 which is
Polyetherimide (PEI). ULTEM 9085 is UL94 0 halogerfree and it is intended for high
demanding/performance applications where mechanical stresses are high. It is approved
for transportation applications like comroed vehicles, automotive and airplane cabins.

It can be utilized as an esprt materiabnd can maintain mechanical properties at high
temperaturefs1].
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5.1.1.2 Big Area Additive Manufacturing

Big Area Additive ManufacturindBAAM) is a processleveloped by the Oak Ridge
National Laboratorf{ORNL). The innovative approach that BAAM has made to FFF is
that it is a material extrusion process that instead of utilizing polymer filameasées
commoditypolymers in the shape of pets. According to the ORNL, the same pellets
intendedfor injection molding can be utilized for this technology. If compared with
conventionaFDM/FFF materials, the cost difference betwhksmcost ABSfilaments and
pelletizedABS canbe from 31USD/kg talUSD/kg respectivel{52].

In terms of dimensions and speed, BAAM can print part®.4%2.4x2.4m at a rate of
25kg/hr. The extrusion head on BAAM systems possessg&agie screw similar to the

ones that forcgthe material int@ mold in injection molding machines, but the positioning

of the extrusion nozzle within the work area resembles the same principle as in FDM, a
gantry allows it to move in X and Y directions within the same plane @hdild a new

layer, the extrusiondad rises vertically ithe Z direction.The main potential application

is intended to be big structures such as vehicle body structural compdeestsictural
components are the main target of BAAM, the materials known to be processed by BAAM
are mos¥ blends of discontinuous carbon fibers and engineering polymers such as ABS
[52].

5.12 Vat Photopolymerization

Vat Photopolymerization groups a series of procetssetstilize photopolymers to
create solid parts from liquid resins that are contained in a vat. Vat Polymerization includes
the first 3D printing method to appear in the indusing established &tereolithography
ApparatugSLA). Charles Hull, its creator, was altio 3D print the first SLA part in the
19806s. During that same dHedexvaoped thefirsp3®t ent e
printer and founded 3D Systenas that time itwas the firseind only3D printing company
in the world[1, 53].

Process description:

In general, the process starts with a photopolymer layer containe@inraliquid
form. In some casethe partinthisprocessb ui |'t Aupsi de downo, thi
is built from topto bottom in contrast to what is usuallydoneinFRMh e part i s fihe
from the build platform instead of laying on top ofalthough this is not a rule and in some
machines the builglatform moves downward3 he light source is located at the bottom
or the topof the machineccordingly. he radiatioremitted by the light source couite
focalized towards the build platform through the vat aomihg the liquid resin, in that
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caseghe vat material is clear. When the light souliceninates the liquid material, dures
the first layer of the parthenthe build platfornelevatoris raisedowered and the vat
bottom surfaces uniformly recoated with a blade addingpre liquid resinto build the
next layer. It is important to mention that the radiation is selectiiegcted tothe part
and these processes requirettie creation osupportsstructuresthat can be removed
afterwardsThe resin that is not touched by the radiationams liquid.

Elevator

Part

Sweeper

Liquid
Photopolymer

XY Scanning
Mirror

Laser

Figure 10: Schematic diagram of an SLA machine and its comparextiscted fronf54].
Process parameters and part quality:

According to the literature reviewed jB5], relevantqualitiespresent orfinished SLA
parts arsmoothsurface roughness ahdyh dimensional accurag¢yhey have been studied
extensively

As the parts are built layer by layer, similarly as in FDM, the part contours always present
steps that result from the joint of a previously made layer with the next one on top of it.
The formation of steps is more evident in parts with large curvedcesgtfahe formation

of steps can also have impacts on part costs due to the need-pfquesising them to
decrease the surface roughness values or achieve a better physical appearance. Studies
compiled in[55], found that the sface roughness of an SLA part is highly impacted by

the layer thickness of the print, part orientation and material properties.

The main factor affecting the overall dimensional accuracy of the parts, regardless if the

radiation source is a laser or a |ans the volumetric shrinkage. Shrinkage occurs from

the variable curing rates in different areas and different moments on the production process.
When a series of monomer molecules form a polymer, the resulting polymer molecules

usually have a lower voine and therefore the part, shrinks. The shrinkage of a layer affects

a previously cured layer as the new layer, when joint to the previous one pulls it towards

the shrinkage directions, and the process repeats within every layer of the part causing
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residudstresses, curling and therefpdémensional inaccuracy and part distortj@ns5].

The curing reaction during photopolymerization is affected by different parameters such
as laser power andscanning speedln terms of mechanical properties, Vat
Photopolymerization partdo not present isotropic behavior. The strength of the parts is
low and therefore not utilized as finished products in demanding applications. According
to Hoff et.al.[44], it was found that horizontally printed orientations resulted in lower
dielectric strengthsttributed to anisotropic curing that affects mechanical propeties
well.

Materials:

The materials used iWat Photopolymerizati® are all in a liquid state and thermoset
polymers. In contrast with thermoplastic polymers, they cannatele after they are
solidified from their liquid state. The photopolymer resins utilized in SLA are specially
formulated for this process. All the SLi&sins are based on epoxy or acrylate resins. The
firstly developed resins were all based on acrylates but currently there is a wide availability
of commercial resins that are mainly epdased1].

SLA resins can be divided aagding to two photopolymerization mechanisms: radical
initiated and cationinitiated polymerization. Cationimitiated include epoxides and

vinyl ethers while radicaihitiated cover acrylates. According 5], the cationic bsed

resins excel in terms of mechanical properties over acrylate resins, which can be strong but
brittle. Cationieinitiated resins tend to keep curing even after removed from exposure to
UV radiation.

There are commercially available resins that resenft@deproperties of some injection
molding thermoplastics and possess good mechanical and heat resistance properties.
However, photocurable resins are not suitable for -tengn durability applications
compared to injection molding parts, most of the mdteawailable degrade and age over

the time and their mechanical properties as {ieR]. Another aspect is thaata available

for flammability rating, from datasheets the compliance with UL94 is not available for
most of the resins. On the other hand, in terms of dielectric strength there are resins, like
the DSM Somos® ProtoTherm 12120fering valuedetween 15 and 16.5 kV/m[84g].
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5.1.3 Powder Bed Fusion

Powder Bed Fusion (PBRgchnologiesare based on thgrocessingf materials in the

shape of powders. Besides of the shape of the raw material, these processes share the
characteristic of utilizing a heat source to fuse powder particles selectively into a specific
areaof the build bedo form a part layer by layer addiély. PBF processes differ from

each other depending on the applied heat source and their approach to focus the heat source
towards the powder as it can be peise, linewise or layetwise[1]. PBF is among the

most suitable AMprocesses for ergart production resulting from good mechanical
properties achieved and process capabilities for producing relatively high batch sizes.

The first developed PBprocessvas Selective Laser Sinterif§LS)by the University of
Austin TexasLaterother variants based on it emergelibre recent teclologiesare Multi
Jet Fusiordevelopedy Hewlett Packard (HP MJF) abeéfore thaHigh-SpeedSinteing
(HSS)developedy Loughboroughuniversity.

This section goes throudhe process descriptions, parameters and materia®_®rand
HP MJFand briefly on HSS.

5.1.3.1 Selective Laser Sintering (SLS)

Selective Laser Sinterin@LS)is widely utilized for direct manufacturing. It started with
the intention of creating polymer prototypes, thétechnologies andvailablematerials
can be utilized as final producBomeof the SLS part properties can be comparable to the
onesof parts poducedby traditional methodEl].

Process description:

SLSconsists orronstructingoarts layer by laydny applying concentrated heamitted by
a laserinto aselectivearea of a powder bedlvhenabsorbingthe energyemitted by the
laser, the powdeaeaches the proper viscosit/fuse with adjacent powder particlédter
cooling,those powder particlexeate a crossectionalslicelayer of the part Whenone
layer is finished, the build bed is loweradcordingto the thicknessof one layer Then
new powder will be spread on top of the pervious laysan application devic&lhesame
procesdss thenrepeaed as many times as requireuhtil the part is finalized to be then
cleanedor postprocessedl].

By the nature of the process, loose powder surrounds the part during thédbuailcesult
the powder acts as a support strucanmdtherefore no additional structures are needed
supportany desired geometry. This is atdivantage over other processiggeduces the
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needs for posprocessingand the time invested into removing the support structigres
eliminated This principle also allows many parts to be nested on the processing chamber
of the machine to maximize equipemt utilization.

It is possible to reuse the remaining powder for future builds, but it is important to mention
that the material degrades after being heated inside of the build chamber. To reuse material,
it is advised to mix it with a higher proportiohreew material to obtain good resul&f)].

SLS equipment

According to Schmid3], equipment for Selective Laser Sintering comssi$tthree main
construction blocks; the Optics Module, a Build Chamber that contains the Build Area and
a Powder AreaTlhese construction blocks can be observed in Figure 1

The Optics Module contains the laser and the systems required to focalizeidtierrad

from the laser towards the selected area for fusion. These systems include a beam deflection
mirror system, a correcting mirror and laser window. The correcting mirror has the function

of adjusting the laser beam position. The laser beam has asbapd but when focused
towards different positions on the build bed the laser shape becomesScwvaiid|[3]

denotes thathe highest accuracy in parts can be achieved in the center of the build bed.
The Optics Module of an SL&achine should be isolated from the Build Chamber and
Powder areasfPowder particles in the optic systems can lead to bad part quality due to
dispersion lossds].

The Build Chambewhen closeds a compartmenwith a controlledatmospherdfilled

with nitrogen) to avoid material powder degradatidny oxidation [1]. For optimal
sintering, it is inportant to preheat thgpowder material tachievea desiredtemperature

The Powder Bed, which contains the part in progress, is located within the Build Chamber
on top of a Build Platform, whiclowers down gradually towards the Powdédrea
contained at the bottom of the machime walls and floor surrounding tfewderBed

are heated to keep a uniform temperature on it. To reduce the laser energy damlands
promote an even powder meltintpe top layer to be processed is kept near the melting
temperature of the materiglY) by heating it with an infrared lampKeeping a
homogeneous temperature within the build chamber is critical to achieve good properties
onfinished partsA homogeneous temperatutecreases the probability of warping calise

by thermal expansion and contract{dh The location of the parts within the powder bed
can also contribute to warping becauseatl spotd3].

The powder distributioffior every layer is performed by three different types of devices
depending on the equipment manufactuaecpuntetrotating roller, a blade or a double
blade cartridge system. &€hmain advantage of the roller is its robustnesgpot to
promote a dense pa&r bed and can apply better powders with low flowabilitydowtd
have some drawbacks like molten powder sticking. # ilade is simple and allows good
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surface finish with fine powders. A douldade cartridge can apply the powder in both
directionswhen travelling along the X and Y axes of the Build Chamber and while it travels
it can deposit powddB]. Figure1l shows a schematic representation of the components
anSLSmachine and its main components

(P = Scanner head @ = Deflecting mirror () = Correcting lens

Optics/

/@ laser module
G —
Ap—

Lasar window
Build
Appllcahon I chamber
‘Bwld area

i device
Powder cake

Powder area

Build platform

Figure 11: Schematic representation of the SLS machine components. Extractd@]from

The main players manufacturing SLS equipment are EOS from Germany and 3D Systems
from the USA. Some ofhe main differences between their machines are the material
application on the Build Bed and powder supply meth8fs

Process Parameterand part quality

Selective Laser Sintering is a complex process which requires a cormbinatseveral
conditions and parameters for successfully prodyparts with good surface quality and
propertiesAccording to Gibsort. al.[1], the parameterthat play the most important role
in SLSare related t@rocessing temperaturdaserscanning and powder/material. Every
single parametasr acombination of them can affect the end properties of the parts.

Temperature control combined with the propeelgpower parameters have high impacts

on the endroperties of SLS parts. For example, high laser power values combined with
an elevated temperature of the build bed can result in highly dense pads bawe affect

the partthe dimensional accura@md vice versawith low laserpower and low powder

bed temperature, the accuracy can increase but the layers could not bond fitp oty
uniform shrinkage, residual stresses and part curling could result from the combination of
high laser power combined with a low temperature build bedA critical SLS parameter

to be controlled is théemperature of theuild chamber, that ideally, should always be
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above the crystallization temperatufer) of the processed material. When too fast
crystallization is allowedby fast coolingwarpingoccurs The temperature range between

a polymermelting temperatur€’Y ) andits temperature of crystallization in SLS can be
identified as the @ASinter temgeratWegange ooweep whi c
undercontrol [57].

There are two types of scanning modes in PBF, contour mode and fill mode. The contour
mode takes care of the dimensional accuracy of theegtgtnal contour. The fill mode
takes care of filling the aaavithin the part contoulVith low laser power the ao speeds
should bdow alsoto achieve particle fusiofi].

The powder material has a crucial role on determining the properties of an SLS
manufactured part. For example, whre powder bed is dense, higher mechanical
properties and more dense gardn be achieve[B, 57]. Ideally, the shape dhe powder
particles should be spherical to maximize density and prontizeefowability, although

most of the commercial PA12 powders have potato sf@fle To achieve higher part
densities the material powders have particles of different sizes so that smaller powder
particles can fill the gaps left in between bigger particles.

Materials

One of the main drawbacks &LS is its narrow selection of commercially available
materialsif compared to processes such as F3UA or to Injection Molding Most of
the parts produced by SLS are manufactured from PA12 or RA2E90% of the SLS
parts are made frofA12 andts dry blendswith other materials or additivgs, 57]. The
main reasos for being PAl12a highly utilized material for SLS are the possible
combinations of properties ranging from material related to proetsgdand the long
time that the material has been experimented with the prdeA4® has been processed
before for injection molding but the adaptations of it for SLS are mostly chaidy by
two companies worldwide, Evonik and Arkerfig] and from them, the materials are
commercialized by different companid$he biggest shaseof the market belong tB8OS
and 3D Systems or subsidiaries of ttved companie$3].

From 3D Systems SLS matesare commercialized under their DuraF@&rtirand which

has a wide range ¢®#A12, PA11 and blendsith different propertieskor instance, e
standard®?A12 DuraForm® is targetedo the production ofunctional enduse partsvith

flexible features such aap fit joints. lis intended to be processable by any &i#ghine
regardless ats manufacturer. For extra stiffness DuraF@r@F and DuraFor@ ProX®

GF are a blend of PA12 with Glass beads for parts with higher stiffness requirements on
operation at igher temperaturesAs flame retardastthe DuraForm®-FR1200 and
DuraForm®-ProX®- FR1200,0ffer UL94 V-2 ata5mmthicknessor HB at 1.5mmyvhile

the DuraForm®-FR100 is claimed to be rated UL940/ Examples away from PA are
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DuraForm® Flex (thermoplastic elastomer) and DuraForm TPU, both are rlikkber
materials for manufacturing seals or other deformable compofiEhs).

EOS hasa similar range of products, being PA2200 and PA2201 their general PA12
materials with balanced properties the main difference betweenisitbmintensewhite

color on PA2200 by the addition tifanium oxide (Y2) [3]. PA1101lis a PA11 material,
PA11 in contrast with PA12 is derived from castor oil and offers superior elongation at
break when compared to PAL2 60]. PA2210FR is a halogefnee flame retardant UL94
V-0 polyamide 12 suitable for electronics and therefopetential materidbr the use in
electric vehicled60]. EOS offers also a higherformance PEEK (Polyaryletherketone)
with great mechanicgbroperties(Young® modulus >4000MPa) and high temperature
mechanical stability at 108°C. The downside of this matarethe high costs and high
processing temperaturaeshichthat can only bachievedna printerspecifically designed

for processing iiEOSINT P800) 3, 60].

Different process parameters combined with intrinsic and extrinsic material properties play
a crucial role in the development of new matergalgable for SLS. Some examples of
these propertiesrethermally dependent, such as having a wide sintering window or related
to the shape and distribution of the powder particles, which contribute to better flowability
and lower porosity of the parts denoted irf{57]. Therefore, some of the materials away
from polyamides are mostly under reseamhutilized in small proportionsSome
examples are: Polypropylene and some blends of it, POM, PBT, Polyetfigléne

5.1.3.2 HRMulti Jet Fusion(MJF)

Multi Jet Fusion(MJF)is aPowder Bed Fusioprocess that does natilize alaser
beam as a sourcéenergy but IR radiatiarit differs from Selective Laser Sinteringpstly
on the use of a printhead that contains the heat souiseprihthead jets fusion and
detailing agentsn top of the materigilowder those agentarebased on the HP Thermal
Inkjet Technology[62]. This process waintroduced in 2016 and is owned by the 2D
printing manufacturer HewletPackard, which haigs roots on traditional paper printing.
The MJF technology is intendéadl producdunctional prototypes anehduse components
and assemblies.

Process description:

According to HH62], the processtartsby spreading the first layer of uniformly pheeated
material powder over the build bed by the aid oé@oating systerm the similar way as
in SLSon one orthogonal direction, for example, along the Y.aMi first layer is pre
heated by an IReat soure mounted on a cartridge that contains as well, the rag&nt
printing head withtwo agents and a second IR heat source, this cartridge travels along the
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opposite orthogonal directiamompared to the recoating systdor example the X axias
depicted m Figure12 below.

Material recoater

Working area

ABiauz

Aelie 1alu) jeway )] 4dH

AB1au3

Figure 12: Schematic diagram of top view of build bed and HP MJF pro¢edsacted fronj62].

Figure B depictsin detail the role of the application of heat andheftwo different agents
in the HP MJF proces©n each passhe printing cartridge, prheats, drops the agents
andby utilizing a second IR lamp, &electively fuses the area that represents one-cross

sectionakliceof the part. From the two agents ona &ising agen{fiFo

(fronmnFusi ng

Figure B(c)), whichis utilized to promote the fusion of thelymericmaterial. The fusing
agent is selectively applied to the aneavhich reaching material coalescence is dekire
b y63] Gle GQusimyragens adlack iakcantainingan IR

as menti oned

radiation absorbing agentith the goal of transforming the radiation into thermal energy
The secondunctional agents described as detailing agentAs shown inFigure 13(d)

A D & dréppexbotine exdeentl aontbur ofi tge)partaeoid t
fusion on that areandguarantee smooth amekell-definedouter features of the pay not
allowing loose particles surrounding the fused areatoime attached to the perimeter of
the layer being builtAfter each pass of the printing cartridge, the build bed is lowered by
the same height ake layer thickness and another powder layer is spread over the build
bed to create the next layer and thhegess repeats until the part is finalized. Usually the
parts require pogtrocessing by bead blasting and cleaning to remove the powder
impregnated with the detailing agent that remains around thegradurswithout fusing

(depicted

to it [64).

as
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Figure 13: Schematic diagram of heat and functional agent application in HP MJF process. Extracted

from[62].
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HewlettPackardclaims[62], that their MJFprocessan be up to ten times faster than point
based SLS, faster than FDM and is suitable for relatively high volumgoadfiction It
utilizes a layer approach and ttenperature control by using a closed temperature loop
the heat is focused to the areas trestd fusion.

In terms of part quality, HP claim®2] that MJF can reach high isotropic parts and
mechanical properties equivalent to the opessent ininjection molding partswith
balanced properties around the part geométsymentioned before and as described in
section 6 ahead, AM parts present ispicanechanical properties depending on their build
orientation, being the Z printing direction (see Fig2fy the one with the poorest
properties resulting from the int&yer bonding, HP claims MJF is not affected by the
printing orientation.

Process Parameters and Part quality:

MJF machines, have pdefined and préested sets of parameters that are defined
according to the desired final output of the process in terms of mechauidate finish
propertiesand dimensional accuracy requirddr the finished parts. HP in their MJF
HandbooK 64], mentions the possibility of finkuning the predefined printing profiles for
optimization by adjusting the irradiation level of the fusiRylamp. The four sets of
parameters are classified into Cosmetic, Balanced, Fast and Mechanical profiles. The main
differences between them dheprocessing temperatures and the number of times the print
head passes over one layEor instance,hte lower the process temperature the better
cosmetic appearane@adcolor distribution along the patfor higher mechanat properties

and part density the higher temperatures are applied to the process on the mechanical
printing profile. The fast printing profile reduces to half the times for the printhead to pass
over one powder layer if compared to the Balanced and Mmahaprofiles. The
advantages and disadvantages of the different printing profiles are highly dependent on the
material to be processed.
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Materials:

While this thesis is written the material availability for #NBF is limited to polyamides

11 and 12. HP &érs a PA12 that contains up to 40% content of glass beads to achieve
higher stiffness but with an impact on ductilidP? PA12 powders can be highly recyclable
and can be mixed up to 80/20% reused/new poy&kpr

The delectric propertiesof the materialsare not disclosed in their publicly available
datasheetsput HP has in its development roadmap plaonsdevelopand launch
thermoplastics (PA) with flameetardant propertieelastomerand commodity plastics
(polypropylene)py partnering with companies like BASF, Arkema, Evonik among others
[62].

Similarly, aswith SLS, the materialevelopment is challenging because of the complexity
of the thermal control required to procebferent types of polymersuccessfully. The
temperatures need to be carefully controlled to stay between the mgNipgand
crystallization temperatures of the material to avoid an accelerated crystallization that
couldlead to part defect©ther cruciaparameters are powder flowability, absorptivity of

IR radiationandconsolidation at me[i65].

Future developments:

MJF has promising future applications, as HP has wide experience in 2D printing
technologies, they claithmat their technology is capable to divide a 3D part in voxbike

3D printing in a similar way as when a regular printer can print pixels and combine
different colors into a piece of paper. A voxehi8D or extruded pixel with cubic shape.

As descriled before HP currently applies fusing and detailing agents into their process,
but they are ddervaenlsofpoirnmgi ndyi fafgeernetnstdo it hat Wi
properties of a part voxel by voxel. For instance, parts will be able to have diffsgemts

within the same part where an agent can be deposited to make that region electrically
conductiveof adifferent color or haveegionalmechanicapropertiesso that the part is

more ductilemore brittleor stifferover ax areg66]. This will offer the potential of printing

parts that meet different functional requiremeintsa single part of a single material
Currently the only application of &hwoxelprinciple is available for coloring.

Serial production application:

HP MJF is developed to be utilized in a serial production environment and the equipment
itself is designed to produce several batches of parts continuously by including a processing
station(right side in Figure 14p clean and cool down the pactstaired into a removable

build unit that can be switched for an empty one for higher equipment utiliz&dioa
example of the serial production application of the technolotyeisise of HP MJF parts

by BMW for the guide rail of the window of the i8 Roadsthown in Figure 1$67]. As
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mentioned before, AM can be a great tool for fast product development, accordii to
BMW developedhe guide raiin only five days and the part possesses the propdntes t
meet its requirements achieved by its shape, which could be challengmgrtalucel by
traditional manufacturing methods.

‘/'5‘

Figure 15: MJF window guide rail for a BMW i8 Roadster. Extracted i@ .

5.1.3.3 High Speed Sintering (HSS)

High Speed Sintering (HSS) was developed in the early 2000s by Neil Hopkinson at
Loughborough University69]. The process isloseto Multi Jet Fusion, it utilizes an IR

lamp as an energy source andadiationrAbsorbingMaterial (RAM). According to[69],

the main difference between MJF and HSS is that HSS does not use any fusion inhibiting
agents during the process.
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Process description:

The process consists on applying a thin layg@obfmer powderysuallyPA12)by a roller,

which is integrated to the same assembly as the print head and IR lamp as depicted in
Figure 17. The printhead applies the RAM on the region to be fused andads/éallby the
application of heat by the IR lamp, then the cycle repeats until the part is fin@ided

The process is depicted schematically in Figuédow.

e
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1. Material recoating 2. App\ ink 3. Energy

Figure 16: Steps in HSS process according to Voxeljet. Extracted[ff@m

Roller Assembly

: ! Qverflow
i Roller Print-head IR Lamp : Chamber

Feed Chamber Printed RAM Part Bed

Figure 17: Main structure of HSS apparatus. Extracted frii].

Currently, the HSS technology is licensed through Loughborough Witivés equipment
manufacturers willing to apply it into their machinery, one example is VoxElfgs can
produce parts faster considering the process layer approach and at a lower cost by not
utilizing a laser as in S&[27].

Materials:

According to Voxeljet[7Q], the materials available for HSS are Polyamide (BA12
Polypropylene, Thermoplastic Polyurethane (TPU) and Ethylene Vinyl Acetate
Copolymer (EVA).
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6. Previous work

To establish a starting point dhe expectations for the experimental part of this thesis, a
brief literature review was performed to observe previous work made on comparing parts
processed byPowder Bed Fusiowith parts processed by Imjgon Molding and studies

on thedielectric strengtlof additively manufactured parts. This section presents some of
the findings on similar experiments

6.1 Mechanicalcharacterization of PBF parts by tensile tesing

There are plenty of studies abonvestigatingthe shortterm mechanical properties of
parts made by additive manufacturing amalv the influenceof the different process
parameters othese technologieaffectthe resulting mechanical properties of thsted
samples.Emphasizing on SL&nd according to Schmid3], studies about long term
behavior of SL$arts shouldncreasen numberfor the process to be adopted as a method
to manufacture en@roducts.

SLS parts have beearlatedto injection molded parts empiricallyy producing injection
molded specimens and comparitige resultingvalues against the onekescribedby
material data sheets. For instanv@n Hooreweder et. a[71] studied structural and
fatigue differences betweessbuilt specimens madéom PA12 powder by injection
molding and by SLS in two different printirggientations(X and Zaccording to Figure

25). By utilizing already optimized procegmrameters, uniformly dense and uniformly
porous parts were achieved. Their injection molded samples had a big void on one end of
the specimens but full density along the rest of the part geometry, confirming that injection
molding canproduce dense solghartswith low porosity Evidentanisotropy was observed
between the X and Z printing orientations, the Z orientation showed an elongation of only
4% while the Xorientation presented resultof 7% compared to their injection molded
specimen which showedan Hongation at Break (BB) of 97%. The SLS specimens
presented brittle behaviarhenfractuing. According to Schmi@2018)[3], laser sintered

parts made from PA12 without reinforcemargually donot exhibit necking before
breaking as shown iie stresstrain curve B ofrigurel8 below, making them less prone

to absorb energy before fracturjng contrast with parts made logjection molding On

the other hand, an interesting finding \6hn Hooreweder et. a[71] was the higher
Youngbés modulus from their SLS samples (X
higher than the IM samples)ccording to the authors the build orientation, part density
and porosity had low effects on the fatigue behavior of the SLS specimens compared to the
IM specimens utilized for the studéccording to Schmifi3], one reason for higModulus
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in Laser Sintered parts could be attributed to the bigger crystalline structures developed
during the long cooling periods compared to IM, where cooling takes only few seconds.

Vs Curve A: tensile test with necking
/ elongation at break > 50%
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Curve B: tensile test with brittle fracture
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Figure 18: Strain-stress curves of a PA12 specimen (curve B) compared with an IM specimen (curve A).
Extracted froni3].

Higher crystallinity can lead to more rigid characterighigsas SLS parts are porous, their
voidscan lead to the creation of stress concentrations that can |battlé&fracture For
example Flodberg et.al.[72], performed a study for testingulti-purpose standard
dumbbelishape and yindrical specimens manufactured with 3D Systems DuraForm
ProX PA12 with and without carbon fibeiscompare them witspecimens producedaly
injection molding(only dumbbellshaped injection moldedspecimenspand SLS Both
specimen types wemoducedn horizontal andvertical orientationsTensile test$or the
dumbbellwere performed at a speeti50Omm/min The results of tensile testing showed
lower tensile strength values (75% for Horizontal and 79% for Vertica@n@ition
compared to IM sampld400%) forthe unr ei nf orced PA12 sampl e:
modulus, the values were really close for the unreinforced PA12 Horizontally printed
specimens (98%)Xontrary to the findings of Van Hooreweder et.[@l], the Vertically

printed specimens outperformed the IM samples by 15%. The downside of SLS was again
the EAB that for none of the orientation@sabove 6%(SLS Vertical orientation was
2.7%) of elongation presenting brittle breakingehavior While the IM specimens
elongated more than 17%he authors noted high standard deviation betweeavbiage
valuesof SLS unreinforced PA13amplesand attributed the variation on mechanical
properties to high levels of porositgnd internal voidswithin the partsand poor
coalescence caused by a low energy density applied. Cornpletgedpowder particles

were observablen the partshrough microscopy instead of fully consolidated material.

Few studies about parts produced\Mbyf are available by the time this thesis is written.
The available literature mentions slight differences between SLS and MJF specimens in
terms of mechanical properties based on tensile testing. According to a performance and
raw material study reportday Sillani et. al[73], the raw material characteristics between
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the PA12 utilized for SL$Duraform, PA2200and MJHHP 3D HR PAl12paresimilar in

terms of flowability, size and shape distributiand thermal propertiedecauseboth
powdersare manufactured by the company EvoBii.their tensile tests, it was found that
themost significant difference in mechanica
which resulted to be highefapproximately by an average of 34%4a) SLS partsand
attributed, as it was mentioned befote the bigger crystalline structures formed by a
higher periodof time of exposure tdigh temperatureand the slow cooldown period in

the SLS build chamber. MJF parts ovevedire less anisotropic depending on the printing
orientation. Theelativeisotropic properties for MJtensile specimen®ported ly Sillani

et.al. werealso reported by MoraléBlanas et. a[74a nd OO Co rf63|ecanfirreing. a |
what HP claimgegarding isotropic properties achieved wiftbir patented technology.

6.2 Dielectric strength of PBF parts

Parts manufactured by injection moldira;md SLS have been studied as electrical
insulators, on the contrary, by the time this thesis is written, no study has been found about
testingparts manufactured byulti Jet Fusiorto investigateheir behavior under electrical
stress. This brief section dissses some of the findings of other authors regarding dielectric
strength tests performed previously specimens created by PBF processes

If comparedo injection molding, PBF processes, regardless of being SLS or MJF, present
higher degrees of porogiand produce parts with lower densitiyis documented in the

literature that the porosity levels represented by percentage between SLS and MJF parts do
not differ significantly between each othdioth processesould produce parts with

porosity levelsup to 5% [63, 3]. The pores and voids in MJbartscould be randomly

di stributed within the [B3fortspeamensnmaqpiadtuted d by
in Y orientation(according to Figure ). Dielectric breakdown can be induced by the
presence of voids or porositwhich canlead to fracture propagation resulting in the
formation of conductive patlts simply by voids connected to each ottedividual pores

can also contribute thepre-degradation phenomenohii par t i al di schar ges
over time and contribute to the appearance of electric trees, which are a cause of dielectric
breakdown[14]. On the other hand, it was demonstrated by Mo+Blasas et.a]74],

while studying the water tightness of valve components produced bythaifeak tight
components are possible after testaiga defined pressure (4.2MPa) as a resulowf
porositybut dependent on the wall thicknesses. They achieved kesttatsrfor higher wall
thicknesses between a range from 0.4 to 0.7hims contrastedther AM processes such

as SLS, which they mention that even with the application of seatasted partsould

only withstand 0.45Na of pressureccording to their ferences.
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Additionally, it is important to mention the influence of the build orientation on dielectric
strength.According to Hoff et. al[44], build orientation can result in different dielectric
strength characteristicsSSLS gecimens printed vertically, in X and Z orientations
according to Figure 2 result in significantly lower dielectric strength values when
compared to specimens built in drection. This printing orientations match with the
results obtained for the ledight components ifi74], where it is mentioned howertical
orientations tend to require more layers depending on the part geometry, thisaesults
more interlayer gaps that lead to leakage for liquids. Therefore, the gaps could allow for
current to leak through an insulator as well with a high enough electric field.

Another factor to consider is the presence of substanwcadditivesthat contrbute to the
reduction of dielectric strengtlfror instanceThompson et. al.27] made a comparative

study emphasizing the differenbetweemublishednjection moldingdatg SLS and HSS
samplesin terms of dielectric properties, among them dielectric stremfgtbording to
Thompson et. a[27], the dielectric strength testédith DC voltage)values between IM

and SLS specimens are similar within a range of approxiyn26e33kV/mm for samples

1mm thick. On the contrary, HSS specimens, which demonstrated to be denser than the
SLS specimens, performed poorly presenting breakdown below 10kV/mmautlhers
attributed the results to the presence of carbon black in theaadiAbsoting Material

(RAM) and not to the porosity in the part
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7. Case study: PAl2mechanical andvoltage withstandcomparative study

This section contains a case stilkdgtcompares thenechanical propertidsy tensiletest

and electrical insulatioperformanceof Polyamide 12 specimens proddcey three
different manufacturing technologies, from which two of them are additive processes:
Selective Laser Sintering and HP Multi Jet Fusion, ancbnventional onelnjection
Molding. These experiments were performed at Valmet Automotive premises.

Material s:

Since PAl12is the most utilized material for PBF processes an@n engineering
thermoplasti¢hat is availabldor InjectionMolding it wasdecided to utilize thipolymer
for the study. For simplicity, the material was selected without fillingbeadsor
reinforcementsEven though this material does not fulfill all treguirementsliscussed
on setion 3.1, as mentioned in sections 5.1.311d&b.1.3.2, the materghvailabile for
PBF processeare mostlylimited to PA12 Additionally, it is one of the mostommon
materias utilized when ordering functional prototypes/atimet Automotivefrom external
suppliers

The PA12 materials for SLS and MJF warleosenbased onthe specimen supplier
recommendation and availabilitfhe material selection for the injection molded samples
was based ofinding an injection moldecdomponent made frofA12existingin Valmet
Automotive production to avoid mold costs and to cut the samples from that component.
The material found was EMGrivory Grilamid TR55. The SLS material was EOS
PA2200andfor HP-MJF it wasHP3DHR PA12 Some of theipropertiesare presented in
Tabe 4.

Table 4 Tendle and electrical properties of tested materipd$] [76] [77]-

Material | EOS PA2200| HP 3DHR PA12 | EMS-Grivory
Grilamid TR55
Property
Tensile strength (MPa) 145 248 (X, Y, Z) 150
Tensile Emodulus (MPa) 11700 21700 (X, Y) 12200
21800 (2)
Elongation at break (%) 120 220 (X, Y) 1>50
215 (2)
Dielectric strength (kV/mm) | Not available | Not available 31
CTI Not available | Not available 600

1Tested acc. to ISO 52t 1mm/min for Emodulus and 50mm/min for EABTested acc. to ASTM D638.
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Additive M anufacturing equipment:

All the additivdy manufactuedsamples were ordered from Ajatec Prototyping OY as they
had SLS and HP MJF capabilities available in the same facility. The machine to process
the SLS samples walse EOS Formiga P108&hown inFigurel9. All the parameters were
setby the suppliebased on their regular operaticarsd can be found in Tabfe

Table 5: Process parameters for specimen manufacturing by SLS in EOS Formiga P100. Courtesy of
Ajatec Prototyping OY.

Parameter Value
Layerheight 0.1mm
Process chamber temperature (Siggire19a) 169.5C
Unloading chamber temperature ($gégure19) 135°C
Contour Laser Power 16W
Hatching Laser Power 21W
Contour Laser Speed 1500mm/s
Hatching Laser Speed 2500mm/s
Materialproportion used/new powder 50%/50%

Figure 19: EOS Formiga P100 SLS machi@e. Process chamber. b: Removal chami@wourtesy of
Ajatec Prototyping OY.
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The SLS parts were nestéal three setsand mixedwith parts from other customers
(removed fromFigure 20 to protect customer confidentiality) to optimize machine
utilization as depicted iRigure20.

Figure 20: SLS nesting of specimen printing. Courtesy of Ajatec Prototyping OY.

The MJF samples were manufactured with HP MJF4210nachine The 3D printing

station isshown inFigure2l. For HP MJF, the process parameters are ndetsledas

with the EOS Formiga P10@s mentioned in section 5.1.3.BP has pralefined four

different printing profilesfor t he testi ng esddecp memtsi ndep ridE
standard values was utilized for printing the parts with a default layer thickness of 0.08mm.

The proportion between used and new powder material was 80% angg8ctively.

Figure 21: HP MJF4210 3D printing statiowith upper lid openCourtesy of Ajatec Prototyping OY.
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As for printingparts by SLS, for HP MJF, the samples were nested to be printed in two
batches on the machine el®own inFigure22 (Components from other customers were
removed fronFigure22 to repect theconfidentiality of their projec)s

Figure 22: HP MJF nesting of specimen printing. Courtesy of Ajatec Prototyping OY.

All the samples were clean@dthe MJF processing statiorom remaining powder after
printing (see~igure23) and shot blasted with glass pearls grade&8W{um to remove
any nonsintered material around the parts.

Figure 23: HP MJF parts before cleaning and shot blasting. Courtesy of Ajatec Prototyping OY
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7.1 Tensiletest

7.1.1Testing method and equipment

Theteding procedurevas based otihe ISO 527 standard, part§7B] and 2[79]. The ISO

527st andard specifies the t edeteimmgiondopbeeds f
1mmimin and for elongation at break to be betweesD-hhmmin. A speed of Bmm/min

was selectedbased orthe speedienotedin the datasheebf the injection molded PA12

material[77].
The machine for tensile testing wagwaick Z010 universal testing machine with a load
cellof IOkNAI | t he specimensd masses were measur

scale forapproximatng ther density The volume of the parts wasken from the
theoretical valuérom geometry contained ithe CADmodel of the parts

7.12 Tensile specimen manufacturing

The specimens wer@reparedaccording to the I1ISO 527 type 1A geometrical
specifications fortensie bas as depicted inFigure 24 [78]. The injection molded
specimens were ordered fraWSK Plast OYand were produced from an existing mold
specifically available for tensile baroduction In comparison with the 1ISO standard
dimensiors, thesdnjection moldedspecimens were 10mm shortetatal length and only
oneflow orientation was possihl@he location of the gate on the matedn beobserved in
Figure26. Themolding proces#vas set according to MSRlast OY knowrparaneters for
PA12 Grilamid TR55The parameterare presentechiTable6.

170
80 £2

20 0,2

10 0,2

109,3 3,2

Figure 24: 1ISO 5272 1A tensile bar dimensions. Adapted fritg].
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The additively manufactured tenstestspecimens were manufacturied3 sets of 10pcs

for each procesg&ach sebf 10pcsincluded3 different printing orientations ahownin
Figure 25. As mentioned before, additive manufacturing parts present anisotropic
properties depending on their orientation during production, therefore it was dediegtd to
three common printing orientations

Table 6: Process parameters for specimen manufacturing by Injection Molding. Courtesy of MSK Plast

oy.

Parameter

Nozzldbarreltemperatures 265/275/270/265/26@
Injection speed 95mm/s
Clamping Force 1400kN
Material drying tempraturétime 80°C/3h
Holding time 3s
Injection time 0.55s
Cooling time 25s
Mold temperature 80°C
Injection pressure 1140 bar
Holding pressure 60bar
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Figure 25: Printing orientation of SLS and MJF tensile specimens.
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- 7« \ \
Figure 26: Injection molding cavityor tensile bars with gate location. Courtesy of MSK Plast OY.

The specimens were named based on manufacturing prdcessigure 27), printing
orientation(2 in Figure27) and a ascendingunningnumber(3 in Figure27) wasassigned
to them for identificationFigure27 showsanexample of thevomenclature.

SLS X1 MIF_YL Ml
23 13

1 23 1

Figure 27: Tensile specimen identification numbering nomenclature.

7.1.3 Specimen conditioning

As per ISO 527[78], all specimens wereonditioned at 23C at a relative room
environmentahumidity of 50% for a minimum period of 16hrs. The tensile tests were
performed under the same conditions and in the same room where the parts were
conditioned.

7.14 Limitations
The tests werperformed without an extensometer devitleerefore, the results obtained

forYoungos amaa teliabldor comparison with material datasheatsl could
only be usedor comparison purposesgthin this thesis
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Although the materials processed bySSHP-MJF and Injection molding were all PA12,
they were not the same exact material. Therefore, the comparison can only give
approximate results. The sample size of 10 parts is not big enough to deterratatistie
repeatability of the behaviarf the partsoutside of this thesisThe injection molding
specimens were only possible to mold in dlogv orientation limiting the visibility of
anisotropic properties developed in injection molding

7.15 Test Setup

The setup of the tensile tesas simply dondy utilizing the spring actiorgrippers of the
Zwick Z010machine and placing the tensile specirhetween thenas shown irFigure

28 below. The specimens were carefully located within the grippers to avoid any slippage
or misalignmentompared tothe vertical axis of theeansducer of the machine.

Figure 28 SLS énsile specimemounted to Zwick UTS machine

7.16 Test results reporting

The raw data from the tensile machine was exported, cleaned and processed with Microsoft
Excel to generate stresfrain curves for each of the tested specinamsto group the
diagramsby build orienaition The values for BModulus, Ultimate Tensile Strength and
Elongation atBreak were taken straight from the tengiésting machine reportsA
comparative diagraman be found on section 8All the stressstraindiagramslivided by
process and printing orientation can be foumdppendix I.
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7.2Voltage withstandtest

7.2.1Testing method and equipment

A voltage withstand test (HIPOT s was performed orthe samples while
increasing the testmbienttemperature from 2@ to 100C. Voltage withstand tests are
nontdestructive tests intended to ensure that an insulator is effective wollagevalues
abovethe tested device operatioeinge. The results are reporesfi Pas s 0 .ohe A Fai |
tests include a ramp up time to reach témt voltage and a hold time that is the time in
which acontinuousvoltageis strestg the insulation.

Onewithstandtestwas performedor everyascendingnterval of 5°C to observefor leak
current changesesulting fromthe temperaturencreasing No stabilization time was
allowed except for the highest temperature {@)Mecause the climatic chamber tended
to slow down the rise of temperature when approachingatiget set temperaturEach
HIPOT test was set for ramping the voltage from 0 to #k¥ seconds and the withstand
test lasted 60 seconds for every temperatep Thetestingdurationof 60 secondsvas
based orthe ISO 16752 [80] standardeven thoughhe tesfproceduren this thesisvas

not in accordancewith it. The specimens were not exposed to a damp heat cycle as
specified in80]. The esting frequency was 50H&for European application$he higher

limit for leak current on the tester wast sit 1mA to obtaim threedecimalresolutionfrom

the testebut if a ImA leak current was achieved a second run of the test was performed
with a leak currenlimit of 5mA, which according tthe ISO 64693:2011standard 23],

is the maximum permissible touch current regarding the safety of the users of any device
operating at a Class B Voltagydf the testeremitted afiFa i resiiltand leaked 1mA, a
second test was performed to ensure the leak current could be above 5mA.

Thetest procedure was designed based on the internal testing capadnildiesailable
equipment a¥almet Automotive The voltageparametewasdefinedas 4kVbased ora
specificationfrom anOEM from a previous projecat Valmet Automotivehat required a
basic insulation level of 2.5kV ABut yoon agreemenvastested at 4kV AC. The climatic
chamber utilized was a Votsch VT4018 (showrfigure 29 left) capable of rising the
temperature 4C per minute.For the voltagewithstand test a GwWINSTEK GPJ804
HIPOT tester with a maximum AC voltagapacity & 5kV (shown inFigure29right).
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Figure 29: Vétsch VT4018 climatic chamber (left) and Gwinstek ©GBU4 HIPOT teste(right).

For a safe setup antb focus the voltage stress towards the specimens, a fixture was
desighed and manufacture@he fixture consistedn a frame and two electrodes, the upper
electrode was spring loadetihe wo electrodes were made from availabtgpperwith
dimensions according to the Table 1 of the ASTM D149 star(datdr diameter=25mm,
thickness=25mm, rounding radius=3.2mfaj performing dielectric breakdown testing
[81]. For material cost reductions and manufacturabilityeteetrodes were made in two
parts(items 3 and 6on Figure30 leff). One part consisted on 88 threaded rod antthe
second one was tledectrode bodyThey were joinedogether by utilizingnale and female
threads orthe partsrespectively The fixture can be observatdFigure30. Theframe for
the fixture(items 1, 2 and 8 iRigure30) was machined from POM plastic with a maximum
working temperature of4D°C. All the parts were designed with Siemens N4hdiall the
manufacturing was macdat the prototype shop at Valmet Automoiivé&Jusikaupunki

o
O

Figure 30: Schematic representation of testing fixture as designed in Siemens NX11 (left) and after
readiness (right)
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The test setup was made as depictdeignire31. The insulation specimen was located in
between the two copper electrodes, the cables of the Hiester were introduced through

the side grommets of the climatic chambire high voltage cable was connected to the
upper electrode while the lower electrode was connected to the ground cable of the tester.
Special care was taken into avoiding any pogssion of the specimen between the
electrodes. The electrodesth the help of the springzere only keeping the specimen in
place, tle gap between electrodess adjusted by tsening thenut on top of the fixture

(item 5 in Figure30).

It S i
IESESIE
Figure 31: Testing fixture with HIPOT tester cables connected to it and insulation specimen located
between the testing electrodes.

Thefailed specimens were observed undédikon MM-40 light microscope (sdegure
32) after testingor documenting possiblgundures carbonizatioror burn marks caused
on the surface of the specimeAsl | t he speci mensd masses wer
PJ3600 DeltaRange scale for density approximalibevolumeutilized for calculating
the densityof the partavasthetakenfrom the CAD dataf the specimens
(L

- 4

Figure 32: Nikon MM-40 light micrdscope utilized to review voltage withstand specimens.
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7.2.2Electrical insulation specimen manufacturing

In contrastwith the tensile bardescribed in sectioi.1.2 the specimens for the
voltagewithstand test were na@eometricallyfollowing a specific stanad but rather a
recommendation from the ASTM D1481] according tahe electrode size utilized. The
standard recommends having a miom material offset of 15mm all around ttest
electrode and this dimension was kept. Two sets of specimens were produced, the first set
with a thickness of 1mm and the second one with a thickness of 2mm. The specimen
guantities per set can be observedlable 7 below. The printing orientations for the
additively manufactured specimens were according to the ones shévguia25.

Table 7: Specimen quantities according to their manufacturing process.

1mm /2mm set configuration

Manufacturing process Printing orientation Quantity
Injection molding N/A 5/5
SLS X 5/5

Y 5/5

Z 5/5
HP MJF X 5/5

Y 5/5

Z 5/5

The additively manufactured specimens were planned and manufactured before the
injection molded specimen manufacturing was decided. They were oiidetteel same
batchtogether with theéensile specimensnitially, SLS and MJF specimens wearalered

with dimensions 0f150x100mm but it was only possible @dbtain injection molded
samples with dimensions of 110x55nq(see Figure 34). Subsequentlythe additively
manufactured specimens werarefully cut to the same dimensions to have uniformly
dimensioned coupons.

The main challenge and dimensional limitation to produce the injection molded specimens
was to find an economically viable solution as fast as possible. Therefore, fabricating a
mold for the parts was discardethere was scrap matdri@om injection molded 2mm

thick partsfrom a serially manufacturegroductat Valmet Automotiveand the raw
material wasPA12 Grilamid TR55 The CAD model of theart was studiedo find a
suitableflat area Tenspecimens were cut out @h scrap part@ue to confidentiality, the
component picture is not included in this thedi)e to the presence of reinforcement ribs
and pocketshe only possible dimensions were 110x55mmdiasussedbove. Figure34
depicts the main dimensions of theal test sgcimens.
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As mentioned, the thickness of tingection moldedscrap pagwas 2mm and to achiewe
thickness of 1mm for the thinner samplf#ge piecesout of the termm coupons were

milled for thickness reduction. A picture tfree differentcoupons can be observed in
Figure33 below.

IETRIAE

Lnlnlllllll CUNREHE FHIR

Figure 33: 1mm thick specimens manufactured be injection molding (a), HP Multijet Fusion (b) and
Selective Laser Sintering (c).

The reason of making thepecimensn arectangular shape was dovide the part in two
halves. Onelefinad asthemanipulation areanone end of the specimémavoid bucting
the testing areandto avoid contamination of the area as it vpesformedby Thomson
et.al.in [27] (seeFigure34). The subdivision of the areas were only marked by pen.
110

g

) ©
55

.
| r

o \M,__ﬁf——— Electrode

N

Test specimen

15

Manipulation area

Testing area

Figure 34: Schematic representation gfiecimens for voltage withstand test showing dimensions, position
of the electrode within the specimen and areadiulsion Principle based ofi27].
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In the same manner as with the tensile specimens a nomenclature for identification of each
specimen was assignédtlspecifesthe manufacturing process (1 in Figure 35), specimen
thickness (2 in Figur85), the printing orientation (3 in Figure 35 and according to Figure

25) and specimen number from 1 to 5 (4 in Figure 35). For injection molding no build
orientation was assigned.

SLSImm X1 MIF2mm Y1 IMImm 1
—T" i e T e . e T

1 2 34 1 2 34 1 2 14

Figure 35: Nomenclature assigned for specimen identification per metmufag process.

7.2.3Specimen conditioning

Initially, the specimens were kept under laboratory conditions at a room temperature of
23°C and aarelative humidity of 50% but the tests were performed in a different location.
Due to the length of each test per specimen (approx.)ltine specimens remained for
long periods of time under an uncontrolled atmosphere at room temperature.

7.3.4Limitat ions

The first limitation on this experiment was that the materials for each manufacturing
processwvereall PA12,buttheywerenot the exact same material, making the comparison
reasonable but not fully equal.

As a secondimitation for defining the te$ procedurewasthat the maximum operating
temperaturef thecablesattached to the HIPOT testiiat werenserted into the climatic
chambemere gradedor useat a maximum temperature D®5°C. This factor limited the
maximum testemperature to 10C. Originally it wasdesiredto be 120C. There were

cables for applications on a maximum temperature of@Q2&vailable to bridge the
connection but they were graded only for 1kV. As a result, it was deciqesftrm the

tess at a maimum temperature olOC’C to avoid damageto the equipmentThe
temperature considered during the test was the environmental temperature inside of the
climatic chamber and not the surface temperature of the electrodes in contact with the
insulation specnens.

It is important to add thadC HIPOT tests stressiore theinsulation materiathan DC
voltage. AC and D@re equally good to detect a dielectric breakdown but the detection of
current leaking through the insulation is not as accwéte AC as it s with DC HIPOT
testing. AC HIPOT testing can give false failure results, duthéocapacitance built
between two conductors separated by an insulator resulting from the changes in direction
from AC voltage[82].
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8. Test resultsand discussion

This section discusses the findings from the comparative study between conventionally
manufactured PA12 specimens and the ones fabricated by Additive Manufacturing. It is divided
in two sections, the first one includes the results from investigating tbleamiealpropertiesof
standardest specimens obtained by tensdsting The second section includes the findings from
performing voltagevithstandtests onl and 2mnelectrical insulatiomectangulacoupons

8.1 Tensiletestresults.

This sectionpresentshe results obtained from the tensile experimpatformedutilizing
comparative chartsThe comparison was made between sets0o$pecimens manufactured by
SLS, HRMJF andinjectionMolding. The additivey manufactued specimens were ldtin three
different orientationsas depicted irFigure 25. The density of the parts was approximated by
measuring the mass of the parts and using the volume directly from the CAD mob#itca
rough idea on part porosity Porosity has asignificant impact on mechanical properties as
mentioned before. The calculated densities can be observed in Figure 36.
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Figure 36: Calculated density of tensile specimegsarated by manufacturing process and build orientation.
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As it was expected amaksdepicted in Figure 36, the parts produced by SLS in the Z orientation
showed to be the least dense from the whole specimen baiith an average density of
936.5QTH ). This can be attributed to the gaps createtie interlarer junctionsAs well, it can

be observé that SLS parts do show higher anisotropy based on printing orientation when
compared to MJF part$he three sets of MJF specimens are relatively isotropic and in terms of
densityvaluesandthey were comparabled the injection molded specimens is interesting to

find high uniformity between the MJF specimens printed in Z orientation, which had the lowest
standarddeviation (s) from the mean values{4.378) compared to the X and Y printing
orientations $=12.576 for X and=15.185 for Y respeactely). Y oriented SLS specimens resulted

to be comparable with injection moldpdrtsandshowed a low standard deviation from the mean
(s=5.595) if compared with thether SLS orientations $=11.316 for X ands=14.795 for Z)
Although the porosity perceage was not determined for this thesis, low part density can be a sign
of voidsand poreswithin the partor gaps because @oor powder particle coalescendéose
defects as it has been mentioned in sectthd, can become fracture initiators due teest
concentrations within timselves and consequentdgnresult in lower mechanical properties or
partbrittleness

The average values for-Modulus, Ultimate Tensile Strength and Elongation at Braak
presentedn Figures37, 38 and39 respectively
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Figure 37: Averagemodulus ofelasticity for 7 sets of tensile specimeingded by printing orientation anBBF
process

As it can be observeddom Figure37, the modulus of elasticity resulting from the tests are below
the valuespresentedn Table 4, which were extracted from the datasheeldainedfrom the
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manufacturers of theaw PAl2materials.The tess were performed at the same speed as the ones
depided on the material datasheets from itijection molding materiaEMS-Grivory Grilamid
TR55 PA12(Immiin f or Youngo6s momndiuforuE®\B and ATS)p/ Q. nOme
possibility for he low values could be attributed to the ladkan extensometeduring testing
which isrequiredby the 1ISO 5271 standardThe Emodulus results obtained duritigese tests

are nottruly reliable for material selection but are good for comparative purpbseseen the
processem this thesisThe data obtained was disperse from the mean values, with high variability
between the specimens within each grempept for the MJF specimens built in Y otiion
(s=19.913) The injection molded tensile bars showed to be far from mean values (s= 93.312).

From the PBF setshe samples manufactured by SLS in the X and Y orientatibtesned the
highestY o u n mdibglus valuesThey correspod to the 89.5% ah 92.2% of the achieved
modulus for the injection molded specimengspectively On the contrary, the specimens
manufactured by MJF in the Y orientation presented the Idavesidulus values and ontgached
61.6% of the modulus corresponding to the inggcimolded specimend.hese results confirm
what was described by Sillani et. @3], mentioning thathe SLS processan producsstiff parts
resulting fromhigher crystallinity induced by the longer time of expr@sb higher temperatures
and thelong cooling period. Another finding is the higher
specimens$uilt in Z direction, in comparison with the ones printed by MJF in X andéftations.
As it ismentionedby Sillani et.al.[73land 006 Co a3 ptme weight ohthe.newly fused
layers on top of the previously printed ones plus the fusion agenprcanotea better irierlayer
bondingfor the MJF process
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Figure 38: AverageUltimate Tensile Strength for 7 sets of tensile specimisided by printing orientation and
PBF process
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In terms of Ultimate Tensil&trength(UTS), Figure 38 presentdhe differences between all the
specimensFor the parts producdd/ Additive Manufacturing, all the results wesenificantly
lower than the onesbtained for the injection molded specimehise standard deviations within
the specimen groups are smalfecompared with the ones for modulus of elastipitgsented in
Figure 37 The low variations from the meaosuldbe attributed to the fact thtite calculation of
tensile strength is not dependent on utilizing an extensoniéterefore the UTS valuesare
comparable to theensile strength values from the material datash@etented in Table 4.

From the additively manufactured specimehsg, highest UTS values corresponded to the SLS
specimens printed in Y orientation achieving 73.6% from the injectided parts. The lowest
value was obtainelly the MJF specimens printed in Y orientation (66%) but not far from the
results for the SLS parts printed in Z orientation (66.28)encompared to thealuespresented

in Table 4 the SLS partseachecdhigher values than the ones specified in their material datasheet
corresponding to EOS PA220@gardless of their build orientatiohheypresentedelatively low
anisotropy SLS withZ orientationshowedhe poorest performance as documented in mokeof t
literatureand reportedly caused becauspadrinterlayer adhesiofB, 63, 73]. In contrast, all the
MJF build orientations showed isotropic UTS values but all of tiaeare 1-2MPa below the
equivalent values on the material datasheet corresponding to HP3DHR PA12. The specimens
produced by injection molding exceeded the UTS included in the-BM®ry Grilamid TR55
PA12 datasheet by 28.58fhd were significantly superionan additively manufactured onasd

with low variation (s=0.54)
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Figure 39: AverageElongation at Brealor 7 sets of tensile specimattigided by printing orientation anetBF
process
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Figure39 presentshe comparison foElongation aBreak (EAB) it can be observeflom it that

the highest values were ratitained bythe injection molded samples it was expectdalt rather

by the MJFonesbuilt in Y orientation. The specimens manufactured by injection molding
performed poorly and below the expeciadlies of >50% depicted in thheaw material datasheet
[77]. The injection molded specimestartedo shownecking(see Figures 41h, 41i, and 42gjt
broke in a brittle andudden mannem contrast, in average the Maith theY build orientation
presented the highest elongatiah break,although theyalso obtainedhe highest standard
deviation between all the specimen groups=3.978) while the injection molded specimens
demonstratedelks variation(s=1.37). MJF parts built in Y orientatiosurpassd the injection
molding specimensut presented similar results to the ones corresponding to their SLS
counterparts also printed in Y orientatiog,gdifference of 2.95% between each othiée results
obtained for MJF technology do not correspond with the ones presenséudils performed by
other authorswherethe highest elongatiocorresponded to the specimens printed sideways (X
orientation on this thesiacc. toFigure25) [63, 73].

For all the test iterations, stressain diagrams were obtained from the TestXpert software utilized
by the ZwickZ010 universal testing machin&igure 39 shows the firsspecimenof each set
compared to each othethe rest of the diagrams can be found in Appendjrouped by build
orientation and by manufacturing process
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Figure 39: StressStrain diagram for set 1 of PA12 specimens manufactured by SLS, MJF and injection molding.

The stresstrain curves presented kigure 39, show the mechanical behaviortbt firstsetof
specimenglivided by manufacturing process and printing orientatiéom the curves it can be
observedthe brittle fracture behavior of the specimearsd thé& low elongation at break as
mentioned earlierThe setof curveson Figure 39 was intentionally selected how the high
elongation of the MJBpecimenbuilt in Y directioni dent i f i erdl.oAd the Jetvd F
injection moldedspecimens broke in a brittle and drastic mamwién a characteristisnapping
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sound when fracturingndat the center of the dumbbelhapeAll the injection molded samples
showed the start afeckingas it can be identiid in figures 39 and 42 It is known that materials
with brittle fracture behavior are not the most optimal for absorbing efrengyimpactd 3].

By observing some of the specimens under the microscope, it was possisthcoalescence
between powder particles frothe specimens produced by SLS and MBlgure40a shows an
injection molded specimen with a dense and uniform compositf@grain orientation resulting
from the material flonafter injected intdhe mold carbe observeds vertical lines

SLEZB: bofom £

Figure 40: Specimens observed under light microscope with 5X objective. a: IM_3, b: SIcS_X9,
SLS Y8, d: SLS_Z8, e: MJF_X3 side 1, f: MJF_X3 side 2, g: MJF_Y2 side 1, h: MJF_Y2 side 2, i:
MJF_Z1.

After visualinspection with the light microscope, it was noticed that $LS partsid showed
goodapparentcoallesence between powder particles with the 5X objeasv&hown orfrigure
40b, 40c and40d. MJF specimens, in contrast, sheshdefined powder particles @h remained
without totally fusing (sed~igure40e, 40f, 40g, 40h and40). With the light microscope it was
only possible to evaluatihe external surfas of the parisherefore it was not possikie know
how the powder was fused under the superfi@gers. From the MJF specimenbuilt in Y
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directionpresented in Figure 4@, can be observed the difference in surface color between the
side of the part in contact with the powder §edjure40g) and the one facingpwardsthe print
head(Figure 40h) which shows moresvidenttraces of the black color from the fusion agent
deposition

Figures 41 and 42epictthe fracture areas of some of the specimens. An interesting observation
was thatthe two MJF_Y specimens that had the highest elongation values started to show more
ductile behavior before fracturirgut this was not reg@sentative of the full MHY specimen set

as it was mentioned abavA comparison between the most ductile and an average MJF_Y
specimens can be observed in Figdtte and Figure 1f respectively.

Figure 41: Fracture areas of specimens paanufacturing process and print orientation. a: SLS_X9, b: SLS_Y8, c:
SLS_Z8, d: MJF_X3, e: MIF_Y2, f: MIJF_Y3, g: MJF_Z1, h: IM_3 and i: IM_7.

Figure 42: Fracture areas of specimens observed under the microscope with a 1X objective. a: SLS_X9, b: SLS_Y8,
c: SLS_Z8, d: MJF_X3, e: MJF_Y2, f: MJF_Z1 and g: IM_3.
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All the specimens manufactured by MJF presented capillarity in their uppermost surfaces that
were parallel to the build platform of the machine. FigtBshows specimens printed in X and
Y directions.

Figure 43: Capillarity present on MJF specimens printed in X (left) and Y (right) directions.

Unfortunately, thespecimens were not marked and classified according to their location inside of
the build chamber. As it is mentioned 8}, the location of the parts inside of the powder bed is a
crucial parameter that has a significant impacthenresulting mechanical propertigsecimens
Therefore, the variation of the results cannot be attributed to this factor but neither disregarded.
For next studies thahouldbetaken as @onsideation

8.2Voltage withstand testresults

This section presents the results obtained by performing multiple voltage withstand tests on PA12
rectangular specimength 1 and 2mnthicknessesA constant increase of temperatureteps of

5°C was applied during the testhe specimens manufactureg &dditive manufacturing were
printed in three different orientatieand the injection molded specimens weueand machined

from an existing congnentas described in section 7.2.2

All the tests were performed first fail the setswith 1mm thicknessEach set consiedon five
specimensFigure 44 presents thrmummarizedesults measured by the tester in a bar chart as
percentages ofi P a s s./Theapartsoaregrouped by manufacturing process and printing
orientatona fiPas s 0 r e s u lntwithsi@dlkVtAC atdll ehe tenpperaturesmieom 20
100°C.
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1mm specimens: HIPOT test results

H %(Pass) m%(Fail) m%(Short)

100%
80% I
60%
40%
20%
0%

IM_Imm  SLSImm_X SLSImm_Y SLSImm_Z MJF1Imm_X MJFImm_Y MJF1mm_Z
Specimen group

Figure 44: HIPOT test results for 1mm thick specimens presented as percentage, being 5 specimens the 100%.

As observed from Figure 44, for 100% of the 1mm specimens produced by infaotating, SLS

in Y direction and MJF in Z direction the results obtained by the testepesitive Theoutcome

of the testewa s fi P atessvbltage bf 4kV AGnd forall the temperature intervals from 20

to 100°C. On the contrary, from the 5 spe@ns with 1mm thickness produced by Multi Jet Fusion

in Y direction,five out of five parts failedhe testand allowed 5mA of current to leak through the
materialat temperatures between-30°C. SLS 1mm specimens produced in X and Z orientations
had 60% ad 40% of failure respectively, all of themeatiest environmenté&mperature of 10C.

From thesamples manufactured in X orientation by MJF, two specimens failed but for one of them
the tester output was r epor tectcondustivdipstinbetwveéed , wh |
the electrodes through the insulatiofhe summarized table of the results for each sample
containing the temperature at failure, voltage withstood, and leak currents mesdisheednd of

each test cyclean be found in Appemdll.

In terms of leak currenthe full set offive injection molded samples with a thickness of 1mm
presented a stable behavidheyleakedlow current valuedetween 0.053 an@l07mAfrom the

5mA defined limitand the leak current did nehow significant changes atny environmental
temperaturdetween 20C and100°C. Figure45 shows the average leak currents in function of

the temperature risingn contrast, the 1mm specimens manufactured by SLS and MJfdid n
show such stability and presented anisotropy depending on the printing orientation of the parts.
Some important observation was that most of the MJF failed specimens presented breakdown close
to or at room temperaturBy this,the temperature to be derded as a potential influential factor

for the breakdown of the specimens.
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Figure 45: Average values of leak current in function of temperature for all 1mm thick insulation specimens.

Only oneMJF specimen printedn Y orientation(MJF1mm_Y2)was ableto withstand three
temperature steps without presentimgmediatedielectric breakdow. The remaining fourMJF
specimens printed ithe Y directionleaked 5mA and presented breakdownpomcture athe

initial temperature 020°C or within thefive secondsoltage ramp phase at the start of the HIPOT
test before reaching the 4kV voltage lev€igure46 (h, i, j and k)depictssome examples of
punctured areasn MJFY specimes and their breakdown voltages are presentekpmendix Il

Table 8 presents thgeneral range deak currentsortedby manufacturing process and build
orientation. The leak current valugsowed to increase at the highest temperaames compared

with injection molding, As mentioned before the SLS in Y and MJF in Z orientations were the best
AM performers for 1mm thick insulators but compared with their injection molded equals, they
leaked above seven timesrecurrent at 1080C although at room tengpature were comparable

Table 8:Leak current value ranges pg&émmspecimen group

Specimen group | Leak current ranges| TestedEnvironmental temp. ranges 6 )
=

IM1mm 0.053i 0.07 207 100
SLS1mm_ X 0.067 5 2071 100
SLS1mm_Y 0.058i 0.505 207 100
SLS1mm_Z 0.061i 5 207 100
MJF1mm_ X 0.0611 5 2071 100
MJF1mm_Y 0.24-5 2071 30
MJF1mm_Z 0.061i 0.51 207 100
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Figure 46: 1mm thickelectrical insulation specimens manufactured by $4.5; andIM observed with a 5X
objective a: SLS1mm_X1 top side, b: SLS1mm_Y1 top side, ¢: SLZIrop side d: SLS1mm_X1 bottom side,
SLSImm_Y1 bottom sideSLS1mm_2Z bottom side, g: MJF1mm_ Xdp side, hMJF1mm_Y2 top side, i:
MJF1mm_Y1 bottom side, j: MJF1mm_X4 bottom side, k: MJF1mm_Y2 bottom side, I: MJF1mm_Y1 bottom side,
m: MJF1mm_Z2 top side, n: IM1mm_2 top side, o: IM1mm_2 bottom side.
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All the gpecimens manufactured by additive manufeng with 1mm thicknesgpresentedigh
anisotroy depending on the printing orientatidrhe specimens manufactured by MJF presented
anisotropic dielectric behavidor the X and Z orientationsvhich wasnot totally expected, as
they bothwere printed verticallyout with different IR lamp path length$he 1mm thick MJF
coupons produced inY orientation that failed all the testspresented punctures and/or
carbonization In contrastwith their SLS counterparts, whighassed the tests at a 100BYy
observing all the PBF partsider the microscope, it was evident that the powder pariictee
surface of the partsere not totally fusedegardles®f the printing orentation Poor coalescence
between powder particleam be attributed to low powemitted bythe heat sourcgl].

Figure 47 presents the results of the HIPOT tests performed to the 2mm thick specimens in the
same manner as for the 1mm thick ones above.

2mm specimens: HIPOT test results
m %(Pass) m %(Fail)
100%

80%
60%
40%
20%

0%

IM_2mm  SLS2mm_X SLS2mm_Y SLS2mm_Z MJF2mm_X MJF2mm_Y MJF2mm_Z

Figure 47: HIPOT testesults for 2mm thick specimens presented as percentage, being 5 specimens the 100%.

As shown in Figure 47, the results obtained for 2mm specimens manufactured by injection molding
and SLS are comparable the sameanannerthe MJF specimens printed indtientation were

100% successful at 4kV AC and within the POC°C temperatureange On the other hanane

MJF printed in Z direction failedt 100C without evident puncturand three of the MJF parts
printed in Y orientation presented breakdown by puresat temperatures between-I60°C. At

a thickness of 2mminjection molded and SLS insulators are compatable results show
isotropic behavior for SLS parts. MJF parts demonstrated improvements for the vertically printed
specimens (X and Z) but Yriented parts stilpresented a high failure ratBor specimens
manufactured with mm thickness, the overall leak currents were lower in comparison with
utilizing 1mm thick samples Equally as with their thinner counterparts, injection molded
specimensvere stable and did not sha@ignificantvariations in leak current when the temperature
increasedrom 20°C to 100°C, the highest leak current for an injection molded specimen was
0.061mA,approximately 8times below the 5mAouch current safetymit establishedoy ISO
64693:2011[23.
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Leak current in function of temperature for 2mm sampkegerage values
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Figure 48: Average values of leak current in function of temperature for all 2mm thick insulation specimens.

On the other hand, betwe&LS 2mm thick specimens, there was degree of isotropic behavior
when comparing the leak current values between different printing orienthtibifscompared

with the injection molded parts in average leakeitimes more current at 100, significantly
lower than with 1mm thick specimenkhe best performing group in terms of leak current for the
MJF groups were the X and Z orientation, foe Z orientation the leak current at 130was 3.2
times higher than for the injection molded parts. For the Z orientation if the parts that fited w
not consideredhe leak current wasithin the range of 0.050.138mA, 2.2 times higher. These
rangesare summarized in Table 9 and presented in Appendix II.

Table 9: Leak current value ranges per 2mm specimen group.

Specimen group | Leak current ranges| Tested Environmentaltemp. ranges 6 )
C=

IM 2mm 0.08271 0.061 207 100
SLS2mm_X 0.0627 0.106 207 100
SLS2mm_ Y 0.0827 0.13 207 100
SLS2mm Z 0.06271 0.1 207 100
MJF2mm_X 0.0657 0.199 207 100
MJF2mm_Y 0147 5 207 100
MJF2mm_Z 0.0671 5 207 100
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Figure 49 (&) shows better powder particle coalescence for §ifimens if compared with the

1mm thick specimens presented in Figure 46. For MJF specimens it is still evident that some
powder particles remained without fusing together at the surface of the parts and carbonized
punctures were caused during the testsegen in Figure 49 (h, k and m).
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Figure 49: 2mm thick electrical insulation specimens manufactured by815andIM observed with a 5X
objective a: SLS2mmX2 top side, b: SLS2mm_Y?2 top side, ¢: SLS2mm_Z2 top side, d: SLS2mm_X2 bottom side, e:
SLS2mm_Y1 bottom side, f: SLS2mm_Z2 bottom side, g: MJF2mm_ X1 top side, h: MJF2mm__ Y5 top side, i:
MJF2mm_Z2 top side, j: MJF2mm_X1 bottom side, k: MJF2mm_Y1 bottom side, I: MJF2mm_Z2 bottom side, m:
MJF2mm_Y3 bottom side, n: IM2mm_5 top side, o: IM2mnotten side.
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By measuring the densities of both Imm and 2mm speciiheves observed that specimens
belonging to the MJF and IM groups had comparable density v#oeSLS the part densities
werelower, confirminghigher porosity achieved by the proce¥®gith the results presentéafore
together with the onas Figures50 and 3, it is possible taassumehat porosity alonevas not

the main factor contributing to the poor insulative performance of MJF specimens, but rather a
combination of voidsvithin the parts, poor powder coalesceaoel the use of the fusing agent.
Although it is not clear why the breakdown is predominant fervttbuild orientation.
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Figure 50: Calculated density of 1mm thick specimens separated by manufacturing process and build orientation.
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Figure 51: Calculated density of 2mm thick specimens separated by manufacturing process and build orientation.

According to the literature and patents applied by Hewlett Packard, both HSS and MJF processes
utilize fusing agent® r fi i n éascontain lsaabbn black as one of the activaterias for
promoting powdefusion[83], [84]. It has been studied before tlia¢ presence afarbon black
decreases the dielectric strength of s@asticmaterialsas demonstrated by Ueki et. @5] for

high density polyethylendn their staly, it was found thathe areas where carbon black was
agglomerated were prone to the formation of rupture chariedsioes not utilize such radiation
absorbing material (RAM), thereforewd offer a performancecomparable to injection molding

as arelectrical insulabn above a 2mm thickness at 4kV AC and within thelR0°C temperature

range
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9. Conclusionsand future work

The need to identify AM processes for polymers and compare Powder Bed fuBigettion
Molded partsfor potentialapplications for electromechanical components was addresdads
thesis This, was done byerforming a comparative study through tensile testing and by exposing
PA12specimens tdkV AC. The processes compared during theeexpents were Selective Laser
Sintering(SLS), HP-Multi Jet FusionMJF) and Injection MoldindIM).

To be suitable for the use in the high voltage environment &\arcomponents need to fulfill
demanding requirements. Those requirements cover aspeahdng environmental conditions,
flammability, mechanical and electrical properties among many others, this thesis was intended to
be a stepping stone to characteft& and MJRparts mechanicaflbut as well to understand how
effective they are as electrical insulat@pecimens withhticknesses of and 2mmwere tested

to identify initial design limitationgfor example, minimum wall thicknessMore extensive
studies would need to be performéa determine the full applicability of PBF parts as
electromechanical automotive components and theirterg behavior.

Through the experimental resyltghis thesiscan conclude thatPowder Bed Fusion, when
characterized btensile testingdemonstrate lower butcomparablenechanicaproperties as the
ones produced bynjection molding Specimensmanufactured by SLSrom EOS PA2200
demonstratedhigh stiffnessand strengthat a low density One downsidewas the anisotropic
behavior affected by the pring orientation especially in the verticatlirectionand due to the
inter-layer bondingThis was expected as it is a common characteristic of Additive Manufacturing
processesThe best specimens in terms of tensile strength wereng obtained b$LS printed

in Y orientation whichachieved values belowl% from theresultsobtained by injection molded
parts HP-MJF parts offes the fast production of dense components walatively similar
properties as SLButshowedhigherisotropy fortensilestrength Both processes demonstrated to
produce PA12 parts that fracture in a britttel drastienanner with lowElongation &Break(10-
25.5%). Thiscould compromiseheir capability of absoibg energyfrom impacts or vibration
Onthe other handhe injection molded specimens testgltbwed brittle behavior as well

As electrical insulatorsaccording to thé1lIPOT test results presented in this theSkS PA12

(EOS PA2200hasdemonstrated to be potentially suitalibe applicatons up to a maximum
voltage ofdkV AC. The SLSprocesslemonstratedomparableshortterm capabilitiegs the one
observedwith injection molaed samples. Tdresults proved that dould besafe to utilize SLS
partswith a minimum wall thickness o2mm Although with SLS there exishe possibility of
presenting voids that coudomotethe formation of conductive paths by partial discharges in the
long term The brittle behavior of the parts observed during the tensile tests could also become a
contributor of that issud~or serial production applications, loitgrm testing is recommendeadd

for a largersamplesize Five specimenslo not represent a significant population to determine
whether SLS parts will always behaue the sameway or not HP-MJF has potentialas a
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technology due to its processing speed. fElenology is relativelpew,and more materials and
fusing agents will be developed in the futuddthough, through the tests performed within the
conditions for this thesislectricalinsulation parts manufactured by HRIF presentechigh
occurrenc®f insulation breakdowrThereforethe risk ofelectric shockunder high voltage stress
is high This could battributedto thepossiblepresencef carbon black in the fusing agenilized

in the procesand voids within the part§he HP-MJF HP3DHRPA12 materiademonstrated to
be highly affected by the build orientation bothl and2mm thicknessed'he Y orientation for
MJF presented breakdown on 100% for 1mm thick insulatods6®3 for 2mm specimens.
Apparently,thicker MJF specimens showed improvemianterms of leak currerdnd therefore
tests with thicker samples should be performed to determine a minimum wall thickness that could
show a stable and safe behavmrthe sare material

PBF technologiediave greapotential for the future of additively manufaadrendproducts

becauseof processing speed and design freeddvinen comparingPowder Bed Fusion with
injection molding it needs to béaken intoconsideratiorthat both technologieare completely
different from each other and thariation betweenpropertiesare just a reflection of that fact.
With this thesistiwas not intended to search to replace one process by the othéubi

benchmarkhe technologies.

This thesis cannot determine the full applicability oiMderBed Fusionprocesses for their use in
Electric Vehicles without being complementedth further research and testingn the other
hand,it gives a good introduction to the topwithin Valmet Automotiveand fulfills the research
guestions

Directly related to the cases studied in this thesis, it is of great importanc&ealeeper studies
on the topic of electrical properties of additively manufactured parts. This thesisowelsed
voltage withstand test omaterial thicknesses of-2mm without testing insulation resistance
Morein-depthtests with a biggesample size and a wideange of material thicknesses should be
performedand at a wider range of voltages to study @etdrminghe safety limits of HIMJF in
multiple printing orientationsAs well, this thesis did not include DC voltage tests and many
important componentsof the EV powertrain operate atDC high voltages. For mechanical
characterization, impact resistance, bendiogmpressiorand flexural properties of the parts
would give a wider understanding of the AM parts when compared to injection maidimell,

a wider range of material blends should be studied.

As it was mentioned before, many requirements were not within the scope of this thesis. In order
to apply PBF technologiess serial productioormethodsmore studies for the loAgrm behavior

of the partshould be addressed. Some examfaesuture consicerationare the aging of PBF
sampleshy standarcenvironmental cycle testing and its impact onriechanical and dielectric
propertiesthe studytheir reaction tavibration, the moisture absorption of the materialeemical
compatibility with automotive fluidsand quality relateccharacteristicssuch as dimensional
accuracy, repeatability of the processes and surface quaafitgntion some examples
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Appendix | T Stressi Strain diagrams from tensile tests
Figure I-a: StressStress diagrams for SLS tensile specimens printed in X direction.
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Figure I-b: StressStress diagrams for SLS tensile specimens printedire¥tion.
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Figure |-c: StressStress diagrams for SLS tensile specimens printed in Z direction.
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Figure I-d: StressStress diagrams for MJF tensile specimens printed in X direction.
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60
g
=
3
0 5 10 15 20 25 30 35 40
Strain (%)
MJF Y1 MJIF Y2 MJF Y3 MJF Y4 MJF Y5 MJIF Y6 MJF Y7 MJF Y8 MJF Y9 MJF Y10
Figurel-d: StressStress diagrams for MJF tensile specimens printed in Z direction.
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IM1

Figure I-e: StressStress diagrams for Injection Molded tensile specimens.
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Appendix Il T Voltage withstandtest resultssummary.
Table ll-a: Summarized results from thieltage withstandests for all 1 and 2mm specimens.

20

IM9 IM10

Specimen Tester result Temp. at Voltage measured at Leak current
pass/failure pass/failure temp.(kV) range (mA)
(°C) min.-max.
IMImm 1 PASS 100 4.000 0.059i 0.067
IM1mm 2 PASS 100 4.001 0.059i 0.068
IM1mm_3 PASS 100 3.985 0.058i 0.07
IM1Imm_4 PASS 100 4.001 0.057i 0.07
IM1Imm_5 PASS 100 3.997 0.053i 0.068
SLS1Imm_ X1 FAIL 100 3.992 0.0611 5
SLS1mm_X2 PASS 100 4.002 0.061 0.285
SLS1mm_X3 FAIL 100 4.012 0.063i 5
SLS1mm_X4 FAIL 100 3.989 0.064i 5
SLS1mm_X5 PASS 100 4.002 0.063i 0.264
SLS1Imm Y1 PASS 100 3.997 0.061i 0.25
SLS1mm Y2 PASS 100 3.982 0.063i 0.268
SLS1mm_Y3 PASS 100 3.997 0.062i 0.367
SLS1mm_Y4 PASS 100 3.998 0.058i 0.226
SLS1Imm_Y5 PASS 100 4.002 0.061i 0.505
SLS1mm Z1 PASS 100 3.997 0.061i 0.325
SLS1mm Z2 PASS 100 3.998 0.066i 0.344
SLS1mm_ Z3 FAIL 100 3.990 0.062i 5
SLS1mm_Z4 FAIL 100 3.991 0.065i 5
SLS1mm_Z5 PASS 100 3.974 0.065i 0.623
MJF1mm_X1 PASS 100 4.000 0.061i 0.132
MJF1mm_X2 PASS 100 4.003 0.0671 0.202
MJF1mm_X3 PASS 100 4.001 0.068i 5
MJF1lmm_X4 FAIL 20 3.721* 5
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MJF1mm_X5 SHORT 20 0.045 5
MJF1Imm_Y1 FAIL 20 2.805* 5
MJF1mm_Y2 FAIL 30 3.998 0.2471 5
MJF1mm_Y3 FAIL 20 4.003 5
MJF1mm_Y4 FAIL 20 3.685 * 5
MJF1Imm_Y5 FAIL 20 3.998 5
MJF1mm_Z1 PASS 100 4.002 0.0611 0.138
MJF1mm_Z2 PASS 100 3.997 0.0831 0.51
MJF1mm_Z3 PASS 100 4.000 0.0691 0.185
MJF1mm_Z4 PASS 100 4.001 0.0741 0.3
MJF1mm_Z5 PASS 100 3.988 0.0631 0.181
IM2mm_1 PASS 100 4.002 0.0541 0.061
IM2mm_2 PASS 100 4.000 0.0521 0.06
IM2mm_3 PASS 100 4.000 0.052i 0.061
IM2mm_4 PASS 100 4.000 0.052i 0.059
IM2mm_5 PASS 100 4.000 0.0521 0.06
SLSZ2mm_X1 PASS 100 3.993 0.0541 0.106
SLSZ2mm_X2 PASS 100 4.002 0.0521 0.106
SLS2mm_X3 PASS 100 4.000 0.054i 0.084
SLS2mm_X4 PASS 100 3.998 0.054i 0.092
SLSZ2mm_X5 PASS 100 3.998 0.0521 0.083
SLSZ2mm_Y1 PASS 100 4.011 0.0561 0.13
SLS2mm_Y2 PASS 100 4.004 0.052i 0.091
SLS2mm_Y3 PASS 100 3.998 0.054i 0.099
SLS2mm_Y4 PASS 100 3.998 0.053i 0.096
SLS2mm_Y5 PASS 100 4.002 0.0531 0.09
SLSZ2mm_Z1 PASS 100 4.005 0.0551 0.095
SLS2mm_Z2 PASS 100 3.995 0.054i 0.1
SLS2mm_Z3 PASS 100 4.001 0.052i 0.097
SLS2mm_Z4 PASS 100 3.996 0.0541 0.092
SLS2mm_Z5 PASS 100 3.993 0.0521 0.089
MJIFZmm_X1 PASS 100 4.001 0.0551 0.089
MJIF2mm_X2 PASS 100 3.998 0.071i 0.199
MJF2mm_X3 PASS 100 4.002 0.055i 0.101
MJIFZ2mm_X4 PASS 100 3.997 0.0641 0.128
MJIFZ2mm_X5 PASS 100 4.001 0.0581 0.094
MJFZ2mm_Y1 FAIL 75 4.002 0.141 5
MJF2mm_Y2 PASS 100 4.004 0.1961 0.472
MJF2mm_Y3 FAIL 80 4.012 0.1971 5
MJF2Zmm_Y4 PASS 100 3.997 0.2251 0.56
MJIFZmm_Y5 FAIL 100 3.953 0.2311 5
MJF2mm_Z1 PASS 100 4.008 0.0671 0.103
MJF2mm_Z2 PASS 100 4.005 0.062i 0.138
MJF2mm_Z3 FAIL 100 3.992 0.0771 5
MJIF2mm_Z4 PASS 100 3.997 0.0571 0.108
MJIF2mm_Z5 PASS 100 4.000 0.0571 0.095

* Failure presented during Voltage ramp phase of the test.
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