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RESUMEN

Antecedentes

El desarrollo de la fabricacién aditiva en polimeros ha supuestogtenra
revolucién en la industria del procesado de estos materiales, alcanzando un
gran peso en sectores como el energético, el automotriz, el aeronautico o el
sanitario, entre muchos otros. La gran variedad de técnicas adaptadas a las
distintas familias denateriales poliméricos ha permitido abordar disefios muy
complejos. De entre todas las técnicas, las pertenecientes a la categoria de
fusién de polvo en cama caliente son las mas extendidas, destacando la técnica
de sinterizado selectivo por lase®dlectie Laser SinteringsL$ Esta técnica
puede ser utilizada en una amplia variedad de polimeros, no necesita soportes
para la fabricacion de la pieza final, los polvos sobrantes pueden ser
reutilizados y, sobre todo, presenta una muy buena relacion cafdecio. De

entre todas las familias de polimeros fabricadas BaSdestaca la de las
poliamidas, con una cuota del 95% del total del mercado de SLS. En concreto,
la poliamida 12 (PA2) se caracteriza posu alta resistencia a sustancias
quimicas y,sobre todo, por sus buenas propiedades mecanicas: elevada
tenacidad de fractura, notable resistencia a la fatlgauen comportamiento

frente al desgaste.
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Los polimeros procesados medial8eSe caracterizan por estar compuestos
por una estructura de capas que puede condicionar su respuesta mecanica y
su resistencia a fractura y a fatiga, por su comportamiento anisotrquo ps
defectos inherentes a estas técnicas de procesado. Aunqueerxastudios
sobre el comportamiento mecéanico de la -P2 procesada mediante
fabricacion aditiva, son bastante escasos los enfocados al comportamiento a
fractura y a fatiga. Ademas, la mayoria estan orientados hacia la evaluacion del
efecto de los paramet® de procesado en el comportamiento mecanico
medido principalmente mediante ensayos de traccién y/o flexion.

Objetivos

El objetivo principal de esta tesis doctoral es estudiar el comportamiento a
fatiga de laPA12 procesada mediant§SLSy compararlo con el del miso
material procesado por la técnica convencional de moldeo por inyeccion
(Injection Moulding IM). Para ello, se ha realizado un extenso programa
experimental que aporta datos relevantes sobre el comportamiento de este
material y permite comparar la capdad resistente frente a la fractura y a la
fatiga de las piezas procesadas por técnicas de fabricacion aditiva y técnicas
convencionales. Debido a que en las técnicas de fabricacién aditiva las piezas
se construyen por deposicién capa a capa, es posiderdgrar respuestas
anisotropas, concretamente comportamientos transversalmente isétropos.
Por ello, se decidio llevar a cabo toda la caracterizacion mecanica, a fractura y
a fatiga aplicando la fuerza en la direccion perpendicular y paralela a la
estructua laminar.

Metodologia

En primer lugar, se han determinado las propiedades térmicas Yy

microestructurales mas relevantes de este termoplastico semicristalino,
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incluyendo las temperaturas de transicion vitrea, el grado de cristalinidad, la
porosidad o el tamafio de esillitas, junto con algunas caracteristicas de las
probetas mas asociadas al proceso de fabricacion, como la rugosidad y la
morfologia piel nicleo. Se han detectado algunas diferencias significativas
entre los dos procedimientos de fabricacion, especialfmemn el tamafio de

las esferulitas y en la rugosidad superficial, siendo ambos valores mucho
menores en el caso de las probetas moldeadas por inyeccion. Ademas, éstas

presentaron una capa superficial de material amorfo.

Respecto a la caracterizacion meicax) se han realizado ensayos de traccion
cuyos resultados no muestran grandes diferencias entre las proBéi&dM,

ni tampoco entre orientaciones diferentes en el caso de las probetas
procesadas por fabricacion aditiva. La diferencia mas marcadaeestl
alargamiento a rotura, que es sensiblemente menor en el caso de las muestras
procesadas poELSy, dentro de éstas, en las muestras cuya orientacién de

capas era perpendicular a la direccion de la fuerza aplicada.

En cuanto al comportamiento a fracty la poliamida ha presentado en todos

los casos una respuesta no lineal que ha obligado a una caracterizacién basada
en la integral J. Los valores criticos de este parAmetro no muestran variaciones
relevantes entre los materiales procesados o porIM, ni tampoco entre

las diferentes orientaciones ensayadas. Tan s6lo cabe mencionar que las
probetas SLS en las que la direccion de la carga aplicada era paralela a la
orientacion de las capas presentaron la mayor resistencia a la propagacion
estable degrieta, mientras que la energia necesaria para el inicio de la

propagacion de la grieta fue superior en las probetas inyectadas.
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En relacidon con el comportamiento a fatiga, se han determinado las cuvas S
N y los limites de fatiga de cada tipo de materiaflicionalmente, se han
realizado ensayos normalizados en probetas compactas para determinar
curvas de propagacion de grietas y valores umbrales del pardmetro de control
propuesto en esta tesisylO Toda esta informacion se ha agrupado en
diagramas delipo Kitawagalakahashi, extendiéndolos a los casos de vida
finita y rotura inestable.

Resultados

Los resultados evidenciaron que, independientemente del tipo de
caracterizacion, el peor comportamiento mecanico y a fatiga corresponde a las
probetas SLS ensayadas aplamdo la fuerza perpendicularmente a la
orientacion de las capas. Los defectos inducidos durante el procesado y una

resistencia interlaminar baja justificaron este comportamiento.

Finalmente, se ha identificado la nucleacion, coalescencia y crecimiento de
crazescomo el mecanismo dominante en la mayoria de los casos. Su origen
suele localizarse en defectos internos asociados al proceso de fabricacion o a
la propia fase cristalina. En algun caso, también se han detectado mecanismos
de desgarro ductil.

Conclusiones

Como onclusién global, los resultados obtenidos en esta tesis indican que el
comportamiento a fatiga de la PE fabricada medianté&SLSes bastante
similar al de la PA2 fabricada mediantéM, un buen punto de partida para

incorporarpiezas fabricadas median&_%n aplicaciones estructurales.



ABSTRACT

In this doctoral thesis, the fatigue behavior of polyamide 12 manufactured by
selective laser sinterings($is studied and compared with the same material
processed by injection nuiding (M). An extensive experimental program has
been carried outproviding relevant data on the behaviour of this material to
evaluate the structural integrity of the parts processed using additive
manufacturing techniquesSirce in these techniques the manufacturing
process is carried out by layby-layer deposition, theresulting parts are
susceptible toexhibit a transversely isotropic behaviaufhat is the reason
why the mechanical and fatigue characterizateowere perfomed applying

the force paralleand perpendiculato the layeredstructure.

Firsty, the most relevant thermal and microstctural properties of this
semcrystalline thermoplastic have been determined, including the glass
transition temperatures, the degeeof crystallinity, the porosity or the size of
the spherulites, together withfeatures typically associated with the
manufacturing process, such as roughnessskincore morphology Some

significant differences between the two manufacturing proceduregehaeen
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detected, especially in the size of the spherulites and in the surface roughness,
both much smaller in the case &% specimensMoreover, IM specimens

showed a skin layer of amorphous material.

Regarding the mechanical characterization, tensits have been carried out,
the results do not show great differencesther between the SLSand IM
specimensor between different orientations in the case of the specimens
processed by additive manufacturinghe only and very marked difference is
the elongation at break, which is significantly lower in the case of samples
processed bySLSand within these, in the specimens tested with the load

applied perpendicularly to the layer wise structure.

Regarding the fracture behavior, the polyamide has preseérd nonlinear
mechanicalresponse in all cases, which hesmpelleda characterization
based on the integral J. The critical valwésthis parameter do not show
relevant variation®ither between the materials processed By %r by IM, or
between the different orientations tested.Nevertheless, it is worth
mentioningthat the SLS specimens tested with the load applied parallel to the
layered structure showed the best crack propagation resistance and the IM

samples presented the highest energy at crack growth initiation.

In relation to the fatigue behavior, thel$ cunes and the fatigue limits have
been determinedusing plain specimens. Additionallyfracture mechanics
specimens (compact tension configuration) have been employed to obtain
crack propagation curves and the threshold valoéshe crack driving force
parameter proposed in this thesisy!'O All this information has been
employed for the construction of thKitawagaTakahashi diagrams, extesd

to finite life and unstabldailure cases
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The general trend has been that the worst mechanical and fatigue bahavi
occurred in theSLS$pecimens tested with the load applied perpendicularly to
the layered structure. The defects induced during processing together with the

weak interlayer strength accounted for thhehaviour

Finally, the dominant mechanisntg failure have been identified, which in
most casesare nucleation, coalescence and growth @fizes which usually
have their origin in internal defects associated with the manufacturing process
or in the crystalline phase itselln some cases, ductile teag hasbeenalso

detected.

As an overall conclusion, the results obtained irs thesis indicate that the
fatigue behaviour of PA2 manufactured bysLSs quite similar to that of PA
12 manufactured byM, a good starting point to incorporate parts processed

by SLSn structural applications



XX




ACRONYMS ANSYMBOLS

da/dN

Ol

DMA
DSC

Crack

Paris lawcoefficient

Initial crack length

Crack growth with blunting correction

Final crack length

Thickness

.laljdziyQa Slidzr GA2y O2STFT¥
{FYLX SQ&a O2YLX Al yOS
Crack Driving Force

Elastic loadine complianceausing the crack lengthyi
Coefficient of <R power law expression

Crack Opening Displacement

Compact Tension

Crack growth rate

Average spherulite diameter

Dynamic Mechanical Analysis

Differential Scanning Calorimetry



XXII Acronyms and symbols

E L 2dzy3Qa Y2 Rdz dza

f(h) Geometicalcalibration factor

fi Failure aii'" stress level

F Cumulative probability function

a) Non-dimensional load line compliance

Gc Critical value of energy release rate

Gmax Maximum energy release rate

Ghnin Minimum energy release rate

& Conditional energy release rate

IM Injection Moulding

b2 Crack resistance at 0.2mm of the total crack growth

N1 Jvalue from the intersection betweedcurve and the
blunting line

Jdc/ X Critical dntegral value

N Plastic component ofidtegral

Ki Stress intensity factor af' load data P

Kic Fracture toughness or critical stress intensity factor

Kmax Maximum stress intensity factor

Kmin Minimum stress intensity factor

Ko Conditional stress intensity factor

L Likelihood function

lo Characteristic length in El Haddad empirical model

lo® Characteristic length for static response in El Hac
empirical model

LC Long Cracks regime

LEFM Linear Elastic Fracture Mechanics

Mg .l aljdayQa Sljdzr iAzy SELRY



acronyms and symbols XX

MSC
n

nr

N

Ny
NLFM
Pso

R

Pmax
Pmed
Prin
Pni

Po
PSC
Reratio
Ra

fi

R

S

S
SEM
SENT
SLS
Ta

Th

Microstructurally short cracks regime
Paris law exponent

Total number of stress amplitude levels
Number of cycles

Exponent of the-R power law expression
NontLinear Fracture Mechanics

Load resulting from the intersection of the load curve v
a straight line with 95% initial stiffness
Load at iteratiorit data point

Maximum load of a cycle

Mean load of a cycle

Minimum load of a cycle

Normalized load at iteratioii" data point

Conditional load at crack growth initiation

Physically short cracks regime

Pmin t0 Pmaxratio

Arithmetical mean value of thested roughness profile
Runout atit" stress level

Maximum peak to valley height of the roughness profilt
Standard deviation of a normal distribution

Stiffness

S@nning electron microscopy

Single Edge Notch Tension

Selective Laser Sintering

Alphatransition temperature

Bethatransition temperature



XXIV Acronyms and symbols

Te Crystallization temperature

Ty Glass transition temperature

Tm Melting temperature

U Normalized compliance

U Area under forcadisplacement curve unti data point
Uo Energy to breakr energy up tdPo data point

w Width

Woair Weight of sample in air

Wim Weight of sample in an immersion medium

h Crack lengtha, to width, W, ratio

1 Qi Plastic normalized displacementifttdata point

4 Normalized displacement @f data point

nD Energy release rate amplitude

nb Enthalpy of fusion of pure PE2

NHc Crystallization enthalpy

NHm Melting enthalpy

nK Stress intensity factoamplitude

NKin Threshold stress intensity factor

nt Load amplitude of a cycle

n Applied stress amplitude or stress range

N Hd Applied stress amplitude in El Haddad empirical mode
n Fatigue limit

nro Crack driving force for fatigygropagation curves

(O Threshold cack driving force for fatigue propagation cur

(OQmaxe  Maximum crack driving force before break



acronyms and symbols XXV

Hd
" max

min

Geometry factor

Plastic constriction factor

Mean value of a normal distribution
crack mouthopening displacement
Density

Density of the immersion medium
Density of air

Stress by El Haddad empirical model
Maximum stress of the cycle
Minimum stress of the cycle

Tensile strength

Yield stress

Energycalibration factor

Crystallinity degree from crystallization peak

Melting crystallinity degree



XXVI Acronyms and symbols




Chapter 1.

Problem statement



2 Chapter 1

Additive manufacturing techniques havearked a milestonedue to the
innovative nature of the idea compared to traditional manufacturing by
subtractive methods and due to its enormous versatility, spnegaapidlyto
many industrial sectors. Today it is easy to find additive manufacturing
applications in very diverse fields, from automotive or aeronautics to

biomedical ordefenceengineering.

Thermoplastic polymers for 3D printing are the most widely used todaty, bu
technological evolution has made it possiblestaployadditive manufacturing
techniquesin other families of materials such as metals, hydrogels and soft
materials of biomedical use, biological tissues or even energetic materials, such
as solid propellats and explosives. Within thermoplastic polymers,
polyamides (in particular polyamide 12) are one of the most widely used
families, both for their thermal properties that facilitate the manufacturing

process and for the final mechanical properties obtaine

There are manyssuesrelated to the new additive manufacturing techniques
that require a great research efforOne of the most relevant issués the
optimisation of the manufacturing parameters to achieve the highest quality
and the best performancef the products and components manufactured in
this way However, thigs not the research topic of this doctoral thesis, more

focused on mechanichkehaviour

From the mechanical point of viethere are somassueghat need to advance

in knowledge. Onhte one hand, there is the possible anisotropic response of
materials that are characterised by presenting a structure of layers that have
been successively deposited. Even supposing that within each layer the

behaviouris isotropic, it is quite reasonabte think of different responses in

Fatigue Behaviour of Polyamide 12 manufactured by Selective Laser
Sintering




problem statement 3

the direction parallel and perpendicular to the deposition of the material, that
is, a transversely isotropioehaviour On the other hand, the manufacturing
process itself is prone tmducinga population of characterie defects, such

as unmolten particles or porosity, which caffectthe mechanical response
and the integrity of the components manufacturéus way, especially in the
fracture and fatigudehaviours It is true that all manufacturing processes can
havefamilies of characteristic defects and, therefore, it is necessary to assess
the response of additively manufactured materials compared to those

manufactured by other techniques.

Many works can be found in the scientific literature that study the mechanical
properties ofpolymers processed via additive manufacturing techniquébe
most common is to find results from uniaxial tensile tests and comparative
studies on the response aiaterials manufactured by 3D printing and injection
or compressiomrmoulding Studies focused on fracture characterization are
scarcer, in line with some difficulties inherent to polymers in applying Fracture
Mechanics methodologies: influence of the notd&harpening process,

viscoelasticity, etc.

However, where there is a great lack of results is in the response to cycling
loads, that isjn the fatiguebehaviour There are several reasons behind this
situation in the literature: firstly, the fatigue chasterization of polymeric
materials is very tim&onsuming because they have to be tested at low
frequencies, usually around oiertz, to avoid thermal damage; secondly, the
knowledge of the fatigudehaviourof polymers is far from that achieved in
the field of metals because the physical mechanisms responsible of damage

nucleation and propagation of fatigue cracks are much less well defined.

Fatigue Behaviour of Polyamide 12 manufactured by Selective Laser
Sintering
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This does not mean, obviously, that in the field of metals the response to
fatigue is a solved and closed problehineproblem ofshort cracks continues

to be the object of intense study and the need remains open to improve the
unified description of short and long cracks, with approaches similar to that
proposed by the Kitagaw@akahashi diagrams. The fatigbehaviair of
notched components continues to need solutions, despite the enormous effort
made in this field by renowned researchers such as Neuber, Glinka or Lazzarin.
Probabilistic approaches are another front that, step by step, is providing

increasingly satisictory results.

In this situation, this doctoral thesis is proposed, which aims to characterise
the fatigue behaviour of polyamide 12 manufactured by selective laser
sintering and to compare itgehaviourwith the same material manufactured

by injectionmoulding The approach is clearly experimental, trying to provide
information from a careful testing program that indies uniaxial tensile tests,
fracture mechanics tests and fatigue tests in specimens prepared in different

orientations with long and short cracks.

Fatigue Behaviour of Polyamide 12 manufactured by Selective Laser
Sintering
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6 Chapter 2

2.1 COVERING NEW INDUSTRY REQUIRENADOISIVEMANUFACTURING

TECHNIQUES ©BLYMERS

{AYyOS (GKS ftlFad OSyilda2NEBEX GNIFyaLR2NI AyRd
constant development of lightweight structures for reducing fuel consumption
while maintaining safety and comfort standards. There are two typical ways to
manage them. On an hand using lighter materials which maintain the
performance reached with heavier ones. An example of this evolution can be
seen in racing car chassis, which has evolved from steel frames used in the
early years of the automotive to aluminium alloys irduxed at 1950s, arriving

at composite materials and higberformance polymers in use since 1980s. The
second way is to modify the design of the structure, which could imply complex
designs clearly dependent on the capability of the manufacturing to get the
end products. Therefore, this way requires an evolution of the manufacturing

processes.

Until about thirty years ago, the manufacturing techniques were classified into
two categoriesFormative manufacturing which models the material with heat
and pressure. It includes techniques as forging, stamping, injection moulding
or casting. The second category is subtractive manufacturing, which uses
cutting tools to remove material from a blartk achieve the final design.
Turning, milling and drilling are some of these techniques. It was not until the
early 1980s wherthe development of a third category of manufacturing

processedegan: additive manufacturing.

According to ASTM F2792a standad definition, additive manufacturing

AMO G(GSOKy2f23ASa INB al asSit 2F LINROSaas
FNRY 05 Y2RSt R {1k These eeéhduazinierg thotighte S NE

Fatigue Behaviour of Polyamide 12 manufactured by Selective Laser
Sintering




introduc t ion 7

initially as rapid prototyping processes which reduce the cost and time during
the development stage. Since beginning, they have suffered a speedy

development translated in new and better techniques.

The first additive manufacturing technique was stereolittaggry and it was
invented in 1983 by Hideo Kodama in Jag&h However, it was not
commercialized until 1986. In addition, the selective laser sinte(Bigp
technologywas presented that yearra since that time, the evolution of
additive manufacturing caused a direct impact on the industry, as is shown in
Figure2-1 for the aerospace industry3][4]. AM technologies have evolved
from obtaining low quality parts, whictvere used in rapid prototyping, to
produce parts with complex geometry in reduced time and with no tooling

requirements in different technological and industrial secfb}g[7].

Product Design Production
Prototyping and Customization Scaling in Volume, Size, and Availability

1986 1989 2007 2008 2009 2014
AM AM Rapid RepRap User FDM Patent Selective Laser
AM Invented  Prototype Movement Generated Art Expiresi Growth Sintering Patent Expires
Milestones (SLA)  System (FDM) in Consumer 3DPs

L —

Impactson 1986 2004 2007 2011 2012 2016 2030-2050
Aerospace  Rapid Component  Real-time SULSA 3D System Mass Production (Estimated)
Industry Prototyping Manufacture Spare Parts Prototype Acquires ZCorp  LEAP engine part Completed Product
Manufacture

Figure2-1. Additivemanufacturing timelind1].

I O0O2NRAY3I (2 22Kt SNDAMIivdSstry2cdsidtingiokal 3 NJ

AM products and services worldwide, has surged from 21%0il7 to 33.5%
in 2018, overcoming nowadays $9.8 billion[BJSThis rising trend is expected

to continue during the next years.
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A report published recently by SmarTech shows the growing trend of
automotive AM market for the next decade~(gure2-2). AsFigure2-2 shows,

AM market does not consist just in manufacturing final parts. Although this
part hoards most of the productionAM techniques are also used for
prototyping and producing specific tools. This figure also shows the general
material trend: theAM techniques ardocused on polymeric materials, whose
final properties could be obtained directly in the manufacturing process in
contrast with metallic, ceramic and composite materials, which obtain their
final properties after a secondary process such as sinteringfitiration [9].
Volkswagen and The Royal Netherlands air force are two examples of the use
of AM tools made of polymer on their processes, saving time and F3

[11]. Totalautomotive AM market is estimated to reach1®.4 billion US in
revenues by 202812]. In addition, considering the development of these
techniques, revenues of lfeication of final parts is thought to surpass the
revenues of prototyping, tooling and hardware.

Total Automotive Additive Manufacturing Market 2017-2028

$14,000 ($m|II|ons)

12 614

512,000 [$11,285!
$10,000 39,642
$8,103
$8,000
2 sss\
$6,000 Ss 237

Sa 125

$4,000 $3,225

— |s1,973 @
$2,000 s1,086) $1,456 . I l I
., = B BE S En B

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

m Polymer Final Parts $ Metal Final Parts $ Polymer Tools $ Metal Tools $
m Polymer Protoypes$ m Metal Prototypes $ m Polymer HW $ m Metal HW$
m Polymer Materials $ = Metal Materials $ =AM Software $ Automotive AM Market $

Figure2-2. Estimation of totahutomotive AM market for the next decade]
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For this reason, the principal automotive Original Equipment Manufacturers,
OEMs cooperate withAM hardware producers to integrate this technology in

their processes.

On the other hand, it is important to know the level competitiveness of
these techniquesFigure2-3 shows how unitary cost of a general part varies
depending on the manufacturing process chosen. In economic terms,
formative manufacturing is the most cestfective way for manufacturing high
number of parts, being followed by the subtractive processes. For these two
manufacturing ways, higher number of parts implies lower cost per unit, while
the unitary price for additive manufacturing remains constant without relying
on the number of manufdared pieces. Thug\Mtakes a key role when a short
number of parts is required or when the geometry of the part is complicated
or impossible to obtain with the traditional techniques. However, there are
other limiting factors for choosingM, like the mehanical behaviour oAM

pieces or processing times.

— Formative
Subtractive

m— Additive

Cost per parts

Number of parts

Figure2-3. Unit cost comparison between formative, subtractive and additive manufact{i8hg.
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Despite the general point of viewAM is not only linked with industry. There

are some relevant events which help to popular/&él outside the industry

(Figure2-1). Among others, the RepRap project that began in 2005, whose aim

was to develop a loveost 3D printer capable to print its owparts, and the

expiration of the Fuse Deposition ModellifgdM patent in 2009, helped the
development of desktop 3D printers.2 Kt SNDR& wSLI2 NI Ay TF2NXaA
500.000 desktop 3D printers have been sold between 2015 and [3D.17

There are several common steps in all the wide varietpldftechniques: all

of them begin with the creation of a 3D file Bpmputer Aided DesigiCAD
which contains the desired part. This file is converted into a simplified
computerreadable format file compatible with thAM equipment. Once this
Stereolithography{STI file is obtained, it is divided by the software into slices
of specific thicknss, which gives to th&M equipment the manufacturing
information of each layer of the part. Then, thé/ equipment can start with

the manufacture of the piece layer by layer until the piece is completed. When
the part is finished, it is removed from the machine and usually subjected to
post-processing procedures to improve the final quality of the pid&. This

general procedure is summarizedrigure2-4.

Despite these gneral steps, ASTM F2732a[1] separatesAM technologies

in different categories according to the raw polymer used and the processing
method. The most important ones are containedrigure2-5[14]¢[16]. In VAT
techniques, a photopolymer resin is usand selectively cured withitraviolet

(UV) light, so they are limited to very specific polymers.
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S = CAD; — —
. = =
- 3D Scan = =
— = =
= = .
= )
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@ ﬁ 1 Slicing;
Postprocessing & Path planning;
= i’ Support structures

I |
3D Printing

Figure2-4. General steps of AM processes: (a) creating a CAD file from an idea or scanning a piece, (b)
converting it in a STL file and slice the piece in layers, (c) manufacturing process, removal of the piece
and optional postprocessirig5].

In the case of material extrusion, the polymer is melted or semimelted and is
selectively dispensed with a nozzle. The raw material for powder bed fusion
and for material and bider jetting is a powder bed of polymer, with the
difference that in jetting processes a binder moves across the layers forming
the final part, and in the powder bed fusion, the melted polymer links layer by
layer creating the entire piece. This possibiityising just the material powder
without any addition, the varieties of suitable powdetsie no need for
structural support, the excess powder recyclab#ihd thelow-cost qualityof

the parts, make powder bed fusion processes the most popular pptieal

AM technique[8], [16]. Among the powder bed fusion syste, the Selective

Laser SinteringSL¥is the most firmly established technique for polymers.
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Processes in polymer 3D printing

_— Material and . . .
{Vatphotopolymerlzatlon} { binderjetting J {Matenalextrusmn} {Powderbedfuswn}

Stereolithography A Inkjetprinng A  Fuseddepositon A Selectivdaser
Digitallight processingDLP) & Aerosolprinting modelling(FDM) sintering(SLS)

Continuoudiquid interface
production(CLIP)

o oo

Multiphoton polymerization
(MPR

Figure2-5. Principal 3D printing processes with polymers.

2.2 SLECTMRSERANTERING JROLYMERS

Selective Laser Sinterif§L$is one of theAM processes which has evolved
the most during the last decade. This technique allows building polymeric parts
with mechanical properties very close to those obtained from specimens
processed by conventional mafacturing processes such as injection
moulding[8], [12], [13], [16] This process is presemteschematically ifrigure

2-6. It begins when a thin layer of powder, preheated somewhat below the
melting temperature, is spread in tHauilding area positioned in an elevated
temperature chamber. A high power laser Eeam scans the surface of the
powders following a 3D computer model pattern. The energy applied by the
laser melts and fuses small powder particles upon contact, whighfi
adhering the previous sintered layer. When a layer is finished, another fresh
layer of powder is swept along the build platform which moves downwards a

pre-set amount, commonly one layer thickness. The next layer is traced out
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and the process repeatyer by layer till the model is fully grown. The

unsintered powder remains during the process to support the piece.
Scanner
system
Laser
Roller O—’ Powder bed

el [ I

Delivery
System

Figure2-6. Selective laser sintering (SLS) profEgs

This technique can generate high quality and complex 3D parts using the major
variety of materials of all thAM processesHowever, this variety of polymier
powders is limited due to the requirements that have to be fulfilleure2-7
contains representative thermoplastics, indicating th8ltSavailabiity, their
microstructure and their mechanical performance. They are divided into three
groups: commodity polymers, which are not suitable for structural
applications; engineering polymers, which have good mechanical properties;
and finally, high performase polymers, usually are used in very demanding

tasks like in aerospace indus{y8].

The polymeic powders must accomplish some requirements to be used in the
SL$rocess. Schmid et §1.9] defined five main aspects, divided into intrinsic
(thermal, optical and rheological) and extrinsic properties (particle and

powder).
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Figure2-7. Characteristic thermoplastic polymers available for SLS prd@iss

The intrinsic properties are defined by the molecular structure of the polymer,
which cannot be usually modified. Thermal properties are one of the most
crucial factors becaus8LSims to obtain a full coalescencé the polymeric
particles when the COlaser melts selectively the powder. Therefore,
temperature during sinteringTg) must be precisely controlled and optimized
attending to material thermal properties. For senrystalline polymers;Ts
must be chosen attending to the crystallization temperatufie) @nd the
melting temperature Tm). Ts should be higher but neaf: to maintain the
crystallization rate as slow as possible, at least few sintered layers, to avoid
residual stresses and warping of the piece. On the other h&ymdust be lower
than Tm for keeping dimensional resolution. With these requirements, the
temperature range betweenTc and Tn could be defined as theintering
window as is outlined irFigure2-8. Although this figure shows the sintering
window obtained from the Differential Scanning Calorimet®®S@Q, the
practice one inSLSs narrowed due to the difficult control of heating and

cooling temperatures during processifi®], [20]
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Differential Scanning Calorimetry

SLS Sintering
Window:

AT=(Tm-Tc),

Metastable area
with two phases

onset

Cooling

! TmDHSE}l _

Heating

Specific Heat Flow [W/g]

Constant heating/
cooling rate: 10C/min

Temperature [T]

Figure2-8. Differential Scanning Calorimetry Thermograph with SLS sintering wjth@bw

Other important point of the thermal properties is the resistance to thermal
degradation. The exposition of the polymeric powders to temperatures near T
during long periods of time results in @gg. So, the powder used in one
sintering procesdhat remains unmolten cannot be used directly in other

sintering processes. It has to be mixed with new powder up to 50[2ajit

Other intrinsic factors are the viscosity and the surface tension, which must be
kept as low as possible to attain full dense parts. Otherwise, a complete
coalescence of polymerparticles is not produced during sintering, obtaining
parts with reduced mechanical properties. Due to the low viscosity
requirement, SLSof amorphous polymers, whose viscosity maintains high
values above the glass transition temperatuiig), are not wiegspread used

because of the poor coalescence during sintering, resulting in brittle materials.

Optical properties are also of some concern as the material must have the

ability to absorb the energy provided by the 3&ser used irsL{wavelength
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of 10.6 um). Most polymers consist of aliphatic compoundsH)Cin their

molecules, which can absorb relevant portions of the laser radiation.

On the other hand, the extrinsic factors are the ones which can be modified
attending to the powder production procedes. One of these factors is related
with the shape of particles. To obtain an optimum powder flow and slip
between particles in the processing bed, the best particle geometry is
spherical. In addition, a smooth surface of the particle also improves the flo
and the final roughness of the pief22]. Commercial powders are not usually
sphericd due to the manufacturing process, showing irregular shapes. Also,
the particle size distribution of the powder is important. To improve the
flowability of the powder, it is important to have particles of different sizes. If
the powder is composed of pactes with the same size, the slip between
particles in the bed is difficult. When particles are too small, an excessive
adhesion between particles also reduces the flowability. A commercial
distribution usually has a patrticle size distribution betweerpg®and 80 um
and a low percentage of particles with size below 10[@8]. The porosityof

the sintered piece is reduced optimizing both factors.

In addition to the thermoplastics contained Figure2-7, Ligon et al]23]
registered 31 different commercial powders on their work in 2017 including
the recently added thermoplastic elastomers. They summdrizbe
mechanical properties of those materials in a stiffness/toughness balance
diagram which is shown iRigure2-9. Although this number has increased,
there are just a few material suppliers and most of those materials are made
by 3D Systems, Electro Optical Solutidé®$ or Advanced Laser Materials.

For this reason, the different materials have their origin in one of these
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companies and they can be aimly divided into thermoplastics and

thermoplastic elastomers.

Thermoplastic
PS elastomers Semicrystalline
100 L polymers

m PAL2 -
PA12 Glasdiller

v PA12 Carbonfiller ’

© PA12 Aluminumfiller

A PAl1l % v

® PAblend u $ v
PAG Amorphous !

® TPE polymers

® PS

* PEEK Filledsemicrystalline
O HDPE

% PP ° polymers

10 ¢

Elongation at Break [%]

0.1

L L I
10 100 1000 10000
Youngs Modulus [MPa]

Figure2-9. Stiffness/Toughness balance diagram of commercial SLS materials by Lig@3Jt al.

Despite this variety, Polyamide (P#gsed thermoplastic are the most used
polymers inSLSwvith 95% market share of tot@LSnanufacturing[18], [23],

[24]. Polyamide 11 (RAl) and Polyamide 12 (P&R) are semcrystalline
thermoplastics which fulfil all the critical requirements previously mentioned.
Moreover, PAL2 has high mechanical properties, high toughness laigt
fatigue resistance compared to other thermoplastics, good tribological
performance and high chemical resistan@b], [26] Figure2-9 shows the
prevalence of these polymers when high stiffnegssieded. Different types of
PA1l (Primepart DC, EOS GmbH) andl1PAPA2200 by EOS GmbH,
Duraform® by 3D systems or PA 250 by ALM) stand out against others. This
figure also included PAs with inorganic fillers added for increasing mechanical
properties, resulting in higher strength and thermal stability but lower
elongation at break. Some of the used fillers are glass beads, alumina,

aluminium particles, carbon and carbon nanotubes and titanium whigk8is
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Although PAL1 is cheaper than RA2 and provide parts with higher ductility,

it is more difficult to process due to its narrower sintering window and a fast
recrystallization and degradation dag preheating processes, giving as result
poor accuracy and higher geometrical distortions in the pigt8§ [27] For
these manufacturing difficulties, P2 and PAL2 compaites take the

majority of theSLSnarket[8], [23], [24]

2.2.1 Mechanical properties ofA?12 processed via Selective Laser Sintering

The mechanial performance of PA2 processed bplLS$has been evaluated
mainly by tensile tests and fracture toughness te§table2-1 collects the
tensile properties such as the ultimate tensile strength, the elongation at break
and the Young's modulus 8LSPA12 measured by different authors. The
processing parameters, weh provided by the authors, are also included, as
the mechanical performance is strongly dependent on the resulting
microstructure which is governed by the values of the fabrication parameters.
The table also incorporates the values given by the two mainufactures of
PA12 for SLSs PA 2200 by EQEB] and DuraForm PJR9], as well as those
obtained from the conventional technique as injection moulditigl)( In
general trends, the values of the tensile strength and the Young’s modulus of
SLSPAL2 are very similar to those ¢ PA12, except for the elongation at
break.In this case, the elongation at breakIdf PA12 is almost one order of
magnitude higher than that o5LSPA12. The main factors behind these
differences are the processing parameters that control 8ie8echnique, the
intrinsic anisotropy of the layewise SLSmanufacturing process or the

hygroscopic nature of the polyamide.
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Table2-1. Ultimate tensile strength, elongation at break and Younwslulus of PAL2 processed by
SLS and INdy different authorsThe processing parameters and a sum up of the main results of the
investigation are included

Ultimate
. . . 2 dzy
Processing tensile  Elongation
Modulus
parameters strength at break (%) (MPa)
(MPa)
PA 2200 EOS
- 48 18 1650
(28]
DuraForm PA
- 43 14 1586
[29]
-PA2200
-EOS P730
- Energy density:
Hooreweder et0-031 J/mm 2080-
. 49¢ 52 4¢7
al.[30] - Layer height: G ¢ 2158
Selective 120pm
Laser - Building chambe
Sintering 1ro=c
(SLS) | sltzeret al. - Duraform 3D 2313 105 17201170
[31] ~ Systems (dry-wet) | (dry-wet) | (dry-wet)

- Duraform 3D
Systems

- Laser Power: 11

Goodridge et a W 4540 8-15 20001500
- Layer height:
[32] (dry-wet)  (dry-wet)  (dry-wet)
100mMm
- Building chambe
142°C
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Selective
Laser
Sintering

(SLS)

Stichel et al.

- Duraform 3D
Systems
-DTM
Sinterstation
2500plus

Caulfield et al, - Laser Power:
6-21 W

- Laser energy
density: 0.008
0.028 J/mmM

- Layer height:
150mMm

- 6 paramater
protocol for 6
different
commercial
machines
-DTM
Sinterstation

2500plus

166 C

- Energy density:
0.080.63 J/mm

-PA2200

Lammens et al

-EOS P395

machine

12¢53 4-18 500-1100

22¢ 45 2¢32 -

Starr et al]35] - Building chambei 50.7¢52.9| 12.2¢ 16.5 -

45.96¢ 1832-
3.6¢ 15.46

56.95 2104
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-PA2200 BS
granules
-ES200/35 HL
machine

- Mould
temperature: 60°C
- Holding time: 3 s
- Injection speed:

60 mm/s

Hooreweder et £3 97 1701
al.[30] - Injection

moulding pressure: 50 bar
(IM) -Nose

Injection

temperature:
230°C

- Melt injected at
240°C

Goodridge eta” SMamidL20G 44 4, 820 1800700

- EMSGrivory
[32] (dry-wet) = (dry-wet) | (Dry-wet)

Among the manufacturing parameters of ti&_Stechnique, the supplied
energy density (dependent on the laser power, laser scan spacing, laser beam
displacement velocity and laser radius) has shown a great impact on the
microstructure and crystalline features and consequently, on the mechanical
performance ofSLPA12. Dupin et al[37] showed that the increase in the
energy densitydecreases the porosity and nascent polyamide particles and
increases the recrystallized fraction, implying higher mechanical properties.

Similar results were obtained by Caulfield et[@8] and by Stichel et aJ34].

Fatigue Behaviour of Polyamide 12 manufactured by Selective Laser
Sintering




22 Chapter 2

The latter evaluated the tensile parameters BA12 sintered by different
machines and then, different parameter sets optimum for the respective

machine.

Another relevant factor is the intrinsic anisotropy induced by the stacking layer
SLSrocess and there are many authors that have evaluated tleehanical
response as a function of the applied load direction with respect to the layered
structure. Hooreweder et al[30] compared the tensile results of P&
manufactured bySLSbtained when the applied load was applied along the
scanning direction and perpendicular to the scanning direction with the results
obtained fromIM PA12. ForSL$arts, the main difference between the two
orientations wasfound inthe elongation at brak which was lower when the
load was applied perpendicularly to the layered structure. Regarding the effect
of the manufacturing technique, th&LSspecimens showed a more brittle
behaviourthanM o dzi KA IKSNJ , 2dzy3Qa Y2 RdzZ dza @
by Caulfield et al[33], Stichel et al[34] and Lammens et gd136].The latter also
analysed the effect of the different machine credssad displacement rates (5,

50 and 500 mm/min) on the tensile properties, registering higher stiffness at
higher displacement rates accompanied with lower elongation at break. On the
other hand, the resultebtained by Starr et a[35], which tested six different
orientations, revealed small dédfences in the mechanical properties among
the distinct orientations, although the lower elongation at break was also
found when the load was applied perpendicularly. In all the cases, the low
elongation at break along the building direction was relatedetyer adhesion,
very sensitive to process conditions. Some authors have analysed the effect of
the hygroscopic nature of th&LSPA12 on the mechanical performance.

Seltzer et al[31] studied the effect of humidity oiSLPA12, obtaining an
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adverse effect of the hydrothermal sy on the mechanical properties,
specifically, for water saturated specimens, with a reduction in strength, in the
L 2dzy3Qa Y2 Rdz dzBimilar résyltRwere ghtaR e @yiGoddAdged
et al. [32] in their study comparing the effect of the storage conditions and
length of time of SLPA12 andIM PA12, except for the elongation at break
which in water conditioned samples presented higher values than those of the
dry specimens. laddition to the detrimental effect of humidity in P22, the
SLSPA12 showed better water resistance thdM PA12. Besides, tensile
testing at temperatures that ranged fror0 °C to 140 °C were performed on
specimens with distinct humidity conditions and in all the caSéssamples

held the strength better thahM specimens.

The research on the fracture baviour of SLSPA12 using the Fracture
Mechanics approaches are not so prolific as those dealing with the tensile
properties Table2-2 collects some of the most representative works found in
the literature addressing the influence of different factors, such as the
anisotropy due to the layered structure, the hygroscopic nature of polyamides
or the processing parameters, on the fracturaigthness of PA2. Together
with the values of the fracture parameters in terms of thede Icritical stress
intensity factor, k, or the energy at crack growth initiationg, Xhe values of

the manufacturing parameters are also included as their knogdecan shed
more light on the results. Hitt et al38] compared the fracture behaviour of
SLSnd IM PA12 parts as a function of the spimen thickness. The results
were in contradiction in the sense that while fibd specimens, the energy at
crack growth initiation decreased as the specimen thickness increased, the
opposite trend occurred foBLS$amples. The reason of this anomaly cdogd

in the computation of the fracture parameters through the Linear Elastic
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Fracture Mechanics (LEFM) approach, despite the-defihed nonlinear
behaviour shown by the materials. Seltzer et[8ll] analysed the effect of
water conditioning on the fracture behaviour of neat -BA and PAL2
composites reinforced with glass beads and short ceramic fibres. The
reinforcement implied both a better fracture behaviour and a better water
resistance. Salazar et &9], [40]investigated the effect of the temperature
(23 C and50 C) and the hygrothermal ageing on the fracture toughness of
neat PA12 and PAL2 filled with short ceramic fibres. In the case of the neat
PA12, the fracture toughness was not affected by the testing temperature but
in case of the composite, the fractuteughness values ab0 C were higher
than at room temperature. In the specimens saturated in water, the fracture
toughness showed an important impoverishment of up to 50%. Brugo et al.
[41] evaluated the influence of the notch sharpening method and of the load
direction with respect to the building direction. Regarding the notching
technique, no differences on the fracture toughness values were obtained
between the specimens notched by pressing a razor blade into the notch and
those with a 0.3 mm in thickness notch generatedridg the SLS
manufacturing process. Nevertheless, none of these techniques provided a
sharp crack with no damage at the crack front which guaranteed quality
fracture toughness valudd2], [43] In case of evaluating the orientation, the
fracture toughness of the specimens loaded perpendicularly to the layers was

lower than when the load waapplied along the layers.
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Table2-2. Compilations of fracture toughness parameters in terms of critical stress intensity fagtor, K
and the energy at crack growth initiationg, bf PA12 processed by SLS and IM obtained by several
authors. The processing parameters and the testing conditions are included (SENB: Single Edge
Notch Bend, CT: Compact Tension, SENT: Single Edge Notch TensidioiNEdge Notch
Tension, DCB®ouble Cantilever Beam).

Processing Testing Kic Jc
parameters conditions (MPa-nt?)  (kJ/m?)
-PA2200
- EOS Formiga
P100
- Power: 21 W
i - Laser scan:
H't[tszt] Al | 5 mis .(SENB) ; 2.9-4.3
- Layer height:
250mm
- Building
chamber:
172°C
-PA220 (CT)
-EOS Formiga |- Load parallel tc 45-48 )
P100 the layers
. - Power: 21 W
Selective
Laser |Brugo et al.. Laser scan:
Sintering [41] 2.5 mis . -(CT)
(SLS) - Layer height: Load
100mm . 3.3-4.0 -
. perpendicular to
‘Building the layers
chamber:
172°C
3.00+£0.05
(PA12)
3.6+0.1
- (SENB) (25wt% shor
Seltzer et al- Duraform 3D Pry fibers) )
31] Systems 3.40+0.04
(43wt% glas:
beads)
0.70+0.05
- (SENB) (PA12) -
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- Saturated in 2.6+£0.1
water (25wt% shor

fibers)
2..61£0.2
(43wt% glas:
beads)
-(CT)
_ 3.2+1.2
-Dryat23C
-(CT)
Salazar et - Duraform 3D Drv at-50C 2.7+£0.2
al.[39], [40] Systems y
-(CT)
- Saturated in 1.3£0.2
water at 23 C
3.2+0.3 (2
- (SENT) . (
- Load parallel tc mm/min)
-PA2200 2.1 (516
. the layers .
Crespo et - EOS Formiga mm/min)
al.[44], [45] P100 - (SENT)
- Load 2.4+0.2
perpendicular to (2 mm/min)
. the layers
Selective
Laser -PA2200 - (SENB)
Sinterin - Power: 2125 - Load 2.282 (25 W
(SLS)g W perpendicularto 1.5 m/s)
- Laser scan: 1-!the layers
Linulet 2.5 m/s
al[46 - Layer height:
[46] y ght: (SENB)
150mm 1.098 (25 W
. - Load parallel tc
- Building the lavers 1.5 m/s)
chamber: 170 y
C
- Duraform 3D - (DENT)
Systems - Load parallel tc 1405
- Power: 2.8 W the layers '
Schneider Laser scan:
CNeICer 4 10 points /s
and Kumar .
[47] -Layer height: - (DENT)
100mMm - Load 06
- Building perpendicular to T
chamber: 147 the layers
C
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-PA2200 - (DCB)
-EOS Formiga |- Load paralleltc 2.3+0.1 -
P100 the layers
) - Power: 25W
Selective _
: - Laser scan: 1.
Laser | Stoia et al. - (DCB)
Sintering [48] mm/s - Load
- Layer height: )
(SLS) perpendicularto 0.9%+0.1 -

250mm the layers
- Building y

chamber: 171

C
- Rilsan AMNO
PA12 pellets
- NegriBossi
Injection , NB62 machine
. Hitt et al.
Moulding - Mould - SENB - 2.94.3

(M) [38] temperature: 4C

C
- Melt injected

at 240 C

The effect of the load direction with respect to the layered structure on the
fracture parameters oS5LFAL12 was also studied by Crespo e{4d], [45]

Linul et al.[46], Schneider and Kum#47] and Stoia et al[48]. The former
inferred the fracture toughness from the fteure of notched samples through
the application of the theory of the critical distances. The fracture toughness
of the specimens loaded parallel to the layered structure was also higher than
for the specimens loaded perpendicularly. The same autHdrq, [45]
analysed the influence of the strain rate on the fracture toughness following
the same methodology, carrying out tests that ranged from qgsteic
conditions in electromechanical machines to very high strain rates attained by
Hopkinson bar tests. On thather hand, Linul et a[46]inspected the effect of

the process energy density on thmeode | and mode Il fracture toughness
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evaluated on specimens loaded at different directions with respect to the
layered structure. As expected, the fracture behaviour of the specimens
processed with higher applied energy and loaded parallel to the layered
structure was the best, unequivocal sign that the higher applied energy implied
higher density and consequently, less defects. Moreover, the interlayer
adhesion is still a limiting factor as the authors observed the crack growth
tended to occur along th&ayer bonding interface. Schneider and Kurf?&f]
determined under plane stress conditions the fracture toughness as a function
of the load direction with respect to the layerettigcture, finding no relevant
differences between the parallel and perpendicular orientations. Finally, Stoia
et al. [48] studied the effect of the gawetrical defects introduced during
sintering as well as the load direction on the fracture toughness. In case of
defectfree specimens, there was an important anisotropy in the fracture
toughness, with values of the specimens tested with the load applied
perpendicular to the building direction more than twice those obtained from

tests with the load applied along the building direction.

2.3 FATIGUE OPOLYMERS
2.3.1 Fatigue Failures

The fatigue performance of polymers due to cyclic mechanical loads is
commonly charaarized by the stresBfe or the SN curves[49]. The
approaches established for metals have been used to define the mechanisms
of fatigue initiation[50] and crack growth51] in polymers. The reason is that
the majority of fatigue data of stredge curves and fatiguerack growth

curves of polymeric materials appear significantly similar in shape to those
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found in metals, despite their different microstructure and chemical makeup.
At present, there is no physical theory to explain the mechanidab8haviour

of polymeas. Notwithstanding, the -8l curves, where the cyclic stress
amplitude is plotted versus the failure cycles, artetitto Basquin’s empirical
equation [52], useful for engineering practice although this empirical
relationshipdoes not represent well the entire fatigue data range.

Fatigue failure in polymers can occur by thermal fatigue or by mechanical
fatigue[53]. In the former, failures occur by thermal softening and meltiue

to massive hysteretic heating while in the latter, fatigue crack initiation and
stable crack propagation to fracture take place similarly to metals.

Thermal fatigue failure normally occurs due to extrinsic factors such as
relatively high loading éguencies or strain rates, where thermal softening due
to hysteretic heating arises from the viscoelasticity, high damping and low
conductivity typical in polymer&4]¢[56]. The hysteretic energy is dissipated
as heat producing a rise in specimen temperaf# and, consequently, loss

of stiffnesg58]¢[60]. The temperature rise is very dependent on the frequency
because the hysteresis arises from the phase lag between stresses and strains
in the polymer, which is larger as the loading frequency is higher.

As a rule, the inflance of test frequencgn the fatigue response of polymers
originates from the viscoelastic behaviour of polymers. An increase in
frequency normally involves a greater energy dissipation and temperature rise.
Nevertheless, in low frequency test conditionbere thermal effects are not
crucial, an increase in frequency leads to increase in modulus and strength due
to increased strain rate, implying an increased fatigue life as observed in

Polypropylene (PP) and Polypropylene reinforced with short glass Iiper
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Eftekhari and Faten60] and in Polystyrene (PS), High Impact Polystyrene
(HIPS) and Acrylonitrile Butadiene Styrene (ABS) by Sauer anfbChen

In fatigue crack growth behaviour of polymers, the thermal effects are
localized at the crack tip, leading to crack tip blunting and consequently,
increasing the fatigue resistance to crack growvithese effects were observed

in PY62], Polymethyl Methacrylate (PMMA§3] and Polyvinyl Chloride (PVC)
[64] but not in Nylon[65] and Polycarbonate (P@4] in which the crack
growth curves were independent of frequency in studies performed in the
range from 1 Hz to 100 Hz. Nevertheless, in these studies the crack growth
behaviour was correlated on the basis of Linear Elastic Fradteehanics
(LEFM approach, using as control parameter the stress intensity factor range,
LK, even at frequency up to 100 Hz, doubtful parameter if excessive thermal
softening occurs.

Regarding mechanical fatigue failure, Sauer and Richarfdsidrstated that

true mechanical fatigue failure, involving initiation and growth of fatigue crack
under cyclic loading takes place in the rarigetween onefourth and onehalf

of the yield strength of the polymer. The macroscopic description of fatigue
fracture in polymers is formed by the sequence of mechanical events similar
to those in metal$49]¢[51], [66], [67] In glassy polymers, the initiation occurs
by the development of a single craze at some surface location while in
semicrystalline polymers, it takeplace at spherulite boundaries after some
fatigue cycles. Thereafter a fatigue crack is generated within the craze, by cyclic
fracturing the fibrils farthest from the initial craze tip, and the advancement of
the macroscopic crack growth, either contirugdy or discontinuously under

cyclic loading, till the point of rupture is not any different in glassy or
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semicrystalline polymers. Purely mechanical fatigue failures normally occur in

the absence of thermal effects, that is, at low frequency conditions.

Fnally, fatigue behaviour of polymers is also influenced by the environmental
temperature because some polymers undergo crystallization or buditietile
transition as the temperature is increas@d9]|c[51], [66], [67] The fatigue
resistance is reduced with increased temperature due to alteration of the crack
tip deformation and fracture mechanisnfi@5], [68[70], the reduction of the
tensile strength and théatiguelimit as the test temperature is increaszb],

[60], [67], [71]or the temperaturedependent variation on the viscoelastic

deformation of the polymef25], [60], [72]
2.3.2 Difficulties in fatigueharacterization

The proofs provided by the literature allows the use of the continuum fatigue
behaviour tools of metals for describing the mechanical fatigue response of
polymers. The 8l curves obtained under mechanical fatigue conditions
usually exhibithe asymptotic approach toward the tensile strength at one
fatigue cycle and the asymptotic flattening at tfetigue limit (the physical
stress limit below which no fatigue failure occurs), as in the case of metals.
Nevertheless, there are some gaps or difficulties in the fatigue characterization
of polymers. In case of the strelfe, there is not an accepted physitheory
capable of constructing the shape of theNScurves. Some attempts were
made by Baltenneck et gl73], who derived a kinetic-8 curve based on the
cumulative evolution of micralefects till the point of fatigue rupture. The
predicted curves aged partly well with the experimental ones despite the
physical basis assumed that the number of cycles to failure increased with

initial defect concentration. Williams et gl74] developed an equation for
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fatigue crack growthfe considering a fatigue crack growing to reach the point
of unstable failure. Although it predicted fatigue lives reasonably well, some
parameters were chosen arbitrarily and was not applied to descHNe&@rves

of plain specimens. Shojaei and. Wedgea§7] developed a model within

the Continuum Damage Mechanics framewdo enhance the life prediction
capabilities of polymers. Considering that in the Low Cycle Fatigue regime,
damage can be modelled by microvoid nucleation and propagation and that in
High Cycle Fatigue regime, damage can be described by initiation and
propagation of microcracks, plasticity and creep laws were coupled in fatigue
Finite Element Analysis. Although the results were promising, the computation
cost and the update of the damage fatigue history was an important difficulty.
The most elaborate thegris that of Ravi Chandrd@5] who, inthe absence

of thermal effects and starting from the macroscopic crack growth
mechanisms, derived a continuubased fatigue theory capable of predicting
the effect of the mean stress and the temperature on the shapefcarves
significantly well. He deloped the constitutive equation for polymer fatigue
assuming that the increase in stress in the uncracked ligament is responsible
for the acceleration of the crack growth during fatigue, consistent with the
experimental findings in metals of Frost, Dugdahd Weibul[75]¢[77], whose
works predate that of Parig8]. However, more experiments with controlled
changes in the structural and microstructural parameters as well as in the
mechanical properties of polymers are needed to fully validate the proposed

theory.

Regarding the fatigue crack growth behaviour of both glassy and
semicrystalline polymerg,EFMapproach has been mostly used to describe the

crack growth rate as a function of the stress intensity factor rane,
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0 0 [49], [79K[86]. However, some works have questioned the
validity of Y0 when dealing with théY-ratio effect[50], [87[94]. Rink et al.
[92], Furmanski and Pruif®3] and Boonyaookana et §84] observed that the
crack growth propagation curves seemed to be unaffecte4ogtio when the
crack growthrate was correlated withh 4 ¢ ¢ In contrast, Takemofb0] and

Radon[89] showed an uncommon trend as the decrease in the crack growth

Qn

.5y With the increase in th&-ratio when using eithe¥0 or U4 ¢ @s crack

rate

driving parameters. This fact motivated the choice of energy release rate
range,Y"Q[88], [95], [96]or the maximum energy release rat€} ¢ J97] as

the crack driving force when brittle crack growth propagatiorsvaéserved.
Particularly, Suttorj88] employedY Oin the analysis of fatigue crack growth
propagation in epoxy polymers achieving the collapse onto one single master
curve of the fatigue crack growing data obtained at differeviratios.
However, he also realized that this behaviour could lm® extrapolated to all

polymers.

The uncertainties on the predominant process involved at differérdtios in
polymers has driven to some researchers to consider two different crack
driving forces to describe the fatigue crack growth rate as a function of the
mean stress, applying the crack closure concept introduced by [PRjet low
Rratio and taking into account the creep process that seems to occur at high

Rratios[87], [89], [91], [93]

Cano et al[99] proved the validity o’'O O O, with"Q ¢ a@s
the maximum energy release rate ai{@ o@s the minimum energy release

rate, as a valid similitude parameter for describing the crack growth behavior
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of glassy polymersverhauling the gaps previously mentioné&#™Orelies on

the same basis for similitude &® , and is defined as:

Y
vy P

T (2'1)
COQw

Yo O O

where [Pis the amplitude load of the cycleé,is the specimen’s thicknesSis

the sample’s compliance ands the crack length. Therefore, the crack growth

rate, g—;’ was correlated with this similitude parameter throughParistype
relationship:

Qw , o =t

— 0 Y0 (2-2)

Qu

with N the number of elapsed cycles an@ndé material’s constants.

YWWOparameter was proposed bRans et al[100] for adhesive joints and
composites. The difficulty in the fatigue crack growth bebawiof these
materials was that YO describes locally the stress field and this makes it
unsuitable in fibrereinforced polymer matrix composites and bonded joints.
That was the reason of the widespread use¥®as crack driving force
parameter[101]c[106].

However, the main concern dfQis that it could not be considered as a valid

similitude parameter due to its dependence on the ameload of the cycle,

Vg0
y 0 0 Q& YOO Q6
YO "O 0 - — ——. (23
Cco Qw 0 Qw
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wherely ¢ @nd0g oare the maximum and minimum loads of the cycle

YIOhas been applied with more or less success in polymers, composites and
adhesive joints as th&-ratio effect is still evident in many casf9], [100],

[107]c[111].

2.3.3 Fatigue behaviour ofdl/amidel2 manufactured by Selective Laser

Sintering.

As previously mentioned SLSPA12 stands out for covering specific
requirements for various applications in the automotive and aeronautical
industries[26], [112k[115]. In these applications, parts made of this material
must have sufficient fatigue resistance to meet thesérvice loading and
operational performance as they are submitted to dynamic loading either
applied directly or indirectlythrough the interaction of the entire structure

with the surrounding environmer{R6], [114], [115]

Regarding the stredgfe performance oSL$A12, Table2-3 collects some of

the most representative works in which the processing parameters (when
provided), testing conditions and main results are summed up. Van
Hooreweder et al al30], [116], [L17]analysed the influence of the frequency

(1 Hz and 3 Hz) and the building direction on tH¢ &irves at a stress ratiB,

of -1. They obtained that the building orientation had no influence on the
fatigue properties and the thermal fatigue failure wadaated at certain
combination of high stress amplitude and test frequency. Besides, they also
analysed the fatigue behaviour of notched samples and compared the results
obtained from specimens processed & Sand IM. Regarding the notch

effect, the fatigie resistance of notched samples was better than that obtained
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from plain specimens, attributable to the reduced thermal load in the former.
In case of the effect of the processing technique, no difference in the fatigue
resistance was observed between thwo manufacturing technique$30].
Munguia and Dalgarnfd 18] obtained theSL3?A12 fatigue behaviour in both
reversed and rotating bendingR£-1), showing an isotropic response (no
influence of the load direction with respect to the layered structure) in terms
of the fatigue behaviour for both tegtgconfigurations. They also analysed the
influence of the frequency (30 Hz and 50 Hz) in four point rotating bending
fatigue tests, evidencing lower fatigue response at high frequdidp].
Moreover, they estimated a fatigue limit of 14 MPa, although no standard or
recognized methodology was followed to attaim¢ value. Amel et a[120]
investigated the effect of the geometry (thickness) on the fatigue behaviour
explored through SN curves obtained under displacemesuntrolled tension
tension R>0) and forcecontrolled fully reverse fatigue loading B¥ The
tests carried out in Low Cycle Fatigue regime evidenced creep as the main
mechanism of failure. Schob eil. [121] followed the damage evolution
through Xray refraction, computed tomography and temperature rise under
cyclic loading (fatigue tests at 3 Hz andIR=with the aim of finding the
parameters of the Chaboche material model and the GuibBeergarard
Needlemen damage model. Finally, Kimak{122] studied the effect of the
shape and size of geometriadéfects induced during sintering on the fatigue
life. Evidently, the fatigue response impoverished with the increase in size of
the defects and the authors applied the CastllanteliSiegele mode]123]
extended with the cyclicihtegral to predict the fatigue life of the specimens

with induced geometrical defects.
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Table2-3. Compilation of streslife behaviour of PA2 processed by SLS and IM obtaingddveral

authors. The processing parameters, the testing conditions and a sum up of the main results of the

investigations are included.

Processing Testing
Results
parameters conditions
- SN curves
-‘Frequency:
without Basquin
-PA2200 1-3 Hz
law fitting
-EOS P730 -R=1
machine - Plain and - Notched
Van .
- Energy density: notched specimens better
Hooreweder
0.031 J/mmM samples performance than
et al.[30],

- Layer height: 12(- Load applied
[116], [117]
parallel and

- Building

chamber: 170C layers

plain samples

- Thermal failure (&

perpendicular tc Hz)

- No orientation

Selective . Force control
effect
Laser
Sintering i . SN curves
- Frequency:
(SLS) without Basquin
30 and 5Hz
- Duraform law
‘R=1
3D Systems sPr . Surface - Worse fatigue
60D . .
Munguia and roughness: resistance at high
- Laser Power: 12
Dalgarno 50-80nm frequency
[118], [119] -Load applied . Ng influence of
- Laser scan: 5 m/
arallel and i
- Layer height: 12(p the loading
perpendicular tCgirection
mm
layers . o
- Fatigue limit of 14
- Force control
MPa
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- Frequency: 2
Hz
-PA2200 -R=1 (force
-EOS Formiga  control) and R>
P100 (displacement No SN curves
- Laser Power:  control) - No influence of
21w - Surface the thickness in thi
- Laser scan: 2.5 roughness: fatigue behaviour
Amel et al. m/s 50-80 mm .In Low Cycle
[120] - Layer height: 10(. Load applied Regime
nmm perpendicular tc (displacement
- Laser beam layers control), creep
diameter: 0.43 - Displacement dominant
Selective mm and force mechanism
Laser - Building control tests
Sintering chamber: 170C - Specimens
(SLS) with different
thickness
- 3D Systems sPrt
230
- Laser Power: 70 5
W Vs
-Laser scartO - Frequency: 3 pmi * (MPa)
Schob et al. m/s Hz - Cyclic softening
[121] -Layer height: .R=1 and selfheating
80-150mMm - Force control Damage
- Building modelling
chamber: 170C
- Powder particles
size: 2630 nm
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- SN curves
without Basquin

- Frequency: 5 oy
Hz - Detriment in the
) -R=0 fatigue life with
Selective ) o
) - Duraform FR12Q - Forcecontrol increase in size of

Laser Kim et al. _ .

] ) - 3D Systems sPr(Specimens withpores
Sintering [122]

60HD controlled pores o
(SLS) - Application of
(EzzDan: s models to predict
Imelezel Eung the fatigue life of
sintering specimens with
induced
geometrical defect
-PA2200 BS
-ES200/35 HL
machine - SN curves
. Mould without Basquin
temperature: 60 law
C . -Notched
.Holding time: 3 s Frequency: :

. o 1-3 Hz specimens better
Injection Van - Injection speed: . performance than
moulding Hooreweder 60 mm/s _ plain

o - Plain and
(IM) et al.[30] |-Injection _
notched - Thermal failure (2
pressure:
samples Hz)
50 bar
.Nose -No processing
230 C
- Melt injected at
240 C
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Concerning the fatigue crack growth behaviouaf?A12, Table2-4 gathers

the main results of the papers found in the literature dealing with this issue.
Once more, for a proper comparison of the results in the literature, the
processing parameters, when prided by the authors, are included. As
observed, there is scarce literature in this topic. Salazar et al. analysed the
effect of the temperature and the short glass fibre reinforcement and the
hygrothermal ageing on the fatigue crack growth respons8ldPA12 [39],

and also determined the differences in tfetigue crack growth behaviour of
petrol-basedSLPA12 and biebasedSLIFA11[40]. The fatigue behaviour of
the SLA12 was similar at room temperature and-&0 C but the reinforced
material presented an improved fatigue crack growth behaviour at low
temperaure in comparison with the neat PB2. The reason was the
predominant crack tip bridging mechanism in the composite against the brittle
intergranular fracture in the neat PR [39]. On the other side, when
comparing the fatigue performance of the bi@ased PAL1 versus the petrel
based PAL2 processed vi&LSthe former presented better fatigue crack
growth behaviour than thdatter at both 23 C and-50 C. Once again, the
reason was the fatigue failure, while in RA the mechanism was ductile
through cavitation, void growth and coalesw®, in PAL2 the dominant
mechanism was brittle crazinf0]. Under water conditions, the fatigue
response worsened abruptly due to the reduction in crystallinity and molecular
weight by hydrolysis, resulting in embrittlemef0]. Despite the inherent
anisotropic nature of thetratified SL$rocess can suppose a major limitation,
only Blattmeier et al[124] have treated this issue, attaining no concluding
results. Moreover, in this work the fatigue crack growth behaviouslofand

IM processingtechniques obtained through a load increase method is

Fatigue Behaviour of Polyamide 12 manufactured by Selective Laser
Sintering




introduc t ion 41

compared and the influence of the surface finishing is tackled. In case of the
processing technique, there seemed to be a slight better performance on the
fatigue response of th&SLSspecimens in compeson with the IM samples
while the surface finishing seemed to have no significant influefoeally,
Bouknhili et al[79] studied the fatigue crack propagation behaviour of injection
moulded PAL2 and the influence of the test frequency, load waveform,
specimen configuration and thickness and the material orientation, that is, the
material response depending if the load direction was applied parallel or
perpendicularly to the injection flow direction. The most interesting result
obtained by these authors was that was not an appropriate crack driving
force to describe the fatigue crack pragation of polyamides. They also
concluded that the fatigue crack growth behaviour was evidently dependant
on the load wave form, the specimen configuration and thickness and above

all, of the frequency.

Table2-4. Processing parameters, testing conditions and main results of the fatigue crack growth
behaviour of PA2 processed by SLS and IM found in the literature (CT: Compact Tension and SENT:
Single Edge Notch Tension).

Processing Testing
- Results
parameters conditions
-PAl12 dry 23 C
- (CT) g(o
- DK-increasing U o
Selective YO
-R=0.1 l’u?( np o
Laser Salazar et a- Duraform 3D 00 & ahoQw a
- Frequency: 1
Sintering | [39], [40] Systems H - PA12 reinforced shor
z
(SLS) _ fibres dry 23C
-Dry 23 C and .
QW
-50°C Q0
o pmt YO N
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- Water 00 & ahb b a
conditioned at - PA12 dry-50 C
23C Qo

Q0

8 pmyo P

00 & aho o a
- PA12 reinforced shor
fibres dry-50 C

QW

Q0

®pm YO N

00 & ahd oo
- PA12 water saturatec

23C

Selective T
00 & ahd D&
Laser .
- The fatigue curves of

Sintering
(SLS)

PA12 are not affected
by temperature
- The composite shows
better fatigue responst
at low temperature
- Decrement on the
fatigue response in
water saturated
condition

-PA2200 -(CT)

) ; - No fitting of Paris law
-EOS Formiga - Load increase
) curves
Blattmeier P100 method stress )

- No concluding results

et al.[124] -Laser Power: profile .
regarding the

19w -R=0.1 ) )
orientation
- Laser scan: - Frequency:
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2500 mm/s 10 Hz - Worse behaviour in
- Layer height: - Load Applied IM specimens

100mMm parallel, - No influence of the

perpendicular surface finishing

and with 45 to technique.
- Vestamid Typ

the layers
Blattmeier L1600
et al.[124] |- Arburg

- Surface

treatment by

Allrounder o
grinding
-(CT and SEN"
-R=0.1
o -Frequencies - DK is not aradequate
Injection
. 1 Hz, 5 Hz and crack driving force
moulding
(M) 10 Hz parameter
- Different load . The orientation
waveform induced by mouldin
Boukhili et U 2

s -AMVO PA12 - Specimens influences the fatigue
with different  crack growth behaviou
thickness -No effect of the
-Load applied testing frequency

parallel and . No fitting of Paris law
perpendicular curves
to injection

direction

2.4 DESIGN AGAINST FATIGUE

There are twdifferent philosophies othe design against fatigue: the sdfte
approach and the damage tolerance approach. The former, and also the oldest,

has the sole objective of avoiding the fatigue failure during the design life and
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is focused on the crack initiation phenomenon. Ondtiger hand, the damage
tolerance approach assumes that defects in form of cracks will exist, caused by
processing or fatigue, and that this damage can progress during service life. In
this case, the focus is on ensuring that fatigue cracks do not readhicalc
value through regular maintenance labours. So, the attention is paid to the

crack propagation phenomenon.

The failure criteria in the safiie approach are the nominal streite (SN) or

the local strairlife (e-N) models, which are used in tlvalculations of finite

life design to guarantee the duration of the component at the maximum
expected stress or load. On the other hand, the damage tolerance approach is
supported by Fracture Mechanics, employed to determine whether the fatigue
cracks wil grow enough to produce failures when detected in periodic
inspections. For infinitéife design, Kitagawa and Takahd45] noticed that

the fatigue life data could be represented in a double logarithm stress range,
Ds, and crack lengtha, diagram by two lines plotted iblue inFigure2-10.

One represents the plaspecimen fatigue strength, given by the stréssed
fatigue limit,n" 4, of the safelife approach (linéAB). The other line (line BC) is
the prediction of the Fracture Mechanics and given by the stress intensity
threshold,n ¥ [78], [126]

The slope of the straigHine BC ofigure2-10is defined by:

yﬂ \—_" (2-4)

For any stressrack length combination below the line ABC, a crack will not
grow and the fatigue life can be assumed as infinite (area in gre€igure
2-10).

Fatigue Behaviour of Polyamide 12 manufactured by Selective Laser
Sintering




introduc t ion 45

The most characteristic feature of the Kitagawa diagram is that it can be
divided into three zones. The zone namedNMisrostructurally short cracks
(MSC)is controlled by crack initiation damage phenomena, tleng Cracks
(LC)zone is controlledby crack propagation phenomena and thereas
transition zone between the two called thhysically Short Cracks (P&&e,
where a competition between the two mechanisms o&un the PSCarea
neither the Fracture Mechanics nor the stress or strain life models provide

proper predictions.

= KitagawaTakahashi
= = ElHaddad

Failure

n

N “(stressunits)

Physically short

Microstructurally SR

short cracks

A

>
P

Integrity !

A
¥
=

Crackength (length units)

Figure2-10. KitagawaTakahashi diagram with the Kitagawiaakahashi prediction (blue line) and El
Haddal empirical model (dashed red line). The green area is the integrity area, the red area is the
failure area and yellow area is the area where the models differ. The three different crack stages are

differentiated (microstructurally short crack (MSC), ptalt short crack (PSC) and long crack (LC)).

The empirical results obtained for different metals revealed that Kitagawa

Takahashi diagrams describe correctly the fatigue behaviouv®€and LC
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regimes, but in th°SCGegime, the diagram overestimateké real behaviour
of the material, which is actually below the two lines AB and BC defined by the
N q andn ¥ values. For this reason, Figure2-10 it is also represented in
dashed red line an empirical model proposed by El Haddad which modifies the

initial Kitagawarl akahashi predictiond.27].

El Haddad et al. proposed their modesj two years later than Kitagawa and
Takahashi ongl125], as a result of test results on aluminium alloys and on

steels[128]. This model is governed by the following expression:

o

y 7 2-5
" oo &5
where n g is the applied stress range given by the model dnds a
characteristic length which depends on the material and on the microstructure

and is calculated as follows:

|©
e
c.

(|

(2-6)

The line given by 1 of the Kitagawalakahashi diagram overestimates the
real critical stress range, which is reduced by the presence of short cracks
which are lightly larger than the microstructural barriers. On the other hand,
the line BC given by the Fracture Mechanicsrapph does not match the
experimental values due to the small size of the crack. The validity of the El
Haddad model has been confirmed in aluminium allf§29], [130] steels
[125], [127], [1314[133] and titanium alloy$134].
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The main objective of this investigatiowas to determine the fatigue
behaviour of polyamide 12 processed via tlelditive manufacturing
technique as selective laser sintering and to compare it with that
manufactured by the conventional technique as injent moulding. The
fatigue assessmenwascarried out from the two approaches in design: the
safe life approach and the damage tolerant approach. In the first case;the S
or Wohler curves and the fatigue limitere computed for finite and infinite
lifetime, respectively. In the second case, the fatigue crack propagation curves
as well as the threshold valuegre measured. Due to the layavise structure

of the parts fabricated by selective laser sintering, which may induce an
anisotropic mechanical respea, two loading directions with respect to the
layered structurewere evaluated, one with the load applied parallel to the
layered structure and the other with the load applied perpendicularly. To

attain this main goal, the followinkey objectiveswere defined

1 Measurement ofthe physical and thermal properties as well as the
microstructural features of the polyamide 12 manufactured via
selective laser sintering and injection moulding.

1 Characterization othe mechanical properties through tensile and
fracture characterizations of the materials under study.

1 Determination ofthe fatigue behaviour of plain specimens and the
fatigue crack growth behaviour at a frequency of 1 Hz and a stress ratio
of 0.1, analysing the effects of orientation and manufacturing
technique.

1 Development ofa map of fatigue through the generalised Kitagawa

Takahashi diagrams. Special attentiwaspaid to the physically short
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crack regime, and the empirical model of El Haddadalso evaluated
for all the materials and conditionsder study.
9 Identification of the micromechanisms of failure as a function of

orientation and manufacturing technique.
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4.1 MATERIAIPOLYAMID&2

The materials under study were processed using two different techniques,
injection molding M) andselectivelasersintering SL% Specimens made by
IM were manufactured byAries Industrias del Plastico, Slacated in Spain.
The raw material employed was the commercial-RAEvonik Vestamid
supplied in the form of pellets, and the parameters during the manufacturing

process are included ifable4.1.

Table4.1. Manufacturing parameters of IM PE2 samples.

Mould Filling L Injection Injection MOlq
. Holding time clamping
temperature time Speed pressure
force
60°C 2.1s 6.5s 6-8 mm/s 10 MPa 1500 kN

The SLSabrication was carried out bigrodinte¢ in Spain, employing aa0S
Formiga PLOOLS machine which uses aZl&3er configured with the optimum
process parameters, which are containedlable4.2. The commercial RA2

powder suitable foiSLSvas neat PA2 EO$A2200.

Table4.2. Manufacturing parameters of SLS-PAsamples.

Particle Powder bed Frame Layer
. . Laser power
diameter temperature temperature thickness
40¢ 90 pm 171.5°C 135.5°C 0.2 mm 25 W

The technical information of the raw materials was supplied by the
manufacturers Evonikand EOS Table 4.3 contains the most remarkable
properties of Evonik VESTAMIGnd EOS PA2200 reflected in the
manufacturers datashee{d 35], [136]

RegardindeOS PA 220€he particle size distribution ranged from 40 to 90 um,
being centred on 5@ 60 pum.
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Table4.3. Evonik andeOS PA 2200 properti#35], [136].

Evonik VESTAMID EOS PA 2200
Bulk density - > 0.43 g/cm
Processed density 1.015 + 0.005 g/cfh 0.93 + 0.25 g/cth
Melting temperature 178°C 184 °C
Crystallization temperaturt - 138 °C
Softenirlgc';(;rggzrature 5C 140°C 163 °C
Tensile strength 46 £ 1 MPa 45 + 3 MPa
L 2dzy3Qa Yz 1475 £ 120 MPa 1700 + 150 MPa
Elongation at break >50 % 205 %
Flexural modulus - 1240 + 130 MPa
Charpylmpact strength - 53 + 3.8 kd/h
0° 90°

Force
direction

e
=

Figure4-1. Dumbbell and compact tension (CT) specimens orientedaadOat 90 . Sintered layers on
each orientation are outlined.
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Different specimen configurations were manufactured. In the casel &due

to the anisotropic nature of the process, two batches of specimens were
fabricated for each configuration. In the one named 0°, the layered structure
was disposed in such a way that the foress applied parallel to the layer
planes; meanwhile in thbatch named 90°, the layergere perpendicular to

the applied force figure4-1).

4.2. PHYSICAL CHARACTERIZATION
4.2.1 Density measurement

Despite the theoretical densities provided by the manufacturers, the
experimental ones were measured in the specimens produced. The density of
the pieces was determined experimentally measuring 5 specimens of each
geometry in a precision balanééettler Tdedo AX205 DeltaRange&hich has

a resolution of £ 0.00001 g. Following the Archimedes principle, each specimen
was introduced in a beaker with a known immersion medium and measuring
the amount of displace fluid. The density of the samplejs given bythe

following expression:

(4-1)

where Wair is the weight of sample in aivVim is the weight of sample in the
immersion medium,; is the density of the immersion medium afid the
density of air (0.0012 g/cth Due to the nearness of the expected-PA
density to that of distilled water, commonly used as immersion medium, which

is” =0.99782 g/cr$) acetone was also employed as immersion medium in this

Fatigue Behaviour of Polyamide 12 manufactured by Selective Laser
Sintering




Materials and experimenta | procedure 55

case, with’ = 0.787 g/cra The closed porosity of eattatch was calculated
in reference to the theoretical bulk density value of 1.02 glahthe PA12

[137]. Five replicas were measured for each material and canrditi

4.2.2 SurfaceRoughness tests

Surface roughness was measured using a roughness tiestetoyo SJ301
equipped with a detector whose tip had a radius of 68 and a tip angle of
60°. A total number of 62 tests were carried out in the dumbbell geometry of
each material longitudinally and transversely. The profile roughness
parameters obtainedvere the maximum peak to valley height of the profile,
R,, and the arithmetical mean value of the tested profile along a lengt,!
given by

Y g 00 G (4-2)

4.3. MICROSTRUCTURAL CHAR/SBTER

The microstructural characterisation aims to analyse the crystalline phase,
focusing on its morphology and its size. BaSPA12, films between 3 and 15
pum in thickness were sectioned from the centre of the bulk using a rotary
microtome Leica RM2255138]¢[140]. The extractionswere performed
parallel and perpendicular to the build direction. Although the anisotropy is
not a key microstructural factor itM specimens, an initial optical inspection
revealed some differences between the core and the skin of the material. The
sameprocedure as irBL3naterial was followed fotM, that is, the films were
extracted from either the core or the skin of the bulk specimen. These films

were placed on microscope glass slides and analysed in an optical microscope
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Motic BA310 Mefl equipped with a 5 megapixelZEISS Axiocam 16&mera.

For their inspectiontransmitted polarized light and dark field modes were
applied[141]. A btal number of 90 micrographs were explored, 3Gafat 0°
orientation, 40 ofSL®0° at orientationand 20 ofIM. The images of th&LS
specimens were taken using a 50x objective with a 10x eyepiece lens, whereas
for the examination of thelM films, a 200 objective lens immersed in a
transparent oil with a 1.482 refraction index to attain a total magnification of
x1482 was needed for the visualization of the characteristic microstructural

features.

A total number of 157 spherulites were measunednuallyusing an image

analysis software.

4.4, THERMAL CHARACTERISATION
The purpose of the thermal characterisation was to determine the thermal

properties and the crystallisation characteristicsS&fF?A12 ard IM PA12.

Firstly, a Differential Scanning CalorimetBSg was performed with SC
Mettler 822eequipment.DSQests consisted in using specimens with 12.0 +
0.5 mg in weight which were subjected to a heating ramp at a rate of 10 °C/min
from 25 °C to 250 °C, followed by a cooling ramp at a rate of 10 °C/min from
250 °Cto 25 °C. This heating/cooling processes pafermed twice in a row.

The crystallisation temperaturdg, and the enthalpy/H., were collected from

the cooling cycle, meanwhile the melting temperatulie and the enthalpy,
Hn, and, when detectable, the glass transition temperatuiilg, were

extracted from the second heating cycle.
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Regarding the calculation of the crystallinity degreeswas distinguished
between the melting crystallinity degreey, and the crystallinity degree from

the crystallisation peak.. In case of the former, the he&t¥ ¥ didwwasy Z n
obtained by integrating the heat flow under the melting peak from the second
heating cycle; and for the latter and in a similar way, the crystallization heat,
NHc, was also calculated bgitegrating under the crystallisation peak frotmet
cooling cycle. Finally, the crystallinity degrees were computed using the

following equations:

(4-3)

'~<<| K
'~<<| e

dzaAy 3 |y Syl K¢=t2098)/g, wRich & tlzd dnthalpy of fusion of
perfect PA12 crystalg§142]. The crystallinity degrees were calculated as the

average value frommn and-c.

Additionally, Dynamic Mechanical Analysis (DMA) was carried out udiAg a
Instruments DMA Q800 analyser with a single cantilever configuration
according to ASTM D5023 StandHrdi3]. Specimens with 17x12x3 ndim size
were heatedfrom - 100 °C to 150 °C at 1 Hz of frequeany at a heating rate

of 3 °C/min. The glass transition temperatures were computed as the

maximum values of thioss factor § I )eurves.

4.5. MECHANICAL CHARACTERISATION

Tensile tests were carried out according to ASTM D638 Starjdidd] to
RSGSNN¥YAYS YSOKFYAOIf LINPLISNIASa adzOK
t2A442yQa NIYGA2 |yR Stz2y3aradazy Id 0N

type 1V specimens with the dimensions showirigure4-2.
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PA12SIS g Jr05mm

ww Gg'oee

==l

33+0.5mm

-+

65+0.5 mm I
115+0.5 mm ‘
£ -
£ .
PA12IM ~ 42 4+0.2mm
o \3 o -
o \ —
- /‘ N
N
o
""""""""""""""""""""""""""""""""""""""""""""""""" ] g
f 3

| ‘
‘ 60+0.5 mm

106+0.5 mm

160+1 mm

Figure4-2. Tensile dumbbell specimens with dimensions according to ASTM12838

Tests were carried oudt -50 °C, 23 °C and 50 °C at 0° and 90° orientations in
SLSspecimens and at 23C inIM samples. A universal electromechanical
testing machineMTS Alliance RF/1@uipped with a load cell of £ 5 kN was
employed. The crosshead speed was 5 mm/min and a contact extensometer
MTS 634.1254 (Figure4-3) was usedor measuring the axial deformation. A
total number of three valid repetitions were performed for each condition. For
the tests at50 °C and 50 °C, the load train, formed by the hinges, grips and the
specimen with the extensometer, were placed inside an enviremtal
chamberMTS 651.0683 (Figure4-3). Cooling and heating processes were
performed maintaining a constant load of 100 N on the specimen for bialgnc
the thermal contractions. When the required temperature was reached,
conditioning was held for a minimum of 30 minutes to reach a stationary state

before starting the test.
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ll%‘

Figure4-3. MTS Alliance RF/100 with environmental chamber MTS 650®6&Ed load train installed
for tensile tests at50 °C and 50 °C.

In addition, 2Dimensional video correlation was used at all temperatures for
obtaining the 2D diplacement field and, in particular, the longitudinal and the
transverse deformation using a VIC 2D videoextensometer. This equipment
consisted of aPointGrey Grasshoppef3 Megapixel camera connected to a
computer with the software Correlated Solutions ®I 2D. Because
videoextensometry needs reference points to follow their movement during
the test, the surface of the white specimens were sprayed with black paint to
attain a random, matte pattern of speckles, providing a large quantity of points

to be andysed, as shown iRigure4-4.

Figure4-4. Tensile specimen painted waltandom dot pattern.
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Moreover, to obtain the best possible contrast in the images, LED lightening
systems were employed to avoid any type of reflection of the specimen
surface. The camera must be focused on the specimen perpendicularly to its
lateral surface The tensile tesassembly at room temperature is shown in
Figure4-5.

Figure4-5. MTS Alliance RF/100 equipped for tlentests at room temperature, with contact
extensometer MTS 634.1-28 and VIC 2D videoextensometer.

4.6. FRACTURE AND FATIGUE TESTS
4.6.1 Crack sharpening

Compact Tension (CT) configuration with the dimensions showigure4-6
wasused for fracture and fatigue tests. The only difference between fracture
and fatigue specimens was the initial notch length, which in the fatigue
specimenswasthe half that in fracture ones in order to fulfii ASTM D5045
standard [145] in fracture and ASTM E643tandard [146] in fatigue

characterisations
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Figure4-6. Compact Tension (CT) specimen dimensions used in fracture tests according to ASTM D5045
standard[145]and in fatigue tests according to ASTM H&438).

The sharp crack in the fracture CT specimens was generated by tapping a razor
blade with a thickness of 0.3 mm, previously frozen at liquid nitrogen
temperature €196 °C), on the root of the machined notch till attaining an initial
natural crack length to width raticas/W, of 0.5. This ratio ensures a sharp
crack length enough to awbihe influence of the manufactured notch on the
results[43], [145]

In the fatigue CT specimente sharp crack was introduced by tapping in a
similar way as in the fracture samples but, in this case the sharp crack lengths
should be only larger than the notch height, of 2 mm, to avoid the notch effects
[43], [146]

Small crackwere introduced in dmbbell specimens with lengths of 0.2 mm,
0.3 mm, 0.5 mm, 1 mm, 2 mn2.5 mm and 3 mm by pressing a microtome

razor blade with a tip diameter of 58n (Figure4-7). This tip diameter ensures
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a notch radiusmallerthan 10um, which is the estimated limit for considering
the crack as a natural crafk47], [148] These specimens were used for static

and fatiguecharacterisationgn the PSGegime 6ection2.4)

Figure4-7. SEM image of theazor bladeip of the microtomewith the diameter measuremefit48].
After notch sharpening or small crack introduction, the crack front was
inspected either visually or by optical means to guarantee no damage in form

of microcracks or whiteningn case of presence of damagdiee samples were

discarded.

4.6.2 Fracture tests

Tests were carried out in a universal servohydraulic testing madfire 810
Materials Testingequipped with a load cell of £ 5 kN. The crosshead speed
was 5 mm/min. A Crack Opening Displacement transducB®LX MTS
632.02F20with a displacement rangefe- 3.9 mm/2 mm was also employed.
The tests were performed iBLS$pecimensat 0° and 90%rientations and in

IM samples. To study the evolution of the fracture properties with the

temperature, tests were undertaken at three different temperatures) °C,
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23 °C and 50 °C, completing three repetitions of each condition. Feb&h¥C
and 50 °C tests, an environmental chamibdiTS 651.0683 was used,
installing the load train, formed by the hinges, grips and the specimen with the

CODransductor, insidet (Figure4-8).

Figure4-8. Load train assembly inside environmental chamber 65106E03 for tests at50 °C and
50 °C.
Similar procedure to that of the tensile tests was performed, maintaining a
constant load of 50 N on the specimen durcwpling and heating processes
until the load frame finished of balancing the thermal contracs and,
consequently, reaching a stationary state. When the required temperature
was reached, conditioning was held 25 min more before starting the test to

guarantee the thermal equilibrium.
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Attending to the mechanical behaviour of each material anti¢eadition, the
results were analysed applying the Linear Elastic Fracture MechhRiES)(or

the NonLinear Fracture Mechanichll(FN) approach as appropriat&he 1ISO
13586 Standardvas followed to determine the crack opening mode (mode I)
fracture toudhness in terms of the stress intensity factéis, and the energy

release rateGgc, underLEFMapproach[149].

From the loadR)-crack mouth opening displacemem) fecord, the maximum
load, Pmax, @and a conditional loadg, are calculated Pqis used to determine

a conditional stress intensity factdfy, and a conditional energy release rate,
Go.

Firstly,Pswis computed as the intersection of thiev record with a line having

a 5% smaller stiffness than the initial org&Jf the maximum othe curve falls
within the best straight line to determin& and the line with a 5% lower
stiffness, then Raxcorresponds with the load at crack growth initiatid®y. If
Pmaxfalls outside these two lines, thd®y is Pse If PnaPo< 1.1then Pqis used
for Ko calculation, otherwise, the test is invalid. With this limitation, the critical

stress intensity factor d€is obtained:

U
b Y —— (4-4)
ow

with Bthe specimen thicknes®y the width andf(h) the geometry calibration

factor depending on the crack lengégiven by:

C

|
Q _ T @
| o | | TYPETHT p &L (4-5)
P L uvd
beingh =a/W.
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In addition to the previous condition, the standard establishes tlat

guarantee the planetrain state, it must be fulfilled:

. . 0

8ty G cd— (4-6)
with "y the yield stress of the material for the temperature and loading rate of
the test and Kg is Kic in this caseThe energy release ratéxg is Ge and in
principle it can be obtained from the followirggjuation

O 0 4-7

‘O ( - )

EA&d (GKS | 2dzy MAXKSY2RABdR YIQERNFI A2 200
and temperature conditions. Due to the many uncertainties introduced by this
procedure, particularly, in the determination of the Young's modulisis

computed from:

~.
g

_ Y 4-8)

0 we|
where Ug is the energy obtained from the area under tRes curve until the
point Poande fw is the energy calibration factor depending on the crack

length given by this expression:

0 N
N R (4-9)
O coe=
with
0 pROPPU BPIY BPEC CRGlQ (4-10)
¢RI
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and

O pdpYPLBICTT @& XY (4-11)
vep p |

When the behaviour of the material deviates fronkEFM the Jintegral vs.
crack growth resistance-@) curves were obtained directly from the force
displacement record according to ASTM El18&@ndard using the
normalization method[150]. The startng point of this procedure is the
measurement, by optical means, of the initial crack lengt,and the final
crack lengthgas, taken from the fracture surface. Then, each force vdtus
normalized up to but without including the maximum vaRgy, following the

expression:

0 — (4-12)

where 'y is the plastic constriction factor, which depends on the specimen

geometry and is given by:

™ O (4-13)
R

andayi is the crack growth applying the blunting correction:

oo = (4-14)

Fatigue Behaviour of Polyamide 12 manufactured by Selective Laser
Sintering




Materials and experimenta | procedure 67

where

0 ———— U; (4-15)

with K the stress intensity factor obtained from e@-4) and eq. 4-5) andJy,i

the plastic component of theidtegral:

0 —— (4-16)
oOw o
whereU; is the area under the curve unf.

The displacement corresponding with each force I1&yel;, isalso normalized

to use a plastic normalized displacemerty;:

11 uo (4-17)

1 e : :
W W

being G the specimen elastic loalihe compliance using the crack lengih.
The same proceduris employed to obtain the last point, d&mnax, but using,
the measured final crack length, instead ofag, the 0 - Qi valuesare fitted

to the normalized function:

~ ) (iI) [S2] (i]) [ 2] (4-18)

with a, b, ¢ and d the fitting parameters. Once these parametesse

determined,a; valuesare calculated using an iterative method.
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Finally, with the force, the displacement and the crack size estimated at each

point, the J integral value for each i point waetermined using:

~.
g

- (4-19)
6w
With— — for the CT configuratioand the crack extensioma, as:
Vo o @ (4-20)

The resulting -drack growth resistance curve is fitted to a power law

6 Y& , with Ny 1. The crack initiation resistancég, is calculated as the
minimum value betweerb 2, which defines crack resistance at @i of the
total crack growth, andk, computed as the intersection between the crack

growth resistance curve and the blunting line defined as:

O ¢, YO @21
The size requirements for plane straiais given by151]:
y e 0
ohdwy @ ¢ v— (4-22)

The normalized method was applied using the MATLAB® script included in the
AnnexA.1
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4.6.3 Fatigue crack growth tests

The fatigue tests were carried out under the recommendations of the ASTM
E647 Standarfl46]and ESIS TC4 proto¢bb2], which aim to obtain the crack
propagation threshold value of the control parameter and the fatigue crack

propagation curves.

A total rumber of eight samples dM material and fourteen samples of each
SLSrientation were tested at room temperature in a seragdraulic testing
machineMTS 810 Materials Testingith a load cell of 5 kN and a crack
opening displacement QOD extensometer MTS 632.02 20 with a
displacement range 6f3.9 mm/t2 mm Eigure4-9). The tests were carried out

at room temperature (23°C), with a frequency of 1 Hz, load it Rin/Pmax

of 0.1 and imposing a sinusoidal load wave. Two test procedures were used
accordingo ASTM E647.

Figure4-9. MTS 810 Materials Testing machine configured for performing fatigue crack growth tests in
CT specimens.

Toobtain the crack propagation behaviour until failufiee IM specimens and

ten SLSspecimens per orientation were tested in constdatce-amplitude
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configuration or increasing control parameter mode. On the other haod,
obtain the crack propagation tteshold, three IM specimens and fouBLS
specimens per orientation were tested under the decreasing control
parameter procedure. Beginning with a control parameter value under the
critical value obtained from the fracture testggsts with decreasing load
amplitude were carried out with a step of decrease or normalized variation of
the control parameter 0f0.05 mmt. The threshold values were computed for

crack growth rate downs to 307 mm per cycle.

Two methods were used for obtaining the crack growth during the tests. In the
first method, the crack growth was calculated by the compliance method from
the flexibility of the specimen using expressions determined for metals but also
validated for polymes [152]. The expressions that relate tloeack length to

width ratio, a/W, with the compliance i@Tspecimens are

d) T % g
o PP QS p@ N ¢ oY (4-23)
pC@BXY ¢ p WY

where:

Y ser @24

To validate the compliance method, an optical method was used. Images were
captured during the test at a specific frequency allowing the tracking of the

crack length with a millimetre scale stuck to d.JS OA YSy Qa4 & dzNF I OS @
the calculated final crack length was compared with the measured fatigue

crack length on the fracture surface of each specimen.
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The fatigue behaviour has been determined as the crack growth datelN,

versus the Crack Driyg ForceCDEYIOaccording toequation(2-2).

The crack growth rate at any average crack length Is obtained from

the crack length versus elapsed cycle with the following expression:
Q6 6 6 (4-25)
Q0 0 0

The control parametel/'Owas obtainedfrom equation (2-1) in which the

value ofdC/dais given by:

Qo p 20 (4-26)

Qw 0wQ|
where™Q| is the nordimensional load line compliance [26] and with dy/d
for CT specimensomputed as

00
Qe p 1 . (4-27)
Q p |

0] CPRPop @ pw ¢BIPU TEOWEUL ¢ BTTW

Wwoo P T

Pl PEPOTHO CRXXL Y&O@ T &UX

4.6.4 Fatigue life tests

Fatigue life tests were performed to obtainNS curves forIM and SLS
specimens at both orientations, according to ASTM D7791 Stafits3fl The
specimens had the same geometry and dimensions as those utilized in tensile
tests Figure4-2). A total number of 89 specimens were tested, of which 20
were used for the determination ofM PA12, 32 for SLSPA12 at 90°
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orientation and37 for PA12 at 0° orientation. Tests were performatiroom
temperature in a serwydraulic testing machin®ITS 810 Materials Testing
with a load cell of 45 kN. A contact extensometTS 634.3124 with a
displacement range of4 mm/-2 mm was employedo measure the axial

strain.

The frequency was 1 Hz, using a sinusoidal load wave form at a constant load
amplitude with a load ratioR, of 0.1. Tests were done at 12 different stress
levels that is with the maximum stress of the cycCleax to the tensile strength

ratio between 58.75% and 85%0 guarantee to be within the High Cycle

Fatigue regime. At least, two repetitions for each stress level were carried out.

Figure4-10. MTS 810 Materials Testing set for fatigue life tests.

The tests at the lowest levels were finished at dgxles due to their high time
consuming aspect, establishing tests which reached this number of cycles
without failure as rurouts. Each teswvasplotted as a single point of the&tress
range,n , versusN representation, giving as result the Wohler cufee each

material.
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The fatigue life curves were fitted to the Basquin equation:
Y, 60 (4-28)

The estimated value of the fatigue limid; 7, at 1 cycles were determined by

the maximum likelihood method, following a test sequence based on the
staircase method. In this method, fatigue tests were sequenced at different
stress levels with a fixed difference in the applied strasgjeor initial step d

2.5% of the tensile strength. If a specimen failed before reaching the end of the
test, the following test was carried out at a stress level one step lower.
Otherwise, the stress level was increased one step in the following test. To
obtain a more accuta value, the step was decreased after seven completed
tests to 1.25% of the tensile strength. Although the change in the step removed
the possibility of using the Staircase method equations developed for metals
[154], the maximum likelihood method all®d to obtain an accurate
estimation ofD" ¢ [155]¢[157]. A total number of 17 foELFPAL2 specimens

at 0° orientation, 12 for PA2 samples at the 90° onéation and 14 forlM

material were tested to obtailD’ 1.

The maximum likelihood method was applied assuming that the stress levels
of the runrout specimens follow a normal distributigii56], [158] For a
normal distribution with a mean valugi, and a standard deviation valus,

the likelihood function, L, is given by:

- (4-29)
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wherer; are the number of rurouts andf; are the number of failures at thi&
stress levelY, , nris the total number of stress amplitude levelsd Fis the

cumulative probability of failure of the normal distribution.

This function depends on the stress at tiie stress levelY, , and the
parameters of the normal distributioand is calculatedvith the following

expression:

e

oY, f h, P _opp? — 0o ®30

The maximum of the likelihood function was obtained using the MATLAB®

script proposed by Meizoso et §L.55]and included in théAnnexA.2

4.6.4.1 Determination of fracture parameters from damage evolution in
plain fatigue samples using the Fracture Mechanics methodology

The fracture toughness was calculated from the measurement of the damage
observed and measured from the analysis of the morpholafgthe fracture
surfaces resulting of the fatigue life tests 8LSPA12. The extent of the
damage was delimited, that is, the limit associated with the area of crack
propagation before instability occurredas determinedrom the optical and
Scanning Etgron Microscopy $EN inspectiors of the fracture surfaces. The
crack nucleated at some point at the surface due to the elevated roughness

resulting from the manufacturing process.

The geometrical configuration of the fatigue specimens with a crack growth
zone resulting from the crack propagation stage before failure could be

assimilated to the Single Edge Notch Tens8H#NT)racture specimens.
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The fracture parameters were determined using tieFMapproach and the

Jintegral at the instant of failure was computed as

-Y

- 4-31
oOw w ( )

whereYis the area under the unloading loatisplacement record of the last
cycle before failure, a is the length of the subcritical crack growth zone
measured directly from the fracture surface ands a plastic geometric factor

that in case of the SENT canfration is defined agl59]:

— P8O X P P Xy X&JT[LP(S

4-32
pvncpog)— pawua (4-32)
. )
(o} ljJGa

4.7. FRACTOGRAPHY

The fracture surfaces of the tensile, fracture, fatigue crack growth and fatigue
life specimens werénspected using scanning electron microscopy. The aim
was to determine the micromechanisms of failure dominant at different
temperatures orientations anddifferent manufacturing conditions. The
fracture surfaces were gold coated to enhance their condugtiusing a
sputter coaterEMITECH K550ith a current of 30 mA for 1 minute. The
coated samples were positioned on a conductive specimen holder and

examined in &EM HITACHI3Z00N
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5.1 DENSITY

Table5-1 displays the density values 8LFPA12 at 0° and 906rientations
andof IM PA12. Thedensity oflM PA12 is higher thathat of SLI?A12, with

no differences betwee®and90°orientations.

Table5-1. Density measurements obtained with the Archimedes methold/f®A12 and SLS PA2 at
0 and90 orientations.

Density (g/cn¥)

Sample ID SLS
0° orientation 90° orientation M

1 0.984 0.99 1.018

2 0.975 0.9%&% 1.018

3 0.98 0.9%4 1.017

4 0.986 0.9 1.017
Average 0.982+ 0.005 0.985+ 0.005 1.018+ 0.005

Porosity (%) 3.7+0.5 3.4+ 0.5 0.19+ 0.5

These results are lower than thdensity of neat PA2, which is 1.02 g/ctn
[137]. Nevertheless, théM PA12 material is almost full dense, with only a
porosity percentage of 0.19% versus 3.7% and 3.4%BL{BA12 at 0° and 90°
orientations, respectivelyln addition, it is also higher than the theoretical
sintered density value of 0.93 g/émrovidedby the manufacturerf28] (Table
4.3).
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5.2 SURFACROUGHNESS

Table5-2 showsthe surfaceroughness results for the three material&hile
there isno differencein both R and R parametersbetweenSL®rientations,

aclear difference is distinguigh betweenSL%ndIM materials.

Table5-2. Roughness averagB,, and theaveragemaximum heighof the profile R, of SLPA12 at0°
andat 90° orientatiorsand of IM PA12.

Roughness average, Ra Average Maximumheight, Rz

(m) (Hm)

SLS Dorientation 12+1 69+8

SLS 90orientation 12+4 60+ 20
IM 04+0.2 3+2

The roughness average, Bf SLS RA2 are more than one order of magnitude
larger than that ofiM PA12 and lightly smaller than the values obtained by
Guo et al[160]and Xu et al[161]. In case of the average maximum height of
the profile, R, the vdues of SLA12 are 20 times higher than thoselM PA

12.

5.3 MICROSTRUCTURAMALYSIS

Figure5-1 shows thecharacteristianicrostructure ofthe specimensanalysed:
SLSt 0 (Figure5-1.a) and at 90 orientations (Figure5-1.b) and IM PA12
(Figure5-1.c). These images shovhe spherultes of the crystalline phase
which are usually distributed as spherical crystal coloniggh a typical
MalteseCross pattern, resulting from the birrefrige@ of highly ordere
lamellae within the spherulitegriented randomlyf141], [162] The spherulites
that were fully discernible correspond to those cut in half during the slicing

process with the microtome.
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———

Figure5-1.Micrographsof SL$A12 at 0° orientation(a) andat 90° orientation(b) andof IM PA12 (c).
Dotted lines delineate spherulite contours.

Figure 5-2 represents the diameter distribution versus the occurrence
probability. The probability density was calculated usingoamal distribution
as the Kurtosis for all the materials reached values between 0.2 and 0.5,

whereas the perfect Gesian distribution takes values of163].

Table 5-3 collects the average spherulite diameté®, and the standard
deviation,s, obtained from the measurements. No differences in average size

and distribution are observed betweeBL Sorientations, obtaining a mean
ALIKSNHz AGS &aATS INRdzyR pn p Mna >Y® ¢K
size of the spherulites depends upon the cooling conditions and the density of
potential nucleating sites for crystallisation, being maintained in &

process for both orientations.
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Figure5-2. Spherulite size distributidor IM PA12 andSLS PA2at 0 and 90 orientations.

It is also worth mentioning that the average values of spheruktesquite

large and this can be explained by slower crystallisation kinetics durirfgLiie

process and a lower nucleation dendityt2]. The spherulite size of tH& PA
YdzOK FTAYSNE ¢ AfoutimesddverithanShatofi T S
SLSPA12. The differences in the spherulite size between tieSand IM

MH Aa

materials is caused by the thermal history during the manufacturing process.

ThelM material is fully molten before ejection and then cooled rapidly after

injection. This rapid cooling allows less crystallisation groBtt8naterial is

also fully moltenduring laser sintering but the cooling rate is much lower

allowing a muckdeveloped transformation of the crystalline structyfes4].
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Table5-3. Normal distribution parametersf the spherulitesize of SLS P& at 0 and 90 orientations
andof IM PA12: mean spherulitic diameteﬁﬁand standard deviatiors.

Material ' (mm) v (mm)
SLS Dorientation 48 12
SLS 9orientation 49 12
IM 13 3

Moreover, n case ofM PA12, a skincore morphology waslearlyobsenable

in the crosssectioral samples Figure5-3), with a skin layesize aroundl4% of

the total samplethickness The spherulites were measurable in thereas
they were not discerniblen the surfacelayer, even with theinspectionat the
highest magnification of the optical microscope (x1482). The high level of
molecular orientation together witlthe injection speed anthe rapid cooling
occurring duringinjection moulding may make difficult the crystallisation
process in the skin. However, a migpherulitic structure in the corevas
observable (but always smaller than $bL§ due to a different temperature

profile in the cooling stage to that undergone in the skin.

Figure5-3. Crosssection ofiM-PA12 with acoreskin morphologyThe arrows indicate the skin of the
material.
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5.4 THERMAL CHARACEERION

The Differential Scanning alorimetry (DS¢tests performed allow to obtain
the thermogramsshown inFigure5-4. The crystallinity characteristics, the
crystallization temperature,T., the melting temperature,Tm, and when
observablethe glass transition temperaturdy, can be computedrom them

and are collected ifable5-4.

e
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Figure5-4: Thermographsbtained from DSC tests £ SPA 12a) at 0° orientation (b) at 90°
orientation andof (c)IM PA12. The light red line represents the first heating of the ttsd, blue line
shows the cooling process and therkired line the second heating
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The thermal propertieof SLPAL12 at0 and 90 orientations are almost
identical indicating that specimens at both orientations mistve cooled at
similar rates to give such consistent levels of crystallinity and temperatures
However,some differences were observed when compgmth IM PA12.
SpecificallylM specimens showed lowdg, Tm and crystalline degreesc and

-m, but higherTcthan SLSpecimensOnce againthese differences are to do

with the thermal historyduringthe manufacturing proceq4.65].

Table5-4. Thermal properties obtained from D®€s in SL$A12 specimens witldifferent
orientationsand IMPA12 samples

T5(°C) Tc(°C) Tm (°C) +c (%) -m (%)
34.4 31.1
.SLS). 55.4 137.7 183.1 Average
orientation
32.8+2.3
34.7 30.7
.SLS)O. 54.6 140.2 184.0 Average
orientation
32.7+£ 2.8
37.1 36.8
IM 50.6 151.3 180.7 Average
37+0.2

Dynamic Mechanical AnalysiBNIA) gave information about théss modulus,

the storage modulus and thoss factor(tant ). Figure5-5 shows the evolution

of theseparametersfrom ¢110 °C to 170 °C f&LIPA12 at0° orientation in
Figureb-5.a, for SLPAL12 at90°orientationin Figure5-5.b andfor IM PA12

in Figureb-5.¢. The storage modulus plot gives a full picture of liveed-bearing
characteristics of the material as a function of changes in temperatuieige

i I Yurves identify the regions where relatively large changes in properties

occur over relatively narrow bands of temperatusesd, consequently, related
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with material transition stagesTwo obvious transitions at the ranges between
50 C and 60C and betweer60 C and70 C are found independently of the

processing technique iRigure5-5. They are defined as tleeandb relaxations,

respectively.
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Figurve5-5.,TheArmaI’scasobtained from DMA testsontaining theStorage Modulusthe Loss Modulus

'y R 0 KrSm-1i1b 3Cito 170 °C fdia) SLS PA2 at0° orientation(b) SLS PA2 at90° orientation
and(c)IM PA12.

As known, thea-relaxation corresponds to the glass transition temperature,

Tg, and displays the peak of greatest magnitude. &krelaxation results from

the rupture of hydrogen bonds between polymeric chains, which gives rise to

the motion of longchain segments in theamorphous regio165], [166] On

the other hand, théb-relaxation reflects the mobility of local hydrogéonded

amide groups in the amorphous region and its appearance indicates that the

material has good low temperature flexibility and cold endurafi®5], [167]

Table 5-5 collects the glass transition temperature and thé-transition

temperature determined from the peaks of thetand curves.Firstly, these

transitionsare similarfor both orientations inSLSpecimens, confirminthe

no dependency with the manufacturing entation. Neverthelesspoth the

glasdransition temperatureand theb-transition temperaturan IM specimens

shift to lower temperaturesThis also occurred iBSGmeasurementsTable

5-4). The reason might be the faster crysta#tion in thelM process causng
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an amorphous phase with more irregularly arranged molecular chain and

better mobility, thusimplying lower values ofz and T, [168].

Table5-5 also shows the storage modidat room temperature As in other
properties,there is no influence of the orientation on the storage modulus in
SLPAL2, but the valueof theIM PA12 specimens was almost 40% lower than
the values of theSLFPA12 samplesilt is well settled that the Young’s moduli
increase with the crystallinitydegree [169], but the opposed behaviour
observed in this casmay bedueto the presence of a no negligible skin layer

of amorphous material together with a much smaller spherulitic structure.

Table5-5. Transition temperatureshk and T, and storage modulus at room temperatwbtained from
DMAtestsfor IM PA12 andfor SL$?A12 at 0°and 90° orientatiors.

Storagemodulus

Ta(*C) T C0) at 23°C (MPa)
SLS Dorientation 63.6 -64.4 1472
SLS 90orientation 63.9 -64.1 1488
IM 56.5 -68.2 1084

5.5 MECHANICRROPERTIES

Figure5-6 and Figure5-7 show characteristiengineeringstressstrain curves

of SLS PA2 at 0° aml 90° orientations, respectively, obtained from tensile
tests at-50 °C, 23 °C and 50.°®s expectedthe mechanical response is
strongly influenced by the temperaturét -50 °CaboveT , SLSt 0° and 90°
orientation presentedsemibrittle behaviour due to the activation of mobility
of side groups of thehain.For temperatures abovdy, that is, at 23C and 50
°C, the material displayed a ductile behavious usually the ductility
decreased but the stiffness and the strehghcreased as the temperature

reduced
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Figure5-6. Characteristic engineering strestsain curvest -50 °C, 23 °C and 506ktained from
tensile tests in SLS R2&at 0° orientation.
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Figureb-8 analyses the effect of orientation and manufacturing process on the
tensile behaviour, showing clear differences. Firs8y,SPA12 presented
higher strength and stiffness but lower ductilityan IM PA12. In addition, it

is easily observed that isLSmaterial, the mechanical response at both

orientations is similar except for the ductility.

Figure5-9, Figure5-10, Figure5-11 and Figure5-12 show the evolution of
Young’'s modulus, tensile strength, elongation at break and Poisson’s ratio with
temperature, orientation and manufacturing process, respectively. Regarding
Young's modulu Figure 5-9), the values decrease with the temperature
increase, being this reduction more accentuated at 50 °C, due to the nearness
to Tq (Table5-4).
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Figure5-8. Characteristic Bgineeringstressstrain curves at 23 °Gobtained from tensile testsf IM PA
12 and ofSL$PA12 at0°and 90drientatiors.
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ForSLA12, therewere hardlydifferencesA y (i K S modalwdzyitH tQei
orientation for the same temperatureOn the other handiM PA12 exhibited
0KS f 2 ¢S &mddulus atdaygna tendperaturebeing20% lower thanhe

larger onecorresponding witltSL3PA12 at0° orientation.

2.5

B SLS 0° orientation
i . B SLS 90° orientation
2 H v .

o
S
o

15

Young's Modulus (GPa)

0.5

-50 23 50
Temperature (°C)

Figure5-9. Evolution of the Young®sodulus with temperaturén SL$A12 at 0° and 90° orientations
and with the manufacturing process at 23 °C

The tersile strengthfollowedi KS  al YS (i NB yrRodulus(Figur& S
5-10): the higher the temperature, the lower théensile strengthat both
orientations inSLSPA12, andthe lowest value at room temperaturevas
obtained forIM PA12. Concerning the orientatiortSL$A12 at 0° orientation
showed higher values than at 90° orientatjdiut the differences reducedsa

the temperature psetill reachingsimilarvaluesat 50 °C
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Figure5-10. Evolution of theéensilestrength with temperature in SIBA12 at 0° and 90%rientations
and with the manufacturing process 28 °C.

Whenanalysinghe influence of the temperaturen the elongation at break
(Figure 5-11) in SLSPA12, the values of this parameteincreaseswith
temperature rising independently of the orientation Nevertheless the
elongationat break a0° orientationwas more elevated than at 90fientation
at any temperature registering the higher difference at 50, dth values at
0° orientation3 timeslarger than thoseat 90° orientation. Theroximity of 50
°C tothe Tg of the materialwasthe reason of this significant increase because
the mobility of large scale coordinated motions of tpelymerchainsoccurs,
resulting in a massive relaxation of the materiat.room temperature the
elongationat break ofiM PA12is more than tvice the value measured iBLS

PA12 at 0° orientation
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Figure5-11. Evolution of thelongation at break with temperature in SB&12 at 0° and 90°
orientationsand with the manufacturing process at 23°C

Regardingthe 2 A & a 2 yFiQuies-NBhidvisiBcremenswith temperature
having the 0° orientation the largest value L A12 at the threetested
temperatures but beingovertaken by thevalue of IM PA12 at room

temperature.

These results match with the existing bibliograghgction2.2.1, Table2-1).
Firsty, the, 2 dzyfmadulas and theensile strength ofM PA12 were smaér
than those ofSLPA12 despite the higher cryallinity degreeof the former
(Table5-4). Crist et al[141], [18] stated the opposite trendthe higher the
crystallinity degreethe higher the elastic modulus and the tensile strength.
Nevertheless,the presence of an amorphous skin layer with significant

dimensions in thdM PA12 isan important factor to have in mindAlso, a
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different spherulite sizébetweenSLIPAL12 andIM PA12 seems taaffect the
elongation at break[170]. Results obtained in SLSspecimens at 23°C are
analogous to tbse ofSeltzer et al[31], Caulfed et al.[33], Stichel et al[34],
Munguia et al[118], [119] Xu etal [161], Mousa[171] and Hao et al[172].
Finally the results obtainedn IM PA12 are comparabldo those reportedby

Hoorewederet al. [30].

0.5

B SLS 0° orientation
B SLS 90° orientation
B ™

0.45

Poisson's ratio
o
N

0.35

0.3

-50 23 50

Temperature (°C)

Figure5-120 9 @2f dziA2y 2F (KS t 2 ASLRRIZADE ankDobriedtatiand ( K G SY
and with the manufacturing process 28 °C.
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5.5.1Tensile testéractographies

SEMfractographieswere taken fromthe fracture surfaces of the tensile test
specimens tstudy the effect otemperature orientations andmanufacturing

processesidentifyingthe micromechanismef deformation and fracture

Figure5-13 and Figure5-14 showthe fracture surfacest -50 °C, 23 °C and 50
°Cof SLPA12 at0° and 90° orientationsrespectively The common trend
observed in both orientationsvas an incrementin the surface smoothness
with lower temperaturesHoweverthere are several differencdsetween the

SLS®rientations

There is no influence of therientation onthe morphology of the fracture
surfaces at-50 C Figure5-13.a and Figure5-14.a). The morphologywas
irregular, identical to thosebserved by other authorfl73]. The similarity of
the fracture morphology is consistent witlthe values of the tensile
parametes, specially the elongation at breaffFigure 5-11), which were

identical at this low temperature for both orientations.

At 23 °Figure5-13.b andFigureb-14.b), the fracture surface a@° orientation
ismuch roughetthan thoseresulting from tests 8-50 C, beingcharacterized
by the presence ofoidssurroundedby amorphous filaments d?A12, which
had beenstretched and finally brokealongthe crack growth direction. Hse
features areassociatedvith the nucleation, growth and coalescencecofizes
which is a phenomenorcommonly observed in thermoplastic polymer

fractures[174].
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SLS Dorientation SLS 90orientation

Figure5-13. Fracture surfacgfrom tensile Figure5-14. Fracture surfaces from tensile
testsof SLA12 at 0° orientationat different tests of SLPA12 at90° orientation at
temperatures (a)-50°C, (b) 23°C and (c) 50°C different temperatures: (a)60°C, (b) 23°C and
(c) 50°C

The nucleation site could be at defects as poremtarspherulitic areas. The
stretched filamentssurrounding voidsare displayed irFigure5-15. On the
other hand, the 90° orientation exhibits a plain surface with no evidence of

plastic deformation of filaments but where pores and unmolten particles are
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discernible. This distinct morphologies at different loading dirediare in
accordance with the elongation at break valuEgy(re5-11), specifically the
increase in surface roughness goes hand in hand with the increase in the

elongation at break.

Finally, the fractographies of specimens tested at 50FiQufe5-13.c and
Figure 5-14.c) show a much higher ductile deformaticof the amorphous
filaments than at 23 °C, and when comparing the orientations, the specimens
tested at O orientation presented more tearing than at 96rientation. In this
case, the ductile behaviour is enhanced with the closeness to the maigrial
(Table5-4). The high mobility of the molecular boosts the ductile tearing along
the load direction at both orientations. Once again, this fractographic
morphologies agree with the elongation at break resuligygre5-11), which

are the highest of all the tested temperatures and with values atri&ntation

more than twice those measured at 96rientation.

To determine the effect of the processing techniqiégure5-16 shows the
fracture surface olM PA12. The panoramic viewrigure5-16.a) evidences
that the failure starts at a surface defect (outlined in black dashed line)
followed by macroscopic plastic deformation of the gage length with the
formation of a necking zone wth propagates along thgpecimen The high
level of plastic deformation undergone by the amorphous filaments is in
agreement with the high values of elongation at bre&kg(re5-11). The
detailed view Figure5-16.b) clearly denotes the stretched gage length broken

after ductile tearing.
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Figure5-15. Detail of cazing mechanismvoidssurrounded by amorphowstretched and brokeRA12
filaments

Moreover, there is complete lack of defects in form of pores or unmolten
particles. Therefore, the crazinmechanism together with the presence of
internal defects may be the reason why the ductility at failure of $h&P A

12 is much lower than that dM PA12[168].
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Figure5-16. Fracture surfaces from tensile tests of P12 at 23°C (a) panoramic viewvith the
surface defect starter of failure delimited with a dotted line, (b) detaduzfile tearing

5.6 FRACTUREBEHAVIOUR

For the determination of the fracture parametemifferent approaches were
applied depending on the mechanical response of the anat at each

experimental condition adescribed in thesection4.6.2

Figure 5-17 shows the representative loadisplacement records obtained
from fracture tests at-50 °C ofSLPAL2 at 0° and 90° orientations. Despite
the semibrittle behaviour, all the requirements of theEFMapproach were
fulfilled, so the recommendations of ISO 13856 standa#A®] were followed
to determine the critical stress intensity factdfc and the critical energy

release rateGc

Figure5-18 displays the representatés loaddisplacement records obtained
from fracture tests at 23 °C dM PA12 and of SLSPA12 at 0° and 90°

orientations.
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Figure5-17. Representative loadisplacementurvesobtained from fracture testat -50 °C oSLS PA
12 at 0°and 90° orientation.

The difference in stiffness is mainly due to the different initial crack lengths.
The behaviour olM PA12 specimens and both orientations 8LSPA12
samples was also sethiittle but, at this temperature, not all the tests verified

the linearity criterion, because there were some tests which deviated from the

linearity, as the—— ratio exceeded narrowly 10%. Therefore, the two

approaches|.EFMand NLFM were appled at 23 °C despite most of the tests
complied with theLEFMrequirements. The normalization method described
in ASTM E1820 standafti50] was followed to determine the-B curve and
the energy atcrack growth initiation,Jc, and theGcvalues provided by EFM

were also calculated.
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Figure5-18. Representative loadisplacementurves at 23 °Qobtained from fracture testef IM PA12
andof SLS PA2at 0° and 90° orientation
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Figure5-19. Representative loadisplacementurvesat 50 °Qobtained from fracture testef SLS PA2
at 0°and90° orientatiors.
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Finally,Figure5-19 includes the representative loadisplacement records of
the fracture test at 50 °C dLSPAL12 at 0° and 90° orientations. The ron
linearity was so high that the application NLFMapproach was undoubtful
and the normalization method was used to determine thR durve andlc

values.

Figure5-20shows theevolution of the fracture toughness in termstbg stress
intensity factor, K when computable, with thetemperature the load
orientation for SLSPA12 and the manufacturing techniqueFirstly, all the
values were in plane strain conditiorss expectediicvaluesdecreaseasthe
temperatureincreasesn SLA12. Regarding the effect of the orientatipn
the valuesof Kcobtainedat 90° orientationwere lower than at O orientation.
The values oKcat 23 °C computed in this investigatisrere comparable to
those obtained bySeltzer et al[31] and by Salazar et 4B9], but higher than
thoseobtained by Linlet al.[46]. The discrepancy in this case has to do with
the low density of the parts measured by the latteosrelated with the values

of the manufacturing parameters employed.

Attending to theeffect of themanufacturing techniqueat 23 °Cno differences

betweenIM PA12 and SLPA12 resultswere found

Within the computation of the fracture parameters der theNLFMapproach,
Figure5-21 and Figure5-22 show the R curves at 23 °C and 50 °C of SL:S PA
12 at 0° and 90° orieations, respectively. Firstly, theRlcurve at 50 °C were

all above those at 23 °C independently of the load direction with respect to the
layered structure. Secondly, for the very same temperature, tReclirves of
SL$AI12 at 0° orientation were ab@vand steeper than those &LIFPAIL2 at

90° orientation.
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Figure5-20. Fracture toughnessf SLS RA2 at 0° and 90° orientati@determined at50 C and at 23
‘Candof IM PA12 at 23 C

30 \ \

| SLS Qorientation il

—_—1

50°C —=—2 i

——3 B

—-—1 |

23°C—e—2 8

——3 |

5 i | | | ]
0 1 2 3 4

r a(mm)
Figure5-21. Influence of the temperature in SLSPAJRcurvesat 23 °C and 50 °@ SLAL12at 0°
orientation.
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To investigate the effect of the manufacturing procdsigure5-23 compares

the JR curves at 23 °C &LSPA12 at 0° and 90° orientations with those
obtained fromIM PA12. Firstly, regardin§L3naterials, the energy needed to
produce the stable crack growth at 0° orientation is higher than that at 90°
orientation, being the latter less resistant against crack growth. Secondly, the
JR curves oflM PA12 presented a high dispersion but in average the
behaviour was in between that &LS PA2at 0 orientation and that ofSLS

PA12at 90 orientation.
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Figure5-22. Influence of the temperature in SLST2AIR curvesit 23 °C and 50 °@f SLS RA2 tested
at 90° orientation.

Table5-6 collects the quantification of all these differences, more specifically,
the values of the exponerM;and of the paramete;of the potential law with
the form 0 6 Y& ,which has been used to fit the experimental values.

Firstly, the exponeni;and the parametefGincreased when the temperature
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increased at both orientations ofSLSPA12. Secondly, at the same
temperatue, the higher values of the exponemi; of SLSPA12 at 0°
orientation in comparison with those GLIPA12 at 90° orientation confirm

the trend observed graphically.

15

J (kI/nf)

7 stso Y 3
orientation 2 —_—
——3

s, T
orientation —3

0 1 2 3 4

r a(mm)
Figure5-23.Influence of the manufacturing process at 23 °Rcurves of SLS P& at 0° and 90°
orientationsand of IM PAL2.

Finally, althoughM PA12 exhibits an average behaviour between thatafS
PA12 at 0° orientation and that cBLSPA12 at 90° orientabn, the curves
were more like those oSLSPA12 at 90° orientation, implying simildx;
coefficients.

Figure 5-24 shows the energy at crack growth initiatiodg and G¢, as a
function of temperature, orientation foSL3PA12 and processing technique
at 23 °CRegarding the effect of the temperature BLSPA12, there is an
important increment in thelcvalues obtained at 50 °C, which nearly doubled

those at 23 °C.
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Table5-6. Fitting values of the experimentaRIcurves to the power law equation 6 Y6 at 23 °C
and 50 °C oBLS PA2tested at0° and 908rientationsand of IM PA12 tested at 23 °C

SL° orientation SLS 90° orientation IM
SpecimenIl G N; |SpecimenIl G N Spelcsmen G N,
1 9.70 0.07
1 953 0.01 1 8.56 0.14
2 9.74 0.08
3 11.22 0.09
2 10.3  0.13 2 8.61 0.06 4 10.25 0.05
23°C 5 7.52 0.17
6 10.84 0.15
3 10.2 0.18 8 8.66 0.06
7 8.32 0.12
10.0+ 0.14% 8.61+ 0.08+ 0.10+
Average 0.4 0.04 Average 0.05 0.05 Average 9.6+1.3 0.04
1 20.1 0.26 1 15 0.1
2 21.7 0.31 2 14 0.14
50°C 3 18.8  0.40 3 17 0,25
Average 20.2+ 0.32+ Average 15.3+ 0.13%
%€ 15 o007 %€ 15 009

This behaviour can be explained considering that 50 °C is close Tgp dhéhe

material (Table5-4), 9 the viscous state plays a notable role in the fracture

behaviour requiring more energy for crack growth initiation

It canbe remarkable thesimilaity of Gcand Jc obtainedat 23 °Cfor SLPA

12 at 0° and 9Dorientatiors, without statistical differencedetweenthem.

Meanwhile & -50 °C andat 50 °C,the fracture energy ofSLSPA12 at 0°

orientationis higher thanthat of SLI?A12 at90°orientation.

Finally the values ofGcand Jcof IM PA12 werehigher than thoseof SLPA

12,showing the best crack growth initiation resistance

Fatigue

Behaviour

Sintering

of Polyamide 12 manufactured by Selective Laser




108 Chapter 5

14 N
| o |
[ SLS 0° orientation SLS 90° orientation IM 1
T i
12 - B G km) B G m) W g kim) ; 7
L O 3. (kam?) O o km) O 3 kim? T ]
10 ‘ -
|5 T |
N/\ r ; l
L) L N
)
- | i
6 - —
4 - —
2 - —
0

-50 23 50
Temperature (°C)

Figure5-24. Energy at crack growth initiation as a function of the testinggerature andhe
orientationin SLS RA2. The influence of the manufacturing technique at@% also displayed
includingthe values obtained frorfM PA12 fracture specimens

5.6.1. Fractographic analysis of fracture tests

Figure 5-25 and Figure 5-26 display the fracturesurfaces obtained from
fracture tests carried out a50 °C, 23 °C and 50 °CSafF°A12 at 0° and 90°
orientations, respectivelyt is important to mention that alBL$A12 fracture

surfaces presented defects in form of pores or unmolten powder particles.

Independently of the orientation, the morphology of the fracture surfaces at
50 °C fFigure5-25.a and Figure5-26.a) and at 23°C Figure5-25.b and Figure
5-26.b) presented small differences. The characteristic feature is a patéghwor
pattern with more evident deformed borders at 28.However,at 50 CTthe

degree of plastic deformation isare pronounced with presence of voids
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SLS Dorientation SLS 90orientation

100 pm $ \ ) A g M 100 um
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— ]
Figureb-25. Fracture surfacesf SLS RA2 at Figure5-26. Fracture surfacesf SLS RA2 at
0° orientationtestedat: (a)-50°C, ) 23°C and 90° orientationtestedat: (a)-50°C, (b) 23°C
(c) 50°C The arrow shows the crack growth and (c) 50°CThe arrow shows the crack
direction. growth direction.

However, at 50 °C the degree of plastic deformation is more pronounced with

presene of voidghrough the ductile tearing of the amorphous filaments along

the crack propagation directionFigure 5-25.c and Figure 5-26.c). This

fractographic analysis agrees with the fracture toughness values collected in

Figure5-24.
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No differences could be detected between the fracture surfaces ofSh8
specimens tested at 0° and 90° orientations at all the testing temperatures.
This fact matches with the indistinguishable values of the fracture energy at

both orientatiors, except for those at 50 °Eigure5-24).

The dominantfailure mechanisnis crazing characterized by the nucleation of
microvoids followed by their growthF{gure 5-27) and final coalescence
leaving behind craters with more or lessetthed amorphous filament§he
evolution of this damage mechanism during crack growth advancement leaves
the patchwork patternpreviously described. As the temperature rises, the
dimples asociated with crazingan be lessisible due to the high elongain

of surrounding filamentalong the craclpropagation direction.

Comparing this fractographic morphology with the analysis carried out by
KargerKocsis and Friedrich in injection molded polyamide [6], the
nucleation sites of the craze micromechanism could be related with defects as

pores or unmolten particles as well as the crystalline structure.

Figure5-27. Detail of"Crazes" observed at 23°C.
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Figure5-28 shows the fracture surface ¢ PA12. In this case, the patchwork
pattern is much finer and more homogeneous than that observeslLifPA12
(Figure5-25 and Figure5-26), and what is more, the fracture surfaces were

free of unmolten particles or defects.

Figure5-28. Fracture surfacebtainedfrom fracture tests of IMPAL12 at23°C.

The finer size of the patch in thi&l samples could be related to the small size
of the crystalline structurgTable5-3), together with the lack of processing
defects, providing higher values of the fracture toughndagyre5-24). As
stated by Salazar et dlL75], the decrease of the crystalline size favors the
number and flexibility of the molecular chains in charge of holding together
the lamellae bundles and consequently, impes the fracture energy. The
reason is that the fracture toughness is governed, among other factors, by the
energy required for the deformation and break of these tie molecules.
Therefore, the higher the number of tie molecules, the higher the fracture

energy.
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5.7 FATIGUE CRACK GROBEHAVIOUR

Figure5-29 showsthe fatigue crack growtleurvesasa function of the control
parameter YIOof SLSPA12 at 0° orientation (Figure5-29.a) and at 90°
orientation (Figure5-29.b), and of IM PA12 (Figure5-29.c). The loglog plots

of — versusYOgraphsdisplayed irFigure5-29 only shows region I, a linear
relationship between the crack growth rate and the control parameter
described by the Paris layor eq. (2-2)) and region lll, dependentrothe

fracture toughnesKc as the crack growth rates approach instability. The

reason is that these curves were achieved from constant load amplitude tests

or Y'Qincreasing tests.
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Figure5-29. Fatigue crack growth curve§ PA12 manufactured by Sla$(a) 0° orientationand (b) at

90°rientationand (c)by IM.
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The figures show the common scatter due to extrinsic factors like the
experimental ones, such as material and geometry variability or variation in
the testing conditbns, and intrinsic factors as the probabilistic nature of the

fatigue phenomenon itselfl76]. For the characterizain of region | and the

determination of the control parameter threshold valuey\'O , YO

decreasing tests were performed starting at a spedffifOlevel to guarantee
some data overlap and consequently, to confirm the fatigue crack growth

behaviour.

Theexperimental curves were fitted to equatid8-2) and the average values

are shown inrable5-7.

Table5-7.Fatigue parameters of SLS-PAat O and 90° orientations andf IM PA12. FromYI'G
decreasing tests, threshold values of the control paramét#fO . FromYGincreasingests average
values ofAand n parameters from Paris law (€8-2)), maximum value of the crack driving force before
break m%d o equivalent stress intensity factor dﬂ%d OB L . Fracture toughness values,

L Fare also displayedr{gure5-20).

Y- G
- F <
decreasing YWy -increasing racture tests
o\ N —o 5 0 i
O A n v h Kc(MPa-n/2)
(kI/mP)r2 (KIMPY2  (MPa-m2)
SLSO 13+01 6-10° 9+2 26+02 37+03| 32%02
orientation
SLS 90 11+£02 | 10106 10+2 25+03 36+05| 29+0.2
orientation
IM 1.0+0.2 | 510% 9.0x05 3.0+03 3.7+x04| 3105

From theY'Gincreasing tests, thenaximum values of the control parameter
of the last cycle before catastrophic failur¢"O . their equivalent values

in term of the stress intensity facton, , and he fracture toughnes¥c,

determined fromfracture tests and contained iRigure5-20, have been also
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included to facilitate the analysis.urthermore, the threshold values of the
crack driving force, YO , obtained fromYW'Qdecreasing tests are also

displayed.

Moreover, to shed more light to the studifjgure5-30 gathers in one single
diagramthe fatigue crack propagatiomehaviourof SLFA12 at0° and at 90°
orientations and of IM PA12. The characteristic dispersion of each material

and condition las been represented with an envelope.

All this information reveals that the fatigue crack growth behaviour is very
similar independently of orientation and manufacturing technique but there
are some point differences worth mentioninghe effect of the lod direction

with regard to the layered structure SL3A12 on the fatigue crack growth
behaviour is obvious aSLPAL12 at O orientation shovs higher threshold
valuesand smallewvalues of te exponent of the Paris law than those SifS
PA12 at 90 orientation. Therefore, it can be concluded that the fatigue crack
growth resistance is worse when the load is applied along the building

direction, that is at 90° orientation.

When analysing thenfluence of the manufacturing procesthe threshold
values oM PA12 are the smallest, but the steepness of the Paris law curve is
similar to that of SLSPA12 at O orientation. So, the fatigue crack growth
behaviour ofIM PA12 is in between those oBLSPA12 at 0 and at90°

orientations.

The regionll of the fatigue crack growth lifes characterized by the maximum

value of the control parameter of the lasyclebefore rupture. Independently
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of the material or testig condition, the values were around 10% higher than

the fracture toughness measured via standard fracture tests.
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Figure5-30. Fatigue crack growth behaviour comparison forl2Ananufactured by SLS at 0°

orientation (blue) and at 90°orientation (green) and by IM (red).
There is scarce literature regarding this topic in the literature. In principle, the
exponents of the Paris law &LPAL2 aresmaller thanthose obtainedby
Salazar et al[39]. Nevertheless, iis worth mentoning that these authors
employedYV as the crack driving force and the starting-PZApowder and
manufacturing machine were different to those used for the processing of the
materials under studyAlthoughBlattmeer et al.[124]analysedhe influence
of the load direction with respect to the layered structureShPA12, they
observed no differences in the fatigue crack propagation of specimens tested

at 0 and 90 orientations. And their curves audifficult to compare to those

in the present worlbecausdirstly, the control parameter i&/0 and thereare
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no fitting values to a Padaw equation and secondly, those curves were not
obtained under constant load arifude tests. Finally, the only works focused
on the fatigue crack propagation &1 PA12 arethose of Blattmegr et al
[124] and Boukhili et al[79]. The former obtaineda fatigue crack growth
behaviour ofIM PA12 clearly worse than that c5LSPA12 and the latter
realized thatY0 is not a valid crack driving force and also did not include the

fitting values of the Pariaw equation.

5.7.1 Fractographic analysis from fgtie crack growth tests

The panoramic view of the fracture surfaces ®fSPA12 at ¢ and 90°
orientationsand ofIM PA12 are displayed irfrigure5-31.a, Figure5-31.b and

Figure5-31.c, respectivelyThe arrow indicates the crack growth direction.

Firstly,the most characteristic feature of the fracture surfaces b8BA12 is
the highnumber of poresevenlydistributed over the entire surfaceHigure
5-31.a, Figure5-31.b). According toCaulfield et al[33], these pores are the
result ofthe lack ofjpowderparticlesmeltingduring sintering, produaga poor
fusion in the surrounding are@nother important feature is the discernible
horizontal lineswith an equidistant separation of 200 pabserved in the low
magnification analysis of the fracture surfacg@sSLIPAL12 at 0° orientation
(Figure5-31.a). This distancenatches with themanufacturinglayer thickness
(Table4.2) so, the sintering among layeras defective as the fusion and
sintering of one layer with the one underneath was not compléeme
authorshaveassociated these linesith alow energy density supplied during

the manufacturing procesg3], [37]

Secondly, when comparing the 0° and 90° orientations, the fracture surfaces

obtained at90° orientation (Figure5-31.b) wasmuchsmootherthan that at 0°
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orientation (Figure5-31.a). The crack tends to pipagate along one single layer
but when a coalescence of pores or defects occurs, this can lead to the jump
of the crack to adjacent layerThis could explain the worse fatigue crack

propagation at90° orientation.

Thirdly, the panoramic view of the fracture surfaces of lWePA12 samples
is completely smooth and plain, a striking contrast when compared to the

morphology ofSLPAL2 Figure5-31.c).

° orientation
MR A
y
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500 pm
—

Figure5-31. Panoramic view of the fracture surfacgstained from fatigue crack growth testé PA12
manufactured by{a) SLSt O°orientation, (b) SLS a®0°orientation(b) and(c)IM. The arrow points out
the crack growth direction.

In order to identify the deformation and fracture mechanismgure5-32.a,
Figure5-32.b and Figure5-32.cshow detailed fracture surfaces SLFA12 at

0° and 90° orientations and &V PA12, respectively. Independently of the
manufacturing technique or the orientation, the mechanism of deformation
and failure is the formation, growth and coalescence of crazes, followed by a

fibrillation of the amorphous phase till final rupture.
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SLS 90° orientation

Figure5-32. Detail of the facture surfacesbtained from fatigue crack growth tests of R&
manufactured by (a) SLS at 0°orientation, by (b) SLS at 90° orientation (b) and (c) by IM.

This type of damagerpgression leaves as marks the patchwork pattern
displayed irFigure5-33, being the only difference, the size of the craters and
the more or less plastic deformation of the amorphous filaments surrounding
them. In general, the stretched amorphous filaments are thest prominent

in the SLFAL2 at 0° orientationKigure5-33.a), less significant in thELFP A
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12 at 90° orientationKigure5-33.b) and not so remarkable iV PA12 Figure
5-33.0).
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Figure5-33. Detail of the patchwork structure due to craze formaid®A12 manufactured by Sla®
0° orientation (a) andat 90°orientation (b) andby IM (c). The nucleatiorsites of damage initiation are
pointed out by arrows. The white arrows point to unmolten particles or the voids left behind by them
and the blue arrows point to spherulitic nuclei.
It is in these deformed amorphous filaments where fatigue striations were
observed Figure5-34), being less numerous in tH& PA12 (Figure5-34.0)

compared with SLS ondSigure5-34.a and Figure5-34.b).

SLS 0° orientation
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SLS 90° orientation

Figure5-34. Fatigue river markings in amorphous filaments left behind the crack growth that surround
the dimples generated after craze nucleation, growth and coalescence of (a)-$2 @tfAorientation,

(b) SLS PA2 at 90 orientationand of (c) IMPA12.
Therefore, the rough fracture surfacd-iure 5-31.a, and Figure 5-32.a)
together with the high deformed amorphous filaments $LSPA12 at 0°
orientation Figure5-34.a) seems to be the reason of the best fatigue crack

growth behaviour.
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A more indepth analysis of the nucleation and progression of the mechanism
of failure during fatigue could be performetthanks to the fractographic

analysis at high magnifitan shown inFigure5-35.

Figure5-35. Detail of the micromechanism of failure, where the craters left behind the fatigue crack
path are originally generated by uraiten particles (pointed out by white arrows) or by spherulitic
nuclei in form of itefined discs (a) or irregular rectangles (b), that act as damage precursors (pointed
out by blue arrows).
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In this patchy surface, pores and in most cases, some unmolten particles at the
centre of the craters are observed and shown with white arrows pointing at
the particles inFigure5-33.b and Figure5-33.c for SLSat 90° orientation and

for IM PA12, respectively, and iRigure5-35. These defects act as nucleation
sites during thecrazesformation being not the only responsible of the failure
initiation. The crystalline structure plays an important role in the initiation
damage during cycling loading as pointed out by several aufi68y, [177],

[178].

During fatigue, the high deformation occurring at the crack tip is the origin of
void nucleatim between the crystalline lamellae within the spherulite,
oriented perpendicularly or at angle of approximately’ 46 the applied load
direction[177]. This leads to an intrapherulitic or transspherulitic failurein

the equatorial plane, exposing in some occasions the nucleus of the spherulite,
which has the appearance of an irregular rectangle (pointed out by aiblue
Figure5-33.b andFigure5-35.b) or an ilkdefined disc (pointed out by a blue
arrow inIM PA12 inFigure5-33.c and inFigure5-35.a).

Some authors have linked the dimensions of the patchwork patterns with the
spherulite sizesin this case, the crater size was aroundps0 for SLPAL2

and 2030pum forIM PA12which is coincident witlthe spherulitic dimensions
collected inTable5-3. The bigger discrepancy waslimM PA12. Howeverthe
fractographic analysisas shown that inM PA12, the damage was related
with the spherulitic structure in a way that the micromechanism of failure is
linked not only to individual spherulites but also to spherulite colonies when

the former are extremely fine.
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5.8 FATIGUE LIFENALSIS

The results othe fatigue life testscarried outaccording tothe ASTMD7791
standard recommendationsare presented n the Figure 5-36. The tensile
strengthrepresented as the value at one cyualas also included, as well as the
tests which reached PQcycles withoti failure (runouts). A first look at the
graph evidences nabig differences between either distinct orientations or
manufacturing processes. Nevertheless, some dissimilarities are important to
highlight.
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Figure5-36. Lifetime fatigue curves of IMA12and SLS P22 0 and 90 orientations O symbol
represens run-outs, that istests which reached $@ycles without break.

SLSAL2 at O orientation exhibited better fatigue life resistance than at 90
orientation despite the similarity in the porosity percentageble5-1) and in

the surface roughness valueBaple5-2). The weak interlayer strength seems
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to be behind this behaviour, as the defective sintering among layers as well as
its physical discontinuity has been observed in the fractograjinialysis
(Figure5-31.a).

Attending to the manufacturing processM PA12 presented a mixed
behaviour, that is, showed a better fatigue resistance tis8A12 at both
orientations near 10 cycles but a lower fatigue life resistance when the
number of cycles to break was around>1@t those number of cycles, the
behavour of SLPA12 at 0° orientation is above that 691 PA12.

In order tofit these results to thdBasqui2 équation the average values of the
number of cycle to failure for each load level eve considered and
represented inFigure 5-37. Attendingto the values of the Rcoefficient
NBadzZ GAYy3d FNRY (GKS FAlGdGAy3I 2F kS SE
(4-28)), the scatter for all materials and conditions was in general very high,

especiallyfor SLA12 at 90° orientation

Table 5-8 gathers the Basquin coeffents of SLSPA12 at 0° and 90°
orientations and ofIM PA12. While the exponents ofng of SLSat both
orientations were similar, there is a big difference with that of tMePA12

which was one half.

Table5-8. Basquin constants fromMscurves of IM RA2 and SLS P¥ at 0 and at 90 orientations.

Bs ms
SL° orientation 111.1 -0.11
SLD0° orientation 83.1 -0.09
IM 54.4 -0.05
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—o— SLS ®orientation r s=111.1*N" R?*=0.76
-8— SLS Yorientatior r s =83.1*N*® R?*=0.55
- IM r s=544*N%"® R’-06
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Figure5-37. Lifetime fatigue curved! PA12 and SLS P¥R at 0 andat 90 orientationsrepresenting
the average values of each load Iethefitting of the experimentatesultsto the Basquin type
equationy, 6 0 is also ésplayed.

Forthe determination of the fatigue limiat 1& cycles Figure5-38.a, Figure
5-38.b and Figure5-38.c showthe up-and-down fatigue test resultef SLPA
12 at O orientation,SLPA12 at 90 orientation andiM PA12, respectively.
These graphs represent thein-out tests with a green circle and the failure
tests with a redcross In order to obtain more accurate resulig, case ofSLS
PA12 at0Q° orientation, after 6 teststhe initial stress step between ruout
and failurewas reduced tane half of the initial valugfollowed by a second
reduction ofa 25 % of the initial valueanalysing total of 5 stress amplitudes
For SL?A12 & 90° orientation, only a first redation of the step fromH ® p3'z °
02 ™ ewapimplementedwith a total of4 stress amplitudedn case ofM

PA12,two step reductions were carried oubeginning with the first one of
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1157 7and followed bya second one ofi ® pi,The total number of stress

amplitudes examined were 6.

28 T T T T T T

@ SLS 0° orientation
X X X X
27
O Run-out
—_ X Failure
© [e] X X
o
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2] 26 o] o] X X
o o o o] X
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X
24 L L L L L L L L L L L L L L L L
1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17
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Figure5-38. Up-and-down fatiguetestsfor the estimation of the fatigue limét 10° cycles (a) SLA
12 at0° orientation (b) SLS PA2 at 90°crientationand (c) IM PA12. Therepresentationsncluce run-
out testsO and failure onesX.
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Table5-9 displays the fatigue lifetime results used in the estimation of the

fatigue limitat 1 cyclesfor both orientations ofSL$?A12 andof IM PA12.
It shows the number of failure testd K S Yy dzY 6 Ndzi2a® divwsdayti & F2 N

stress leveln i, and the fatigue limit at 1®cycles D' #, resulting from the

application othe maximum likelihood method assuming a normal distribution

asdescribed in the previous chapter.

Table5-9. Results of thedttigue lifetime tesfor the determination of the fatigue limit 10 & Of §a % n°

of SLS RA2 at 0" and 90 orientations and of IM PA2,includingii K S
failure tests, f and of rurouts, .

40 NBa&a&;,numbedbfA G dzZRSZ pn-

Manufacturing
orientation

N i(MPa)

Number of failure Number of Run
out tests, I

tests, f

N 7 (MPa)

00

24.8
25.4
25.9
26.5
27.5

1

0

3
2
1
0

26%1

Ol v w -

N

90°

23.3
23.8
24.3
24.8

OO +r O B

23%1

Ol w v -

n=12

22.1
25.8
26.8
27.7
28.6
29.5

N = = T = S

28%1

g |lw wr o o o

n=14
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SLSPAI12 at O orientation had a statistical fatigue limit at 4@ycles 13%
higher than the one at Y0orientation. However]M PA12 had the highest
fatigue limit, being 8% higher than the oneQUIFPA12 at O orientation.

5.8.1. Factographic analysis of fatigue liésts

A panoramic view of the fractursurfacesof SLSPA12 at 0° and ®°
orientationsand of IM PA12 are shown inFigure5-39.a, Figure5-39.b and
Figure 5-39.c, respectively The white arrow indicates the craclgrowth
direction on each specimeand, in all cases, the cracks propagated from the
left side of the images to the rightt is obvious the influence of the
manufacturing techniqgue on the fractographic analysis of the broken
specimens tested for the stress life fatigue curves characterizafitiile the
fracture surfaces ofSLS PA12 maintained the initial crossectional
dimensions, all théM PA12 fracture surfaces undergone a strong reduction
of the initial cross section area despite the testing conditions were under High

Cycle regime.
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500mMm

——
Figure5-39. Panoramic views df) SLS PA2 at 0° orientation(a) SLS PA2 at90°orientation and(c)
IM PA12, identifyingdifferent Region br subcritical crack growtlone outlinedvith a dashedyreen

line, Region Il or transition regiakelineatedwith a dottedblue line and region Ill or unstable crack
growth region surrounded wita dottedred line.

Moreover, while in alSLSPA12 fracture surfacethree different areasvere
distinguishableandoutlined by three different colours over theurfacesinIM
PA12, only two zones were discernibleor all the cases, the zone dwiied

by the dashedgreen line ighe subcritical crack growthrea which is followed
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by a transitionregion outlined in dashed blue lirfenlyobserved irSL$A12),

andfinally, the unstable crack growth regidelineatedin dashed red line.

For SLSPA12, the subcritical areavas characterized by a patchy irregular
surface unequivocal morphological sign of nucleation, growth and
coalescence of crazes in both the early stages of formation of the macroscopic
crack and subsequent propagation. The crater size of the marks left by this
damage advancement waef around 50 pum, which matches wh the
spherulitic size determined in sectidn3 (Figure5-40). This fact revealed a
hampered crack growth due to the presence of spherulitesaitrans
spherulitic growth modeTherefore, the craclwasnucleated at some point of

the surfae, favouredby the high roughnesflrable5-2), and once generated
progressed through the spherulites and in many cases, going through their
equatorial plane. This mechanism of failure vedso observed ithe fracture
surfacef SLFA12 obtained fromtensile tests gection5.5.1), from fracture

toughness testssection5.6.1) and from fatigue crack growth testésection

5.7).

Figure5-40. Morphology of the gbcritical crack growtlzone ofSLS PA2.
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