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ABSTRACT 

Extrusion-based additive manufacturing (EB-AM), which is also known as fused filament 

fabrication, fused deposition modelling (FDMTM), or 3D-printing, is an emerging processing 

technique that is characterised by the selective deposition of thermoplastic filaments in a layer-

by-layer manner based on digital part models. In recent years, it has attracted considerable 

attention from both industry and research, as this technique offers manifold benefits over 

conventional manufacturing technologies in terms of flexible production, freedom of design, 

independency of cost-intensive moulds, and a reduced time to market. However, to meet the 

challenges of increasingly complex industrial applications, certain shortcomings of EB-AM 

still need to be overcome. A case in point are the generally inferior mechanical properties of 

3D-printed parts compared to those of conventionally processed parts. Moreover, despite 

rigorous research activities, certain semi-crystalline thermoplastics such as polypropylene (PP), 

which offer attractive properties such as high impact strength, chemical resistance, moisture 

stability, and low cost, are still not established as reliable, commercially available filament ma-

terials.  

The present PhD thesis attempts to close these gaps by exploring various effective strate-

gies to enhance the mechanical properties of 3D-printed parts. In particular, original ap-

proaches are developed in order to overcome the main limitation of PP processed by EB-AM, 

namely its susceptibility to shrinkage and warpage. Dimensional issues are especially problem-

atic for PP due to the material’s high degree of crystallinity and crystallisation rate in combina-

tion with the preferred orientations introduced by the EB-AM process.  

In a first step, the adhesion of the first deposited layer on the build platform was opti-

mised by means of in-situ shear-off measurements and surface analyses, as this was found to 

be a prerequisite for controllable warpage for any filament material. In the case of PP, a first 

improvement in dimensional accuracy was accomplished by gaining optimal first layer adhe-

sion through the selection of the most suitable build platform material. This selection was 

based on the interfacial tensions of the two materials in contact. Furthermore, a parametric 

optimisation of processing parameters and the platform’s surface roughness was conducted. 

An additional substantial warpage reduction of 3D-printed PP parts was achieved by incorpo-

rating up to 30 vol.-% of low aspect ratio fillers. For PP-composites containing expanded 

spherical perlite or glass spheres, it was shown that higher filler loads and a smaller mean filler 

size resulted in the most promising dimensional control.  

In order to maintain the novel materials’ processability, the composites’ mechanical, 

thermal, and rheological properties were optimised by improving the matrix-filler interface 



 

VI 

and the filler distribution through the addition of compatibilisers, filler coatings, and amor-

phous polyolefins. Despite the high degree of filling with spherical particles, the most favour-

able composite resulted in a tensile strain at yield comparable to unfilled PP and a tensile 

strength outperforming that of unfilled PP. While counteracting the increase in viscosity by 

elevating the processing temperatures, this procedure enabled a flawless production of com-

plex parts by EB-AM.  

A further improvement of the mechanical and warpage properties was obtained by ex-

changing the low aspect ratio fillers for thermally conductive carbon fibres (CF). Due to the 

considerable increase in thermal conductivity of the novel composite, which was induced by 

the CF, a more homogeneous temperature distribution within the printed parts was realised, 

leading to reduced residual stresses and therefore a well controllable dimensional accuracy. 

The most promising PP-composite developed in this work showed negligible warpage and 

greatly increased tensile/flexural strengths and moduli compared to unfilled PP. Hence, the 

proposed composite enters the EB-AM material portfolio as a promising engineering thermo-

plastic for high load bearing technical parts.  

The present PhD thesis reveals an additional warpage reduction by purposefully augment-

ing the printing chamber temperature (TCh) that surrounds the deposited material. Since mate-

rials processed by means of EB-AM are exposed to complex temperature conditions during 

processing due to rapid temperature alterations originating from the moving nozzle, an inho-

mogeneous temperature distribution is present in the printing chamber and, hence, also in the 

freshly deposited material. Such inhomogeneities can intensify issues such as unintentional 

crystal growth, elevated internal stresses, and undesired part deformations. An increase of only 

30 °C in the TCh, which was feasible by insulating the FFF printer, was shown to considerably 

decrease the temperature fluctuations within the printed parts, as observed by in-situ infrared 

thermography measurements. In turn, the dimensional stability was drastically improved. This 

finding even applies to unfilled PP, which is intrinsically susceptible to part distortion. In addi-

tion, a higher TCh caused the spherulites to grow twice as large as in conventionally processed 

parts, since the mean strand temperatures during printing were in close proximity to the tem-

perature of the maximum crystal growth rate of PP. Furthermore, the alterations in the TCh 

induced the formation of the β-crystal modification among the usually dominating α-PP, re-

vealing fundamental consequences for the mechanical properties of processed parts.  

To explore ways of improving the mechanical properties of 3D-printed components and 

of counteracting the deteriorating effect of the numerous weld lines, the weld strengths of 

both additively manufactured PP-composites and commercially available poly(lactic acid) 

(PLA) were optimised through statistical parametric investigations. A separate investigation of 

the weld strengths within one layer as well as between adjacent layers was found to be most 

suitable for achieving improvements in the overall weld strength in a systematic manner. The 

specific investigations were conducted by means of adapted conventional and, in particular, by 

fracture mechanical testing techniques. On the basis of these investigations, favourable pro-
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cess parameters were defined. When these process parameters were met, the weld strengths as 

well as the fracture surfaces and cross-sections of the test specimens were found to be compa-

rable to those of parts processed by compression moulding. In terms of fracture toughness 

under both static and dynamic loading conditions, the favourable process settings also led to a 

near-homogeneous failure behaviour, as the fracture initiation and propagation in the investi-

gated 3D-printed PLA specimens were confirmed to be independent of the printing orienta-

tion.  

In sum, all research questions addressed were articulated around the overarching objec-

tives of enhancing the mechanical properties of 3D-printed parts and overcoming the suscep-

tibility of semi-crystalline polymers such as PP to shrinkage and warpage, i.e. the main limita-

tions of this materials class when processed by means of EB-AM. Based on the establishment 

of a fundamental understanding of the major influencing variables and their effect on selected 

characteristics of the base material as well as the 3D-printed parts, significant improvements in 

the material composition and processing were effected. This PhD thesis, thus, contributes to 

the development of advanced composites and process strategies that are able to meet the re-

quirements of increasingly complex industrial applications. 
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KURZFASSUNG 

Die extrusionsbasierte additive Fertigung (engl. EB-AM), die auch als Fused Filament 

Fabrication, Fused Deposition Modelling (FDMTM) oder 3D-Druck bekannt ist, ist eine auf-

strebende Verarbeitungsmethode, die sich durch die selektive Ablage von thermoplastischen 

Filamenten auszeichnet und auf einem digitalen Modell in einem schichtweisen Aufbau ba-

siert. Innerhalb der letzten Jahre zog diese Technologie beachtliche Aufmerksamkeit seitens 

der Industrie und der Forschung auf sich, da sie einige Vorteile gegenüber herkömmlichen 

Verarbeitungsmethoden aufweist. So ermöglicht sie etwa eine flexiblere Produktion, Design-

freiheit, Unabhängigkeit von kostenintensiven Werkzeugen und eine reduzierte Produktein-

führungszeit. Allerdings müssen bestimmte Schwächen dieser Technologie noch überwunden 

werden, um den Herausforderungen der zunehmend komplexen, industriellen Anwendungen 

gerecht zu werden. Als konkretes Beispiel hierfür können die mechanischen Eigenschaften 

von 3D-gedruckten Bauteilen angeführt werden, die jenen mittels konventioneller Verfahren 

hergestellter Bauteile meist unterliegen. Des Weiteren haben sich trotz intensiver Forschungs-

aktivitäten bestimmte teilkristalline Thermoplaste, wie etwa Polypropylen (PP), die attraktive 

Eigenschaften wie beispielsweise eine hohe Schlagzähigkeit, chemische Beständigkeit, Feuch-

tigkeitsstabilität und niedrige Kosten aufweisen, noch nicht als zuverlässiges, kommerziell er-

werbbares Filamentmaterial etabliert.  

Diese Doktorarbeit versucht die obengenannten Forschungslücken zu schließen, indem 

verschiedene, effektive Strategien zur allgemeinen Verbesserung der mechanischen Eigen-

schaften von 3D-gedruckten Bauteilen verfolgt werden. Im Besonderen werden Forschungs-

ansätze entwickelt, um die Einschränkungen zu überwinden, denen durch EB-AM verarbeite-

tes PP unterliegt, d.h. im konkreten Fall dessen Anfälligkeit für Schrumpf und Verzug. Die 

Verzugsthematik ist für PP aufgrund des hohen Kristallinitätsgrades und der hohen Kristalli-

sationsrate besonders problematisch, vor allem in Kombination mit den bevorzugten Orien-

tierungen, die durch den EB-AM Prozess in das Material eingebracht werden.  

In einem ersten Schritt wurde die Adhäsion zwischen der ersten gedruckten Schicht und 

der Bauplattform durch in-situ Schermessungen und Oberflächenanalysen optimiert, da die 

Ergebnisse nahelegten, dass diese eine wesentliche Voraussetzung für einen kontrollierbaren 

Bauteilverzug für alle Filamentmaterialien darstellt. Im Falle der 3D-gedruckten PP-Bauteile 

wurde eine erste Verbesserung hinsichtlich des Verzugs erzielt, indem eine optimale Anhaf-

tung der ersten gedruckten Schicht durch die Auswahl des am besten geeigneten Bauplatt-

formmaterials gewährleistet wurde. Diese Auswahl basierte auf der Grenzflächenspannung der 

beiden Kontaktmaterialien. Des Weiteren wurde eine parametrische Optimierung der Prozess-
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eigenschaften und der Oberflächenrauheit der Bauplattform durchgeführt. Eine weitere we-

sentliche Reduktion des Verzugs wurde durch die Zugabe von bis zu 30 vol.-% an sphärischen 

Füllstoffen erzielt. Für PP-Verbunde, die mit sphärischem Perlit oder Glaskugeln gefüllt wa-

ren, wurde gezeigt, dass höhere Füllgrade und kleinere Füllstoffe in bestmöglicher Formstabi-

lität resultierten.  

Um die Verarbeitbarkeit dieses neuen Materials zu gewährleisten, wurden dessen mecha-

nische, thermische und rheologische Eigenschaften mittels Verbesserungen der Grenzfläche 

zwischen Matrix und Füllstoff sowie der Füllstoffverteilung (Zugabe von Haftvermittlern, 

Füllstoffbeschichtungen und amorphen Polyolefinen) optimiert. Trotz des hohen Füllgrades 

erzielte der vielversprechendste PP-Verbund bei Verwendung sphärischer Partikel eine Zug-

streckdehnung vergleichbar mit jener von reinem PP und eine Zugstreckspannung, die jene 

von ungefülltem PP übertrifft. Während möglichen Viskositätserhöhungen durch die Anpas-

sung der Prozesstemperatur entgegengesteuert wurde, erlaubten diese Maßnahmen eine feh-

lerfreie Produktion von komplexen Bauteilen mittels EB-AM.  

Zusätzliche Verbesserungen der mechanischen Eigenschaften und der Verzugseigenschaf-

ten wurden durch die Verwendung von wärmeleitfähigen Karbonfasern (engl. CF) ermöglicht. 

Durch die deutliche Erhöhung der Wärmeleitfähigkeit dieses neuen Materials, die durch CF 

verursacht wurde, wurde eine homogenere Temperaturverteilung innerhalb der gedruckten 

Bauteile realisiert. Dies führte zu einer Reduktion der internen Spannungen und daher zu einer 

gut kontrollierbaren Formstabilität. Die vielversprechendsten PP-Verbunde, die in dieser Ar-

beit entwickelt wurden, zeigten im Vergleich zu ungefülltem PP einen vernachlässigbaren Ver-

zug und stark erhöhte Zug-/Biegefestigkeiten und –moduli bei hervorragender Verarbeitbar-

keit. Dadurch stellt der vorgeschlagene PP-Verbund einen vielversprechenden, technischen 

Thermoplast für hochbeanspruchte technische Bauteile dar, der das EB-AM Materialportfolio 

sinnvoll erweitert.  

Diese Doktorarbeit zeigt eine zusätzliche Möglichkeit der Verzugsreduktion durch die ge-

zielte Erhöhung der Druckerbauraumtemperatur (engl. TCh) auf. Da Materialien, die mittels 

EB-AM hergestellt werden, komplexen Temperaturbedingungen während des Prozesses aus-

gesetzt sind, die auf den schnellen Temperaturänderungen der sich bewegenden Düse basie-

ren, existiert eine inhomogene Temperaturverteilung im Druckerbauraum sowie auch inner-

halb der gedruckten Bauteile. Solche Inhomogenitäten können Probleme, wie etwa ein unbe-

absichtigtes Kristallwachstum, erhöhte innere Spannungen und ungewollte Bauteildeformatio-

nen verstärken. Eine Erhöhung der TCh um nur 30 °C, die durch eine am Drucker angebrachte 

Isolierung umgesetzt wurde, zeigte anhand von in-situ thermografischen Aufnahmen eine 

deutliche Erniedrigung der Temperaturfluktuationen innerhalb der gedruckten Bauteile. 

Dadurch wurde die Formstabilität deutlich verbessert. Dieses Ergebnis galt auch für ungefüll-

tes PP, das besonders anfällig für Bauteilverzug ist. Zusätzlich führte eine höhere TCh zu dop-

pelt so großen Spheruliten wie in herkömmlich verarbeiteten Bauteilen, da die gemittelte 

Strangtemperatur während des Drucks nahe der Temperatur der maximalen Kristallwachs-
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tumsgeschwindigkeit lag. Die Veränderungen in der TCh verursachten außerdem die Ausbil-

dung der β-Kristallmodifikation innerhalb des üblicherweise dominierenden α-PP. Dies hatte 

grundlegende Auswirkungen auf die mechanischen Eigenschaften der gedruckten Bauteile.  

Um zusätzliche Möglichkeiten zu untersuchen, die mechanischen Eigenschaften von 3D-

gedruckten Bauteilen zu verbessern sowie dem negativen Effekt der zahlreichen Bindenähte 

entgegenzuwirken, wurden in einem weiteren Schritt die Bindenahtfestigkeiten zweier benach-

barter Stränge durch parametrische Versuche optimiert. Diese Versuche wurden an den PP-

Verbunden und an kommerziell erhältlichem PLA (Polymilchsäure) durchgeführt. Die ge-

trennte Untersuchung der Bindenahtfestigkeiten innerhalb einer Druckschicht sowie auch 

zwischen benachbarten Druckschichten erwies sich als besonders geeignet, um Verbesserun-

gen aller Bindenahtfestigkeiten systematisch zu erzielen. Die spezifischen Analysen wurden 

mittels adaptierter konventioneller und vor allem mittels bruchmechanischer Prüfverfahren 

durchgeführt. Auf der Basis dieser Untersuchungen wurden günstige Prozessparameter defi-

niert. Unter Einstellung dieser empfohlenen Verarbeitungsparameter konnten Festigkeiten 

sowie auch Bruch- und Schnittflächen der Prüfkörper erzielt werden, die mit jenen von ge-

pressten, homogenen Prüfkörpern vergleichbar waren. Die empfohlenen Verarbeitungspara-

meter führten auch für die Bruchzähigkeiten unter statischer und dynamischer Lasteinwirkung 

zu einem nahezu homogenen Versagensverhalten, da die Bruchinitiierung und –ausbreitung in 

den untersuchten, 3D-gedruckten PLA Prüfkörpern unabhängig von der Druckorientierung 

waren.  

Zusammenfassend wurden alle behandelten Forschungsfragen bezugnehmend auf die 

übergeordneten Ziele der mechanischen Eigenschaftsoptimierung von 3D-gedruckten Bautei-

len sowie der Verminderung der Anfälligkeit von teilkristallinen Kunststoffen wie PP für 

Schwindung und Verzug, d.h. der erheblichsten Einschränkung dieser Materialklasse bei der 

Verarbeitung mittels EB-AM, formuliert. Auf der Basis eines grundlegenden Verständnisses 

der Haupteinflussfaktoren und deren Auswirkungen auf ausgewählte Eigenschaften der Ba-

sismaterialien sowie der gedruckten Bauteile wurden signifikante Verbesserungen der Materi-

alzusammensetzung und der Verarbeitbarkeit erzielt. Diese Doktorarbeit trägt dadurch zur 

Entwicklung von fortschrittlichen Kunststoffverbunden und Verarbeitungsstrategien bei, die 

eine Erfüllung der Voraussetzungen für zunehmend komplexe, industrielle Anwendungen 

ermöglichen.  
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SAMENVATTING 

Extrusie-gebaseerde additieve productietechnologie (EB-AM), ook gekend als “fused fil-

ament fabrication”, “fused deposition modelling (FDMTM)” of “3D-printing”, is een nieuwe 

productiestechniek die wordt gekenmerkt door het selectief deponeren van thermoplastische 

filamenten op een laagsgewijze manier op basis van digitale computermodellen. In de afgelo-

pen jaren heeft de technologie zowel in de industrie als in het onderzoek veel aandacht 

getrokken gezien deze techniek veel voordelen biedt ten opzichte van conventionele 

productiemethodes op vlak van flexibele productie, vrijheid van ontwerp, onafhankelijkheid 

van dure productiematrijzen en een verkorte marktintroductie. Om echter tegemoet te komen 

aan de uitdagingen van steeds complexere industriële toepassingen moeten bepaalde 

tekortkomingen van EB-AM nog steeds worden overwonnen. Een voorbeeld is de over het 

algemeen minderwaardige mechanische eigenschappen van 3D-geprinte onderdelen in 

vergelijking met conventionele productietechnieken. Ondanks verschillende lopende 

onderzoeken zijn bepaalde semi-kristallijne thermoplasten zoals polypropyleen (PP) - welke 

aantrekkelijke eigenschappen bieden zoals hoge impact sterkte, chemische resistentie, 

vochtstabiliteit en lage kost - nog steeds niet beschikbaar als betrouwbare en in de handel 

verkrijgbare filamentmaterialen. 

Het doctoraatsproefschrift wil deze lacunes overwinnen door verschillende strategieën te 

onderzoeken om de mechanische eigenschappen van 3D-geprinte producten te verbeteren. In 

het bijzonder werden originele methodes ontwikkeld om de belangrijkste beperking van PP 

verwerkt door EB-AM - de gevoeligheid voor krimp en kromtrekken - te overwinnen. Dimen-

sionele stabiliteit is met name problematisch voor PP vanwege de hoge mate van kristalliniteit 

en kristallisatiesnelheid in combinatie met de voorkeursoriëntaties geïntroduceerd door het 

EB-AM-proces.  

In een eerste stap werd de hechting van de eerste gedeponeerde laag op het bouwplatform 

geoptimaliseerd door middel van in-situ afschuifmetingen en oppervlakanalyses, aangezien dit 

een vereiste is voor gecontroleerd kromtrekken voor elk type filamentmateriaal. In het geval 

van PP werd een eerste substantiële verbetering in maatnauwkeurigheid bereikt door optimale 

hechting van de eerste laag te verwezenlijken door de selectie van het meest geschikte 

bouwplatformmateriaal. Deze selectie was gebaseerd op de grensvlakspanningen tussen beide 

materialen van product en bouwplatform. In een volgende stap werd een parametrische opti-

malisatie van verwerkingsparameters en de oppervlakteruwheid van het bouwplatform uitge-

voerd. Een extra substantiële kromtrekkingsvermindering van 3D-geprinte PP-onderdelen 

werd bereikt door het toevoegen van maximaal 30 vol.-% vulstoffen. Voor PP-composieten 
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die geëxpandeerd bolvormig perliet of glaspartikels bevatten, werd aangetoond dat hogere 

vulgewichten en een kleinere gemiddelde vulstofgrootte de meest veelbelovende dimensionele 

stabiliteit opleverden.  

Om de verwerkbaarheid van de nieuwe materialen te waarborgen, werden de mecha-

nische, thermische en reologische eigenschappen van de composieten geoptimaliseerd door de 

matrix-vulmiddelinterface en de vulstofverdeling te verbeteren door toevoeging van compati-

bilisatoren, vulmiddelcoatings en amorfe polyolefinen. Ondanks de hoge mate van toevoegen 

van bolvormige deeltjes, bereikte het meest gunstige composiet een trekspanning vergelijkbaar 

met zuiver PP en een treksterkte beter dan deze van ongevulde PP. Niettegenstaande de vis-

cositeitsstijging tegengewerkt diende te worden door de verwerkingstemperaturen te verhogen, 

maakte deze procedure een vlekkeloze productie van complexe onderdelen door EB-AM mo-

gelijk. 

Een verdere verbetering van de mechanische eigenschappen en het kromtrekken van 

onderdelen werd verkregen door het vervangen van de vulstoffen door warmtegeleidende 

koolstofvezels (CF). Vanwege de aanzienlijke toename in thermische geleidbaarheid van dit 

nieuwe composiet, geïnduceerd door de CF, werd een meer homogene temperatuurverdeling 

binnen de geprinte delen gerealiseerd, hetgeen leidde tot verminderde restspanningen en 

derhalve een goed regelbare maatnauwkeurigheid. Het meest veelbelovende PP-composiet dat 

in dit werk werd ontwikkeld, vertoonde verwaarloosbaar kromtrekken en een sterk toege-

nomen trek/buigsterkte en moduli in vergelijking met standaard PP. Vandaar dat het ontwik-

kelde composiet binnen het EB-AM-materiaalportfolio als een veelbelovende technische 

thermoplast voor hoogwaardige technische onderdelen ingezet kan worden. 

Het doctoraatsproefschrift toont eveneens aan dat een extra vermindering van het 

kromtrekken gerealiseerd wordt door doelbewust de bouwkamertemperatuur (TCh) te verho-

gen. Omdat door EB-AM vervaardigde materialen worden blootgesteld aan complexe temper-

atuursomstandigheden vanwege snelle temperatuurveranderingen afkomstig van de 

bewegende spuitmond, is een inhomogene temperatuurverdeling aanwezig in de printkamer 

en dus ook in het pas gedeponeerde materiaal. Dergelijke inhomogeniteiten kunnen 

tekortkomingen zoals niet-geplande kristalgroei, verhoogde interne spanningen en ongewenst 

kromtrekken van het vervaardigde onderdeel versterken. Een toename van slechts 30 °C in de 

bouwkamer, gerealiseerd door de 3D-printer thermisch te isoleren, bleek de temperatuur-

schommelingen binnen de geprinte onderdelen aanzienlijk te verminderen, zoals waarge-

nomen door in-situ infrarood thermografie metingen. Hierdoor werd de dimensionele sta-

biliteit van geproduceerde onderdelen drastisch verbeterd. Deze bevinding geldt eveneens 

voor standaard PP, welke intrinsiek vatbaar is voor kromtrekken. Bovendien zorgde een 

hogere TCh ervoor dat sferolieten tweemaal zo groot werden in vergelijking met conventioneel 

geproduceerde onderdelen, gezien de gemiddelde filament temperatuur tijdens het 3D-printen 

dicht bij de temperatuur van de maximale kristalgroeisnelheid van PP lagen. Eveneens in-

duceerden de veranderingen in TCh de vorming van de β-kristalmodificatie onder de gewoon-
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lijk dominerende α-PP, hetgeen fundamentele consequenties onthult voor de mechanische 

eigenschappen van de vervaardigde onderdelen. 

Om andere procesparameters te bepalen welke de mechanische eigenschappen van 3D-

geprinte componenten kunnen verbeteren, werd de lassterkte van zowel additief vervaardigde 

PP-composieten als commercieel verkrijgbare poly(melkzuur) geoptimaliseerd via statistisch 

parametrisch onderzoek. Een afzonderlijk onderzoek van de lassterkte binnen één laag als-

mede tussen aangrenzende lagen bleek het meest geschikt om op een systematische manier 

verbeteringen in de lassterkte te bereiken. Specifieke onderzoeken werden uitgevoerd met 

behulp van aangepaste conventionele en, in het bijzonder, breuk-mechanische testtechnieken. 

Op basis van deze onderzoeken werden de meest gunstige procesparameters gedefinieerd. 

Wanneer aan deze procesparameters werd voldaan, bleken lassterkte evenals breukop-

pervlakken en dwarsdoorsneden van de testsamples vergelijkbaar te zijn met deze van onder-

delen die werden vervaardigd door compressie. Op vlak van breuktaaiheid onder zowel 

statische als dynamische belastingsomstandigheden, leidden de gunstige procesinstellingen ook 

tot een bijna homogeen faalgedrag, aangezien de breukinitiatie en -propagatie in de 

onderzochte 3D-geprinte PLA-onderdelen onafhankelijk werd bevonden van de bouwricht-

ing. 

Als besluit kan gemeld worden dat alle onderzochte onderzoeksvragen opgebouwd 

werden rond de overkoepelende doelstellingen, met name het verbeteren van de mechanische 

eigenschappen van 3D-geprinte onderdelen en het overwinnen van de gevoeligheid van semi-

kristallijne polymeren zoals PP aan krimp en kromtrekken, met name de belangrijkste beperk-

ingen van deze materialenklasse bij verwerking door middel van EB-AM. Gebaseerd op een 

fundamenteel ontwikkelde methodiek om de belangrijkste invloedsfactoren en hun effect op 

geselecteerde eigenschappen van het basismateriaal evenals de 3D-geprinte delen te begrijpen, 

werden significante verbeteringen in de materiaalsamenstelling en -verwerking bereikt. Dit 

proefschrift draagt dus bij aan de ontwikkeling van geavanceerde composieten en processtrat-

egieën die kunnen voldoen aan de eisen van steeds complexere industriële toepassingen. 
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1  
INTRODUCTION AND 

OBJECTIVES 

1.1. Motivation and Goals 

Today, the need for personalised products, light-weight topology-optimised structures, 

and a fast and flexible production on demand is ever increasing. Nevertheless, all of these 

aspects seem hardly realisable for one technique. Additive manufacturing (AM), also known as 

three-dimensional (3D)-printing, however, can satisfy all these three demands in one manufac-

turing technique, and therefore has the potential to revolutionise and extend the conventional 

processing techniques [1]. Various AM technologies have evolved within the last decade. 

Therefore, AM has strongly gained in importance and has been constantly on the rise year 

after year [2]. These techniques, which are based on the selective, layer-by-layer deposition of 

materials, enable the complete flexibility of part design and a prompt fabrication start, as no 

expensive moulds are needed [3]. For polymers, the extrusion-based AM (EB-AM) technolo-

gy, also known as fused filament fabrication (FFF) or fused deposition modelling (FDMTM) 

has become established in the polymer processing industry as a reliable and inexpensive tech-

nique to fabricate prototypes or low quantities of highly complex and/or customised compo-

nents [2]. However, in order to employ this technique for more demanding applications in the 

industry, certain limitations need to be overcome.  

One of the main challenges of this processing technique is the limited range of materials 

that is commercially available for the flawless production of industrial parts. It seems that 

apart from a handful of polymers, such as poly(lactic acid) (PLA) or polyethylene terephthalate 

(PET), semi-crystalline polymers are particularly problematic to be processed by means of 

EB-AM. Especially highly crystalline commodity and technical polymers, such as polyethylene 

(PE), polypropylene (PP), or polyoxymethylene homopolymers (POM-H), have not been in-

tensively studied regarding their usage in this promising technique. Presently, 3D-printed PP is 

attracting widespread interest in the industry [4], as it is seen to have many applications in the 

field of personalised consumables and is destined to become an important component in the 

automotive industry. The major reason that PP is not yet established as a reliable filament 

material for EB-AM is its susceptibility to shrinkage and warpage due to the material’s high 
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degree of crystallinity in combination with the introduced orientations during processing [4]. 

Dimensional accuracy has become a vital factor, though, for the success of novel 3D-printing 

materials [5]. One can consider the current knowledge about 3D-printing PP-based materials 

or any other semi-crystalline material that is susceptible to warpage as incomplete, since the 

current solutions to mitigate the dimensional issues are inefficient, unsatisfactory or not well 

understood. Hence, a solution to this issue is critically needed, which can be found by investi-

gating various process- and material-dependent strategies.  

One factor that strongly affects the warpage of 3D-printed parts is the adhesion between 

the first deposited layer and the build platform. If this adhesion is insufficient during the pro-

duction of the part, fragments of the deposited product can delaminate easily from the build 

platform [6]. As a result, undesired distortion along with heavily warped corners may be pre-

sent in the produced part. In the worst case, which is represented by too weak adhesion, the 

part may not even be processable, as it fully detaches during printing. Whilst there is still work 

to be done in the field of exploring novel 3D-printing materials, it is past time to additionally 

focus on ways to guarantee the flawless production of distortion-free products of these mate-

rials by closely examining the adhesion mechanism in EB-AM.  

Another overall limitation of parts produced by EB-AM are their inferior mechanical 

properties compared to conventionally processed products due to their immense amount of 

weld lines independent of the material. Manifold studies have already investigated the most 

influencing process parameters that affect the mechanical strength of printed parts. However, 

the mechanical properties always have to be examined with respect to the strand interface and 

in dependence of the loading direction, a fact which has often been neglected in literature. 

Hence, novel adaptations of characterisation techniques are essential to effectively optimise 

the weld line performance and achieve part strengths in all directions similarly to that of ho-

mogeneous specimens.  

The main aim of this PhD thesis is to overcome the aforementioned limitations by an in-

depth material development and the material optimisation in terms of processability, dimen-

sional stability, mechanical properties, and the relevant adhesion behaviour. A smart connec-

tion of these topics combined with a detailed fundamental characterisation of the underlying 

discovered mechanisms make the present work an essential guideline to optimise novel semi-

crystalline materials for EB-AM for both end-users and scientific researchers.  

1.2. Hypotheses and Approach 
The following seven main hypotheses were formulated prior to the work and will be dis-

cussed in the respective sections of the present thesis. Next to the hypotheses below, the nec-

essary experimental approaches leading to acceptance or rejection are given.  

1. The strength of 3D-printed specimens can be optimised to strength values close to those of homogene-

ous specimens (compression-moulded) by thoroughly adapting the FFF process parameters.  
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This hypothesis is examined by selectively maximising the cohesion between contig-

uous strands within one layer and between adjacent layers and therefore the diffusion 

between neighbouring strands. Specially designed testing techniques, such as adapted 

fracture mechanical methods, are used to study the mechanical behaviour of the ma-

terial and are accompanied by optical analyses of the strands’ cross-sections and frac-

ture surfaces. Rheology studies are applied to identify the viscosity range that is nec-

essary for the material to achieve best possible weld and part strengths. The optimi-

sation process is conducted by statistical modelling of various influencing process pa-

rameters.  

2. Higher build platform temperatures result in an improved adhesion between the first deposited layer 

and the build platform.  

This hypothesis is tested by determining the adhesion forces between the first depos-

ited layer of various filament materials and different build platform materials by 

means of a self-developed shear-off testing device. To get a better understanding of 

the adhesion mechanisms involved, these measurements are complemented by phys-

ical/chemical surface analyses and roughness investigations.  

3. Low aspect ratio fillers incorporated into a PP matrix decrease the shrinkage and warpage of PP 

parts produced by FFF.  

This hypothesis is examined by measuring the specific volume during cooling as a 

function of spherical filler content. As the shrinkage strongly depends on the degree 

of crystallisation [7] and the crystallisation kinetics [8], thermal analyses are conduct-

ed on the filaments and printed parts. For the warpage examination, a specimen that 

is especially prone to part deformation and distortion is developed and the defor-

mations are inspected by means of 3D laser scanning.  

4. A homogeneous filler distribution and a good matrix-filler interface are essential for a successful fab-

rication of PP-composites by EB-AM.  

This hypothesis is tested by examining the morphology of various cryo-fractured 

composites, in which the filler, compatibiliser and coating type are varied in a sys-

tematic manner. The filler distribution is determined by an optical analysis of the dis-

tances between adjacent fillers. The consequences of the morphological features are 

tested on the processability, rheology, and on different mechanical and thermal prop-

erties.  

5. Compared to larger fillers, smaller fillers incorporated into PP fabricated by FFF result in improved 

mechanical and dimensional properties.  

The filler size effect known from injection moulding is tested for the first time for 

EB-AM by determining the consequences of different mean filler sizes, but a con-

stant width of the filler size distribution, on tensile and impact properties of 3D-

printed PP-composites. In addition, the effect of the filler size is studied on the 

thermal, crystallographic, and dimensional properties.  
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6. Higher printing chamber temperatures decrease the warpage and alter the crystalline properties of PP 

parts produced by FFF.  

This hypothesis is examined by insulating the FFF machine so that increased cham-

ber temperatures (TCh) are achieved. Its impact on the warpage is verified by optical 

inspections of printed parts and connected to in-situ thermography measurements. 

Possible changes in the crystalline morphology of printed PP, originating from the 

increased chamber/strand temperatures, are investigated by polarised optical micros-

copy, differential scanning calorimetry, and X-ray diffraction.  

7. PP parts filled with carbon fibres and manufactured by EB-AM result in superior mechanical prop-

erties and simultaneously exhibit a controllable warpage.  

This hypothesis is verified by exploring the printing orientation dependency and 

therefore the anisotropy of carbon fibre (CF) filled PP specimens in terms of flexural 

and impact properties of 3D-printed parts. The warpage behaviour, which is tested 

on technical products, is connected to thermography and thermal conductivity meas-

urements.  

1.3. Outline of the Thesis 

This PhD thesis is divided into eight parts. Section 2 summarises the fundamentals of 

AM, the materials used in EB-AM and all integral information that is needed for the core of 

this thesis. The main part deals with the three current main limitations of EB-AM given be-

low.  

 The strength of parts produced by EB-AM is inferior to homogeneously processed parts.  

Section 3 investigates the effect of variations in several process parameters on the 

strength of a commercially available 3D-printing material. Based on separate ex-

aminations of the intra- and inter-layer weld strength, printer settings for an opti-

mal mechanical strength of the 3D-printed parts are proposed. These settings are 

used to thoroughly inspect the weld behaviour by means of advanced static and 

dynamic fracture mechanical analyses.  

 An optimum adhesion between the build platform and the first deposited layer in FFF is essen-

tial for the success of the production of final parts, but is not yet well understood. Currently, no 

methodology for the adhesion measurement of 3D-printed parts exists and, hence, no trends have 

been studied.  

Section 4 introduces a novel experimental methodology to test the adhesion 

mechanism of 3D-printed thermoplastics, both for standard printing materials and 

special semi-crystalline materials.  

 Semi-crystalline thermoplastics, such as PP, are problematic to process by means of FFF and, 

thus, have not been thoroughly investigated.  

In section 5 the main problem of 3D-printed PP in terms of dimensional instabil-

ity is addressed by incorporating low aspect ratio fillers. The associated deteriora-

tion of the mechanical properties due to the introduction of the fillers is discussed 
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and attempted to be optimised by both investigating the morphology of the inter-

face and by improving the processing conditions. Moreover, the mechanical prop-

erties are further improved by adding highly thermally conductive CF to PP.  

To each of these three limitations one main section of this thesis is dedicated, which con-

tains different peer-reviewed journal publications, as illustrated in Fig. 1. The publications 

presented in this thesis (Table 1) are versions of the published manuscripts that were slightly 

adapted in order to fit the style and language of this work. Throughout this thesis, the publica-

tions on the topics next to the alphabetic letters (Fig. 1) are referred to by their respective let-

ter (A to H, Table 1). To connect the publications, for each of the eight publications an intro-

duction and some concluding remarks have been added. For each main section, a separate 

detailed subsection addresses the state of the art, offering an insight into the most relevant 

literature, established advances/problems, and explaining the necessity for further develop-

ments. Each subsection contains its independent references in order not to alter the set refer-

ences of the journal publications. After presenting an overall conclusion, which explains the 

utility of the obtained results, and a research outlook of the thesis (section 6), the work finish-

es with a list of abbreviations (section 7) and all the references in alphabetic order (section 8).  

 

Fig. 1: Graphical representation of the outline of the PhD thesis that is based on three cur-

rent limitations of the EB-AM technique. The topics linked to the alphabetic letters 

illustrate the publications that are presented in this thesis within the three main sec-

tions. The arrows demonstrate that the main sections are interconnected as clarified 

in the respective sections. All the work was conducted at the Montanuniversitaet Le-

oben, while parts of the publications were performed together with Ghent Universi-

ty, as highlighted in blue.  
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Table 1: Overview of all publications that are presented in this PhD thesis. Their abbrevia-

tions (A-H) and structure within the thesis as well as their original references are 

given.  

3. Mechanical Optimisation of 3D-Printed Poly(Lactic Acid) 

A Spoerk, M.; Arbeiter, F.; Cajner, H., et al.: Parametric optimization of intra- and 

inter-layer strengths in parts produced by extrusion-based additive manufacturing 

of poly(lactic acid), Journal of Applied Polymer Science 134, 2017, 45401 

B Arbeiter, F.; Spoerk, M.; Wiener, J., et al.: Fracture mechanical characterization and 

lifetime estimation of near-homogeneous components produced by fused filament 

fabrication, Polymer Testing 66, 2018, 105–113 

4. Adhesion During Extrusion-Based Additive Manufacturing 

C Spoerk, M.; Gonzalez-Gutierrez, J.; Sapkota, J., et al.: Effect of the printing bed 

temperature on the adhesion of parts produced by fused filament fabrication, Plas-

tics, Rubber and Composites – Macromolecular Engineering 47 (1), 2018, 17–24 

D Spoerk, M.; Gonzalez-Gutierrez, J.; Lichal, C., et al.: Optimisation of the Adhesion 

of Polypropylene-Based Materials during Extrusion-Based Additive Manufactur-

ing, Polymers 10 (490), 2018 

5. Extrusion-Based Additive Manufacturing of Polypropylene-Based Materials 

E Spoerk, M.; Sapkota, J.; Weingrill, G., et al.: Shrinkage and Warpage Optimization 

of Expanded-Perlite-Filled Polypropylene Composites in Extrusion-Based Addi-

tive Manufacturing, Macromolecular Materials and Engineering 302 (10), 2017, 

1700143 

F Spoerk, M.; Savandaiah, C.; Arbeiter, F., et al.: Optimization of mechanical proper-

ties of glass-spheres-filled polypropylene composites for extrusion-based additive 

manufacturing, Polymer Composites 83, 2017, 768 

G Spoerk, M.; Arbeiter, F.; Raguž, I., et al.: Polypropylene Filled With Glass Spheres 

in Extrusion-Based Additive Manufacturing: Effect of Filler Size and Printing 

Chamber Temperature, Macromolecular Materials and Engineering 303, 2018, 

1800179 

H Spoerk, M.; Savandaiah, C.; Arbeiter, F., et al.: Anisotropic properties of oriented 

short carbon fibre filled polypropylene parts fabricated by extrusion-based additive 

manufacturing, Composites Part A: Applied Science and Manufacturing, 2018, 

113, 2018, 95-104 
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2  
FUNDAMENTALS 

2.1. Additive Manufacturing 

2.1.1. General 

According to the standard ÖNORM EN ISO/ASTM 52900, AM is a technology that 

“creates physical objects by successive addition of material based on a geometrical representa-

tion” [1]. In literature, a handful of synonyms for AM, such as 3D-printing, rapid prototyping, 

layered manufacturing, solid freeform fabrication or 3D-fabbing exist [2]. Although the term 

3D-printing is particularly common in the popular media, in this thesis, the terms AM and 

3D-printing are used to describe the same manufacturing principle.  

AM processes build up a physical component in thin cross-sections in a layer-by-layer 

manner. The basis of the final part is a computer aided design (CAD) file, which describes the 

outline of the structural element [3, 4]. This file is digitally sliced into a finite number of layers 

that are transformed into a digital code (GCode), which translates the desired CAD-design to 

movements of the motors of the AM-machine [2]. The motors control the coordinates of the 

virtual object based on the GCode and form the desired 3D structure by joining materials 

layer upon layer [1, 2], as displayed in Fig. 2a. Independent on the materials used (metals, ce-

ramics, polymers, biomaterials), every additively manufactured part consists of differentiable 

material layers that are fused together to form the final mechanically stable object [5]. The AM 

technique stands in contrast to the conventional subtractive manufacturing techniques, such as 

computerised numerical control (CNC) machining, in which undesired material is removed 

from a block of material (Fig. 2b), or formative manufacturing techniques, such as extrusion, 

compression, or injection moulding, or forging, in which the material has to undergo certain 

deformations to attain a required shape (Fig. 2c) [6].  



 

10 

 

Fig. 2: Comparative representation of additive (a), subtractive (b), and formative (c) manu-

facturing technologies adapted from Ref. [2].  

2.1.2. Advantages 

Striking just the right balance between investment costs and product quality, the AM pro-

cesses have recently attracted a lot of attention due to their manifold benefits over conven-

tional manufacturing techniques. AM is a burgeoning method for manufacturing complex 

three-dimensional objects with the freedom of design [7]. AM can form novel geometrical 

features, such as internal microfluidic channels [8] or enclosed structures [9], within one single 

production step. Such complex features are not easily producible by means of other conven-

tional shaping technologies [4]. In contrast to subtractive or formative manufacturing tech-

niques, a rising degree of complexity does not influence the production cost of the final part 

[10]. If the design potential is fully exploited [11], even the energy consumption [9] and the 

carbon dioxide emmisions can be reduced in end-use applications [12].  

The rising complexity of products is attended by an increasingly important topic: the indi-

vidualisation, customisation, and personalisation of products [7]. Without affecting the manu-

facturing costs or time, personalised goods, such as healthcare products (e.g. hearing aid shells 

[4, 7] or bite ramps of lingual surfaces or dental crowns [2, 4, 13]), jewellery [7], art [4], or ar-

chitecture [7, 14], can be mass-produced by means of AM [7]. Especially healthcare products 

personalised to the individual customer are expected to have a positive effect on the futures 

population’s well-being [15]. Associated therewith, AM enables the facile production of mate-

rials with integrated functionality [16 - 18] or graded materials that can achieve unique opti-

mised product properties [4, 19, 20].  

Compared to conventional manufacturing techniques, AM has the potential to substan-

tially decrease the consumption of raw and scrap materials [9] due to the possibility of creating 

lightweight, topologically optimised structures, e.g. through lattice, mesh, porous, or cellular 

structures [21]. Moreover, 3D-printed parts can be produced without the need of further as-

sembly operations, using a direct production of assembled systems, e.g. through complex in-

terlocked moving parts, which makes the products ready to use directly after the manufactur-

ing process [7].  

Besides the design aspects, AM processes are economically more feasible due to a regional 

or even one-step-production of complex objects. As a consequence of a possibly obsolete 

inventory and part consolidation, AM also leads to reduced transportation and warehousing 
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costs [10, 21, 22]. Hence, the manufacturing flexibility is enhanced, as parts are producible in a 

random order without cost penalties [10].  

Perhaps the biggest advantage of AM over conventional manufacturing techniques is that 

the finished part is fabricated directly, mostly in an automated process, without the need of 

extensive process planning or manufacturing constraints (e.g. part-dependent moulds or tool-

ing) [22]. Thus, the product’s time to market drastically decreases, resulting in an increased 

flexibility and agility, reduced costs, accelerated and simplified product innovation, and even-

tually in a just-in-time manufacturing strategy [10, 21].  

To sum up, AM processes turn out to be a very profitable technology [23], especially for 

smaller batches [3, 9], and not restrictively to the handicraft or toy industry [24]. Nowadays, 

AM is not limited to prototypes anymore, but it rather indicates the beginning of a new era of 

processing [22], as the process has altered the essence of manufacturing, product develop-

ment, and tooling [5].  

2.1.3. Challenges 

Due to a limited amount of experience with the rather novel AM technologies, a handful 

of challenges needs to be tackled in order to satisfy the increasing demand from the industry. 

The technologies’ challenges will therefore not be described as shortcomings, but rather as 

areas of opportunity to improve the technology and areas, in which future developments will 

arise [2].  

Apart from the limitation of being most lucrative at producing smaller quantities, a major 

influencing factor for the final part price are the costs for AM machines and the materials used 

due to the small quantities sold. Some habits of manufacturers, such as the exclusive enforce-

ment of the customer to their material, are also a big challenge for the wide-spread use of AM. 

Nevertheless, the prices of both materials and machines are expected to drop significantly as 

soon as true competitive market conditions are applied [21].  

A ubiquitously stated drawback of AM is the fact that AM is a lot slower than conven-

tional manufacturing techniques [2], especially for large parts [15]. So far, this has been ac-

ceptable for products that take advantage of the flexibility of the process, e.g. for personalised 

products. However, in order to broaden AM applications in the future [2], it is necessary to 

implement already existing strategies to boost both the speed and the size of prints [14, 25 - 

28] in industrial AM machines.  

A troublesome topic in connection to AM is quality assurance of printed parts and during 

processing. A lack of reproducibility of the part quality over a prolonged production run [21] 

and still missing quality standards for the overall process [10] impede the acceptance of AM as 

an adequate replacement for conventional processing techniques. Process monitoring and an 

improved automation of the AM system are getting more and more important to enhance the 

manufacturing efficiency [9, 21]. For example, a real time defect detection during 3D-printing 

[29], an advanced control of the material deposition [30], a convincing solution for filament 
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slippage in the printing head [31], and a handy elucidation to form stable thin-walled 3D-

printed structures [32] have already been successfully implemented into conventional AM ma-

chines in research scale. Additionally, the spatial resolution determined by the single layer 

thickness can have a drastic impact on the surface quality and the functionality of a manufac-

tured object [2]. Low precision or surface imperfections, such as stair step surfaces (Fig. 2a) or 

other minor dimensional inaccuracies are a characteristic feature of 3D-printed parts [2, 9, 22]. 

To counteract this problem, optimised tolerance controls [33], predictions [34], or improved 

post processing steps [9, 35] need to be performed in an automated manner. Another issue 

related to quality are the rather weak mechanical properties of additively manufactured parts 

arising from the inevitable porosity of the parts and the unavoidably weaker weld lines be-

tween adjacent fused materials [2, 22]. Multiple studies have focused on improvements on this 

issue, which will be analysed in detail in section 3.1. The development of composite materials 

can further hamper this problem [36], which will be elaborated in section 5.1. Furthermore, 

the quality of printed parts is limited by general material shortcomings. Compared to conven-

tional manufacturing techniques, only a limited amount of materials is available for AM pro-

cesses [37]. Especially high-performance materials that can achieve a certain biocompatibility 

[2], reveal an augmented resistance to environmental influences [10], or are invulnerable to 

dimensional inaccuracies, such as warpage [38] are sought. The expansion of material types in 

AM is a frequently investigated research topic that is also the main part of the present thesis 

(section 5).  

Eventually, one of the biggest and perhaps the most difficult challenge for AM to be ac-

cepted in the industry is the attitude of the people working in the industry. Their traditional 

way of thinking in fixed mindsets and their lack of adoption of AM for production are ob-

structive for a novel culture of innovation and acceptance [21]. The necessity of skilled and 

experienced labour that understand the novel design approach for AM [9] and a general lack 

of design tools and guidelines for the industrial production by AM [10] further complicate this 

issue. Nevertheless, this global acceptance problem will be mitigated more and more within 

the next years, as the number of applications of AM is constantly rising (section 2.1.4). For 

companies, it may even be essential to be partly engaged in AM, as this burgeoning technology 

may represent a new technology paradigm shift to society [7].  

2.1.4. Applications 

The applications for AM are enormously wide-spread and constantly rising [4]. The most 

germane industrial sectors, in which AM is used, are industrial/business machines, aerospace, 

automotive, consumer products and electronics, and medical applications (Fig. 3). Although 

prototyping related activities, such as fits and assemblies, visual aids, patterns for tooling, and 

presentation models are still of high importance, directly printed functional parts have risen to 

the highest relevance as an AM application [2, 21]. For a detailed overview over already estab-

lished applications of AM in various industrial sectors, ranging from interior and exterior au-

tomotive components, brackets of airplanes, consumables, such as lamb designs, shoes, sun 
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glasses, or musical instruments, goods for the toy, art, fashion, and architectural industry, to 

rapid tooling applications, individualised prosthetics, such as cranial implants or acetabula, or 

applications in the regenerative medicine, optical, or food industry, please refer to the litera-

ture [2 - 4, 7, 21, 39].  

 

Fig. 3: Share of the industrial sectors, in which AM is currently used based on Ref. [21]. 

As of late, AM enables applications that may have the potential to change the wellbeing of 

earth’s population dramatically. For example, AM not only immensely facilitates the surgical 

preparation by 3D-printing human organs [40 - 42], but researchers have also gone one step 

ahead by trying to replace human organs by 3D-prined replica [43 - 45]. Moreover, lately sci-

entists elaborated a method to study the pharmacokinetics of medications by AM in order to 

recreate bodily injuries anatomically correct [8]. Also for cancer treatment, special types of AM 

technologies seem to provide helpful assistance by recreating a lifelike cancer environment to 

predict how drugs might stop its course [46]. After all, AM seems to have flourishing oppor-

tunities for the future, due to the manifold already existing and expectedly growing fields of 

application.  

2.1.5. Opportunities and Market Trends 

Next to the number of publications related to AM [2], also the material sales and desktop 

3D-printer sales have multiplied by 20-30 % in the course of the last years (Fig. 4a). Moreover, 

a rise of hundreds of start-up companies in connection to low-investment 3D-printers have 

been reported [21]. Whether this prosperous growth continues in the next years, will largely 

depend on the future development of the final part costs. So far, for smaller total manufac-

tured units, AM technologies are preferable over conventional techniques, as no huge up-front 

investment (e.g. injection mould) needs to be made (Fig. 4b). Hence, the total costs per unit 

are up to a certain amount of manufactured units smaller for AM. After this crossover point, 

the investment in a traditional manufacturing technique pays off and the final part gets cheap-

er than the additively manufactured part, as the costs for e.g. an injection-moulded part keep 

decreasing for rising manufactured units, whereas those of 3D-printed part stay more or less 

constant [22].  
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Fig. 4: Material sales for AM systems worldwide and the astounding growth of sold desktop 

3D-printers (sold for less than 5000 US-dollars) for the last two decades based on 

Ref. [21] (a) and the total cost per unit as a function of total units manufactured for 

traditional manufacturing techniques and AM (current and estimated future situation) 

based on Ref. [47] (b).  

Within the next years, it is expected that this crossover point will be gradually pushed out 

to higher manufactured units (Fig. 4b) due to cost reductions. So far, big players in the materi-

al production have been waiting for the technology to mature and for the industry to accept 

AM. Nonetheless, they are supposed to push into the market soon [47], resulting in a decline 

in the machine and material costs [21]. Furthermore, AM machine manufacturers will likely 

achieve further improvements in the different AM techniques, so that e.g. the output volume 

can be significantly advanced. Fully automated AM machines could further lead to a reduction 

of labour costs, which could additionally result in decreased shipping costs, as the utilisation 

of cheaper markets is diminished [47].  

Up to now, AM has still been bound to projects with limited volumes and rapid turna-

round needs, in which the parts demonstrate a high degree of complexity. However, the cur-

rent situation already describes a change, as AM accomplishes already higher manufactured 

units, such as for spare parts or limited run production parts. Hence, there is clearly a trend 

away from the prototyping niche towards larger scale productions in the near future [47].  

2.2. Additive Manufacturing Process Categories 

With increasing AM machine and material sales, also the variety of AM categories has en-

larged within the last years [48]. Based on the standard ÖNORM EN ISO/ASTM 52900 [1], 

all commercial AM processes can be subdivided into seven segmented process categories:  

 Photopolymerisation-based AM:  

o Vat photopolymerisation 

o Material jetting 
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 Powder-based AM:  

o Powder bed fusion 

o Binder jetting 

 Extrusion-/Filament-based AM: 

o Material extrusion 

 Others:  

o Directed energy deposition 

o Sheet lamination [1].  

It is important to notice, though, that developments in new 3D-printer concepts that can-

not yet be allocated to the standardised AM processes, have especially evolved in the biologi-

cal sector [49]. For example, novel AM techniques have been developed for recreating a com-

plex chemical environment that resembles the human body [50] or for producing biological 

materials capable of breaking down toxic substances by the incorporation of bacteria in special 

ink types [51]. Moreover, the fabrication of 3D structures with laboratory-grown cells by 

means of AM for repairing or replacing damaged/diseased tissue of the human body has at-

tracted increasing attention [52 - 56]. Researchers have even reached one step further by repli-

cating human organs, such as the skin by AM [57, 58]. Another increasingly investigated topic 

is to find a way to manufacture materials that have not been producible by means of AM be-

fore. For example, recently, a novel technique was established that allows printing of glass [59, 

60] or pure cellulose [61] for manifold new applications. Also the additive deposition of metal-

lic circuits directly on flexible substrates for the electronic industry has recently evolved [62, 

63].  

The techniques listed above can also be subclassified based on the currently established 

raw materials [3]. Based on this classification along with the standardised process names, the 

current market segments are displayed in Fig. 5. As AM for metals is not the scope of this 

thesis and summarised elsewhere [64], in the following, the most important AM techniques 

for polymers are described in more detail.  

 

Fig. 5: Current AM market share segmented by material type and the standardised process 

based on Ref. [21].  
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2.2.1. Photopolymerisation-Based Additive Manufacturing 

Vat photopolymerisation, also known as stereolithography, mostly abbreviated by SLATM 

(stereolithographic apparatus), was invented by C. Hull in the mid-1980s [3] and has the larg-

est market segments among the AM techniques [21]. The technique’s principle is based on the 

selective photopolymerisation of liquid curable monomers. A computer-controlled laser builds 

up the part layer-by-layer by immediate photopolymerisation of the liquid monomer to a solid 

polymer (Fig. 6a). After one layer is solidified, the part is lowered in the glass vat containing 

the liquid resin, allowing the next layer to be built up. Since the layer thickness can be signifi-

cantly below 50 µm, only limited by the resolution of the light source [5], SLA reveals the 

highest accuracy of all AM techniques. As a result, the surface finish is outstanding among all 

other AM techniques, whereas currently the platform size and therefore also the part size is 

limited. Moreover, SLA requires careful handling of the often hazardous resins and the mate-

rial selection is limited to a few photo-active monomers. Depending on the manufacturer and 

the light source, different, sometimes very specialised process types have evolved, such as 

SLATM, digital light processing (DLPTM), scan, spin, and selectively photocure (3SPTM), contin-

uous liquid interface production (CLIPTM), or two-photon polymerisation [3 - 5, 21, 65, 66]. 

 

Fig. 6: Schematic illustration of the vat photopolymerisation (a) and material jetting process 

(b) adapted from Ref. [5]. In (a), the components are labelled as: (1) Laser, (2) hori-

zontally movable optical system, (3) horizontally movable wiping blade, (4) vat filled 

with photopolymerisable resin, (5) structural element fabricated in a layer-by-layer 

manner, and (6) vertically movable build platform. In (b), the components are la-

belled as: (1) Horizontally movable inkjet head that is depositing a photopolymerisa-

ble resin, (2) UV light sources integrated into the inkjet head, (3) structural element 

fabricated in a layer-by-layer manner, and (4) vertically movable build platform. 

Material jetting, also known as the inkjet printing technology, PolyJetTM, smooth curva-

tures printing (SCPTM), or multi-jet modelling (MJMTM), is in principle similar to SLA. The 

main difference is that the curable monomer is not filled into a vat, but into a print head, from 

which it is sprayed through thousands of nozzles onto a platform (Fig. 6b). These monomer 

droplets polymerise and therefore solidify by UV-light, resulting in a layer-by-layer construc-

tion consisting of many very small droplets. The properties of the produced parts are compa-
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rable to those of the parts produced by SLA. Contrary to SLA, material jetting allows over-

hangs in the structure of printed parts due to the possibility to print a support structure using 

another material [4, 21, 65, 66].  

2.2.2. Powder-Based Additive Manufacturing 

Powder bed fusion, also known as selective laser sintering (SLSTM), creates the part by fus-

ing layers of powdered material by means of a laser. A process illustration is given in Fig. 7a. 

One layer of powder with an approximate thickness of 20 to 50 µm is distributed from the 

powder depot across the build platform by the horizontal movements of a roller. This depos-

ited powder layer is solidified by means of a scanning laser beam according to the CAD data. 

The sintering step is conducted at temperatures slightly below the material’s softening point in 

order to achieve the best fusing of neighbouring particles. After the sintering step, the build 

platform is lowered in order to build up the next layers until the part is finished. To prevent 

aging of the powder, all steps are performed under nitrogen atmosphere. Unmolten powder 

acts during the print as a support material, so that complex structures and overhangs can be 

achieved. After finishing the print, the rest of the powder can be reused. In general, all materi-

als that can be processed to powders and molten by means of laser radiation can be used in 

the SLS process. Hence, this technique is not limited to polymer materials (mainly polyamide 

(PA), polystyrene (PS), and polyether ether ketone (PEEK)), but is also applicable to metals. 

The produced parts exhibit excellent accuracy in size and form in combination with good me-

chanical properties and a rough surface finish. Their main disadvantages are the complexity of 

the cleaning process and the high machine costs. Depending on the way of fusing the particles 

and on the manufacturer, special process types that are all based on the same principle of 

powder bed fusion have evolved, such as SLSTM, direct metal laser sintering (SLMTM), electron 

beam melting (EBMTM), selective heat sintering (SHSTM), multi-jet fusion (MJFTM), HP Jet fu-

sionTM, and high speed sintering [4, 5, 21, 48, 66].  

 

Fig. 7: Schematic illustration of the powder bed fusion (a) and binder jetting process (b) 

adapted from Ref. [5]. In (a), the components are labelled as: (1) Laser, (2) horizon-

tally movable optical system, (3) powder depot, (4) horizontally movable roller for 

powder distribution, (5) powder bed, (6) structural element fabricated in a layer-by-

layer manner, and (7) vertically movable build platform. In (b), the components are 
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labelled as: (1) Horizontally movable inkjet unit that is depositing a liquid binder, (2) 

powder distribution unit, (3) powder bed, (4) structural element fabricated in a layer-

by-layer manner, and (5) vertically movable build platform.  

Another important powder-based manufacturing technique is binder jetting, also know as 

ExOne or VoxelJet, and previously just called 3D-printing (3DPTM), which was invented by 

the Massachusetts Institute of Technology. The main difference to the comparable SLS pro-

cess lies in the way of fusing the layers (Fig. 7b). In binder jetting, a liquid binder is selectively 

deposited by an inkjet head onto the surface of the powder bed, acting as glue between the 

powder particles. In a second process step, the parts can be either infiltrated with resins or be 

sintered, in order to increase the stability of the parts. The properties of the produced parts 

are similar to those produced by SLS, but the possibility to use many different colours during 

one print due to coloured binders is outstanding [4, 5, 21, 48, 66].  

2.2.3. Extrusion-/Filament-Based Additive Manufacturing 

Material extrusion, also known as FFF, robocasting, or fused layer modelling (FLM) is a 

filament- or mostly called EB-AM technique that was developed in the late 1980s by Stratasys 

Inc. under the name fused deposition modelling (FDMTM) [4, 48]. Henceforth, in this PhD 

thesis, this technique is referred to as FFF or EB-AM. In the course of a state-of-the-art FFF 

process, a solid thermoplastic filament is hauled off into a hot die by two counter-rotating 

driving wheels (Fig. 8). The spooled filaments, typically prepared by extrusion of any thermo-

plastic polymer, are transported through a moving deposition unit onto a heated build plat-

form, resulting in a layer-by-layer fabrication of the structural element according to CAD-

defined layer contours. In order to be pushed through the nozzle, the filament is heated in the 

liquefier and the nozzle up to a temperature, at which the filament can flow easily, which is 

mostly above its melting temperature. After leaving the nozzle, the deposited melt cools down 

and re-solidifies. Once the selective deposition of one layer is completed, the build platform is 

lowered by the amount of one layer in order to print the subsequent layers [3 - 5, 21].  
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Fig. 8: Schematic illustration of the material extrusion process adapted from Ref. [5]. The 

components are labelled as: (1) Spooled material storage, (2) thermoplastic filament, 

(3) horizontally movable, heated deposition unit consisting of (4) counter-rotating 

driving wheels, (5) a liquefier and (6) a nozzle, (7) structural element fabricated in a 

layer-by-layer manner, and (8) vertically movable build platform.  

Due to the printer head design, which is compared to the other AM techniques relatively 

simple, and the straight-forward nature of layer generation, more than one nozzle can be inte-

grated into the printer head. As a result, more than one material can be used during printing. 

This is not only a prerequisite for the fabrication of multi-coloured or multi-material objects, 

but also facilitates the printing of complex geometries, as the second nozzle can build up a 

support material simultaneously [3 - 5].  

For FFF, the spatial resolution is limited by the strand diameter, i.e. by the layer thickness, 

which is in turn mainly influenced by the nozzle diameter. The smaller the nozzle diameter, 

which typically ranges between 0.1 and 0.4 mm depending on the material and AM machine, 

the smaller layer thicknesses can be achieved. As the maximum resolution for parts produced 

by EB-AM can only range down to approximately 100 µm, no geometric feature of the print-

ed part can be smaller than this scale. Hence, FFF is more suitable for larger products that 

exhibit features and wall thicknesses of at least twice the diameter of the nozzle used. Due to 

the relatively low precision of the FFF technique all parts produced by FFF exhibit a rough 

and rippled surface. Post-processing operations are used in order to obtain smooth surfaces [3 

- 5].  

Similar to the other aforementioned AM techniques, parts produced by FFF are built onto 

a build platform. The first deposited layer is the only layer that is in direct contact with the 

build platform. Hence, the adhesion between this layer and the platform determines the suc-

cess of the print [37]. If the adhesion is too weak, the deposited material may delaminate from 
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the platform [67]. As a result, the production of the final part cannot be continued flawlessly. 

If the adhesion is too good, especially at room temperature, the final product cannot be re-

moved from the platform without damaging the part, the platform or both. In a flawless pro-

cess, the part is processed at high adhesion between the first layer and the platform, controlla-

ble e.g. through the temperature of the build platform, whereas the part removal is conducted 

at a state of low adhesion [67]. The type of platform material and the corresponding process 

parameters heavily depend on the filament material used.  

2.3. Materials Used in Extrusion-Based Additive Manufacturing 
In contrast to photopolymerisation- and powder-based AM techniques, FFF allows to use 

a wide range of polymers that are commercially available in spools and are compared to other 

AM techniques moderately priced [5, 68]. In principle, all materials used in FFF have to be 

thermoplastics, as during the process the material needs to be melted [21]. Until the year 2012, 

the materials for EB-AM, especially those for low cost 3D-printers, were limited to PLA and 

acrylonitrile butadiene styrene (ABS) [21], due to their facile processability. Up to now, these 

two materials are still the top-sellers among the FFF material portfolio and are two of the few 

materials that can be processed nearly flawlessly. So far, the material alternatives have in-

creased considerably [21], leading to a variety of commercially available thermoplastics. Fig. 9 

summarises the availability of the most important polymer types as filaments for FFF, in 

which the information about the commercial availability is based on Refs. [21, 69 - 72]. Many 

polymer types (displayed in orange in Fig. 9) have already been commercialised, as both the 

industry and researchers have emphasised in widening the material portfolio for FFF [2]. 

However, only the commercialisation of a novel FFF material does not always imply an ideal 

usability by means of FFF, as has been shown for various investigated filament types [38, 67, 

73 - 76]. Apart from PLA and ABS, especially PET and polycarbonate (PC) can nowadays be 

already declared as standard FFF materials [21]. Most of the other materials, even those that 

are commercially available, though, cannot always be used trouble-free, need plenty of hands-

on experience and, thus, still need improvements in terms of part processability, stability, and 

accuracy.  
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Fig. 9: Pyramid of polymeric materials based on Ref. [6] and adapted from Ref. [2] as a 

function of the availability of the materials in the FFF market. Please refer to Ref. [6] 

and section 7 for the commonly used polymer abbreviations.  

The evolving growth of scientific studies (displayed in light blue in Fig. 9) on polyphe-

nylene sulphide (PPS) [38], polyether sulfone (PES) [77], poly(methyl methacrylate) (PMMA) 

[78], PS [79], polycaprolactone (PCL) [80 - 85], polybutyleneterephthalat (PBT) [86, 87] and 

other polyesters [88], and PP [37, 89 - 95] represents the expanding need of widening the ma-

terial portfolio. These investigations may lead to a commercialisation as filaments in the near 

future. The fact that even niche materials, such as plant-based polymers [96], biopolymers 

[97], silicone elastomers [98], or recycled polymers [92, 99, 100] have been under investigation 

for the use in EB-AM confirms the desired rapid growth in the process’s material variety. 

Nevertheless, the usability of such novel materials for FFF as an everyday usable material, 

such as PLA or ABS, should always stay in focus.  

It is derivable from Fig. 9 that especially amorphous polymers are widely commercialised, 

whereas only a limited amount of semi-crystalline thermoplastics is available for sale or is un-

der scientific investigation. Especially polymers with a high degree of crystallinity, such as the 

commodity semi-crystalline plastics, e.g. polyolefins, POM-H, polytetrafluoroethylene (PTFE), 

or certain PA-types [101] appear to be particularly challenging to be processed by means of 

EB-AM. Although these materials possess outstanding and unique properties [6], they have 

not been thoroughly studied in the literature. To exemplarily visualise the tremendous poten-

tial of semi-crystalline materials, Fig. 10 represents the toughness/stiffness-balance of differ-

ent commercially available filament types along with the materials elaborated in this PhD the-

sis. Amorphous polymers may be easy to process, but their mechanical properties are restrict-

ed to a small toughness (elongation at break between 3 % and 9 %) and stiffness (Young’s 

modulus between 1900 MPa and 2400 MPa) area. Semi-crystalline thermoplastics, though, 

reveal a much wider toughness and stiffness range. Their Young’s modulus can stretch be-
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tween 800 MPa and 4000 MPa and their elongation at break between 2.5 % and 1600 %, out-

performing even the very flexible thermoplastic elastomers. If fillers are introduced into semi-

crystalline polymers (entitled as semi-crystalline composites in Fig. 10), their stiffness can be 

enhanced drastically (up to 7500 MPa for PA12 filled with CF), even triplicating that of the 

amorphous polymers, while their toughness stays in a range comparable to that of the amor-

phous polymers. Hence, semi-crystalline polymers, especially when filled, possess great poten-

tial in terms of mechanical properties for the use as filaments in EB-AM. Therefore, this ma-

terial class should be in the focus of future investigations in order to broaden the field of ap-

plications for EB-AM.  

 

Fig. 10: Elongation at break as a function of the Young’s modulus for commercial FFF mate-

rials that are subdivided into thermoplastic elastomers, amorphous and semi-

crystalline polymers, and semi-crystalline composites adapted from Ref. [2]. The 

main materials of this thesis (PP, PP-Glass, PP-CF10, and PP-CF20) that are in con-

nection with PP are highlighted by black rectangles. The mechanical properties, ex-

cept those of the materials derived in this thesis, are based on the technical infor-

mation provided by the respective material suppliers (e.g. Ref. [70]).  

2.4. Polypropylene 
One semi-crystalline polymer that is particularly interesting for AM, especially for FFF, is 

PP, as it exhibits a wide range of customisable properties and it has been studied thoroughly 

over the last 70 years. During the last decades, it has undergone great growth both in scientific 

studies, in which PP often has served as the standard thermoplastic to explain novel phenom-

ena, and production and use, as it has the potential to substitute engineering polymers and 

metals. PP has evolved as a commodity plastic and ranges nowadays among the leading ther-

moplastic polymers. This material that can be found in daily life reveals also a significant rele-

vance for technical applications. For the low price of PP (roughly 1.2 €·kg-1 [101]), it provides 

satisfying mechanical properties, such as a decent tensile strength (25-40 MPa [101]) and stiff-

ness (1300-1800 MPa [101]), high toughness (elongation at break of >50 % [101]), impact and 
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abrasion resistance, in combination with a low density of approximately 0.9 g·cm-3 [101]. Ad-

ditionally, its non-toxicity, applicability as a biologically inert material and its excellent chemi-

cal resistance against various reactants make PP an outstanding material for the FFF market, 

which can only be outreached by far more expensive polymers, such as PEEK. Having a glass 

transition temperature (TG) of around -15 °C [102], PP provides good thermal stability be-

tween 0 and 150 °C. Since it is a semi-crystalline polymer, its upper service temperature is lim-

ited by its melting point at 165 °C. Moreover, the constituent monomers of this non-polar 

polymer are readily available, consolidating its position as a leading thermoplastic material also 

in the future [6, 101, 103 - 108].  

Since PP is an easily variable polymer, different approaches exist to improve its properties. 

A variation of its chain regularity content and distribution, its tacticity, orientations, or its av-

erage chain length leads to a very broad property portfolio that can be adjusted depending on 

the prevalent needs. Furthermore, PP is known to be easily modified by the addition of co-

monomers, such as ethylene or octene into the polymer chains, or by incorporating additives, 

such as fillers, impact modifiers, fibres or other polymers [104, 109]. All these facts make PP 

an appealing material for the use in FFF.  

On the one hand, the possible high degree of crystallinity of PP (up to 70 % for homo-

polymers [101]) enables the exceptional mechanical properties. On the other hand, the crystal-

linity is also responsible for the main disadvantage of the polyolefin: PP is known to be vul-

nerable to dimensional inaccuracies, especially in the form of warpage due to its high shrink-

age coefficient.  

2.5. Shrinkage and Warpage 
As a polymer melt cools down, the volume of the polymer – both the free volume be-

tween the macromolecular chains and their vibrational volume – decreases, as long as the 

temperature is above the TG. This results in material shrinkage. When semi-crystalline poly-

mers, such as PP, start to crystallise during cooling, the volume changes drastically, as the 

formed crystal structures are denser than the amorphous structures in the melt state. There-

fore, semi-crystalline polymers always tend to shrink more than amorphous polymers [110].  

When polymeric parts shrink differently or in an anisotropic manner at various positions, 

e.g. due to an inhomogeneous or non-uniform cooling, or due to a different amount of 

shrinkage in flow and transverse flow direction, which is nearly omnipresent for semi-

crystalline polymers, the fabricated part is prone to warpage [111]. This finding is widely 

known for PP parts produced by traditional manufacturing techniques [111], but has scarcely 

been studied for AM (a detailed state of the art on this topic is presented in section 5.1). How-

ever, it can be expected that due to the introduced orientations in the scope of 3D-printing 

[112], the anisotropic deposition of the strands [113], the complex temperature distribution in 

the AM machine [114 - 118], and the problematic adhesion to the build platform [67], the 
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production of PP parts by means of EB-AM is highly influenced by shrinkage and warpage, 

similarly to studies on powder-based AM [119 - 121].  

2.5.1. Ways to Measure Shrinkage and Warpage 

One way to characterise material shrinkage, in particular the volumetric change during 

constant cooling, is by means of pvT-measurements, which describe the interdependence of 

pressure, specific volume, and temperature. For measuring pvT, the material, mostly in form 

of pellets or powder, is positioned in a heatable cylinder embedded between two PTFE seals 

(Fig. 11a). During the compression of the material at a constant pressure by a piston and after 

its melting, the temperature is decreased at a constant rate. Whilst the specimen is cooled 

down, it shrinks due to changes in the material’s volume. This contraction is measured by a 

linear transducer on the piston. The specific volume is calculated using the change in distance 

of the piston and the mass of the specimen [110]. 

 

Fig. 11: Schematic representation of the principle of operation of a pvT machine based on 

Ref. [110] (a) and the resulting dependence of specific volume normalised to the spe-

cific volume at 40 °C on the temperature at a constant pressure exemplarily shown 

for PP and ABS (b). In (a), the components are labelled as: (1) Linear transducer that 

builds up the pressure by a piston, (2) furnace, (3) PTFE seals, and (4) polymer  

specimen.  

Such pvT analyses are a standard procedure to describe and investigate the injection 

moulding process [110]. Although these data present the foundation for the warpage deform-

ability, materials for EB-AM, in particular those that are prone to warpage, have not been in-

vestigated by means of pvT-measurements. If the specific volume is normalised to the specific 

volume at temperature values close to room temperature (Fig. 11b), this technique shows the 

possibility of comparing the degree of shrinkage of different materials. During cooling, the 

amorphous material ABS, for example, exhibits a linear decrease of specific volume until its 

TG, whereas the semi-crystalline PP reveals a drastic change in specific volume in the melting 

region of the crystals (Fig. 11b). Hence, PP shows a considerably higher change of specific 

volume over a certain temperature range than the amorphous standard 3D-printing material 
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ABS. These immense differences explain best the dimensional problems associated with  

manufacturing highly semi-crystalline materials by means of FFF, as such shrinkage measure-

ments determine the probability whether warpage will occur. Therefore, they are the basis to 

the final warpage behaviour of a produced part [111].  

A conventional way of measuring the shrinkage of produced parts is by means of differ-

ent optical methods. For injection moulding [111], but also 3D-printing [38, 122 - 126], fac-

tors, such as the size/shape/wall thickness of parts, or standardised test specimens, e.g. long 

bars or disks, are tested. Similar test specimens are used for warpage measurements [111]. Ide-

ally, advanced optical measurement techniques, such as 3D laser scanning methods that detect 

the part dimensions and compare the deviations to the CAD data [127], are used for an auto-

mated, over-all warpage detection.  

2.5.2. Ways to Reduce Shrinkage and Warpage 

To successfully reduce the shrinkage and warpage of semi-crystalline polymers by chang-

ing process parameters is a very challenging task, as slight changes in the parameters can have 

tremendous consequences on the dimensional accuracy of a part. Especially for injection 

moulding, the way to reduce shrinkage sometimes leads to unacceptably high warpage rates 

due to opposing trends after changing a certain process parameter [111]. EB-AM exhibits 

even more degrees of freedom and conflicting process parameters [128]. Additionally, it re-

veals challenging processing conditions that all heavily influence the shrinkage and warpage of 

printed parts [124], such as a non-uniform, one-sided cooling/heating [38], an inhomogeneous 

temperature distribution within the produced part due to the rapid movements of the hot 

nozzle [114 - 118], a high chance of internal/residual stresses [126], the vast number of weld 

lines, and randomly anisotropic conditions due to the freedom of printing orientation and the 

high degree of chain orientations [112]. Apart from optimising manifold parameters at once 

[124], the most desirable and elegant way of reducing the shrinkage and warpage of 3D-

printed polymers in terms of changing processing conditions is finding a way to reduce the 

internal stresses to a minimum [129] and to homogenise the temperature conditions within the 

printed part [126]. Such a strategy is presented and discussed in detail in section 5.4.  

An easier controllable and realisable way to decrease the shrinkage and warpage of parts 

produced by FFF is to alter and optimise the material itself [38]. Perhaps one of the most in-

fluencing factors on the final part accuracy is the selection of the base polymer. Most of the 

ways to reduce the degree of crystallinity of the polymer result in a lower specific volume 

change [130] and, hence, in a lower tendency to warp [111]. Typical strategies to achieve a 

lower overall crystallinity for PP include selective changes in the tacticity, chain regularity, side 

chain concentration, molecular weight, or by copolymerising other olefinic monomers (section 

2.4). The crystallinity and therefore the warpage can be additionally reduced by blending the 

main polymer with amorphous polymers, such as ethylene-propylene rubbers [131, 132] or 

propylene-ethylene block or random copolymers [133].  
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The most common way to reduce a part’s shrinkage/warpage is to add fillers by replacing 

a part of the polymer’s volume with a filler that scarcely shrinks itself. The most effective fill-

ers to prevent dimensional inaccuracies exhibit a low coefficient of thermal expansion, such as 

most inorganic fillers do, and a low aspect ratio (ratio of the filler length to its diameter). Only 

such fillers, e.g. spheres, bubbles, cubes, or low aspect ratio platelets, can lead to a uniform 

and isotropic reduction of the compound’s volume, as they cannot orient along the flow dur-

ing processing. On the other hand, fibres and high aspect ratio platelets tend to orient along 

the flow path, resulting in a complex, anisotropic shrinkage behaviour. The degree of anisot-

ropy in terms of shrinkage is dependent on the filler size, fibre length, and on physical factors 

such as the thermal conductivity, and it can be mitigated by an additional incorporation of 

small quantities of low aspect ratio fillers. The filler amount added to the polymer is propor-

tional to the reduction in shrinkage. Hence, highly-filled systems exhibit high dimensional 

accuracy [111, 134 - 136].  
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3  
MECHANICAL OPTIMISATION OF 

3D-PRINTED POLY(LACTIC ACID) 

3.1. State of the Art 

3.1.1. Weld Formation in Extrusion-Based Additive Manufacturing 

The weld formation of two adjacent strands produced by EB-AM is the key to the me-

chanical behaviour of 3D-printed parts [1]. Nearly all mechanical properties rely on and are 

controlled by factors related to the weld, such as the intra- or inter-layer cohesion, the neck 

radius, the inter-diffusion and entanglement of the melt across the interface, or the amount of 

air gaps between strands [2 - 4]. Similarly to injection moulding, the weld lines determine the 

mechanical failure and therefore need to be prevented. However, parts produced by FFF con-

sist of hundreds, sometimes thousands of weld lines.  

Due to the viscoelastic behaviour of thermoplastics and the layer thicknesses that are 

commonly lower than the nozzle diameter, the freshly deposited strand is not round, but al-

ways forms a cross-flow [5], as shown in the magnified insert of Fig. 12. Based on the hori-

zontal cross-flow, the freshly deposited strand usually interacts with previously deposited and, 

hence, cooled down material. As only a small amount of heat is transferred from the freshly 

deposited strand to neighbouring strands/layers [6], the bond formation is mainly driven by 

the thermal energy of the hot molten polymer [7]. After the two strands came in contact with 

each other, the molecules can move and diffuse across the interface. As a result, a so-called 

neck-growth evolves. When the temperature is high enough for a sufficiently long period of 

time, chemical bonds can be formed through inter-diffusion processes. Consequently, the two 

strands are bonded together and a certain strength is needed to separate them [1, 2]. However, 

in a state-of-the-art printing process, the strands usually do not stay at such high temperatures 

long enough to achieve a complete bonding between adjacent strands [1], due to the material’s 

high cooling rate during FFF, the little time for weld formations [6], and the reduced diffusion 

for decreasing temperatures [4]. Hence, the mechanical properties of the weld zone tends to 

be weaker than those of the bulk filament material [1]. Moreover, it was shown that during 

cooling of a typical 3D-printing process molecular entanglements do not reveal enough time 
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to recover, resulting in welds that contain disentangled macromolecules. This finding addi-

tionally deteriorates the mechanical properties of the weld [4].  

In order to increase the strength of the weld zone in 3D-printed parts with the goal to op-

timise the overall mechanical properties of the part, several strategies have been proposed. 

Apart from enlarging the cross-flow [8], e.g. through an enhancement in the flow rate of the 

deposited material, the most promising strategy to increase the weld strength is to rise the 

nozzle temperature, as reported by Seppala et al. [9]. The authors developed a novel technique 

to calculate the weld time for ABS, which describes the time that is available for the formation 

of a sufficient weld with the final limit of the TG of the amorphous polymer. A nozzle temper-

ature increase from 210 °C to 270 °C yielded in an approximately 50fold enhancement of the 

weld time (from 2·10-4 s (for 210 °C) to 10-2 s (for 270 °C)), resulting in considerably higher 

weld strengths. Also an augmented TCh leads to an increase of the weld temperature for a 

longer time [7]. Thus, the bond strength is enlarged. Moreover, Sun et al. [7] recommended 

that the convective and the cooling conditions of the strands and within the printing chamber 

should be as homogeneous as possible in order to maximise the cohesion between adjacent 

strands/layers. Another weld strength improving strategy was proposed by Levenhagen et al. 

[10]. The authors added low molecular weight additives to PLA filaments to gain a bimodal 

molecular weight distribution. As soon as the additive chains were of sufficient length, the 

weld strength increased, because an augmented diffusion and entanglement of chains across 

two neighbouring layers was ensured. Apart from simulations on the weld strength [11], two 

similar approaches for optimising the strand interfaces of conductive materials were intro-

duced recently. Kishore et al. [12] suggested the use of an infrared pre-heating of previously 

deposited material shortly before the deposition of the next layer of material for ABS rein-

forced with chopped CF. When temperatures close to or above the TG were realised, an im-

proved inter-layer strength was observed. Sweeney et al. [13] recently amazed the scientific 

community by enhancing the weld strength of the strands by 275 %. The authors achieved 

this tremendous improvement by an intense localised microwave heating of PLA reinforced 

with carbon nanotubes.  

The latter suggestions for improving the weld strength unfortunately are not widely appli-

cable to commercially available filaments, as both the material and the printing equipment 

need to be critically adapted. Hence, the maximisation of the weld strength should be mainly 

focused on optimisations of the processing conditions, as drastic differences can also be 

achieved by simple alterations in the process parameters, as will be shown in publication A.  
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3.1.2. Conventional Testing Techniques to Analyse the Weld 

Strengths in Parts Produced by Extrusion-Based Additive Man-

ufacturing 

A vast amount of studies on the effect of varying process parameters for different charac-

terisation techniques, such as conventional tensile tests [14 - 20], compression tests [2, 21 - 

23], shear tests [24], fatigue tests [20, 25 - 28], or wear tests [29] has been published for 3D-

printed materials. However, little is known about these tests with a special focus on the weld 

behaviour. In order to investigate it in a systematic manner, Reddy et al. [8] recommended a 

separate examination of the weld strengths between adjacent strands within one layer (intra-

layer, Fig. 12a) and between adjacent layers (inter-layer, Fig. 12b). A combined investigation of 

these two loading directions, e.g. in flexural tests [30], stresses multiple failure mechanisms of 

the weld lines. Therefore, it is unsuitable to systematically optimise the weld strength. In their 

seminal work, Reddy et al. [8] advised to use tensile test specimens that are printed flat in the 

xy-plane and in which the strands are oriented perpendicularly to the load direction (90°) for 

investigations on the intra-layer weld strength (Fig. 12a). Apart from the previously discussed 

positive consequences of increasing TCh and nozzle temperatures on the weld strength, the 

authors also found that a decreased road gap, which is equivalent to an enhanced cross flow, 

drastically improves the mechanical properties of the weld. A considerable amount of other 

scientific works have dealt with tensile tests on 3D-printed specimens, in which the recom-

mended 90° orientation is compared to other printing orientations [15, 20, 31 - 37]. However, 

next to Reddy et al. [8] only a handful of studies focused on the intra-layer bond strength.  

 

Fig. 12: Representation of the conventional testing techniques by means of tensile tests that 

have been used for analysing the intra-layer (a) and inter-layer weld strengths (b). In 

both set-ups the strand interfaces are stressed perpendicularly to the strands, as illus-

trated by the black arrows. The blue planes symbolise the build platform and serve 

for a clearer understanding of the printing direction. The magnified images depict a 

sketch of the marked sections (in red) to better illustrate the cross flow of the 

strands, the stressed interfaces and the interdiffusion of the polymer chains (by the 

small black and red lines).  
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Levenhagen et al. [10], for example, could also confirm the decent applicability of the or-

thogonal tensile test specimens for the intra-layer strength of the previously described bimodal 

molecular weight PLA. Cole et al. [38] even went one step further by combining the intra-layer 

weld strength obtained by the same recommended test method with local optical and mechan-

ical investigations of the weld in comparison to the bulk surface. The authors found for ABS 

that the weld lines exhibited a local elastic modulus of up to 40 % higher than that of the bulk 

surface. Especially those interfaces that revealed a long time between the deposition of two 

adjacent strands showed highest interfacial stiffening. The reason for this unexpected trend 

was explained by the chemical composition of the strand interface. It was discovered that the 

weld line consisted of 30-40 % less rubbery phase than the bulk material. This finding illus-

trated that the weld line cannot only reveal a different entanglement density [4], but can even 

show changes in the chemical composition compared to the deposited strand [38]. Abbott et 

al. [39] recently assessed the bond strength of 3D-printed ABS as a function of printing pa-

rameters. The authors found a trend towards strong intra-layer bond strengths for low print-

ing speeds and high extruder temperatures. The investigated 90° tensile test set-up resulted in 

the same trends of the previously described thermography investigations by Seppala et al. [9], 

as both parameters prolonged the weld time and therefore increased the tensile strength of the 

specimens.  

On the contrary to the recommended wedge test for the characterisation of the inter-layer 

strengths from Reddy et al. [8], Abbott et al. [39] additionally investigated the inter-layer 

strength by a tensile test specimen with the same orthogonal printing orientation, but which is 

printed on the narrow side (in the zx-plane, Fig. 12b). Next to the previously described trends, 

a lower layer thickness was found to yield higher inter-layer strengths due to a better compac-

tion of the layers. The authors also claimed that the inter-layer strength reaches a plateau for 

increasing part densities. Especially for investigations on the inter-layer strength, such conven-

tional testing techniques reach their limitations soon. It is not possible to fully describe and 

understand the weld strengths in all directions, especially not for the inter-layer weld strength, 

by means of tensile test specimens. More sophisticated techniques, as offered for example by 

fracture mechanical analyses, enable an in-depth comprehension of this highly complex topic.  

3.1.3. Fracture Mechanical Analyses in Parts Produced by Extrusion-

Based Additive Manufacturing 

Fig. 13 summarises the fracture mechanical techniques that have so far been tested on 

parts produced by EB-AM in order to get a better understanding of the inter-layer weld be-

haviour. The following sub-sections describe the state of the art as well as the possibilities and 

characteristics of these techniques for the application in FFF in detail and refer to the respec-

tive specimens of Fig. 13.  
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Fig. 13: Overview of the fracture mechanical techniques that have been used for characteris-

ing the inter-layer weld behaviour of 3D-printed materials: Peel test in mode III (a) 

and mode I (b), double cantilever beam test (c), single edge notched bending test (d), 

and compact tension test (e). The specimens are depicted in a way so that mainly the 

inter-layer welds are stressed. The black lines represent the orientation of the depos-

ited strands/layers, the red line symbolises the evolving crack, and the arrows the 

loading direction.  

Peel tests 

Davis et al. [40] showed that the facile and quickly assessed fracture mechanical peel test 

in mode III (Fig. 13a) can be applied to examine the inter-layer cohesion by determining the 

fracture toughness of a single 3D-printed ABS weld. High extrusion temperatures and fast 

extruder velocities resulted in an increased cross-flow and elevated tearing energies, in which 

the most promising settings reached roughly 70 % of the tearing energies of melt-processed 

homogeneous specimens. A similar test geometry was used by Sweeney et al. [13] who 

achieved tearing energies less than 50 % compared to that of the bulk of the same material. 

Seppala et al. [9] also confirmed similar tear energies for the same test setup and material as 

Ref. [40]. The authors additionally claimed that the investigated mode III geometry caused 

stress concentrations, which might be the reason for limited and slightly unreliable tear ener-

gies. The marginally different geometry of T-peel test specimens in mode I (Fig. 13b) suggest-

ed from Levenhagen et al. [10] demonstrated another similar limitation: Specimens with im-

proved inter-layer cohesion do not fail along the initiated crack, but rather form out-of-plane 

cracks perpendicular to the strands due to the high brittleness of the material. Hence, such 

peel tests have to be modified in order to obtain reliable inter-layer fracture properties for 

parts produced by FFF.  
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Double cantilever beam test 

One possible replacement found in fracture mechanics is the double cantilever beam 

(DCB) test (Fig. 13c), in which the failure mechanism is similar to that of the previously de-

scribed mode I tear test, but the geometry is altered in a way that it is ideal for inter-layer frac-

tures without the high risk of undesired out-of-plane cracks. DCB tests were originally devel-

oped for measuring the sulfide stress cracking resistance of steels used in oil and gas industry 

[41]. After being used for fracture mechanical investigations on glued joints [42], the technique 

evolved to the most popular inter-laminar fracture test for fibre-reinforced composite materi-

als [43]. Nowadays it is irreplaceable for determining the inter-laminar fracture toughness of 

layered materials for different fracture modes [44], most importantly, the critical strain energy 

release rate (GI,C), also referred to as the tensile opening inter-laminar fracture toughness, 

when measured in the mode I (tensile mode) setup. As this value describes the resistance to 

delamination [43, 45], the DCB test is an ideal method to investigate the inter-layer cohesion 

in additively manufactured parts. However, experimental studies on this topic are scarce.  

Kishore et al. [12] confirmed the usability of the DCB test by investigating the effect of 

print speed and infrared-preheating of the strands on the inter-layer fracture energy of 3D-

printed ABS reinforced by CF. Faster prints and longer/more intensive heating steps led to 

significantly improved fracture energies without any unintended side-fractures. Young et al. 

[46] recommended the insertion of a Kapton tape during 3D-printing to generate a compara-

ble crack propagation. Additionally, the authors prevented the DCB arm failure of the stiff 

ABS reinforced by CF by adding glass or epoxy doublers. Aliheidari et al. [47] expanded these 

measurements on shortened DCB specimens of neat ABS printed with a pre-crack at the lay-

ers’ interface. The authors obtained the apparent fracture resistance by modelling the critical J-

integral value of the DCB loading data. Along with the detection of the critical load at crack 

initiation during the experiments and the determination of the relative density and actual frac-

ture surface area, the inter-layer fracture resistance was calculated. The well repeatable results 

revealed that higher nozzle temperatures resulted in improved inter-layer fracture resistances 

that were even close to that of homogeneously produced ABS. Therefore, the authors proved 

the applicability of the fracture mechanical DCB tests to characterise the inter-layer weld of 

3D-printed parts. An in-depth characterisation of this methodology will follow in section 

3.2.2.  

Single edge notched bending test 

Another fracture mechanical technique than can offer insight into the weld strength of 

3D-printed materials is the single edge notched bending (SENB) test (Fig. 13d), which has 

evolved as a standard technique for determining fracture properties of complex materials [48]. 

Apart from pre-studies on the general usability of SENB tests on parts produced by FFF [49], 

only two studies focused on this technique.  

Song et al. [31] compared PLA specimens printed at 0° and 90° printing orientation to in-

jection-moulded specimens of the same material by means of SENB tests. It was shown that 
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the additively manufactured specimens revealed a higher toughness than the conventionally 

manufactured material. The test set-up that mainly stressed the weld in both inter- and intra-

layer direction (90° printing orientation) resulted in an approximately 20 % lower fracture 

toughness than the set-up, in which the longitudinal strands and the inter-layer welds are 

stressed (0° orientation). As both the behaviour of the intra- and inter-layer weld overlaps in 

the investigated test set-ups of the SENB specimens, this investigation seems to be inapplica-

ble for the detailed examination of the weld. Hart et al. [50] expanded these studies by detailed 

investigations on the critical elastic-plastic strain energy release rate obtained by the J-integral 

of SENB specimens as a function of the printing angle with respect to the pre-crack on 3D-

printed ABS. As the authors used a different test set-up (Fig. 13d), a thorough investigation on 

the weld behaviour by means of the SENB specimens was possible. Similarly to Song et al. 

[31], the energy required to propagate cracks between adjacent layers (90° printing angle, inter-

layer crack propagation) was roughly one order of magnitude lower than the energy necessary 

to propagate cracks across one layer due to the weaker weld zones compared to the bulk 

strands (0° printing angle). Consequently, a more brittle behaviour was observed for the 

strand interfaces. As soon as the printing angle was between 0° and 90° with respect to the 

pre-crack, the crack followed the weak inter-layer weld lines, resulting in crack kinking. These 

findings confirm that the fracture mechanical SENB technique is another fruitful method to 

obtain an in-depth understanding of the complex weld strength of 3D-printed parts. Moreo-

ver, the results reveal the current toughness limitations of additively manufactured specimens 

that can only be improved by optimising their weld strengths.  

Compact tension test 

Another fracture mechanical technique that has already been intensively investigated for 

EB-AM is the compact tension (CT) test, which is a standard technique to establish fracture 

toughness values both in monotonic and dynamic (fatigue) loading conditions, especially when 

only little amount of material is available [51].  

Arif et al. [52], McLouth et al. [53], and Torres et al. [54] independently found for differ-

ent filament materials that static CT tests are a useful technique to characterise both intra- and 

inter-layer weld strengths by a smart choice of printing and part orientation (Fig. 13e). Even 

though it was challenging to form a sharp crack initiation and localise it in between two adja-

cent strands, clear trends between the intra- and inter-layer failure were detected in all three 

studies. Similarly to previously described trends, the weld lines confirmed to act as the weak 

link in the 3D-printed specimens. As the crack required considerably less energy for propagat-

ing along the weld line between two adjacent strands compared to specimens, in which the 

crack had to advance transversely through the strands, a smaller fracture toughness was de-

termined for the former setting. The latter setting sometimes even led to out-of-plane cracks 

that did not continue the crack path through the strands, but rather deflected into the weak 

link, the strand interface [52, 54]. The same out-of-plane crack propagation through the weld 

lines was observed for specimens with a printing orientation of ±45° [53, 54]. These findings 



 

40 

are in accordance with the printing orientation dependent SENB results of Hart et al. [50] and 

again confirm that the welds need to be optimised in order to achieve satisfying mechanical 

properties. Gardan et al. [55] expanded the findings of McLouth et al. [53] by comparing the 

fracture toughness of samples printed in the ±45° orientation to an optimised, stress minimis-

ing strand orientation, in which the strands are oriented in the principal stress direction, by 

means of CT specimens. The optimised samples resulted in a 30 % increased fracture tough-

ness compared to the conventional way of slicing due to a higher strain concentration at the 

crack tip, a larger strain concentration zone and a slower crack propagation in the shape of 

diffused cracks. This study again highlights that as soon as external loads do not stress the 

strands in longitudinal direction, but load the strand interfaces, considerably weaker mechani-

cal properties of the overall 3D-printed part can be expected.  

CT tests in dynamic loading represent a more realistic component failure compared to the 

monotonic counterpart, as micro-cracks in combination with repeatedly applied loads are 

common in manifold engineering applications. Nowadays these tests have been established as 

an appealing alternative to standard fatigue tests, such as stress-cycle tests, since considerably 

less specimens are sufficient for a trustworthy fatigue analysis. The fracture mechanic-based 

fatigue evaluation determines the lifetime estimation of a material/composite based on crack 

initiation and propagation laws [51]. Although such analyses could open the floodgates for 

3D-printed applications and were recently inspected for metal-based AM [56], fracture me-

chanic-based fatigue analyses have so far not been investigated for materials processed by 

FFF. Moreover, CT tests enable the examination of the crack propagation in complex compo-

sites, as has been exemplarily shown for biomimetic multi-material parts produced by material 

jetting [57, 58].  

To sum up, the introduced fracture mechanical techniques have already shown their usa-

bility to better understand the complex weld behaviour of 3D-printed parts. These techniques 

not only offer great potential for further in-depth investigations on the mechanical optimisa-

tion of both intra- and inter-layer weld strengths, but also enable additional benefits, such as 

the lifetime analysis, even of complex multi-component composites that will be of great inter-

est for future studies.  
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3.2. Optimisation of Intra- and Inter-Layer Weld Strengths 

3.2.1. Introduction to Publication A 

The following publication A focuses on the parametric optimisation of the mechanical 

properties of 3D-printed PLA specimens based on detailed investigations on the strand inter-

face. The loading direction is strictly separated into intra- and inter-layer weld strengths in 

order not to concurrently stress multiple failure mechanisms of the weld. Special attention is 

paid to the novel investigation of the inter-layer welds by means of fully experimental DCB 

tests. The mechanical measurements are complemented by a statistical optimisation, an optical 

examination of the 3D-printed cross-sections and fracture surfaces, and a rheological analysis 

of the filament material to generalise the findings for other materials.  

Publication A is a version of the published manuscript that was slightly adapted in order 

to fit the style and language of this work. It was originally published as:  

Spoerk, M.; Arbeiter, F.; Cajner, H., et al.: Parametric optimization of intra- and inter-layer strengths in 

parts produced by extrusion-based additive manufacturing of poly(lactic acid), Journal of Applied Polymer 

Science 134, 2017, 45401. 

Next to the publication presented in the following, other scientific contributions related 

to this topic have been published by the authors. In order to maintain the systematic focus of 

this PhD thesis, the contributions have not been included directly, but are listed below for 

further inquiries:  

 Conference contribution: Spoerk M.; Schuschnigg S.; Arbeiter F.; Berger G.; 

Holzer C.: Bonding forces in fused filament fabrication, Abstract at the 7th bi-

annual international conference of polymers & moulds innovations – PMI2016, 

Ghent, Belgium, 2016.  

 Conference contribution: Spoerk M.; Arbeiter F.; Cajner H.; Sapkota J.; Holzer C.: 

Improvement of intra- and inter-layer strengths in extrusion-based additive manu-

facturing, Presentation at the symposium on additive manufacturing and innova-

tive technologies – Add+it2017, Steyr, Austria, 2017.  

 Conference contribution: Spoerk M.; Arbeiter F.; Cajner H.; Sapkota J.; Holzer C.: 

Maximisation of intra- and inter-layer strengths in parts produced by fused fila-

ment fabrication, Abstract at the 33rd international conference of the polymer pro-

cessing society – PPS2017, Cancún, Mexico, 2017.  

 Conference contribution: Arbeiter F.; Spoerk M.; Wiener J.; Pinter G.: 

Strukturbauteile aus dem 3D-Drucker: begleitende Werkstoffprüfung zur Eigen-

schaftsoptimierung, Extended abstract at the 27. Leobener Kunststoff-

Kolloquium 2018, Leoben, Austria, 2018.  
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Abstract 

Parts produced by extrusion-based additive manufacturing experience the disadvantage of 

consisting of many weld-lines, which consequently downgrade their mechanical properties. 

This work aims at maximising the strength of printed parts by considering and improving the 

intra- and inter-layer cohesion between adjacent strands. Therefore, printed poly(lactic acid) 

specimens were characterised by means of a particular tensile test setup and the inter-layer 

cohesion of printed specimens was evaluated by means of the double cantilever beam test. A 

detailed parametric statistical evaluation, which included printing temperatures, layer thick-

nesses, and layer-designs, was complemented by the material’s viscosity data and the analysis 

of the specimens’ fracture surfaces and cross-sections. An optimal layer-design was found to 

be a key parameter in the optimisation of strength with regard to different loading directions. 

Additionally, the maximisation of the cohesion leads to a tremendous improvement in the 

mechanical performance of the printed parts, resulting in strengths of roughly 90 % of those 

of compression-moulded parts.   
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Introduction 

Fused filament fabrication (FFF), also known as extrusion-based additive manufacturing 

or fused deposition modelling (FDMTM), is attracting increasing interest from both academia 

and industries. It offers the key advantage of a mould-free production of complex three-

dimensional components, which is hardly possible with any other technique [1, 2]. The suc-

cessful production of end-use products with unique, personalised geometries and materials [1] 

critically depends on the detailed understanding of the technology’s structure-process-property 

relationship and especially on the improvement of the relatively poor mechanical properties of 

the printed parts [3]. Hence, many studies have focused on the mechanical properties of print-

ed parts as a function of several printing parameters. Especially the impact of the strand orien-

tation within one layer on the tensile strength has been studied extensively [4 - 14]. However, 

only few studies, e.g. Ref. [15], have explored the bond strength between adjacent strands and 

its critical impact on the overall strength of 3D-printed parts. Only by evaluating the inter-

layer [15, 16] and the intra-layer [16] cohesion of adjacent strands, it is possible to optimise the 

part strength dependent on the load direction. The detailed understanding of the underlying 

mechanisms provides the key for the prevention of premature mechanical failure of parts pro-

duced by FFF.  

The intra-layer cohesion, which is defined by the cohesion between adjacent strands with-

in one printing layer [16], plays a key role when loading printed parts parallel to the layer 

plane. To evaluate this property, tensile test specimens, in which all strands are oriented per-

pendicularly to the loading direction, have to be tested [15]. So far, some studies [4, 5, 7, 9 - 

11, 14, 15, 17, 18] have investigated printed tensile test specimens of this set-up, in the follow-

ing termed 90° orientation. Only a handful of these studies [5, 9, 10] have investigated the 90° 

orientation for poly(lactic acid) (PLA), one of the most common polymers for FFF [1]. In 

their seminal work, Bayraktar et al. [10] conducted a broad parametric study on the tensile 

strength of PLA with strands in 90° orientation. The authors demonstrated that the achieve-

ment of maximum tensile strengths of printed dog-bone specimens required high printing 

temperatures (220 °C) and large layer thicknesses (0.35 mm). High melt temperatures were 

suggested to result in improved tensile strengths due to an augmented molecular diffusion 

between the strands. Recently, Song et al. [5] could achieve tensile strengths of 90°-oriented 

PLA dog-bone specimens that are comparable to those of injection-moulded specimens. 

However, the authors’ subtractive machining approach of the printed bars contradicts the 

essence of extrusion-based additive manufacturing, which aims at reducing the number of 

processing steps. Moreover, this second processing step could strongly enhance the cohesion 

behaviour in the surface-near regions of the specimens, e.g. by external heat. The studies of 

Bayraktar et al. [10] and Song et al. [5] both investigated the tensile properties of dog-bone 

specimens, although Ahn et al. [7] pointed out issues of premature shear failure connected 

with this type of specimens. In the latter study, the authors suggested the replacement of the 

dog-bone specimens by rectangular specimens according to ASTM D3039. Reddy et al. [15] 

implemented the ideas of Ahn et al. [7] and used the recommended rectangular tensile bars on 
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90°-oriented printed acrylonitrile butadiene styrene (ABS) parts. Irrespective of the different 

filament material (ABS instead of PLA), the authors proved that the use of this type of speci-

men provides a reliable method to investigate the intra-layer bond strength of 3D-printed 

parts. Additionally, the authors tested a novel layer-design in printed parts, in which strands 

are deposited shifted to the previous layer. They pointed out its advantage in decreasing the 

surface roughness. However, the influence of the layer-design on the mechanical properties 

has not been evaluated.  

Reddy et al. [15] also introduced a wedge test to determine the critical load required to 

separate adjacent layers in FFF printed ABS parts. Thus, the authors characterised for the first 

time the inter-layer cohesion, which is defined by the cohesion between adjacent layers [16]. 

This property directly influences the part strength, especially when the part is loaded perpen-

dicularly to the layers. Torres et al. [19] conducted standardised compact tension tests on FFF 

printed PLA parts consisting of an alternating layer strand orientation. Thereby, they extended 

the range of applicable characterisation techniques for the evaluation of the inter-layer cohe-

sion. The authors revealed a higher crack resistance (corresponding to a high inter-layer cohe-

sion) for parts with lower layer thickness (0.1 mm), higher volume rate (100 % relative densi-

ty), and higher printing temperature (230 °C). To date, Ref. [19] is the only study on the inter-

layer bond strength for printed PLA. Recently, Aliheidari et al. [3] significantly advanced the 

development in fracture-mechanics-based methods for a better understanding of the inter-

layer failure of 3D-printed parts. The authors investigated the inter-layer cohesion of 3D-

printed ABS samples by means of the double cantilever beam (DCB) test. Using finite element 

models and focusing mainly on the effect of the printing temperature, the authors demon-

strated a higher inter-layer fracture resistances for specimens printed at elevated temperatures. 

However, other parameters, such as the layer thickness and the layer-design, which can have a 

tremendous influence on the inter-layer cohesion, were not considered.  

In the present work, the effect of the layer-design on the mechanical properties of 3D-

printed parts is investigated. We report here a detailed parametric study aiming at maximising 

both the intra- and inter-layer cohesion for the widely-used commercial PLA filament. The 

influence of different printing conditions and the layer-design is studied for PLA for the first 

time by means of rectangular tensile bars, addressing the intra-layer cohesion. Moreover, DCB 

tests are conducted for PLA and evaluated by means of an experimental technique without the 

need of additional finite element models, which is novel for additively manufactured parts. 

The DCB investigations are complemented by a full set of parameters, offering a detailed ex-

perimental insight into the inter-layer cohesion. Based on the detailed analysis, which includes 

a rigorous statistical evaluation and a microscopic study of the material’s morphology and 

fracture surfaces, ideal layer-designs and printing conditions for FFF printed parts are recom-

mended. It appears that an optimum mechanical performance comparable to that of parts 

produced by traditional methods, such as compression or injection moulding can be achieved 

by using appropriate layer-designs and printing conditions.  
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Experimental 

Materials 

A commercially available PLA filament with a mean diameter of 1.75 mm, a density of 

1.25 g·cm-3, a glass transition temperature of 60.6 °C, and a melting point of 151.1 °C was 

supplied by Prirevo e.U., Austria, and used as received (not pre-dried). The compression-

moulded material exhibits a tensile strength of 65.0±0.4 MPa and an elongation at break of 

2.34±0.04 %, as measured by means of tensile tests.  

Processing 

Printing trials were performed on a Hage 3DpA2 (Hage Sondermaschinenbau GmbH & 

Co. KG, Austria). Unless stated otherwise, the parameters summarised in Table 2 were used 

for all specimens. The prints were conducted for varying die temperatures, layer thicknesses, 

and layer-designs (Table 2). For the variation of the latter, two setups were used, in which the 

strands of adjacent layers were deposited on top of the previous layer (TOP) (Fig. 14a) or 

shifted to each other (SHIFTED) (Fig. 14b). Fig. 14a and Fig. 14b are a schematic representa-

tion of the printed strands. In practice, however, the printed strands are compressed and over-

lap depending on the printing parameters [16].  

Table 2:  Levels of the printing parameters of all printed specimens in this work. Entries 

with more than one level per parameter refer to variable process parameters.  

Printing parameters Levels 

Nozzle diameter (in mm)
 

0.5 

Printing bed material Glass mirror 

Printing bed temperature (in °C) 60 

First layer thickness (in mm) 0.25 

Extrudate flow rate (in mm3∙s-1) 7.43 

Printing speed (in mm∙s-1) 80 

Distance between the centres of two 

adjacent strands (in mm) 

0.8 

Die temperature (in °C) 200, 210, 220, 250 

Layer thickness (in mm) 0.2, 0.3, 0.4, 0.25 

Layer-design TOP, SHIFTED 

The printing orientations depended on the subsequent mechanical characterisation. As the 

tensile tests were conducted to evaluate the intra-layer cohesion, a strand orientation perpen-

dicular to the loading direction was chosen, as described in Ref. [15]. To avoid large stress 

concentrations close to the clamping [7] and to possibly test unidirectional orientations in fu-
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ture works with the same settings, the test specimen for composite materials according to the 

standard ASTM D3039 was used for all tensile tests (Fig. 14c). The number of layers was ad-

justed for the layer thicknesses 0.2, 0.3, and 0.4 mm to yield total thicknesses of 3.45, 3.55, and 

3.45 mm, respectively. To investigate the inter-layer cohesion, DCB tests were conducted ac-

cording to the standard ASTM D5528 with a unidirectional strand orientation (Fig. 14d). Irre-

spective of the layer thickness (0.2, 0.25, 0.3, or 0.4 mm), the total thickness of the DCB test 

specimen was 12.25 mm. All specimens were printed without a perimeter in order not to in-

fluence the results of the mechanical characterisation.  

The first layer of each specimen was sliced with the software Slic3r 1.2.8 by Alessandro 

Ranellucci. The full geometry was generated by adding the sliced first layer multiple times until 

the respective specimen’s thickness was obtained. For all SHIFTED specimens, the strands of 

every second layer were shifted by half a strand diameter (Fig. 14b). Within one print, five test 

specimens were produced. The timespan between the printing of one given strand of one layer 

and the equivalent strand of the subsequent layer was set constant. After the completion of 

the print, the printing bed was cooled down to room temperature by natural convection and 

directly afterwards the parts were removed from the bed with a spatula. The parts were then 

stored under standardised environmental conditions (23 °C air temperature, 50 % relative 

humidity) until subsequent characterisation techniques were conducted. The reference samples 

were fabricated by compression moulding in a Collin P200PV vacuum press (Dr. Collin 

GmbH, Germany) at 200 °C and 150 bar for 40 min.  

All specimens throughout this publication are named according to the following scheme: 

Type of test specimen / type of layer-design / printing bed temperature / printing layer 

height. For example, a DCB specimen, which was printed at 220 °C and a layer height of 

0.3 mm with SHIFTED layer-design, is termed DCB/SHIFTED/220 °C/0.3 mm.  

 

Fig. 14: TOP (a) and SHIFTED (b) layer-design for a constant layer thickness t. In (c) and 

(d), the test specimens and dimensions in mm standardised for the tensile and DCB 

test, respectively, are given. The 90° (c) and unidirectional (d) strand orientations are 

indicated. The coordinate system is used throughout the present work.  
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Tensile Tests 

The mechanical properties of the tensile test specimens, as well as those of the compres-

sion-moulded samples were tested on the universal testing machine Zwick Z010 (Zwick 

GmbH & Co KG, Germany) with a load cell of 10 kN. The testing machine was operated 

with mechanical grips and a contact extensometer with an initial length of 80 mm. Measure-

ments were performed under standardised environmental conditions using a pre-load of 

0.1 MPa and a gauge length of 130 mm. The specimens were tested at a constant testing speed 

of 50 mm·min-1 until rupture after an initial phase of 1 mm·min-1 for determining the Young’s 

modulus. Five repetitions were performed per investigated setting. For reasons of comparison, 

compression-moulded tensile test specimens were tested under the same conditions.  

DCB Tests 

The DCB tests with five repetitions per investigated setting were performed on the uni-

versal testing machine Zwick Z001 (Zwick GmbH & Co KG, Germany) with a load cell of 

1 kN. For the preparation of the specimens, first, a side groove of 1 mm was made on the side 

of the specimens to assure delamination within the same plane. Next, a hole, measuring 4 mm 

in diameter and being situated 20 mm from the edge of the specimen, was drilled through the 

test specimens. This hole was later on used to induce the load. A primary crack of approxi-

mately 40 mm was introduced into the specimen using a wedge-shaped blade. Consequently, 

the risk of fracture within the fixture was decreased. The fixture itself consisted of two half-

cylinders, which were inserted into the hole and used subsequently to tear the cantilever 

beams apart.  

One representative DCB experiment and its setup are illustrated in Fig. 15. After fixing 

the test specimen in the clamping (Fig. 15b), the length of the artificial crack was slightly in-

creased in order to obtain a natural crack by loading the specimen until the first crack exten-

sion is notable (Fig. 15c). Before unloading, the position of the crack front was marked. Af-

terwards, the DCB specimen was continuously loaded with a testing speed of 100 mm·min-1 

until a crack propagation of roughly 80-100 mm was reached (Fig. 15d). The second position 

of the crack front was marked and used to determine the exact crack propagation on the frac-

ture surface after testing.  

The delamination energy GI,C [20], which was used to express the inter-layer cohesion, 

was calculated as  

netcr

C,I
t·a

W
G  , (1) 

in which W is the energy obtained from the force vs. displacement diagram (Fig. 15a), acr is the 

crack propagation length, and tnet is the net-thickness of the specimen excluding the side 

grooves. Using this simple procedure, it is important that the tested specimens reveal the same 

level of crack propagation. Otherwise, more complex methods, such as a compliance or beam-

theory method have to be used.  
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Fig. 15: The displacement and the force of one representative DCB test as a function of time 

(a). The photos on the right side highlight the starting position (b), the formation of 

a natural crack (c), and the end position at a displacement of 100 mm (d).  

Statistical Evaluation 

Both the tensile test and the DCB results were evaluated by means of separate designs of 

experiments (DOE) using the software Design Expert 7.0 (Stat-Ease, Inc., USA). The test 

order was completely randomised. Unless stated otherwise, only the specimens that failed ac-

cording to the standards were evaluated. The factors used for both tests included the printing 

temperature (A), the layer thickness (B), and the layer-design (C). As the amount of levels (see 

section “Processing”) varies with the factors, the mixed-level factorial design was used. The 

analysis of significance was performed by means of the analysis of variance (ANOVA) meth-

od with a significance value of 5 %. Regression models were calculated and graphically pre-

sented in the form of response surface plots.  

Microscopy 

The cross-sections of selected tensile and DCB test specimens were prepared by cutting 

out small pieces of the parts and sanding them with the disc-type sander Phoenix Beta (ITW 

Test & Measurement GmbH, Germany). Each part was sanded for 10 min with the abrasive 

paper Buehler CarbiMetTM Grit 360 (ITW Test & Measurement GmbH, Germany) under a 

constant water flow. The sanded cross-sections, as well as the respective fracture surfaces of 

the specimens, were analysed in the optical microscope Olympus SZX12 (Olympus Life Sci-

ence Europe GmbH, Germany) at a magnification of 16x or 50x under reflected light.  
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Viscosity Measurements 

The viscosity of the material was measured in the rotational rheometer Physica MCR 501 

(Anton Paar GmbH, Austria) in a plate-plate geometry at the respective printing temperatures 

(200, 210, 220, and 250 °C) under nitrogen atmosphere. The samples were pressed to discs of 

25 mm in diameter and 2 mm in thickness in a Collin P200PV vacuum press (Dr. Collin 

GmbH, Germany) with the following moulding parameters: 200 °C for 2 min at 1 bar, 200 °C 

for 6 min at 90 bar, 200 °C for 17 min at 150 bar, and 20 °C for 15 min at 150 bar. The rheol-

ogy measurements were performed at a gap of 1 mm in oscillatory shear controlled mode in 

the material’s linear visco-elastic region (at 3 % deformation) at an angular frequency of 

100 rad·s-1 for 1100 s. Three repetitions per material were performed on independent samples.  

 

Results and Discussion 

Tensile Tests 

Tensile Strengths and their Correlation with the Intra-Layer Cohesion 

In order to determine the suitable flow rate for subsequent experiments, preliminary ten-

sile tests were conducted on specimens printed at various flow rates at a constant printing 

temperature of 220 °C (Fig. 16a). In this test setup, the tensile strength is directly linked to the 

cohesion between adjacent strands, as the intra-layer strength is smaller than the tensile 

strength of the bulk material. Therefore, the tensile strength was used to describe the intra-

layer cohesion in all further characterisations.  

In accordance with tests on printed dog-bone specimens [21], Fig. 16a reveals a trend to-

wards increasing tensile strengths for growing flow rates. This behaviour is attributed to the 

enlarged amount of material (equalling to higher flow rates) over which the load is distributed 

[19]. In the present work high flow rates equal negative air gaps between the strands within 

one layer, as illustrated in Ref. [22]. As the air gap becomes lower or more negative with in-

creasing flow rates, the mechanical properties improve [6 - 8, 19, 22 - 27], which affirms the 

described trend in Fig. 16a. Consequently, samples comprising more densely packed material 

can withstand higher loadings and, thus, yield elevated tensile strengths [19].  

The flow rate of 7.43 mm3·s-1 was used throughout this work, as this value still led to a 

coalescence of the strands for the lowest printing temperature, equalling an air gap of 0 mm, 

while it did not result in extreme overfillings at the highest temperature. In Fig. 16b, the ten-

sile strength is summarised for varying printing temperatures at a constant flow rate. A trend 

of improving strength for increasing printing temperatures can be observed, which is in 

agreement with the results of the 90°-oriented tensile test specimens of Bayraktar et al. [10] 

and Reddy et al. [15], as well as with the criss-cross orientations of Refs. [19, 28]. This behav-

iour can be explained by the decreasing viscosity of the deposited melt for rising printing tem-

peratures [15]. Materials with lower viscosity exhibit more cross-flow upon deposition [15] 

and therefore reduce the air gap between the strands, resulting in an improved weld and part 
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strength [29]. Moreover, at elevated temperatures, the chains of the semi-molten polymer can 

diffuse more easily across the interface between the strands [16, 30]. Higher printing tempera-

tures can also prolong the timespan for the diffusion-controlled weld formation [31]. The en-

hanced diffusion leads to an intensified bond formation between the strands, resulting in a 

higher separation force [16, 30]. 

A point to highlight in Fig. 16b is the huge change of tensile strength between 240 and 

250 °C. Most certainly, the reasons described above affect this temperature region for the 

printer and material used the most. Consequently, the temperature of 250 °C, which is unusu-

ally high for PLA, is added to the experimental design in the subsequent sections.  

 

Fig. 16: Tensile strength of printed PLA as a function of the flow rate V̇ (a) and the printing 

temperature T (b).  

Fig. 17 summarises the results obtained from the tensile tests for the TOP (a) and 

SHIFTED (b) layer-design. The same correlation between temperature and strength as elabo-

rated above is seen for all test specimens. Only for the specimens with the smallest layer-

thickness of the SHIFTED layer-design, no significant differences in strength can be observed 

with varying temperatures. This setup, thus, seems to yield good filling independent of the 

printing temperature (vide infra).  

A distinct trend towards increasing tensile strengths for decreasing layer thicknesses is ob-

served. The literature, however, controversially discusses the impact of the layer thickness, as 

different mechanisms can overlap [8]. On the one hand, specimens with criss-cross orientation 

[19, 28], as well as those with a 90° orientation [10], were reported to yield the lowest tensile 

strength values for the smallest studied layer thicknesses, since those parts exhibited more 

weld lines and consequently more faults [19]. On the other hand, the same trend as observed 

in Fig. 17 is described for the tensile strength of specimens with various strand orientations in 

Refs. [8, 22, 32]. This behaviour is explained by the enhanced cross-flow of the deposited fil-

aments that are more compressed, due to the reduced layer thickness. Similarly to the effect of 

the increased temperature, the enhanced cross-flow reduces the air gap between the strands 
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and increases the diffusion of the chains between the adjacent layers [16, 30]. In the present 

study, the air gap reduction clearly outperforms the effect of the increased weld lines. For the 

specimens printed at 250 °C, the tensile strength of the parts produced at a layer thickness of 

0.2 and 0.3 mm exhibit, especially for the TOP layer-design, overlapping confidence intervals. 

This similarity in tensile strength can be referred to already very densely packed cross-sections 

at a layer thickness of 0.3 mm (vide supra). Hence, a reduction in layer thickness might result 

in similar strength values.  

Except for the specimen Tensile/TOP/250 °C/0.3 mm, all SHIFTED specimens reveal 

tensile strength values clearly improved compared to the ones of the TOP specimens. This 

trend can be attributed to the cross-sections of the specimens and will be discussed in detail in 

section “Morphology of the Tensile Test Specimens”.  

 

Fig. 17: Tensile strength as a function of layer thickness for various printing temperatures 

and the TOP (a) and SHIFTED (b) layer-design. The connecting lines are for orien-

tation only and do not represent a fit.  

Statistical Evaluation of the Tensile Tests 

The square root transformation was applied to provide homoscedasticity of variance and 

to ensure that the residuals remained normally distributed (Fig. 18a). All terms above the t-

value limit in the Pareto chart (Fig. 18b) are significant regression model terms. Positive or 

negative values describe the direction of the impact on the tensile strength, when the predictor 

variable changes from low to high values. For the layer-design C, a change from SHIFTED to 

TOP correlates with a variable change from low to high values. The layer thickness B reveals 

the biggest effect (t-value of 24.8) on the tensile strength. The temperature A has a considera-

bly smaller significance than the layer-design C. Nevertheless, the interactions between the 

layer thickness and the temperature still have to be considered. For details on the analysis of 

variance (ANOVA) and the regression equation in coded factors please refer to the support-

ing information.  

The regression equations for the layer-designs for the actual process factors are  

0.2 0.3 0.4
0

10

20

30

40

50

60

0.2 0.3 0.4
0

10

20

30

40

50

60

T
e

n
s

il
e

 s
tr

e
n

g
th

 i
n

 M
P

a

T
e

n
s

il
e

 s
tr

e
n

g
th

 i
n

 M
P

a

(b)(a)

Layer thickness in mm

T
e

n
s

il
e

 s
tr

e
n

g
th

 i
n

 M
P

a

SHIFTED: 

 200 °C

 210 °C

 220 °C

 250 °C

Layer thickness in mm

TOP: 

 200 °C

 210 °C

 220 °C

 250 °C



 
 

  55 

𝜎𝑚𝑎𝑥,𝑇𝑂𝑃
0.5  = 129.10 - 0.51·A - 925.44·B + 3.94·AB + 1457.69·B2- 6.39·AB2  and (2) 

𝜎𝑚𝑎𝑥,𝑆𝐻𝐼𝐹𝑇𝐸𝐷
0.5  = 141.48 - 0.59·A - 934.02·B + 4.18·AB + 1392.30·B2- 6.39·AB2,  (3) 

in which σmax is the tensile strength, A the printing temperature, and B the layer thickness. The 

model appears to be precise, since it exhibits a high signal to noise ratio, an acceptable shape 

of the residuals as a function of the predicted values, a suitable distribution of the residuals in 

the normal probability plot (Fig. 18a) and a relatively high R2 of 0.9608. The regression equa-

tions are presented as response surface plots together with the measured data in Fig. 18c-d. 

Similar trends as described in section “Tensile Strengths and Their Correlation with the Intra-

Layer Cohesion”, especially the overall outperformance of the SHIFTED layer-design, are 

visible. For the specimen Tensile/TOP/250 °C/0.3 mm (Fig. 18c) the model predicts a clear 

reduction in tensile strength, which confirms that the specimen deviates from the prediction, 

most likely due to the aforementioned small differences in the compaction of the printed 

strands . Interestingly, the model in Fig. 18d reveals a maximum tensile strength of 60 MPa for 

a temperature of 250 °C, a layer thickness of 0.25 mm and the SHIFTED layer-design. This 

maximum in strength at slightly higher layer thicknesses than 0.2 mm might only have a weak 

effect due to overlapping confidence intervals of the two layer thicknesses (Table 4 in the 

supporting information).  

 

Fig. 18:   The normal probability plot for all tested values (a), the Pareto chart for the effects 

obtained by the ANOVA (b) and the response surface plots of the regression models 

for the TOP (c) and the SHIFTED (d) layer-design. In (b), the designations A, B, C 
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refer to the printing temperature, layer thickness, and layer-design, respectively. The 

bars’ filling pattern in (b) reveals the effect direction and the horizontal line the t-

value limit, which determines the significance limit. In (c) and (d), red circles repre-

sent the measured data, which can be above (filled) or below (shaded) the response 

function.  

Morphology of the Tensile Test Specimens 

The impact of the printing temperature, layer thickness, and layer-design on the cross-

sections of selected tensile test specimens is illustrated in Fig. 19. The specimen Ten-

sile/TOP/200 °C/0.4 mm (Fig. 19a) clearly exemplifies the TOP layer-design. Despite the 

high layer thickness of 0.4 mm, the strands are slightly compacted and adjacent layers are in 

contact. However, none of the adjacent strands within one layer can coalesce, resulting in tre-

mendous gaps between them and poorest tensile strengths (0.6±0.1 MPa). For the SHIFTED 

layer-design and the same settings (Fig. 19b), each separate strand can be distinguished, as 

neither a good cohesion between the adjacent strands within one layer nor between the adja-

cent layers is visible. Furthermore, the strands are not compressed, due to the high layer 

thickness, resulting in a round shape of the extrudate, big air gaps between the strands, and 

eventually poor tensile strengths (1.7±0.1 MPa).  

With increasing printing temperatures (Fig. 19c), an increase in the tensile strength is ob-

served (3.9±0.4 MPa) for the specimen Tensile/TOP/250 °C/0.4 mm. The reason for this 

can be found in the more compressed layers close to the printing bed (on the left) that hold 

the specimens together. The rest of the specimen still exhibits a non-existent cohesion be-

tween neighbouring strands within the same printing layer [17]. Changing the layer-design 

from SHIFTED to TOP for the same settings (Fig. 19d), the cohesion between the strands 

within one layer is, except for the first layer, still inexistent, resulting in large intermediate 

gaps, as reported in Ref. [33]. However, the contact between the strand’s corners and the ones 

from neighbouring layers is distinctly improved. Hence, the adjacent layers hinder the vertical 

movement of the strands, resulting in more than 5 times higher tensile strength values 

(21.3±0.7 MPa) than those of the TOP counterpart. This confirms the trend towards elevated 

tensile strengths for the SHIFTED layer-design compared to the TOP orientation and the 

significance of the layer-design according to the Pareto chart (Fig. 18b). When compared to 

the specimen Tensile/SHIFTED/200 °C/0.4 mm (Fig. 19b), the specimen with elevated 

printing temperatures (Fig. 19d) yields more than 10 times higher tensile strengths, which con-

firms the high statistical significance of the interactions with the printing temperature (Fig. 

18b).  

The reduction of the layer thickness to 0.2 mm for a printing temperature of 250 °C has a 

big effect (Fig. 18b). Consequently, the specimen Tensile/TOP/250 °C/0.2 mm yields an 

almost perfect cohesion between all strands (Fig. 19e). This results in cross-sections without 

any visible strands or gaps, as reported in Ref. [29], and high values for the tensile strength 

(51.2±1.0 MPa). The equivalent specimen with the SHIFTED layer-design (Fig. 19f) exhibits 
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similar homogeneous cross-sections, but improved strengths (54.4±0.3 MPa) due to an en-

hanced diffusion between adjacent strands.  

 

Fig. 19: Optical microscopy images of the sanded cross-sections of the printed PLA samples:  

Tensile/TOP/200 °C/0.4 mm (a), Tensile/SHIFTED/200 °C/0.4 mm (b),  

Tensile/TOP/250 °C/0.4 mm (c), Tensile/SHIFTED/250 °C/0.4 mm (d),  

Tensile/TOP/250 °C/0.2 mm (e), Tensile/SHIFTED/250 °C/0.2 mm (f).  

In the top right corner of each image the corresponding mean and standard deviation 

of the measured tensile strengths are shown. The loading direction is vertical (in x-

direction) and highlighted with two arrows in (a). The coordinate system in (a) repre-

sents the specimen orientation based on Fig. 14. The printing bed is located on the 

left side of each image, as highlighted in (a).  
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The fracture surfaces of the specimens depicted in Fig. 19 reveal distinct differences (Fig. 

20), which are in accordance with the results of the tensile tests. Both specimens Ten-

sile/TOP/200 °C/0.4 mm (Fig. 20a) and Tensile/SHIFTED/200 °C/0.4 mm (Fig. 20b) did 

not rupture, but the strands rather diverged from each other, which explains the low strength 

(0.6±0.1 and 1.7±0.1 MPa, respectively). Hence, the micrographs do not represent a fracture 

image, but rather illustrate the air gaps between the strands [23, 24].  

With increasing temperature and therefore better contact of adjacent strands (Fig. 20c-d), 

a distinct plastic fracture indicated by ruptured crazes [33] evolves on the edges of the speci-

mens. The fracture surface of specimen Tensile/TOP/250 °C/0.4 mm (Fig. 20c) exhibits a 

low amount of plastic deformation with regular-shaped fractures, resulting in enhanced tensile 

properties (3.9±0.4 MPa) compared to the one printed at 200 °C (Fig. 20a). The specimen 

Tensile/SHIFTED/250 °C/0.4 mm (Fig. 20d) shows an increase in the amount of plastic 

deformation, which is responsible for the augmented strength (21.3±0.7 MPa).  

When reducing the layer thickness to 0.2 mm, the specimens Ten-

sile/TOP/250 °C/0.2 mm (Fig. 20e) and Tensile/TOP/250 °C/0.2 mm (Fig. 20f) reveal plas-

tically deformed fracture surfaces with irregular crack paths [29] and a stress distribution over 

the entire surface [10], leading to the highest tensile strengths (51.2±1.0 and 54.4±0.3 MPa, 

respectively). Furthermore, both specimens reveal, due to a practically ideal cohesion and the 

inexistency of gaps, a fracture surface similar to that of compression- [34] or injection-

moulded PLA parts [35].  
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Fig. 20: Optical microscopy images of the fracture surface of the printed PLA samples:  

Tensile/TOP/200 °C/0.4 mm (a), Tensile/SHIFTED/200 °C/0.4 mm (b),  

Tensile/TOP/250 °C/0.4 mm (c), Tensile/SHIFTED/250 °C/0.4 mm (d),  

Tensile/TOP/250 °C/0.2 mm (e), Tensile/SHIFTED/250 °C/0.2 mm (f).  

In the top right corners the corresponding mean and standard deviation of the meas-

ured tensile strengths are shown. The coordinate system in (a) represents the speci-

men orientation based on Fig. 14. The printing bed is located on the left side of each 

image, as highlighted in (a).  

In sum, the obtained tensile strengths of up to 55 MPa are only 15 % lower than those of 

the compression-moulded samples (65.0±0.4 MPa), similarly to Ref. [5], although the 90° 

strand orientation is especially prone to mechanical failure compared to the criss-cross or uni-

directional setup [5, 9, 10]. The values obtained by statistical modelling even predict augment-

ed tensile strengths, roughly 8 % lower than those of the compression-moulded samples. The 
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optimal specimens, produced at a printing temperature of 250 °C, layer thicknesses of 0.2-

0.25 mm, and a SHIFTED layer-design reveal homogeneous cross-sections and fracture sur-

faces consisting of plastic deformation with irregular cracks through the strands, similarly to 

moulded samples. This fact reveals a drastic improvement of the intra-layer bond strength by 

means of an adequate choice of parameter settings.  

DCB 

Delamination Energies and their Correlation with the Inter-Layer Cohesion 

DCB tests were executed to investigate the influence of various printing parameters on 

the inter-layer cohesion, which is expressed by the delamination energy. Fig. 21 summarises 

the results for the TOP (a) and SHIFTED (b) layer-design obtained from the DCB tests. The 

specimens with TOP layer-design and a layer thickness of 0.4 mm could not be measured, 

because of limitations in the sample preparation. Despite their decent inter-layer cohesion, it 

was not possible to drill holes through them necessary for inducing the load, as those speci-

mens revealed no intra-layer cohesion. Hence, the corresponding data is missing in Fig. 21. 

Certain setups with layer thicknesses of 0.4 mm and the SHIFTED layer-design did not yield 

meaningful results due to delamination energies below the detection limit of the measurement 

equipment. Those settings are marked as downward-directed arrows in Fig. 21. As the inter-

layer strength varies drastically with the studied parameters, also the settings yielding the high-

est cohesion could not be measured by means of the DCB test due to the fracture of the spec-

imens within the load-line instead of a delamination. In Fig. 21, these settings are marked as 

upwards-directed arrows, their position representing the estimated delamination energy.  

Similarly to the tensile test results, a trend towards increasing delamination energies is ob-

served for rising temperatures (Fig. 21). The same trend was reported for comparable compact 

tension [19] and wedge tests [15], and linked to the previously described enhanced diffusibility 

and time for bond formation. Additionally, the reduced viscosity due to high temperatures 

leads to an improved wettability and an increased contact area between two layers [15], result-

ing in enhanced bond strengths.  

The same explanation applies to the impact of the reduction in layer thickness. Due to the 

compression of the layers, the improved contact results in an enhanced diffusion [8] and wet-

tability. Consequently, the inter-layer cohesion is expected to augment. Similarly to the studies 

by Torres et al. [19], the delamination energy indeed shows a tendency to increase for smaller 

layer thicknesses (Fig. 21). However, our results do not reveal a linear increase towards lower 

layer thicknesses, but rather form a local maximum at 0.25 mm for both layer-designs. This 

can be related to unfavourably strong compressions of the layers at a layer thickness of 

0.2 mm. For these settings, the printer could not yield an acceptable printing quality, due to 

the high number of layers and the low layer thickness, resulting in over-compressed strands. 

This will be examined in section “Morphology of the DCB Test Specimens”. 
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Contrary to the tensile test results, all specimens with the TOP layer-design and a layer 

thickness smaller than 0.4 mm, except for DCB/TOP/220 °C/0.2 mm (possibly resulting due 

to the aforementioned over-compression of the layers), exhibit elevated delamination energies 

compared to those with the SHIFTED overlap. This trend is best visible for the results with a 

layer thickness of 0.3 mm. It can be attributed to the cross-sections of the SHIFTED speci-

mens, which will be discussed in section “Morphology of the DCB Test Specimens”. The 

samples printed at 0.4 mm are contradicting to this trend due to the previously described limi-

tations in the sample preparation.  

 

Fig. 21: Delamination energy as a function of layer thickness for varying printing tempera-

tures and for the TOP (a) and SHIFTED (b) layer-design.  

Statistical Evaluation of the DCB Tests 

Due to the lack of data in several design points, the design of experiments (DOE) was 

subdivided into the two layer-designs. Those values that were below the detection limit of the 

measurement device were set to 0.05 kJ·m-2, which is smaller than the lowest detected energy. 

For the specimens that could not be measured with the testing device anymore, the values 

were simulated depending on the final deformation of the specimens during the measure-

ments and the maximum achievable energies of the testing device. The starting value was 

changed from the highest obtained value by keeping the values of leverage and Cooks distance 

as low as possible.  

For both DOEs the square power transformation of 0.2 ensured homoscedasticity of var-

iance and a normal distribution of residuals (Fig. 22a-b). Resulting from the ANOVA, the 

Pareto charts (Fig. 22c-d) revealed the significant effects. Due to the limited amount of data 

points concerning the specimens with TOP layer-design, less terms appear significant than 

concerning the SHIFTED counterparts. Nevertheless, for both models the layer thickness B 

and its interactions have a slightly bigger effect on the delamination energy than those of the 

printing temperature (A). Especially the terms of higher order (e.g. B2, A3, and A2B in Fig. 22c) 

reveal major significance for both layer-designs. This fact explains a quadratic or cubic altera-

tion in response due to the change in a respective factor level. Please refer to section “DCB 
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Statistics” in the supporting information for details on the ANOVA and the regression equa-

tions in coded factors.  

The regression equations for both layer-designs for the actual process factors are 

        GI,C,TOP
0.2  = -286.22 + 4.09·A – 211.21·B + 2.15·AB – 0.02·A2- 53.64·B2-  (4) 

              - 4.81·10-3·A2B + 3.10·10-5·B3  and 

GI,C,SHIFTED
0.2  = -27.37 + 0.19·A + 125.54·B – 0.35·AB – 5.09·10-4·A2-  (5) 

                           - 310.63·B2+ 1.47·10-3·A2B - 0.48·AB2 + 460.02·B3,  

in which GI,C is the delamination energy, A the printing temperature, and B the layer thickness. 

High signal to noise ratios, good residual distributions, acceptable shapes of the residuals as a 

function of the predicted values and relatively high R2-values of 0.8446 (TOP) and 0.9709 

(SHIFTED) are the basis for accepting the validity of the proposed models.  

Both models are presented as response surface plots together with the measured data in 

Fig. 22e-f. They provide comparable trends as in Fig. 21, but the quadratic and cubic effects 

are clearly visible. Moreover, the models confirm maximum delamination energies at a layer 

thickness of around 0.25 mm.  
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Fig. 22: The normal probability plots for the TOP (a) and the SHIFTED (b), the Pareto chart 

for the effects for the TOP (c) and SHIFTED (d), and the response surface plots of 

the regression models for the TOP (e) and SHIFTED (f) layer-design. In (c) and (d), 

the designations A and B refer to the printing temperature and layer thickness, re-

spectively. The bars’ filling patterns in (c) and (d) reveal the effect direction and the 

horizontal line the t-value limit, which determines the significance limit. In (e) and 

(f), red circles represent the measured data, which can be above (filled) or below 

(shaded) the response function. The blue circles belong to the estimated values due 

to limitations in the testing device. The non-measured area in (e), due to sample 

preparation limitations, is highlighted in red.  
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Morphology of the DCB Test Specimens 

The impact of different parameters on the cross-sections of selected DCB specimens is il-

lustrated in Fig. 23. The SHIFTED layer-design, exemplified by the specimen 

DCB/SHIFTED/220 °C/0.3 mm (Fig. 23a), reveals notable gaps and small contact areas to 

adjacent layers, resulting in low delamination energies (1.18±0.15 kJ·m-2). On the contrary, the 

TOP layer-design with the same settings (Fig. 23b) exhibits an improved compression of the 

strands and a considerably larger contact area between the surfaces of the adjacent layers, 

which leads to elevated delamination energies (3.85±0.34 kJ·m-2).  

An increase in the printing temperature from 200 °C, on the basis of specimen 

DCB/TOP/200 °C/0.25 mm (Fig. 23c), to 250 °C, exemplified by specimen 

DCB/TOP/250 °C/0.25 mm (Fig. 23d), gives rise to a void- and gap-reduction due to an 

increased cross-flow of the lower viscous material, an improved wetting and therefore an in-

creased contact area [29]. The specimen in Fig. 23d appears to be homogeneous. Although the 

micrographs for specimen DCB/TOP/250 °C/0.25 mm (Fig. 23d) and 

DCB/TOP/210 °C/0.25 mm (Fig. 23e) look rather similar, drastic differences in the delami-

nation energies were measured. This implies that different printing temperatures (here a dif-

ference of 40 °C is depicted) and therefore differing diffusibilities have a drastic impact on the 

inter-layer strength.  

The significant difference in delamination energies between the layer thicknesses of 

0.25 mm (DCB/TOP/210 °C/0.25 mm, Fig. 23e) and 0.2 mm (DCB/TOP/210 °C/0.2 mm, 

Fig. 23f) cannot be explained from the specimens’ cross-sections, which appear similar, except 

for some small inhomogeneities. However, the analysis of the fracture surfaces, which is dis-

cussed in the following, offers valuable clues to the difference.  
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Fig. 23: Optical microscopy images of sanded cross-sections of the printed PLA samples: 

DCB/SHIFTED/220 °C/0.3 mm (a), DCB/TOP/220 °C/0.3 mm (b),  

DCB/TOP/200 °C/0.25 mm (c), DCB/TOP/250 °C/0.25 mm (d),  

DCB/TOP/210 °C/0.25 mm (e), DCB/TOP/210 °C/0.2 mm (f).  

In the top right corner of each image the corresponding mean and standard deviation 

of the delamination energy is shown. The loading direction is vertical (in z-direction) 

and highlighted with two arrows in (a). The coordinate system in (a) represents the 

specimen orientation based on Fig. 14. The printing bed is located on the bottom of 

each image, as highlighted in (a). 
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The fracture surfaces of the specimens depicted in Fig. 23 reveal distinct differences in 

colour (Fig. 24). The black areas refer to the air-gaps between the strands, the dark-coloured 

areas to a rather brittle and the whitish areas to a more ductile fracture. Due to decreased con-

tact areas and diffusion between the layers, the fracture surface of the SHIFTED layer-design 

(DCB/SHIFTED/220 °C/0.3 mm, Fig. 24a) displays less plastic deformation than the TOP 

layer-design (DCB/TOP/220 °C/0.3 mm, Fig. 24b), which causes a decrease in the delamina-

tion energy. Moreover, the SHIFTED layer-design (Fig. 24a) fractures in a regular zig-zag 

crack-path between adjacent layers, whereas the TOP layer-design (Fig. 24b) fractures within 

the same inter-layer region.  

Lower printing temperatures (Fig. 24c) result in a small amount of plastic deformation 

combined with a larger area of a brittle fracture. Increasing temperatures (Fig. 24c (200 °C) - 

Fig. 24e (210 °C) - Fig. 24d (250 °C)) augment the amount of plastic deformation and conse-

quently the delamination energies. The specimen printed at the highest temperature (Fig. 24d) 

reveals a complete plastic fracture with typical craze formations and irregular crack paths 

through the strands [29].  

The micrographs displayed in Fig. 24e-f clearly indicate the impact of the layer thickness 

of 0.2 mm (Fig. 24f) and the ideal one of 0.25 mm (Fig. 24e). Fig. 24f illustrates an over-

compressed structure without any plastic deformation, in which, similarly to Refs. [23, 24], the 

regular strand pattern does partly not exist anymore. This leads to the decreased delamination 

energy of 2.01±0.61 kJ·m-2. On the contrary, Fig. 24e reveals due to the optimum layer thick-

ness a perfectly filled structure without over-compressed strands, in which each strand can be 

clearly differentiated from each other. This results in a significantly elevated delamination en-

ergy of 5.10±0.69 kJ·m-2.  
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Fig. 24: Optical microscopy images of the fracture surface of the printed PLA samples: 

DCB/SHIFTED/220 °C/0.3 mm (a), DCB/TOP/220 °C/0.3 mm (b),  

DCB/TOP/200 °C/0.25 mm (c), DCB/TOP/250 °C/0.25 mm (d),  

DCB/TOP/210 °C/0.25 mm (e), DCB/TOP/210 °C/0.2 mm (f).  

In the top right corner of each image the corresponding mean and standard deviation 

of the delamination energy is shown. The coordinate system in (a) represents the 

specimen orientation based on Fig. 14.  

In brief, the delamination energy from the DCB test could be successfully used for 3D-

printed parts to investigate the inter-layer cohesion. The maximised inter-layer strength for 

PLA could be obtained by means of a printing temperature of 250 °C, a layer thickness of 

0.25 mm, and a TOP layer-design due to a good wettability and diffusibility of the low-viscous 

material, and the ideal compression of the layers. These settings resulted in parts with homo-
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geneous cross-sections, high degrees of diffusion between the layers, and overall plastic frac-

ture surfaces with cracks through the strands. For these best settings, the DCB test, which is 

meant to be used for layered structures [20], was found not to give any insight into the inter-

layer cohesion anymore, as no more layered structures could be observed. More suitable alter-

natives for future investigations would be the compact tension, the single-edge-notched bend-

ing or the wedge open loading tests [20].  

Rheology 

Fig. 25 illustrates the drastic reduction in viscosity with increasing temperatures. During 

the printing process, high shear rates of ≥ 100 rad s-1 arise [36]. As the best mechanical prop-

erties could be achieved with highest printing temperatures, for PLA a viscosity below 

200 Pa·s is recommended. Only these low viscosities result in an ideal cross-flow [15], as ob-

served in Fig. 19e-f and Fig. 23d, and an improved cohesion of adjacent strands.  

In order to verify that no thermal degradation of the used PLA is present during printing, 

time-sweep measurements were performed (section “Time-Sweep Measurements” in the sup-

porting information) and the residence time of the material in the printer’s die was calculated 

(section “Residence Time Calculation” in the supporting information). As the residence time 

was calculated to 4.6 s and the viscosity is constant within 60 s, no degradation of PLA can 

occur in the die during printing.  

 

Fig. 25: Viscosity at 100 rad·s-1 as a function of the printing temperature for the undried 

PLA. These values are obtained from the time-sweep measurements at 60 s, which is 

the limit for having constant viscosity (see Fig. 26 in the supporting information).  

 

Conclusions 

In summary, this study explores the ideal printing parameter settings for optimised inter- 

and intra-layer strengths of the widely used PLA produced by extrusion-based additive manu-

facturing. Statistical modelling and optical microscopy confirmed that a low defect and gap 

concentration, achieved by printing temperatures of 250 °C and layer thicknesses of 0.25 mm, 
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are beneficial for an improved cohesion between adjacent strands. In order to prevent over-

compressions and therefore deteriorating mechanical properties between adjacent layers, a 

certain threshold in the layer thickness depending on the material and the printer used (here 

0.25 mm) should not be underrun. Based on our findings, the layer-design is an important tool 

to further enhance the strength dependent on the loading condition. The SHIFTED layer-

design can be recommended for intra-layer loadings, whereas the TOP layer-design is favour-

able for loadings that stress the inter-layer cohesion. In general our findings provide a pathway 

to produce 3D-printed parts of a maximised strength, comparable to that of conventionally 

produced homogeneous specimens. Taking into account the impact of the cohesion between 

strands, we could show that roughly 85-90 % of the tensile strength of compression-moulded 

PLA can be achieved by means of optimised printing parameters. This fact represents a signif-

icant advancement compared to previous works. Consequently, the present work reveals a 

guideline to optimise the flexible production of extrusion-based additive manufacturing, con-

sidering intra- and inter-layer cohesion.  
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Supporting information 

Tensile Test Statistics 

In order to support the regression model hierarchy and the residual distribution, the 

ANOVA results (Table 3) suggest, additionally to the significant terms of the pareto chart, to 

include the term AC into the regression model. Accordingly, the resulting regression equation 

in coded factors is given as  

𝜎𝑚𝑎𝑥,𝑐𝑜𝑑𝑒𝑑
0.5 = 4.77 + 2.24·A - 2.48·B - 0.73·C + 0.55·AB + 0.14·AC - 0.31·BC -  (6) 

                        - 0.15·B2- 0.30·ABC - 1.60·AB2+ 0.33·B2C,  

in which σmax is the tensile strength, A the printing temperature, B the layer thickness, and C 

the layer-design. Table 4 summarises the standard errors, the confidence intervals (CI), and 

the variance inflation factors (VIF) of the coded regression coefficients.   
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Table 3:  ANOVA table for the response surface reduced cubic model of the tensile tests. 

The designation A refers to the temperature, B to the layer thickness, and C to the 

layer-design. 

Source Sum of 

squares 

Degrees of 

freedom 

Mean square F value p-value 

Model
 

571.58 10 57.16 246.42 < 10-4 

     A 102.24 1 102.24 440.76 < 10-4 

     B 386.81 1 386.81 1667.64 < 10-4 

     C 18.19 1 18.19 78.42 < 10-4 

     AB 10.74 1 10.74 46.28 < 10-4 

     AC 1.01 1 1.01 4.37 0.039 

     BC 6.13 1 6.13 26.43 < 10-4 

     B2 0.46 1 0.46 1.97 0.1634 

     ABC 3.11 1 3.11 13.40 4·10-4 

     AB2 32.8 1 32.80 141.41 < 10-4 

     B2C 2.37 1 2.37 10.23 1.9·10-3 

Residual 20.88 90 0.23   

     Lack of fit 19.16 13 1.47 65.99 < 10-4 

     Pure error 1.72 77 0.022   

Cor total 592.45 100    

 

Table 4:  Effects list of the tensile tests. 

Factor Coefficient 

estimate 

Degrees of 

freedom 

Standard 

error 

95 % CI 

low 

95 % CI 

high 

VIF 

Intercept
 

4.77 1 0.084 4.60 4.93  

A 2.24 1 0.11 2.03 2.45 2.77 

B -2.48 1 0.061 -2.60 -2.36 1.06 

C -0.73 1 0.083 -0.90 -0.57 2.97 

AB 0.55 1 0.082 0.39 0.72 1.06 

AC 0.14 1 0.065 6.75·10-3 0.27 1.05 

BC -0.31 1 0.061 -0.43 -0.19 1.06 
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B2 -0.15 1 0.10 -0.35 0.060 1.04 

ABC -0.30 1 0.082 -0.46 -0.14 1.07 

AB2 -1.60 1 0.13 -1.87 -1.33 2.83 

B2C 0.33 1 0.10 0.12 0.53 2.98 

DCB Statistics 

The regression models, which contain additional terms of the pareto charts due to their 

residual distributions displayed in the ANOVA results (Table 5 and Table 6), are in coded 

factors 

GI,C,TOP,coded
0.2 = 1.21 - 0.21·A - 0.34·B - 0.052·AB - 0.050·A2- 0.54·B2-   (7) 

                    - 0.30·A2B + 0.48·A3  and 

GI,C,SHIFTED,coded
0.2 = 1.07 + 0.32·A - 0.76·B + 0.039·AB - 0.043·A2- 0.060·B2+   (8) 

                                  + 0.092·A2B - 0.12·AB2+ 0.46·B3,  

in which GI,C is the delamination energy, A the printing temperature and B the layer thickness.  

Table 5:  ANOVA table for the response surface reduced cubic model of the DCB tests for 

the TOP layer-design. 

Source Sum of 

squares 

Degrees of 

freedom 

Mean 

square 

F value p-value 

Model
 

2.28 7 0.33 31.84 < 10-4 

     A 0.023 1 0.023 2.20 0.15 

     B 0.10 1 0.10 10.14 2.80·10-3 

     AB 9.33·10-3 1 9.33·10-3 0.91 0.35 

     A2 5.71·10-3 1 5.71·10-3 0.56 0.46 

     B2 0.20 1 0.20 19.76 < 10-4 

     A2B 0.10 1 0.10 9.72 3.30·10-3 

     A3 0.12 1 0.12 11.81 1.40·10-3 

Residual 0.42 41 0.010   

     Lack of fit 0.22 4 0.055 10.07 < 10-4 

     Pure error 0.20 37 5.44·10-3   

Cor total 2.70 48    
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Table 6:  ANOVA table for the response surface reduced cubic model of the DCB tests for 

the SHIFTED layer-design. 

Source Sum of 

squares 

Degrees of 

freedom 

Mean 

square 

F value p-value 

Model
 

4.99 8 0.62 208.40 < 10-4 

     A 1.34 1 1.34 446.89 < 10-4 

     B 0.73 1 0.73 245.38 < 10-4 

     AB 0.024 1 0.024 8.13 6.30·10-3 

     A2 0.018 1 0.018 5.87 0.019 

     B2 0.033 1 0.033 10.89 1.80·10-3 

     A2B 0.042 1 0.042 14.19 4.00·10-4 

     AB2 0.096 1 0.096 31.97 < 10-4 

     B3 0.28 1 0.28 92.10 < 10-4 

Residual 0.15 50 2.99·10-3   

     Lack of fit 0.078 7 0.011 6.76 < 10-4 

     Pure error 0.071 43 1.66·10-3   

Cor total 5.14 58    

Table 7 and Table 8 summarise the standard errors, the confidence intervals, and the VIF 

of the coded regression coefficients of both models.  

Table 7:  Effects list of the DCB tests for the TOP layer-design. 

Factor Coefficient 

estimate 

Degrees of 

freedom 

Standard 

error 

95 % CI 

low 

95 % CI 

high 

VIF 

Intercept
 

1.21 1 0.054 1.10 1.32  

A -0.21 1 0.14 -0.49 0.075 45.80 

B -0.43 1 0.14 -0.71 -0.16 12.45 

AB -0.052 1 0.054 -0.16 0.058 3.57 

A2 -0.050 1 0.067 -0.19 0.086 3.81 

B2 -0.54 1 0.12 -0.78 -0.29 11.51 

A2B -0.30 1 0.097 -0.50 -0.11 6.03 

A3 0.48 1 0.14 0.20 0.77 41.84 
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Table 8:  Effects list of the DCB tests for the SHIFTED layer-design. 

Factor Coefficient 

estimate 

Degrees of 

freedom 

Standard 

error 

95 % CI 

low 

95 % CI 

high 

VIF 

Intercept
 

1.07 1 0.018 1.04 1.11  

A 0.32 1 0.015 0.29 0.35 2.56 

B -0.76 1 0.048 -0.85 -0.66 23.17 

AB 0.039 1 0.014 0.011 0.066 1.21 

A2 -0.043 1 0.018 -0.078 -7.28·10-3 1.08 

B2 -0.060 1 0.018 -0.097 -0.024 1.29 

A2B 0.092 1 0.024 0.043 0.14 3.48 

AB2 -0.12 1 0.022 -0.16 -0.078 2.59 

B3 0.46 1 0.048 0.36 0.56 20.81 

Rheology 

Time-Sweep Measurements 

Oscillatory time-sweep measurements were conducted at a deformation of 3 % at 

100 rad·s-1 for 1100 s. The respective curves are depicted in Fig. 26.  

 

Fig. 26: Time-sweep measurements at a constant angular frequency of 100 rad·s-1 for the 

undried PLA. The viscosity values after 60 s are marked as a dashed line and repre-

sented in the main manuscript. 

Residence Time Calculation 

The residence time of PLA in the printer’s die is calculated by means of the equation of 

continuity as following:  
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in which DD is the diameter of the printer’s die (DD = 0.5 mm), vP the print speed (vP = 

80 mm·s-1), DF the diameter of the filament (DF = 1.75 mm), vF the filament speed, tres̅̅̅̅  the 

mean residence time, and lD the length of the die (lD = 30 mm).  
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3.2.3. Concluding Remarks on Publication A 

Publication A proves an effective strength maximisation by the thorough parametric op-

timisation of adapted tensile test specimens and DCB tests for the commercially most widely 

spread FFF filament material PLA. By additional rheology measurements, the findings for this 

material type can be generalised for all other thermoplastic filaments. These findings therefore 

accept the hypothesis 1 “The strength of 3D-printed specimens can be optimised to strength values close to 

those of homogeneous specimens (compression-moulded) by thoroughly adapting the FFF process parameters”.  
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3.3. In-Depth Fracture Mechanical Analyses 

3.3.1. Introduction to Publication B 

The following publication B expands the findings of publication A to advanced fracture 

mechanical analyses to further investigate the weld limitations and its behaviour during fatigue 

tests. The proposed optimal processing conditions resulting from publication A are used to 

process specimens with different printing orientations. Although considerable differences in 

the fatigue behaviour for varying printing orientations [1 - 3] or part orientations within the 

printer [4, 5] have so far been found, no drastic alterations between the printing orientations 

are expected as long as the optimal processing conditions are used. Apart from fatigue exami-

nations, static CT- and SENB-tests along with microstructural analyses of the respective frac-

tures are examined. Special attention is paid to the generation of a model based on crack initia-

tion and propagation laws for the lifetime estimation of 3D-printed PLA specimens.  

Publication B is a version of the published manuscript that was slightly adapted in order 

to fit the style and language of this work. It was originally published as:  

Arbeiter, F.; Spoerk, M.; Wiener, J., et al.: Fracture mechanical characterization and lifetime estimation of 

near-homogeneous components produced by fused filament fabrication, Polymer Testing 66, 2018, 105–113. 

Next to the publication presented in the following, other scientific contributions related 

to this topic have been published by the authors. In order to maintain the systematic focus of 

this PhD thesis, the contributions have not been included directly, but are listed below for 

further inquiries:  

 Conference contribution: Arbeiter F.; Wiener J.; Pinter G.; Spoerk M.: Additive 

Fertigung in der Kunststofftechnik – Auf dem Weg zu Anwendungen in 

Strukturbauteilen, Presentation at the Kunststoffe auf dem Prüfstand – Testen 

und Simulieren – 4a Technologietag 2018, Schladming, Austria, 2018.  

 Conference contribution: Wiener J.; Arbeiter F.; Spoerk M.; Gosch A.; Pinter G.: 

Material selection, testing and validation of additively manufactured components, 

Peer-reviewed paper at the plastics technology conference – Antec2018, Orlando, 

USA, 2018. 
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Abstract 

It has been widely believed that components produced by fused filament fabrication 

(FFF) experience weak mechanical properties due to weld lines. However, recent studies dis-

proved this finding by reaching strength values almost identical to those of compression-

moulded plates by optimizing the printing parameters. Hence, the present work investigates 

different fracture mechanical properties on specimens produced by FFF under optimised 

conditions dependent on the strand orientation. For monotonic loading conditions, tests on 

compact tension (CT) and single edge notched bending (SENB) specimens resulted in rather 

similar results for specimens produced in 0°, 0°/90°, and 90° strand orientation. Surprisingly, 

the 90° orientation, in which the strand interface is directly loaded, even outperformed the 0° 

orientation in certain cases. Fatigue tests on CT-specimens proved a similar independency of 

the strand orientation for both crack initiation and crack propagation laws, which can be used 

for lifetime estimation of components produced by FFF.  
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Introduction 

Fused filament fabrication (FFF), also known as material extrusion [1], fused deposition 

modelling (FDMTM) or 3D-printing is an extrusion-based additive manufacturing technique 

that allows the automated fabrication of complex parts [2]. The process is based on the extru-

sion of a thermoplastic filament that is transported by two counter-rotating driving wheels 

into a hot die, in which the material melts. Parts are generated by the material deposition 

through a nozzle that is moving according to a pre-defined CAD structure in a layer-by-layer 

manner [3]. Compared to conventional subtractive manufacturing techniques, the FFF process 

offers the benefit of a direct and flexible production of customised end-use products achieva-

ble with low investment costs [4, 5]. It has been intensively studied, though, that the many 

weld lines that parts produced by FFF consist of, can drastically downgrade their mechanical 

properties [6 - 8]. However, recently it has been confirmed by independent studies [2, 9] that 

the negative effect of the weld lines can be overcome by a dexterous choice of printing pro-

cess parameters. As a result, a maximised diffusion and cohesion between adjacent strands can 

lead to mechanical properties (e.g. ultimate tensile strength, modulus, etc.) of printed parts 

similar to those of homogeneous specimens manufactured by conventional techniques, such 

as compression- [9] or injection-moulding [2].  

These findings provide the basis for the application of extrusion-based additive manufac-

turing in demanding scenarios, as requested by the industry. However, in order to produce 

parts that can withstand challenging loading cases, a detailed understanding of the load bearing 

capacities and fracture behaviour of parts produced by FFF is necessary. Especially in cases, in 

which structures have to endure cyclic loading conditions, the question of expected lifetimes 

and resistance against fatigue is of high interest. A classical method to characterise materials 

with regard to the aforementioned resistance against loads, fracture, and fatigue is the use of 

fracture mechanical (e.g. linear elastic or elastic-plastic) methods. Both fracture mechanical 

techniques have been applied to 3D-printed materials. For example tests under the restrictions 

of linear elastic fracture mechanics (LEFM) were performed on compact tension (CT) speci-

mens [10] and single edge notched bending (SENB) specimens [2] for PLA. In the case of 

elastic-plastic fracture mechanics (EPFM), some studies also applied the J-Integral to 3D-

printed materials [11, 12]. All individual studies exhibited a strong dependence of the printed 

strand orientations on the fracture properties investigated, as the specimens were printed in a 

way that voids between adjacent strands were present. However, fracture mechanical methods, 

in their base form, are only valid for homogeneous bodies and cannot directly be applied to 

structures produced by additive manufacturing, e.g. FFF, since these parts usually cannot be 

considered as homogeneous, for instance due to the existence of relatively large voids.  

Yet, a previous study [9] on the maximisation of inter- and intra-layer strengths for 3D-

printed PLA showed that voids can be severely decreased to almost zero. As a result of a se-

vere process parameter optimisation, single strands could not be distinguished on the cross-

sections of the optimised printed parts any longer, resulting in near-homogeneous specimens. 
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This indicates that fracture mechanical methods should be applicable in this case. A further 

question that arises is whether these additively-manufactured parts still reveal highly aniso-

tropic fracture behaviour, with regard to strand orientation, or if they are closer to a homoge-

neous behaviour due to the selected processing conditions.  

Therefore, this study aims at the thorough fracture mechanical characterisation of a previ-

ously process-optimised FFF material [9]. In detail, the fracture behaviours under monotonic 

loads, using LEFM and EPFM, as well as the crack growth behaviour under cyclic loading 

conditions with respect to the strand orientation are studied.  

 

Experimental 

Materials 

The PLA filament (mean diameter of 1.75 mm, density of 1.25 g·cm-3, glass transition 

temperature of 60.6 °C, melting point of 151.1 °C) was supplied in black colour by Prirevo 

e.U., Austria and was used as received (non-dried).  

Processing and Sample Preparation 

For the fracture-mechanical evaluation, specimens were prepared from the aforemen-

tioned PLA filament by means of FFF. The printing trials were conducted on a Hage 3DpA2 

(Hage Sondermaschinenbau GmbH & Co. KG, Austria) and the slicer software Slic3r 1.2.8. 

The parameters summarised in Table 9 were used for all specimens. The rather high nozzle 

temperature of 250 °C for PLA and a high print infill was chosen to ensure best possible in-

ter- and intra-layer cohesion [9]. As it is known that the strand orientation can critically influ-

ence the mechanical [13] and fracture mechanical properties of printed specimens [2, 14], the 

specimens were produced in a 0°, 90°, and an alternating 0°/90° strand orientation. In the 

present manuscript, the 0° orientation is the direction, in which the strand orientation is per-

pendicular to the crack growth plane, whereas the 90° orientation is parallel to the crack 

growth plane (Fig. 27).  

Table 9: Levels of the printing parameters of all printed specimens in this work.  

Printing parameters Levels 

Nozzle temperature (in °C) 250 

Printing bed material Glass mirror 

Printing bed temperature (in °C) 70 

Nozzle diameter (in mm)
 

0.5 

Layer thickness (in mm) 0.25 

Extrudate flow rate (in mm3∙s-1) 7.43 
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First layer printing speed (in mm∙s-1) 30 

Printing speed (in mm∙s-1) 80 

Distance between the centres of two  

adjacent strands (in mm) 

0.8 

 

 

Fig. 27: Specimen dimensions in mm of the CT- and the SENB-test for the three investigated 

printing orientations. The abbreviation a refers to the initial crack length, WS to the 

specimen width, and B to the thickness. The specimens are displayed in a way that 

the consecutive layers of printing are always in z-direction. 

CT specimens were processed by printing plates with a dimension of 50x48x8 mm³. A 

subsequent machining of the holes and notches led to the standardised specimen according to 

ASTM D5045-99, which is depicted in Fig. 27. For monotonic tests, the notch lengths were 

chosen to fulfil the requirement of 0.45 < a/WS < 0.55, in which a refers to the initial crack 

length and W to the specimen width. For fatigue tests, the initial notch length was reduced to 

around a/WS = 0.35 to allow longer crack propagation lengths. SENB samples were pro-

duced by printing plates with the dimension of 44x5x10 mm³ and subsequent machining of 

the notch. Additionally, side-grooves were used to promote a straight crack path and increase 

the ratio of plane strain near specimen surfaces (Fig. 27). On the contrary to CT specimens, 

on which the thickness of the sample B was taken over the whole specimen thickness, for 

SENB samples the reduced thickness was taken at the position of the side-grooves. The ratio 

of initial notch length to width was set according to the ESIS TC4 recommendation [15] to 

0.55 < a/WS < 0.65. To assure that the machining of notches did not influence the results 

and to introduce notches as sharp as possible for an evaluation according to LEFM and 

EPFM, the notches of all samples were sharpened by means of a broaching tool with a razor 

blade. This procedure has shown acceptable results in other thermoplastic materials [16 - 18].  
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Fracture Mechanical Testing 

Monotonic Testing under the Limitations of LEFM 

For the LEFM evaluation, the fracture toughness in the form of the stress intensity factor 

(KI, in which the index describes the mode of loading at the crack tip – index “I” refers to 

opening under pure tension) was determined using monotonic tests on CT-specimens accord-

ing to ASTM D5045-99 with a testing speed of 10 mm·min-1, and additionally at 100 and 

1000 mm·min-1. Force (P) - displacement () curves were recorded and corrected for the in-

dentation of the specimens as described in the standard. Both critical stress intensity factors 

KI,max and KI,Q, corresponding to Pmax and PQ were calculated according to equation (11) from 

ASTM D5045-99: 

 KI,max/Q =
PI,max/Q

B√WS
f (

a

WS
) with  

 f (
a

WS
) =

(2+
a

WS
)(0.886+4.64∗

a

WS
−13.32∗

a

WS

2
+14.72∗

a

WS

3
−5.6

a

WS

4
)

(1−
a

WS
)3/2

  (11) 

To comply with the laws of LEFM, classical criteria, such as Pmax/PQ < 1.1, 

0.45 < a/WS < 0.55 and B, WS, WS-a > 2.5KI
2/σys

2 were applied. Tests were performed on 

the servo-hydraulic machine MTS table top 858 (MTS Systems GmbH, USA).  

Monotonic Testing under the Limitations of EPFM 

In case that the crack growth resistance cannot be characterised within the limitations of 

LEFM (e.g. ASTM D5045) different methods are required. A solution for materials, which 

exhibit non-linear and/or elastic-plastic deformation before fracture can be the application of 

EPFM. For the EPFM evaluation of fracture properties, the J-Integral method [19], using 

monotonic tests on SENB specimens, was applied. The multiple specimen approach accord-

ing to the recommendation of ESIS (TC4 Protocol, [15]), using 1 mm·min-1 as a testing speed 

was adopted. Specimens were cryo-fractured after testing to evaluate the crack advancement 

a on the facture surface by means of optical microscopy (section “Fractography”). The val-

ues of the J-integral were evaluated according to the recommendation by equation (12) and 

(13) [20]: 

J0 =
ηU

B(WS−a0)
  and (12) 

J = J0 ∗  [1 −
(0.75η−1)Δa

WS−a0
] , (13) 

in which U is the integral of the P- record,  a geometry dependent factor (for SENB  = 2), 

a0 the initial crack length without crack advancement, and a the incremental crack propaga-

tion deducted from the fracture surface of each specimen after testing. Tests have been per-

formed on a Zwick Z010 (Zwick GmbH & Co. KG, Germany) equipped with a 10 kN load 

cell and a contact extensometer for the displacement measurement.  



 

84 

Fracture Mechanical Fatigue Testing 

For fracture mechanical fatigue tests, the same CT specimens as described above for 

monotonic tests were used for cyclic tests. A force was applied using a sine-wave form and a 

loading ratio R of 0.1 (Pmin/Pmax during a cycle). For a simple load dependent fatigue behav-

iour, fracture curves were recorded, in which the cycles till failure (Nf) and cycles to crack ini-

tiation (Nini) were recorded as a function of applied initial stress intensity factor range (KI,start; 

in which a change in geometry due to advancing cracks is not considered).  

The same data was used to establish both crack growth initiation and crack propagation 

laws during testing. For evaluating the crack propagation, Paris’ law [21, 22] plots (da/dN over 

KI both in logarithmic scale, in which da/dN is the crack advancement within the cycle 

number increase (crack velocity) and KI the current stress intensity factor range (including 

the geometry change by advancing cracks)) were used to determine the fracture mechanical 

crack growth material parameters A (ordinate) and m (slope). These parameters can later on 

be used to perform a fracture mechanical lifetime-estimation of parts produced from the same 

material under the same loading conditions. Similarly, the crack initiation parameters B1 and n 

were established to gauge the impact of crack initiation on the cycles to failure and to further 

sharpen the lifetime model. Tests were performed on the same servo-hydraulic testing ma-

chine from MTS Systems GmbH as mentioned above. The crack advancement (da) during 

testing was observed by means of a travelling microscope with a magnification of 10 and a 

linear scaler with a resolution of 1 µm. 

Fractography 

The fracture surfaces of the tested specimens were analysed in the optical microscope 

Olympus SZX12 (Olympus Life Science Europe GmbH, Germany) at a magnification of 16x 

and 20x under reflected light. 

 

Results and Discussion 

Similar to the previous section, results and discussions are split into monotonic testing 

within the limitations of LEFM, monotonic testing within the limitations of EPFM and frac-

ture mechanical fatigue testing on pre-cracked samples. 

Results of Monotonic Testing under the Limitations of LEFM 

Fig. 28 shows the results of monotonic KI testing, in which KIC would be the critical stress 

intensity factor, if all conditions of LEFM are met. However, as can be seen on the bottom 

right of the graph, the criteria of Pmax/PQ is neither met for a testing speed of 10 mm·min-1, 

nor for speeds of 100 or 1000 mm·min-1 (with the exception of single specimens in 0° orienta-

tion). Therefore, this designation cannot be applied. Instead of that, the terms KI,max and KI,Q 

are used, which represent an apparent fracture toughness, evaluated with Pmax and PQ, as de-

fined in the standard (ASTM D5045-99). The results of 0° oriented specimens are comparable 
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to those of Song. et. al. [2], who also investigated 3D-printed PLA with different printing ori-

entations. However, their investigations revealed that specimens printed at a 90° orientation 

showed approximately 20 % smaller KIC values than those having a printing orientation of 0°. 

On the contrary to that, in the present work no big differences in the fracture behaviour be-

tween different strand orientations can be determined (Fig. 28).  

 

Fig. 28: Fracture toughness according to LEFM, represented by the stress intensity factor KI, 

as a function of the strand orientation during printing and the testing speed. The in-

sert in the bottom right depicts the Pmax/PQ ratio as a function of the printing orien-

tation. The red line in the insert represents the upper limit for the application in 

LEFM.  

This finding can be seen as a first indication that the optimised process parameters ob-

tained from Ref. [9] are capable of producing near-homogeneous parts. Although the precon-

ditions of LEFM are not met, fracture surfaces of the CT specimens are shown in Fig. 29 in 

order to give a better insight into the fracture behaviour of the printed parts.  
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Fig. 29: Fracture surfaces of fractured CT-specimens as a function of testing speed and 

strand orientation during processing. As highlighted in (a), the initial notch is located 

on the right side of each specimen. The arrow in (a) illustrates the crack growth di-

rection for all specimens. 

The dark-coloured areas in Fig. 29 refer to a brittle fracture and the bright areas to ductile 

deformation processes. The areas of ductile deformation on the fracture surfaces decrease 

with increasing testing speed (compare exemplarily Fig. 29c,f,i), which is typical for polymers 

due to their strain-rate dependent fracture response [23]. Interestingly, the amount of ductile 

deformation on the fracture surfaces at low to medium testing speeds seems to be higher for 

the 90° orientation compared to the 0° and the 0°/90° orientation (compare Fig. 29d,e,f). At 

high testing speeds, though, the fracture surfaces show comparable areas of ductile defor-

mation (Fig. 29g,h,i). Specimens with 0°/90° orientations (Fig. 29c,f,i) show areas of different 

fracture processes (appearing as circular dimples), according to the strand orientations during 

processing. Fracture surface of 0° (Fig. 29a,d,g) and 90° (Fig. 29b,e,h) specimens look similar 

to those of homogeneous materials [24]. For the 0° orientation, this means that there are prac-

tically no voids in the specimens left, because otherwise they would be visible in Fig. 29a,d,g. 

The fracture surface of the specimens printed at the 90° orientation exhibit even more inter-

esting details. Even though the crack propagates in the same plane as the printing orientation, 

no delamination, voids or other processing induced defects can be seen. This indicates one of 

the two possibilities:  
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 If the fracture propagates between two printed layers, the welding and diffusion of 

the interface is good enough to result in a material that exhibits a fracture surface 

similar to that of a homogeneous material.  

 If the crack does not propagate between two adjacent layers but within a single 

layer or across several layers, the fracture resistance of the weld could be even 

slightly higher compared to that of the strands themselves. A similar behaviour 

was already observed for double cantilever beam testing (DCB) in Ref. [9]. In this 

study cracks also locally propagated through several layers of DCB samples, in-

stead of between only two layers. 

While the first possibility could be explained by rather high processing temperatures and a 

sufficient energy for improved diffusion [9], the second possibility would be likely a combina-

tion of several aspects. For example, Cole et al. [25] found that local mechanical properties of 

the bulk and interface in parts produced by FFF can differ significantly and are governed by a 

multitude of rather complex processes. While in their study local properties were inferior to 

those of the middle of a strand, the first results of the present work hint an opposing trend. 

An explanation could be that the surfaces of printed strands cool quicker compared to the 

centre of the strand. In the case of Acrylonitrile butadiene styrene, cooling rates on the surface 

as high as 100 K·s-1 were observed [26]. A faster cooling rate could lead to a smaller degree of 

crystallinity, or size of spherulites compared to the centre of the strands, where the tempera-

ture decreases much slower due to a poor heat conductivity of the polymer. An indication of 

different morphology can be seen in Fig. 30, where a microtome-slice of a 0° SENB specimen 

was investigated by means of polarised optical microscopy. It can be seen, that starting from 

the free edges of the strands (top of the picture) a different morphology appears at the inter-

face, compared to the rest of the strand. Similar differences in interface morphology of print-

ed PLA were discovered by Wang et. al. [27]. 

 

Fig. 30: Polarised optical microscopy picture of a microtome-slice (thickness of 20 µm) of a 

0° specimen. Differences in morphology are visible at the interface, starting from the 

free edges on top and going down through the specimen. 
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Since the degree of crystallinity and overall morphology (e.g. size and distribution of 

spherulites) can highly influence material properties, such as stiffness or toughness [23], this 

could be a suitable explanation for the higher toughness in 90° orientation compared to 0° 

and 0°/90°. The inner part of a strand cools down rather slowly due to the bad heat conduc-

tivity of the polymer. In contrast, high cooling rates on the strand surface lead to lower de-

grees of crystallinity, since molecular movement, which is necessary for the formation of 

spherulites, is stopped earlier. Assuming sufficient time and molecular mobility for diffusion 

through strand interfaces, but insufficient time for the formation of big spherulites the inter-

face could promote a higher toughness compared to the rest of the strand. However, due to 

the very complex nature of strand temperatures and heat transfer in parts produced by FFF 

[28] other factors might influence these findings. 

Results of Monotonic Testing under the Limitations of EPFM 

Since restrictions of LEFM were not met under monotonic loading conditions, EPFM 

were applied. Fig. 31 shows the results of the SENB specimens produced with strand orienta-

tions of 0°, 90°, and 0°/90° in the form of J-a curves. It can be seen that the specimens 

printed at 0° and at 0°/90° produce similar results, while the parts printed at 90° exhibit val-

ues that are slightly higher. The data points of the curve where fitted using a classical J-integral 

fit in the form of equation (14), in which A1 and N1 are fitting parameters. Under the precon-

dition that N1<1, the value of J at a crack advance of 0.2 mm can be seen as a crack initiation 

resistance value (J0.2). These values are found to be 5.75 and 5.96 kJ·m-2 for the 0° and 0°/90° 

orientation, respectively, and 6.79 kJ·m-2 for the 90° orientation. In accordance with the re-

sults from the CT-tests (section “Results of Monotonic Testing under the Limitations of 

LEFM”) and the fracture surfaces in Fig. 32, this indicates that the orientation, in which the 

crack propagates in the same direction as the weld lines, shows higher crack initiation re-

sistance values.  

 J = A1∆aN1   (14) 
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Fig. 31: Fracture toughness obtained by J-integral measurements on SENB specimens at 

1 mm·min-1 according to EPFM as a function of the strand orientation during print-

ing.  

The fracture surfaces of the tested SENB specimens are shown in Fig. 32. The white ar-

row in Fig. 31a on the left indicates the direction of crack growth, starting at the sharp razor 

blade notch approximately in the middle of each individual picture. From top to bottom, dif-

ferent values of deformation during testing are represented as a function of the strand orienta-

tion. Similarly to the CT specimens under monotonic load, no voids or other processing in-

duced defects can be seen for 0° and 90° specimens. Only for specimens printed at 0°/90° 

some small defects are observable, as indicated by white circles. Specimens printed in 90° ori-

entation show slightly more area of plastically deformed material on the fracture surface e.g. in 

the form of shear lips and ruptured fibrils, compared to the 0° and 0°/90° orientation. This 

would also be an explanation for the higher J-values compared to those of the 0° and 0°/90° 

orientation. This slight improvement of ductility of 90° oriented SENB samples might also be 

explained by the difference in time between strand placements next to each other. While for 

0° orientation specimens strands are printed over a length of 44 mm, they are only printed 

over a length of 10 mm for 90° orientation. This means, that the time it takes to print the next 

strand in the middle of the samples where cracks propagate later on is roughly 4 times shorter 

for 90° orientation. Due to high cooling rates of strand surfaces, as previously mentioned [26], 

this might play an important role. Overall the PLA material tested in this study shows a higher 

degree of plastic deformation on fracture surfaces, compared to previous studies (e.g. [2]).  
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Fig. 32: Fracture surfaces of fractured SENB-specimens as a function of the crack advance-

ment during testing and of the strand orientation during processing. As highlighted 

in (a), the initial notch is located on the bottom of each specimen. The arrow in (a) il-

lustrates the crack growth direction for all specimens. Specimens with the 0°/90° 

orientation appear thicker (8 instead of 6 mm), as they had to be printed thicker to 

ensure a stable process. 

To sum up the monotonic tests, it can be said that the results hint at near-homogeneous 

properties under monotonic conditions. Furthermore, the specimens printed at a 90° orienta-

tion appear to exhibit slightly more ductility compared to the specimens printed at 0° and 

0°/90° orientation, especially at lower to medium strain rates. This might be explained by dif-

ferences in morphology and the time for printing the next strand adjacent to an already print-

ed one. To clarify this influence, it would be advisable to print and test specimens with the 

same geometry and parameters as before, but with varying printing speeds and stalling times in 

between printing individual strands. Otherwise, examinations using more sophisticated mor-

phology characterisations, such as SAXS/WAXS measurements with a high local resolution, 

could be applied to establish the relationship between morphology and mechanical or frac-

ture-mechanical properties in more detail. 

Results of Fracture Mechanical Fatigue Testing 

To complement the findings from the monotonic tests, fracture mechanical fatigue testing 

was applied to CT-specimens. Fig. 33 shows the cycles to fracture and crack initiation of CT 

specimens as a function of the strand orientation and the applied initial stress intensity factor 
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range KI,start ( KI,max-KI,min, with geometry values before crack initiation and corresponding to 

Pmax and Pmin during a fatigue cycle). The crack initiation was determined by observing a first 

deviation of the cyclic compliance from a constant level and by monitoring the crack tip by 

means of the travelling microscope during testing. Those specimens that exhibited crack initia-

tions, in which the deviation could not be determined with certainty, are not shown in Fig. 32. 

Even though this type of fracture mechanical fatigue testing has proven to be very selective 

for various thermoplastic materials (e.g. [29 - 31]), all initiation as well as all failure curves co-

incide for the three strand orientations. This again confirms the near-homogeneous behaviour 

that is independent on the strand orientation. In Fig. 33, separate linear regressions for the 

initiation and the fracture are plotted through the combined data of all three orientations, re-

sulting in an R2-value of >0.98, indicating a very accurate approximation. A closer examination 

of the ratio between cycles to initiation and fracture shows that the material produced by FFF 

is dominated by crack propagation at high load levels, but shows a significant influence of 

crack initiation at low load levels. This is contrary to fracture mechanical fatigue testing of 

homogeneous thermoplastic materials, such as polypropylene or polyoxymethylene [29, 32, 

33]. For these materials failure at high load levels is dominated by initiation, and propagation 

plays a more important role at low load levels. However, in depth studies of the fatigue behav-

iour of neat PLA materials are scarce. There are studies available, in which low cycle fatigue 

was applied [34], or tests were performed on thin sheets (e.g. [35]). However, fatigue behav-

iour of notched specimens, especially with a focus on crack initiation, is not fully examined. 

Therefore, currently it cannot be concluded, whether this difference to other thermoplastic 

materials stems from the manufacturing process or the material itself.  

 

Fig. 33: Fatigue fracture and crack growth initiation curves as a function of the strand orien-

tation during processing and applied initial stress intensity factor range (KI,start). The 

line plots represent linear fits through the corresponding data of all three orienta-

tions. All measurements were done at 10 Hz and at an R-value of 0.1.  
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Additionally, crack initiation cycles were used to determine a KI, start-dependent crack ini-

tiation law (as shown in Fig. 34) in the form of equation (15). Similarly to Fig. 33, the data of 

all three orientations are used for the linear fit in the fully logarithmic diagram with the param-

eters B1 and n, to increase the data set. This regression shows an R2-value of >0.98, which 

indicates an accurate regression of all data points. Using this equation, it is possible to estimate 

the cycles to crack initiation based on the applied KI,start, which can later on be used for life-

time estimations. 

𝑁𝑖𝑛𝑖 = 𝐵1∆𝐾𝐼,𝑠𝑡𝑎𝑟𝑡
−𝑛  (15) 

 

Fig. 34: The crack initiation law as a function of the strand orientation during processing. 

The line plot represents a linear fit through the data of all three orientations. 

By monitoring the actual crack propagation during the fatigue tests, the logarithmic crack 

velocity (da/dN) can be plotted over the logarithmic current stress intensity factor range KI. 

Fig. 35 shows these plots for 18 individual samples of all three strand orientations. The start-

ing values of KI were varied between 0.5 and 1.2 MPa·m0.5. If LEFM applies, the centre-part 

of the usually S-shaped curve shows a linear crack propagation behaviour, the so called Paris’ 

law [21, 22]. This law correlates the stress intensity factor KI to the crack growth da/dN by 

means of equation (16) and can be used to calculate cycles to failure due to crack propagation 

later on, if A and m are known.  
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Fig. 35: Crack growth kinetics according to the Paris’ law as a function of the strand orienta-

tion during processing. The line plot represents a linear fit through the data of all 

three orientations. 

As expected from the results shown in Fig. 33 and Fig. 34, data from all specimens and 

orientations coincide, indicating a rather homogeneous material and similar properties, regard-

less of the printing orientation. Therefore, all data sets were used for the determination of A 

and m, as shown in Fig. 35. The regression shows an R2-value of >0.93, which is still accurate, 

considering that it is calculated from crack growth kinetics of 18 individual specimens.  

The ordinate and slope of the Paris’ law (A and m, respectively) are material constants, as 

long as the testing parameters, such as temperature or loading ratio do not change. These ma-

terial constants can be used to calculate lifetimes (in this case cycles to failure Nf) of real parts 

by integrating equation (16) and adding the cycles to initiation from equation (15) as demon-

strated in equation (17).  

𝑁𝑓 = 𝑁𝑖𝑛𝑖 + 𝑁𝑝𝑟𝑜𝑝 = 𝐵1∆𝐾𝐼,𝑠𝑡𝑎𝑟𝑡
−𝑛 +  ∫

𝑑𝑎

𝐴Δ𝐾𝐼
𝑚

𝑎𝑓

𝑎0
  (17) 

To further confirm validity of the results of the fatigue tests, the same criteria as for mon-

otonic tests on CT-specimens can be applied. Knowing the yield strength in uniaxial tension 

of approximately 65 MPa [9] and assuming a maximum applied stress intensity factor of 

roughly 3 MPam0.5, which is where the fatigue samples ruptured with unstable crack propaga-

tion, the geometry criteria of B, WS, WS-a > 2.5KI
2/σys

2 (=5.3 mm) and therefore the validity 

of LEFM can be confirmed.  

Using the developed crack initiation and crack propagation laws from above, the cycles till 

failure of all specimens tested were recalculated and plotted additionally to the real experi-

ments in Fig. 36. Even though in both cases (initiation and propagation law) all three strand 

orientations were blended into one conjoined law, the failure of the samples can be predicted 
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remarkably well. This is another indication that the printed specimens show near-

homogeneous properties under fatigue loading, regardless of their strand orientation.  

 

Fig. 36: Comparison of the cycles to failure from the experimental data (orange fit) to the 

cycles to failure from the fracture mechanical lifetime estimation according to equa-

tion (7) (black fit). 

Similarly to the investigation of the previous results, the fracture surfaces were investigat-

ed to get a further insight into the failure behaviour of the specimens (Fig. 37). The bright 

areas on the fracture surface represent the area of fatigue propagation, whereas the dark areas 

on the left (Fig. 37d and Fig. 37f) refer to brittle failure of the residual area at the end of the 

test. All specimens investigated in Fig. 37 show striations on the fracture surfaces (visible as 

crescent lines on the surface), indicating a stepwise fatigue crack propagation. The striations 

are more pronounced and bigger for a higher applied initial KI value (Fig. 37d-f), compared 

to the smaller but more numerous striations at lower KI (Fig. 37a-c), which is in accordance 

with the literature [36, 37]. Especially for lower KI fracture surfaces, the striations appear 

very homogeneous without voids or visible defects from the processing. Interestingly, the 

fracture surfaces of the specimens printed at the 0° and the 0°/90° orientation reveal a brittle 

fracture of the residual area (on the left side) at higher KI values, while for the 90° orienta-

tion the residual fracture appears to be still quite ductile. While this finding does not influence 

the performance during fatigue testing (as shown in Fig. 33 to Fig. 36), it seems to be in good 

accordance with the previous findings from monotonic testing. At high strain rates the per-

formance of all orientations seems to be very homogeneous (e.g. monotonic KIC testing at 

higher strain rates (Fig. 29g,h,i) and also testing in fatigue using a frequency of 10 Hz). How-

ever, the 90° orientation appears to show a higher ductility at low strain rates as shown by the 

J-Integral testing. This indicates that specimens with the 90° orientation possess the ability to 

plastically deform more than 0° or 0°/90° specimens. Most likely, this can be attributed to 
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morphological differences between the strand and weld. However, since the plastic defor-

mation is also a time-dependent process (e.g. [38 - 40]), this can only contribute at low or me-

dium but not at high strain rates. In the case of the residual fracture during fatigue testing, it 

seems to be similar. Compared to strain rates during testing at 10 Hz, the local strain rate dur-

ing the final failure in load control is usually much slower, since the machine cannot reach the 

desired levels and is pulling the specimen apart.  

 

Fig. 37: Fracture surfaces of fractured CT-specimens under fatigue loading as a function of 

the crack applied KI and the strand orientation. In the top right corner of each im-

age the corresponding applied initial stress intensity factor range KI is shown. 

 

Conclusion 

Fracture mechanical properties of specimens produced by FFF and from PLA with opti-

mised parameters were examined for strand orientations in 0°, 90°, and 0°/90° direction. For 

monotonic loading conditions, methods of both, LEFM and EPFM, were applied. It was 

found that the validity criteria for LEFM could not be met. Therefore, the results can only be 

seen as indications. Nevertheless, it was found that the fracture behaviour is not highly de-

pendent on the printing orientation due to the ideal set of process parameters. For the 90° 

orientation, in which the cracks propagate along the weld-lines, the specimens even showed a 

slightly higher ductility compared to the specimens printed at an orientation of 0° or 0°/90° at 

low and medium strain rates. The evaluation of EPFM properties using the J-integral and the 

multi-specimen approach on SENB specimens indicated similar results. While the 0° and 

0°/90° orientation exhibited almost identical fracture behaviour in a J-a curve, the 90° orien-

tation revealed slightly higher values. Similarly to the results of KI, this indicates that for pro-

cess-optimised conditions, the interfaces of the specimens produced by FFF can even outper-

form the toughness properties of specimens, in which cracks grow perpendicularly to the 

strand orientations under monotonic testing conditions. Most likely this can be explained by a 
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combination of very good diffusion due to processing at rather high temperatures and a spa-

tial deviation of material properties, such as the degree of crystallinity of size and number of 

spherulites, due to the processing, which can influence the fracture toughness. Another im-

portant aspect which can explain this behaviour is the shorter time it takes to print a strand 

next to the last in 90° orientation, compared to 0° orientation in SENB samples. Since the 

printed layer of CT-samples are almost symmetrical (50x48 mm²) compared to SENB speci-

mens (44x10 mm²), this would also be an explanation why this trend was not found for tests 

with CT-specimens. These results hint towards very good diffusion properties and the possi-

bility to produce near homogeneous material properties, regardless of strand orientation. 

However, the time between the placements of strands next to each other can still influence 

resulting toughness quite significantly. 

Fatigue testing on CT-specimens produced by FFF showed that regardless of the orienta-

tion, the cycles to fracture and to initiation as well as the crack initiation and propagation law 

appear to be almost identical. Based on these results, a Paris’ type crack propagation and initia-

tion law could be established and verified in a first step by calculating the specimen failure 

times.  

For future investigations, actual components could be produced using the same pro-

cessing conditions and tested to verify the established laws. If the fatigue-lifetime of these 

components can also be predicted by using the established laws in the present manuscript, it 

would mark a big step towards the applicability of parts produced by FFF in structurally-

loaded applications in the industry. Homogeneous materials are not only easier to handle in 

terms of component design, but it is also possible to determine the actual lifetime of compo-

nents manufactured by means of FFF by using the established laws. This ensures a certain 

degree of safety regarding durability and also enables the possibility to improve components 

using crack initiation and propagation laws and resulting lifetimes as optimisation criteria for a 

topological optimisation of components. As a result, apart from optimised properties, also the 

material consumption is decreased. This could become increasingly interesting, especially for 

printing high performance and expensive materials, such as polyetheretherketones, for the use 

in the aircraft industry.  
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3.3.3. Concluding Remarks on Publication B 

Publication B proves that as long as optimal processing conditions are used, the fracture 

behaviour is independent of the printing orientation, as only then the weld is not inferior to 

the deposited strand. This finding is another confirmation that the hypothesis 1 “The strength of 

3D-printed specimens can be optimised to strength values close to those of homogeneous specimens (compression-

moulded) by thoroughly adapting the FFF process parameters” can be fully accepted.  

Along with the strategy of optimising the topology of 3D-printed components, as was re-

cently investigated by Refs. [1, 2], the proposed fatigue-lifetime model is the basis of the life-

time estimation/simulation of actual 3D-printed components. Therefore, the outcome of pub-

lication B could be the basis of active research activities in the future.  
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4  
BUILD PLATFORM ADHESION 

4.1. State of the Art 

The adhesion between the first deposited layer in FFF and the build platform is a prere-

quisite for the successful fabrication of complex parts of novel materials, as weak adhesion 

settings not only lead to unsteady fillings [1], but can lead to an early delamination of the 

printed component from the build platform [2], warpage issues [3] or even to damaged parts 

or platforms. Nonetheless, this topic has scarcely been studied, even less optimised for EB-

AM.  

Lately, adhesion investigations of various FFF materials on flexible textiles have been 

conducted [4, 5]. High adhesion peel forces were found for elevated extruder and platform 

temperatures and low distances between the two materials in contact due to an increased dif-

fusion rate between the two macromolecular materials. However, such peel tests are only ap-

plicable for thin films, fabrics or textiles, but not for standard platform materials, such as glass 

mirrors or polymeric plates without destroying the platform material after each measurement. 

Additionally, this technique is limited to low adhesion forces due to the possibility of fabric 

tearing and layer breakages for higher adhesion forces. Measurements directly on the build 

platform that can be conducted during the part fabrication would offer a considerably more 

flexible adhesion determination for various material combinations. A similar technique was 

recently tested by Tseng et al. [2]. The authors sheared off droplets of deposited PEEK, which 

was processed by FFF, directly on the build platform by a pushrod-force-sensor system to 

analyse the adhesion forces between the droplet and the platform material as a function of 

platform temperature and measurement delay time. Longer measurement delay times repre-

sented realistic printing conditions, in which again a trend towards improved adhesion forces 

was found for increasing platform temperatures. Further adhesion improvements could be 

introduced by increasing the roughness of the platform material, as has been attempted by 

cleating the platform surface in big-scale 3D-printing [6]. Such an adhesion pre-optimisation 

[2] was essential in order to flawlessly process this novel material, which emphasises the im-

portance and necessity of such adhesion investigations.  
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4.2. Adhesion of Poly(Lactic Acid) and Acrylonitrile Butadiene 
Styrene 

4.2.1. Introduction to Publication C 

For the best possible adhesion between two materials, for example between the filament 

and the build platform in 3D-printing, their surface energies have to be as high as possible. 

The surface energy describes the amount of energy needed for generating new surface given 

per area. Consequently, it is the amount of energy to overcome bonding forces. Another re-

quirement for the best possible adhesion is that the polar fraction of the build platform has to 

be similar to that of the adhering polymer. The same is valid for the disperse fractions of the 

contact partners. As a result, two identical materials, having the same polar and disperse frac-

tions, and the same surface energy yield perfect adhesion [1 - 3].  

However, in EB-AM of standard filament materials, such as PLA or ABS, the filament 

and platform materials are hardly identical. In order to obtain reasonable printing results, the 

adhesion between the first deposited layer and the build platform therefore needs to be opti-

mised, which has not been investigated yet. Hence, the following publication C examines and 

optimises the adhesion forces for standard printing material combinations by means of in-line 

adhesion measurements and surface investigations. The obtained findings were a prerequisite 

for the successful fabrication of PLA specimens used in publications A and B.  

It is important to note that publication C does not use the standardised name “build plat-

form” [4], as used in the rest of this PhD document, since the used standard was not pub-

lished by the time of writing publication C. Instead of “build platform” the expression “print-

ing bed” was used throughout publication C.  

Publication C is a version of the published manuscript that was slightly adapted in order 

to fit the style and language of this work. It was originally published as:  

Spoerk, M.; Gonzalez-Gutierrez, J.; Sapkota, J., et al.: Effect of the printing bed temperature on the adhesion 

of parts produced by fused filament fabrication, Plastics, Rubber and Composites – Macromolecular Engineer-

ing 47 (1), 2018, 17–24. 

Next to the publication presented in the following, other scientific contributions related 

to this topic have been published by the authors. In order to maintain the systematic focus of 

this PhD thesis, the contributions have not been included directly, but are listed below for 

further inquiries:  

 Conference contribution: Spoerk M.; Schuschnigg S.; Arbeiter F.; Berger G.; 

Holzer C.: Bonding forces in fused filament fabrication, Abstract at the 7th bi-

annual international conference of polymers & moulds innovations PMI 2016, 

Ghent, Belgium, 2016.  

 Conference contribution: Spoerk M.; Gonzalez-Gutierrez J.; Sapkota J.; 

Schuschnigg S.; Holzer C.: Adhesion of standard filament materials to different 

build platforms in material extrusion additive manufacturing, Abstract at the 34th 
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international conference of the polymer processing society – PPS2018, Taipei, 

Taiwan, 2018.  

 Conference contribution: Spoerk M.; Gonzalez-Gutierrez J.; Sapkota J.; 

Schuschnigg S.; Holzer C.: Effekt der Bauplattformtemperatur auf die Adhäsion 

von 3D-gedruckten Bauteilen, Abstract at the 27. Leobener Kunststoff-

Kolloquium 2018, Leoben, Austria, 2018.  
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Abstract 

For parts produced by fused filament fabrication (FFF) the adhesion between the first 

printed layer and the printing bed is crucial, since it provides the foundation to the subsequent 

layers. Inadequate adhesion can result in poor printing quality or destroyed bed surfaces. This 

study aims at understanding and optimising the adhesion process for parts produced by FFF. 

The consequences of varying printing bed temperatures on the adhesion of two commonly 

used printing materials on two standard bed surfaces were investigated by means of an in-

house built adhesion measurement device and complemented by contact angle measurements. 

This study shows a significant increase in adhesion forces, when printing parts at a bed tem-

perature slightly above the glass transition temperature of the printing material.   
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Introduction 

Fused filament fabrication (FFF) or fused deposition modelling (FDMTM), is an extrusion-

based additive manufacturing technique, which relies on the extrusion of thermoplastic fila-

ments to produce a three-dimensional object in a layer-by-layer manner [1]. The adhesion of 

the first printed layer onto the printing bed is critical, as without proper adhesion the final part 

cannot be built [2]. Inadequate adhesion results in poor-quality printed objects, likely due to 

shifts, warps or delaminations of the object during the printing process [3]. Therefore, the 

adhesion between the extruded polymer and the printing bed should be high enough to keep 

the printed object in place during printing. On the other hand, after printing the adhesion 

should be low enough so that the part can be removed easily from the printing bed without 

damaging the produced part and the bed surface [4].  

FFF printers are commonly composed of printing beds made of glass or polymers [2]. 

The printed objects are supposed to adhere consistently onto these surfaces. However, this is 

not always the case. Thus, to improve the adhesion of the first layer to the printing bed, sever-

al things are recommended: (i) to clean the printing surface to remove grease and residues 

from the bed; (ii) to level the printing bed so that the first layer is in close contact with the 

printing bed; (iii) to cover the printing surface with polymeric films or tapes like polyimide or 

blue painters tape; (iv) to slightly increase the tape surface roughness by sanding it; (v) to apply 

water soluble glues, hair sprays or special coatings; (vi) to print on a plate or film of the same 

material that is being printed; (vii) to print on cleated surfaces; and (viii) to increase the tem-

perature of the printing bed to a recommended value for a given material [2, 3, 5 - 7].  

Methods (i-ii) are known prerequisites done prior to every printing. Methods (iii-vii) re-

quire the application of additional materials on the printing bed, which may be difficult to 

apply. Based on our experience, the risk of uneven printing bed surfaces caused by overlap-

ping seams, folds, creases or air bubbles, is drastically increased when using methods (iii-iv). In 

this context, one practical solution is to increase the bed temperature to improve the adhesion 

of the printed material onto the printing bed during printing. However, directly after printing, 

a non-destructive removal of the printed part may not be attainable at this bed temperature. If 

the occurrence of welding can be precluded, it may be favourable in this regard to cool the 

printing bed first to a certain temperature, at which the adhesion forces are sufficiently re-

duced. Two main problems arise. The first problem is to determine this operational tempera-

ture range, whose upper limit, effective during the print, ensures sufficient adhesion during 

printing, and whose lower limit, adjusted after the completion of the print, provides little ad-

hesion for the removal of the part. Secondly, the determination of the best material combina-

tion of the printing bed and the filament is critical, e.g. to avoid excessive welding, especially 

when using novel materials.  

So far, no study revealed any strategies on identifying an optimal printing bed temperature 

range for various materials and its effect on the adhesion of samples produced by FFF in a 

systematic manner. For this reason, the present work attempts to close this gap by evaluating 
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the adhesion forces by means of an in-house developed device that measures the forces re-

quired to shear off printed strands from printing surfaces at different temperatures. Using this 

device, the effect of temperature on the adhesion of two commonly used printing materials, 

namely acrylonitrile-butadiene-styrene (ABS) and poly(lactic acid) (PLA) onto two different 

printing surfaces (glass and polyimide) was investigated. Moreover, these measurements were 

complemented by surface tension measurements and morphology analyses of the topography 

of the contact area. The systematic approach in the present work illustrates an efficient way to 

optimise the adhesion of different printing materials on various printing bed materials. Espe-

cially for novel material compounds, this methodology is of great importance for a reliable 

printing process. 

 

Experimental 

Materials 

PLA and ABS filaments with a mean diameter of 1.75 mm were used as printing materi-

als. A glass mirror and a polyimide (PI) film, glued to the glass, were used as printing bed ma-

terials. All the materials were supplied by Prirevo e.U., Austria, and used as received. Unless 

stated otherwise, their most important properties are summarised according to the supplier’s 

data sheet in Table 10. 

Table 10:  The glass transition temperature TG, the density , the specific heat capacity at 

constant pressure cP, and the thermal conductivity  of the materials investigated.  

 Materials 

Properties PLA ABS Glass PI 

TG
a) (°C)

 
60.6 110.1 - 348.6 

ρ (kg·m-3) 1250 1004 2200 - 

cP (J·kg-1·K-1) 1900 1800 750 - 

λ (W·m-1·K-1) 0.180 0.127 1.400 - 

a) TG was characterised by means of differential scan-

ning calorimetry on a Mettler Toledo DSC 1 

equipped with a gas controller GC 200 (Mettler Tole-

do GmbH, Switzerland).  

Printer Settings 

A Hage 3DpA2 (Hage Sondermaschinenbau GmbH & Co. KG, Austria) with a brass 

nozzle of 0.5 mm in diameter was used for the production of the adhesion test specimens (see 

section “Adhesion Measurement”). A constant extrudate flow rate of 2 mm3·s-1 and a printing 

speed of 50 mm·min-1 were kept constant for all specimens. As the adhesion of printed parts 
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is dependent on the first layer height [5], the layer thickness of the first layer was set constant 

to 0.2 mm. For PLA and ABS die temperatures of 220 °C and 255 °C were used, respectively. 

The bed temperature was varied between 30 and 120 °C (measured with reference to the met-

al surface below the printing bed) with a step of 10 K. The heaters for the printing bed are 

located underneath the metal surface below the printing bed and they were controlled by the 

pre-installed heating system of the Hage 3DpA2.  

For each material at a given set of conditions, 16 strands were printed, in which each 

strand was 100 mm in length and consisted of three layers, resulting in a total height of 

0.6 mm. The width of each layer is in the range of 1.65 mm and 1.9 mm and is independent of 

the bed temperature. The distance between adjacent strands was 12 mm. In order to obtain 

well repeatable results, the printing bed was levelled perfectly before each test and the distance 

between the nozzle and the printing bed was checked to be constant at every point on the bed 

before starting a print. 

Adhesion Measurement 

The adhesion forces between the 3D-printed strands and two printing bed materials were 

measured by means of a self-developed shear-off force testing device (Fig. 38a) directly 

mounted on the printing bed. For each measurement series the printing bed was pre-heated 

for at least 30 min. Before the print was started, the possibly aged material in the die was re-

moved and the printing bed was cleaned residue-free with the cleaning agent Arecal (Reca, 

Austria). After the completion of the print of 16 strands (see section “Printer Settings” for the 

detailed settings), the bed temperature was kept constant by the heaters under the building 

platform and the regulation of the printing bed. The shear-off force testing device was fixed 

on each corner of the printing bed by means of clamps to prevent any relative movement of 

the device, while shearing off the printed strands. The testing device was pre-heated for 5 min 

on the printer in order to prevent warpage, which can critically influence the measurements. 

Before the measurement started, the metallic shearing block ((2) in Fig. 38a) was adjusted de-

pending on the printing bed material so that the vertical distance of 0.1 mm between the 

shearing block and the printing bed remained constant for the whole measurement area. Each 

strand was tested separately. For each measurement, the metallic shearing block moved hori-

zontally over the printing bed at a constant speed of 2 mm·s-1 and sheared off one printed 

strand. The tested strand was then manually removed from the printing bed before the subse-

quent strand was tested. At the beginning of each measurement, the shearing block was re-

tracted to guarantee that a lateral distance of 12 mm between the shearing block and the next 

strand was preserved to ensure similar load cell conditions in every measurement. The forces, 

measured by a miniature load cell (U9C 1 kN, Hottinger Baldwin Messtechnik GmbH, Ger-

many) ((3) in Fig. 38a), were displayed as a function of the displacement (Fig. 38b), which was 

measured by an inductive displacement transducer (W100, Hottinger Baldwin Messtechnik 

GmbH, Germany) ((7) in Fig. 38a). The analog data from the force and displacement sensors 

were collected at 300 Hz with a Spider 8 Data Acquisition System (Hottinger Baldwin Mess-
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technik GmbH, Germany) and the software CatmanAP V3.5.1 (Hottinger Baldwin Messtech-

nik GmbH, Austria). A zero-force baseline was set for each measurement. For each setting 

(section “Printer Settings”), the force maxima of the 16 tested strands were evaluated to a 

significance level of 5 %. 

 

Fig. 38: Schematic of the adhesion force testing device (a) and an illustration of a typical test 

sequence by means of a graph representing the measured adhesion forces as a func-

tion of the displacement and a sketch of the corresponding measured strands on the 

printing bed (b). In (a), the components of the measuring device are labelled: (0) 

printing bed, (1) gliding frame, (2) metallic shearing block with linear bearings, (3) 

force transducer, (4) stabilising bar, (5) displacement screw, (6) transmission gear, (7) 

displacement transducer, (8) motor, and (9) printed strands. In (b), the geometry of 

the shearing block (rectangular element with the horizontal arrow), the strands and 

the printing bed are shown schematically in a lateral and top view along with the 

most important dimensions.  

Contact Angle Measurements 

Contact angle measurements were performed with a Krüss DSA100 (Krüss GmbH, 

Hamburg, Germany) at different temperatures. Prior to the surface analysis, ABS and PLA 

were pressed to plates (160×160×2 mm3) in a Collin P200PV vacuum press (Dr. Collin 

GmbH, Germany) at 200 °C for PLA and 270 °C for ABS, and 150 bar for 25 min. As print-

ing beds, the glass mirror and the PI film were investigated. The resulting contact angle be-

tween each material and the test-liquids 1-Bromonaphthalene (CAS 90-11-9) and Ethylene 

carbonate (CAS 96-49-1) was measured. Fifteen repetitions were performed per combination, 

in which the propagation of uncertainty was considered. In all graphs, the corresponding error 

is displayed. The results were evaluated as described in [8, 9]. For the contact angle measure-
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ments at higher temperatures, the contact temperature between the printing die and the print-

ing bed was calculated as: 

TContact= 
TF·√λF·ρ

F
·CP,F+TB·√λB·ρ

B
·CP,B

√λF·ρ
F

·CP,F·√λB·ρ
B

·CP,B
 ,   (18) 

in which TContact is the contact temperature, TF and TB the filament and printing bed tempera-

tures, F and B the thermal conductivity of the filament and the bed material, F and B the 

density of the filament and the bed material, and cP,F and cP,B the specific heat capacity at con-

stant pressure of the filament and the bed material. The obtained values necessary for the cal-

culation of TContact are summarised in Table 10. For TContact of the PI film, the values for B, B, 

and cP,B are taken from the glass mirror, as the PI film with a thickness of 0.05 mm has an 

insignificant effect on TContact. For further reference, the temperature refers to the printing bed 

temperature.  

Microscopy 

The contact surfaces of selected printed strands were analysed in the optical microscope 

Olympus BX51 (Olympus Life Science Europe GmbH, Germany) at a magnification of 50x 

under reflected light. The specimens were used after testing their adhesion forces (section 

“Adhesion Measurement”) without further modification.  

 

Results 

Adhesion Forces 

The adhesion forces for both PLA (Fig. 39a) and ABS (Fig. 39b) show a strong depend-

ency on the printing bed temperature. In the case of PLA printed on both bed materials (Fig. 

39a), up to a bed temperature of 60 °C a steady rise in the adhesion force is observed. This 

increase can be attributed to an enhanced chain mobility of the deposited filament with higher 

temperatures [10, 11]. A point to highlight is the strong increase in the adhesion force as the 

temperature of the printed bed augments from 60 °C to 70 °C. For PLA printed on PI the 

adhesion forces rise from 51±8 to 322±47 N, whereas the measured forces on glass are en-

hanced even more, from 73±19 to 651±17 N. This is related to the glass transition tempera-

ture (TG) of the printing material (60.6 °C for PLA). Around the TG, the segmental mobility of 

macromolecules is the highest for a material, which might result in enhanced adhesion be-

tween polymeric surfaces and other materials [10, 12]. When the segmental mobility is in-

creased, segments of the polymer chains can diffuse into the interface and the amount of ad-

hesion is dependent on the extent of interdiffusion and chain interpenetration into the inter-

face [13].  
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Fig. 39: Adhesion forces as a function of printing bed temperature and bed material (glass or 

polyimide (PI)) for PLA (a) and ABS (b). The TGs of the filament materials are de-

picted as the blue lines.  

As the temperature keeps increasing beyond 70 °C, the adhesion forces drop independent 

of the printing bed material to roughly 50 – 60 % of the forces for a bed temperature of 

70 °C. The described decrease can be attributed to the changed interaction between the mol-

ten polymer and the printing surface. A higher negative Laplace pressure is generated, which 

drags a large amount of polymer to some parts of the interface, while other parts are under-

filled. Such changes in pressure can lead to what is referred as fingering or Saffman-Taylor 

instabilities, which are wavy undulations at the periphery of the contact area that can decrease 

the adhesion force [14]. For the PLA printed onto the glass, the adhesion forces reach a plat-

eau after 80 °C. For the PI film, the behaviour is more complex, since the PI is also a poly-

meric material and its segment mobility increases with temperature [15]. Therefore, a continu-

ous increase in the adhesion force is observed as the temperature increases from 80 to 100 °C. 

Measurements beyond 100 °C were not possible, because the adhesive used to glue the PI film 

onto the glass failed at these high temperatures.  

The adhesion behaviour of ABS printed onto the glass or PI film exhibits a similar trend 

to that of PLA: The adhesion forces increase with temperature in a non-linear fashion with a 

maximum slightly above the TG. As it was not possible to measure at temperatures higher than 

120 °C due to limitations of the printer bed heaters, a peak could not be observed in the adhe-

sion force diagram for ABS. However, it is expected that there would be a peak after the TG, 

since this behaviour was also observed for other amorphous polymers, such as poly(methyl 

methacrylate) [14]. The adhesion between ABS and PI is much better than that of ABS and 

the glass, due to closer similarities of the polar and disperse fractions of the two materials, 

expressed by the lower interfacial tensions, which is shown in section “Contact Angle Meas-

urements”. When comparing the adhesion force values for PLA and ABS, it can be clearly 

seen that those obtained by ABS are significantly lower than those of PLA. However, both 

materials could be printed without the risk of detaching from the printing bed. For large-area 
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parts, the warpage needs to be considered, as it counteracts the adhesion due to uneven 

shrinkage of the printed layers that tend to pull the part away from the printing surface [16]. 

From the authors’ experience, adhesion forces of at least 200 N, as obtained from adhesion 

measurements on strands by means of the shear-off testing device, are sufficient for larger 

parts to hold them in place during printing . Hence, for ABS a bed temperature of at least 

120 °C (T>TG) and the bed material PI are necessary to ensure proper adhesion during print-

ing, whereas for PLA bed temperatures higher than 60 °C (T>TG) independently of the bed 

material are more than sufficient for a successful printing. On the contrary, for very high ad-

hesion forces, such as occur e.g. for PLA and glass at 70 °C, a second issue has to be consid-

ered. Too high adhesion forces can lead to a damage of the printing bed during cooling. 

Therefore, in fact, the optimal printing bed temperature has to be carefully selected within a 

moderate adhesion force range. For PLA and glass, for example, printing bed temperatures 

between 80 and 120 °C can be recommended.  

As can be seen from Fig. 39, for PLA a temperature close to room temperature can be 

recommended for a damage-free removal after printing for both surface materials, as the ad-

hesion force is close to zero at this temperature. However, for ABS the adhesion to PI and 

glass is negligible already at 50 °C. Hence, the finished parts can be easily removed also at a 

slightly elevated temperature.  

Contact Angle Measurements 

The adhesion force is dependent on the compatibility between the two surfaces [13], 

which is affected by the polarity and the thermodynamic characteristics of the two interacting 

surfaces. One way to determine the compatibility between surfaces is to calculate the interfa-

cial tension from contact angle measurements [17]. The adhesion between two contact materi-

als is inversely proportional to the interfacial tension values and such values are inversely de-

pendent on the surface energies and polarities of the materials in contact [9].  

Fig. 40 compares the interfacial tension to the measured adhesion force at two tempera-

tures for both printing materials and printing beds. The selected temperatures are 10 K below 

and above the TG of each printed material. Despite the big variations, a trend towards de-

creased interfacial tensions for increasing temperatures can be seen for both PLA and ABS 

(Fig. 40a and c). This trend is in accordance with the adhesion force results (Fig. 40b and d), 

in which a drastic increase is observed for higher temperatures. Moreover, the trend towards 

higher adhesion forces for printing PLA on the glass than on the PI surface is reflected by the 

interfacial tension values (Fig. 40a). Also for ABS, the interfacial tension results (Fig. 40c) re-

flect the trend of the adhesion measurements (Fig. 40d), in which the adhesion on the glass is 

inferior to that on the PI film. However, the overall trend in the contact angle measurements 

(Fig. 40a and Fig. 40c) does not reflect the significant difference in the adhesion forces (Fig. 

40b and Fig. 40d), but the contact angle measurements rather exhibit non-significant differ-

ences in the interfacial tension. Hence, the adhesion mechanism cannot be solely explained by 

surface chemical analyses, such as contact angle measurements.  
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Fig. 40: Interfacial tension obtained from contact angle measurements as a function of print-

ing bed temperatures for PLA (a) and ABS (c) compared to adhesion forces of PLA 

(b) and ABS (d) at the same temperatures.  

Microscopy Analysis 

The adhesion of polymers onto different surfaces is additionally affected by the surface 

topology and the impurities that may be present on the surface [18]. The magnified surfaces of 

the printed parts after being sheared-off at different temperatures as well as one representative 

force-displacement curve each are shown in Fig. 41 exemplarily for PLA. Similar results are 

expected for ABS and, hence, they were not included in this manuscript. It can be seen that 

the temperature does indeed have an effect on the resulting topology of the printed parts.  
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Fig. 41: Optical microscopy images of printed PLA parts after being sheared-off from differ-

ent surfaces at different temperatures: (a) glass at 50 °C, (b) glass at 70 °C, (c) PI at 

50 °C, and (d) on PI at 70 °C. In the top right corner of each image the correspond-

ing adhesion force is shown. In the bottom left corner of each image one representa-

tive force-displacement diagram with the same displacement labelling is shown to 

visualise the difference in their shear failure. The circles highlight sheared-off pieces 

of the printing bed and the arrows the loading direction of the measuring device.  

PLA printed on the glass at 50 °C (Fig. 41a) shows some voids on the surface, whereas 

the part printed at 70 °C (Fig. 41b) has a slightly smoother surface. The higher amount of 

voids reduces the effective contact area, resulting in adhesion forces of only 55±16 N. On the 

other hand, the smoother surface obtained by printing on the glass at 70 °C indicates a better 

contact between the PLA and the glass. Due to the increased diffusion of the polymer onto 

the glass and the reduced interfacial tension, this leads to a higher adhesion force of 

650±17 N and to a considerably broader adhesion force peak as can be seen in the insert in 

Fig. 41b. Another indication for the strong adhesion of the specimen printed at 70 °C (Fig. 

41b) is the deformation of the first layer, displayed in the bottom of Fig. 41b. This originates 

from the local bending due to its strong adhesion and the shearing block. The white circles, 

highlighted in Fig. 41b, represent the presence of pieces of glass that had been sheared-off 

from the glass during the adhesion force measurements. This finding confirms that extreme 

adhesion between the printed part and the printing bed might not be favourable, since it can 

destroy both material in contact, as discussed in section “Adhesion Forces”.  
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When the surfaces of printed PLA on the PI film are compared to those on the glass, an 

opposite trend is observed: The smoother surface of the specimen printed at 50 °C (Fig. 41c) 

has a lower adhesion force (70±11 N) than that of the specimen printed at 70 °C (Fig. 41d) 

(320±47 N). However, when printing on PI, the rougher surface does not exhibit voids, but 

rather channels oriented parallel to the length of the printed part.  

The different behaviour of the specimens printed on PI might be related to the fact that 

the PI is indeed a foil, which is in turn glued on another printing bed layer, while the glass is 

itself a rigid plate. At high temperatures, when the adhesion force between PLA and PI is 

high, it can be speculated that the interface between the PI foil and the lower printing bed 

layer can pose a weak link. As can be seen in Fig. 41d, the PI foil is not torn off in the course 

of the shearing experiments, indeed it is not damaged. The shearing, which in the case of the 

PI foil does not take place as a uniform motion and, thus, causes the channels, can also be 

correlated with the force-displacement curve (insert Fig. 41d), which does not exhibit one 

peak, but several local maxima and inflexion points. 

These channels can increase the contact area between the deposited filament and the flex-

ible PI film. Thus, the surface favours more diffusion of the PLA molecular segments, leading 

to higher adhesion forces. Also for the surface represented in Fig. 41d, the local deformation 

in the bottom of the illustration is observed and a piece of the bed surface is sheared-off dur-

ing the measurement (highlighted by a white circle).  

 

Conclusions 

We present here a systematic study on the effect of the printing bed temperature on the 

adhesion of FFF printed parts by means of an in-house developed adhesion measuring device. 

It was observed exemplarily for PLA and ABS that the optimal adhesion of the printed sample 

to the printing bed can be achieved by heating the printing bed at temperatures slightly above 

the TG of the filament material. Increasing the temperature above the filament’s TG leads to a 

reduction of the surface tension between the printing bed and the printing material and to a 

larger contact area that ultimately causes better adhesion between the bed and the filament. 

We believe that the process presented in this study is readily applicable to other thermoplastic 

polymers with a TG above room temperature. Our findings provide the first steps for finding 

optimal printing bed temperatures for novel material compounds.  
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4.2.3. Concluding Remarks on Publication C 

Publication C shows that the adhesion mechanism involved in EB-AM is complex and in-

fluenced by many parameters. For the standard filament materials PLA and ABS, no adhesion 

was present at room temperature for all different platform material combinations. Increasing 

platform temperatures resulted in an improvement of the adhesion compared to those at 

room temperatures. However, a complex trend towards rising adhesion forces for increasing 

platform temperatures as long as the platform temperatures were lower than the filament’s TG, 

a rocketing adhesion force maximum directly after the TG, and a platform material dependent 

adhesion behaviour beyond TG was determined. Therefore, the hypothesis 2 “Higher build plat-

form temperatures result in an improved adhesion between the first deposited layer and the build platform” 

cannot be accepted. In contrast, the TG of amorphous filament materials rather has to be con-

sidered as a critically influencing factor for the adhesion optimisation in EB-AM and should 

lead as a guideline for adhesion estimations of novel filament materials.  
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4.3. Adhesion of Polypropylene 

4.3.1. Introduction to Publication D 

Publication D extends the obtained know-how from publication C for semi-crystalline 

thermoplastics, in which the strong dependency of the adhesion forces on the platform tem-

perature around TG is not applicable for optimising the adhesion between the first deposited 

layer and the build platform due to the filament’s TG below room temperature. Moreover, 

issues connected with too similar polar and disperse fractions, leading to too good adhesion 

that can result in welding of the two materials in contact, are discussed. Strategies to overcome 

this problem are proposed and discussed in detail. The findings obtained from publication D 

build the basis of the acceptable usability of PP-composites in section 5 of this PhD thesis 

(publications E-H).  

The following publication is a version of the published manuscript that was slightly 

adapted in order to fit the style and language of this work. It was originally published as:  

Spoerk, M.; Gonzalez-Gutierrez, J.; Lichal, C., et al.: Optimisation of the Adhesion of Polypropylene-Based 

Materials during Extrusion-Based Additive Manufacturing, Polymers 10 (490), 2018. 
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Abstract 

Polypropylene (PP) parts produced by means of extrusion-based additive manufacturing, 

also known as fused filament fabrication, are prone to detaching from the build platform due 

to their strong tendency to shrink and warp. Apart from incorporating high volume fractions 

of fillers, one approach to mitigate this issue is to improve the adhesion between the first de-

posited layer and the build platform. However, a major challenge for PP is the lack of adhe-

sion on standard platform materials, as well as a high risk of welding on PP-based platform 

materials. This study reports the material selection of build platform alternatives based on 

contact angle measurements. The adhesion forces, investigated by shear-off measurements, 

between PP-based filaments and the most promising platform material, an ultra-high-

molecular-weight polyethylene (UHMW-PE), were optimised by a thorough parametric study. 

Higher adhesion forces were measured by increasing the platform and extrusion temperatures, 

increasing the flow rate and decreasing the thickness of the first layer. Apart from changes in 

printer settings, an increased surface roughness of the UHMW-PE platform led to a sufficient, 

weld-free adhesion for large-area parts of PP-based filaments, due to improved wetting, me-

chanical interlockings, and an increased surface area between the two materials in contact.   
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Introduction 

Fused filament fabrication (FFF), also known as fused deposition modelling (FDMTM), is 

the most common type of extrusion-based additive manufacturing or material extrusion [1]. 

The technique is based on the selective deposition of thermoplastic filaments, which are 

transported by counter-rotating driving wheels through a nozzle that moves according to a 

predefined contour [2]. Complex three-dimensional parts are shaped by a layer-by-layer depo-

sition of the liquefied material onto a build platform [3]. The equipment used in FFF is rela-

tively inexpensive, compared to other additive manufacturing technologies, and is safe and 

simple to operate [4]. All of these reasons have contributed to the increased popularity of 

FFF. Its main advantage is the rapid and economical reproduction of customised components 

without design constraints with a variety of polymeric materials [5].  

Recently, the fabrication of polypropylene (PP)-based materials by means of FFF has in-

creasingly attracted attention [6 - 19], due to its low cost, low density, high impact strength, 

improved chemical resistance, and its higher potential to substitute engineering materials, 

compared to the standard filament materials used for FFF [20]. It has been shown that the 

main drawback of PP of having a high tendency to warp can be mitigated by the incorporation 

of fillers [6, 8, 9, 11, 16] and by a dexterous selection of process parameters [12, 19]. Another 

possibility to control the warpage of 3D-printed PP, especially for unfilled PP, is to maximise 

the adhesion of the first deposited layer to the build platform of FFF machines, as the adhe-

sion forces counteract the forces that pull the deposited parts away from the surface [21]. 

However, an issue of PP is the lack of adhesion to traditional platform materials [10], which 

can result in an early delamination of the first layer [22]. Consequently, the previously deposit-

ed layers do not stay in place during the build cycle, which can have detrimental effects on 

part quality [6] and eventually on the mechanical properties of the produced parts [23, 24]. So 

far, studies on FFF with PP either do not mention the platform material [7, 13, 15, 25], or try 

to overcome this issue by depositing PP onto PP-tapes [6, 17] or PP-plates [8, 9, 11, 12, 16]. 

Nevertheless, printing on the same material as the extruded filament can easily lead to welding 

of the built part onto the platform [12], which causes difficulties during the removal of the 

part. Due to the welding of PP onto PP, typical strategies to improve adhesion, such as in-

creasing the platform [21, 22] or nozzle temperature [26] or decreasing the thickness of the 

first deposited layer [27], are not applicable. Moreover, the approach of printing directly above 

the glass transition temperature (TG) of the filament to obtain highest possible adhesion, as 

has been found for poly(lactic acid) (PLA) and acrylonitrile butadiene styrene (ABS) [21], is 

inapplicable for PP due to its low TG [28]. Therefore, a novel approach for maximising the 

adhesion of PP during FFF is desirable.  

The present study attempts to close this gap by elucidating the material selection of a 

novel build platform material for PP-based materials. Therefore, a material is sought that ex-

hibits a similar chemical composition, but marginally different molecular structure, compared 

to the filament material, in order to achieve slightly different interfacial tensions between the 
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materials that are in contact. The optimisation of adhesion forces between the most promising 

platform material and a PP-based filament obtained by a shear-off measurement device is pre-

sented through a thorough parametric study and by evaluating the influence of the surface 

roughness and the temperature of the platform material. The systematic approach of the pre-

sent work provides the basis of flawless printability of this versatile material, whilst counter-

acting its tendency to warp and preventing welding of the contact pairs.  

 

Materials and Methods 

Materials 

Unless stated otherwise, for all prints in this work a PP filament optimised for improved 

warpage control (PP-composite) that consisted of 61.2 vol.-% of a PP random copolymer 

(rPP, Borealis AG, Austria) with an average molecular weight of 2.4·105 g·mol-1, a polydisper-

sity index of 4.3, and a melt flow rate of 8 g/10 min (230 °C/2.16 kg), 2.0 vol.-% of the com-

patibiliser SCONA TPPP 9212 GA (BYK-Chemie GmbH, Germany), 6.8 vol.-% of the 

amorphous polyolefin Aerafin 180 (Eastman Chemical Company, USA), and 30 vol.-% of 

perlite fillers (Bublon GmbH, Austria) was used. The PP-composite was prepared by melt-

compounding in a kneader (Polylab Rheomix 3000, Thermo Fisher Scientific Inc., Waltham, 

MA, USA). More details about its preparation are given in Ref. [8]. Two build platform mate-

rials were tested: An extruded PP heterophasic copolymer (hPP, average molecular weight of 

2.9·105 g·mol-1, a polydispersity index of 4.5, and a melt flow rate of 5 g/10 min 

(230 °C/2.16 kg)) plate with dimensions of 600×400×10 mm3 was supplied by AGRU Kun-

ststofftechnik GmbH, Austria. The ultra-high-molecular-weight polyethylene (UHMW-PE) 

plate ISO-LEN® 1000 natur with a size of 600×400×7 mm3 and a comparable surface 

roughness to hPP was purchased from Iso-Tech Kunststoff GmbH, Germany. For the mate-

rial preselection, the aforementioned materials were compared to a PLA filament and a glass 

mirror, both obtained from Prirevo e.U., Austria. For the final verification of the usability of 

the UHMW-PE as a build platform, apart from the PP-composite, neat rPP [8], the hPP [9], 

and the hPP filled with carbon fibres [11] were used as filament materials. All filaments used 

in the present work were prepared using the filter test single screw extruder FT-E20T-MP-IS 

(Dr. Collin GmbH, Germany) set to 60 rpm and 185 °C, equipped with a die of 1.9 mm in 

diameter and 25.05 mm in length. The extrudate was cooled in a 3 m long water-bath set to 

roughly 50 °C and was pulled and spooled by a winding unit.  

Contact Angle Measurements 

To preselect possible platform materials that exhibit a sufficient adhesion to PP, contact 

angle measurements were performed with a Krüss DSA100 (Krüss GmbH, Germany) at room 

temperature. As platform materials, the glass mirror, rPP, hPP, and UHMW-PE, and as fila-

ment materials the PLA, rPP, and PP-composite were investigated. All materials that had not 

been purchased as plates (rPP, PLA, and PP-composite) were pressed to plates in a Collin 
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P200PV vacuum press (Dr. Collin GmbH, Germany) at 200 °C and 15 MPa for 25 min with 

the same mould to obtain a similar surface roughness. This was done to be able to make a 

direct comparison of the contact angle measurements, which are influenced by the surface 

roughness [29]. The contact angles between each of these materials and the test-liquids (deion-

ised water, diiodomethane, and ethylene glycol) were measured. Per combination, fifteen repe-

titions were performed, considering the propagation of uncertainty. The results were evaluated 

as interfacial tensions as described in Ref. [30 - 32]. The interfacial tension 𝜎𝑖𝑛𝑡 was calculated 

as:  

𝜎𝑖𝑛𝑡 =  𝜎𝑠
𝑃 + 𝜎𝑠

𝐷 + 𝜎𝑙
𝑃 + 𝜎𝑙

𝐷 − 2 · ( √𝜎𝑠
𝐷 · 𝜎𝑙

𝐷 + √𝜎𝑠
𝑃 · 𝜎𝑙

𝑃), (19) 

in which 𝜎𝑙
𝑃 and 𝜎𝑙

𝐷 are the known polar and disperse fractions of the surface tension of 

the test liquids, respectively, and 𝜎𝑠
𝑃 and 𝜎𝑠

𝐷 are the polar and disperse fractions of the surface 

energy of the investigated polymers, respectively. 𝜎𝑠
𝑃 and 𝜎𝑠

𝐷 are calculated as the slope and 

the axis intercept, respectively, for a fitted line for the three test liquids of equation (20), in 

which Θ is the mean of the fifteen investigated contact angles.  

(1+cos Θ)·(𝜎𝑙
𝑃+𝜎𝑙

𝐷)

2·√𝜎𝑙
𝐷

 =  √𝜎𝑠
𝑃 · √

𝜎𝑙
𝑃

𝜎𝑙
𝐷 + √𝜎𝑠

𝐷  (20) 

Printer Settings 

All prints were performed on a Hage 3DpA2 (Hage Sondermaschinenbau GmbH & Co. 

KG, Austria) equipped with a brass nozzle of 0.5 mm in diameter. A printing speed of 

50 mm·min-1 was kept constant for all specimens. Apart from the parameter changes in the 

design of experiments (DOE, section “Statistical Modelling and Optimisation”), all prints 

were conducted with a constant nozzle temperature of 200 °C and an extrudate flow rate of 

2 mm3·s-1. Those build platforms that were heated up beyond room temperature, were glued 

employing the instant adhesive “Sekundenkleber hitzebeständig” and a primer (both 

Toolcraft, Austria) onto a stainless steel plate with a thickness of 5 mm in order to prevent 

warpage of the polymeric plate. Only this set-up guaranteed a perfectly levelled platform, 

which was a requirement for the subsequent adhesion measurements. To prevent changes in 

the thickness of the polymeric platform due to its thermal expansion, the whole build plat-

form was levelled precisely before each build cycle so that the distance between the nozzle and 

the platform was constant at every point on the platform. Within one print, 10 separate 

strands, 8 mm apart from each other, were printed, of which each strand had a length of 

100 mm and a height of 0.4 mm, consisting of two layers. The width of the strand depended 

on the thickness of the first layer and the platform temperature used.  

Adhesion Measurement 

The adhesion forces between printed strands and the build platform were characterised by 

means of a self-developed shear-off force testing device. A detailed explanation of the instru-

mentation and the measurement technique is given in Ref. [21]. In brief, the metallic shearing 
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block, which had a distance of approximately 0.1 mm to the build platform over the whole 

measurement area, moved horizontally over the build platform at a speed of 2 mm·s-1 to 

shear-off a single printed strand, which is oriented parallel to the shearing block (Fig. 42). Af-

ter stopping the horizontal movement and the manual removal of the sheared-off strand, the 

subsequent strand was tested. This methodology was repeated until all 10 separate strands per 

setting were measured. All tests were performed in a room under standardised ambient condi-

tions (23 °C, 50 % relative humidity). The adhesion forces of each strand and the displace-

ment of the shearing block were determined by the miniature load cell U9C 1kN and the in-

ductive displacement transducer W100, respectively, through a Spider 8 Data Acquisition Sys-

tem at 300 Hz and the software CatmanAP V3.5.1 (all Hottinger Baldwin Messtechnik 

GmbH, Germany). Additional details are explained in Ref. [21]. No cleaning agent was used to 

clean the build platform in order not to chemically degrade the polymer surface. Instead, dry 

paper was used. All adhesion force maxima per setting were evaluated to a significance level of 

5 %.  

 

Fig. 42: Schematic representation of the shear-off testing mechanism of the printed filaments 

by a metallic shearing block along with a description of the most important expres-

sions used throughout the manuscript. The arrow on the metallic shearing block 

symbolises its horizontal movement that causes the detachment of the filaments 

from the build platform. 

In a previous investigation [21], it was found that measuring a shear-off force larger than 

200 N for PLA and ABS on a glass surface or polyimide tape can be related to the production 

of parts with low warpage and without a detachment from the build platform at similar condi-

tions like the ones used during shear-off testing. Therefore, in the present work, the force of 

200 N was set as the threshold, beyond which the adhesion of PP-based filaments is sufficient 

to prevent detachment from the build platforms investigated. On the other hand, measuring 

shear-off forces larger than 1000 N at the printing conditions for PLA and ABS might indi-

cate that the deposited strands welded to the build platform, as such large forces cannot be 

measured by the shear-off device used in this investigation. Thus, the acceptable range of 

shear-off forces should be above 200 N and below 1000 N at the selected printing conditions 

for PP and the build platforms. This range of forces is an empirical value applicable at all tem-
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peratures and layer thicknesses, but only if a similar methodology is used to deposit the 

strands on the build platform and to shear them off later on. 

Statistical Modelling and Optimisation 

In a separate two-factorial DOE, the adhesion forces between the PP-composite and the 

UHMW-PE platform set to 50 °C were modelled and optimised. The methodology was per-

formed using the software Design Expert 10.0 (Stat-Ease, Inc., USA). The process factors and 

their levels are summarised in Table 11. The test order was completely randomised and all 

design points were replicated once. Each design point consisted of ten measured strands. The 

analysis of significance was performed by means of the analysis of variance (ANOVA) meth-

od with a significance level of 5 %.  

Table 11: The investigated factors and their corresponding designation and low and high 

level of the DOE.  

Designation Factors Low level High level 

A Nozzle temperature (°C) 200 230 

B Flow rate (mm3·s-1) 1.6 2.4 

C Thickness of the first layer (mm) 0.1 0.2 

Modification of the Build Platform 

To further increase the adhesion between the PP-composite and the UHMW-PE plat-

form, the UHMW-PE surface was modified by sanding it to different roughness levels. Sand-

ing was done using the scrub sponge Scotch-BriteTM heavy duty (3M Co., USA) as well as 

sandpapers with an average particle diameter of 82 µm (grit size of 180) and 190 µm (grit size 

of 80). They were individually applied under a constant force onto the unmodified UHMW-

PE without a predominant sanding orientation for 30 s. The modified plates were used in the 

same way as the unmodified one (section “Printer Settings”). 

Surface Roughness Characterisation 

All UHMW-PE surfaces were characterised by means of the Infinite Focus (Alicona Im-

aging GmbH, Austria) 3D-microcoordinate measurement system to identify the surface 

roughness. To comply with the standards ISO 4287 and ISO 4288, for the surface characteri-

sation measurements, the sanding papers were applied with a distinct orientation on separate 

smaller UHMW-PE plates with the same sanding level as described in section “Modification 

of the Build Platform”. For the unmodified surface and the one that was treated by the scrub 

sponge, a 20-fold magnification was used, which resulted in a vertical and lateral resolution of 

50 nm and 1.5 µm, respectively. The surface roughness was evaluated over a measurement 

length of 5.6 mm with a threshold wavelength of 800 µm. The two remaining sanded surfaces 

were characterised by a 10-fold magnification, resulting in a vertical and lateral resolution of 

100 nm and 3 µm, respectively. The surface roughness was evaluated as described above, but 
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with a threshold wavelength of 2500 µm. The visualisation of the surface topography of each 

surface was done under the same settings, but in a smaller area of 710×538 µm2.  

Microscopy 

The contact surface of one printed strand per UHMW-PE surface modification was ana-

lysed in the optical microscope Olympus SZX12 (Olympus Life Science Europe GmbH, 

Germany) at a magnification of 50x under reflected light directly after testing their adhesion 

forces. 

 

Results and Discussion 

Adhesion of the PP-Composite on hPP 

It is evident for FFF that the strategy of printing PP-based filaments onto PP build plat-

forms implies the risk of welding between the two contact partners [33, 34], due to their com-

parable polar and disperse fractions [30]. A similar finding was discovered for the adhesion 

between the deposited PP-composite and the hPP build platform at room temperature (Fig. 

43). Although the addition of 30 vol.-% of mineral fillers generally decreases the weld strength 

[35, 36] and alters the surface energy [10], strong welds were found for a thickness of the first 

layer below 0.1 mm. These welded strands led to adhesion forces that overshot the maximum 

load of the force transducer (> 1000 N, marked as an arrow in Fig. 43) in the self-developed 

shear-off force testing device. In fact, parts printed at these settings reveal very good adhesion 

to the build platform; so good that they cannot be removed without damaging the part, the 

platform or both. Hence, welding during the deposition of the first layer in FFF should be 

avoided. This can be achieved by increasing the thickness of the first layer [27]. As the adhe-

sion forces decrease rapidly with rising thicknesses of the first layer (Fig. 43), similarly to Ref. 

[27], and as explained in section “Adhesion Measurement”, adhesion forces of approximately 

200 N are recommended for a reliable print [21], only a very narrow processing window is 

found (around a thickness of the first layer of 0.1 mm) in which an acceptable level of adhe-

sion is given (marked in green in Fig. 43). Thicknesses of the first layer above 0.15 mm, which 

are common for standard FFF materials [2], already result in extensive warpage due to insuffi-

cient adhesion, as highlighted in the inset of Fig. 43.  
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Fig. 43: The adhesion force between the printed polypropylene (PP)-composite and the PP 

heterophasic copolymer (hPP) build platform as a function of the thickness of the 

first layer measured at room temperature. The arrow in the top left corresponds to 

overshot forces due to welding. In the top right, the undesired welding of the two 

materials at thicknesses of the first layer below 0.1 mm is represented. The region of 

acceptable adhesion according to Ref. [21] is marked in green. In the bottom right, 

the warping of the strands, as highlighted by the circle, due to insufficient adhesion is 

illustrated for thicknesses of the first layer that are higher than 0.2 mm. 

For an ideal warpage control of PP parts produced by FFF, an additional increase in the 

printing chamber temperature, mostly controlled by augmenting the platform temperature, is 

essential [12]. However, welding already at higher thicknesses of the first layer can be expected 

for elevated platform temperatures, as also higher weld strengths have been observed for in-

creased mould temperatures for the weld lines of injection-moulded PP [37]. Hence, the pro-

cessing window for acceptable adhesion is further reduced. Ideal settings at a high temperature 

platform would allow a sufficient adhesion to build a part without welding and a damage-free 

removal at room temperature, as was observed for PLA and ABS [21]. However, in the pre-

sent case these settings can hardly be provided. Hence, PP build platforms cannot be fully 

recommended for PP-based filament materials, especially not for reliable, flawless prints, in 

which process parameters should be adaptable for different geometries.  

Build Platform Material Selection for PP-Based Filaments 

In order to preselect an appropriate build platform alternative, the surfaces of various ma-

terial combinations were investigated by means of contact angle measurements (section “Con-

tact Angle Measurements”). To determine the compatibility between the filament materials 

and possible build platforms, the interfacial tensions, which are dependent on the polarities 

and the surface energies of the materials in contact [30] and are inversely proportional to their 

adhesion [30, 38], are calculated based on the contact angles between the test-liquids and the 

surfaces [30, 39, 40].  
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In order to have a reference value for a proper adhesion during FFF, the interfacial ten-

sion for the standard FFF filament material PLA and its most promising build platform, a 

glass mirror, at a platform temperature of 70 °C, at which the highest adhesion forces were 

found [21], is given in Fig. 44. Considerably higher interfacial tensions than that of PLA 

(4.9±2.1 mN·m-1) are not desirable, as this could result in a lack of adhesion, whereas signifi-

cantly lower interfacial tensions show the tendency of too good adhesion and therefore the 

possible formation of welds [41]. The rather large errors in the interfacial tensions result from 

the susceptibility to contact angle deviations due to external influences, e.g. temperature or 

roughness [31]. Hence, an ideal adhesion can be expected at the mean interfacial tension of 

PLA.  

 

Fig. 44: Interfacial tension between the four platform material options and the filaments in-

vestigated. The interfacial tension for poly(lactic acid) (PLA) on the mirror, assigned 

by an asterisk, was measured for the settings in which ideal adhesion was achieved. 

Hence, it represents a measurement for a platform temperature of 70 °C, taken from 

Ref. [21], and serves as a reference value for the other material combinations. All 

other values were obtained at room temperature. 

The unfilled rPP as a filament material shows a very high interfacial tension in contact 

with the glass mirror (16.5±1.1 mN·m-1, Fig. 44), which confirms the non-existent adhesion of 

printed rPP on the mirror. As expected, the interfacial tension is minimal (~0 mN·m-1), equal-

ling a maximum adhesion, if the filament and the build platform are made of the same materi-

al (e.g. rPP on rPP). As a result, this combination resulted in extensive welding, similar to Fig. 

43. It is known from literature [12] that slight changes in the PP-type of the build platform, 

such as a change from rPP to hPP, can already decrease the risk of welding. A similar trend 

can be confirmed by a slightly increased interfacial tension to 0.3±0.9 mN·m-1 (Fig. 44). How-

ever, this alteration is insignificant and results in an interfacial tension that is far away from the 

ideal one found for PLA on the glass mirror. Therefore, bigger differentiations other than the 

molecular structure of the PP-types are necessary. One possible material solution that is simi-
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lar in terms of chemical composition, but differently enough in terms of the morphology is 

UHMW-PE [42]. Combined with the rPP filament, the UHMW-PE plate reveals a clearly in-

creased interfacial tension (1.5±0.9 mN·m-1), which corresponds to a trend towards the de-

sired direction of the reference value. This hints at performing better as a build platform than 

any PP-plate.  

If the PP-composite is used as the filament material (Fig. 44), the interfacial tensions for 

the platform materials investigated show the same trends as for the unfilled rPP filament. 

Nevertheless, the addition of the mineral filler causes an overall increase in the interfacial ten-

sion similarly to Ref. [10], as the adhesion decreases due to the filler. This trend is in agree-

ment with studies on the weld strength of filled PP [35]. For the PP-composite, the adhesion 

to the UHMW-PE surface seems to be promising, since the interfacial tension of this combi-

nation (3.6±0.7 mN·m-1) is comparable to that of the guiding value of PLA. As the UHMW-

PE is expected to be an ideal substitution for PP-plates, the following investigations are con-

ducted on this surface only.  

Adhesion of the PP-Composite on UHMW-PE 

Effect of the Platform Temperature 

To investigate the adhesion forces as a function of the UHMW-PE platform temperature 

without having considerable influences from local height alterations of the plate at higher 

temperatures, the thickness of the first layer was increased to 0.2 mm for the following inves-

tigation. Similarly to 3D-printed PLA and ABS [21], and polyetheretherketone [22] as well as 

to investigations on the weld lines of PP during injection moulding [37], the PP-composite 

shows increasing adhesion forces obtained from the shear-off force testing device (section 

“Adhesion Measurement”) for rising platform temperatures when printed onto the UHMW-

PE platform (Fig. 45), as the polymer chain mobility of both materials in contact increases 

with temperature [43]. As expected from the significantly higher interfacial tension between 

the filament and the UHMW-PE compared to that of the filament and any PP plate (Fig. 44), 

no welding occurs between the two materials for any temperature investigated. Moreover, at 

room temperature, the PP-composite does not adhere to the UHMW-PE, which is essential 

for a damage-free removal of the part [21]. In contrast, the same settings for the prints onto 

the hPP plate at room temperature reveal already a considerably higher adhesion force of 

45.0±13.0 N (Fig. 43), which confirms the suitability of the UHMW-PE as a platform materi-

al.  
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Fig. 45: The adhesion force between the printed PP-composite and the ultra-high-molecular-

weight polyethylene (UHMW-PE) build platform as a function of the platform tem-

perature, for a constant thickness of the first layer of 0.2 mm. 

Adhesion Optimisation by a Parametric Study 

As adhesion forces of around 70 N are far away from the recommended 200 N [21] and 

therefore are insufficient for a reliable print (Fig. 45), the adhesion between the PP-composite 

and the UHMW-PE is in the following optimised by a DOE with limits shown in Table 11. 

For platform temperatures beyond 50 °C, the UHMW-PE exhibited slight local height altera-

tions due to the thermal expansion and a visible amount of warpage of the plate. Since the 

adhesion shear-off measurements are sensitive to such changes, the experiments for the DOE 

are investigated for a constant platform temperature of 50 °C in order to gain reliable and 

repeatable results. The adhesion forces for all investigated shear-off measurements in the 

DOE are summarised in Table 12.  

Table 12: Summary of all adhesion force results for the parametric investigation of the 

DOE. 

 Adhesion forces (N) 

A (°C) 200 200 230 230 200 200 230 230 

(mm3·s-1) 1.6 1.6
 

1.6
 

1.6
 

2.4
 

2.4
 

2.4
 

2.4
 

C (mm) 0.1 0.2 0.1
 

0.2 0.1
 

0.2 0.1
 

0.2 

Replication 1 
73.9 

±25.4 

33.8 

±6.5 

101.3 

±13.6 

40.2 

±10.2 

174.3 

±18.8 

19.5 

±6.4 

154.6 

±20.3 

57.8 

±6.3 

Replication 2 
62.0 

±26.8 

18.8 

±6.1 

132.4 

±32.9 

50.5 

±14.8 

136.6 

±14.4 

9.6 

±3.0 

156.4 

±14.2 

118.9 

±11.8 

Total mean 68.0 

±16.9 

26.3 

±5.4 

116.8 

±17.7 

45.4 

±8.4 

155.5 

±14.0 

14.5 

±4.0 

155.5 

±11.2 

88.4 

±15.9 
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For the statistical modelling, the square root transformation guaranteed normally distrib-

uted residuals (Fig. 46a) and homoscedasticity of variance. As a result of the ANOVA, the 

Pareto chart (Fig. 46b) shows the significant effects. As expected from Fig. 43, the thickness 

of the first layer (C) reveals the biggest effect (t-value of 9.52) on the adhesion force (Fad) in 

negative direction. This means that a reduction of C from 0.2 mm to 0.1 mm (Table 11) leads 

to the strongest increase of the adhesion forces. The nozzle temperature (A) and the flow rate 

(B) exhibit comparable, significant effects on the adhesion force, both in positive direction. 

Hence, increasing A from 200 °C to 230 °C or B from 1.6  mm3·s-1 to 2.4  mm3·s-1 causes sig-

nificantly higher adhesion forces. Additionally, the effect of the interaction AC cannot be ne-

glected. These trends are in accordance with investigations on 3D-printed polymers onto tex-

tiles [26] and on injection-moulded weld lines for PP, in which higher weld strengths were 

found for higher melt temperatures [37], which corresponds to an increase in A and higher 

holding pressures [44], which could resemble an increase in B or a decrease in C. The regres-

sion equation for the process factors is 

Fad
0.5 = 21.22 − 0.05A + 2.79B − 231.17C + 0.84AC (21) 

and the model is presented as response surface plots together with the measured data in 

Fig. 46c for B of 1.6 mm3·s-1 and in Fig. 46d for B of 2.4 mm3·s-1. The model seems to be 

precise, as it shows a suitable distribution of the residuals (Fig. 46a), a high signal to noise ratio 

of 16.3, and a relatively high coefficient of determination R2 of 0.90.  
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Fig. 46: The normal probability plot for all tested values (a), the Pareto chart for the effects 

obtained by the analysis of variance (ANOVA) (b), and the regression function plots 

for flow rates of 1.6 mm3·s-1 (c) and 2.4  mm3·s-1 (d). In (b), the designations A, B, 

and C refer to the nozzle temperature, the flow rate, and the thickness of the first 

layer, respectively. The horizontal line in (b) represents the t-value limit, which de-

termines the significance limit, and the filling pattern of the bars reveals the effect di-

rection. A positive value, for example, means that the adhesion force increases, when 

the predictor variables or their interactions change from their lower to their higher 

setting. In (c) and (d), red/orange circles represent the mean values of each of the 

two replications. These can be below (orange) or above (red) the regression surface. 

In contrast to the hPP build platform and as expected from Fig. 45, none of the investi-

gated settings resulted in welding between the PP-composite and the UHMW-PE, in spite of 

the low thickness of the first layer investigated. According to the DOE, the setting for optimal 

adhesion is found to be at the higher nozzle temperature of 230 °C, the higher flow rate of 

2.4  mm3·s-1 and the lower thickness of the first layer of 0.1 mm. With this setting, a maximum 

adhesion force of 155.5±11.2 N (mean for both replications) is achieved. As this force is still 

below 200 N, it can be considered as insufficient for reliable large-area prints [21]. As a result, 

two further strategies can be applied. Firstly, the current platform temperature of 50 °C can be 
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further increased to improve the chain mobility of the partners in contact (compare to Fig. 

45). This is a very practical solution that can be easily applied also to larger parts. However, 

the characterisation of the actual adhesion forces by means of the shear-off device is not ap-

plicable at temperatures above 50 °C due to the uneven thermal expansion of the polymeric 

plate. Another approach to improve the adhesion forces of the first deposited layer is to alter 

the roughness of the platform material, since it has a considerable effect on the interfacial 

tension [31, 32], the mechanical interlocking [27, 39, 45], and therefore on the adhesion [39]. 

Effect of Surface Roughness 

The sanding procedure (section “Modification of the Build Platform”) drastically changes 

the topography of the UHMW-PE (Fig. 47). For example, the surface roughness Ra(y) increas-

es from 1.3±0.1 µm to 9.7±0.4 µm and height irregularities of up to 130 µm are introduced 

with increasing sanding particle diameter. The latter suggest the possibility of mechanical in-

terlockings between the strands and the substrate that can influence the adhesion forces [27, 

39, 45]. Results from the literature [29, 46 - 50] suggest that an increased surface roughness is 

important to modify the wettability of a liquid onto that surface. Depending on the pattern 

achieved by the roughening mechanisms and the amount of roughness obtained, the wetting 

can either increase [29, 47, 49 - 51] or decrease [29, 48, 49].  

 

Fig. 47: Topography images of the UHMW-PE building platform: Unmodified (a), sanded by 

a scrub sponge (b), by sandpaper with an average particle diameter of 82 µm (c), and 

by sandpaper with an average particle diameter of 190 µm (d). All images show an ar-

ea of 710×538 µm2. The coordinate system in (a) represents the specimen orientation 

for all scanned samples. The sanding-orientation is in the x-direction, as highlighted 
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in (a). In the top right corners, the corresponding mean and standard deviation of the 

surface roughness (Ra(y)), measured in the y-direction, are shown. The maximum 

height of the measured profile is presented next to each topography image. 

It appears that the pattern and level of roughness achieved in the present investigation 

lead to a better wetting of the molten PP on the rougher UHMW-PE. This can be seen in the 

areas of the printed strands that are in contact with the differently modified UHMW-PE sur-

faces by more prominent marks on the surface for rising roughness (Fig. 48), as the melt 

seems to effectively wet the irregular surfaces.  

 

Fig. 48:  Optical microscopy images of a strand of the printed PP-compound after being 

sheared-off from differently modified UHMW-PE build platform surfaces: Unmodi-

fied (a), sanded by a scrub sponge (b), by sandpaper with an average particle diameter 

of 82 µm (c), and by sandpaper with an average particle diameter of 190 µm (d). In 

the top right corner of each image, the corresponding Ra(y)-value of the build plat-

form, onto which the strand was printed, is represented. The arrow displayed in (a) 

highlights the loading direction of the measuring device, which is the same for all 

four images. 

Consequently, mechanical interlockings are formed that cause the significant growth of 

the adhesion forces of more than 100 % for a higher surface roughness compared to the un-

sanded substrate (Fig. 49). Additionally, the rougher surface exhibits an increased contact area 

[51] and therefore favours more diffusion across the interface to the PP-composite, which 

leads to enhanced adhesion forces [21]. As a result, the optimised printing settings and the 

highest applied surface roughness yield adhesion forces of 346.2±81.3 N, while no welding 

occurs.  
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Fig. 49: Adhesion forces of the PP-composite as a function of the arithmetic mean surface 

roughness of the UHMW-PE build platform. All results were obtained under opti-

mised processing conditions, which represent the maximum of the regression func-

tion plot of Fig. 46d.  

These high forces are sufficient for reliable prints of different sizes. This is confirmed for 

various PP-based filament materials in Fig. 50, in which technical parts are represented directly 

after the completion of the print, still in contact with the UHMW-PE build platform. After 

the removal of the parts, the area that was in contact with the rougher build platform, exhibits 

a rougher surface due to wetting (Fig. 48). However, this roughness is in the microscale and 

therefore is insignificant compared to the roughness induced by the strands [52, 53]. Addi-

tionally, Fig. 50 confirms that none of the depicted parts exhibits extensive warpage due to the 

strong adhesion of the first deposited layer, although especially the unfilled materials were 

shown to be prone to warpage when printed onto PP-surfaces [8, 12]. Nonetheless, large-area 

parts that are very prone to warpage could still detach from the platform, despite the opti-

mised settings. If so, an increase in the build platform temperature above 50 °C should miti-

gate this issue.  
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Fig. 50: Representation of the practical usability of the sanded UHMW-PE plate as a build 

platform material for PP-based materials: hPP filled with carbon fibres [11] (a), un-

filled PP random copolymer (rPP) [8] (b), PP-composite [8] (c), and neat hPP [9] (d). 

All printed specimens are represented directly after the finalisation of the print, when 

still in contact with the UHMW-PE build platform. 

 

Conclusion 

In sum, the present study describes the welding problem of 3D-printed PP-based filament 

materials on PP-surfaces and concurrently suggests an ideal substitution of the PP build plat-

form by UHMW-PE plates. These were selected based on a similar interfacial tension com-

pared to the standard filament material PLA. The adhesion of deposited PP strands on the 

UHMW-PE, characterised by shear-off force measurements, was optimised by a thorough 

parametric study. Whilst preventing the welding of the first deposited layer with the UHMW-

PE surface and, hence, guaranteeing a damage-free removal of the final part at room tempera-

ture, highest adhesion forces were obtained for high platform temperatures, high nozzle tem-

peratures, high flow rates, and low thicknesses of the first layer. An increased surface rough-

ness of the UHMW-PE plate can lead to mechanical interlockings and a larger contact area 

between the printing material and the platform due to an improved wetting. This resulted in 

adhesion forces that are sufficient to prevent the detachment of the printed part from the 

platform and, hence, the warpage in large-area prints for a variety of PP-based filament mate-
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rials. The systematic material selection by means of contact angle measurements, the printing 

optimisation and the surface roughness enhancement presented in this study could be readily 

applicable to avoid the detachment of the first layer of other semi-crystalline thermoplastics 

produced by extrusion-based additive manufacturing, especially to materials that are prone to 

warpage or to novel polymer composites.  
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4.3.3. Concluding Remarks on Publication D 

Publication D demonstrates novel strategies to optimise the adhesion of the first layer 

during FFF for semi-crystalline polymers, exemplarily for PP-based materials. Although in-

creasing platform temperatures led to slightly improved adhesion, other factors, such as the 

thickness of the first layer, the flow rate, the nozzle temperature, or the roughness of the plat-

form surface revealed a higher impact on the adhesion. Therefore, for the semi-crystalline 

filament materials that will be discussed in more detail in publications E-H, the hypothesis 2 

“Higher build platform temperatures result in an improved adhesion between the first deposited layer and the 

build platform” can be accepted. As publication D was most recently published, the main find-

ings could not be incorporated into the subsequent publications E-H. Nevertheless, the usa-

bility of the proposed strategy was presented in detail for the filament materials of publication 

E-H in Fig. 50.  
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5  
EXTRUSION-BASED ADDITIVE 

MANUFACTURING OF POLYPRO-

PYLENE-BASED MATERIALS 

5.1. State of the Art 

5.1.1. Neat Polypropylene Used in Extrusion-Based Additive Manufac-

turing 

Apart from studies dealing with PP as a base-compound for highly-filled systems, in 

which the polymeric part is burnt away before the sintering step [1, 2], only a handful of stud-

ies on neat PP have so far been conducted for the use in EB-AM. Next to PP-based blends 

used for FFF [3, 4], Volpato et al. [5] used neat PP for one of the first times in an EB-AM 

approach by feeding the material in the shape of pellets into their self-designed piston-driven 

3D-printer. As the focus of their research lied on the optimisation of the feeding system, the 

novel material’s behaviour in the 3D-printing process has not been analysed. One of the first 

that recognised the significance of PP as a material for FFF was Jagenteufel et al. [6]. The au-

thors compared the standard printing material ABS with PP by means of rheological meas-

urements and die swell experiments on 3D-printer nozzles. It was found that PP could be a 

promising material for FFF, as, compared to ABS, PP was more stable over time at elevated 

temperatures, less prone to oozing, and revealed a higher melt stiffness. However, tests on 

parts produced by EB-AM have not been conducted.  

First investigations that have tested the application of PP parts produced by FFF were in 

the field of applied chemistry and for implant materials. For instance, commodity parts for 

chemical process laboratories [7] or chemical process engineering equipment [8, 9] 3D-printed 

of neat PP revealed the material’s potential as an engineering material with excellent stability 

against chemicals. Moreover, 3D-printed PP was shown to exhibit ideal properties for ankle 

foot orthoses [10] or for a cranial bone substitution [11]. All these studies prove the potential 

of PP as a promising material for FFF. However, none of them revealed any processing strat-

egies or specific properties of the fabricated parts, although such details are necessary to un-

derstand and improve the material’s behaviour during the complex FFF process.  
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In the seminal work of Hertle et al. [12], actual 3D-printed specimens of PP that were 

produced by means of a special EB-AM technique, in which pellets are used instead of a fila-

ment, were investigated. The authors elaborated the influence of different processing condi-

tions (varying extrusion, build platform, and cooling temperatures) on the temperature evolu-

tion, the shear stress, and the strand interface morphology and suggested a process window 

for neat PP. They found that for semi-crystalline polymers, such as PP, the build platform 

temperature is limited by the material’s crystallisation onset temperature, in order to provide 

dimensional stability of the printed part. To achieve a high interfacial bonding between adja-

cent strands, the interface between the freshly deposited as well as the previously deposited 

material, which was controlled by the build platform temperature, should reveal a contact 

temperature higher than the crystallisation onset temperature of PP. If the strands exhibit such 

high temperatures for a longer period of time, an improved autohesion and inter-diffusion 

depths and therefore a better bonding is realised. For best possible inter-layer strengths, the 

contact temperature should succeed the crystallisation temperature up to the melting tempera-

ture of PP, in order to enable a short-term melting of the crystalline areas of the adjacent 

strands. Additionally, low cooling rates were found to be essential for a homogeneous strand 

morphology, in which weld lines were hardly detectable. The authors additionally expected a 

lower shrinkage for higher cooling rates. This higher specific volume may lead to a lower 

stress development at the strand interface, but also to an increased shrinkage after the produc-

tion of the part, as the polymer chains tend to reach their thermodynamical equilibrium after a 

certain time [13]. However, these expectations have not been verified.  

Recently, Wang et al. [14, 15] adapted the idea of using high build platform temperatures 

for best mechanical properties from Hertle et al. [12]. The authors studied the influence of the 

extrusion temperature and the layer thicknesses on the impact strength of neat PP produced 

by FFF at a platform temperature of 130 °C and compared the results to homogeneous spec-

imens produced by injection moulding. Elevated extrusion temperatures and small layer thick-

nesses resulted in smaller air gaps between adjacent strands and a higher part density due to a 

higher degree of diffusion and a bigger cross-flow, which is in agreement with the results for 

PLA from Publication A. Additionally, the authors discovered that the lower extrusion tem-

perature of 200 °C in combination with the rather high platform temperature resulted in a 

mixture of α- and β-PP, whereas the settings for extrusion temperatures of 250 °C and injec-

tion-moulded specimens only revealed the crystalline modification of α-PP. Due to the exist-

ence of β-PP and more air gaps, the specimens produced at the extrusion temperature of 

200 °C led to significantly higher impact strengths, comparable to those of injection-moulded 

specimens, than those produced at 250 °C.  

Based on the investigations of Hertle et al. [12] and Wang et al. [14, 15], the temperature 

of the strands obviously not only determines the inter-diffusion depth and therefore the me-

chanical performance of printed PP parts, but also the growth and nucleation of different 

crystalline modifications. Both studies revealed a fundamental understanding of how complex 
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the behaviour of PP in AM technologies can be and are the basis of the further publications in 

this PhD thesis. However, none of the previous studies addressed the most serious problem in 

connection with the layer-by-layer fabrication of PP, namely its susceptibility to warpage.  

5.1.2. Warpage Optimisation of Parts Produced by Extrusion-Based 

Additive Manufacturing 

Carneiro et al. [16] were the first researchers to address warpage issues during the fabrica-

tion of PP parts produced by FFF. Apart from an evaluation of the entire production chain 

starting from the filament and investigations on the effect of printing orientation, infill degree, 

and layer thickness on tensile properties, the authors argued that changes in the processing 

conditions can improve the dimensional control in terms of warpage. They found that an im-

proved compatibility between the build platform and the printed part, and an optimal printing 

direction are advantageous for the warpage control of printed parts. Moreover, they incorpo-

rated glass fibres to PP and fabricated parts of this compound by means of FFF for the first 

time. Although no influence on the warpage behaviour was investigated for the fibre-

reinforced PP, it can be expected that due to the fillers’ low tendency to shrink, the warpage 

of the composite was improved compared to the part produced of neat PP. In a nutshell, Car-

neiro et al. [16] laid the cornerstone for further studies on the warpage improvement of PP, 

including those of the present PhD thesis, and displayed two strategies for improving the di-

mensional inaccuracies of 3D-printed specimens that are analysed in more detail in the follow-

ing paragraphs. 

Addition of Fillers 

Other studies on PP that attempted to decrease the amount of warpage by adding fillers 

are scarce. Apart from studies on the incorporation of cellulose nanofibrils [17, 18] or thermo-

tropic liquid crystalline fibrils to PP [19, 20], in which the warpage was not evaluated, only 

three other investigations dealt with this important topic. Wang et al. [21] did a pre-study on 

the warpage behaviour of PP-compounds, in which the complex crystallisation behaviour of 

PP was assumed to be responsible for the warpage susceptibility. The authors claimed that 

mainly the crystallisation rate determines the degree of shrinkage and warpage of 3D-printed 

PP. According to the authors, PLA is much less prone to warpage and therefore easier to 3D-

print, since the crystallisation rate is nine times lower than that of PP. By adding 10 wt.-% 

spray-dried cellulose nanofibrils and a compatibiliser to PP, a slightly lower crystallisation rate 

compared to PP was realised. Simultaneously, the coefficient of expansion was decreased by 

11.7 %, which in turn could reduce the shrinkage tendency. Although the real warpage of 3D-

printed specimens was not analysed by the authors and is influenced by far more factors than 

discussed by Wang et al. [21], a trend towards a reduced part warpage due to the decreased 

crystallisation rate and coefficient of expansion can be expected.  

Only recently, Stoof et al. [22] showed for the three fillers harakeke, hemp fibres, and re-

cycled gypsum that were incorporated into pre-consumer recycled PP, a clear warpage im-
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provement on specially designed 3D-printed specimens. A trend towards decreasing warpage 

was found for increasing filler content. The filler harakeke exhibited the most effective warp-

age reduction. As soon as the fillers were agglomerating (e.g. gypsum), the warpage reduction 

as well as the mechanical property improvement were not as effective as for the evenly dis-

tributed fillers harakeke and hemp.  

Although an anisotropic behaviour in shrinkage and warpage can be expected for fibre-

reinforced PP [23], all previous PP-compounds were filled with high aspect ratio fillers. Only 

Chaka et al. [24], who added nano-sized Kaolinite to PP, investigated the consequences of the 

low aspect ratio filler to various properties of 3D-printed specimens. The authors derived that 

an improved adhesion of the first deposited layer on a PP adhesive film exhibited an overall 

reduction of the warpage, independent whether fillers had been used or not. However, a de-

tailed analysis on the difference in warpage between the filled and the unfilled PP-compound 

was not performed.  

In summary, typical low aspect ratio fillers that have been used for shrinkage and warpage 

reduction in injection moulding or have even established as industrial standards for commer-

cially available fillers for dimensionally accurate thermoplastics, such as talc [25 - 29], calcium 

carbonate [30, 31], glass beads [32], silica [29, 31], mica [29], nanoclay [33, 34], or rubber parti-

cles [31], have not yet been used for the EB-AM of PP. Even if all investigated filled polymers 

are considered, the research gap is still present, as elaborated in the following.  

Within the last years, a myriad of studies on the incorporation of various fillers into ther-

moplastics for EB-AM have been conducted. The facts that the numerous articles dealing with 

highly-filled polymers used in FFF are neglected and that several reviews have been published 

on this topic within the last two years [35 - 37], proves that the addition of fillers into 3D-

printable polymers has attracted a lot of attention, recently. Apart from ceramic fillers, such as 

alumina [38 - 40], silica [41], zirconium bromide [42], titanium dioxide [40, 43], zinc oxide [40], 

strontium titanate [40], hydroxyapatite [44], and tricalciumphosphate [45], the majority of 

studies have dealt with nano-fillers, such as carbon nanotubes [46 - 51], graphene [49, 52 - 58], 

graphite [59, 60], kaolinite [24], calcium carbonate [41], or layered silicates [41, 61, 62], and 

fibrous fillers, e.g. cellulose [17, 18, 21, 63], wood fibres [22, 40, 64 - 67], glass fibres [16, 68 - 

70], CF that are continuously reinforced [65, 70 - 81], carbon nanofibers [82 - 84], short CF 

[84 - 94], aramid fibres [77, 95 - 97], or thermotropic liquid crystalline fibrils [19, 20]. Of all 

these studies, only two investigations [62, 86] demonstrated an improvement in shrink-

age/warpage due to the addition of montmorillonite and CF, respectively, to ABS. Neverthe-

less, these fillers reveal a very high aspect ratio and are clearly not a typical choice for an effec-

tive warpage reduction. Therefore, it is expected that low aspect ratio fillers can decrease the 

warpage of 3D-printed PP in a more effective manner, which will be elaborated in the follow-

ing publications E to G.  
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Process-Induced Warpage Optimisation 

Apart from the material composition, also changes in the processing can improve the 

warpage behaviour of 3D-printed PP (section 2.5.2). Watanabe et al. [98] recently published a 

study, in which the warpage of neat PP was investigated both by modelling/simulation of the 

first two layers of 3D-printed strands and by an experimental parametric study. The authors 

found that certain changes in processing conditions can have detrimental effects on dimen-

sional distortions. A minimal amount of warpage was achieved by short stacking lengths, low-

er nozzle temperatures, higher deposition speeds, and increased layer thicknesses, which is 

also in agreement with warpage studies on PLA [99]. All these factors change the temperature 

distribution within the printed strands. Therefore, factors that induce a small temperature gra-

dient in the produced part result in an improved dimensional control. Fitzharris et al. [100] 

extended these findings by comparing the modelled warpage of PP to that of PPS and by ad-

ditionally simulating the temperature and residual stress distribution in the strands. According 

to the authors, the inferiority in terms of warpage of PP over PPS can be explained by the 

material’s higher coefficient of thermal expansion and by the poor adhesion to the investigat-

ed build platform (compare to section 4.3.2). In addition, the authors simulated the effect of 

the addition of fillers on the part warpage of the first two layers of 3D-printed parts. The in-

corporation of the filler resulted in an increase in thermal conductivity and Young’s modulus 

and a decrease in the coefficient of thermal expansion. All these consequences had in turn a 

positive effect on the simulated part deformation, leading to an improved warpage compared 

to neat PP.  

Apart from studies on PP-based materials, plenty of other processing strategies on im-

proving the warpage of standard FFF polymers have been conducted [101]. Many other inde-

pendent researchers agree on the positive effect of a short stacking length and a high amount 

of layers on the warpage of 3D-printed parts [102 - 104]. However, recently the consequences 

of the amount of layers on the distortion of parts has been debated. At a first glance, it was 

expected that lower layer numbers lead to more warpage due to a lower bending stiffness of 

the component. Armillotta et al. [105], though, revealed in his experimental results that very 

thin parts distort less than slightly thicker parts due to the thermal conductivity of the deposit-

ed material and the permanent deformation of the material under bending stresses. Moreover, 

another contradicting trend was discovered for the effect of stacking length on the warpage. 

Kantaros et al. [106] experimentally found that residual strains in parts produced by FFF are 

lower for longer stacking lengths than for shorter ones, although it is known that a reduction 

in residual stresses and strains is essential to decrease warpage in 3D-printed parts [107]. Irre-

versible thermal strain that is formed during the solidification of a strand [108] and causes 

residual stresses was determined to be critically dependent on the printing orientation and the 

layer thickness [109]. Low layer thicknesses result in elevated thermal strains and therefore 

high residual stresses and warpage [109 - 111], which is in agreement with the simulation re-

sults from Refs. [102 - 104].  
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Other more elaborated strategies to mitigate warpage deal with geometrical or external 

process parameters. A case in point is a change in the slicing strategy, in which the warpage is 

decreased by reducing the stacking section length by slicing smaller brick structures instead of 

the whole geometrical feature [112]. This strategy, though, can have detrimental effects on the 

mechanical properties of the printed parts. Another possible solution is to slightly modify the 

CAD data. One way is to pre-deform the CAD data, contrary to the expected warpage devia-

tions [113]. Another possibility is to adapt the interior design of 3D-printed parts in a way that 

the interior design shrinks so that the essential outer periphery does not shrink [114]. One 

elegant solution that has only been elaborated for amorphous polymers in a mathematical 

model is to diminish the warpage of 3D-printed parts by rising the surrounding temperature 

of the deposited strands in the printing chamber (TCh) [102]. For ABS, the estimated warpage 

turns almost to zero, as soon as the temperature in the printing chamber equals the TG of the 

filament. Although this theory is not applicable to semi-crystalline polymers due to their low 

TG and complex crystallisation kinetics, an increased TCh could have the potential to homoge-

nise the strand temperatures and to mitigate residual stresses and finally to decrease the warp-

age.  

To sum up, changes in processing conditions clearly have the potential to improve the 

dimensional stability of parts produced by FFF. However, parameters that so far have been 

elaborated and declared as effective, can lead as guidelines for a warpage reduction, but cannot 

be generally suggested for all geometries and parts. For instance, if the geometry of the desired 

part is fixed, which is the case in most of the industrial parts, a change in stacking lengths or 

part thickness is not an option. Furthermore, high layer thicknesses may decrease the warpage 

effectively, but also completely deteriorate the mechanical and surface properties of the pro-

duced specimen (section 3.2.2). Hence, strategies that diminish the residual stresses or homog-

enise the temperatures within the part, e.g. an increase in the TCh, appear more appealing. All 

in all, the most effective warpage control is expected to be achieved by such processing adap-

tions in combination with a modified build material that is optimised for a minimal degree of 

warpage, such as by the inclusion of fillers.  

5.1.3. Factors That Need to Be Considered When Adding Fillers to Fil-

aments in Extrusion-Based Additive Manufacturing 

The addition of fillers to thermoplastics for the use in FFF not only drastically improves 

the dimensional accuracy of printed parts, but also can complicate the processability of the 

material [22]. As an example, the filament extrusion as well as the printability can get more 

difficult due to viscosity enlargements originating from the filler. Low viscosity melts facilitate 

the deposition of the strands and the strand interface formation [68]. However, the viscosity 

should not be too low in order to still guarantee a controlled depositability [115], which hardly 

occurs with filled materials.  

During the FFF process, the filament has to withstand certain shear and compression 

forces. In order to transport the filament through the liquefier in an efficient manner and not 
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to buckle, both the Young’s modulus and the strength of the filament has to be high [68, 115] 

(detailed explanations will be given in section 5.3.2). For filled materials, this requirement can 

only be met if the filler is evenly distributed in the matrix and if it has a strong adhesion to the 

matrix [116]. Hence, suitable coupling agents and filler coatings that create covalent bonds 

between the polymer matrix and the filler are a must.  

Filler agglomerations always need to be avoided in order not to form blocked nozzles dur-

ing printing. Thus, the filler size is limited by the nozzle diameter, which is usually between 

100 and 500 µm [117]. For fibre-reinforced thermoplastics, for which the filler length easily 

surpasses this limit, this fact means that the fibres need to be oriented in flow direction during 

printing. Otherwise, clogging of the nozzle is inevitable.  

Additionally, the filament has to be elastic enough to be stored on spools [115], which can 

be a challenging factor for composites that contain high percentages of fillers. The addition of 

small amounts of an amorphous polymer to the PP-composite, such as the addition of PVC 

[4] or PC [3] to PP, can find a remedy by increasing the strain properties.  
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5.2. Warpage Reduction of 3D-Printed Polypropylene Parts by In-
corporating Low Aspect Ratio Fillers 

5.2.1. Introduction to Publication E 

The following publication E focuses on the applicability of PP-composites filled with 

spherical perlite fillers to EB-AM. The entire compound and filament production chain is 

presented in detail. All investigations are given as a function of filler content and size and are 

compared to neat PP. Special attention is paid to the shrinkage and warpage reduction ability 

of the proposed composites.  

Publication E is a version of the published manuscript that was slightly adapted in order 

to fit the style and language of this work. It was originally published as:  

Spoerk, M.; Sapkota, J.; Weingrill, G., et al.: Shrinkage and Warpage Optimization of Expanded-Perlite-

Filled Polypropylene Composites in Extrusion-Based Additive Manufacturing, Macromolecular Materials and 

Engineering 302 (10), 2017, 1700143. 

Next to the publication presented in the following, other scientific contributions related 

to this topic have been published by the authors. In order to maintain the systematic focus of 

this PhD thesis, the contributions have not been included directly, but are listed below for 

further inquiries:  

 Conference contribution: Schuschnigg S.; Spoerk M.; Sapkota J.; Weingrill G.; 

Fischinger T.; Arbeiter F.; Holzer C.: Processability of perlite-filled polypropylene 

composites in extrusion-based additive manufacturing, Abstract at the Eu-

rope/Africa conference of the polymer processing society – PPS2017, Dresden, 

Germany, 2017. 

 Conference contribution: Spoerk M.; Gonzalez-Gutierrez J; Kukla C.; 

Schuschnigg S.; Holzer C.: Special materials and technologies for fused filament 

fabrication, Peer-reviewed paper at the Asia/Australia conference of the polymer 

processing society – PPS2016, Chengdu, China, 2016. 
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Abstract 

A major challenge in extrusion-based additive manufacturing is the lack of commercially 

available materials compared to those in well-established processes like injection moulding or 

extrusion. This study aims at expanding the material database by evaluating the feasibility of 

polypropylene, which is one of the most common and technologically relevant semi-crystalline 

polymers. Expanded-perlite-filled polypropylene and ternary blends with amorphous polyole-

fins were evaluated to establish an understanding of their processability and their printability. 

A detailed study on the shrinkage behaviour, as well as on the thermal, mechanical, morpho-

logical and warpage properties was performed. It was found that smaller-sized fillers result in a 

tremendous warpage and shrinkage reduction and concurrently improved mechanical proper-

ties than compounds filled with bigger-sized fillers. Based on the optimal properties profile, a 

ternary blend that can overcome the shrinkage and warpage of printed parts is suggested.  

  



 

156 

Introduction 

3D printing or additive manufacturing (AM) is a manufacturing process that enables the 

production of physical objects directly from digital part models by additive processes, whereby 

successive layers of materials are deposited to fabricate the final parts [1]. The upsurge of in-

terest in AM with polymers, beyond the preserve of industrial and manufacturing prototyping 

application, is due to its advantages over conventional manufacturing methods in terms of 

freedom of design and flexibility in production of complex parts with integrated functional 

design [1 - 3]. In addition, the growing demand for product diversity and customised products 

are also favouring the growth of AM [4 - 6]. AM with polymers has been exploited in a num-

ber of innovative ways to produce materials and functional devises in many fields, such as 

automotive applications [7 - 9], commodity products, and industrial apparatuses [5], as well as 

medical applications, in which research has focused on the production of patient-specific im-

plants [10 - 17], prostheses [18, 19], and polymer based drug delivery systems [20 - 24].  

Extrusion-based AM, such as fused filament fabrication (FFF) [25], also known as fused 

deposition modelling (FDMTM), a registered trademark by Stratasys Ltd., is one of the most 

common AM techniques for thermoplastic polymers, which can potentially meet the require-

ments of flexible industrial manufacturing at low-cost [2, 26 - 28]. A major challenge of extru-

sion-based AM is the lack of commercially available materials compared to those in well-

established processes like injection moulding or extrusion [27]. The most frequently used 

thermoplastic polymers in FFF are acrylonitrile–butadiene–styrene (ABS) and poly(lactic acid) 

[26]. Additionally, a considerable number of other studies has been performed on amorphous 

polymers, such as polymethylmethacrylate [10], polycarbonate [29 - 32], polyetherimide [33, 

34], polyphenylsulfone [35, 36], and polystyrene based polymers [37, 38]. However, only few 

studies on semi-crystalline polymers in FFF, such as polycaprolactone [17, 39 - 42], polybutyl-

ene terephthalate [43], and polyetheretherketone [44, 45], have been reported. It appears to be 

particularly difficult to use semi-crystalline polymers in FFF, as the high degree of crystallinity 

and the elevated shrinkage coefficient negatively affect the dimensional stability, which in turn 

results in anisotropic shrinkage and warpage of the printed parts [46]. However, semi-

crystalline materials, in particular polyolefins such as polypropylene (PP), which is one of the 

most common plastics used in daily life, have huge relevance for technical applications. They 

provide several advantages compared to existing filament types, such as low cost, higher im-

pact strength, improved moisture stability, and higher chemical resistance [47, 48].  

Over the last decades, few research studies have laid their focus on the adaption of the 

FFF process for unfilled PP and its composites. Carneiro et al. [49] compared the printability 

of unfilled PP to glass fibre filled PP and observed a high degree of shrinkage during the cool-

ing of printed unfilled PP parts, resulting from the semi-crystalline nature of PP. A better 

chemical compatibility between the printing surface and the printed part, and an optimal print-

ing direction (produced in unidirectional orientation) were argued to be beneficial for the 

shrinkage control of the printed parts. However, the influence of the glass fibre filled PP was 
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only studied in terms of mechanical reinforcement of the printed parts and no influence on 

the shrinkage behaviour was investigated. One can speculate that unless the fibres are ran-

domly oriented in the printed parts, anisotropic behaviour in shrinkage and warpage can be 

expected [50]. Thermally expandable microspheres were incorporated into polyethylene wax 

(Polywax) to achieve better printability and dimensional stability by Wang et al. [51]. The addi-

tion of microspheres was justified based on the positive influence on the mechanical proper-

ties (tensile strength of Polywax increased by 25.4 % with addition of 2 wt.-% of micro-

spheres) and a thermal treatment and process optimisation were performed to obtain stable 

printed parts. Recently, Hertle et al. [27] worked on the influence of  processing conditions on 

the AM of  PP parts by melt-extrusion. It was demonstrated that high extrusion, cooling, and 

substrate temperatures were crucial for a better interfacial adhesion of  layers, a homogenous 

morphology, and improved mechanical properties. However, the study was conducted only on 

unfilled PP and dimensional stability of  printed parts in terms of  shrinkage and warpage were 

missing.  

Weng et al. [52] suggested an improvement of shrinkage resulting from the addition of 

high aspect ratio platelets like montmorillonite to ABS. Even though a detailed shrinkage 

analysis was not shown, it was highlighted that with increasing filler content the linear expan-

sion coefficient decreased due to limitations imposed on the movement of the polymer chain.  

These examples demonstrate that even though the printed parts of  semi-crystalline poly-

mers such as PP are sensitive to shrinkage and warpage, most of  the attention so far has been 

devoted to the optimisation of  process parameters. A strategical study on the use of  filled 

polymers combined with an optimisation of  the processing conditions for shrinkage and 

warpage control is missing.  

Fillers, such as glass [53], mica [54], calcium carbonate [55, 56], silicates [57], and cellulose 

[58 - 62] are widely used as reinforcing fillers in commercially available thermoplastics to im-

prove the physical and mechanical properties. Physical properties such as shrinkage and warp-

age of  the composites are known to depend on the filler morphology [46]; spherical fillers for 

instance yield isotropic shrinkage due to their isotropic characteristics. For a wide range of  

composite applications, such as automotive, constructions, sports, and leisure, spherical filler 

materials that are relatively cheap and of  low densities are sought [63, 64]. Solid glass micro-

spheres, for example, have a high density of  about 2.5 g·cm-3 [65]. Hollow glass microspheres 

have densities as low as 0.46 g·cm-3 [66], but are relatively expensive. Other spherical fillers 

such as calcium carbonate and micro-crystalline cellulose are either chemically or thermally 

unstable [67, 68]. Hence, in this context, perlite, a volcanic silicate found freely in nature with a 

chemical composition similar to glass [69] and an adjustable density [70], can be a better alter-

native.  

With the goal to diversify the application of semi-crystalline materials for extrusion-based 

AM, a detailed study that permits the fabrication of 3D printed PP parts using FFF is reported 

in the present paper. The most critical material parameters in connection with 3D-printing of 
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perlite-filled PP were tested as a function of spherical filler content, filler size, and ternary 

blend type. The printability and dimensional stability of PP parts were also evaluated based on 

the established strategy of reducing the shrinkage. The resulting parts with ternary blends dis-

played excellent printability, improved surface quality and dimensional stability of the printed 

parts.  

 

Experimental 

Raw Materials 

A polypropylene random copolymer (PP) with a density of 0.905 g·cm-3, an melt flow rate 

of 8 g·10-1·min-1 (230 °C, 2.16 kg), and a melting temperature of 145 °C was supplied by Bore-

alis AG, Austria. Expanded spherical perlite fillers of different size distributions and densities 

(Table 13) were produced of the same feed material by means of the patented Bublon Process 

[70] by Bublon GmbH, Austria, and subsequent sieving steps. Due to limitations in the expan-

sion process of small fillers, smaller fractions (F20) exhibit higher densities than those contain-

ing big fractions (F80). Some of the particles exhibit irregularities in spherical filler dimen-

sions. This can be seen from the scanning electron microscopy (SEM) images in Fig. 51.  

Table 13: Properties of the sieved filler fractions.  

Filler designation D50
a) 

(µm) 

Particle size range 

(µm) 

Densityb) 

(g·cm-3) 

F20
 

20 < 32 1.70 

F80 80 < 100 1.24 

a)The D50-values were characterised by means of dynamic light scat-

tering with a Mastersizer 2000 supplied by Malvern Instruments 

Ltd, UK. The evaluation was done according to a standardised ad-

justment for quartz with a refraction index of 1.55. 

b)The absolute densities were measured with a AccuPyc 1330 pyc-

nometer supplied by Micromeritics Instrument Corporation, USA, 

under helium atmosphere at 1.34 bar measuring pressure. 
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Fig. 51: SEM images of F20 (a) and F80 (b).  

The compatibiliser SCONA TPPP 9212 GA (Comp.), which is based on PP functional-

ised with maleic acid anhydride, was supplied by BYK-Chemie GmbH, Germany. The amor-

phous polyolefin AerafinTM 180 (am.PO) was kindly supplied by Eastman Chemical Company, 

USA.  

Preparation of Composites 

All materials were processed in a lab kneader (Plasti-Corder PL2000, Brabender GmbH & 

Co. KG, Germany) with two counter-rotating roller blades at 200 °C and a rotation of 60 rpm. 

The compositions of the investigated compounds are summarised in Table 14. For the un-

blended compounds, the required amount of polymer was first melted. After 2 min, the com-

patibiliser, with a relative filling degree of 10 % of the filler’s volumetric content, was added. 

After 2 additional minutes of mixing, the filler was added to the compound.  

For the blended compounds, PP was melted for 2 min. Based on PP, 10 vol.-% of the 

am.PO was added and mixed for 2 min. After 2 additional minutes the compatibiliser was 

included at the same proportions as described for the unblended composites. After an addi-

tional mixing time of 4 min, the filler was added.  

All mixtures were compounded for a total time of 30 min. They were removed in the melt 

state from the mixing chamber and were subsequently cooled down to room temperature. To 

ensure a homogenous dispersion of the fillers in the compounds, the maximum filler content 

of 30 vol.-% was not exceeded [71]. Upon cooling, the compounds were ground in a cutting 

mill (SM200, Retsch GmbH, Germany) equipped with a sieve with square perforations of 

4×4 mm2. As a reference, one sample of unfilled PP was prepared under the same conditions. 

Further studies revealed that especially the larger and less stable filler particles [72] may col-

lapse during kneading. For further reference to the filler type, the designation of the initial 

material will be maintained.   
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Table 14:  Compositions and types of the compounds investigated.  

Sample designation PP 

(vol.-%) 

Comp. 

(vol.-%) 

Filler type Filler 

(vol.-%) 

Blend 

(vol.-%) 

PP
 

100 - - - - 

PP/F20-7.5 91.81 0.69 F20 7.50 - 

PP/F20-15 83.74 1.26 F20 15.00 - 

PP/F20-22.5 75.79 1.71 F20 22.50 - 

PP/F20-30 67.96 2.04 F20 30.00 - 

PP/F80-7.5 91.81 0.69 F80 7.50 - 

PP/F80-15 83.74 1.26 F80 15.00 - 

PP/F80-22.5 75.79 1.71 F80 22.50 - 

PP/F80-30 67.96 2.04 F80 30.00 - 

PP/F20-30/am.PO 61.17 2.04 F20 30.00 6.80 

PP/F80-30/am.PO 61.17 2.04 F80 30.00 6.80 

Shrinkage Analysis 

Using a SWO pvT100 (SWO Polymertechnik GmbH, Germany), the composites were 

cooled down from 260 to 40 °C at 200 bar and a constant rate of 6 K·min-1. The relative spe-

cific volume at 230 °C was normalised by the specific volume at 40 °C for five repeated tests 

per material. Their average value was used as an indication for the volumetric shrinkage be-

haviour of the materials (see Fig. 64 in the supporting information). All obtained values were 

evaluated to a significance level of 5 %.  

The shrinkage behaviour of the composites is strongly dependent on their crystallinity 

[46]. Potential nucleating effects caused by the addition of the fillers or the processing were, 

thus, investigated by means of differential scanning calorimetry (DSC). The experiments were 

conducted under nitrogen atmosphere on a Mettler Toledo DSC 1 equipped with a gas con-

troller GC 200 (Mettler Toledo GmbH, Switzerland). Per material seven specimens of a mass 

of 10±1 mg were investigated between 25 and 200 °C. Heat-cool-heat runs, with the heating 

and cooling rate set to 10 K·min-1 and 20 K·min-1, respectively, were performed. The crystal-

linity was calculated from the melting enthalpy of the second heating cycle including the mass 

fraction of the filler as described in [73]. For all compounds the integration limits were set to 

95 and 160 °C to obtain comparable results. For the heat of fusion of a fully crystalline PP a 

value of 207 J·g-1 [74] was chosen. All obtained values were evaluated to a significance level of 

5 %.   
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Preparation of Filaments 

A high pressure capillary rheometer (Rheograph 2002, Göttfert Werkstoff-Prüfmaschinen 

GmbH, Germany) with a die of 1.75 mm in diameter and 30 mm in length was used for the 

preparation of filaments. The rheometer was operated at 190 °C and a constant piston speed 

of 0.9 mm·s-1. At the exit of the die, a polytetrafluoroethylene (PTFE) conveyor belt pulled 

the filament to a constant diameter. Filament strands of 10 cm in length were cut for further 

characterisation.  

Morphology Analysis 

The filler and the composites were investigated by means of scanning electron microscopy 

(SEM) on a Tescan Vega II (Tescan Brno, s.r.o., Czech Republic) at 5 kV. To analyse the 

morphology of the compounds, the filaments were broken under liquid nitrogen. The fracture 

surfaces were studied using secondary electrons after sputtering with gold for 100 s at 20 mA.  

Tensile Tests 

To reflect real printing conditions, the mechanical properties were tested similarly to Refs. 

[75 - 77], directly on the filaments, using the universal testing machine Zwick Z001 (Zwick 

GmbH&Co.KG, Germany) with a load cell of 1 kN. The measurements were performed un-

der an initial load of 0.1 MPa and standardised conditions (23 °C air temperature, 50 % rela-

tive humidity). A gauge length of 50 mm was used. The tensile specimens were tested at a 

constant strain rate of 10 mm·min-1 until rupture. Seven independent measurements were per-

formed for each compound and evaluated to a significance level of 5 %.  

Upscaling of the Filament Production 

To prepare filaments for printing tests, an upscaling of the filament production was real-

ised by replacing the preparation in the rheometer (section “Preparation of Filaments”) by 

extrusion. To provide sufficient material for the extrusion, 1.2 kg of composites were com-

pounded in a lab kneader of a bigger volume (4 batches) (Polylab Rheomix 3000, Thermo 

Fisher Scientific Inc., Germany) and ground as described in section “Preparation of Compo-

sites”. The filaments were prepared from the ground compounds using a filter test single 

screw extruder (FT-E20T-MP-IS, Dr. Collin GmbH, Germany) with a die of 1.9 mm in diam-

eter and 25.05 mm in length. For the unfilled PP, the screw speed was set to 100 rpm and the 

three heating zones of the extruder barrel to 180, 190, and 195 °C. In contrast to this, the 

filled compounds were processed with an additional melt pump set to a rotational speed of 

15.6 rpm to stabilise the pressure and the flow in the extruder. In order to obtain filaments 

within the diameter tolerances of 1.75±0.05 mm for the usage in FFF, the screw speed was set 

to 30 rpm and the heating zones of the extruder barrel to 160, 165, and 170 °C. The extrudate 

was pulled by a winding unit through a water-bath of 3 m length at approximately 40 °C. Be-

fore spooling the filament, its diameter and ovality was recorded by a Sikora Laser 2010T di-

ameter measurement device and the Ecocontrol 600 processor (Sikora AG, Germany).  
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Printing Trials and Warpage Analysis 

Printing trials were performed on a Hage 3DpA2 (Hage Sondermaschinenbau GmbH & 

Co KG, Austria) FFF-printer with a brass nozzle of 0.5 mm in diameter. Since PP-based ma-

terials do not adhere on the standard glass mirror [78], all compounds were deposited on a 

printing plate of the same PP-grade as described in section “Raw Materials”. The plate 

(160×160×2 mm3) was previously pressed on a Collin P200PV vacuum press (Dr. Collin 

GmbH, Germany) at 200 °C and 150 bar for 25 min. Ideal adhesion between the first deposit-

ed layer and the PP-plate was obtained for all PP-based filaments, when the printer die was set 

to 210 °C and the bed temperature to 70 °C. The surface of the PP-plate had a respective 

temperature of roughly 55 °C. The printing layer height was set to 0.2 mm and a constant infill 

density was adjusted to the material, so that the adjacent strands coalesce.  

The design for the warpage analysis was sliced with the software Slic3r 1.2.8 by Ales-

sandro Ranellucci (see Fig. 52). The design was selected, as the contraction of the constituting 

straight sections upon cooling appears enhanced by the longitudinal strand orientations and 

imposes large pulling forces especially upon the corners of the warpage specimens. Conse-

quently, the corners tend to warp extensively, which is illustrated in Fig. 65. Directly after the 

printing of the selected parts, they were removed from the printing bed and stored under 

standardised conditions (23 °C air temperature, 50 % relative humidity) for 200 h, in order to 

let the material post-crystallise. As oozing or other printing issues can drastically influence the 

surface quality and consequently the warpage measurement of the material, potential excess 

material or any impurities were removed prior to the warpage analysis. Subsequently, the parts 

were measured by means of 3D shape inspection measurements using a ShapeDrive SD-3 

sensor (ShapeDrive GmbH, Germany). A point cloud was recorded at a working distance of 

300 mm with a measurement duration of 2 s. To compare the data acquired from the printed 

parts with the geometry in the computer aided design (CAD) file, the 3D point cloud and tri-

angular mesh processing software CloudCompare version 2.6.1 by Daniel Girardeau-Montaut 

was used. All parts with highly-reflective surfaces were pre-treated with a zinc spray in order 

to make the parts measurable for the sensor.  

 

Fig. 52: Sliced design used for the warpage analysis. Its dimensions are given in mm and its 

strand orientation is indicated. The coordinate system is used throughout the present 

work.  
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Results and Discussion 

Compound Characterisation 

Shrinkage Analysis 

Semi-crystalline polymers such as PP are prone to shrinkage and uncompensated volu-

metric contraction as the specific volume of the melt and the solid phase differ significantly 

(see Fig. 64 in the supporting information). The polymer chains can orient during flow of the 

polymer melt (e.g. during extrusion or printing). This can give rise to a difference in the 

amount of shrinkage in parallel and perpendicular flow direction. Accordingly, the addition of 

low aspect ratio fillers tends to decrease the amount of polymer chain orientation and thereby 

reduces the shrinkage [46]. The corresponding decrease in warpage is crucial for the pro-

cessing by means of extrusion-based AM [79, 80]. If the warpage is not controlled, the print-

ing material cannot adhere to the printing bed and further prints cannot be executed [81]. 

Fig. 53 illustrates the shrinkage values measured during cooling from 230 °C to the mini-

mum measurable temperature of 40 °C as a function of the filler load for the minimum (F20) 

and maximum filler size (F80). The linear regression, shown as lines, was obtained from the 

measured values by using the least square method. The unfilled PP exhibits a change in specif-

ic volume of 17.16±0.17 %. In accordance with Refs. [82 - 84], both compounds indicate a 

linear decline in shrinkage with increasing filler content, as the high filler content hinders the 

polymer chain orientation and, thus, the volumetric change [46]. In addition, the pronounced 

shrinkage reduction could also be due to the good adhesion between the polymer and the fill-

er, as the filler may constrain the polymer mass from shrinking [85]. Similarly to the investiga-

tions of Kim et al. [82] on talc composites, a trend towards decreasing shrinkage can clearly be 

observed for smaller filler sizes, since the specific interfacial surface area between the polymer 

and the particles is increased [82].  

 

Fig. 53:  Volumetric shrinkage obtained from cooling from 230 to 40 °C as a function of filler 

load for the compounds with F20 (filled squares) and F80 (open circles).  
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DSC experiments were performed on the unfilled PP and the compounds containing the 

fillers F20 and F80 (Fig. 54) to explore the degree of crystallinity and crystallisation tempera-

ture of these materials. The addition of perlite fillers revealed no significant increase in the 

degree of crystallinity (Fig. 54a). This suggests that the improvement in shrinkage (Fig. 53) 

cannot be attributed to the change in crystallinity of the compounds, as opposed to the ob-

served dependency of the shrinkage on the degree of crystallinity for PP filled with nano-

CaCO3 [86].  

 

Fig. 54:  Degree of crystallinity calculated from the second heating cycle (a) and crystallisation 

temperature (b) as a function of the filler load for the compounds with F20 (filled 

squares) and F80 (open circles).  

For the application in FFF, an elevated crystallisation temperature benefits the warpage 

control of the printed part, as the molten material crystallises earlier upon cooling. Thus, crys-

tallisation can set in at the beginning of the deposition of the strands, as the printed layer tem-

perature reduces quickly [87], minimizing the detrimental impact of the drastic change in spe-

cific volume. Fig. 54b shows the crystallisation temperature of unfilled PP and the compounds 

comprising the fillers F20 and F80 as a function of the filler loading. Compared to unfilled PP, 

all composites exhibit slightly elevated crystallisation temperatures. It is therefore concluded 

that the mineral filler facilitates the crystallisation process [88]. F20 exhibits for all investigated 

filler loadings, except for 30 vol.-%, a higher nucleating activity than F80. This could be due to 

the larger specific surface area of the smaller particles, as reported for other fillers, such as 

microfibrous cellulose [89] or talc [90].  

Morphology 

Fig. 55 depicts the fracture surface of the cryo-fractured filaments of the compounds 

PP/F20-30 and PP/F80-30. The morphologies of the microstructures of the two composites 

are similar, except that PP/F20-30 mostly consists of uniform filler sizes smaller than 32 µm 

(Fig. 55a), whereas PP/F80-30 (Fig. 55b) contains particles with a wider size distribution 

(Table 13). This could also imply that the particles in PP/F80-30 may be partly destroyed dur-
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ing the processing, as in some cases only small fractions of the filler are visible, whereas in 

PP/F20-30 most of the fillers appear to be halved. Despite the high degree of filling of 

30 vol.-%, the fillers are well dispersed. For both compounds a strong interfacial adhesion 

between the fillers and the matrix can be observed, as the fillers are not pulled out of the ma-

trix [91], but rather break apart. No clear de-cohesion between the dispersed filler phase and 

the continuous PP phase can be noticed similarly to Ref. [92]. Additionally, a few irregular 

holes are seen. In these regions parts of the polymer could be ripped out together with the 

filler during the cryo-fracturing. Both observations prove the good compatibility between the 

filler and the polymer. A poor adhesion would rather result in holes exhibiting even surfaces 

as reported in Refs. [91, 93].  

 

Fig. 55: Scanning electron microscopy images of the cryo-fractured filaments of the com-

pounds PP/F20-30 (a) and PP/F80-30 (b). In (a), the fillers are highlighted with 

black circles to visualise their distribution. In the bottom left corners inserts of high-

er magnifications are given to highlight the strong interfacial adhesion between the 

matrix and the filler.  

Mechanical Properties of the Filaments 

To successfully extrude the filament through the die in the printing head, sufficient 

strength and stiffness are needed, in order to prevent buckling between the drive wheels [94, 

95] and pinching caused by the wheels [95]. Additionally, the filaments have to be flexible 

enough for storing them on a spool [81]. Therefore, the strain properties of the filaments were 

investigated. For materials that fail under plastic deformation (e.g. PP), the yield stress and the 

elongation at yield were investigated, since no plastic deformation should occur in the printing 

head. For materials without a yield point (e.g. all filled composites), the maximum stress and 

the respective elongation were analysed.  

Fig. 56 depicts the Young’s modulus (a), the yield/maximum stress (b), and the elongation 

at yield/maximum stress (c) of the filaments as a function of filler load for compounds con-

taining the filler F20 and F80. All stress-strain-curves are summarised in Fig. 66 in the sup-

porting information. It has been reported that expanded-perlite-filled PP becomes stiffer with 

increasing filler content [69]. The same trend can be observed in Fig. 56a. For the highest filler 

content (30 vol.-%), the Young’s modulus attains roughly three times the value of the unfilled 
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PP (1828.2±83.5 MPa for PP/F20-30 vs 639.5±18.9 MPa for unfilled PP). Above a filler load 

of 15 vol.-%, the compound containing F20 outperforms the one filled with F80. This can be 

correlated with the influence of the flaw size due to an increased particle size [96]. As the dis-

tance between the fillers decreases, either by an increase in volume fraction of the spheres or a 

decrease in sphere diameter, a higher constraint of the matrix in between the fillers is present. 

Hence, higher stresses at the same strain level, which means an increase in the Young’s modu-

lus of F20 compared to compounds containing F80, are observed, as long as no severe de-

bonding between the matrix and the filler occurs [97].  

 

Fig. 56:  Young’s modulus (a), yield/maximum stress (b), and elongation at yield/maximum 

stress (c) of the filaments as a function of the perlite filler load for the compounds 

with F20 (filled squares) and F80 (open circles).  

In agreement with Ref. [69], the yield/maximum stress of the PP filaments filled with F80 

declines with increasing filler content (Fig. 56b). This can be correlated with the brittle nature 

of the perlite fillers, described in section “Morphology”. This may lead to a premature fracture 

of the spheres, which in turn reduces the effective residual matrix area and therefore can also 

induce additional stress concentrations. The yield stress of the filaments filled with F20 is in-

dependent on the filler load roughly constant, but significantly reduced compared to unfilled 

PP. Moreover, it is considerably higher than that of the filaments filled with F80. This can be 

attributed to the ratio of the wall thickness to the filler diameter of the hollow sphere. The 

smaller the ratio of the wall thickness and the outer diameter, the larger is the stress concen-

tration on the surface of the hollow sphere [72]. In the present case, both fillers exhibit com-

parable wall thicknesses of around 4 – 6 µm, as measured from the SEM images (Fig. 55). 

Hence, the filler containing the bigger part fractions (F80) suffers far higher stress concentra-

tions than the small filler F20. Therefore, the maximum stress of the compound containing 

the filler F20 is higher. The outliers of the trend, as well as the rather large error bars obtained 

for some compositions can be attributed to inhomogeneities in the filaments. These may exist 

due to an insufficient compression of the melt during the filament production in the capillary 

rheometer.  
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As expected for composites containing spherical fillers and, in particular for expanded 

perlite [69], the addition of perlite causes a sharp drop in the elongation at yield of the filament 

(Fig. 56c). The decrease is caused by the reduction of the chain mobility of the polymer linked 

to the addition of the rigid mineral filler [98]. The composites containing F20 exhibit slightly 

elevated elongation at yield values compared to those filled with F80 for filler loadings above 

7.5 vol.-%, since smaller particles can take up higher stress concentrations at their interface 

(vide supra) [96].  

Optimisation of the Compounds 

A minimum amount of shrinkage, a high crystallisation temperature, and suitable mechan-

ical properties, i.e. high filament Young’s modulus, high yield stress, and sufficient elongation 

at yield represent the prerequisites for extrusion-based AM [78, 81]. The compounds PP/F20-

30 and PP/F80-30 meet these basic demands. Printing trials revealed that both compounds 

are judged printable. However, for a reliable, flawless print and for the storage on spools, they 

appeared to be slightly too brittle, as the filament regularly broke during the printing. Hence, 

in order to optimise the printing quality by increasing the filament elongation at yield, the 

amorphous polymer am.PO was added to the compounds. To ascertain that the favourable 

shrinkage properties of the compounds were maintained and to study potential changes in the 

structure-property relationship, the blends were characterised according to the same proce-

dure as described above.  

Shrinkage Analysis 

In Fig. 57, the specific volume at 230 °C normalised by the specific volume at 40 °C, 

which is equivalent to the volumetric shrinkage (Fig. 57a), the degree of crystallinity (Fig. 57b), 

and the crystallisation temperature (Fig. 57c) is presented as a function of the type of the sec-

ond polymer for the fillers F20 and F80. No significant difference in shrinkage can be ob-

served between the unblended and the blended compounds (Fig. 57a). For both fillers F20 

and F80, the blends rather exhibit a slight, but not significant reduction in shrinkage, which is 

beneficial with regard to printing.  
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Fig. 57: The volumetric shrinkage (a), degree of crystallinity (b), and crystallisation tempera-

ture (c) as a function of the type of the second added polymer for the compounds 

with F20 (hatched) and F80 (filled).  

The degree of crystallinity seems not to be dependent on the addition of the am.PO (Fig. 

57b). This is in accordance with the addition of amorphous ethylene/norbornene statistical 

copolymers to PP [99]. Yet, Ha et al. [100] described a contradicting dilution effect arising 

from the addition of amorphous polyalphaolefins to PP. This effect was not observed in Fig. 

57b, due to a slightly different chemical composition of the compared amorphous compo-

nents.  

In the crystallisation temperature minor changes of approximately ±3 °C were found orig-

inating from the addition of am.PO (Fig. 57c). This was expected and already reported [100], 

since the micro-structure of the compounds changed, caused by the blending of two immisci-

ble components. Similarly to the studies of Ali et al. [101] and Premphet et al. [102], the reduc-

tion of nucleating efficiency of F80 in the blend can be related to an encapsulation of the 

am.PO to the perlite filler, since the nucleating particles are not in direct contact to PP any-

more. On the contrary, the blend filled with F20 exhibits a slight increase in the crystallisation 

temperature compared to the unblended compound. The reason for that is twofold. First, the 

trend suggests at least partly a direct contact between the filler and the PP. The fact that the 

compounds contain only 6.8 vol.-% of am.PO and that the specific surface of F20 is consider-

ably bigger than that of F80, enhances the chances that the am.PO can only partly encapsulate 

the fillers F20. Hence, the PP is most certainly in contact with the filler, so that the nucleating 

possibility is still given. Secondly, an enhanced nucleating activity due to the am.PO is as-

sumed. Similarly to the studies of Yang et al. [103], who observed changes in the crystallisation 

temperature depending on the predominant crystalline phase for PP+PA66 blends, a reduc-

tion of the melting peak at 153 °C is solely found for the compound PP/F20-30/am.PO (refer 

to Fig. 67 in the supporting information). This distinct reduction in the crystalline phase, as 

well as the enlargement of the width of the melting peak may be attributed to the increase in 

the crystallisation temperature.  
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Morphology 

Compared to the compounds without blends (Fig. 55), the SEM images of the cryo-

fractured filaments of PP/F20-30/am.PO (Fig. 58a) and PP/F80-30/am.PO (Fig. 58b) reveal 

different morphological features. The addition of am.PO leads to a change in the fracture be-

haviour and to the formation of holes due to the pullout of the fillers. The immiscible nature 

of am.PO and PP is known to phase separate, resulting in the formation of islands of am. PO 

within the PP matrix [99, 104, 105]. The mixing scheme and the thermodynamic adhesion 

forces acting against shear forces in the melt can enforce the phase separation and provide the 

possibility for fillers to be encapsulated by the am.PO [101, 106, 107]. It has been observed 

that the most stable morphology of such ternary systems favours the encapsulation of the 

filler by elastomeric components [101]. This can also be correlated with the viscosity of the 

am.PO, which is much lower than the viscosity of PP. Thus, the filler is more liable to adhere 

with the lower viscosity component, i.e. the am.PO [97, 108]. The SEM images (Fig. 58) show 

that the am.PO encapsulated the filler, as the encapsulated fillers were ripped out of the PP-

matrix during cryo-fracture due to the poor adhesion between PP and am.PO. A similar be-

haviour is also observed on immiscible blends, such as PP/PCL filled with carbon black fillers 

[108]. On the contrary to the compound PP/F80-30/am.PO (Fig. 58b), a few fillers are found 

that are not torn out of the matrix for PP/F20-30/am.PO (Fig. 58a). This observation sug-

gests that only a fraction of the fillers F20 can be encapsulated by the am.PO, whereas it is 

easier to encapsulate more fillers of the smaller specific surface of F80 with the am.PO. This 

finding correlates with the trend for the crystallisation temperature of the blended compounds 

described in section “Shrinkage Analysis”.  

 

Fig. 58:  Scanning electron microscopy images of the cryo-fractured filaments of the com-

pounds PP/F20-30/am.PO (a) and PP/F80-30/am.PO (b). In the bottom left cor-

ners inserts of higher magnifications are given, which show that in (a) a few particles 

are observed, whereas in (b) only the holes from the pulled out encapsulated filler are 

visible.  

Mechanical Properties 

The change in mechanical properties arising from the addition of am.PO is summarised in 

Fig. 59. The corresponding stress-strain-curves are summarised in Fig. 68 in the supporting 
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information. Independently of the filler size, the compounds with am.PO show a trend to-

wards a decreasing Young’s modulus (Fig. 59a). This trend is induced by the dilution of the 

PP with a component (am.PO), which is considerably less stiff/crystalline than PP [100, 105]. 

The reduction in modulus of the composites supports the previous suggestion of the encapsu-

lation structure [102, 107] by cancelling the constraint effect of the filler on the matrix, as de-

scribed in section “Mechanical Properties of the Filaments”.  

A reduction in yield stress of 16 % for unfilled PP-am.PO-blends compared to PP has 

been reported by Fasce et al. [104]. This is also observed for compounds filled with F20 as a 

consequence of the am.PO (reduction of roughly 10 %) (Fig. 59b). This can be related to the 

compounds’ morphology. The interface between PP and am.PO, encapsulating the filler, is 

considerably weaker than that of PP and the filler. This may increase the risk of de-cohesion 

between PP and am.PO (Fig. 58), ultimately leading to an earlier failure than PP and the un-

blended compounds. Moreover, it has been found that such encapsulated particles can behave 

partly like elastomeric particles [102, 109], resulting in a decrease in the maximum stress of 

such compounds (Fig. 59b). The maximum stress of the blend with F80, however, does not 

show a significant change. This can be attributed to the fact that the predetermined breaking 

point of the compound might not only be the PP-am.PO interface, but also the failure of the 

bigger fillers due to the higher stress concentrations on their surface [72]. Here, both the inter-

face and the bigger particles rupture at similar stress levels, resulting in unaltered yield stresses 

independent on the type of the second added polymer.  

In general, fillers reduce the elongation at yield [69], whereas elastomeric inclusions (such 

as am.PO) increase the elongation [105]. Consequently, the rubbery nature of the encapsulated 

filler particles shows an increase of roughly 300 % in the filament elongation at yield com-

pared to the unblended compounds (Fig. 59c) due to the dilution of the two phases.  

 

Fig. 59: Young’s modulus (a), yield/maximum stress (b), and elongation at yield/maximum 

stress (c) of the filaments as a function of the type of the second added polymer for 

the compounds with F20 (hatched) and F80 (filled). 
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Upscaling 

Blending the most highly filled compounds (30 vol.-% of F20 and F80, respectively) with 

am.PO resulted in an enhancement of the ductility of the filaments. In addition, no change in 

the optimised shrinkage could be observed, which hints that the blended compounds can yield 

good printing results with improved warpage resistance. In order to prove that, the filament 

production was upscaled by large-scale kneading and subsequently extruding unfilled PP, as 

well as the two blended compounds PP/F20-30/am.PO and PP/F80-30/am.PO in sufficient 

quantity for successive printing trials and warpage analyses.  

Filament Extrusion 

Preliminary studies revealed that the FFF printer used throughout this work can easily 

overcome diameter variations of 1.75±0.05 mm in the feeding filaments. For flexible polymers 

and compounds, such as those of PP, a slightly larger diameter of the filaments seemed pref-

erable for printing, whereas a smaller diameter of filaments resulted in a lack of continuous 

filament transportation during printing [95].  

The measured filament diameter distributions of the extrusion process optimised for each 

material (Fig. 60) reveal mean diameters of roughly 1.76 mm and narrow distributions within 

the set limits of 1.75±0.05 mm. Due to larger dimensional variations in the ground feeding 

material, the flow rate of the melt pump was limited. A maximum extrusion speed of 30 rpm 

was therefore set for the composites, while unfilled PP (commercial pellets) was processed at a 

speed of 100 rpm. Despite the lower extrusion speed, the filled filaments yielded a wider di-

ameter distribution than PP. This behaviour can be related to dimensional variations over 

time. Due to the different sizes and shapes of the ground particles of the compounds, pres-

sure variations occur in the solid conveying zone [110]. These variations could not be 

smoothed out completely by the melt pump, which is reflected in the observed diameter fluc-

tuations over time. Additionally, temperature deviations originating from the poor thermal 

insulation of the melt pump can cause variabilities in the diameter.  
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Fig. 60:  Histograms of the filament diameters resulting from the extrusion of PP (a), 

PP/F20-30/am.PO (b), and PP/F80-30/am.PO (c). The mean and the standard de-

viation of the filament diameters for each material are given as well.  

Another critical aspect that influences the continuous printing of the filaments is their 

ovality [77], which should be as low as possible. The ovality of the PP filaments 

(0.08±0.03 mm) was found to be more than three times bigger than those of PP/F20-

30/am.PO (0.02±0.01 mm) and PP/F80-30/am.PO (0.03±0.01 mm). The main reason for 

that lies in the elevated extrusion speed of the processing of PP, in which the hot filament 

receives more vibration as it enters the water bath. Furthermore, the composites show an im-

proved isotropic shrinkage (vide supra), which can reduce the chance of cross-section defor-

mation during the critical first contact of the filament with the cooling water. Overall, the fil-

ament extrusion provided sufficient filament quality for all three investigated materials for 

subsequent printing trials.  

Warpage Analysis 

All investigated filaments led to a reliable and flawless print. Especially the parts printed 

from the filled PP-compounds resulted in a visibly enriched coalescence of adjacent strands 

for the same printing conditions (Fig. 61) due to an enhanced flowability of the compounds. 

Additionally, the two compounds (Fig. 61b and c) seemed less prone to oozing or material 

agglomerations than the unfilled PP (Fig. 61a), resulting in an improved surface quality with-

out impurities. More printed objects with different size and complexity (Fig. 62) prove the 

good printability of the filled compounds.  
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Fig. 61:  Comparison of the surface qualities of unfilled PP (a), PP/F20-30/am.PO (b), and 

PP/F80-30/am.PO (c) prior to the preparation of the specimens for the warpage 

measurement.  

 

Fig. 62: Various objects printed with the filled compound PP/F20-30/am.PO (a-e, f’’) and 

PP/F80-30/am.PO (f’). The details (b-c) of object (a) confirm the outstanding sur-

face quality of the compounds. Fine honeycomb structures (d-e) as well as bigger and 

more complex objects (f’-f’’) are producible without difficulties.  

Fig. 63 summarises the warpage results of the parts printed from the unfilled PP (Fig. 

63a), PP/F20-30/am.PO (Fig. 63b), and PP/F80-30/am.PO (Fig. 63c), from which all surface 

impurities as shown in Fig. 61 were manually removed. The scale and the respective colour 

codes represent the distances to the ideal CAD geometry (Fig. 52). No deflection from the 

CAD geometry (green area, 0.0 mm) presents the ideal condition. Both filled compounds re-

veal a clear improvement of warpage in z-direction, as indicated by the smaller displacement 
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distribution intervals (black horizontal lines in the colour codes of Fig. 63). As expected, un-

filled PP (Fig. 63a) suffers heavily from part shrinkage as well as warpage in the corners. The 

top left corner of the specimen shown in Fig. 63a warps extensively. Consequently, even the 

lateral surfaces of the specimen (xz- and yz-planes) are visible in the warpage results. They 

appear next to the warping upper surface (red) as secluded blue and green areas. The actual 

amount of warpage can differ between the corners. This can be attributed to the fact that the 

printing surface is never perfectly even. Consequently, some parts of the first layer adhere 

much better to the printing bed than others, leading to a decreased amount of warpage.  

 

Fig. 63:  Results of the optical warpage analysis of unfilled PP (a), PP/F20-30/am.PO (b), and 

PP/F80-30/am.PO (c). All values are given in mm. The coordinate system in (a) rep-

resents the part orientation based on Fig. 52. The red area reflects a warpage in posi-

tive z-direction, whereas the blue area represents shrinkage in negative z-direction. 

The ideal condition, i.e. no deflection from the CAD geometry, is presented by the 

green area. The histogram next to the colour codes describes the displacement distri-

bution of the measured distances to the CAD geometry. The displacement distribu-

tion intervals are given as black horizontal lines in the colour codes.  

The optimised compound PP/F80-30/am.PO (Fig. 63c) exhibits considerably less shrink-

age in negative z-direction and slightly improved warpage on the corners than unfilled PP. 

However, only the use of the smallest perlite fillers in PP/F20-30/am.PO leads to a narrow 

displacement distribution (Fig. 63b) and, hence, to a part that neither tends to warp nor to 

shrink extensively. This is mainly due to the fact that the smaller particles in PP/F20-

30/am.PO tend to remain the same shape during and after processing (vide supra), promoting 

isotropic dimensional changes. The bigger hollow fillers from compound PP/F80-30/am.PO, 

however, might break apart during processing [111]. This enlargement suggests a rising 

amount of anisotropic fillers in the compound, which leads to anisotropic warpage.  

 

Conclusions 

In summary, this study demonstrates the successful application of filled PP-composites 

for extrusion-based AM and that the critical warpage issues related to PP can be overcome 

under appropriate conditions. Spherical expanded-perlite fillers with different size distribu-

tions were incorporated into a PP-based matrix and the effect of the filler size was studied for 

specific properties that are most relevant in connection with 3D-printing. The compound con-

taining 30 vol.-% of the smallest sized filler revealed a tremendous reduction of 34 % in 
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shrinkage compared to unfilled PP. A change in the degree of crystallinity could not be seen. 

Concurrently, an enhanced crystallisation temperature could be observed. For all filler sizes, 

the composites comprise well dispersed fillers. Moreover, optimised mechanical properties 

(improved Young’s modulus and slightly reduced yield stress compared to unfilled PP, and an 

elongation at yield of 6 %) for the use in FFF could be achieved by means of blending an 

amorphous polyolefin to the composite consisting of PP, maleic acid anhydride grafted PP, 

and 30 vol.-% small-sized expanded-perlite. The upscaling of the filament production of par-

ticular formulations confirmed a decent filament quality, which led to an improved printability 

and preferable warpage properties of the printed parts. In general our findings provide appli-

cable advances to the material design, as it shows that semi-crystalline materials, such as poly-

olefins, can be used for extrusion-based AM. By adding spherical fillers and combining them 

with amorphous components, it seems possible to obtain a suitable material profile for 3D-

printing PP parts by means of extrusion-based AM.  
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Fig. 64: Relative specific volume as a function of temperature for unfilled PP and the com-

pound PP/F80-30. The volumetric shrinkage was compared for all compounds at a 

constant temperature of 230 °C. In the manuscript this volumetric shrinkage is enti-

tled as the shrinkage from 230 to 40 °C. 
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Fig. 65: Illustration of extensive warpage of the sliced design used. 

 

Fig. 66: Filament tensile stress as a function of the tensile strain for all compounds filled with 

F20 (a) and F80 (b). The curve for unfilled PP is given as a reference in blue. 
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Fig. 67: Differential scanning calorimetry (DSC) thermograms of the 2nd heating cycle for 

the unblended and blended compounds filled with F20 (a) and F80 (b). The thermo-

gram for unfilled PP is given as a reference and its characteristic peaks are highlight-

ed.  

 

Fig. 68: Filament tensile stress as a function of the tensile strain for the highest filled com-

pounds without and with the second added polymer for the compounds with F20 (a) 

and F80 (b). The curve for unfilled PP is given as a reference in blue. 
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5.2.3. Concluding Remarks on Publication E 

Strength Optimisation of PP-Compounds 

In order to verify whether the strength maximisation approach of publication A (section 

3.2.2) for PLA is also applicable to 3D-printed PP parts, a parameter study on the most prom-

ising material of publication E (section 5.2.2), namely the compound PP/F20-30/am.PO, was 

conducted with the goal to maximise the part strength of the printed parts. Therefore, small 

tensile test specimens with a printing orientation of ±45° were processed and compared to the 

same materials processed by compression moulding (Fig. 69). For the optimised printing set-

tings of PLA (Fig. 69a), only a strength reduction of 9 % compared to that of the compres-

sion-moulded PLA is observed. The strength of the printed ±45°-oriented part 

(53.5±1.3 MPa) is in the same range as that of the optimised 90°-oriented specimens of Publi-

cation A (53.0±1.6 MPa). Hence, this confirms the finding of Publication B (section 3.3.2), in 

which the printing orientation does not have a significant influence on the mechanical proper-

ties as long as optimal settings are used.  

 

Fig. 69: Stress-strain curves of 3D-printed and compression-moulded PLA of publications A 

and B (a) and the compound PP/F20-30/am.PO of publication E (b). All represent-

ed additively manufactured parts were printed in a ±45° orientation. In (a), the opti-

mised printing parameters from publication A were used (nozzle temperature of 

250 °C, layer thickness of 0.25 mm, and highest possible flow rate). In (b), a small 

design of experiment for the 3D-printed specimens (nozzle temperature of 250 °C) 

with the two factors flow rate (in %) and layer thickness (in mm) is given next to the 

result of the compression-moulded sample. The difference between the most prom-

ising printed setting and the compression-moulded specimen is given in % for both 

graphs.  
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For the compound PP/F20-30/am.PO of Publication E, a rather different trend is ob-

served. If the same settings as for PLA are applied (Fig. 69b, flow rate of 115 %, layer thick-

ness of 0.25 mm, nozzle temperature 250 °C), a strength reduction of 37 % compared to the 

compression-moulded specimens is found. As the PP-compound has a considerably lower 

viscosity at 250 °C (99.4±4.4 Pa·s at 100 rad·s-1) than PLA (132.0±20.6 Pa·s at 100 rad·s-1), 

the layer thickness can be further decreased for the PP-compound without risking over-

compressions, as was observed for PLA for smaller layer thicknesses than 0.25 mm (Publica-

tion A). The parametric investigation reveals an evolving increase in strength and correspond-

ing strain for smaller layer thicknesses and higher flow rates. For this low-viscous compound, 

even higher strength values can be expected for further decreased layer thicknesses. However, 

the layer thickness of 0.15 mm was the lower limit for the FFF-printer used. The optimised 

process settings for the PP-compound (flow rate of 115 %, layer thickness of 0.15 mm, nozzle 

temperature 250 °C) eventually result in a 23 % smaller tensile strength than that of the com-

pression-moulded material.  

This comparably big gap between the optimised settings and that of the homogeneous 

specimens does not mean that the optimum printer settings are not reached yet, as the fracture 

surface of the optimised printed tensile test specimen (Fig. 70a) does not reveal any inter- or 

intra-layer gaps. In fact, the deposited strands cannot be clearly discerned, not even close to 

the borders of the specimen. Hence, they appear similar to a homogeneous specimen, which is 

comparable to the cross-sections of PLA printed at the optimised settings (publication A). 

The big strength gap rather results from the hollow perlite spheres. The fracture surface of the 

printed parts (Fig. 70a and Fig. 70b) appears similar to that of the cryo-fractured filaments 

(publication E), as they both show larger holes from torn out spheres and intact spheres well 

connected to the matrix. The compression-moulded specimens, however, show a distinctly 

different fracture surface. Most of the fillers found on the fracture surface are not in spherical 

shape anymore, as they tended to collapse during the compression in the press due to the high 

pressures necessary for shaping the specimens. Consequently, the fillers rather appear as elon-

gated platelets (Fig. 70c and Fig. 70d) that are oriented perpendicular to the pressing direction, 

resulting from the shell of the hollow spheres. Hence, the collapsed, higher aspect ratio fillers 

that still exhibit an exceptional matrix-filler adhesion (Fig. 70d), are oriented along the loading 

direction. Therefore, the compression-moulded specimens result in considerably increased 

tensile strengths than the optimised printed parts.  
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Fig. 70: Scanning electron microscopy (SEM) images of the fracture surfaces of the tensile 

test specimens of the PP-compound PP/F20-30/am.PO produced by the optimised 

3D-printing settings (a, b) and by compression moulding (c, d). Magnified images of 

the respective fillers are given in (b) and (d).  

To sum up, the rather big strength difference of 23 % for the PP-composites results from 

an additional process-induced reinforcement of the compression-moulded specimens, rather 

than from non-optimal printing parameters. Therefore, it can be concluded that the strength 

of the PP-compound could also be optimised to nearly the strength of compression-moulded 

samples, although limitations in the used FFF-printer hamper a strength maximisation.  

Hypothesis Examination 

Publication E clearly proves the successful and effective shrinkage reduction of the fila-

ment material and warpage reduction of 3D-printed PP-composites through the addition of 

30 vol.- % spherical perlite fillers. Thus, the hypothesis 3 “Low aspect ratio fillers incorporated into a 

PP matrix decrease the shrinkage and warpage of PP parts produced by FFF“ can be accepted. Addi-

tionally, a trend towards slightly improved mechanical filament properties and an explicitly 

reduced warpage for the smaller filler F20 could be identified in publication E. Although a 

filler size comparison was not investigated on printed parts, this finding clearly supports the 

hypothesis 5 “Compared to larger fillers, smaller fillers incorporated into PP fabricated by FFF result in 

improved mechanical and dimensional properties“, which will be examined in more detail in publica-

tion G (section 5.4.2). The mechanical results elaborated in Fig. 69 confirm that hypothesis 1 

“The strength of 3D-printed specimens can be optimised to strength values close to those of homogeneous speci-

mens (compression-moulded) by thoroughly adapting the FFF process parameters“ can also be accepted for 

the developed PP-composite.   
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5.3. Investigation of the Morphology for a Mechanical Optimisa-
tion of 3D-Printed Polypropylene-Composites 

5.3.1. Introduction to Publication F 

The following publication F expands the gained knowledge from publication E and 

proves the applicability of its low aspect ratio filler concept for a commercially available filler 

type (glass spheres) that does not have the potential to collapse during processing. Material 

requirements are set and checked for each investigated composite. Additionally, the conse-

quences of certain property changes for the printability are studied in detail. A special focus of 

this publication lies on the mechanical, especially impact property improvement of both the 

filament and parts fabricated by FFF by optimising the glass sphere distribution and the filler-

matrix interface. In order to justify the base material selection of publication F, the raw mate-

rial combinations are shortly discussed in the following paragraph.  

For both filler types (A- and E-glass) in publication F, the starting material for the optimi-

sation process both contains a compatibiliser and a coating on the fillers. If neither a coating 

nor a compatibiliser is used, the compounds of both filler types (Fig. 71a and b) show a weak 

interface between the filler and the matrix and a clear formation of filler agglomerations 

(please refer to publication F for details on the experimental methodology). This leads to fila-

ments with weak mechanical properties that cannot be processed by FFF and are not storable 

on spools due to their high brittleness. As soon as a compatibiliser is added (Fig. 71c and d), 

the filler that can react to the anhydride group of the coupling agent due to high amount of 

hydroxyl groups on the glass surface, namely borosilicate glass (E-glass), establishes an im-

proved adhesion to the polymer matrix. Consequently, the filler distribution and also the 

compound’s printability is drastically improved (Fig. 71d). The matrix-filler interface and the 

sphere distribution for the spheres with less surface hydroxyl groups (inorganic soda lime glass 

(A-glass), Fig. 71c), however, stays unaltered compared to the compound without a compati-

biliser. As coated fillers further improve the matrix-filler adhesion, which is known for glass 

spheres from literature [1 - 4] and was investigated for filled PP used in FFF by the author in a 

separate journal publication [5], publication F starts the optimisation process by investigating a 

system that contains both a compatibiliser and coated glass spheres.  
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Fig. 71: SEM images of the fracture surfaces of the filaments (left) and the corresponding 

results for the quantitative dispersion analysis (right) of the compounds PP/A-UC 

(a), PP/E-UC (b), PP/MA/A-UC (c), and PP/MA/E-UC (d). In the top right corner 

of each SEM image, the corresponding mean and 99%-confidence interval of the 

measured yield stresses σY and elongations at yield εY are summarised. 
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Publication F is a version of the published manuscript that was slightly adapted in order 

to fit the style and language of this work. It was originally published as:  

Spoerk, M.; Savandaiah, C.; Arbeiter, F., et al.: Optimization of mechanical properties of glass-spheres-filled 

polypropylene composites for extrusion-based additive manufacturing, Polymer Composites 83, 2017, 768. 

Next to the publication presented in the following, other scientific contributions related 

to this topic have been published by the authors. In order to maintain the systematic focus of 

this PhD thesis, the contributions have not been included directly, but are listed below for 

further inquiries:  

 Conference contribution: Spoerk M.; Savandaiah C.; Arbeiter F.; Schuschnigg S.; 

Holzer C.: Properties of glass-filled polypropylene for fused filament fabrication, 

Peer-reviewed paper at the plastics technology conference – Antec2017, Anaheim, 

USA, 2017. 

 Master’s thesis of Savandaiah C.: Shrinkage and warpage reduction of filled and 

blended polypropylene for extrusion-based additive manufacturing, Montanuni-

versitaet Leoben in cooperation with Tallinn University of Technology, 2017.  

 Journal publication: Kaynak B.; Spoerk M.; Shirole A.; Ziegler W.; Sapkota J.: Pol-

ypropylene/cellulose composites for material extrusion additive manufacturing, 

Macromolecular Materials and Engineering, 303(5), 1800037, 2018.  

 Conference contribution: Spoerk M.; Savandaiah C.; Arbeiter F.; Sapkota J.; 

Holzer C.: Optimierung der mechanischen Eigenschaften von glasgefüllten Poly-

propylen-Compounds für die extrusionsbasierte additive Fertigung, Abstract at 

the 27. Leobener Kunststoff-Kolloquium 2018, Leoben, Austria, 2018.  
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Abstract 

Polypropylene (PP) parts produced by extrusion-based additive manufacturing (EB-AM) 

suffer from warpage issues due to their high degree of crystallinity and orientations introduced 

during printing. These issues can be overcome by the addition of spherical fillers. However, 

the low aspect ratio of the filler and high filling degrees necessary for preventing warpage 

downgrade the mechanical properties, especially the toughness. This study aims at optimizing 

a PP-compound containing spherical glass microspheres for the application in EB-AM by 

maximizing the matrix-filler-compatibility and therefore the printability, tensile properties, and 

toughness, while still counteracting dimensional inaccuracies. A detailed study on the tensile, 

fracture, thermal, rheological, and impact properties of various compounds containing differ-

ent glass types was conducted. It was shown that for EB-AM applications, PP-compounds 

based on borosilicate glass spheres outperform compounds filled with the conventionally used 

inorganic soda lime glass. The proposed optimised composite exhibits an exceptional interfa-

cial adhesion between the microspheres and the matrix and a homogeneous filler distribution. 

It offers an improved processability and tensile properties up to the yield point comparable to 

those of neat PP. In a concluding impact test on printed composites, the optimised system 

exhibited impact energies 80% higher than compounds containing the conventionally used 

glass.  
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Introduction 

Fused filament fabrication (FFF), also known as fused deposition modelling (FDM™) or 

3D-printing, is an extrusion-based additive manufacturing (EB-AM) technique that has recent-

ly attracted considerable interest among researchers as well as from the industry [1 - 3]. The 

process is based on the extrusion of thermoplastic filaments. Two counter-rotating driving 

wheels transport the filament into a hot die, in which the material melts. The molten filament 

is extruded through a moving nozzle head onto a printing surface, resulting in a layer-by-layer 

fabrication of structural elements according to CAD-defined layer contours [4, 5]. This addi-

tive approach shows plenty of advantages over conventional manufacturing methods [6, 7]. A 

case in point is the flexible production of personalised products or complex parts with inte-

grated designs [2, 7]. However, the main limitation of the process compared to established 

processes like injection moulding is the inferiority in terms of mechanical properties of the 

printed parts. As a consequence, dedicated materials and material systems are needed that of-

fer improved mechanical properties, while assuring a good printability.  

One promising material for the use in FFF is polypropylene (PP). However, its pro-

nounced crystalline nature evokes certain issues connected with printing, which have yet to be 

resolved to exploit the full potential of the material. Within the last years, the majority of the 

research studies have laid their focus on printing unfilled PP [8 - 12]. Simultaneously, the 

widely known issues of shrinkage and warpage, which result from the high degree of crystal-

linity of PP [13, 14], have been an overlooked area of research regarding additive manufactur-

ing. However, especially when orientations are introduced in the material in the course of 

printing, the warpage of the printed parts along with the corresponding shrinkage become the 

key obstacles in connection with printing PP [2, 15]. One potential solution to prevent printed 

parts from shrinking and warping is to incorporate isotropic fillers, such as microspheres [13, 

16]. For FFF different non-fibrous filler systems have so far been incorporated into both 

poly(lactic acid) (PLA) [17, 18] and acrylonitrile butadiene styrene (ABS) [19 - 22], but little 

attention has been devoted to the incorporation of fillers into 3D-printed PP.  

In their seminal work, Carneiro et al. [1] exemplified the printability of PP filled with 

30 wt.- % glass fibres. The authors compared the compound to unfilled polypropylene in 

terms of mechanical properties. For equal printing conditions, the addition of the glass fibres 

led to an increase in the Young’s modulus as well as in the ultimate tensile strength by roughly 

40%. Similar improvements in moduli were also observed for 3D-printed PP filled with cellu-

lose nanofibrils [23, 24]. However, due to the high aspect ratio of both fibre types and their 

orientation during printing, anisotropic behaviour in shrinkage and warpage can be expected 

[25]. Previous studies by the authors [2] underpinned the finding that low aspect ratio fillers 

are beneficial for an isotropic warpage reduction. For filling degrees of up to 30 vol.- %, the 

low aspect ratio filler could drastically diminish both the warpage and shrinkage compared to 

unfilled PP. These high filling degrees are recommended to be compensated by the addition of 

low amounts of low-molecular weight amorphous components in order to obtain printable 
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filaments and to enhance the diffusion between adjacent strands [26]. Furthermore, an effec-

tive compatibilisation between the filler and the matrix, often enhanced by specially formulat-

ed coupling agents [27], is necessary for mechanical properties that are required for 3D-

printing [2].  

In the present work the approach of using low aspect ratio fillers is adopted. Solid glass 

beads, that are spherical or spheroidal microspheres [28], are incorporated into the PP matrix. 

Glass microspheres are widely used in the industry to improve stiffness, flow properties, and 

stress distributions and are relatively inexpensive and readily available. Their geometry allows 

good dispersion and a close packing, resulting in an improved dimensional stability for differ-

ent thermoplastics [13, 28, 29]. So far, many studies have been devoted to PP filled with the 

conventionally used inorganic soda lime glass, also known as A-glass [30 - 49]. Other glass 

types, such as the borosilicate glass (E-glass), have established themselves as the filling materi-

al of choice for glass-fibre reinforced composites [50], also in connection with PP [51 - 53]. 

However, to the best knowledge of the authors, the addition of E-glass in solid spherical 

shape has not yet been explored as a potential filler for PP in connection with 3D-printing. 

Yet, the results by Carneiro et al. [1] and the authors’ preliminary study [15] show great poten-

tial for glass microspheres-filled PP used in EB-AM. Therefore, the present work investigates 

the suitability of both glass types for their use in 3D-printing.  

Based on the findings described above, it can be assumed that the dimensional accuracy 

of 3D-printed parts, which is affected by the shrinkage and warpage, can be controlled 

through the addition of the low aspect ratio glass spheres. For the successful printing of FFF 

parts, further parameters that are critically affected by the addition of fillers need to be scruti-

nised. One of these key parameters that influences especially additively manufactured parts 

due to their layered composition, is the impact strength [54]. To date, only the impact strength 

of unfilled 3D-printed parts made of ABS [55 - 59], PLA [54, 60], and polycarbonate [61] have 

been investigated. Recently, Wang et al. [11] investigated the Izod impact strengths of unfilled 

PP parts produced by FFF. The authors experienced a strong dependency of the impact 

strength on the printing temperature and the layer thickness, but also on the observed crystal 

modification. Specimens containing more β-crystals exhibited improved impact strengths simi-

lar to those of injection-moulded specimens. Another study by Wang et al. [54] pointed out 

that the diffusion in between adjacent strands plays a key role in the impact behaviour of 3D-

printed PLA. A trend towards higher impact strengths was observed for parts with less or 

smaller voids, leading to parts with a higher diffusion degree between the strands. Moreover, 

voids can also act as stress concentration points, thus, deteriorating the impact strength. A 

study conducted by Álvarez et al. [59] also confirmed this trend for printed ABS specimens. 

However, under certain conditions porous structures can absorb more energy than parts with 

100% infill density, resulting in higher impact energies. For example, there is a higher chance 

of fracture stops and deflections in porous parts [62]. Additionally, delamination processes 

due to the layered structures produced by FFF enlarge the impact area similarly to endless 
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fibre reinforced composites [63], and therefore the impact specimen can absorb more impact 

energy.  

It is known, though, that high defect and gap concentrations negatively affect the overall 

mechanical properties [59], in particular the inter- and intra-layer strengths of 3D-printed parts 

[3]. In order to achieve both an augmentation of inter- and intra-layer strengths and decent 

impact energies, it is recommended to avoid air gaps between adjacent strands and try to im-

pact modify the filled compounds. As additional components, acting as impact modifiers, 

would make the already complex ternary system even more complicated, the further en-

hancement of the compatibility of the filled system can serve as a preferable alternative.  

The present work aims at improving the compatibility of the interface between glass mi-

crospheres and a PP matrix and, hence, the impact properties of printed composites by eluci-

dating the influence of two different glass types. The tensile, fracture, thermal, and rheological 

properties of the filament materials and the impact properties of printed composites contain-

ing the two glass filler types, i.e. A-glass, which is conventionally used, and E-glass, which is 

introduced here for the first time in spherical shape, are compared to evaluate the fillers’ po-

tential for PP used in EB-AM. A compound with a maximised compatibility between the filler 

and the matrix is proposed, which offers promising properties for the application in FFF. 

Printed parts of this compound display an improved dimensional stability and printability 

compared to neat PP. Additionally, their mechanical properties are shown to be superior to 

those of other filled PP-compounds.  

 

Experimental Procedure 

Materials 

A polypropylene heterophasic copolymer (PP) with a density of 0.905 g·cm-3, a melt flow 

rate of 5 g/10 min (230 °C, 2.16 kg), and a melting temperature of 166 °C was supplied by 

Borealis AG, Austria. Solid glass spheres of the borosilicate type Spheriglass 3000E (E-glass) 

and the inorganic soda lime glass type Spheriglass 2000 (A-glass), were obtained from Potters 

Europe, Germany, in an uncoated and a coated (aminosilane coating) condition. The chemical 

composition of the two glass types is displayed in Table 17 in the supporting information. The 

exact filler size distribution of the two filler types was measured by dynamic light scattering 

with a Mastersizer 2000 supplied by Malvern Instruments Ltd, UK (Fig. 78 in the supporting 

information). Fig. 78 shows that both fillers have a comparable size distribution and similar 

D50-values. The compatibiliser SCONA TPPP 9212 GA (MA), based on PP functionalised 

with maleic anhydride (content ≥ 1.8 %), was supplied by BYK-Chemie GmbH, Germany. 

The amorphous polyolefin AerafinTM 180 (am.PO), a copolymer based on olefins, with a den-

sity <1 g·cm-3, a crystallisation temperature of 51.4±0.5 °C, a melting temperature of 

98.0±5.2 °C, and a degree of crystallinity based on PP of 0.9±0.1 % was supplied by Eastman 

Chemical Company, USA.  
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Preparation of Composites 

The compositions of all investigated compounds are summarised in Table 15. All materi-

als were processed for 30 min at 200 °C in a lab kneader (Polylab Rheomix 3000, Thermo 

Fisher Scientific Inc., Germany) equipped with two counter-rotating roller blades at a rotation 

of 60 rpm. The filling degree of all filled compounds was set to the constant value of 

30 vol.-% to guarantee best possible shrinkage and warpage reduction. Lower filler loads result 

in a higher amount of shrinkage and warpage [2]. Simultaneously, filler loads should not ex-

ceed 30 vol.-% to ensure a rather homogeneous filler distribution and appropriate mechanical 

properties [64]. For all compounds without am.PO, first the required amount of polymer was 

melted. After 2 min, 2 vol.-% of the compatibiliser (MA) were added to the fully melted pol-

ymer. After 2 additional minutes of mixing, the glass filler was added to the compound. For 

compounds PP/A-UC and PP/E-UC, the glass filler was added directly to PP after 2 min.  

Table 15:  Compositions and derived designations of the compounds consisting of polypro-

pylene (PP), the compatibiliser (MA), the different fillers, and the amorphous pol-

yolefin (am.PO). 

Sample designation PP 

(vol.-%) 

MA 

(vol.-%) 

Filler type Filler coating am.PO 

(vol.-%) 

PP
 

100.0 - - - - 

PP/A-UC* 70.0 - A-glass - - 

PP/E-UC* 70.0 - E-glass - - 

PP/A-C* 70.0 - A-glass yes - 

PP/E-C* 70.0 - E-glass yes - 

PP/MA/A-UC* 68.0 2.0 A-glass - - 

PP/MA/E-UC* 68.0 2.0 E-glass - - 

PP/MA/A-C 68.0 2.0 A-glass yes - 

PP/MA/E-C 68.0 2.0 E-glass yes - 

PP/MA/A-C/am.PO 61.2 2.0 A-glass yes 6.8 

PP/MA/E-C/am.PO 61.2 2.0 E-glass yes 6.8 

*For reasons of clarity the results for these compounds are solely presented in the support-

ing information.  

For the composites containing am.PO, PP was melted for 2 min. Subsequently, based on 

PP 10 vol.-% of the am.PO were added and mixed for 2 min. After 2 additional minutes, 

2 vol.-% of the compatibiliser were included as described above. After an additional mixing 

time of 4 min, the filler was added.  
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After the completion of the kneading, the mixtures were removed in the melt state from 

the mixing chamber. The compounds were subsequently cooled down to room temperature 

and ground in a cutting mill (SM200, sieve with square perforations of 4×4 mm2, Retsch 

GmbH, Germany). One reference sample of neat PP was prepared under the same conditions 

as described above.  

Preparation of Filaments 

The filaments were prepared from the ground compounds using a filter test single screw 

extruder (FT-E20T-MP-IS, Dr. Collin GmbH, Germany) equipped with a die of 1.9 mm in 

diameter and 25.05 mm in length. The screw speed was set to 30 rpm and the heating zones of 

the extruder barrel to 175, 180, and 185 °C. To stabilise the pressure, a melt pump set to a 

rotational speed of 16.6 rpm was used. The extrudate was pulled by a winding unit through a 

3 m long water-bath at approximately 50 °C. In order to comply with the diameter tolerances 

of the filaments of 1.75±0.05 mm as well as a low ovality, the filaments’ diameter data were 

recorded prior to spooling by a Sikora Laser 2010T diameter measurement device and the 

Ecocontrol 600 processor (Sikora AG, Germany). Before the printing or subsequent charac-

terisation steps, the spooled filaments were stored under standardised conditions (23 °C air 

temperature, 50 % relative humidity). 

Tensile Tests 

The tensile tests were performed in accordance with Refs. [2, 15, 65 - 67] directly on the 

filaments using the universal testing machine Zwick Z001 (Zwick GmbH&Co.KG, Germany) 

and with a load cell of 1 kN under standardised conditions. All measurements were performed 

at a gauge length of 50 mm under a pre-load of 0.1 MPa to remove slack from the filaments. 

Ten independent measurements for each compound were conducted at a constant strain rate 

of 10 mm·min-1 until rupture. The results were evaluated to a significance level of 1 %.  

Tensile Fracture Analysis 

The filaments’ fracture surfaces that resulted from the tensile tests, were investigated by 

means of scanning electron microscopy (SEM) on a Tescan Vega II (Tescan Brno, s.r.o., 

Czech Republic) at 5 kV using secondary electrons. Prior to the analysis, the specimens were 

mounted on a sample holder with a carbon tape and sputtered with gold for 100 s at 20 mA. 

Based on Ref. [68], a quantitative dispersion analysis was conducted by measuring the distanc-

es between the edges of adjacent fillers on several SEM images using the software Corel Draw 

X6 (Corel Corporation, Canada). A minimum of 200 interparticle distances based on 3-5 in-

dependent SEM images per compound was evaluated. As recommended in Ref. [69], the spac-

ing distribution is reported in the form of histograms.  

Thermal Analysis 

The crystallisation and melting behaviour of all ground compounds was studied by means 

of differential scanning calorimetry (DSC) on a DSC 1 equipped with a gas controller GC 200 

(both Mettler Toledo GmbH, Switzerland). All materials were investigated between 25 and 
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200 °C under a constant nitrogen flow of 50 ml·min-1. Heat-cool-heat runs, with the heating 

and cooling rate set to 10 K·min-1 and 20 K·min-1, respectively, were performed. Seven speci-

mens per material were characterised, each having a mass of 10±1 mg. All obtained values 

were evaluated to a significance level of 5 %. The heat of fusion of a fully crystalline PP was 

taken as 207 J·g-1 [70] and the crystallinity was calculated with respect to the mass fraction of 

the filler as described in Ref. [71].  

Rheology 

For all materials, viscosity curves were obtained using the rotational rheometer Physica 

MCR 501 (Anton Paar GmbH, Austria) in a plate-plate geometry. The tests were performed at 

200 °C under nitrogen atmosphere and at a gap of 1 mm. The materials were tested in oscilla-

tory shear controlled mode in their linear visco-elastic region between 500 and 0.1 s-1. The 

specimens were prepared by pressing discs of 25 mm in diameter and 2 mm in thickness in a 

P200PV vacuum press (Dr. Collin GmbH, Germany). For each material three individual spec-

imens were characterised and the viscosity curves of the three repetitions were averaged.  

Impact Specimen Preparation 

The impact specimens were produced by EB-AM as well as by compression moulding. 

The additively manufactured specimens were produced by means of a Duplicator i3 v2 (Wan-

hao, USA) FFF printer with a brass nozzle of 0.4 mm in diameter. The parts were sliced with 

the software Slic3r 1.2.8 by Alessandro Ranellucci in a way that all strands are oriented per-

pendicularly to the impact direction. This was done to measure solely the impact differences in 

the material and not those due to the weld strengths. For all materials, the nozzle temperature 

was set to 230 °C and the print speed to 64 mm·s-1. In order to guarantee ideal adhesion of 

the first printing layer, all materials were printed onto a PP plate that had been compression-

moulded using the same settings as described above and the plate temperature was set to 

80 °C. Additionally, only for the first layer, the print speed was reduced to 60 % and the melt 

flow rate was increased to 200 % of the value used for the subsequent layers. The layer thick-

ness was set constant to 0.25 mm for all layers. The infill density was adjusted depending on 

the material, so that the adjacent strands coalesced and the part density of all impact speci-

mens was constant independently of the material. To homogenise the temperature within the 

printer, the whole printer was insulated with expanded polystyrene plates. A homogeneous 

temperature distribution is known to enhance the diffusion between adjacent strands [54]. 

Moreover, the insulation has the potential to decrease the warpage of the highly oriented spec-

imens [72]. The print was started as soon as a constant printing chamber temperature of ap-

proximately 55 °C was reached. During one print, ten specimens were produced. Directly after 

the completion of one print, the insulation was removed and the material was allowed to cool 

down to room temperature. The cold specimens were removed from the printing bed with a 

spatula and stored under standardised conditions for at least 72 hours until the impact tests 

were performed.  
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The compression-moulded samples were first pressed to plates of 160×160×4 mm3 in 

size in a Collin P200PV vacuum press (Dr. Collin GmbH, Germany) with the following 

moulding parameters: 200 °C for 2 min at 1 bar, 200 °C for 6 min at 90 bar, 200 °C for 

20 min at 150 bar, and 20 °C for 15 min at 150 bar. Afterwards, the plates were machined to 

the Charpy specimens’ size according to standard ISO 179-1.  

Impact Tests 

Charpy tests were performed according to standard ISO 179-1 on the impact testing pen-

dulum Resil 25 (CEAST/Instron, Italy) at room temperature. The specimens (type 1/e/A 

according to standard ISO 179-1) were notched by a wedge-shaped blade with a notch depth 

of 0.25 mm and tested in edgewise direction. The average values for the impact energy of ten 

specimens per material were evaluated to a significance level of 5 %.  

In order to compare the coalescence of adjacent strands of the different materials, the 

cross-sections of the Charpy specimens were studied by cutting out small pieces of the parts 

and sanding them with the disc-type sander Phoenix Beta (ITW Test & Measurement GmbH, 

Germany). Each part was sanded for 15 min with the abrasive paper Buehler CarbiMetTM Grit 

360 (ITW Test & Measurement GmbH, Germany) under a constant water flow. The sanded 

cross-sections were analysed in the optical microscope Olympus SZX12 (Olympus Life Sci-

ence Europe GmbH, Germany) under reflected light.  

 

Results and Discussion 

As expected for spherical fillers [2], the material shrinkage and the warpage of the com-

pounds are reduced considerably compared to neat PP. This behavior is exemplified in Fig. 79 

and Fig. 80 in the supporting information. The shrinkage and the warpage are, hence, control-

lable for the glass-filled PP-compounds. The present work focuses on the question, whether 

further necessary requirements for the use in FFF in terms of tensile, morphological, thermal, 

and rheological properties can be met for compounds containing different glass types.  

Tensile Properties 

A prerequisite for a successful EB-AM process is a sufficient strength and stiffness of the 

filament material. Both properties are essential for the fulfilment of some basic requirements 

specific to FFF. First, the material needs to retain its shape during the transport through the 

drive wheels. Secondly, the material has to withstand frictional forces on the drive wheels. In 

this regard, a sufficient strength is needed to prevent the rupture of the filaments. Lastly, the 

risk of buckling between the drive wheels and the liquefier has to be reduced to a minimum in 

order to guarantee a constant flow rate during printing [2, 73]. Buckling can be reduced only if 

the filaments offer a sufficient level of stiffness. The exact strength and stiffness levels that are 

necessary for a successful print depend on various factors that are on the one hand related to 

the printer setup and on the other hand to the filament material itself.  
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Previous studies by the authors [2] showed that the stiffness of neat PP is sufficient for 

the use in FFF. As the incorporation of glass-spheres in PP increases the Young’s modulus 

[30], the stiffness requirement related to 3D-printing is met by all filled composites of the pre-

sent work. However, it was shown that only filled polypropylene compounds with a strength 

of minimum 13 MPa were successfully printable using a similar printing setup as described in 

section “Impact Specimen Preparation” [2]. Yet, PP filled with 30 vol.-% of low aspect ratio 

fillers, such as glass spheres, cannot achieve such high strength values without further modifi-

cation (see Fig. 81a in the supporting information) due to a weak compatibility between the 

filler and the polymer [36]. It is known that glass coatings and suitable compatibilisers can 

improve the dispersion of glass fillers in PP-compounds [74] as well as the filler-matrix inter-

face [48, 52, 53, 75], resulting in optimised mechanical properties due to the formation of co-

valent bonds between the coating and the compatibiliser [52, 53]. Without a suitable compati-

biliser, though, a glass filler coating does not improve the mechanical properties of PP-

compounds [39, 76] (see Fig. 81b in the supporting information), as the additional reactive 

surface groups of the coating hardly interact with PP. Hence, in the following, the tensile test 

results are presented for an approved combination [52, 53] of PP, the compatibiliser MA, 

which is one of the standard coupling agents for PP [74] and aminosilane-treated glass spheres 

of both glass types A and E (Fig. 71a). As no plastic deformation should occur in the printer 

head [2], we focus in the following on the filament’s tensile behaviour before and at yield, i.e. 

on the yield stress σY and the strain at yield εY, which are important parameters in connection 

with FFF. Please refer to the supporting information for a representation of the exact values 

for σY, εY, and the Young’s modulus for all compounds investigated (Table S.1).  

 
Fig. 72: Representative filament stress-strain curves of PP filled with coated glass spheres and 

MA (a) and coated glass spheres, MA, and am.PO (b). The mean and confidence in-

terval for a significance level of 1 % for the yield stress and the corresponding strain 

are marked by symbols and error bars. For reasons of comparison, the base-polymer 
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PP (strain at break = 1631±21 %) is also included in the figures. However, only the 

first 10 % of strain are represented for reasons of clarity.  

The compatibilised and coated compounds show distinct differences between the A- and 

E-glass type. Despite the use of a compatibiliser and coated glass spheres, the composite con-

taining A-glass (PP/MA/A-C, Fig. 71a) exhibits an unaltered εY (0.9±0.2 %) and only a slight-

ly improved σY (11.2±1.5 MPa) compared to an uncompatibilised and uncoated compound (εY 

= 1.7±1.4 %, σY = 8.1±1.5 MPa, Fig. 81a in the supporting information). These generally infe-

rior mechanical properties limit the compound’s application in FFF, as the minimum strength 

requirement of 13 MPa for a PP-based compound is not met. On the other hand, the com-

pound containing E-glass (PP/MA/E-C) exhibits a significantly improved εY (2.9±0.4 %) 

compared to that of the compound PP/MA/A-C and a σY (20.6±1.3 MPa) comparable to that 

of unfilled PP, despite the high filling degree of 30 vol.-% and the low aspect ratio of the filler. 

As the coating for both filler types is the same, it is expected that the interface between the 

coating and the anhydride compatibiliser is improved in a similar manner for both glass types. 

Thus, the drastic difference in the mechanical performance of the two glass types must be 

based on the interface between the coating and the glass microspheres. In this regard, the 

main influencing factor is the surface chemistry of the two glasses, which is known to differ 

drastically between various glass types [77]. Wang et al. [78, 79] found that the high amount of 

Al2O3 in E-glass (here 12-15 %, Table 17 in the supporting information) compared to A-glass 

(here 0.1-2.5 %) strongly improves the interface between the glass surface and the coating, as 

aluminium ions from the glass substrate are incorporated into the aminosilane coating. This 

strong interface was also confirmed by Liu et al. [50], who similarly suggest the formation of a 

semi-interpenetrating network between the contact partners. Liu et al. [80] additionally found 

that E-glass reveals a high density of surface hydroxyl groups (2.29 nm-2), which can chemical-

ly react with the ethoxysilane group of the coating [53]. This results in strong covalent bonds 

between the E-glass and its coating and, thus, in improved mechanical properties. Further-

more, a strong interface prevents the peel-off of the coating during processing at elevated 

temperatures and shear conditions, which has been reported to occur for weak matrix-filler 

interfaces [81, 82], such as the combination of A-glass and the aminosilane coating. Moreover, 

E-glass exhibits a smaller surface contact angle with water than A-glass [77, 83], which is an 

indication for a more reactive surface. As the amount of surface hydroxyl groups strongly 

depends on prior heat treatments of the glass [80], the SiOH content on the surface of the A-

glass can additionally decrease due to certain glass processing steps that are typical for A-glass 

[84]. The latter facts also explain the superiority of the uncoated E-glass in compound 

PP/MA/E-UC over the A-glass (Fig. 81c in the supporting information), as a bigger surface 

OH-density also results in a more effective reaction with the anhydride group of the compati-

biliser [53]. The fact that the E-glass itself exhibits a higher strength and stiffness, as reported 

in Ref. [85], can also slightly influence the difference in the tensile results. Lastly, although 

there is hardly a size difference between the A-glass and E-glass type used in this study (Fig. 
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78 in the supporting information), the filler size and its distribution could also be a minor ef-

fect contributing to the differences in the reinforcement efficiencies [86].  

All in all, the compound PP/MA/E-C shows the highest potential for the use in FFF due 

to its high σY of 20.6±1.3 MPa. In addition to the stiffness and strength requirements, a εY of 

roughly 5 % is recommended in order to effectively spool and de-spool the filament during 

printing [2]. As none of the compounds investigated satisfies this additional requirement, the 

εY of PP/MA/E-C of 2.9±0.4 % is still not sufficient for a flawless and reliable production of 

parts produced by FFF. Hence, the ductility and toughness of the filaments and therefore the 

reliability of the print need to be further enhanced. This is achieved by adding amorphous 

components, such as am.PO, to the filled materials [2].  

Fig. 72b compares the tensile test results of the glass sphere-filled PP-compounds con-

taining am.PO to those of neat PP. As expected, for both materials, the addition of am.PO 

leads to an increase in εY due to the dilution of the composite with the rubbery and more duc-

tile material [2, 30, 87]. Moreover, a reduction in crystallinity due to the addition of an amor-

phous component may contribute to the εY enhancement [30] (see section “Thermal Proper-

ties”). For PP/MA/A-C/am.PO, a significant increase in εY of roughly 80 % (up to 1.7±0.4 % 

of strain) along with an unaltered σY (12.9±0.7 MPa) compared to PP/MA/A-C was achieved 

(Fig. 71b). However, the εY value is still roughly 40 % lower than that of PP/MA/E-C without 

am.PO and therefore not desirable for 3D-printing. The compound PP/MA/E-C/am.PO 

exhibits a reduction of roughly 15 % in σY (17.2±0.6 MPa) compared to PP/MA/E-C. This 

can be related to the introduction of additional damage initiation points due to the substitu-

tion of PP by the low-strength am.PO [30, 33, 42]. Especially composites consisting of a 

strong matrix-filler interface, such as PP/MA/E-C, are affected strongly by the strength re-

duction resulting from the addition of elastomeric components [2, 88]. However, the com-

pound PP/MA/E-C/am.PO still exhibits a σY roughly 35 % higher than that of PP/MA/A-

C/am.PO and still reveals a higher σY than the processing limit of 13 MPa. The εY, though, 

nearly triplicated for the compound PP/MA/E-C/am.PO (8.1±0.5 %) compared to 

PP/MA/E-C, consequently showing a roughly five times higher εY than the compound 

PP/MA/A-C/am.PO. Thus, in terms of mechanical properties, the compound PP/MA/E-

C/am.PO meets all the necessary requirements for a successful application in EB-AM.  

Fractographic Analysis 

In addition to the process requirements in terms of mechanical properties, two micro-

structural material requirements that are represented by fractographic analyses have to be met 

for a successful 3D-print. First, an improved interfacial adhesion is the basis for withstanding 

the mechanical forces that are applied during printing and is necessary for a successful impact-

modification of filled compounds. Secondly, a homogeneous filler distribution within the fil-

ament is required for improving the mechanical properties and for guaranteeing a reliable 

printability. Filler agglomerations have to be avoided, as they can easily lead to blocked noz-

zles during printing.  
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The fracture surfaces of all tensile test specimens shown in Fig. 71 reveal distinct differ-

ences in the composites’ fracture behaviour (Fig. 73). The compound PP/MA/A-C (Fig. 73a) 

reveals a fracture surface similar to compounds consisting solely of PP and uncoated A-glass 

spheres [36, 40, 49]. Similarly to the work of Liang et al. [36], who studied PP filled with coat-

ed A-glass, the majority of the filler particles are torn out of the matrix upon rupture, proving 

the weak interface between the coating and the filler and leading to the poor mechanical per-

formance (Fig. 71a). According to the spacing distribution in Fig. 73a, the majority of the fill-

ers tends to agglomerate due to a maximum in the relative amount at lowest inter-particle dis-

tances. Moreover, the relatively high number of long inter-particle distances along with the 

agglomerations prove a cluster formation [68, 69], which can have deteriorating consequences 

on the printability of this compound, such as flow rate variations and in the worst case 

blocked nozzles. Furthermore, the polymeric matrix does not exhibit any ruptured fibrils, 

since the fillers debond prior to a possible ductile deformation of the matrix [40], leading to 

immediate brittle failure.  
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Fig. 73: Scanning electron microscopy (SEM) images of the fracture surfaces of the filaments 

(left) and the corresponding results for the quantitative dispersion analysis (right) of 

the compounds PP/MA/A-C (a), PP/MA/E-C (b), PP/MA/A-C/am.PO (c), and 



 
 

  203 

PP/MA/E-C/am.PO (d). In the top right corner of each SEM image, the corre-

sponding mean and 99 %-confidence interval of the measured yield stresses σY and 

elongations at yield εY are shown.  

In contrast to this, the fracture surface of the compound PP/MA/E-C (Fig. 73b) consists 

of a high amount of ruptured fibrils due to the compound’s elevated εY (Fig. 71a). It is clearly 

visible that the polymer phase including the coating exhibits a strong adhesion to the E-glass, 

as hardly any filler particles tend to be pulled out of the matrix. Most of them are rather sur-

rounded by the deformed polymeric matrix [36], which partly forms bridges to the filler coat-

ing in the interfacial region [75]. The compound PP/MA/E-C (Fig. 73b) reveals a considera-

bly more homogeneous filler distribution than PP/MA/A-C, as hardly any fillers tend to form 

agglomerates, but rather exhibit a mean distance of approximately 20 µm to each other. These 

facts clearly confirm the outperformance of PP/MA/E-C over PP/MA/A-C in terms of me-

chanical properties and also suggest an improved printability.  

The addition of an immiscible polymer (am.PO) is known to strongly impact the mor-

phology and the fractographic appearance and therefore also the mechanical properties [30, 

31, 33, 42, 51, 89, 90]. Ternary blends can either form a three-phase morphology consisting of 

separate filler and polymer particles embedded in a matrix, or form a two-phase morphology, 

in which the second polymer encapsulates the filler [42]. The predominant morphology 

strongly depends on the polarities of the components [51], i.e. in the present case polymer A, 

polymer B, filler, coating, and compatibiliser. In reality mostly a mixture of both morphologies 

is observed [42]. For EB-AM, a two-phase morphology is favoured, as both the σY and the εY 

are in general higher for the encapsulated structure than for the three-phase morphology [30, 

42]. The mixing scheme used in this work (section “Preparation of Composites”) can promote 

the two-phase morphology and therefore provides the chance for the glass microspheres to be 

encapsulated by the am.PO [2, 51].  

The fracture surface of the compound PP/MA/A-C/am.PO (Fig. 73c) suggests that the 

am.PO indeed encapsulates the filler, as additional irregular holes with rough surfaces can be 

discerned. These holes could have originated from the poor adhesion between PP and the 

am.PO, as not only the filler, but also parts of the am.PO or the compatibiliser have been torn 

out of the matrix. A similar behaviour is also observed on immiscible PP-blends in combina-

tion with different fillers [2, 31, 33, 91]. The compound PP/MA/A-C/am.PO (Fig. 73c) re-

veals a slightly improved matrix-coating-filler interface compared to the compound 

PP/MA/A-C (Fig. 73a), but still shows visible gaps between the microspheres and the matrix, 

resulting in inferior mechanical properties compared to the respective compounds containing 

E-glass. The addition of the am.PO does not lead to an improvement in the dispersion of the 

compounds containing A-glass (Fig. 73c). Thus, the possible risks of nozzle blockages and 

flow rate irregularities during printing due to filler agglomerations still exist.  

The composite PP/MA/E-C/am.PO (Fig. 73d) features a completely different fracture 

surface. It exhibits more elongated fibrils compared to both PP/MA/A-C/am.PO (Fig. 73c) 
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and PP/MA/E-C (Fig. 73b). This suggests that the volume of material, which is plastically 

deformed is enlarged due to the highly ductile am.PO [36]. Similarly to compound PP/MA/E-

C (Fig. 73a), the fillers show a very strong adhesion to the polymeric phase. Additionally, the 

glass spheres show a more homogeneous distribution (Fig. 73d), since most of the fillers tend 

to have a distance of roughly 10-35 µm to each other, whereas no filler agglomerations can be 

observed. The protruding fibrils cover a few bigger holes on the fracture surface, which may 

have originated from the pull-out of encapsulated fillers due to a weaker adhesion between PP 

and am.PO [2] similarly to PP/MA/A-C/am.PO (Fig. 73c). This possible core-shell micro-

structure can improve the stress distribution around the filler and therefore result in the ob-

served increased ductility [30, 33] (Fig. 71b). The encapsulation of the filler can facilitate the 

transfer of an external stress to the filler [30], which could be responsible for the weak reduc-

tion in strength.  

Due to a strong filler-matrix interface, a homogeneous filler distribution without agglom-

erations and the benefit of a core-shell structure from the am.PO, the σY and the εY of com-

pound PP/MA/E-C/am.PO could be increased to a level comparable to that of unfilled PP 

(Fig. 71b), while still exploiting the benefit of a flawless printability and a dimensionally highly 

accurate material due to its high degree of filling (Fig. 79 and Fig. 80). Especially for the FFF 

process, the interplay of the filler and the matrix can therefore determine the printability of 

novel material compounds with an optimised properties profile.  

Thermal Properties 

For the application in EB-AM, a low degree of crystallinity is beneficial as long as the me-

chanical properties are not reduced below the required limit. A low degree of crystallinity di-

minishes the change in relative specific volume upon cooling and, thus, decreases the shrink-

age and the warpage of printed parts [2, 13]. Moreover, a high crystallisation temperature can 

improve the dimensional accuracy of printed parts, as the elevated drastic change in specific 

volume can set in at the beginning of the deposition of printed strands, due to quick cooling 

rates in the FFF process [2, 92].  

Table 16 summarises the DSC results of the investigated compounds. All investigated 

filled compounds reveal an increase in the crystallisation temperature (TCryst) compared to neat 

PP, as the glass spheres nucleate PP [32, 41]. The compound PP/MA/A-C has a significantly 

lower TCryst than PP/MA/E-C, which originates from the morphology of the compounds (Fig. 

73a and Fig. 73b). Due to the observed weak interface between the A-glass and the matrix, the 

glass spheres tend to form agglomerations (see Fig. 73a) and prefer to phase-separate. There-

fore, the spheres’ contact to PP as well as their specific surface is reduced and, thus, their nu-

cleating ability is diminished [93, 94]. The significantly increased TCryst of PP/MA/A-C/am.PO 

compared to PP/MA/A-C could be related to the weak interface between the A-glass and the 

coating. As discussed in section “Tensile Properties”, the A-glass might peel-off during pro-

cessing, resulting in an enlarged contact with PP and, thus, an elevated TCryst.  
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Table 16: The mean and confidence interval for a significance level of 5 % for the crystalli-

sation temperature TCryst, the degree of crystallinity αCryst and the melting peak 

temperature TMelt, obtained from the second heating cycle, for all compounds in-

vestigated.  

Sample designation TCryst (°C) αCryst (%) TMelt (°C) 

PP 111.4±0.7 41.1±1.0 166.7±0.5 

PP/MA/A-C 115.4±1.0 40.9±1.5 156.9±1.2 

PP/MA/E-C 116.9±0.1 39.6±0.9 157.7±0.6 

PP/MA/A-C/am.PO 117.7±0.4 36.6±0.5 159.5±0.7 

PP/MA/E-C/am.PO 117.0±0.5 35.4±3.1 161.6±1.3 

When the mass of the glass filler is considered in the calculation of the degree of crystal-

linity (section “Thermal Analysis”), the polymeric part of PP/MA/A-C and PP/MA/E-C 

reveals the same degree of crystallinity as neat PP (Table 16), which is in accordance with the 

literature [41]. When the am.PO is added to the compounds, the degree of crystallinity is re-

duced by roughly 10 %, due to the substitution of 10 vol.-% of the polymeric phase by the 

am.PO. This trend has also been observed for both unfilled [95] and filled blends of PP and 

polyolefin-based amorphous components [34]. In addition, this reduction of crystallinity can 

be related to the observed increase in the elongation at yield (section “Tensile Properties”) and 

may contribute to the good dimensional stability of the printed parts (Fig. 79 and Fig. 80).  

The trends in the melting temperatures from the second heating cycle (Table 16) might 

not be as obvious at the first glance. It appears that, when glass fillers, independently of their 

type, are added to PP, the melting peak shifts to lower temperatures. This trend is suggested to 

be intimately related to the crystalline structure of the PP matrix. As the topic is beyond the 

scope of the present work, please refer to the supporting information (Fig. 82) for more de-

tails. 

Rheology 

The viscosity of the filament material has a critical impact on the printability [73] as well 

as on the mechanical properties of printed parts [3]. Highly viscous materials pass the nozzle 

with more difficulty. Hence, their stiffness and strength need to be higher in order to with-

stand the forces that are exerted on the filament. However, the viscosity of the filament can-

not be too low in order to be still deposited in a controlled manner [73]. Previous works [3] 

showed that at shear rates of ≥100 rad·s-1, which are typical shear rates at the nozzle wall dur-

ing printing at usual printing speeds [73], viscosities of roughly 200 Pa·s are recommended for 

a reliable print and best mechanical properties. Only around this viscosity value the strands 

show strong cross-flows upon deposition, which results in improved cohesion between adja-

cent strands [3].  
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The viscosity curves of all compounds measured at 200 °C (Fig. 74) show shear-thinning 

flow behaviour at elevated shear rates, as the viscosity decreases with increasing angular fre-

quencies due to orientations of the polymer chains with the flow [31]. The increase in viscosity 

at frequencies lower than 50 rad·s-1 for the compound PP/MA/A-C can be correlated with 

the previously observed formation of filler agglomerations (Fig. 73a) [96, 97] and with the 

weak interfacial bonding between the coating and the A-glass (section “Tensile Properties”). 

During shear deformation, the spheres can detach from the coating [81, 82], resulting in an 

increased tendency to agglomerate and, hence, an elevated viscosity at low shear rates [97]. 

Contrary to this, the compound PP/MA/E-C reaches a Newtonian plateau for frequencies 

lower than 50 rad·s-1. This confirms the previously observed homogeneous filler distribution 

(Fig. 73b). Though, at higher angular frequencies, in which the viscosity is just slightly influ-

enced by network formations [97, 98], PP/MA/E-C exhibits a higher viscosity than 

PP/MA/A-C. This increase results from improvements in the interfacial bonding (Fig. 73b) 

that enlarge the compound’s resistance to flow [42, 99].  

 

Fig. 74: Mean viscosity curves of three individual measurements for the PP-compounds in-

vestigated.  

It was shown by various studies [31, 42, 51, 89], that an addition of elastomeric compo-

nents to glass-filled PP can lead to an overall viscosity increase due to the development of 

core-shell microstructures. A similar trend can be observed for the blended composites in Fig. 

74. Both ternary blends (PP/MA/A-C/am.PO and PP/MA/E-C/am.PO) reveal significantly 

increased viscosities for all measured frequencies compared to their unblended counterparts. 

This fact supports the assumption of the formation of a core-shell structure of the am.PO 

around the filler. In general, these encapsulated structures lead to an increase in viscosity that 

is more pronounced than in separately dispersed glass spheres and elastomer particles [42] due 

to a shear stress enlargement between adjacent encapsulated fillers. The distinct difference 

between the viscosity curves of PP/MA/A-C/am.PO and PP/MA/E-C/am.PO is related to 

the compounds’ morphology. As a promising compatibilisation due to an optimal choice of 
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coatings and compatibilisers enhances the probability for an encapsulation [51], the viscosity 

of the compound with the better interface should be elevated. In the present case, PP/MA/E-

C/am.PO exhibits considerably higher viscosity values (more than 150 % higher) than the 

compound PP/MA/A-C/am.PO. Furthermore, Fisher et al. [51] reported that the viscosity 

increase depends on the thickness of the encapsulation. Due to the stronger interfacial adhe-

sion of the compound PP/MA/E-C/am.PO (Fig. 73d), thicker encapsulations could be 

formed, resulting in an augmented viscosity. The previously discussed weak interface between 

the coating and the A-glass in compound PP/MA/A-C/am.PO can lead to non-bonded glass-

spheres that may facilitate the flow and, thus, decrease the viscosity.  

The high viscosities of the blended compounds, especially those of the compound 

PP/MA/E-C/am.PO (720±10 Pa·s at 121 rad·s-1 and 200 °C) were compensated by printing 

at the rather high temperature of 230 °C (295±45 Pa·s at 121 rad·s-1 and 230 °C), in order to 

be in the vicinity of the recommended viscosity values. For comparative reasons, all prints 

were conducted at that nozzle temperature.  

Impact Tests 

So far, only the compound PP/MA/E-C/am.PO satisfies all the requirements for a suc-

cessful 3D-print. In the following, real parts printed from this compound are compared to 

neat PP and one composite containing A-glass (PP/MA/A-C/am.PO). The extrusion of the 

two compounds and the neat PP led to good quality filaments within narrow filament diame-

ter ranges (refer to Fig. 83 in the supporting information). As expected, the compound 

PP/MA/E-C/am.PO was printable without flaws, due to its high yield strength and elonga-

tion at yield (section “Tensile Properties”) that originate from the strong filler-matrix interface 

and the core-shell microstructure (section “Fractographic Analysis”), its homogeneous filler 

distribution (section “Fractographic Analysis”), its low degree of crystallinity (section Thermal 

properties), and the correct nozzle temperature adjusted to the compound’s viscosity (section 

“Rheology”). In contrast to this, the material PP/MA/A-C/am.PO showed regular filament 

fractures within the printer head due to its comparably lower yield strength and strain. Moreo-

ver, during printing, this compound led to occasional nozzle blockages due to the observed 

filler agglomerations. Nevertheless, impact specimens were printed for comparative reasons.  

The results of the impact tests for the two compounds as well as the neat PP are summa-

rised in Fig. 75, in which the 3D-printed samples are compared to homogeneous specimens 

prepared by compression moulding. Independently of the processing technique, the addition 

of glass microspheres leads to a decrease of roughly 65-80 % in the notched impact strength, 

which is dependent on the polymer type [100], and in accordance with the literature [30, 41, 

48]. The glass microspheres can act as initiation points for defects. Furthermore, they can re-

duce the impact fracture area resulting in lower impact strengths than unfilled polymers [100, 

101]. Nevertheless, the impact results are strongly dependent on the matrix-filler interactions 

of the composites [30]. For example, it was reported that PP filled with coated glass spheres 

exhibits higher impact strengths than PP filled with uncoated microspheres due to an opti-
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mised interfacial adhesion [48, 75]. Therefore, the compound PP/MA/E-C/am.PO, which 

has a better compatibility between the filler, coating, compatibiliser, and polymer, reveals a 

significantly enhanced impact energy (enhancement of up to 80 %) compared to the com-

pound PP/MA/A-C/am.PO that contains poorly compatibilised interfaces (Fig. 75).  

 

Fig. 75: Impact energy for the three materials neat PP, PP/MA/A-C/am.PO, and 

PP/MA/E-/am.PO that were either processed by printing or by compression 

moulding for reasons of comparison.  

The impact energies of the compounds investigated in the present work might appear low 

compared to the neat PP (Fig. 75). It should be mentioned, though, that these compounds 

exhibit a high filling degree of 30 vol.-%. In this context, the impact energies of the filled 

composites are even higher than could be expected from comparable studies on ternary 

blends [33, 48]. Besides the influence of the base polymer selected in the present work or the 

studies cited above, this improvement in impact energy might also be due to the presence of 

β-crystals (Fig. 82 in the supporting information) that are known for their beneficial effect on 

PP [102, 103] and, in particular on 3D-printed PP [11]. Furthermore, the encapsulation of the 

filler by the am.PO can have resulted in the enhanced impact properties, as reported in Refs. 

[30, 33]. The reason for that can be twofold. Firstly, the core-shell structure promotes shear 

yielding and crazing at the elastomer interlayer. Hence, micro-voids, that can absorb more 

impact energy, are easily formed at the interlayer [30, 35]. Secondly, the encapsulation can 

decrease stress concentrations and therefore improve the stress distribution in the matrix, so 

that more impact energy can be absorbed [30, 35].  

Interestingly, the impact energies of the specimens produced by FFF are independently of 

the material approximately 4-5 times higher than those of the homogenous compression-

moulded parts (Fig. 75) [54]. In order to illustrate this drastic difference, the impact fractured 

specimens are depicted in Fig. 76. It can be seen that the volume of plastic deformation close 

to the fracture is considerably larger for the 3D-printed specimens than for the compression-

moulded ones. This is most likely due to the orientations of the printed strands. As the speci-

mens were tested perpendicularly to the strand orientation, plenty of delaminations occur, as 
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can be seen by uneven zig-zag fractures and the odd shape of the plastic fracture in Fig. 76b 

(top) and Fig. 76c (top). These delaminations absorb a lot of energy [104] and can increase the 

area of generated surface [63, 105], resulting in higher impact energies. In addition to the craze 

formation originating from the filler-matrix interface [106], the oriented strands (Fig. 76) have 

played a role in increasing the impact energy by inducing further crazes at the delamination 

surfaces that block the propagation of cracks similarly to highly oriented fibre-composites 

[107, 108].  

 

Fig. 76:  Side view of the fracture after impact for PP (a), PP/MA/A-C/am.PO (b), and 

PP/MA/E-C/am.PO (c). In the upper part of all images the 3D-printed, and in the 

lower part the compression-moulded specimens are shown. On the upper side of the 

specimens, the notch can be seen. The impact came in the vertical upwards direction. 

The area of plastic deformation appears white and is, for reasons of clarity, shown 

encircled for each specimen using black lines.  

Fig. 77 illustrates the cross-sections of untested 3D-printed impact specimens. The dark 

regions indicate the printed strands, and the bright regions the interlayer air gaps. The cross-

sections reveal that the differences in the impact energy of the three investigated materials are 

not considerably influenced by the infill degree of the printing process, as all materials exhibit 

a comparable fraction of air gaps between the strands and a similar contact area between adja-

cent strands. Thus, the differences in impact energies are mainly based on the different com-

patibilities between the E-glass and the A-glass interfaces. As all specimens are produced using 

the same printer settings, the differences in the impact properties between PP/MA/E-

C/am.PO and PP/MA/A-C/am.PO are influenced by the viscosity of the composites. Since 

the viscosity of the compound PP/MA/E-C/am.PO is for all shear rates significantly higher 

than that of PP/MA/A-C/am.PO (Fig. 74), the cross-flow and therefore the diffusion be-

tween neighbouring strands for the compound PP/MA/E-C/am.PO is drastically reduced [3]. 

Hence, if the impact specimens were printed with the same degree of diffusion between the 

strands, the differences in the impact energy for the two compounds are expected to be even 

more prominent. Fig. 77 additionally exemplifies the source of delamination of the printed 
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specimens. As the intra-layer cohesion between adjacent strands is for all specimens consider-

ably weaker than the inter-layer cohesion [3], the crack tends to propagate through neighbour-

ing strands perpendicularly to the impact direction, which is marked in Fig. 77 with a white 

arrow. As a result, delaminations that absorb plenty of impact energy are formed.  

 

Fig. 77: Cross-sections of PP (a), PP/MA/A-C/am.PO (b), PP/MA/E-C/am.PO (c). The 

impact direction is horizontal and highlighted with an arrow in (a). The printing bed 

is located on the bottom of each image, as highlighted in (a).  

 

Conclusion 

In summary, this study demonstrates the novel applicability of a glass sphere type as a 

promising filler for PP in extrusion-based additive manufacturing and investigates its efficien-

cy in terms of mechanical properties. Whilst maintaining an optimal warpage control of print-

ed parts due to the addition of 30 vol.-% of spherical fillers, a successful optimisation of both 

tensile properties and toughness was achieved by maximizing the interfacial adhesion between 

the filler and the matrix. It was found that for the most commonly used compatibiliser in PP 

(PP grafted with maleic anhydride), aminosilane-coated borosilicate glass (E-glass) fillers 

showed an exceptionally improved interface to the matrix in contrast to the conventionally 

used aminosilane-coated inorganic soda lime glass (A-glass). Furthermore, the composites 

containing E-glass revealed less filler agglomerations than those with A-glass, which was addi-

tionally proven by a quantitative dispersion analysis and rheological measurements. The opti-

mal compound proposed in this work, containing PP, the compatibiliser MA, the am.PO and 

coated E-glass microspheres, resulted in both a tensile yield strength and an elongation at yield 

comparable to neat PP, as well as a facilitated printability most probably due to a decrease in 

crystallinity and an increase in crystallisation temperature compared to PP. The results of 

printed Charpy specimens confirmed the superiority of the compound filled with E-glass in 

terms of impact properties compared to that filled with A-glass, while excluding the influenc-

ing factor of macrostructural differences due to air gaps. All printed specimens exhibited im-

pact energies roughly five times higher than homogeneous parts produced by compression 
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moulding due to larger zones of plastic deformation and additional delaminations arising per-

pendicularly to the impact direction.  

Our findings highlight an opportunity to enhance the tensile properties as well as the 

toughness of the well-established material-compound PP filled with A-glass spheres. The op-

timised compound comprising E-glass spheres introduced in the present work expands the 

existing material portfolio for extrusion-based additive manufacturing. It paves the way for 

applications, in which the printed material has to be able to withstand challenging conditions, 

while retaining its dimensional accuracy.  
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Supporting Information 

Table 17: Chemical composition of the two glass types according to the material supplier’s 

data sheet. 

Components A-glass 

(%) 

E-glass 

(%) 

SiO2

 
70-75 55-62 

Na2O 12-15 <2 

K2O 0-1.5 <2 

CaO 7-12 20-24 

MgO 0-5 1-4 

Al2O3 0.1-2.5 12-15 

Fe2O3 0-0.5 <0.5 

B2O3 0 <3 
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Fig. 78: Particle size distribution and the respective D50-values of the E- and the A-glass. 

 

 

Fig. 79: Specific volume normalised by the specific volume at 40 °C as a function of tempera-

ture for neat PP and all investigated compounds characterised by a SWO pvT100 

(SWO Polymertechnik GmbH, Germany) at 200 bar and a constant cooling rate of 

6 K·min-1. The error bars are given exemplarily for the specific volume at 230 °C for 

five independent measurements. The change of the relative specific volume during 

cooling from 230 to 40 °C is an indicator for the material shrinkage. Compared to 

neat PP, all compounds exhibit a considerably reduced shrinkage. 
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Fig. 80: Warpage comparison of printed unfilled PP (a) and the printed, warpage-optimised 

compound PP/E/C/am.PO (b) using a specimen type that is especially prone to 

warpage. For the compound PP/A/C/am.PO, no finished warpage specimen could 

be produced due to blockages in the nozzle during printing. 

 

 

Fig. 81: Representative filament stress-strain curves of PP filled with uncoated glass spheres 

(a), coated glass spheres (b), and uncoated glass spheres and the compatibiliser MA 

(c). The mean and confidence interval for a significance level of 1 % for the yield 

stress and the corresponding strain are marked by symbols and error bars. For rea-

sons of comparison, the base-polymer PP (strain at break = 1631±21 %) is also in-

cluded in the figures. However, only the first 10 % of strain are represented for rea-

sons of clarity. 
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Table 18: Overview of the yield stress σY, the strain at yield εY, and the Young’s modulus Et 

obtained from the tensile tests of all compounds investigated. 

Sample designation σY  

(MPa) 

εY 

(%) 

Et 

(MPa) 

PP
 

20.9±1.3 7.8±0.5 830±15 

PP/A-UC 8.1±1.5 1.7±1.4 1160±300 

PP/E-UC 10.6±0.6 1.6±0.3 1315±120 

PP/A-C 9.5±2.4 1.8±0.9 1050±100 

PP/E-C 10.2±2.5 0.9±0.5 1650±270 

PP/MA/A-UC 9.9±1.0 1.0±0.3 1635±295 

PP/MA/E-UC 15.7±3.4 1.8±0.3 1265±345 

PP/MA/A-C 11.2±1.5 0.9±0.2 1575±305 

PP/MA/E-C 20.6±1.3 2.9±0.4 1650±270 

PP/MA/A-C/am.PO 12.9±0.7 1.7±0.4 1285±275 

PP/MA/E-C/am.PO 17.2±0.6 8.1±0.5 1235±70 

 

 

Fig. 82: One representative thermogram of the second heating cycle for each of the investi-

gated compounds. The data suggest that the glass microspheres can promote the 

formation of β’-crystals in PP (see the peaks at roughly 157 °C), as detailed in Refs. 

[45 - 47, 75]. Additionally, the glass spheres tend to alter the crystalline structure of 

PP, as a peak shoulder at roughly 163 °C is observed. This shoulder suggests a tran-
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scrystallisation or a reorganisation of crystals most likely due to the filler [109, 110]. 

Lastly, the melting peaks for the compounds PP/MA/A-C/am.PO and PP/MA/E-

C/am.PO appear shifted to slightly higher temperatures. This may be correlated with 

the addition of the amorphous component, which can drastically change the crystalli-

sation behaviour of PP [34, 95, 111, 112]. 

 

Fig. 83: Histograms of the filament diameters resulting from the extrusion of PP (a), 

PP/MA/A-C/am.PO (b), and PP/MA/E-C/am.PO (c). The mean and standard de-

viation of the filament diameters for each compound are given, too. The good quality 

of all filaments is reflected in the narrow distribution of the filament diameter. 
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5.3.3. Concluding Remarks on Publication F 

Publication F demonstrated the strength and impact energy optimisation process by im-

proving the glass sphere distribution within the matrix and the interface between filler and 

polymer. The results showed the importance of these two morphological features for the usa-

bility in FFF, as the mechanical as well as the thermal and rheological requirements were satis-

fied for this highly-filled polymer due to the morphology optimisation. Hence, the hypothesis 

4 “A homogeneous filler distribution and a good matrix-filler interface is essential for a successful fabrication of 

PP-composites by EB-AM” can be fully accepted.  

 

  



 
 

  223 

5.4. Optimisation of 3D-Printed Polypropylene-Composites by 
Improving the Processing Conditions 

5.4.1. Introduction to Publication G 

It is known from conventional manufacturing techniques that the warpage of the final 

part is better controllable for composites comprising smaller spherical fillers than bigger ones 

[1]. Additionally, the mechanical properties, in particular the tensile and impact strength, are 

improved for composites filled with smaller particles compared to those filled with larger 

spheres, as shown for injection-moulded glass-spheres-filled PP [2 - 4]. A similar trend is ex-

pected for parts produced by EB-AM, as was shown in publication E (section 5.2.2). Howev-

er, not only differences in the mean size of fillers influence the dimensional accuracy and me-

chanical performance of the final composite part, but also the width of the size distribution 

can interfere with the effect of the filler size [5]. This fact has been particularly neglected for 

composites produced by EB-AM. Hence, the following publication G sheds light upon this 

topic by systematically investigating three filler fractions with the same size distribution width, 

but different mean filler sizes. Therefore, the coated borosilicate glass spheres that were in-

corporated into the optimised compound in publication F (section 5.3.2) are the basis of the 

following filler fractionations, as these fillers, that are morphologically optimised for PP, have 

a high potential to further improve both the warpage and the mechanical properties of 3D-

printed parts.  

Moreover, the effect of changes in the TCh, which is the temperature that surrounds the 

deposited strands, on the warpage and mechanical properties, but also on the crystallographic 

properties is simultaneously studied in the following publication G. The hypothesis of having 

a reduced amount of warpage for higher TCh, which has also been estimated by a mathematical 

model by Wang et al. [6] and will be elaborated in detail in publication G (section 5.4.2), is 

graphically summarised in Fig. 84 along with the used TCh of publication G. If PP could cool 

down infinitely slow (blue dotted line in Fig. 84), the change of specific volume between the 

melt state and room temperature would be maximal [7], as the polymer chains would ap-

proach their thermodynamically most stable state [7]. During printing, however, several quick 

temperature changes in cooling and heating occur due to the moving nozzle [8 - 12], resulting 

in rapid cooling rates that can easily exceed 50 K·s-1 [10]. As a consequence, the specific vol-

ume decreases only slightly (black solid line in Fig. 84), as the macromolecules are far away 

from their thermodynamic equilibrium at room temperature, resulting in internal stresses and 

a strong tendency to warp [13]. For printing times of roughly 110 min, which is the case in the 

following publication G, the macromolecules can significantly rearrange and therefore reduce 

the specific volume by approaching the minimal specific volume of the infinitely slowly cooled 

specimens. The extent of specific volume reduction depends on the TCh, in particular on the 

mean strand temperatures of the printed parts during printing. Due to an elevated chain mo-

bility at higher temperatures, the material that is printed at increased TCh (red chain dotted line 

in Fig. 84) is expected to yield a smaller remaining specific volume difference Δv to the infi-
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nitely fast cooled optimum at room temperature than the one printed at a lower TCh (green 

dashed line in Fig. 84). Hence, it is most likely that parts printed at higher TCh exhibit less in-

ternal stresses [14] and an improved warpage behaviour compared to the conventionally pro-

cessed parts at room temperature [13].  

 

Fig. 84: Schematics of the specific volume as a function of temperature of a PP for a fast 

cooling rate typical for FFF [10], an optimal infinitely slow cooling rate [7] and for 

the prints at the TCh of 25 °C and 55 °C, respectively. The marked sections (a) and 

(b) refer to the conducted printing time of 110 min, at which the material stays at 

roughly the mean strand temperature of 84.4 °C and 55.6 °C (refer to publication G, 

section 5.4.2), respectively. For this simplified representation, the frequent tempera-

ture fluctuations in the FFF process are neglected. The difference between the re-

maining specific volume at room temperature and the infinitely fast cooled optimum 

for the two printing sequences is marked by Δv. A more pronounced Δv results in an 

elevated part warpage, since the polymer chains attempt to approach the thermody-

namically/entropically most stable state by decreasing their specific volume to that of 

the infinitely slowly cooled part [7].  

Higher TCh may additionally influence the crystal growth of PP. A schematic representa-

tion of the crystal growth rate and the nucleation rate are given in Fig. 85a for PP. The α-

crystals of PP grow in a maximum rate around 77 °C, whereas the maximum nucleation takes 

place around room temperature [15]. As higher TCh easily result in strand temperatures, at 

which the crystal growth rate exceeds the nucleation rate, it is expected that parts printed at a 

higher TCh exhibit bigger spherulites [15]. PP parts printed at a surrounding room temperature, 

though, reveal higher nucleation rates than crystal growth rates. Hence, smaller spherulites are 

expected. In Fig. 85a, the actual mean strand temperatures (55.6 °C and 84.4 °C, respectively) 

that are measured in publication G (section 5.4.2) are marked and they correspond to the ex-

pected trend.  
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Fig. 85: Schematic temperature dependence of the crystal growth rate and the nucleation rate 

during cooling from the melt exemplarily shown for PP, based on Ref. [15] (a) and of 

the crystal growth rate separately shown for α-PP (vgrowth,α-PP) and β-PP (vgrowth,β-PP), 

based on Ref. [16] (b). In (a), the glass transition temperature TG, the crystallisation 

temperature TCryst and the melting temperature TMelt are given to highlight the bound-

aries of the different physical conditions. Additionally, the mean strand temperatures 

for the two TCh (Tmean,25°C and Tmean,55°C) are marked by vertical lines. The crystal 

growth rate and the nucleation rate for the two TCh are marked by circles as vgrowth,25°C, 

vnucl.,25°C, vgrowth,55°C, and vnucl.,55°C. In (b), the transition temperatures between the α- and 

β-modification (Tαβ and Tβα) are highlighted as black dashed lines. Between Tαβ and 

Tβα the β-modification dominates due to its elevated vgrowth, as marked by β>α, 

whereas below Tαβ and above Tβα the α-modification dominates, as marked by α>β. 

The maximum strand temperatures that repetitively occurred during printing 

(Tmax,25°C ~ 80 °C and Tmax,55°C ~ 110 °C) are emphasised by isothermal lines.  

If strand temperatures above 100 °C occur over a certain time during printing (Tmax,55°C ~ 

110 °C), most likely a β-crystal-modification will be formed additionally to the α-modification. 

As displayed in Fig. 85b, this behaviour is caused by the superiority of the crystal growth rate 

of β-PP over α-PP between 100 and 140 °C [16, 17]. The actual alterations in crystal morphol-

ogy due to changes in the TCh are elaborated in detail in the following publication G.  

The following publication is a version of the published manuscript that was slightly 

adapted in order to fit the style and language of this work. It was originally published as:  

Spoerk, M.; Arbeiter, F.; Raguž, I., et al.: Polypropylene Filled With Glass Spheres in Extrusion-Based 

Additive Manufacturing: Effect of Filler Size and Printing Chamber Temperature, Macromolecular Materials 

and Engineering 134, 2018, 1800179.  

Next to the publication presented in the following, another scientific contribution related 

to this topic has been published by the authors. In order to maintain the systematic focus of 

this PhD thesis, the contribution has not been included directly, but is listed below for further 

inquiries:  
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 Conference contribution: Spoerk M.; Arbeiter F.; Raguž I.; Traxler G.; 

Schuschnigg S.; Cardon L.; Holzer C.: The consequences of different printing 

chamber temperatures in extrusion-based additive manufacturing, Peer-reviewed 

paper at the 8th bi-annual international conference of polymers & moulds innova-

tions PMI 2018, Minho, Portugal, 2018.  
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Abstract 

A challenge in extrusion-based additive manufacturing of polypropylene (PP) filled with 

spherical particles is the combination of decent processability, excellent warpage control and 

the retention of the tensile strength of neat PP. This study addresses this issue by adopting 

two approaches. Firstly, different size fractions of borosilicate glass spheres incorporated into 

PP were compared. Secondly, the temperature of the printing chamber (TCh) was varied. The 

effects of these features on the thermal, crystalline, morphological, tensile, impact, and warp-

age properties of 3D-printed parts were examined. Smaller glass spheres (<12 µm) were found 

to be superior to larger fractions in all investigated aspects. Notably, the corresponding com-

posites showed higher tensile strengths than neat PP. An increase in TCh resulted in a more 

homogeneous temperature distribution within the printing chamber and promoted annealing 

during printing. Consequently, the dimensional accuracy of printed parts was improved. Addi-

tionally, β-crystals and larger spherulites were formed at higher TCh.  
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Introduction 

Extrusion-based additive manufacturing, also known as material extrusion [1], fused fila-

ment fabrication (FFF), fused deposition modelling or 3D-printing, enables the mould-free 

fabrication of complex customised parts, which are hardly processable by any other conven-

tional manufacturing method [2, 3]. The process relies on the selective deposition of thermo-

plastic strands according to a CAD-defined contour, in which successive layers are stacked 

upon each other. Therefore, a flexible filament is continuously transported by two counter-

rotating driving wheels through a liquefier and a moving nozzle until the desired part is shaped 

[4 - 6]. This technique allows the rapid, flexible, and cost-effective fabrication of diverse cus-

tomised products [5]. However, the range of commercially available materials that are flawless-

ly processable by means of FFF is still small [7]. Although plenty of composites have been 

investigated [8], the base materials are still limited to a handful of polymer types. In particular, 

the FFF market lacks polymers for demanding technical applications. Polypropylene (PP), for 

example, is a promising material for FFF due to its high impact strength, chemical resistance, 

moisture stability, and low cost [9]. However, little research has been conducted on the main 

drawback connected with the 3D-printing of PP, which is the fact that PP parts are prone to 

dimensional inaccuracies, in particular to warpage [7, 10 - 13]. These are facilitated by the in-

troduction of orientations during printing [10] and the material’s high crystallinity [14]. The 

incorporation of low aspect ratio fillers improved this issue by successfully decreasing the 

warpage of 3D-printed PP parts [10]. However, the fillers simultaneously deteriorated the me-

chanical properties of the PP-composite. Consequently, it is necessary to find a way to ensure 

a consistent warpage control as well as suitable and isotropic mechanical properties of printed 

PP-compounds.  

Firstly, an optimised filler-matrix interface is needed for improved mechanical properties. 

Preliminary work by the authors [12, 15] investigated this optimisation process for PP filled 

with glass spheres for the use in FFF. The most promising compound containing 30 vol.-% of 

coated borosilicate glass spheres resulted in a decent printability, 80 % of the yield stress of 

neat PP and a strain at yield comparable to that of neat PP. However, the warpage of printed 

parts has not been studied in detail. One possible approach to further improve the yield stress 

and simultaneously optimise the warpage behaviour of the most promising compound of Ref. 

[12] is to use selected size fractions of the fillers. The effect of different filler sizes on the 

warpage and the mechanical properties has not yet been investigated for optimised 3D-printed 

PP-composites in detail, although smaller fillers promise a better shrinkage and warpage re-

duction [10]. For example, both injection-moulded polyamide 6 filled with glass beads [16] 

and polybutylenterephthalat/polyethylenterephthalat containing talc [17] showed a trend to-

wards reduced part deformations for higher filler amounts and smaller filler sizes. Moreover, 

the augmented specific surface area of smaller glass spheres should also lead for 3D-printed 

parts to improved tensile [18, 19] and impact strengths [20], as has been found for injection-

moulded PP-compounds.  
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Apart from changes in the material composition, another possibility to prevent warpage 

and improve the strength of printed PP-composites is an adaptation of the printing process 

itself. Due to the complex temperature conditions during printing [21, 22], which result from 

the repeated rapid heating and cooling of the material by the moving nozzle, the material is 

exposed to a rather inhomogeneous temperature distribution. As a result, a controlled crystal 

growth is impeded and internal stresses occur, which can cause part deformations [14, 23, 24]. 

By increasing the temperature in the surroundings of the printed part in the build chamber, 

henceforth referred to as the printing chamber temperature TCh, a more homogeneous tem-

perature distribution is achieved within the build envelope [25, 26]. Consequently, a higher TCh 

is expected to result in a reduced amount of warpage, as proposed in the mathematical model 

of Wang et al. [27]. These authors found for acrylonitrile butadiene styrene that ideally the 

warp deformation of printed parts should be zero, when the set TCh is around the glass transi-

tion temperature. This finding may be valid for amorphous polymers, but is impractical for 

semi-crystalline polymers with a glass transition temperature below 0 °C, such as PP [7, 10, 

11]. For PP a heat treatment at higher TCh, i.e. above 60 °C, can significantly alter the mor-

phology, the crystallinity as well as the size and homogeneity of the crystalline regions [28 - 

30]. For example, Wang et al. [31] found that additively manufactured PP can additionally 

form β-crystals when exposed to a high TCh. However, they neither studied in detail the size 

and homogeneity of the crystalline regions nor the warpage or mechanical properties of print-

ed parts as a function of the TCh. Nonetheless, the warpage of printed PP parts should be im-

proved at a high TCh, as PP tends to approach a thermodynamically more stable state after a 

heat treatment [29] and the internal stresses inside the printed component tend to be reduced 

[26]. Changes in the crystalline properties induced by a higher TCh can also have a positive 

effect on the yield stress of PP [28]. Moreover, a homogeneous temperature distribution at 

higher temperatures is known to enhance the diffusion between adjacent printed strands [32]. 

As a consequence, the intra-layer bond strength was reported to be increased for higher TCh 

[33]. In conclusion, an increased TCh may be expected to have a positive impact on various 

aspects in the extrusion-based additive manufacturing of thermoplastics. However, concerning 

3D-printed PP, or especially optimised PP-compounds, its promising effect on the warpage or 

the mechanical properties has so far never been studied in a systematic manner.  

The present work aims at closing this gap by thoroughly investigating the effect of two 

different TCh, namely 25 °C and 55 °C, on the thermal, optical, mechanical, and warpage prop-

erties of 3D-printed parts made of neat PP and an optimised PP-compound filled with 

30 vol.-% borosilicate glass spheres. In order to additionally study the effect of the filler size, 

the composites are filled with borosilicate glass spheres of three size fractions (<12 µm, 25-

35 µm, and 50-63 µm). The effects of both parameters on 3D-printed parts are simultaneously 

investigated, so that optimal material and process parameters can be recommended.  
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Experimental Section 

Materials 

A polypropylene heterophasic copolymer (PP) with a melting temperature of 166 °C, a 

melt flow rate of 5 g/10 min (230 °C, 2.16 kg), and a density of 0.905 g·cm-3 was supplied by 

Borealis AG, Austria. All glass spheres used in this work were solid borosilicate glass spheres 

(E-glass) in an aminosilane coated condition obtained from Potters Europe, Germany. Based 

on the feed material Spheriglass 3000E, which exhibits a wide size distribution (please refer to 

Ref. [12]), three filler fractions with comparable narrow size distributions and different mean 

filler diameters were produced by various sieving steps by means of a Haver EML 450 Digital 

Plus (Haver & Boecker OHG, Germany) test sieve shaker and appropriate sieves (Retsch 

GmbH, Germany). The particle size range for the fillers is smaller than 12 µm (E-1), between 

25 and 35 µm (E-2), and between 50 and 63 µm (E-3), respectively. The exact particle size 

distribution, measured by dynamic light scattering with a Mastersizer 2000 (Malvern Instru-

ments Ltd, UK), as well as the scanning electron microscopy (SEM) images of the three fillers 

are summarised in Fig. 86. The compatibiliser SCONA TPPP 9212 GA (Comp.), based on PP 

functionalised with maleic anhydride, was supplied by BYK-Chemie GmbH, Germany. The 

amorphous polyolefin AerafinTM 180 (am.PO) was supplied by Eastman Chemical Company, 

USA.  

 

Fig. 86: Normalised particle size distribution with the measured mean particle size values and 

the scanning electron microscopy images at a magnification of 2000x for the three 

fillers investigated. For filler E-1, a magnified image is added in the top right corner 

to give a better visualisation of the shape of the fillers. On filler E-2 and E-3, few 

very small particles from the feed material adhere to the main filler fraction due to in-

ter-particular adhesion forces [34]. As the amount of these small particles on filler E-

2 and E-3 is tiny, they are not expected to influence the properties of the final com-

posites. 
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Preparation of Composites 

All composites (Table 19) were processed by mixing the materials for 30 min at 200 °C in 

a lab kneader (Polylab Rheomix 3000, Thermo Fisher Scientific Inc., Germany) equipped with 

two counter-rotating roller blades at a rotation of 60 rpm. A constant glass filler content of 

30 vol.-% was investigated in order to reduce the warpage of the printed composites in a most 

promising manner [10]. For all filled compounds, PP was melted for 2 min. Subsequently, 

6.8 vol.-% of am.PO were added and mixed to the fully melted polymer. After 2 additional 

minutes, 2 vol.-% of the compatibiliser were included and everything was mixed for 4 min. 

Then, the glass fillers were added to the compound. After completing the kneading, the mix-

tures were removed in the melt state from the mixing chamber and cooled down to room 

temperature. The compounds were ground to pellets in a cutting mill (SM200, sieve with 

square perforations of 4×4 mm2, Retsch GmbH, Germany) and stored under standardised 

conditions (23 °C air temperature, 50 % relative humidity). One reference sample of neat PP 

was prepared under the same conditions as described above.  

Table 19: Compositions and designations of the compounds consisting of polypropylene 

(PP), the amorphous polyolefin (am.PO), the compatibiliser (Comp.), and the dif-

ferent filler types.  

Sample designation PP 

(vol.-%) 

am.PO 

(vol.-%) 

Comp. 

(vol.-%) 

Filler type Filler 

(vol.-%) 

PP
 

100.0 - - - - 

PP/E-1 61.2 6.8 2.0 E-1 30.0 

PP/E-2 61.2 6.8 2.0 E-2 30.0 

PP/E-3 61.2 6.8 2.0 E-3 30.0 

Preparation of Filaments 

The ground materials were processed to filaments in the single screw extruder FT-E20T-

MP-IS (Dr. Collin GmbH, Germany) using the following settings: screw speed = 30 rpm, 

heating zones of the extruder barrel = 175, 180, and 185 °C, die diameter = 1.9 mm, die 

length = 25.05 mm. The extrudate was pulled by a winding unit through a 3 m long water-

bath set to approximately 50 °C. To comply with the diameter tolerances of the filaments of 

1.75±0.05 mm as well as a low ovality, the filaments’ diameter data were recorded prior to 

spooling by a Sikora Laser 2010T diameter measurement device and the Ecocontrol 600 pro-

cessor (Sikora AG, Germany). Before printing or subsequent characterisation steps, the 

spooled filaments were stored under standardised conditions. 

Morphology Analysis 

The filler-matrix interaction as well as the filler distribution in the cryo-fractured filaments 

were investigated by means of SEM on a Tescan Vega II (Tescan Brno, s.r.o., Czech Republic) 

at 5 kV using secondary electrons. Prior to the analysis, the specimens were mounted on a 
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sample holder with a carbon tape and sputtered with gold for 100 s at 20 mA. Additionally, 

the size of the sieved fillers (Fig. 86) were double-checked and the fracture surfaces of tested, 

printed Charpy specimens were analysed by SEM with the same settings.  

Preparation of Printed Specimens 

All printed parts were produced by means of a Duplicator i3 v2 (Wanhao, China) FFF 

printer with a steel nozzle of 0.6 mm in diameter and sliced with the software Simplify3D 

Version 3.0 (Simplify3D, USA). The parameters summarised in Table 20 were used for all 

specimens. The infill density of all printed parts was adjusted depending on the material so 

that the cross-sections of all printed specimens exhibited a minimal and comparable amount 

of air gaps. This was tested for each specimen type for neat PP and PP/E-1 prior to the actual 

specimen fabrication by means of optical microscopy (SZH, Olympus Optical Co.). For the 

other filled filaments, this was controlled by the mass of the printed specimens. As all the 

filled composites had the same volumetric filler concentration and the fillers obtained the 

same density, the mass of each printed specimen was kept constant for PP/E-1, PP/E-2, and 

PP/E-3, respectively.  

Table 20: Values of the printing parameters of all printed specimens in this work.  

Printing parameters Value 

Nozzle temperature (in °C)
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Printing bed material PP plate 

Printing bed temperature low; high (in °C) 20; 70 

Layer thickness (in mm) 0.25 

Printing speed of the first layer (in mm∙s-1) 28.3 

Printing speed of all subsequent layers (in mm∙s-1) 56.6 

Flow rate of the first layer (in % of the flow rate of 

the subsequent layers) 

150 

The PP printing plate was based on a heterophasic PP copolymer, which was chosen due 

to its slightly different polarity compared to that of the base PP of the filament. Hence, the 

risk of welding between the first printed layer and the printing bed was slightly decreased [35], 

but at ideal process parameters a decent amount of adhesion was still given. The plate of a size 

of 160×160×10 mm3 was produced by compression moulding in a P200PV vacuum press 

(Dr. Collin GmbH, Germany) at 200 °C under 120 bar for 15 min. To evaluate the effect of 

the TCh, printing bed temperatures of 20 °C and 70 °C were used. Based on the former setting, 

a TCh of roughly 25 °C was reached. In the case of the latter setting, the whole printer was 

insulated with expanded polystyrene plates, so that a TCh of 55 °C was achieved. The tempera-

ture evolution and determination of the TCh is displayed in the supporting information in Fig. 

96. It shows that the higher TCh results in smaller temperature fluctuations and therefore in a 
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more homogeneous temperature distribution within the build chamber. Prints at a TCh higher 

than 55 °C were not conducted in order to prevent failure of essential machine components, 

such as the stepper motors. As soon as a constant TCh was reached, the build cycle was started. 

After its completion, the insulation was removed and the printing bed was cooled down to 

room temperature for approximately 15 min. The manufactured specimens were detached 

from the build platform with a spatula and stored under standardised conditions for at least 

72 hours until subsequent tests were performed.  

Thermography 

The evolution of the TCh as well as the temperature of a fixed position in a Charpy speci-

men were recorded by thermography measurements. For the latter one, a fixed position on a 

contour-strand in the third printing layer of the first of five Charpy specimens was monitored 

during the whole build cycle under an angle of 1.8° in order to investigate the temperature of 

the printed strands themselves. Details on the test set-up are represented next to the respec-

tive results for better visualisation in section “Thermography Measurements”. For all tests, the 

thermal camera Silver450 (Cedip Infrared Systems, France) equipped with a lens of a focal 

length of 27 mm captured the temperature evolution between 25 °C and 103 °C at a sampling 

rate of 1 Hz and a local resolution of 340 µm per pixel. The distance between the camera and 

the measured Charpy specimen was constantly 0.2 m.  

Thermal Analysis 

The melting and crystallisation behaviour of the filaments as well as of the Charpy speci-

mens printed at both TCh of all materials were analysed by means of differential scanning calo-

rimetry (DSC). For the latter, pieces were cut from the centre of a cross-section located 

roughly 20 mm off the edge of an untested Charpy specimen. Seven specimens per material 

and TCh, each having a mass of 10±1 mg, were investigated in a DSC 1 equipped with a gas 

controller GC 200 (both Mettler Toledo GmbH, Switzerland) under a constant nitrogen flow 

of 50 ml·min-1. All samples were exposed to heat-cool-heat runs between 25 and 200 °C with 

the heating and cooling rate set to 10 K·min-1 and 20 K·min-1, respectively. All obtained values 

were evaluated to a significance level of 5 %. For calculating the degree of crystallinity, the 

mass fraction of the filler was incorporated into the calculation, as described in Ref. [36], and 

the heat of fusion of a fully crystalline PP was taken as 207 J·g-1 [37].  

XRD Measurements 

X-ray diffraction (XRD) measurements were performed on a Bruker D8 Discover XRD 

system equipped with a Cu X-ray source (λ = 1.5406 Å) and a linear X-ray detector (all Bruker 

Corporation, USA). Samples with a thickness of 600 µm were cut from the centre of a cross-

section located roughly 20 mm off the edge of an untested Charpy specimen and were put on 

a silicon sample cup on the sample heating stage. θ−2θ measurements between 5 and 55° were 

carried out in air at atmospheric pressure at room temperature in reflection mode. In order to 

measure the reference material without influences from the processing history, the samples 
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were additionally tested after being heated from room temperature to 200 °C and cooled 

down to room temperature at the same heating/cooling rates as described in section “Thermal 

Analysis”. The temperature was measured with a K-type thermocouple and during heat-

ing/cooling the samples were subjected to a controlled Helium flow of 250 cm3·min-1. 

Polarised Optical Microscopy 

To investigate the effect of the TCh on the spherulite size, slices of 20 µm, taken from the 

middle of an untested printed Charpy specimen and obtained by the Leica RM 2255 (Leica 

Microsystems GmbH, Germany) microtome, were analysed in the polarised optical micro-

scope Olympus SZX12 (Olympus Life Science Europe GmbH, Germany) under transmitted 

light.  

Tensile Tests 

Tensile tests were performed on the filament as well as on printed shortened tensile test 

specimens under standardised conditions. The former were tested on a Zwick Z001 (Zwick 

GmbH&Co.KG, Germany) with a 1 kN load cell, at a gauge length of 50 mm and a testing 

speed of 10 mm·min-1. All tests of the latter were performed on the universal testing machine 

Zwick Z010 (Zwick GmbH&Co.KG, Germany) with a load cell of 10 kN, a gauge length of 

40 mm, a pre-load of 0.1 MPa, and a testing speed of 1 mm·min-1 for the determination of the 

Young’s Modulus and 50 mm·min-1 until rupture. As the shortened tensile test specimens 

were printed with a strand orientation perpendicular to the loading direction (90° orientation), 

it was possible to characterise the influence of the filler and TCh on the interface between adja-

cent strands. All results were evaluated to a significance level of 5 %.  

Charpy Tests 

The Charpy specimens (80×10×4 mm3) were printed in a way that all strands are oriented 

perpendicularly to the impact direction, resulting in a unidirectional orientation. With this set-

up, solely the influence of the glass fillers and the TCh on the impact properties could be meas-

ured. Per print, five specimens with a distance of 5 mm to each other were produced. Ten 

specimens (ISO 179-1 type 1/e/A) per material and TCh were notched by a wedge-shaped 

blade with a notch depth of 2 mm and a tip radius of 0.25 mm and tested in an edgewise di-

rection in a randomised order according to standard ISO 179-1. The tests were performed on 

the impact testing pendulum Resil 25 (CEAST/Instron, Italy) at room temperature. The re-

sults were evaluated to a significance level of 5 %.  

Warpage Analysis 

The effect of the filler distribution and the TCh on the warpage was characterised on print-

ed parts that were especially prone to warpage on the corners, as exemplified by Ref. [10]. In 

the present study, the thickness of the warpage specimen displayed in Ref. [10] was doubled to 

4 mm, while the printing orientation stayed the same. With this specimen, it was possible to 

visualise even small differences in warpage, as thicker parts show a trend towards higher part 

deformation and shrinkage [14]. Prior to the warpage analysis, excess material on the surface 
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of the printed warpage specimen was removed in order not to influence the subsequent warp-

age characterisation. As heavily warped parts easily tilted over in their printing position after 

being removed from the printing bed, all specimens were measured upside-down. In order to 

obtain a two-dimensional representation of the actual shape of the printed parts, a point cloud 

was recorded at a working distance of 300 mm with a measurement duration of 2 s by means 

of the ShapeDrive SD-3 sensor (ShapeDrive GmbH, Germany). To compare the data ac-

quired from the printed parts with the geometry in the CAD file and, thus, to get a visual rep-

resentation of the warpage of the printed parts, the 3D point cloud and triangular mesh pro-

cessing software CloudCompare version 2.6.1 by Daniel Girardeau-Montaut was used.  

 

Results and Discussion 

In order to verify whether all materials are printable, only the filament properties were in-

vestigated in a first step. Later on, the properties of the printed materials were studied.  

Filament Properties 

Morphology 

Prior to the investigations on printed parts, the morphology and the tensile tests of the 

filaments (Fig. 87) were investigated in order to verify whether the FFF process requirements 

are met [12]. The matrices of all filled materials investigated (Fig. 87b to Fig. 87d) exhibit a 

similar morphology compared to that of neat PP (Fig. 87a). As the investigated composites of 

the present work are based on the optimised composition of Ref. [12], all composites show a 

homogeneous filler distribution, as highlighted for the smallest fillers in PP/E-1 (Fig. 87b) by 

white circles for reasons of clarity. This enables a constant printing flow rate over time and 

does not lead to blocked nozzles. Moreover, a good matrix-filler interface is observed for all 

composites, since the fillers are not pulled out of the matrix, but are surrounded by it [38, 39]. 

The existence of larger parts torn out of the matrix, as can be seen in Fig. 87c, can be referred 

to the added am.PO encapsulating the filler, which is known for such compositions and dis-

cussed in detail in previous works [10, 12].  
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Fig. 87: Scanning electron microscopy images of the cryo-fractured filaments of the neat PP 

(a) and the compounds PP/E-1 (b), PP/E-2 (c), and PP/E-3 (d) and the representa-

tive stress-strain curves of the four materials measured directly from the filaments 

(e). In the top right corner of each image of (a) to (d), the corresponding mean and 

95 %-confidence interval of the measured yield stresses σY and elongations at yield εY 

are shown. In (b) to (d), the fillers are highlighted with white circles to visualise their 

distribution. In (e), the mean and confidence interval for a significance level of 5 % 

for the yield stress and the corresponding strain are marked by symbols and error 

bars. Although the neat PP filament exhibits a strain at break of 1631±21 % (marked 

by the arrow in (e)), only the first 10 % of strain are represented for reasons of clari-

ty. 

Filament Tensile Tests 

In terms of mechanical properties, the requirements that need to be discussed for a suc-

cessful use of the filament material in FFF are the Young’s modulus Et, the yield stress σY 

(equalling the ultimate tensile strength for the filled materials), and the corresponding strain εY 

(equalling the elongation at break for the filled materials) [10, 12]. These values for the materi-

als investigated are summarised in the supporting information in Table 21. The corresponding 

stress-strain curves are depicted in Fig. 87e. It is known from previous works [12] that the 

Young’s modulus for PP-compounds is not the limiting factor for FFF. Moreover, the modu-

lus measured on the filaments can vary heavily, as the slight filament curvature can cause in-

stabilities at the beginning of the loading regime. Hence, the following discussion focuses on 

trends relating to σY and εY. As the polymer chain mobility is decreased due to the addition of 

the rigid microspheres [40], the elongation at break of the composites is decreased sharply 

compared to that of neat PP and the εY is reduced by roughly 30-60 %. These latter differ-

ences in εY between the composites, as well as their changes in σY can be mainly referred to 

the filler size, as all compounds exhibit a good filler-matrix interface and an even filler distri-

bution (Fig. 87b to Fig. 87d). Among the composites, the one containing the smallest fillers 

(PP/E-1) has both the highest σY (22.2±0.3 MPa) and εY (5.3±0.4 %), because of the smaller 
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flaw sizes induced by the smaller fillers.[41] PP/E-1 even has a significantly higher σY than 

neat PP (20.9±0.8 MPa), despite the known stress-reducing effect of the am.PO in PP [10, 12, 

42]. The insignificantly different mechanical properties in compounds PP/E-2 and PP/E-3 

show, compared to PP/E-1, a drop in σY and εY of approximately 30 %, respectively. This 

decrease may be explained by the thickness of the am.PO encapsulation around the glass 

spheres [43]. Due to the smaller specific surface area of the larger spheres in PP/E-2 and 

PP/E-3 at the given 30 vol.-% filling, the am.PO encapsulation may be thicker than in PP/E-

1. This may alter the constraint effect of the filler [41], resulting in lower σY and εY. In Ref. 

[12], a similar decrease in σY (roughly 20 %) is observed for the same PP-compound filled with 

the broadly-distributed glass spheres Spheriglass 3000E (0 to 80 µm), which is the base mate-

rial classified into the three filler fractions in the present work (section “Materials”). This de-

crease is less pronounced, as all filler fractions are included. All in all, the composites investi-

gated in the present work satisfy the filament requirements for the use in FFF, both in terms 

of mechanical and morphological properties [12].  

Properties of the Printed Parts 

Thermography Measurements 

To fully understand the properties of the printed parts, in particular the influence of the 

different TCh, in-situ thermography measurements on neat PP were conducted during printing 

of the Charpy specimens for both TCh. These measurements (Fig. 88a) show that a contour-

strand in a Charpy specimen can experience strand temperatures considerably higher than the 

set TCh. For both TCh, the minimum strand temperature as well as the mean strand tempera-

ture Tmean increase by roughly 22 °C and 30 °C, respectively, due to the adjacent, recently de-

posited and therefore warmer strands and the close proximity of the nozzle (230 °C). Temper-

ature peaks occur repeatedly, when the hot nozzle deposits strands on the specimen, on which 

the temperature is measured in the measurement position (Fig. 88b). Due to the printing se-

quence (Fig. 88b), one peak represents two subsequent layers that are printed directly after 

each other. Similarly to Ref. [25], the peak maxima decrease over time, as the subsequently 

deposited layers act as a thermal barrier for the measurement position. Due to the set temper-

ature range of the thermal camera between 25 °C and 103 °C (section “Thermography”), the 

measured temperatures for the TCh of 55 °C that were above 103 °C were cut off, because the 

sensor was saturated prior to reaching the maximal temperature. Therefore, the peak tempera-

tures are expected to be higher than those presented in Fig. 88. Hence, also the Tmean for a TCh 

of 55 °C could actually be slightly higher than 84.4 °C (Fig. 88a). It should be mentioned that 

these measured temperatures should serve as guiding values to understand the morphology 

and crystalline properties of the material, and that they are only valid for this one measure-

ment position. For example, a contour-strand of a Charpy specimen that is surrounded on 

both sides by other specimens, or even a strand that is located in the centre of the specimen, 

would result in further augmented Tmean due to the proximity of additional heat sources [44].  
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Fig. 88: The temperature evolution of the contour-strand of the third printing layer of the 

first Charpy specimen for both chamber temperatures TCh (a) and a sketch of the ex-

perimental set-up of the thermography measurements (b). In (a), the mean tempera-

tures of the strand in the third layer (Tmean), calculated between the deposition of the 

investigated strand (at 30 min) and the completion of the print (at 95 min) are 

marked as horizontal lines for both TCh. In (b), the grey rectangles represent the 

Charpy specimens and the white one the printing bed. The measurement position, 

printing sequence, and observation direction are highlighted by red points and ar-

rows, respectively. The coordinate system represents the part orientation in (b).  

Thermal Properties 

To understand the thermal behaviour of the investigated materials and the influence of 

the processing conditions, the crystallisation temperature TCryst, the degree of crystallinity αCryst, 

and the melting behaviour, in particular the melting peak temperature TMelt were studied on 

the filaments and on untested Charpy specimens printed at a TCh of 25 °C and 55 °C (Table 22 

in the supporting information). Fig. 89 displays the TCryst for all materials as a function of pro-

cessing conditions. Compared to neat PP (TCryst = 111.4±0.7 °C), all filled filaments exhibit 

considerably increased TCryst, because glass spheres are known to nucleate PP [12, 45, 46]. The 

compound containing the smallest filler (PP/E-1) seems to nucleate the PP matrix in the most 

efficient way. Compared to neat PP an increase of roughly 12 % to 125.3±0.9 °C is observed. 

The compounds PP/E-2 and PP/E-3, though, show a similar TCryst (116.8±0.6 °C and 

118.9±0.5 °C, respectively) that is in between that of PP/E-1 and neat PP. The main reason 

for this trend is the larger specific surface area of smaller particles, resulting in a higher nuclea-

tion activity, as reported for other spherical fillers such as inorganic soda lime glass [47], per-

lite [10] or silica [48]. The investigations on the printed Charpy specimens show the same 

trends for the TCryst as the filaments, independent of the TCh. The additional processing step 

does not seem to have an influence on the crystallisation temperature of the material, as no 

significant differences compared to the filaments were observed.  
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Fig. 89: Crystallisation temperature of neat PP and the three investigated composites meas-

ured on the filament or from parts printed at a chamber temperature TCh of 25 °C 

and 55 °C. 

The αCryst, which should be low for a decent printability and dimensional control [12], 

shows a slight, but not always significant decrease for the filled materials compared to that of 

neat PP (Table 22 in the supporting information). This trend is expected, since 10 vol.-% of 

semi-crystalline PP are replaced by the am.PO, and is in accordance with the literature [12, 49]. 

Among the composites, no significant difference in αCryst is observed similarly to Ref. [10]. As 

a result, the constant αCryst in the present work most likely neither influences the tensile test 

results (section “Filament Properties” and section “Tensile Properties”) nor the warpage anal-

ysis (section “Warpage Analysis”), which both depend on the αCryst [14, 23].  

As the trends for the TMelt do not show a comprehensible trend in Table 22, the melting 

curves are summarised for all materials and processing steps in Fig. 90. In order to see a direct 

influence of the TCh, the first heating cycles are compared.  
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Fig. 90: The DSC melting thermograms obtained from the first heating cycle for all materials 

investigated. The results are presented for the filament and the untested Charpy spec-

imens printed at a chamber temperature TCh of 25 °C and 55 °C. On the bottom left, 

a magnified image between 145 °C and 160 °C is displayed for a better visualisation 

of the additional melting peaks occurring at a TCh of 55 °C.  

All filled filaments exhibit a decrease in TMelt compared to neat PP, most certainly due to 

the am.PO, which is known to change the melting behaviour of PP [12, 49 - 52]. Additionally, 

a transcrystallisation or a reorganisation of crystals induced by the fillers could have reduced 

the TMelt [53, 54] and increased the melting onset temperature compared to neat PP [48]. The 

filler size does not seem to have a significant impact on the melting behaviour, as the melting 

peaks of all three composites nearly overlap (Fig. 90). As the strand temperatures observed 

during printing of the Charpy specimens printed at a TCh of 25 °C were clearly below 100 °C 

(Fig. 88), which is the starting temperature for the formation of other crystal modifications 

[47], the melting curves of the first heating cycle appear similar to those of the filaments. At a 
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first glance, the melting behaviour of neat PP and PP/E-1 seems to be marginally altered by 

showing a broader peak slightly shifted to higher temperatures. However, these trends are not 

significant and could therefore be introduced by minor differences in the sample preparation 

[55]. An increase in the TCh to 55 °C, though, seems to significantly change the melting behav-

iour of all investigated materials, as additional melting peaks or shoulders between 145 °C and 

160 °C (magnification in Fig. 90) occur. Since the crystal modification depends on the cooling 

history [56], this finding can be caused by the relatively long exposure time of the material to 

temperatures between 75 °C and 105 °C during printing (Fig. 88). The printing time for five 

Charpy specimens equals 95 min. This time may be long enough to already start some anneal-

ing processes in the matrix [28], which can alter the crystallisation behaviour [14]. Annealing 

temperatures between 105 °C and 140 °C [57], such as measured on the strands in the present 

work (Fig. 88), facilitate the growth of β-crystals [58]. This is especially true for temperatures 

near the lower temperature limit [47]. According to studies on PP filled with inorganic soda 

lime glass spheres [47, 59], β-crystals melt around 147 °C, which roughly corresponds to the 

observed peak and shoulder temperatures between 146 °C and 151 °C for all investigated ma-

terials (magnification in Fig. 90). The additional peak at 154 °C, which is only observed for 

neat PP, can be referred to the melting of β’-crystals, which most likely formed in a recrystalli-

sation step during the heating cycle of the DSC [31, 60]. In addition to the temperature effect, 

the growth of β-crystals can be promoted by the induced orientations [61] and high shear rates 

[62, 63], both present during extrusion-based additive manufacturing [3, 64, 65]. A similar β-

crystallisation has been observed for 3D-printed neat PP at rather high TCh of 130 °C and a 

nozzle temperature of 200 °C [31]. In contrast to this study, the present work shows that a 

combination of the considerably lower TCh of 55 °C, which is feasible on standard FFF print-

ers, with a higher nozzle temperature of 230 °C is sufficient for the formation of β-crystals in 

addition to α-crystals.  

In order to verify the additional peaks of the first DSC heating curve for a TCh of 55 °C 

(Fig. 90), the diffraction pattern of neat PP printed at a TCh of 55 °C is plotted in Fig. 91. Ad-

ditionally, the room temperature diffraction pattern of the same material after the controlled 

heat-cool cycle is shown. It reflects the crystal structure of the PP without any processing in-

fluences and serves in the following as a reference. Its pattern reveals peaks at 14.1°, 16.9°, 

18.5°, 21.1°, and 21.7°, corresponding to the (110), (040), (130), (111), and (131) and (041) 

reflections of the monoclinic α-crystal [66]. The specimen that is measured after printing at a 

TCh of 55 °C (Fig. 91) exhibits essentially the same peaks. However, in addition one extra peak 

at 16.1° and one intensified peak at 21.1°, corresponding to the (300) and (301) plane of hex-

agonal β-crystals, are found [66]. As expected from the DSC (Fig. 90) and the thermography 

measurements (section “Thermography Measurements”), the annealing at the higher TCh re-

sults in a mixture of α- and β-crystals in neat PP similarly to Refs. [31, 58, 63, 66].  
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Fig. 91: X-ray diffraction patterns for neat PP printed at a chamber temperature TCh of 55 °C. 

Both measurements were conducted at room temperature; one before and one after 

the controlled heat-cool cycle. All major peaks are indexed and attributed to α- or β-

crystals.  

The relative intensities of reflections (110), (040), and (130) are different for the meas-

urements before and after the heat-cool cycle. This can be explained by the flow-induced ori-

entations of the spherulites (see section “Polarised Optical Microscopy”) that originate from 

the FFF process [65, 67]. After the melting and controlled cooling step, the processing texture 

and morphology is largely deleted. During cooling, only a weak texture is developed. The dif-

ference in the overall intensities relates to differences in the probed sample volume. After 

melting, the material can spread on the sample holder. Therefore, the sample thickness de-

creases, resulting in a smaller diffracting volume. Consequently, the overall intensity level ap-

pears decreased.  

Polarised Optical Microscopy 

It is known for poly(lactic acid) (PLA) that in extrusion-based additive manufacturing 

smaller crystals are more prominent than enlarged ones, as the frequent temperature fluctua-

tions during printing (Fig. 88) can form more nucleation points [32]. Moreover, it is expected 

that these formations of nucleation events dominate the crystal growth, so that changes in the 

TCh can only influence the crystal size to a small extent [32]. In order to probe the validity of 

these findings for neat PP, polarised optical microscopy images are shown for the two TCh in 

Fig. 92. At a first glance, no big differences between the Charpy specimens printed at a TCh of 

25 °C (Fig. 92a) and 55 °C (Fig. 92b) can be discerned. Only the weld lines between adjacent 

strands appear pronounced for both processing temperatures, as they exhibit considerably 

smaller crystal structures in the interface similarly to 3D-printed PLA [32] or vibration-welded 

PP [68]. When having a closer look to the strands (Fig. 92c and Fig. 92d), though, a clear 

spherulite size difference is observed for the two TCh. The specimen printed at a TCh of 55 °C 

(Fig. 92d), which partly contains β-crystals (Fig. 90 and Fig. 91) that normally tend to form 
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smaller spherulites for PP [69 - 71], exhibits spherulites that are approximately double the size 

(~50 µm) than those printed at a TCh of 25 °C (Fig. 92c, ~25 µm). This finding relates to the 

different crystal growth and nucleation rates at the two temperatures. The part printed at a TCh 

of 55 °C, in which the strands have a Tmean of 84.4 °C (Fig. 88) for at least 95 min, shows a 

high crystal growth rate and a low nucleation rate, as the Tmean is close to the temperature of 

the maximum crystal growth rate, which is at 77 °C for PP [23]. Hence, few nuclei grow at a 

rather high rate, resulting in large spherulites (Fig. 92d), which is in accordance with studies on 

annealed PP [72]. For the part printed at a TCh of 25 °C, the crystal growth rate is considerably 

lower than that for the specimen printed at a TCh of 55 °C, as the Tmean of 55.6 °C (Fig. 88) is 

lower than the maximum crystal growth rate of 77 °C. Thus, the nucleation rate is higher [23], 

resulting in more nuclei that grow at a lower rate. Consequently, the spherulites are small but 

numerous (Fig. 92c). To sum up, for printing/annealing times of 95 min, an increased TCh 

strongly influences the crystal size of neat PP, in contrast to the expectations of Ref. [32]. 

Moreover, in contrast to Fig. 92c, some of the spherulites shown in Fig. 92d likely show the β-

modification, as a comparison to those studied in the literature suggests [73].  

 

Fig. 92: Polarised optical microscopy images of microtome cuts of untested Charpy speci-

mens made of neat PP printed at a chamber temperature TCh of 25 °C (a, c) and 

55 °C (b, d), in which the longitudinal strands of one layer are visible. The overview 

images (a, b) represent deposited strands and their interdiffusion zones. The zoom 

images (c, d) exemplify the difference in spherulite size. The approximate diameter of 

one spherulite is exemplarily highlighted by white arrows in (c) and (d).  
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Due to the flow-induced orientation of the polymer during printing, an orientation-

induced crystallisation occurs in parts of the strands in the shape of shish-kebab structures 

similarly to Ref. [61]. An exemplified representation of such shish-kebab structures is dis-

played in the supporting information in Fig. 97. The existence of these structures also con-

firms the relative intensity differences in the XRD measurements due to the flow-induced 

orientations (Fig. 91).  

Due to the heterogeneous nucleation of the crystals on the glass fillers (Fig. 89), the 

amount of nuclei in the composites may have increased compared to neat PP, which may have 

resulted in smaller spherulites [74, 75]. Hence, similar polarised optical microscopy investiga-

tions on the filled materials would offer insights into their crystal growth. However, the neces-

sary thickness of the microtome cut of 20 µm limits the application of this technique to the 

composite containing the smallest glass spheres (PP/E-1), as the larger fillers destroy the 

morphology during cutting. For the composite PP/E-1, the high amount of small fillers ham-

pers the transmittance of the light, as can be seen on the polarised optical microscopy images 

in Fig. 98 in the supporting information. As a result, it is not possible to make correct estima-

tions of the spherulite size in the composites based on polarised microscopy.  

Tensile Properties 

The influence of the glass sphere size and the TCh on the weld strength between adjacent 

strands is summarised for the 90°-oriented tensile test specimens in Fig. 93. The detailed σY-, 

εY-, and Et-values are reported in Table 21 in the supporting information. The tensile test re-

sults on the printed parts can hardly be compared to those of the filaments (Fig. 87e), as both 

show a different failure mechanism. The filaments rupture due to material failure, whereas the 

printed specimens fail at the weld lines. As a result, the strain at break of neat PP decreases 

drastically from 1631±21 % for the filaments to 9.9±1.7 % for the parts printed at a TCh of 

25 °C (Fig. 93a). Similar findings were observed for welded joints made of PP, in which the 

strain at break is also considerably lower for the welded material than for the bulk material. 

[76] As expected from studies on the ultrasonic- [77] and vibration-weld strength for filled PP 

[68], the addition of the glass spheres E-2 and E-3 results in a significant decrease of the σY 

(16.5±0.7 MPa and 15.6±0.4 MPa, respectively) and in a slight decrease of the εY (4.2±1.1 % 

and 4.8±1.3 %, respectively) compared to neat PP (18.6±0.9 MPa and 6.4±0.6 %) (Fig. 93b) 

due to the reduced polymer volume fraction at the interface. On the contrary, the composite 

PP/E-1 exhibits a comparable σY (18.1±0.9 MPa) to neat PP, as the smaller particles can take 

up higher stress concentrations at their interface [41]. However, PP/E-1 shows a significantly 

smaller εY (2.5±0.4 %) than the comparable PP/E-2 and PP/E-3. The reason for that unex-

pected trend could be the considerably higher TCryst of PP/E-1 (125.3±0.9 °C) compared to 

PP/E-2 (116.8±0.6 °C) and PP/E-3 (118.9±0.5 °C) (Fig. 89). An increased TCryst means that 

during cooling, adjacent strands have less time to interdiffuse, as mostly amorphous chain 

segments are responsible for the diffusion [78]. Hence, the material with the higher TCryst has 

less time to form a strong weld line [79 - 81], resulting in decreased εY values.  
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Fig. 93: Representative stress-strain curves of neat PP and the three compounds investigated, 

measured from parts printed at a chamber temperature TCh of 25 °C (a) and 55 °C 

(b). The mean and confidence interval for a significance level of 5 % for the yield 

stress and the corresponding strain are marked by symbols and error bars.  

For the higher TCh of 55 °C, elevated σY and εY-values could be expected due to an in-

creased interdiffusion at the strand interface in consequence of the higher temperature [33, 78, 

80] similarly to the effect of increased mould temperatures in injection-moulded PP weld lines 

[81]. However, the investigated filled materials printed at a TCh of 55 °C (Fig. 93b) do not 

show any significant changes in σY nor in εY compared to the lower TCh of 25 °C (Fig. 93a). 

This may be related to the rapid decrease of the weld temperature [22] to values below the 

TCryst of the materials, independent of the TCh (Fig. 88). Hence, the time until the start of crys-

tallisation is comparably short for both TCh, resulting in unaltered mechanical properties. Most 

likely, improved mechanical properties can be expected, if higher TCh were used, in which the 

Tmean is above the TCryst. Nevertheless, the increased TCh strongly affects the Tmean (Fig. 88) and 

therefore the growth of the spherulites (Fig. 92). Consequently, neat PP printed at a TCh of 

55 °C (Fig. 93b) exhibits a significantly reduced εY (4.6±0.7 %) compared to PP printed at 

25 °C (6.4±0.6 %), as larger spherulites deteriorate the strain values [23, 82].  

To sum up, the glass spheres only slightly directly influence the property of the weld. The 

fillers rather affect the cooling conditions (TCryst, Tmean), which in turn determine the properties 

of the weld.  

Impact Properties 

On the contrary to the investigations of the weld line, the impact properties are directly 

determined by the matrix, the filler and their interface and not by the weld lines, as the Charpy 

specimens are printed in a way that the strands are oriented perpendicularly to the impact di-

rection. As expected, the incorporation of spherical fillers as well as the change in the TCh in-
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fluence the impact behaviour of the printed parts (Fig. 94). Independent of the processing 

conditions, all composites exhibit a notched impact energy decreased by 70 % to 90 % com-

pared to neat PP, because the incorporated microspheres can act as initiation points for de-

fects [20, 45, 83] and can reduce the impact fracture area [84, 85]. A similar decrease in the 

impact energy by 65 % to 80 % was observed for 3D-printed Charpy specimens of the same 

PP-compound filled with the broadly-distributed glass spheres Spheriglass 3000E in a previ-

ous work [12]. However, the impact energies from Ref. [12] (neat PP exhibited an impact en-

ergy of 73.1±17.7 kJ·m-2) are not comparable to those of the present work (the same setting 

for neat PP reveals an impact energy of 40.0±3.4 kJ·m-2, Fig. 94), since the latter specimens 

were printed at a higher flow rate. Hence, less voids and air gaps are present in the printed 

parts. This can decrease the amount of fracture stops, deflections, and delaminations, resulting 

in smaller impact areas and eventually in lower impact energies [12]. A visualisation of the 

reduced amount of voids is exemplarily given for the composite PP/E-2 in Fig. 99a in the 

supporting information.  

 

Fig. 94: Impact energy for neat PP and the three compounds printed at a chamber tempera-

ture TCh of 25 °C and 55 °C.  

As for all composites the matrix-filler adhesion after fracture is still comparable to that of 

the filament (Fig. 87), which is exemplarily shown for the composite PP/E-2 in Fig. 99b in the 

supporting information, and the αCryst is comparable for all composites, the differences in the 

impact results for the composites are solely related to the filler size. Similarly to a study on 

injection-moulded PP filled with inorganic soda lime glass spheres [20], a trend towards de-

creasing impact energies for increasing filler sizes is observed (Fig. 94). The reason for this 

trend is the larger interfacial area of the smaller microspheres at a given filler content, which 

leads to a more frequent debonding of interfaces and therefore consumes more impact energy 

[86, 87]. Moreover, compared to compounds consisting of larger fillers with the same volume 

fraction, composites containing smaller fillers have thinner matrix ligaments that interconnect 

easier. Hence, the yielding process is allowed to propagate over the matrix in a more efficient 

way by taking up higher stress concentrations, resulting in higher impact energies [87, 88].  
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An increase in the TCh to 55 °C results in the same trend for the composites as for the 

lower TCh. However, all filled materials show a significant decrease (between 8 and 25 %) in 

the impact energy compared to those printed at a TCh of 25 °C, as the larger spherulites, origi-

nating from the annealing at the Tmean of 84.4 °C during printing (Fig. 88), decrease the 

amount of molecular entanglements between individual spherulites, resulting in weaker impact 

properties [89]. Neat PP, however, shows an elevated impact energy for the higher TCh, alt-

hough it also contains considerably larger spherulites than PP printed at 25 °C. For neat PP, 

this effect on the impact energy seems to be outperformed by the existence of β-crystals (Fig. 

90 and Fig. 91). PP containing β-crystals generally show higher impact energies than those 

only consisting of α-crystals [57, 70], because the β-phase can improve the molecular entan-

glements between spherulites [90].  

Warpage Analysis 

Fig. 95 summarises the warpage results of the four investigated materials for both TCh af-

ter the removal of all potential surface impurities. The colour code represents the distances of 

the printed part to the CAD geometry in mm that arise due to the internal/residual stresses of 

the material, induced by its thermal history [91]. Ideally, no deflection from the CAD geome-

try (0.0 mm, green area) is present. As some warpage analyses appear similar, the intervals of 

the displacement distribution, marked as the black horizontal lines in the colour codes, and 

the histograms next to the colour codes give a better understanding of the warpage behaviour 

of the printed parts. As expected, for the prints conducted at a TCh of 25 °C, neat PP suffers 

heavily from warpage, as can be seen from the extensively deformed corners (Fig. 95a, in blue) 

and shrunk central parts (in red). Nevertheless, the amount of warpage is low compared to 

previous studies [10]. Although compared to Ref. [10] the thickness of the specimens in the 

present work is doubled (section “Warpage Analysis”), the deflection range, which is the range 

between the limits of the displacement distribution, is reduced from 3.0 mm to 2.5 mm. This 

is caused by the slight differences in polarities of the PP-grades of the filament and the print-

ing bed. Hence, the first layer thickness could be decreased in the present work due to a re-

duced risk of welding (section “Preparation of Printed Specimens”). Consequently, the adhe-

sion increased and therefore the warpage of the printed part decreased [92].  
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Fig. 95: Results of the optical warpage analysis of neat PP (a,b), PP/E-1 (c,d), PP/E-2 (e,f), 

and PP/E-3 (g,h) for the printing chamber temperatures TCh of 25 °C (left side) and 

55 °C (right side). All values are deflections from the CAD geometry, given in mm. 

The coordinate system represents the part orientation based on Ref. [10]. The 
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scanned specimens are displayed in a way that the first printing layer closest to the 

printing bed is visible as the scanned surface. Hence, the blue area, given as negative 

values, reflects a warpage that is pointing away from the printing bed (in positive z-

direction), whereas the red area represents a combination of shrinkage and warpage 

in negative z-direction. No deflection from the CAD geometry (0.0 mm), which is 

the ideal condition, is presented by the green area. Next to all colour codes, a histo-

gram is given, which reflects the displacement distribution of the measured distances 

to the CAD geometry. The maxima and minima of the displacement distributions are 

labelled as black horizontal lines in the colour codes.  

The incorporation of spherical glass spheres, independent of the size, tends to minimise 

the warpage compared to neat PP. For the composites printed at a TCh of 25 °C, drastic differ-

ences in their warpage can be discerned (Fig. 95c, Fig. 95e, and Fig. 95g). As the αCryst is insig-

nificantly different for all composites (Table 22), it is not an influencing factor for the warpage 

analysis [93]. Hence, the differences in warpage for the composites can be mainly attributed to 

the glass sphere size. The larger fillers, especially those in PP/E-2, only show a slight im-

provement in warpage compared to PP, as their intervals of the displacement distribution ap-

pear similar. On the other hand, PP/E-1 (Fig. 95c) reveals a strong decrease of the warpage, 

both in the corners and in the centre of the part. Its deflection range (1.5 mm) is also consid-

erably decreased compared to that of PP/E-3 (2.0 mm), PP/E-2 (2.4 mm) or neat PP 

(2.5 mm). This trend towards an improved warpage reduction for the compounds containing 

smaller fillers is attributed to the bigger effective interfacial area between the filler and the 

matrix for the smaller fillers [17]. The observed trend is in agreement with studies on injec-

tion-moulded talc [17] and glass bead compounds [16], and 3D-printed perlite composites 

[10]. The observed good matrix-filler adhesion and the homogeneous distribution of the fillers 

(Fig. 87) further promote an improved shrinkage and warpage [94]. Additionally, rough 

changes in the height of the surface, visible especially in the centre of the specimen (Fig. 95a) 

as rapid colour alterations from green to red, can be observed for neat PP. This co-existence 

of positive and negative deflections is due to the rougher surface quality of neat PP compared 

to the composites [10]. All the composites show a much smoother surface, as no rapid colour 

changes occur.  

The specimens printed at a TCh of 55 °C show the same trend as for 25 °C. However, ex-

cept for PP/E-1, the warpage of all materials decreases with increasing TCh, as expected from 

the proposed mathematical model of Wang et al. [27]. As for both TCh, the temperature differ-

ences between the printing bed and the chamber, which have a considerable effect on the part 

deformation [14], are comparably small, the warpage behaviour is mostly influenced by the 

homogeneity of the temperature in the printing chamber and the entropy of the polymer 

chains. The parts printed at 25 °C are cooled down more rapidly than those printed at 55 °C, 

resulting in higher internal stresses [14, 26] and elevated specific volumes at room tempera-

ture. As the polymer chains attempt to decrease their specific volume to that of the infinitely 

slowly cooled parts [55] during and after the fabrication process in order to reach a thermody-
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namically more stable state, the rapidly cooled parts shrink more over time. Higher TCh, equal-

ling higher mould temperatures in injection moulding, decrease internal stresses [26] and entail 

lower specific volume differences to the infinitely slowly cooled parts at room temperature. 

Moreover, higher TCh allow more time for the material to crystallise completely. As a result, 

the long-term dimensional stability and quality improves [14]. Furthermore, the exposure time 

to the increased TCh of one warpage specimen of roughly 110 min is considerably longer than 

typical cooling times in an injection mould. Hence, during printing the material is annealed, 

which can further promote stress relaxations and crystallisation processes, resulting in a part 

that is less prone to warpage [14]. Only the composite PP/E-1 does not show an improve-

ment in the warpage behaviour when printed at a higher TCh (Fig. 95d), as most likely the min-

imally achievable deformation is reached already at 25 °C (Fig. 95c).  

 

Conclusion 

In summary, this study demonstrates the successful combination of a well-controllable 

warpage deformation with good mechanical properties in extrusion-based additive manufac-

turing of PP filled with borosilicate glass spheres. By varying the glass sphere size in the com-

pounds, a composite containing 30 vol.-% of microspheres with diameters below 12 µm is 

proposed as the most promising material, because this composition reveals the highest fila-

ment strain at yield among the investigated composites and even higher strength values than 

neat PP. Furthermore, it exhibits a good filler-matrix adhesion, a homogeneous filler distribu-

tion, a 12 % increase in the crystallisation temperature and a slightly reduced degree of crystal-

linity compared to neat PP. For the printed filled PP parts, this composite shows the highest 

impact strength and by far the best controllable warpage.  

It was additionally found that an increase in the printing chamber temperature TCh can 

significantly alter the crystalline properties and, thus, all properties of the printed parts. As for 

the high TCh (55 °C) the maxima of the strand temperatures surpass 100 °C, an additional β-

crystal-modification is found among the α-dominated PP. Moreover, for the high TCh, the 

mean strand temperatures during printing are roughly 84 °C over a time of 95 min. Conse-

quently, these parts are annealed close to the temperature of the maximum crystal growth rate 

of PP (77 °C), resulting in twice as large spherulites as those printed at a TCh of 25 °C. There-

fore, both the elongation at break and the impact energies are decreased for the high TCh. 

However, the warpage of the printed parts improves compared to the low TCh, due to the 

more homogeneous temperature distribution within the printing chamber and the reduced 

amount of internal stresses at higher TCh. By keeping the spherulite size constant, e.g. through 

the addition of nucleating agents, and by further increasing the TCh, an optimum mechanical 

property portfolio could be achieved in the future.  

Our findings provide two possible solutions to improve the mechanical properties, whilst 

optimising the dimensional control of printed PP-composites. When combined, crystallo-
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graphic changes in the matrix material are found that can be utilised in a beneficial way to con-

trol the material properties. This study enables a deeper understanding of semi-crystalline 

printing materials that are exposed to higher surrounding temperatures during printing and 

exemplifies the consequences of such process changes. Both strategies, either on their own or 

combined, can be applied to a wide range of semi-crystalline materials for FFF and appear 

particularly promising for many fields of applications.  
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Supporting Information 

 

Fig. 96: Temperature evolution of the chamber temperature TCh for the first 10 min during 

the print of five Charpy specimens at the lower (a) and higher (b) TCh setting. The 

temperatures were measured on the non-reflective, painted profile next to the linear 

bearing of the printer head by means of thermography measurements. The peaks in 

the temperature evolution occur due to the proximity of the hot printer nozzle. As 
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the profile is exposed to the air long enough, its temperature converges to the air 

temperature in the printing chamber due to convection. This is reflected by the min-

ima of the measured temperatures. These values are highlighted in (a) and (b) in red 

and refer to the TCh-values of 25 °C and 55 °C of the main manuscript. 

Table 21: Overview of the yield stress σY, the strain at yield εY, and the Young’s modulus Et 

obtained from the tensile tests on the filaments as well as on tensile test speci-

mens printed at a chamber temperature TCh of 25 °C and 55 °C of all compounds 

investigated. 

 Filament Printed TCh 25 °C Printed TCh 55 °C 

Sample 

designation 

σY 

(MPa) 

εY 

(%) 

Et 

(MPa) 

σY 

(MPa) 

εY 

(%) 

Et 

(MPa) 

σY 

(MPa) 

εY 

(%) 

Et 

(MPa) 

PP 20.9 

±0.8 

7.8 

±0.5 

830 

±10 

18.6 

±0.9 

6.4 

±0.6 

900 

±260 

18.3 

±1.5 

4.6 

±0.7 

930 

±130 

PP/E-1 22.2 

±0.3 

5.3 

±0.4 

720 

±70 

18.1 

±0.9 

2.5 

±0.4 

1760 

±120 

16.9 

±0.7 

2.1 

±0.2 

1770 

±130 

PP/E-2 15.2 

±0.7 

3.9 

±0.4 

410 

±60 

16.5 

±0.7 

4.2 

±1.1 

1500 

±230 

17.2 

±1.1 

4.0 

±0.5 

1580 

±110 

PP/E-3 15.0 

±0.4 

3.3 

±0.3 

1180 

±110 

15.6 

±0.4 

4.8 

±1.3 

1290 

±280 

15.8 

±1.4 

3.9 

±1.1 

1430 

±200 

 

Table 22: Overview of the crystallisation temperature TCryst, the degree of crystallinity αCryst, 

and the melting peak temperature TMelt from the first heating obtained from the 

filaments as well as from untested Charpy specimens printed at a chamber temper-

ature TCh of 25 °C and 55 °C of all compounds investigated. 

 Filament Printed TCh 25 °C Printed TCh 55 °C 

Sample 

designation 

TCryst  

(°C) 

αCryst  

(%) 

TMelt  

(°C) 

TCryst  

(°C) 

αCryst  

(%) 

TMelt  

(°C) 

TCryst  

(°C) 

αCryst  

(%) 

TMelt  

(°C) 

PP 111.4 

±0.7 

41.1 

±1.0 

167.1 

±3.2 

112.9 

±1.2 

39.3 

±1.0 

168.2 

±1.0 

111.6 

±1.5 

39.0 

±1.2 

168.2 

±0.7 

PP/E-1 125.3 

±0.9 

39.0 

±1.8 

166.6 

±0.8 

123.4 

±1.4 

36.9 

±2.2 

167.1 

±1.1 

124.3 

±1.3 

38.5 

±0.9 

166.0 

±1.1 

PP/E-2 116.8 

±0.6 

36.6 

±1.1 

165.6 

±0.5 

116.4 

±0.4 

37.1 

±1.0 

166.4 

±1.5 

116.3 

±0.6 

36.0 

±2.9 

166.4 

±1.0 

PP/E-3 118.9 

±0.5 

37.8 

±1.9 

165.9 

±0.5 

119.3 

±0.6 

37.6 

±3.4 

166.6 

±1.4 

118.8 

±0.3 

38.2 

±2.1 

166.3 

±0.6 
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Fig. 97: Polarised optical microscopy image of a microtome cut of an untested Charpy spec-

imen made of neat PP printed at a TCh of 55 °C, in which the longitudinal strands of 

one layer are visible. The printing orientation is highlighted by a white arrow. Shish-

Kebab structures along the printing orientation are exemplarily encircled. 

 

 

Fig. 98: Polarised optical microscopy images of a microtome cut of an untested Charpy spec-

imen made of the composite PP/E-1 printed at a TCh of 25 °C, in which the longitu-

dinal strands of one layer are visible. As shown in the magnified image (b), the high 

amount of fillers (30 vol.-%) hampers the transmittance of the light. Hence, no clear 

crystallographic investigation could be made. 
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Fig. 99: Scanning electron microscopy images of the fracture surface of a printed Charpy test 

specimen printed at a TCh of 25 °C made of the composite PP/E-2. In (a), an over-

view of the fracture surface is given. As the part does not exhibit any excessive inter- 

or intra-layer gaps between adjacent strands, the contours of two strands are exem-

plarily highlighted by white dashed lines. The printing bed is located on the right side, 

as indicated in (a). In (b), a magnified image of one glass microsphere is displayed 

demonstrating the good matrix-filler interface after fracture. 
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5.4.3. Concluding Remarks on Publication G 

On the one hand, publication G reported for PP filled with glass spheres with equal filler 

size distributions a trend towards higher tensile strengths and impact energies, and a better 

warpage stability for smaller filler fractions. Therefore, the hypothesis 5 “Compared to larger 

fillers, smaller fillers incorporated into PP fabricated by FFF result in improved mechanical and dimensional 

properties” can be accepted.  

On the other hand, publication G displayed a clear dependence of the crystalline modifi-

cation and spherulite size on the mean strand temperature, which was set by the TCh. Higher 

TCh and therefore elevated Tmean resulted in larger spherulites, a high chance of a β-crystal 

modification among the predominant α-modification and a slightly improved warpage behav-

iour. Thus, the hypothesis 6 “Higher chamber temperatures decrease the warpage and alter the crystalline 

properties of PP parts produced by FFF” can be accepted, too.  
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5.5. Final Optimisation of Mechanical Properties of 3D-Printed 
Polypropylene-Composites by Adding Carbon Fibres 

5.5.1. Introduction to Publication H 

It has been proven by publication E (section 5.2.2), publication F (section 5.3.2) and pub-

lication G (section 5.4.2) that the incorporation of low aspect ratio fillers into PP improves the 

warpage behaviour of 3D-printed parts. A process optimisation, in particular an increase in 

the TCh, as studied in publication G (section 5.4.2), was shown to reduce inhomogeneities in 

the temperature distribution of printed parts, resulting in a further improved dimensional sta-

bility.  

So far, the effect of fibres that could additionally improve the mechanical properties, on 

the warpage behaviour of additively manufactured parts has hardly been studied. Both printed 

PP filled with high amounts of hemp fibres [1] or glass fibres [2] as well as ABS reinforced 

with CF [3] showed the tendency to reduce warp deformations. However, these studies only 

displayed the warpage on plain printed structures consisting of a handful of layers, so that no 

general conclusions of fibrous fillers in specimens produced by FFF can be drawn. Moreover, 

the aspect ratio of the fillers and the warpage have neither been linked to the thermal conduc-

tivity of the fillers nor to the flexural modulus of the composites, although these two proper-

ties were found to have a significant influence on the simulated warpage of 3D-printed parts 

[4]. The following publication H attempts to close this gap.  

As expected from Ref. [4], it is believed that fibre-reinforced printed PP parts can still ex-

hibit an isotropic warpage despite the highly anisotropic filler, as long as the fillers reveal a 

considerably higher thermal conductivity than the matrix polymer. As a consequence, the rap-

id temperature fluctuations during printing [5] are slightly compensated by the highly conduc-

tive filler. This results in a more homogeneous temperature distribution and therefore in less 

internal/residual stresses and a decreased warpage. This assumption is applicable to publica-

tion H and verified in detail in section 5.5.3. Additionally, stiff fibres could decrease warp de-

formations especially in corners of printed specimens, as the fibres can hinder the entropical-

ly-driven movement of the polymer chains as long as the fibres are stiff enough and are 

aligned in printing direction.  

CF are one of the few fillers that satisfy the aforementioned stiffness and conductivity re-

quirements [6]. Apart from continuous CF reinforced 3D-printed polymers [7 - 19], for which 

special printer adaptations are needed, and carbon nanofibre reinforced plastics [20 - 22], addi-

tively manufactured thermoplastics that are filled with short CF, i.e. for ABS [3, 22 - 28], PLA 

[27, 29], PA [30], PET [27], and polyacrylonitrile [31], have increasingly attracted attention 

over the last years. Especially their characteristics of outstanding mechanical performance, 

high thermal conductivity, high dimensional stability, and light weight make them an interest-

ing filament raw material for the FFF market [32]. As independent studies on ABS [25] and 

PLA [29] showed that the CF tend to align along the printing direction, it can be expected that 

this finding is also valid for PP. Thus, the warpage of printed PP parts filled with short CF 
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should be controllable despite the high aspect ratio of the filler (refer to section 5.5.3). Fur-

thermore, the aligned fibres can be utilised to maximise the mechanical and/or thermal prop-

erties of printed parts by selective printing patterns. The following publication H focuses on 

the maximisation of mechanical and thermal properties of printed short CF filled PP by inves-

tigating various printing patterns, while guaranteeing a decent printability and a dimensional 

stability of printed parts. Due to the high strength and stiffness of CF [6] and the knowledge 

of the morphological optimisation for 3D-printed PP-composites, which is applied from pub-

lication F (section 5.3.2), a considerably improved mechanical performance that can outper-

form the most promising materials obtained from publication E to G is expected.  

The following publication is a version of the published manuscript that was slightly 

adapted in order to fit the style and language of this work. It was originally published as:  

Spoerk, M.; Savandaiah, C.; Arbeiter, F., et al.: Anisotropic properties of oriented short carbon fibre filled 

polypropylene parts fabricated by extrusion-based additive manufacturing, Composites Part A: Applied Science 

and Manufacturing, 2018, doi: https://doi.org/10.1016/j.compositesa.2018.06.018. 

Next to the publication presented in the following, another scientific contribution related 

to this topic has been published by the authors. In order to maintain the systematic focus of 

this PhD thesis, the contribution has not been included directly, but is listed below for further 

inquiries:  

 Conference contribution: Spoerk M.; Savandaiah C.; Arbeiter F.; Traxler G.; Car-

don L.; Holzer C.; Sapkota J.: Material extrusion additive manufacturing of poly-

propylene/carbon fibre composites, Abstract at the 34th international conference 

of the polymer processing society – PPS2018, Taipei, Taiwan, 2018. 
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Abstract 

For composites based on polypropylene (PP) filled with short carbon fibres (CF), extru-

sion-based additive manufacturing provides a promising and cost-effective manufacturing 

technique that utilises the flow-induced orientation of the fibres for their targeted alignment 

through the control of the printing direction. This study investigates the impact of the fibre 

orientation on mechanical properties and thermal conductivity of 3D-printed PP-composites 

filled with short-CF. Provided a homogeneous fibre-dispersion and a good fibre-matrix adhe-

sion, the composites showed considerably improved mechanical properties compared to neat 

PP regardless of the fibre orientation. However, for the different printing orientations, a 

strong anisotropy in terms of flexural and impact properties, and thermal conductivity was 

observed. For example, it was found that the thermal conductivity along the printing and, 

thus, the fibre direction was three times higher than perpendicular to that direction. The pre-

sent work provides a key to the fabrication of parts with tailored, orientation-dependent prop-

erties.  
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Introduction 

Fibre-reinforced thermoplastic composites have attracted increasing attention as high-

performance materials due to their outstanding potential of combining the high stiffness and 

strength of fibres with the low weight of polymer matrices [1, 2]. In particular, short fibres, 

such as glass, aramid, and carbon fibres (CF), are used as reinforcing fillers to bridge the gap 

in terms of mechanical properties between continuous-fibre reinforced composites (lami-

nates), which are used as primary structures in the aerospace and automobile industries, and 

unreinforced polymers used in everyday applications [1 - 3]. The attractive properties of CF, 

such as their light weight, high strength, excellent moisture and chemical resistance, high 

thermal conductivity, and low thermal expansion, make them an excellent choice for reinforc-

ing polymers. Most commonly, polyetherimide, polyetheretherketone, and polyphenylene sul-

fide are used as technical thermoplastic matrices for carbon fibres [4, 5]. However, these ma-

trices are expensive and generally difficult to process due to their high processing temperature 

and pressure requirements, hampering their widespread application [6, 7]. Among all thermo-

plastic polymers, polypropylene (PP) is one of the most versatile semi-crystalline polymers that 

can be adapted to meet processing- and application-relevant requirements with an optimal 

balance of processability, strength, stiffness, and chemical resistance at low cost [7]. Conse-

quently, short-CF reinforced PP possesses great potential for demanding applications.  

In general, short-fibre reinforced thermoplastic composites are manufactured by mixing 

the fibres into the molten thermoplastic. Subsequently, the mixture is reshaped by means of a 

moulding and/or extrusion process. These processes are advantageous in the production of 

bulk quantities, but they mostly lack a precise control over the fibre orientation in the parts 

during fabrication [8]. Yet, besides the fibre length, distribution, and the fibre-matrix interfa-

cial adhesion, the orientation of the fibres significantly influences the properties of the com-

posites [9, 10]. For instance, the extruded PP/CF composites by Kuriger et al. [9], which were 

based on vapour-grown CFs, showed a partial fibre alignment, resulting in anisotropic me-

chanical properties, thermal conductivity, and electrical resistivity. To manipulate the flow 

orientation, numerous other fibre-aligning techniques have been developed with a main focus 

on modifying the extrusion process [11 - 14] or applying an external field [15, 16]. Each pro-

cess offers characteristic possibilities to control fibre orientations. Therefore, it is evident that 

also the processing technique is crucial in determining the performance of the composites.  

Extrusion based additive manufacturing, also known as fused deposition modelling 

(FDMTM), fused filament fabrication (FFF), 3D printing or material extrusion, has become a 

widely used additive manufacturing technique. It facilitates the fabrication of complex three-

dimensional components due to its simple operation, low cost, material variability, great de-

sign flexibility, and waste-free production [17, 18]. FFF ensures an individually defined print 

orientation by the layer-by-layer deposition of the material, which can directly control the filler 

orientation in printed composites. For instance, in both poly(lactic acid) (PLA) [19] and acry-

lonitrile butadiene styrene (ABS) [20] filled with short-CF, the fibres clearly align within the 
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flow orientation of printing. As a result of the augmented flow, the CF in specimens produced 

by FFF are considerably more aligned than in compression-moulded specimens [20]. Inde-

pendent studies showed that the mechanical properties drastically depend on the printing and, 

hence, the fibre orientation [19 - 23]. Furthermore, in fibre direction of the 3D-printed parts, 

they are superior to those of compression-moulded specimens. These findings are valid as 

long as no porosities prevail in the compounds [23], as can be ensured by a strong compatibil-

ity between the CF and the polymer matrix as well as a homogeneous filler distribution. Com-

patibilisers and coatings, which are added for that purpose, can additionally increase the orien-

tation-dependent reinforcement and the printability [24, 25].  

In addition to mechanical properties, the controlled fibre alignment by FFF and an even 

filler distribution can further improve the physical properties of the composites. A case in 

point is the thermal conductivity, which can be increased effectively along certain directions 

by the alignment of non-spherical fillers [26]. For example, specimens based on platelet-filled 

polyamides [27, 28] or ABS [8] produced by FFF have shown the potential to produce com-

posite parts with a highly anisotropic thermal conductivity due to the improved filler align-

ment. A comparable behaviour in terms of thermal conductivity can be expected for PP filled 

with short-CF, as observed for extruded or injection-moulded specimens [29, 30]. Provided 

that an exceptional interfacial adhesion is maintained between the short CF and the PP matrix, 

an optimum thermal conductivity can be obtained [30], while the composite’s mechanical 

properties are likely to surpass those of the platelet-filled polymers.  

The present work aims at elucidating the consequences of flow-induced fibre orientations 

in extrusion-based additive manufacturing of a high-performance polymer composite based 

on PP filled with short-CF. Based on morphological studies that confirm the preferential fibre 

alignment along the printing direction, a composite is proposed that offers a strong filler-

matrix adhesion, an exceptional processability by means of FFF and an improved dimensional 

accuracy compared to unfilled PP. The composites’ superior behaviour over neat PP in terms 

of flexural and impact properties as well as of their thermal conductivity are studied on 3D-

printed specimens as a function of the printing orientation.  

 

Experimental Section 

Materials 

A polypropylene heterophasic copolymer (PP), manufactured by Borealis AG, Austria 

(density of 0.905 g·cm-3, melting temperature of 166 °C) was used as a base polymer. The 

processing and heat stabiliser Add-Vance® TH 130 (Addcomp Holland BV, Netherlands) was 

used to prevent the polymer chains to degrade during shear and heat. The compatibiliser 

SCONA TPPP 9212 GA, based on PP functionalised with maleic anhydride (content ≥ 

1.8 %), was supplied by BYK-Chemie GmbH, Germany. The milled coated ex-PAN carbon 

fibres (CF) CF-MLD250 (Apply carbon S.A – procotex, S.A. corporation, France) with an 
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epoxy sizing level of 1.4±0.6 %, mono filament diameter of 7 µm, and an average length of 

250 µm were used.  

Preparation of Filaments 

The compositions of all investigated compounds are summarised in Table 23. All compo-

sites including the neat PP (for reasons of comparison) were processed in a lab kneader (Pol-

ylab Rheomix 3000, Thermo Fisher Scientific Inc., Germany) equipped with two counter-

rotating roller blades at 200 °C and 60 rpm. First, the amount of polymer was melted for 

2 min. Then the stabiliser and 2 min later the compatibiliser were added into the melting 

chamber. After 2 additional minutes of mixing, the filler was added to the compound. Based 

on the findings of previous works [25, 31 - 35], the filler content did not exceed 20 vol.-%. 

After a total kneading time of 40 min, the kneaded material was removed in the melt state and 

cooled down to room temperature. Subsequently, the composites were ground in a cutting 

mill (SM200, sieve with square perforations of 4×4 mm2, Retsch GmbH, Germany).  

Table 23:  Compositions and derived designations of the compounds investigated.  

Sample designation PP 

(vol.-%) 

Stabiliser 

(vol.-%) 

Compatibiliser 

(vol.-%) 

Filler 

(vol.-%) 

PP
 

100.0 - - - 

PP/CF10 87.3 1.8 0.9 10.0 

PP/CF15 82.0 1.7 1.3 15.0 

PP/CF20 76.8 1.6 1.6 20.0 

Based on the ground composites, filaments were prepared by a filter test single screw ex-

truder (FT-E20T-MP-IS, Dr. Collin GmbH, Germany) equipped with a die of 1.9 mm in di-

ameter and 25.05 mm in length. At a screw speed of 65 rpm, extruder barrel heating tempera-

tures of 175, 180, and 185 °C, and a die temperature of 185 °C, the extrudate was pulled 

through a 3 m long water-bath at approximately 50 °C by a winding unit. The filament diame-

ter and ovality was controlled to be 1.75±0.05 mm and <0.05 mm, respectively, by a Sikora 

Laser 2010T diameter measurement device and the Ecocontrol 600 processor (Sikora AG, 

Germany). The spooled filaments were stored under standardised conditions (23 °C air tem-

perature, 50 % relative humidity) prior to printing or other characterisation steps.  

Morphology Analysis 

Cryo-fractured filaments as well as the fracture surfaces of the tested Charpy specimens 

were investigated by means of scanning electron microscopy (SEM) on a Tescan Vega II 

(Tescan Brno, s.r.o., Czech Republic). The measurements were conducted at 5 kV using sec-

ondary electrons after being sputtered with gold for 100 s at 20 mA.  
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Tensile Tests 

Similarly to previous studies [24, 36], tensile tests were performed directly on the filaments 

with each having a length of 100±10 mm and a diameter of 1.75±0.05 mm using the universal 

testing machine Zwick Z001 (Zwick GmbH&Co.KG, Germany) with the following settings: 

tested under standardised conditions, with a load cell of 1 kN, at a gauge length of 50 mm, 

under a pre-load of 0.1 MPa, and a constant strain rate of 10 mm·min-1. Per composite seven 

independent measurements were conducted and evaluated to a significance level of 5 %.  

Preparation of Printed Specimens 

All printed parts in the present manuscript were prepared with the slicing software Simpli-

fy3D Version 3.0 (Simplify3D, USA) and produced by a Duplicator i3 v2 (Wanhao, USA) FFF 

printer. All materials were processed with the same settings (Table 24) except that the flow 

rate was varied depending on the viscosity of the material so that the specimens’ cross-

sections revealed a minimal amount of air gaps. This was tested for each specimen type prior 

to the specimen fabrication by investigating the cross-sections by means of optical microscopy 

(SZH, Olympus Optical Co.). The printing orientation was varied depending on the subse-

quent test, which will be specified in the detailed sections. The printing bed material was pro-

cessed by means of compression moulding with the same settings as reported in Refs. [24, 36]. 

An increased chamber temperature was achieved by insulating the printer with expanded poly-

styrene plates, as described in a previous work [24]. After the prints were finished, the insula-

tion was removed and the printing bed was cooled down to room temperature by natural con-

vection. The printed specimens were detached from the printing bed with a spatula and stored 

under standardised conditions for at least 72 hours before subsequent tests were performed.  

Table 24: Values of the printing parameters of all printed specimens.  

Printing parameters Value 

Nozzle material
 

Steel 

Nozzle diameter (in mm) 0.6 

Nozzle temperature (in °C) 230 

Printing bed material PP plate 

Printing bed temperature (in °C) 70 

Chamber temperature (in °C) 55 

Layer thickness (in mm) 0.25 

Printing speed of the first layer (in mm∙s-1) 28.3 

Printing speed of all subsequent layers (in mm∙s-1) 56.6 

Flow rate of the first layer (in % of the flow rate of the subsequent 

layers) 

150 
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Flexural Tests 

Flexural properties were determined on 3D-printed specimens, each having dimensions of 

10×80×4 mm3, in the three-point bending configuration according to the standard 

EN ISO 178. Tests were performed on the universal tensile testing machine Zwick Z010 

(Zwick GmbH&Co.KG, Germany) under standardised conditions at a testing speed of 

2 mm·min-1 and a support length of 64 mm. Specimens with printing orientations of 0°, 90°, 

0°/90°, and ±45° were investigated. Details on the orientations are represented next to the 

respective results for better visualisation in section “Flexural Tests of Printed Samples”. The 

results of 10 individual measurements per setting (two prints per material and five specimens 

per print were produced, each having a distance of 5 mm to each other) were evaluated to a 

significance level of 5 %.  

Impact Tests 

Printed specimens with the same processing history, dimensions, and printing orientations 

as described in section “Flexural Tests” were notched by a wedge-shaped blade with a notch 

depth of 2 mm and a tip radius of 0.25 mm according to the standard EN ISO 179-1 (speci-

men type 1/e/A). Charpy tests were performed on these specimens in edgewise direction on 

the impact testing pendulum Resil 25 (CEAST/Instron, Italy) under standardised conditions. 

The results of 10 individual measurements per setting (five specimens were produced per 

print) were evaluated to a significance level of 5 %.  

Optical Analyses 

In order to investigate the impact of voids on the mechanical investigations, the cross-

sections of printed specimens were investigated by cutting out small pieces of the respective 

part, sanding them with the disc-type sander Knuth Rotor 4152-2 equipped with the abrasive 

SiC-paper grit 500 and 2400 (all Struers GmbH, Germany) and analysing them in the digital 

microscope VHX-500F (Keyence Corporation, Japan) under reflected light.  

Thermal Conductivity Analysis 

Thermal conductivity measurements on printed samples were conducted by means of an 

indirect method (infrared thermography) as well as by a direct method (transient plane heat 

source method). For the former, technical parts of neat PP and a printable compound were 

printed in a ±45° orientation. After the print and a time-span of minimum 72 hours under 

standardised conditions, both materials with the same part geometry were placed simultane-

ously onto a heating plate as soon as the plate reached a constant temperature of 80 °C. To 

achieve a good thermal contact between the heating plate and the specimens, the heat transfer 

paste HTC PLUS (Electrolube, Germany) was applied between the contact partners. Unless 

stated otherwise, the thermal camera Silver450 (Cedip Infrared Systems, France) equipped 

with a lens of a focal length of 27 mm captured the heat-up process of both specimens for 

1500 s at a sampling rate of 1 Hz. The observation distance was kept constant for all meas-

urements to 170 mm. Depending on the sample size, the spatial resolution was set to 180 or 
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300 µm·pixel-1. The temperature was measured for each material on two locations of the 

printed part at a distance of 3.6 mm and 7.2 mm to the heat source, respectively. At each loca-

tion the temperature evolution was extracted from the thermal image sequence. With this set-

up, the better conducting material would show an earlier increase in temperature in one given 

location, since both materials are exposed to the same thermal influences.  

The impact of the strand and fibre orientations (0°, 90°, 0°/90°, and ±45°) of 3D-printed 

neat PP and one printable composite on the radial and axial thermal conductivity was investi-

gated by direct thermal conductivity measurements. Tests were performed on printed plates 

with a dimension of 30×30×5 mm3 by the thermal conductivity analyser TPS 2500 S and the 

Kapton sensor 5465 (both Hot Disk AB, Sweden) in the anisotropic double sided mode ac-

cording to the standard ISO 22007-2. The necessary data for the heat capacity were measured 

with the same equipment and the golden sensor 5501. The density was measured according to 

the standard ISO/FDIS 1183-1 on the balance XR205SM-DR (Precisa Gravimetrics AG, 

Switzerland) in ethanol. The results were evaluated in the software Hot Disk Thermal Con-

stants Analyser 7.3 to a significance level of 5 %.  

 

Results and Discussion 

Morphology 

A homogeneous filler distribution and a good interface between the fibres and the matrix 

is essential for best mechanical performance, a decent printability and a good thermal conduc-

tivity [24, 30]. All compounds investigated (Fig. 100) reveal a good fibre-matrix compatibility, 

as displayed in the higher magnification (insets), most likely due to the good interaction be-

tween the CF surface and the reactive group of the compatibiliser [25, 30]. However, especial-

ly the compounds containing >10 vol.-% CF (Fig. 100b and Fig. 100c) exhibit considerably 

more pulled-out fibres, visible as holes in the cryo-fracture, than compound PP/CF10 (Fig. 

100a), thus, hinting a decreasing compatibility with increasing fibre-content similarly to Ref. 

[23]. On the contrary to the compounds PP/CF15 and PP/CF20, the composite PP/CF10 

shows a homogeneous filler distribution with no visible filler-filler interactions. Moreover, 

only the compound PP/CF10 exhibits a nearly perfect fibre alignment in flow direction (Fig. 

100a for the filament and section “Impact Properties” for printed parts), similarly to Ref. [19], 

which is necessary for an optimal improvement of anisotropic material properties. As there is 

not enough relaxation time for the CF to rearrange while passing through the printer nozzle 

[37], the composites containing >10 vol.-% CF may result in printed parts, in which not all 

fibres are ideally oriented in flow direction.  
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Fig. 100: Scanning electron microscopy images of the cryo-fractured filaments of the com-

pounds PP/CF10 (a), PP/CF15 (b), and PP/CF20 (c). 

Tensile Properties 

The tensile test results are illustrated in Fig. 101 and all corresponding values are summa-

rised in Table 25 in the supporting information. The addition of 10 vol.-% CF to PP leads, 

compared to neat PP, to an increase of more than 100 % in filament yield stress σY, of more 

than 400 % in the filament Young’s modulus Et, and to a 50 % decrease in strain at yield εY 

(Fig. 101, Table 25) similarly to Ref. [38]. These trends are explained by the high σY and Et of 

the CF themselves, the anisotropic fibre-orientation in flow direction (Fig. 100), an enhanced 

fibre-matrix stress transfer due to the fibres’ good compatibility in the matrix and the re-

striction in segmental movement of the polymer chains due to the fibres [30]. For well-

compatibilised PP-CF compounds, these drastic changes are in accordance with the literature 

[25, 30, 33, 39]. The same trends can be observed for the compounds with higher filler 

amounts, but their changes in σY, Et, and εY are less pronounced than those between PP and 

PP/CF10. In order to guarantee a reliable printability of the compounds, a minimum εY of 

around 5 % is recommended for PP-based materials [40]. Since the εY for PP/CF15 

(3.1±0.3 %) and PP/CF20 (2.9±0.2 %) is too low, only PP/CF10 (4.5±0.6 %) is close enough 

to meet these requirements. As a result of that and due to the good fibre alignment (section 

“Morphology”), in the following only the compound PP/CF10 and the neat PP are investigat-

ed in terms of 3D-printing.  
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Fig. 101: Stress-strain curves for the neat PP filaments and the compounds investigated. For 

reasons of clarity, only the first 10 % of strain are represented. The arrow illustrates 

the high strain at break of PP of 1631±21 %.  

Processability 

Both neat PP as well as the compound PP/CF10 resulted in well-extrudable filaments 

with diameters within the tolerances of 1.75±0.05 mm for the successful use in FFF (Fig. 109 

in the supporting information). The incorporation of the filler even led to an improvement in 

the consistency of the filament diameter. At a first glance, this result may appear contradicting 

to previous results [24, 36]. However, the high thermal conductivity of the CF may homoge-

nise the cooling process in the filament production and, thus, result in a more homogeneous 

filament diameter distribution similarly to studies on filament feedstocks based on highly con-

ductive metals [41].  

A comparison between different printed technical parts (section “Thermal Conductivity 

Analysis”) of neat PP and the composite PP/CF10 (Fig. 102) illustrates an improved surface 

quality for the composite PP/CF10. Less material agglomerates are observed due to a tenden-

cy of fewer flow rate fluctuations, originating from the smaller filament diameter variations of 

PP/CF10. Moreover, the composite PP/CF10 tends to be less prone to oozing than neat PP 

(Fig. 102c and Fig. 102d) similarly to previously studied filled PP-compounds [36]. It has been 

proven by various studies that the incorporation of fillers to PP [36, 40, 42] or ABS [43] also 

can drastically reduce dimensional inaccuracies, especially the warpage that occurs in the scope 

of extrusion-based additive manufacturing. A similar trend is also observed in Fig. 102. Espe-

cially parts B and C clearly illustrate an overall reduction in warpage for the filled composite, 

although the high aspect ratio filler would suggest an only anisotropic dimensional control 

[44]. This behaviour may be explained best by the thermal properties of the filled material: 

The addition of the highly-conductive CF leads to an augmented thermal conductivity of the 

composite (section “Thermal Conductivity”). Hence, during printing the material can cool 

down in a more homogeneous manner, so that thermal gradients are diminished throughout 

the printed specimen [43]. As a result, the warpage of the printed parts is reduced, which is 

additionally exemplified in Fig. 110 in the supporting information.  
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Fig. 102: Comparison of the print quality of different parts produced by FFF for neat PP (left 

side) and the composite PP/CF10 (right side).  
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Flexural Tests of Printed Samples 

The results of the flexural tests on the two printed materials with different printing orien-

tations are plotted in Fig. 103a and all important values are summarised in Table 26 in the 

supporting information. According to the standard EN ISO 178 the stress at the conventional 

deflection sc (here at 3.5 % strain, displayed in Fig. 103a as the dashed line) has to be com-

pared for those specimens that do not show a maximum in stress before a strain of 3.5 %. 

This is the case for all samples, except for the compound PP/CF10 printed at the 0° orienta-

tion. For reasons of comparison and to highlight the compounds’ high elasticity (none of the 

materials actually ruptured and tests were stopped after reaching a stress maximum, as repre-

sented by the two arrows in Fig. 103a), the full stress-strain curves till the flexural strength are 

given in Fig. 103a.  

 

Fig. 103: The results of the flexural tests (a) and the notched Charpy tests (b) of the two print-

ed materials as a function of the printing orientation. In (c), the specimen dimensions 

in mm for both flexural and Charpy tests are given for the four printing orientations. 

The orientations are also highlighted in the xy-plane for each specimen. The speci-

mens are oriented in a way that the consecutive layers of printing are stacked in z-

direction. The bending and Charpy impact direction are displayed on the top of (c). 

The notch that is introduced only for the Charpy specimens after printing is marked 

with dashed lines in the yz-plane on each specimen in (c).  

In contrast to orientation-dependent studies on flexural tests on unfilled printed ABS [45, 

46] and PLA [47], a significant difference is observed neither in the flexural strength σf, the 

flexural strain at flexural strength εf, the stress at conventional deflection σsc nor the flexural 

modulus Ef (Table 25 in the supporting information) for the four investigated printing orien-

tations (Fig. 103c) for neat PP (Fig. 103a). The reason for this behaviour is that optimal pro-

cessing conditions were met for the production of the flexural specimens. As a result, the 

cross-sections of the printed specimens neither reveal individual strands nor air gaps between 

adjacent strands (Fig. 104) similarly to Refs. [37, 48]. Hence, the specimens appear and behave 

in terms of static mechanical properties close to homogeneous specimens, e.g. produced by 

compression-moulding. These findings are in accordance with similar studies on 3D-printed 
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PLA for different loading conditions [37, 48]. Similarly to other studies on PP-CF composites 

[35] and on 3D-printed ABS filled with CF [23], the incorporation of 10 vol.-% of CF to PP 

significantly increases σf, σsc, and Ef and decreases εf. Independent on the printing orientation, 

the fibres can support the load during the bending process [23]. The exceptional matrix-fibre 

interface (section “Morphology”) is another key factor for an efficient stress transfer between 

the matrix and the fibres [35]. As the CF are proven to be aligned in printing direction (section 

“Impact Properties”) [19], the full length of the fibres (250 µm) can support the load in the 0° 

orientation. On the other hand, for the 90° printing orientation, only the width of the fibre 

(7 µm) reinforces the PP in the bending direction. This explains the drastic differences in the 

stresses and moduli of the 0° (σf = 74.2±1.9 MPa, Ef = 5595±640 MPa) and the 90° (σf = 

36.5±1.4 MPa, Ef = 1650±130 MPa) orientation, which is in accordance with studies on fibre-

reinforced composites [49]. The specimens with 0°/90° printing orientation show slightly 

higher flexural stresses and moduli (σf = 51.4±1.3 MPa, Ef = 3385±295 MPa) than those 

printed at an orientation of ±45° (σf = 44.5±3.1 MPa, Ef = 1920±310 MPa). The flexural 

properties of both are clearly weaker than those of the 0° orientation, though, which has al-

ready been reported for fibre composites [49]. For the 0° and the 0°/90° orientation, the fi-

bres dominate the flexural failure due to their length of 250 µm, which explains the low εf of 

3.1±0.1 % and 3.7±0.1 %, respectively. For the 90° and the ±45° orientation, however, the 

more ductile matrix is responsible for the higher εf of 5.6±0.3 % and 6.8±0.4 %, respectively.  

 

Fig. 104: Sanded cross-sections of printed flexural/Charpy specimens with a printing orienta-

tion of 0° of neat PP (a) and PP/CF10 (b). The printing bed is located on the bot-

tom of each image, as highlighted in (a). 

Impact Properties 

Although the Charpy test specimens consist of homogeneous cross-sections (Fig. 104), 

significant differences in the impact energies of the different printing orientations are ob-

served for both PP and PP/CF10 (Fig. 103b). While mechanical properties in low strain re-

gions, such as flexural modulus or flexural strength, are insignificantly different for different 

printing orientations for neat PP in bending tests, fracture properties differ greatly. Specimens 

in 90° and 0°/90° orientation exhibit a considerably lower impact energy (11.7±1.7 and 

11.2±1.0 kJ·m-2, respectively) than the specimens printed at 0° and ±45° (40.0±3.4 and 

27.6±3.7 kJ·m-2, respectively), which is in accordance with Charpy investigations on 3D-
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printed ABS [45, 46]. This indicates that the interfaces between strands are strong enough to 

deliver similar results compared to the bulk material of the strands in low strain regions, but 

still show inferior properties with regard to fracture. A similar behaviour is also known for 

welding of polymers, where diffusion is often sufficient to achieve similar results of the weld-

ed and unwelded material up to the yield of the material. However, the welded material still 

shows a significant decrease in strain at break [50, 51] and/or fracture properties [51]. This can 

be explained by the fact that these properties are highly influenced by the amount and length 

of chains, which cross interfaces during welding [52]. Hence, the specimens of 90° and 0°/90° 

printing orientation rupture mostly due to local failure of the weaker welded material, without 

the formation of large plastic zones (Fig. 105b and Fig. 105c), while specimens printed at 0° 

and ±45° orientation exhibit larger areas of plastic deformation before failure (Fig. 105a and 

Fig. 105d). Additionally, delamination between strands and layers, visible as zig-zag fractures 

at the specimens with an orientation of 0° and ±45° (Fig. 105a and Fig. 105d), can further 

increase the impact energy [24] and support the hypothesis that the interfaces are weaker than 

the bulk.  

 

Fig. 105: Comparison of the side views of the fracture after the Charpy tests for PP and 

PP/CF10 printed at different orientations. All specimens are oriented in a way that 

the impact came in the vertical upwards direction. The area of plastic deformation 

appears white and is, for reasons of clarity, shown for the PP specimens encircled us-

ing black dashed lines. 

The same trend of impact energies for different strand orientations was observed for 

specimens made from PP/CF10. While specimens in 0° orientation showed an impact energy 

of 7.5±0.2 kJ·m-2, specimens printed at ±45°, 0°/90°, and 90° only reached 7.1±0.2, 6.1±0.4, 

and 5.5±0.3 kJ·m-2, respectively. The small impact energies correlate directly with the less pro-

nounced zones of plastic deformation, which are barely visible in Fig. 105e to Fig. 105h. In-

terestingly, PP/CF10 performed worse in notched impact tests than neat PP. In literature, 

both cases of increased [53 - 55], as well as decreased [56] performance in notched impact 

tests have been reported for the addition of fibres to PP. However, in most cases the addition 

of fibres increases the notched impact strength by distributing the single stress concentration 

at the notch tip to multiple locations in the vicinity of fibres in the specimen. This can lead to 
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fibre pull-out, which consumes additional energy [57, 58]. As local constraints or stress con-

centrations can additionally influence the impact behaviour [55], the exact mode of failure of 

both neat PP and PP/CF10 is determined by SEM in Fig. 106. The fracture behaviour of PP 

and the PP matrix in PP/CF10 differs significantly. While neat PP (Fig. 106a) exhibits plastic 

deformation on the fracture surface visible as elongated fibrils in the higher magnifications 

(insets), the matrix of PP/CF10 appears smooth and shows no form of plastic deformation. 

This indicates a brittle fracture. Additionally, several smooth holes on the fracture surface in 

Fig. 106b indicate fibre pull-out during the fracture of PP/CF10. Nevertheless, the formation 

of large plastic zones (Fig. 105) and plastic deformation on the fracture surface (Fig. 106a), 

both only visible for neat PP, appear to outweigh the beneficial effects of fibre reinforcement 

for the notched impact tests. Moreover, Fig. 106b confirms a similar fibre alignment as seen in 

the filament (Fig. 100a) after printing, as all fibres are still oriented in the flow direction.  

 

Fig. 106: Fracture surface of tested Charpy specimens of printed neat PP (a) and PP/CF10 (b). 

Thermal Conductivity 

It is known for homogeneous specimens that the addition of CF to PP increases the 

compound’s thermal conductivity [29, 30]. The same is tested in the following for PP-CF-

compounds produced by FFF by thermography measurements (Fig. 107), in which 3D-

printed parts are heated up by a one-sided heat source. As long as the fibres are oriented per-

pendicularly to the heat flow direction (Fig. 107b), a similar heating behaviour is observed for 

both the neat PP and the compound PP/CF10, since the temperature increase over time (Fig. 

107a) for both measurement distances (3.6 mm and 7.2 mm, as depicted in Fig. 107c) is nearly 

identical. Additionally, the thermographs (Fig. 107c) do not show any visual differences for 

the two materials. A similar investigation on 3D-printed ABS filled with multi-walled carbon 

nanotubes confirms this finding [59]. Investigations on part C (Fig. 107d-f) show that when 

the fibres are oriented in the same plane as the heat flow direction, a difference in the heating 

behaviour for the two materials appears. The compound PP/CF10 exhibits both a considera-

bly faster temperature increase for both measurement distances than neat PP (Fig. 107d) and 

different thermographic images (Fig. 107f). Moreover, the distance between the heat source 

and a temperature level of e.g. 65 °C (see markers and the distance difference to the heat 
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source Δx in Fig. 107f) is a lot larger for the filled compound compared to the neat PP. These 

findings suggest a clear improvement of the thermal conductivity in printing direction due to 

the addition of CF to PP and their proper alignment in processing direction (section “Mor-

phology”) similarly to 3D-printed filled ABS [59] and PLA [60] composites. However, the 

same sample rotated by 90°, resulting in a fibre orientation perpendicularly to the heat flow, 

reveals no differences in the heating behaviour compared to neat PP (Fig. 107d) similarly to 

the findings of part A in Fig. 107a. These results hint at a highly anisotropic thermal behav-

iour, in particular a drastic orientation dependency of the thermal conductivity for CF-filled 

3D-printed PP.  

 

Fig. 107: Summary of the infrared thermography investigations for the printed parts A (a, b, c) 

and C (d, e, f). In (a) and (d), the temperature as a function of time is summarised for 

PP and PP/CF10 for the respective parts. The heat flow direction with respect to the 

fibre orientation is sketched in (b) and (e). The infrared thermographs after 1500 s 

are displayed in (c) and (f) along with the corresponding colour bar in °C. In (f), the 

same printed specimen (part B) was turned by 90° around the horizontal axis of the 

image plane (lowest infrared thermograph), which is abbreviated by the suffix -90°.  
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To better understand the thermography results, the thermal conductivity was investigated 

as a function of printing orientation for both materials (Fig. 108). Significant differences in the 

axial λaxial and the radial thermal conductivity λradial for the different printing orientations (Fig. 

108c) are observed for neat PP (Fig. 108a). This finding is based on the formation of flow-

induced orientations during printing that increase the alignment of anisotropic PP crystallites 

and therefore also the thermal conductivity [61]. When the thermal conductivity is measured 

along this direction (i.e. as λaxial for the 90° orientation), it is considerably higher 

(0.300±0.001 W·m-1K-1) than measured perpendicularly to the aligned crystallites (i.e. as λaxial 

for the 0° orientation = 0.201±0.001 W·m-1K-1). The λaxial for the 0°/90° 

(0.277±0.001 W·m-1K-1) and the ±45° (0.285±001 W·m-1K-1) orientations lie between the two 

extremes of the 0° and 90° orientation due to their printing pattern.  

 

Fig. 108: Thermal conductivity determined according to the standard ISO 22007-2 as a func-

tion of the printing orientation for PP (a) and PP/CF10 (b). The corresponding 

specimen dimensions in mm and the orientations of the specimens are displayed in 

(c). The specimens are oriented in a way that the consecutive layers of printing are 

stacked in z-direction. The heat conductivity in axial direction (λaxial) is measured in y-

direction, whereas that in radial direction (λradial) is measured in the xz-plane, as dis-

played in the top left image in (c). 

The λradial is measured in two directions simultaneously (Fig. 108c, in the z- and x-

direction). Hence, the λradial for the 0° printing orientation (0.217±0.001 W·m-1K-1) is affected 

by the high thermal conductivity parallel to the aligned crystals (x-direction in Fig. 108c, equal-

ling the λaxial of the 90° orientation) and the poor thermal conductivity perpendicular to the 

aligned crystals (z-direction in Fig. 108c, equalling the λaxial of the 0° orientation), resulting in a 

λradial that lies in between the λaxial of the 0° and the 90° orientation. The 0°/90° and ±45° ori-

entation exhibit a similar behaviour and, hence, a comparable λradial (0.212±002 W·m-1K-1 and 

0.212±003 W·m-1K-1, respectively). Only the λradial of the 90° orientation is significantly lower 

(0.206±002 W·m-1K-1) than all the other λradial as it probes the same direction (perpendicular to 

the aligned crystals) as the λaxial of the 0° orientation (0.201±0.001 W·m-1K-1).  

As soon as the fibres are introduced into the PP matrix, the same trends as for the ther-

mal conductivities of neat PP are observed (Fig. 108b). However, the CF increase both the 
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λaxial and the λradial of the PP similarly to studies on moulded PP-CF compounds [29] and on 

3D-printed filled polyamide [27, 28], since the fibres have a high thermal conductivity and are 

oriented in flow direction (Fig. 106b). While the thermal conductivity perpendicular to the 

fibres (λaxial for the 0° orientation = 0.235±0.001 W·m-1K-1) only shows a slight increase of 

17 % compared to that of neat PP, the one parallel to the fibres (λaxial for the 90° orientation = 

0.869±0.016 W·m-1K-1) nearly triples the thermal conductivity of neat PP, which confirms the 

thermography results studied above and the warpage improvement discussed in section “Pro-

cessability”. This high value clearly outperforms the thermal conductivity of conventionally-

produced PP-compounds filled with 30 wt.-% CF with a mean fibre length of 300-400 µm 

(λ = 0.32 W·m-1K-1) [30]. This behaviour confirms that the good fibre-alignment induced dur-

ing printing has a drastic impact on the thermal conductivity of CF-compounds, as suggested 

by Wieme et al. [18].  

 

Conclusion 

In summary, this study demonstrates the applicability of extrusion-based additive manu-

facturing as a facile route to fabricate aligned short carbon fibre filled polypropylene compo-

sites with anisotropic mechanical properties and thermal conductivity. Based on investigations 

on PP-compounds containing different fibre contents (10, 15, and 20 vol.-%), it was found 

that the composite containing PP, a stabiliser, a commercial compatibiliser based on PP graft-

ed with maleic anhydride, and 10 vol.-% of short-CF showed a uniform filler dispersion, a 

strong fibre-matrix adhesion, and a flawless filament-extrudability and printability in a com-

mercial FFF printer. Due to the preferential alignment of the CF along the printing direction, 

the mechanical properties and thermal conductivity were altered based on the printing orienta-

tions. In the case of the most beneficial orientation of the fibres with regard to the respective 

probing direction, the flexural strength and modulus were increased compared to neat PP by 

more than 150 % and 400 %, respectively. For the least beneficial orientation, a slight increase 

of 20 % and 60 %, respectively, was achieved. Under impact load, the different printing orien-

tations showed a similar trend as in the flexural tests. However, the matrix of the composite 

PP/CF10 fractured in a more brittle way than neat PP and exhibited considerably smaller 

zones of plastic deformation, resulting in two to four times lower impact energies than neat 

PP. Due to the alignment of PP crystals along the printing direction, the thermal conductivity 

of neat PP revealed significant differences for the printing orientations. Those differences 

were even more pronounced for the filled composite, in which the CF also aligned along the 

printing direction. Perpendicular to the fibre orientation, the thermal conductivity of the com-

posite PP/CF10 showed a slight increase of 17 % compared to neat PP. However, when the 

fibres were oriented in the heat flow direction, a considerable difference between the two ma-

terials was observed by means of thermographic measurements. The thermal conductivity 

increased by roughly 200 % compared to neat PP, outperforming conventionally produced 

PP-composites filled with 30 wt.-% short-CF. The results are particularly intriguing consider-
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ing the ease of fabrication of customised composite parts with anisotropic properties and can 

be applied to a wide range of composite materials to exploit the advantage of filler orienta-

tions. 
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Supporting Information 

Table 25: Overview of the yield stress σY, the strain at yield εY the strain at break εB, and the 

Young’s modulus Et obtained from the tensile tests on the filaments of all com-

pounds investigated. 

Sample designation σY  

(MPa) 

εY 

(%) 

εB 

(%) 

Et 

(MPa) 

PP
 

20.9±0.8 7.8±0.5 1631.2±21.0 830±10 

PP/CF10 44.2±7.3 4.1±0.5 4.5±0.6 3500±480 

PP/CF15 49.5±4.5 2.9±0.2 3.1±0.3 4600±470 

PP/CF20 57.1±0.6 2.7±0.2 2.9±0.2 5700±470 
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Fig. 109: Histograms of the filament diameter resulting from the extrusion of neat PP and 

PP/CF10. For each compound the mean and standard deviation of the filament di-

ameters are given. 

 

 

Fig. 110: Warpage of the filled compound PP/CF10 by printed specimens that are especially 

prone to warpage. 
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Table 26: Overview of the flexural strength σf, the flexural strain at flexural strength εf, the 

stress at conventional deflection σsc, and the flexural modulus Ef obtained from 

the flexural tests of all compounds investigated. According to the standard 

ISO 178, the conventional deflection is at a strain value of 3.5 %. Those speci-

mens, which εf is lower than 3.5 %, show no entry in σsc. The error is given as a 

5 % confidence interval for all values. 

Sample designation σf 

(MPa) 

εf 

(%) 

σsc 

(MPa) 

Ef 

(MPa) 

PP_0°
 

31.5±0.7 7.9±0.3 25.9±0.7 1140±30 

PP_90° 30.1±0.7 7.5±0.5 24.9±0.5 1030±35 

PP_0°/90° 28.2±2.8 7.7±0.4 23.2±2.3 990±95 

PP_±45° 29.5±1.2 8.1±0.3 23.8±0.8 990±25 

PP/CF-10_0° 74.2±1.9 3.1±0.1 - 5595±640 

PP/CF-10_90° 36.5±1.4 5.6±0.3 33.9±1.1 1650±130 

PP/CF-10_0°/90° 51.4±1.3 3.7±0.1 51.3±1.3 3385±295 

PP/CF-10_±45° 44.5±3.1 6.8±0.4 40.0±2.8 1920±310 
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5.5.3. Concluding Remarks on Publication H 

Warpage Elaboration 

The surprisingly good dimensional and warpage control of the fibre-reinforced PP-

composites in publication H was assumed to be related to the higher thermal conductivity of 

the compound and to a resulting more homogeneous temperature distribution during printing 

in the fabricated part in section 5.5.1. This assumption is verified by thermography measure-

ments (Fig. 111) with the same experimental set-up as in publication G (section 5.4.2). During 

the fabrication of five Charpy specimens, consisting of 16 layers each, the temperature of a 

contour strand of the third layer of the first printed specimen is recorded for both neat PP 

and the most promising composite of publication H, PP/CF10, at a platform temperature of 

70 °C and a TCh of 25 °C. The printing sequence (compare to Fig. 88) for PP/CF10 had to be 

altered in order to guarantee the most promising repeatability and printability. As a result, after 

95 min the temperature evolution of PP/CF10 shows double the amount of temperature 

peaks that occur when the measurement position is close to the printer nozzle, compared to 

that of neat PP. Nevertheless, the peak temperatures of the two materials are still comparable.  

 

Fig. 111: The temperature evolution of a contour-strand of the third printing layer of the first 

Charpy specimen for neat PP and the CF-filled composite PP/CF10. The tempera-

ture difference between the peak maximum around 90 min and its previous mini-

mum (peak amplitude) is marked for PP (ΔTPP = 20 °C) and PP/CF10 (ΔTCF = 

5.5 °C).  

In spite of some fluctuations at the beginning of the measurement, both materials exhibit 

a reduction of the maximum of the temperature peaks with increasing printing time due to the 

insulation of subsequently printed layers between the measurement position and the nozzle. A 

clear difference between the two materials can be discerned (Fig. 111), though. As neat PP 

behaves like a thermal insulator (λaxial, 90° = 0.30±0.01 W·m-1K-1), the amplitude of the peaks 

reduces slowly over time, which means that the thermal equilibrium is reached very late [1]. 

Hence, after a printing time of more than 90 min, a rather inhomogeneous temperature distri-
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bution of the printed part prevails, as still a temperature amplitude ΔTPP of 20 °C is present. 

On the contrary, the temperature amplitude of the considerably more conductive PP/CF10 

(λaxial, 90° = 0.87±0.02 W·m-1K-1) converges much faster towards a thermal equilibrium than that 

of neat PP [1]. After 90 min of printing, the observed strand in the PP/CF10 Charpy speci-

men shows a roughly four times lower temperature amplitude (ΔTCF = 5.5 °C) than that of 

PP. Thus, the higher thermal conductivity induced by the incorporation of CF leads to a more 

homogeneous temperature distribution within the fabricated specimens during printing. Con-

sequently, the internal/residual stresses of the material are expected to be reduced, too, which 

explains the promising dimensional accuracy found in publication H, despite the high aspect 

ratio of the fillers.  

Hypothesis Examination 

Next to the promising warpage control, the PP/CF10 composite also showed considera-

bly enhanced tensile and flexural strengths, and moduli that outperformed every other investi-

gated PP-compound of this PhD thesis. Nevertheless, the impact energies were significantly 

reduced compared to neat PP, independent of the printing orientation. Hence, the hypothesis 

7 “PP parts filled with carbon fibres and manufactured by EB-AM result in superior mechanical properties 

and simultaneously exhibit a controllable warpage” can be partly, except the impact result, accepted.  

Research Outlook 

As the short CF reinforced PP-composite investigated in publication H revealed the high-

est mechanical properties of all materials investigated within this PhD thesis, presented high 

thermal conductivities and allowed the flawless production of complex parts by EB-AM, this 

material compound could be the origin for promising applications, in which the part is hardly 

processable by conventional manufacturing techniques. A case in point is the broad field of 

heat exchangers, for which the material needs to have as high thermal conductivities as possi-

ble and be shapeable to complex geometries [2]. For this application, especially the controlla-

ble fibre alignment can be utilised for anisotropic thermal conductivities that are partly prefer-

able for air-cooled heat exchangers. Mulholland et al. [3], for example, reported that a com-

mercially available polyamide filled with 12 vol.-% of CF with a thermal conductivity 

(0.95 W·m-1K-1) similar to those investigated in publication H, is a promising compound for 

air-cooled heat exchangers. As higher filler loadings still meet the requirements for a success-

ful FFF-print (publication H), considerably increased thermal conductivities are achievable. 

Due to the high mechanical strength and chemical durability of the CF filled PP-composites 

of publication H, even applications in the automotive industry for smaller quantities are realis-

tic, as demonstrated by Refs. [4, 5].  

Recently, the high electrical conductivity of the CF was used for self-sensing the structural 

health of 3D-printed composite parts [6]. Challenging applications like this could open the 

market for additively manufactured CF reinforced materials to stimuli responsive structures 

[7], in which external stimuli, e.g. heat or an electric current, lead to a smart dynamic move-
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ment of the printed part. An overview of such examples that mostly consist of a standard and 

a smart material, having features like high electrical or thermal conductivity, is given in Refs. 

[8, 9].  

Other multi-material prints, in which CF reinforced PP could play a key role, could make 

a promising research topic in the future: Hierarchical structures that mainly consist of very 

brittle materials, but also contain small proportions of tough materials, can result in tremen-

dous fracture and impact resistances, as found for sea shells [10], conches [11], or exoskele-

tons of beetles [12]. Such bio-inspired, lamellar structures have been attempted to be repro-

duced by various strategies and materials [12 - 23]. However, only Espinosa et al. [14] and Kao 

et al. [21] used for parts of the fabrication the EB-AM technology. It can be expected, though, 

that 3D-printed multi-layer materials that contain on the one hand a very flexible thermo-

plastic and on the other hand a brittle composite, which could be based on the material of 

publication H, also show similar effects on the fracture resistance, such as the aforementioned 

bio-inspired materials. Especially with a print head adaption as proposed by Raney et al. [20], 

in which the nozzle can rotate with varying speed and therefore can program the arrangement 

of the fibres in the matrix, the proposed PP-based composite of publication H would be an 

ideal material to mimic such bio-inspired materials.  
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6  
CONCLUSION AND RESEARCH  

OUTLOOK 

6.1. Conclusions 

Similarly to inventing the steam engine, aircraft or machines that could replace manual la-

bour in the late eighteenth century, additive manufacturing (AM) may represent to engineers, 

but also to society, a new technology paradigm shift [1]. Therefore, AM is currently on every-

one’s lips. The last years have been considered to be the beginning of the era of AM, but ac-

cording to recent studies the next decade is likely to witness even a considerably bigger rise in 

the use of different AM technologies in the industry [2]. Especially the extrusion-based AM 

(EB-AM) technology of thermoplastic polymers, also known as fused filament fabrication 

(FFF) has received considerable attention over the last decade due to its simple usability, low 

cost, and possibility of generating large parts with rather high throughput. This PhD thesis 

contributes to the further development of EB-AM and attempts to tackle three major issues 

connected to this technique.  

To successfully fabricate a 3D-printed component, the adhesion between the first depos-

ited layer and the build platform of the FFF machine has to be high during processing and 

close to zero when removing the final part. Hitherto, settings have been selected empirically 

largely without comprehending the mechanisms behind the adhesion. Within the framework 

of this PhD thesis, a novel shear-off methodology was developed to determine, understand 

and thoroughly optimise the adhesion forces of 3D-printed strands on various platform mate-

rials. Based on the presented findings, which are mainly based on the thermal properties of the 

filament, optimal adhesion settings can be recommended for the standard filament materials 

poly(lactic acid) (PLA) and acrylonitrile butadiene styrene (ABS). This know-how can be gen-

eralised to all other amorphous materials and semi-crystalline thermoplastics that exhibit a 

glass transition temperature (TG) above room temperature and therefore acts as a useful guide-

line for end-users in the industry. Furthermore, it was discovered for materials that reveal a TG 

below room temperature that there are many different factors that can be adjusted in order to 

achieve optimal adhesion, such as manifold printing parameters or the surface roughness of 

the platform. These findings will facilitate ideal adhesion for novel filament materials. Espe-

cially for these filament materials a pre-selection of useful contact partners by means of simple 
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contact angle measurements was reported to be essential to accelerate the adhesion optimisa-

tion process, which was exemplarily shown for polypropylene (PP), but will be conducive to a 

broad audience for a wide range of materials.  

Independent of the materials used, the immense number of weld lines in parts produced 

by FFF are known to deteriorate the strand interfaces and, thus, the overall mechanical prop-

erties. The present PhD thesis endeavours to mitigate this issue by separately analysing and 

optimising the weld strengths between adjacent strands within one printing layer and between 

neighbouring layers by means of novel adaptations in experimental techniques. As a result, 

process parameters were found, in which weld strengths that were close to those of the bulk 

material were achieved. The attained near-homogeneous properties of the 3D-printed PLA 

were additionally confirmed as independent of the printing orientation for both static and 

dynamic linear elastic and elastic-plastic fracture mechanical investigations. By examining the 

viscosities needed for such an optimal strand interface, these results can be generalised and, 

hence, act as a guideline for the weld strength optimisation of any filament material. This was 

confirmed by applying the same optimising strategy to novel PP-composites. In addition, the 

weld strengths between contiguous layers were characterised in detail for the first time by 

double cantilever beam (DCB) tests. Based on these investigations, unexpected strength re-

ductions were observed due to over-compressions of the deposited layers for the first time. 

To avoid such strength limitations for end-users, processing settings, in which over-

compressions start to appear, need to be identified. Therefore, the obtained knowledge must 

be taken into account for further developments in FFF machines and if possible in the slicer 

software. An alteration in the layer-design of the stacked strands was additionally shown to be 

a practical tool for designers to mechanically optimise 3D-printed components depending on 

the loading direction. Therefore, this finding could prove to be advantageous for the construc-

tion of anisotropic, load-dependent components. Based on the detailed fracture mechanical 

examinations on standardised compact tension (CT)-specimens, a model for a fatigue lifetime 

estimation of complex 3D-printed parts was additionally determined, which will be verified in 

future works.  

Apart from the mechanical property improvement, the success of the EB-AM technique 

strongly depends on the variety of materials that can be processed flawlessly. This range is 

currently limited. Consequently, the main part of this PhD thesis deals with the introduction 

of a semi-crystalline thermoplastic, namely polypropylene (PP), to the FFF material portfolio. 

In the present work, the main problems of this promising polymer, i.e. the dimensional inac-

curacies and warpage connected to 3D-printing, were solved for the first time by the incorpo-

ration of various filler types. The addition of up to 30 vol.-% low aspect ratio fillers (tested for 

spherical perlite and glass spheres) resulted in a substantial improvement of the warpage be-

haviour, as long as a strong adhesion between the first layer and the build platform was pre-

sent. As expected from conventional manufacturing techniques, smaller fillers led to especially 

promising results, both in terms of dimensional and mechanical properties. Hence, this PhD 
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thesis demonstrated that warpage reducing strategies known from traditional manufacturing 

techniques can also be applied to FFF. However, certain mechanical process requirements that 

are uncommon for conventional manufacturing techniques have to be met.  

For instance, the loss of elongation at break due to the incorporation of the spherical fill-

ers was compensated by adding amorphous polyolefins, which resulted in ternary blends with 

a decent printability. It was found that a morphology, in which the fillers are encapsulated by 

the additional polymer, is preferable for the use in FFF due to higher achievable strengths and 

strains, and more suitable rheological properties. Another general fact that was found to be 

essential when dealing with composites in EB-AM is the necessary retention of filament 

strength. The decrease in tensile strength of the composite due to the low aspect ratio of the 

fillers and the amorphous inclusions was compensated by optimising the distribution of the 

fillers within the matrix and the interfacial adhesion between them, which resulted in strength 

values comparable to that of neat PP and a decent printability, despite the high degree of fill-

ing. This obtained knowledge will redound to achieve most favourable mechanical perfor-

mance for novel composites that will be used in FFF in the future.  

This PhD thesis also revealed for the first time that the addition of short carbon fibres 

(CF) to 3D-printed PP can result in a warpage that is surprisingly well controllable, as the con-

siderably higher thermal conductivity of the composite induced by the CF led to a more ho-

mogeneous temperature distribution within the printed parts and therefore reduced residual 

stresses. Since such high aspect ratio fillers contribute to an extensive enhancement in me-

chanical properties, as was shown for tensile and flexural properties, this warpage reducing 

strategy for highly thermally conductive fibres seems very promising for all types of semi-

crystalline thermoplastics that are prone to dimensional inaccuracies. Thus, the fabrication of 

3D-printed, dimensionally stable parts made of high-density polyethylene (HDPE), polyox-

ymethylene homopolymers (POM-H) or polyamide-66 (PA-66), which are not available yet for 

FFF, will be clearly facilitated by the proposed strategy. Furthermore, the developed compo-

site can be the basis for future investigations, in which higher CF loadings are determined. 

Such materials are of definite interest for high load bearing components with perfect dimen-

sional control, such as for automotive parts or complex heat exchangers.  

Next to the incorporation of various filler types, selective changes in process parameters 

were shown to be very effective in terms of a further warpage optimisation. For the first time, 

in-depth investigations on varying printing chamber temperatures (TCh) revealed an additional 

warpage improvement for both neat PP and PP-composites. Furthermore, higher TCh govern 

intriguing changes in the crystallographic behaviour (spherulite size and crystal modification) 

of neat PP, that have fundamental consequences on the properties of printed parts. Such ef-

fects are ideally observable on neat PP, but are valid for all semi-crystalline thermoplastics. 

Hence, this PhD thesis enables a deeper understanding of this promising material class and 

provides a novel possibility to control the components’ properties for manifold applications.  
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6.2. Concluding Remarks on the Hypotheses 
This section gives a concluding overview of the hypotheses and states in which section of 

this thesis they were described in detail.  

1. The strength of 3D-printed specimens can be optimised to strength values close to those of homogene-

ous specimens (compression-moulded) by thoroughly adapting the FFF process parameters.  

The findings of publications A and B led to the acceptance of this hypothesis for 

PLA, and the additional elaborations presented in section 5.2.3 also confirmed the 

hypothesis for newly developed PP-composites.  

2. Higher build platform temperatures result in an improved adhesion between the first deposited layer 

and the build platform.  

This hypothesis could be supported only partly. On the one hand, the findings of 

publication C showed that for amorphous materials and those with a low degree of 

crystallinity, the adhesion maximum is determined rather by the TG of the filament 

than high platform temperatures. Hence, the hypothesis could not be confirmed. On 

the other hand, for semi-crystalline materials, e.g. PP, this hypothesis was accepted, 

as demonstrated in publication D.  

3. Low aspect ratio fillers incorporated into a PP matrix decrease the shrinkage and warpage of PP 

parts produced by FFF.  

This hypothesis was accepted for both spherical perlite and glass fillers incorporated 

into PP, based on the results of publications E, F, and G.  

4. A homogeneous filler distribution and a good matrix-filler interface are essential for a successful fab-

rication of PP-composites by EB-AM.  

As the findings in publication F demonstrated a strong dependency of the printing 

requirements and the processability on the filler distribution and the matrix-filler in-

terface, this hypothesis was accepted.  

5. Compared to larger fillers, smaller fillers incorporated into PP fabricated by FFF result in improved 

mechanical and dimensional properties.  

This hypothesis was confirmed for both perlite (publication E) and glass spheres 

(publication G) incorporated into PP.  

6. Higher printing chamber temperatures decrease the warpage and alter the crystalline properties of PP 

parts produced by FFF.  

An increased TCh introduced a different crystal modification and enlarged spherulites 

into the printed PP, and improved the dimensional stability, as presented in publica-

tion G. Hence, this hypothesis was fully accepted.  

7. PP parts filled with carbon fibres and manufactured by EB-AM result in superior mechanical prop-

erties and simultaneously exhibit a controllable warpage.  

This hypothesis was accepted based on the findings of publication H.  
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6.3. Research Outlook 
Based on the results of this thesis, open research questions arise that should be addressed 

in more detail in future works. For instance, it would be particularly valuable, if a model for 

predicting the process parameters to achieve optimal inter- and intra-layer weld strengths 

could be elaborated. Such a model could be based on the viscosity data obtained from this 

thesis, but additionally needs to add information on the molecular weight, the side chain 

length and density, the chain entanglement, the degree of crystallinity, and the crystal modifi-

cation, to name a few.  

To understand the fundamental principles of the weld formation and optimisation in EB-

AM, the inter-diffusion length needs to be studied, e.g. by means of Raman spectroscopy simi-

larly to Ref. [3]. Especially for semi-crystalline polymers, a drastic difference in spherulite size 

and type has been observed in this thesis and in Refs. [4, 5]. Hence, a crystallographic investi-

gation of a strand interface in the micro-scale, e.g. by high-energy X-ray diffraction at a syn-

chrotron source similarly to Ref. [6], could offer detailed insights into the mechanisms of weld 

formations. Differences in the chemical composition between the weld and the bulk, such as 

described by Ref. [7] for ABS, could also be expected for semi-crystalline polymers, especially 

for PP blends, which could be interesting for high-tech applications in the future.  

Another significant topic for further investigation is the verification of the proposed fa-

tigue lifetime estimation. As the additively manufactured parts were shown to behave similarly 

to homogeneous specimens, when optimal processing conditions were met, the fatigue behav-

iour of the 3D-printed parts can be simulated based on the knowledge of the properties of 

homogeneous specimens similarly to Ref. [8]. If the results of such fatigue tests on real com-

ponents, which were processed by the proposed optimal FFF parameters, under realistic load-

ing conditions were in accordance with the introduced fatigue lifetime model, simple fatigue 

simulations could predict the crack initiation and propagation, and the service life of 3D-

printed components. Thus, the simulations could replace the time-consuming dynamic CT-

tests and therefore offer valuable and simple guidelines for the crack resistance optimisation 

of parts produced by FFF.  

Another intriguing aspect that needs to be addressed in the future is the analysis of differ-

ent methods to locally heat the deposited strands and/or the printing chamber. Infrared or 

microwave sources not only lead to an improvement of mechanical properties of the weld 

lines [9, 10], but can also homogenise the temperature distribution within the printed parts to 

locally prevent part distortion. It would be especially enthralling to understand the conse-

quences of the different additional heat sources (build platform, infrared, or microwave 

source) on the thermal, crystallographic, mechanical, and dimensional properties of 3D-

printed PP. Independent of the heat source, an investigation on the further increase of the 

TCh, so that the mean strand temperatures are only slightly below the crystallisation tempera-

ture of PP, could lead to particularly interesting results, as no distinct fusion zone between the 

strands is expected to be discerned [4]. Consequently, a comparable spherulite size is predicted 
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for both the bulk of the deposited strands and their interfaces, which could have tremendous 

consequences on the mechanical properties of the 3D-printed components. Moreover, further 

studies need to analyse whether higher amounts of β-PP can be formed with increasing TCh. 

As proposed in publication G, the addition of nucleating agents to PP could decrease and 

homogenise the size of their spherulites. Therefore, the mechanical properties, especially the 

toughness of the 3D-printed parts is supposed to be maximised. Additionally, different strate-

gies to increase the thermal conductivity of semi-crystalline thermoplastics than the addition 

of CF can be of interesting for the future in order not only to result in printed components in 

black colour.  

Based on the findings of this PhD thesis, it would be interesting if biologically-approved 

PP reinforced for example with bio-glass-spheres or -fibres could be applied as a dimensional-

ly stable, 3D-printed implant material, as proposed by Ref. [11]. In this regard, the use of rota-

tional 3D-printing, in which the fillers can be oriented depending on the loading during pro-

cessing [12], or the use of the proposed fracture stoppers [13] could be particularly promising. 

This work and the materials presented in it can serve as a guideline for both strategies and 

their applicability in FFF.  
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7  
ABBREVIATIONS 

Designation Description 

3D Three-dimensional 

3DPTM 3D-printing 

3SPTM Scan, spin, and selectively photocure 

ABS Acrylonitrile butadiene styrene (CAS: 9003-56-9) 

A Ordinate of the fracture mechanical crack growth material parameter 

a Initial crack length for the compact tension and single edge notched 
bending specimens (mm) 

a Incremental crack propagation (mm) 

da/dN Crack advancement within the cycle number increase 

acr Crack propagation length in the double cantilever beam tests (mm) 

A-glass Inorganic soda lime glass 

αCryst Degree of crystallinity evaluated in the differential scanning calorime-
ter according to ISO 11357-1 (%) 

AM Additive manufacturing 

am.PO Amorphous polyolefin 

ANOVA Analysis of variance 

ASA Acrylonitrile styrene acrylate (CAS: 9003-54-7) 

B Interpolation parameter for the crack growth initiation 

C Coated 

CaCO3 Calcium carbonate (CAS: 471-34-1) 

CAD Computer aided design 

CF Carbon fibres 

CI Confidence interval 

CLIPTM Continuous liquid interface production 

CNC Computerised numerical control 

Comp. Compatibiliser 
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cP Specific heat capacity at constant pressure (J·kg-1·K-1) 

cP,B Specific heat capacity at constant pressure of the build platform 
(J·kg-1·K-1) 

cP,F Specific heat capacity at constant pressure of the filament (J·kg-1·K-1) 

CT Compact tension 

DCB Double cantilever beam 

DD Diameter of the printer’s die (mm) 

 Displacement (mm) 

DF Diameter of the filament (mm) 

D50 Mean filler diameter (µm) 

DLPTM Digital light processing 

DOE Design of experiments 

DSC Differential scanning calorimetry 

EB-AM Extrusion-based additive manufacturing 

EBMTM Electron beam melting 

E-glass Borosilicate glass 

E-1 Sieved borosilicate glass with a particle size range <12 µm 

E-2 Sieved borosilicate glass with a particle size range between 25 and 
35 µm 

E-3 Sieved borosilicate glass with a particle size range between 50 and 
63 µm 

EPFM Elastic-plastic fracture mechanics 

εB Tensile strain at break (%) 

εf Flexural strain at flexural strength (%) 

εY Tensile strain at yield (%) 

Ef Flexural modulus (MPa) 

Et Young’s modulus (MPa) 

 Geometry dependent factor for the single edge notched bending tests 

F20 Expanded perlite with a mean diameter of 20 µm 

F80 Expanded perlite with a mean diameter of 80 µm 

FDMTM Fused deposition modelling 

FFF Fused filament fabrication 

GI,C Delamination energy obtained from the double cantilever beam tests 
(kJ·m-2) 

HDPE High-density polyethylene 

HIPS High impact polystyrene  

hPP Polypropylene heterophasic copolymer 



 
 

  303 

J J-integral (kJ·m-2) 

KI Fracture toughness in the form of the stress intensity factor for mode 
I (opening under pure tension) (MPa·m0.5) 

KI,max, KI,Q Critical stress intensity factors according to ASTM D5045-99 
(MPa·m0.5) 

KI Current stress intensity factor range (MPa·m0.5) 

KI,start Applied initial stress intensity factor range (MPa·m0.5) 

λ Thermal conductivity (W·m-1·K-1) 

λaxial Axial thermal conductivity (W·m-1·K-1) 

λaxial, 90° Axial thermal conductivity for a printing orientation of 90°  
(W·m-1·K-1) 

λB Thermal conductivity of the build platform(W·m-1·K-1) 

λF Thermal conductivity of the filament (W·m-1·K-1) 

λradial Radial thermal conductivity (W·m-1·K-1) 

lD Length of the die (mm) 

LDPE Low-density polyethylene  

LEFM Linear elastic fracture mechanics 

LLDPE Linear low-density polyethylene 

m Slope of the fracture mechanical crack growth material parameter 

MA Compatibiliser based on PP functionalised with maleic anhydride 

MJFTM Multi-jet fusion 

MJMTM Multi-jet modelling 

n Interpolation parameter for the crack growth initiation 

N Cycles in the dynamic compact tension tests 

Nf Cycles till failure in the dynamic compact tension tests 

Nini Cycles to crack initiation in the dynamic compact tension tests 

OH Hydroxyl group 

P Force 

Pmax, PQ Critical forces according to ASTM D5045-99 

PA Polyamide 

PAEK Polyaryletherketone (CAS: 55088-54-5) 

PAI Polyamide-imide (CAS: 31957-38-7) 

PARA Polyarylamide  

PBT Polybutylene terephthalate (CAS: 24968-12-5) 

PC Polycarbonate (CAS: 25037-45-0) 

PCL Polycaprolactone (CAS: 24980-41-4) 

PE Polyethylene (CAS: 9002-88-4) 
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PEEK Polyether ether ketone (CAS: 29658-26-2) 

PEI Polyetherimide (CAS: 61128-46-9) 

PES Polyethersulfone (CAS: 25667-42-9) 

PET Polyethylene terephthalate (CAS: 25038-59-9) 

PhD Doctor of Philosophy 

Θ Mean of the contact angles (°) 

PI Polyimide (CAS: 58698-66-1) 

PLA Poly(lactic acid) (CAS: 26100-51-6) 

PMMA Poly(methyl methacrylate) (CAS: 9011-14-7) 

POM Polyoxymethylene (CAS: 9002-81-7) 

POM-C Polyoxymethylene copolymer 

POM-H Polyoxymethylene homopolymer 

PP Polypropylene (CAS: 9003-07-0) 

PPA Polyphthalamide (CAS: 27135-32-6) 

PPS Polyphenylene sulfide (CAS: 26125-40-6) 

PPSU Polyphenylsulfone 

PS Polystyrene (CAS: 9003-53-6) 

PSU Polysulfone (CAS: 25135-51-7) 

PTFE Polytetrafluoroethylene (CAS: 9002-84-0) 

PVA Polyvinyl alcohol (CAS: 9002-89-5) 

PVC Polyvinyl chloride (CAS: 9002-86-2) 

PVDF Polyvinylidene fluoride (CAS: 24937-79-9) 

pvT Interdependence of pressure, specific volume, and temperature 

R Loading ratio between the minimum and the maximum force during 
a cycle in the dynamic compact tension tests 

R2 Coefficient of determination 

Ra(y) Surface roughness 

ρ
 

Density (kg·m-3) 

ρB Density of the build platform (kg·m-3) 

ρF Density of the filament (kg·m-3) 

rpm Rounds per minute 

rPP Polypropylene random copolymer 

SAN Styrene-acrylonitrile (CAS: 9003-54-7) 

SAXS Small angle X-ray scattering 

sc Conventional deflection for flexural tests (%) 

SCPTM Smooth curvatures printing 
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SEM Scanning electron microscopy 

SENB Single edge notched bending 

SHIFTED Layer-design, in which the strands of adjacent layers are shifted to 
each other 

SHSTM Selective heat sintering 

σf Flexural strength (MPa) 

σint Interfacial tension (mN·m-1) 

𝜎𝑙
𝐷 Disperse fraction of the surface tension of the test liquids 

𝜎𝑙
𝑃 Polar fraction of the surface tension of the test liquids 

σmax Tensile strength (MPa) 

σsc Flexural stress at conventional deflection (MPa) 

𝜎𝑠
𝐷 Disperse fraction of the surface tension of the solid 

𝜎𝑠
𝑃 Polar fraction of the surface tension of the solid 

σY Yield stress (MPa) 

SiOH Silanol 

SLATM Stereolithographic apparatus 

SLMTM Direct metal laser sintering 

SLSTM Selective laser sintering 

T Nozzle temperature (°C) 

Tαβ Transition temperature between the α- and β-modification of poly-
propylene 

TB Build platform temperature (°C) 

Tβα Transition temperature between the β- and α-modification of poly-
propylene 

ΔTCF Temperature peak amplitude for the composite PP/CF10 (°C) 

TCh Printing chamber temperature (°C) 

TContact Contact temperature between the die and the build platform (°C) 

TCryst Crystallisation peak temperature evaluated in the differential scanning 
calorimeter according to ISO 11357-3 (°C) 

TF Filament temperature directly after leaving the die (°C) 

TG Glass transition temperature (°C) 

Tmax,25°C Maximum strand temperature that repetitively occurs during printing 
at a printing chamber temperature of 25 °C (°C) 

Tmax,55°C Maximum strand temperature that repetitively occurs during printing 
at a printing chamber temperature of 55 °C (°C) 

Tmean Mean strand temperature of a 3D-printed specimen (°C) 

Tmean,25°C Mean strand temperature of a specimen printed at a printing chamber 
temperature of 25 °C (°C) 
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Tmean,55°C Mean strand temperature of a specimen printed at a printing chamber 
temperature of 55 °C (°C) 

TMelt Melting peak temperature evaluated in the differential scanning calo-
rimeter according to ISO 11357-1 (°C) 

tnet Net-thickness of the double cantilever beam test specimen (mm) 

ΔTPP Temperature peak amplitude for neat polypropylene (°C) 

tres̅̅̅̅  Mean residence time of the filament in the print head (s) 

TOP Layer-design, in which the strands of adjacent layers are deposited on 
top of the previous layer 

TPE Thermoplastic elastomer 

TPU Thermoplastic urethane 

U Integral of the force-displacement curve of the single edge notched 
bending tests 

UC Uncoated 

UHMW-PE Ultra-high-molecular-weight polyethylene 

UK United Kingdom 

USA United States of America 

UV Ultraviolet 

V̇ Flow rate (mm3·s-1) 

Δv Difference between the remaining specific volume at room tempera-
ture and the infinitely fast cooled optimum  

vF Filament speed (mm·s-1) 

vgrowth Crystal growth rate 

vgrowth,α-PP Crystal growth rate of α-PP 

vgrowth,β-PP Crystal growth rate of β-PP 

vgrowth,25°C Crystal growth rate at a printing chamber temperature of 25 °C 

vgrowth,55°C Crystal growth rate at a printing chamber temperature of 55 °C 

vnucl.,25°C Nucleation rate at a printing chamber temperature of 25 °C 

vnucl.,55°C Nucleation rate at a printing chamber temperature of 55 °C 

VIF Variance inflation factors 

vP Print speed (mm·s-1) 

W Energy obtained from the force vs. displacement diagram in the 
double cantilever beam tests 

WAXS Wide angle X-ray scattering 

WS Specimen width of the compact tension and single edge notched 
bending specimens (mm) 

Δx Distance to the heat source for the thermographs (mm) 

XRD X-ray diffraction 



 
 

  307 

8  
ALPHABETIC LITERATURE 

3Dinx: Hochleistungs Filamente, 2018, https://www.3dinx.com/deutsch/filaments/ 

Abbott, A.C.; Tandon, G.P.; Bradford, R.L., et al.: Process-structure-property effects on ABS bond 
strength in fused filament fabrication, Additive Manufacturing 19, 2018, 29–38 

Afazov, S.; Denmark, W.A.; Lazaro Toralles, B., et al.: Distortion prediction and compensation in se-
lective laser melting, Additive Manufacturing 17, 2017, 15–22 

Afonso, P.; Nunes, M.; Paisana, A., et al.: The influence of time-to-market and target costing in the 
new product development success, International Journal of Production Economics 115 (2), 2008, 559–
568 

Afrose, M.F.; Masood, S.H.; Iovenitti, P., et al.: Effects of part build orientations on fatigue behaviour 
of FDM-processed PLA material, Progress in Additive Manufacturing 1 (1-2), 2016, 21–28 

Agarwal, K.; Kuchipudi, S.K.; Girard, B., et al.: Mechanical properties of fiber reinforced polymer 
composites, A comparative study of conventional and additive manufacturing methods, Journal of 
Composite Materials, 2018, 002199831876229 

Aguilar, J.P.; Lipka, M.; Primo, G.A., et al.: 3D Electrophoresis-Assisted Lithography (3DEAL), 3D 
Molecular Printing to Create Functional Patterns and Anisotropic Hydrogels, Advanced Functional 
Materials 20, 2017, 1703014 

Aguilera, E.; Ramos, J.; Espalin, D., et al.: 3D printing of electro mechanical systems 

Ahmadi Dastjerdi, A.; Movahhedy, M.R.; Akbari, J.: Optimization of process parameters for reducing 
warpage in selected laser sintering of polymer parts, Additive Manufacturing 18, 2017, 285–294 

Ahn, S.; Montero, M.; Odell, D., et al.: Anisotropic material properties of fused deposition modeling 
ABS, Rapid Prototyping Journal 8 (4), 2002, 248–257 

Ajinjeru, C.; Kishore, V.; Liu, P., et al.: Determination of melt processing conditions for high perfor-
mance amorphous thermoplastics for large format additive manufacturing, Additive Manufacturing 21, 
2018, 125–132 

Akin-Öktem, G.; Tanrisinibilir, S.; Tinçer, T.: Study on mechanical properties of perlite-filled gamma-
irradiated polypropylene, Journal of Applied Polymer Science 81 (11), 2001, 2670–2678 

Al Jahwari, F.; Anwer, A.A.W.; Naguib, H.E.: Fabrication and microstructural characterization of func-
tionally graded porous acrylonitrile butadiene styrene and the effect of cellular morphology on creep 
behavior, Journal of Polymer Science, Part B: Polymer Physics 53 (11), 2015, 795–803 

Alaei, M.H.; Mahajan, P.; Brieu, M., et al.: Effect of particle size on thermomechanical properties of 
particulate polymer composite, Iranian Polymer Journal 22 (11), 2013, 853–863 

Ali, I.; Elleithy, R.; Al-Zahrani, S.M., et al.: Viscoelastic, thermal, and morphological analysis of 
HDPE/EVA/CaCO3 ternary blends, Polymer Bulletin 67 (9), 2011, 1961–1978 

Aliheidari, N.; Tripuraneni, R.; Ameli, A., et al.: Fracture resistance measurement of fused deposition 
modeling 3D printed polymers, Polymer Testing 60, 2017, 94–101 



 

308 

Álvarez, K.; Lagos, R.F.; Aizpun, M.: Investigating the influence of infill percentage on the mechanical 
properties of fused deposition modelled ABS parts, Ingeniería e Investigación 36 (3), 2016, 110 

Ameli, A.; Jung, P.U.; Park, C.B.: Through-plane electrical conductivity of injection-molded polypro-
pylene/carbon-fiber composite foams, Composites Science and Technology 76, 2013, 37–44 

Amma, S.-i.; Kim, S.H.; Pantano, C.G., et al.: Analysis of Water and Hydroxyl Species in Soda Lime 
Glass Surfaces Using Attenuated Total Reflection (ATR)-IR Spectroscopy, Journal of the American 
Ceramic Society 99 (1), 2016, 128–134 

Amos, S.E.; Yalcin, B.: Hollow Glass Microspheres for Plastics, Elastomers, and Adhesives Com-
pounds, Elsevier, 2015 

Anderson, T.L.: Fracture Mechanics – Fundamentals and Applications, Crc Press Inc, 2017 

Arao, Y.; Yumitori, S.; Suzuki, H., et al.: Mechanical properties of injection-molded carbon fi-
ber/polypropylene composites hybridized with nanofillers, Composites Part A: Applied Science and 
Manufacturing 55, 2013, 19–26 

Arbeiter, F.; Pinter, G.; Frank, A.: Characterisation of quasi-brittle fatigue crack growth in pipe grade 
polypropylene block copolymer, Polymer Testing 37, 2014, 186–192 

Arbeiter, F.; Schrittesser, B.; Frank, A., et al.: Cyclic tests on cracked round bars as a quick tool to as-
sess the long term behaviour of thermoplastics and elastomers, Polymer Testing 45, 2015, 83–92 

Arbeiter, F.; Spoerk, M.; Wiener, J., et al.: Fracture mechanical characterization and lifetime estimation 
of near-homogeneous components produced by fused filament fabrication, Polymer Testing 66, 2018, 
105–113 

Arbeiter, F.J.; Frank, A.; Pinter, G.: Influence of molecular structure and reinforcement on fatigue 
behavior of tough polypropylene materials, Journal of Applied Polymer Science 133 (38), 2016, 1237 

Arif, M.F.; Kumar, S.; Varadarajan, K.M., et al.: Performance of biocompatible PEEK processed by 
fused deposition additive manufacturing, Materials & Design 146, 2018, 249–259 

Arivazhagan, A.; Saleem, A.; Masood, S.H., et al.: Study of dynamic mechanical properties of fused 
deposition modelling processed ULTEM material, American Journal of Engineering and Applied Sci-
ences 7 (3), 2014, 307–315 

Armillotta, A.; Bellotti, M.; Cavallaro, M.: Warpage of FDM parts, Experimental tests and analytic 
model, Robotics and Computer-Integrated Manufacturing 50, 2018, 140–152 

Averett, R.D.; Realff, M.L.; Jacob, K., et al.: The mechanical behavior of poly(lactic acid) unreinforced 
and nanocomposite films subjected to monotonic and fatigue loading conditions, Journal of Compo-
site Materials 45 (26), 2011, 2717–2726 

Awaja, F.; Gilbert, M.; Kelly, G., et al.: Adhesion of polymers, Progress in Polymer Science 34 (9), 
2009, 948–968 

Aymerich, F.; Dore, F.; Priolo, P.: Prediction of impact-induced delamination in cross-ply composite 
laminates using cohesive interface elements, Composites Science and Technology 68 (12), 2008, 2383–
2390 

Bagsik, A.; Schöppner, V.: Mechanical Properties of Fused Deposition Modeling Parts Manufactured 
with ULTEM9085, In: Society of Plastics Engineers (Hrsg.): 69th Annual Technical Conference of the 
Society of Plastics Engineers, Richardson, Tex., Boston, 2011 

Bagsik, A.; Schöppner, V.; Klemp, E.: Long-term ageing effects on fused deposition modelling parts 
with ULTEM*9085, 2012, 629–640 

Bai, H.; Luo, F.; Zhou, T., et al.: New insight on the annealing induced microstructural changes and 
their roles in the toughening of β-form polypropylene, Polymer 52 (10), 2011, 2351–2360 

Bai, H.; Wang, Y.; Zhang, Z., et al.: Influence of Annealing on Microstructure and Mechanical Proper-
ties of Isotactic Polypropylene with β-Phase Nucleating Agent, Macromolecules 42 (17), 2009, 6647–
6655 



 
 

  309 

Balkan, O.; Demirer, H.: Mechanical properties of glass bead- and wollastonite-filled isotactic-
polypropylene composites modified with thermoplastic elastomers, Polymer Composites 77, 2010, 
1285–1308 

Balkan, O.; Ezdeşir, A.: Rheological behaviors of glass bead- and wollastonite-filled polypropylene 
composites modified with thermoplastic elastomers, Polymer Composites 33 (7), 2012, 1162–1187 

Balkan, O.; Ezdeşir, A.; Demirer, H.: Microstructural characteristics of glass bead- and wollastonite-
filled isotactic-polypropylene composites modified with thermoplastic elastomers, Polymer Composites 
51, 2010, 1265–1284 

Bandera, D.; Sapkota, J.; Josset, S., et al.: Influence of mechanical treatments on the properties of cellu-
lose nanofibers isolated from microcrystalline cellulose, Reactive and Functional Polymers 85, 2014, 
134–141 

Bandyopadhyay, A.; Das, K.; Marusich, J., et al.: Application of fused deposition in controlled micro-

structure metal‐ceramic composites, Rapid Prototyping Journal 12 (3), 2006, 121–128 

Banga, H.K.; Belokar, R.M.; Kalra, P., et al.: Fabrication and stress analysis of ankle foot orthosis with 
additive manufacturing, Rapid Prototyping Journal 24 (2), 2018, 301–312 

Bayraktar, Ö.; Uzun, G.; Çakiroğlu, R., et al.: Experimental study on the 3D-printed plastic parts and 
predicting the mechanical properties using artificial neural networks, Polymers for Advanced Technol-
ogies 27, 2016 

Bégin-Drolet, A.; Dussault, M.-A.; Fernandez, S.A., et al.: Design of a 3D printer head for additive 
manufacturing of sugar glass for tissue engineering applications, Additive Manufacturing 15, 2017, 29–
39 

Bĕhálek, L.; Lenfeld, P.; Habr, J., et al.: Physical-Mechanical Properties of Hollow Glass Microspheres 
Filled Polypropylene Composites for Injection Moulding, Key Engineering Materials 669, 2015, 3–10 

Belaud, V.; Valette, S.; Stremsdoerfer, G., et al.: Wettability versus roughness, Multi-scales approach, 
Tribology International 82, 2015, 343–349 

Bellehumeur, C.; Li, L.; Sun, Q., et al.: Modeling of Bond Formation Between Polymer Filaments in 
the Fused Deposition Modeling Process, Journal of Manufacturing Processes 6 (2), 2004, 170–178 

Berer, M.; Pinter, G.; Feuchter, M.: Fracture mechanical analysis of two commercial polyoxymethylene 
homopolymer resins, Journal of Applied Polymer Science 131 (19), 2014, n/a-n/a 

Berger, G.R.; Steffel, C.; Friesenbichler, W.: A study on the role of wetting parameters on friction in 
injection moulding, International Journal of Materials and Product Technology 52 (1/2), 2016, 193 

Berger, G.R.; Steffel, C.; Friesenbichler, W.: On the use of interfacial tension parameter to predict re-
duction of friction by mold coatings in injection molding of polyamide 6, In: AIP conference proceed-
ings 1779 (Proceedings of the regional conference of the Polymer Processing Society), AIP Conference 
Proceedings, Author(s), 2015, 20006 

Berman, B.: 3-D printing, The new industrial revolution, Business Horizons 55 (2), 2012, 155–162 

Berretta, S.; Davies, R.; Shyng, Y.T., et al.: Fused Deposition Modelling of high temperature polymers, 
Exploring CNT PEEK composites, Polymer Testing 63, 2017, 251–262 

Bettini, P.; Alitta, G.; Sala, G., et al.: Fused Deposition Technique for Continuous Fiber Reinforced 
Thermoplastic, Journal of Materials Engineering and Performance 26 (2), 2017, 843–848 

Bhushan, B.: Applied Scanning Probe Methods XIII, Biomimetics and Industrial Applications, Nano-
Science and Technology, Springer Berlin Heidelberg, Berlin, Heidelberg, 2009 

Bikiaris, D.; Matzinos, P.; Larena, A., et al.: Use of silane agents and poly(propylene-g-maleic anhy-
dride) copolymer as adhesion promoters in glass fiber/polypropylene composites, Journal of Applied 
Polymer Science 81 (3), 2001, 701–709 

Boparai, K.S.; Singh, R.; Singh, H.: Development of rapid tooling using fused deposition modeling, A 
review, Rapid Prototyping Journal 22 (2), 2016, 281–299 

Boschetto, A.; Bottini, L.: Accuracy prediction in fused deposition modeling, International Journal of 
Advanced Manufacturing Technology 73 (5-8), 2014, 913–928 



 

310 

Boschetto, A.; Bottini, L.: Surface improvement of fused deposition modeling parts by barrel finishing, 
Rapid Prototyping Journal 21 (6), 2015, 686–696 

Bose, S.; Ke, D.; Sahasrabudhe, H., et al.: Additive manufacturing of biomaterials, Progress in Materials 
Science 93, 2018, 45–111 

Bourell, D.; Espalin, D.; Arcaute, K., et al.: Fused deposition modeling of patient‐specific polymethyl-
methacrylate implants, Rapid Prototyping Journal 16 (3), 2010, 164–173 

Bourell, D.; Ilardo, R.; Williams, C.B.: Design and manufacture of a Formula SAE intake system using 

fused deposition modeling and fiber‐reinforced composite materials, Rapid Prototyping Journal 16 (3), 
2010, 174–179 

Bramuzzo, M.; Savadori, A.; Bacci, D.: Polypropylene composites: Fracture mechanics analysis of im-
pact strength, Polymer Composites 6 (1), 1985, 1–8 

Brenken, B.; Barocio, E.; Favaloro, A., et al.: Fused filament fabrication of fiber-reinforced polymers, 
A review, Additive Manufacturing 21, 2018, 1–16 

Breuninger, J.; Becker, R.; Wolf, A., et al.: Generative Fertigung mit Kunststoffen, Konzeption und 
Konstruktion für Selektrives Lasersintern, Springer Vieweg, Berlin Heidelberg, 2013 

Brooks, H.; Molony, S.: Design and evaluation of additively manufactured parts with three dimensional 
continuous fibre reinforcement, Materials & Design 90, 2016, 276–283 

Brulat, N.; Fornaini, C.; Rocca, J.-P., et al.: Role of surface tension and roughness on the wettability of 
Er:YAG laser irradiated dentin: In vitro study, Laser Therapy 22 (3), 2013, 187–194 

Bustillos, J.; Montero, D.; Nautiyal, P., et al.: Integration of graphene in poly(lactic) acid by 3D printing 
to develop creep and wear-resistant hierarchical nanocomposites, Polymer Composites 149, 2017, 100 

Cadena-Perez, A.M.; Yañez-Flores, I.; Sanchez-Valdes, S., et al.: Shrinkage reduction and morphologi-
cal characterization of PP reinforced with glass fiber and nanoclay using functionalized PP as compati-
bilizer, International Journal of Material Forming 10, 2015, 233–240 

Çantı, E.; Aydın, M.: Effects of micro particle reinforcement on mechanical properties of 3D printed 
parts, Rapid Prototyping Journal 24 (1), 2018, 171–176 

Carneiro, O.S.; Silva, A.F.; Gomes, R.: Fused deposition modeling with polypropylene, Materials & 
Design 83, 2015, 768–776 

Carslaw, H.S.; Jaeger, J.C.: Conduction of Heat in Solids, 2. Aufl., Oxford University Press, USA, 1959 

Casavola, C.; Cazzato, A.; Moramarco, V., et al.: Orthotropic mechanical properties of fused deposi-
tion modelling parts described by classical laminate theory, Materials & Design 90, 2016, 453–458 

Casavola, C.; Cazzato, A.; Moramarco, V., et al.: Residual stress measurement in Fused Deposition 
Modelling parts, Polymer Testing 58, 2017, 249–255 

Chaka, K.T.; Fambri, L.; Govindan, N.: Kaolinite/Polypropylene Nanocomposites. Part 3: 3D Print-
ing, International Research Journal of Engineering and Technology 4 (11), 2017, 132–147 

Chaunier, L.; Guessasma, S.; Belhabib, S., et al.: Material extrusion of plant biopolymers: Opportunities 
& challenges for 3D printing, Additive Manufacturing, 2018, - 

Chen, P.; Zhang, J.; He, J.: Increased flow property of polycarbonate by adding hollow glass beads, 
Polymer Engineering & Science 45 (8), 2005, 1119–1131 

Cheng, L.; Thomas, A.; Glancey, J.L., et al.: Mechanical behavior of bio-inspired laminated composites, 
Composites Part A: Applied Science and Manufacturing 42 (2), 2011, 211–220 

Cheng, X.-F.; Qian, H.; Zhang, S.-W., et al.: Preparation and Characterization of Cellulose-CaCO3 
Composites by an Eco-Friendly Microwave-assisted Route in a Mixed Solution of Ionic Liquid and 
Ethylene Glycol, BioResources 11 (2), 2016, 4392–4401 

Cheung, H.-Y.; Lau, K.-T.; Tao, X.-M., et al.: A potential material for tissue engineering, Silkworm 
silk/PLA biocomposite, Composites Part B: Engineering 39 (6), 2008, 1026–1033 

Chiang, Y.-M.; Birnie III, D.; Kingery, D.W.: Physical ceramics, Principles for Ceramic Science and 
Engineering, John Wiley & Sons, 1997 



 
 

  311 

Chin Ang, K.; Fai Leong, K.; Kai Chua, C., et al.: Investigation of the mechanical properties and po-

rosity relationships in fused deposition modelling‐fabricated porous structures, Rapid Prototyping 
Journal 12 (2), 2006, 100–105 

Cho, K.; Saheb, D.; Choi, J., et al.: Real time in situ X-ray diffraction studies on the melting memory 
effect in the crystallization of β-isotactic polypropylene, Polymer 43 (4), 2002, 1407–1416 

Cho, K.L.; Rosenhahn, A.; Thelen, R., et al.: Shear-Induced Detachment of Polystyrene Beads from 
SAM-Coated Surfaces, Langmuir 31 (40), 2015, 11105–11112 

Choy, C.L.; Chen, F.C.; Luk, W.H.: Thermal conductivity of oriented crystalline polymers, Journal of 
Polymer Science: Polymer Physics Edition 18 (6), 1980, 1187–1207 

Christ, S.; Schnabel, M.; Vorndran, E., et al.: Fiber reinforcement during 3D printing, Materials Letters 
139, 2015, 165–168 

Chung, D.D.L.: Carbon Composites, Composites with Carbon Fibers, Nanofibers, and Nanotubes, 
2. Aufl., Butterworth-Heinemann, 2016 

Chung, D.D.L.: Composite materials, Science and applications, Engineering materials and processes, 
2. Aufl., Springer, London, New York, 2010 

Cirar, K.: Weiterentwicklung eines Verfahrens zur Herstellung geschlossenzellig expandierter Perlite 
zur Verbesserung der funktionellen Eigenschaften in neuartigen Produktanwendungen, Dissertation an 
der Montanuniversitaet Leoben, Leoben, 2013 

Clint, J.H.: Adhesion and components of solid surface energies, Current Opinion in Colloid & Inter-
face Science 6 (1), 2001, 28–33 

Cole, D.P.; Riddick, J.C.; Iftekhar Jaim, H.M., et al.: Interfacial mechanical behavior of 3D printed 
ABS, Journal of Applied Polymer Science 133 (30), 2016, 1–12 

Comminal, R.; Serdeczny, M.P.; Pedersen, D.B., et al.: Numerical modeling of the strand deposition 
flow in extrusion-based additive manufacturing, Additive Manufacturing 20, 2018, 68–76 

Compton, B.G.; Post, B.K.; Duty, C.E., et al.: Thermal analysis of additive manufacturing of large-scale 
thermoplastic polymer composites, Additive Manufacturing 17, 2017, 77–86 

Conner, B.P.; Manogharan, G.P.; Martof, A.N., et al.: Making sense of 3-D printing, Creating a map of 
additive manufacturing products and services, Additive Manufacturing 1, 2014, 64–76 

Costa, S.F.; Duarte, F.M.; Covas, J.A.: Estimation of filament temperature and adhesion development 
in fused deposition techniques, Journal of Materials Processing Technology 245, 2017, 167–179 

Croccolo, D.; Agostinis, M. de; Olmi, G.: Experimental characterization and analytical modelling of the 
mechanical behaviour of fused deposition processed parts made of ABS-M30, Computational Materi-
als Science 79, 2013, 506–518 

Cruz Sanchez, F.A.; Boudaoud, H.; Hoppe, S., et al.: Polymer recycling in an open-source additive 
manufacturing context, Mechanical issues, Additive Manufacturing 17, 2017, 87–105 

Cubo, N.; Garcia, M.; Del Cañizo, J.F., et al.: 3D bioprinting of functional human skin: production and 
in vivo analysis, Biofabrication 9 (1), 2016, 15006 

Cui, Z.; Han, Y.; Huang, Q., et al.: Electrohydrodynamic Printing of Silver Nanowires for Flexible and 
Stretchable Electronics, Nanoscale, 2018, - 

D’Amico, A.; Peterson, A.M.: An Adaptable FEA Simulation of Material Extrusion Additive Manufac-
turing Heat Transfer in 3D, Additive Manufacturing, 2018 

D’Amico, A.A.; Debaie, A.; Peterson, A.M.: Effect of layer thickness on irreversible thermal expansion 
and interlayer strength in fused deposition modeling, Rapid Prototyping Journal 23 (5), 2017, 943–953 

Damodaran, S.; Schuster, T.; Rode, K., et al.: Measuring the orientation of chains in polypropylene 
welds by infrared microscopy, A tool to understand the impact of thermo-mechanical treatment and 
processing, Polymer 60, 2015, 125–136 

Davis, C.S.; Hillgartner, K.E.; Han, S.H., et al.: Mechanical strength of welding zones produced by 
material extrusion additive manufacturing, Additive Manufacturing 16, 2017, 162–166 



 

312 

Dawoud, M.; Taha, I.; Ebeid, S.J.: Mechanical behaviour of ABS, An experimental study using FDM 
and injection moulding techniques, Journal of Manufacturing Processes 21, 2016, 39–45 

DebRoy, T.; Wei, H.L.; Zuback, J.S., et al.: Additive manufacturing of metallic components – Process, 
structure and properties, Progress in Materials Science 92, 2018, 112–224 

Delrot, P.; Loterie, D.; Psaltis, D., et al.: Single-photon three-dimensional microfabrication through a 
multimode optical fiber, Optics Express 26 (2), 2018, 1766–1778 

DePolo, W.S.: Dimensional Stability and Properties of Thermoplastics Reinforced with Particulate and 
Fiber Fillers, Dissertation an der Virginia Polytechnic Institute and State University, Blacksburg, 2005 

Dickson, A.N.; Barry, J.N.; McDonnell, K.A., et al.: Fabrication of continuous carbon, glass and Kev-
lar fibre reinforced polymer composites using additive manufacturing, Additive Manufacturing 16, 
2017, 146–152 

Diegel, O.: 10.02 Additive Manufacturing, In: Hashmi, S.; Batalha, G.F.; van Tyne, C.J.; et al. (Hrsg.): 
Comprehensive Materials Processing, Elsevier, Oxford, 2014, 3–18 

Dimas, L.S.; Bratzel, G.H.; Eylon, I., et al.: Tough Composites Inspired by Mineralized Natural Materi-
als, Computation, 3D printing, and Testing, Advanced Functional Materials 23 (36), 2013, 4629–4638 

Ding, Z.; Yuan, C.; Peng, X., et al.: Direct 4D printing via active composite materials, Science Advanc-
es 3 (4), 2017, e1602890 

Domingo-Espin, M.; Borros, S.; Agullo, N., et al.: Influence of Building Parameters on the Dynamic 
Mechanical Properties of Polycarbonate Fused Deposition Modeling Parts, 3D Printing and Additive 
Manufacturing 1 (2), 2014, 70–77 

Domingo-Espin, M.; Puigoriol-Forcada, J.M.; Garcia-Granada, A.-A., et al.: Mechanical property char-
acterization and simulation of fused deposition modeling Polycarbonate parts, Materials & Design 83, 
2015, 670–677 

Dorigato, A.; Moretti, V.; Dul, S., et al.: Electrically conductive nanocomposites for fused deposition 
modelling, Synthetic Metals 226, 2017, 7–14 

Dou, Q.; Duan, J.: Melting and crystallization behaviors, morphology, and mechanical properties of β-
polypropylene/polypropylene- graft -maleic anhydride/calcium sulfate whisker composites, Polymer 
Composites 37 (7), 2016, 2121–2132 

Drummer, D.; Cifuentes‐Cuéllar, S.; Rietzel, D.: Suitability of PLA/TCP for fused deposition model-
ing, Rapid Prototyping Journal 18 (6), 2012, 500–507 

Dubnikova, I.L.; Berezina, S.M.; Antonov, A.V.: The effect of morphology of ternary-phase polypro-
pylene/glass bead/ethylene-propylene rubber composites on the toughness and brittle-ductile transi-
tion, Journal of Applied Polymer Science 85 (9), 2002, 1911–1928 

Dul, S.; Fambri, L.; Pegoretti, A.: Fused deposition modelling with ABS–graphene nanocomposites, 
Composites Part A: Applied Science and Manufacturing 85, 2016, 181–191 

Ehrenstein, G.W.: Polymer Werkstoffe, Struktur - Eigenschaften - Anwendung, 3. Aufl., Carl Hanser 
Verlag GmbH & Co. KG, München, 2011 

Ehrenstein, G.W.; Riedel, G.; Trawiel, P.: Thermal Analysis of Plastics, Theory and Practice, Hanser, 
München, 2004 

EL-Bagory, T.M.; Sallam, H.E.; Younan, M.Y.: Effect of strain rate, thickness, welding on the J–R 
curve for polyethylene pipe materials, Theoretical and Applied Fracture Mechanics 74, 2014, 164–180 

El-Gizawy, A.S.; Cardona, J.; Graybill, B.: An integrated approach for characterization of properties 
and mesostructure of fused deposition modeling ULTEM 9085 products, International SAMPE Sym-
posium and Exhibition, 2010 

El-Gizawy, A.S.; Corl, S.; Graybill, B.: Process-induced Properties of FDM Products, In: Proceedings 
of The ICMET, 2011 

Elsner, P.C.: 3D-Drucktechnologie - Grundlagen zur Herstellung polymerer Bauteile mit gradierten 
Werkstoffeigenschaften, Dissertation an der Technische Universität Berlin, Berlin, 2009 



 
 

  313 

El-Sobky, H.: Extrusion die, US 5888555 A, 1999 

Equbal, A.; Sood, A.K.; Toppo, V., et al.: Prediction and analysis of sliding wear performance of fused 
deposition modelling-processed ABS plastic parts, Proceedings of the Institution of Mechanical Engi-
neers, Part J: Journal of Engineering Tribology 224 (12), 2010, 1261–1271 

Ertay, D.S.; Yuen, A.; Altintas, Y.: Synchronized material deposition rate control with path velocity on 
fused filament fabrication machines, Additive Manufacturing 19, 2018, 205–213 

Espinosa, H.D.; Juster, A.L.; Latourte, F.J., et al.: Tablet-level origin of toughening in abalone shells 
and translation to synthetic composite materials, Nature Communications 2, 2011, 173 

Esposito Corcione, C.; Gervaso, F.; Scalera, F., et al.: The feasibility of printing polylactic acid-
nanohydroxyapatite composites using a low-cost fused deposition modeling 3D printer, Journal of 
Applied Polymer Science 134 (13), 2017, 687 

Essabir, H.; Bensalah, M.O.; Rodrigue, D., et al.: Biocomposites based on Argan nut shell and a poly-
mer matrix: Effect of filler content and coupling agent, Carbohydrate polymers 143, 2016, 70–83 

Es-Said, O.S.; Foyos, J.; Noorani, R., et al.: Effect of Layer Orientation on Mechanical Properties of 
Rapid Prototyped Samples, Materials and Manufacturing Processes 15 (1), 2000, 107–122 

Ezat, G.S.; Kelly, A.L.; Mitchell, S.C., et al.: Effect of maleic anhydride grafted polypropylene compati-
bilizer on the morphology and properties of polypropylene/multiwalled carbon nanotube composite, 
Polymer Composites 33 (8), 2012, 1376–1386 

Fasce, L.; Cisilino, A.; Frontini, P., et al.: Failure characterization of polypropylene block copolymer 
welded joints, Polymer Engineering & Science 47 (7), 2007, 1062–1069 

Fasce, L.A.; Pettarin, V.; Marano, C., et al.: Biaxial yielding of polypropylene/elastomeric polyolefin 
blends, Effect of elastomer content and thermal annealing, Polymer Engineering & Science 48 (7), 
2008, 1414–1423 

Fastermann, P.: 3D-Druck/Rapid Prototyping, Eine Zukunftstechnologie - kompakt erklärt, Springer 
Vieweg, Berlin Heidelberg, 2012 

Faulkner, D.L.; Schmidt, L.R.: Glass bead-filled polypropylene part I, Rheological and mechanical 
properties, Polymer Engineering & Science 17 (9), 1977, 657–665 

Ferreira, R.T.L.; Amatte, I.C.; Dutra, T.A., et al.: Experimental characterization and micrography of 3D 
printed PLA and PLA reinforced with short carbon fibers, Composites Part B: Engineering 124, 2017, 
88–100 

Ferrer-Balas, D.; Maspoch, M.; Martinez, A.B., et al.: Influence of annealing on the microstructural, 
tensile and fracture properties of polypropylene films, Polymer 42 (4), 2001, 1697–1705 

Fischer, J.M.: Mold shrinkage and warpage handbook, Plastics Design Library / William Andrew, Inc., 
Norwich, NY, 2002 

Fischer, M.; Schöppner, V.: Fatigue Behavior of FDM Parts Manufactured with Ultem 9085, JOM 69 
(3), 2017, 563–568 

Fisher, I.; Siegmann, A.: The effect of interface characteristics on the morphology, rheology and ther-
mal behavior of three-component polymer alloys, Polymer Composites 23 (1), 2002, 34–48 

Fitzharris, E.R.; Watanabe, N.; Rosen, D.W., et al.: Effects of material properties on warpage in fused 
deposition modeling parts, International Journal of Advanced Manufacturing Technology 95 (5-8), 
2018, 2059–2070 

Ford, S.; Despeisse, M.: Additive manufacturing and sustainability, An exploratory study of the ad-
vantages and challenges, Journal of Cleaner Production 137, 2016, 1573–1587 

Forrest, J.A.; Dalnoki-Veress, K.; Dutcher, J.R.: Interface and chain confinement effects on the glass 
transition temperature of thin polymer films, Physical Review E 56 (5), 1997, 5705–5716 

Francis, V.; Jain, P.K.: Experimental investigations on fused deposition modelling of polymer-layered 
silicate nanocomposite, Virtual and Physical Prototyping 11 (2), 2016, 109–121 



 

314 

Frank, A.; Berger, I.; Arbeiter, F., et al.: Lifetime prediction of PE100 and PE100-RC pipes based on 
slow crack growth resistance, In: Plastics Pipes Conference Association (Hrsg.): Proceedings of the 
18th Plastic Pipes Conference, 2016 

Fratzl, P.; Kolednik, O.; Fischer, F.D., et al.: The mechanics of tessellations - bioinspired strategies for 
fracture resistance, Chemical Society Reviews 45 (2), 2016, 252–267 

Fu, Q.; Wang, G.: Polyethylene toughened by caco3 particles—percolation model of brittle-ductile 
transition in hdpe/caco3 blends, Polymer International 30 (3), 1993, 309–312 

Fu, S.; Lauke, B.; Mäder, E., et al.: Fracture resistance of short-glass-fiber-reinforced and short-carbon-
fiber-reinforced polypropylene under Charpy impact load and its dependence on processing, Journal of 
Materials Processing Technology 89-90, 1999, 501–507 

Fu, S.-Y.; Feng, X.-Q.; Lauke, B., et al.: Effects of particle size, particle/matrix interface adhesion and 
particle loading on mechanical properties of particulate–polymer composites, Composites Part B: En-
gineering 39 (6), 2008, 933–961 

Fu, S.-Y.; Lauke, B.: Fracture resistance of unfilled and calcite-particle-filled ABS composites rein-
forced by short glass fibers (SGF) under impact load, Composites Part A: Applied Science and Manu-
facturing 29 (5-6), 1998, 631–641 

Fu, S.-Y.; Lauke, B.; Mäder, E., et al.: Tensile properties of short-glass-fiber- and short-carbon-fiber-
reinforced polypropylene composites, Composites Part A: Applied Science and Manufacturing 31 (10), 
2000, 1117–1125 

Fujiwara, Y.: Das Doppelschmelzverhalten der Beta-Phase des isotaktischen Polypropylens, Colloid 
and Polymer Science 253 (4), 1975, 273-282 

Gaal, G.; Mendes, M.; Almeida, T.P. de, et al.: Simplified fabrication of integrated microfluidic devices 
using fused deposition modeling 3D printing, Sensors and Actuators B: Chemical 242, 2017, 35–40 

Gabr, M.H.; Okumura, W.; Ueda, H., et al.: Mechanical and thermal properties of carbon fi-
ber/polypropylene composite filled with nano-clay, Composites Part B: Engineering 69, 2015, 94–100 

Garcia, M.C.; Netto, A.C.; Pontes, A.J.: Assessment of the Shrinkage and Ejection Forces of Rein-
forced Polypropylene Based on Nanoclays and Short Glass Fibre, Materials Science Forum 730-732, 
2012, 969–974 

Gardan, J.; Makke, A.; Recho, N.: Improving the fracture toughness of 3D printed thermoplastic pol-
ymers by fused deposition modeling, International Journal of Fracture 210 (1-2), 2018, 1–15 

Gardner, J.M.; Sauti, G.; Kim, J.-W., et al.: 3-D printing of multifunctional carbon nanotube yarn rein-
forced components, Additive Manufacturing 12, 2016, 38–44 

Gebhardt, A.; Kessler, J.; Thurn, L.: 3D-Drucken, Grundlagen und Anwendungen des Additive Manu-
facturing (AM), 2. Aufl., Carl Hanser Verlag GmbH & Co. KG, München, 2016 

Gebler, M.; Schoot Uiterkamp, A.J.; Visser, C.: A global sustainability perspective on 3D printing tech-
nologies, Energy Policy 74, 2014, 158–167 

Gelhausen, M.G.; Feuerbach, T.; Schubert, A., et al.: 3D Printing for Chemical Process Laboratories I, 
Materials and Connection Principles, Chemical Engineering & Technology 41 (3), 2018, 618–627 

Gerstbauer, F.: Kristallgitter-Identifizierung an α- und β-kristallinem, isotaktischem Polypropylen mit 
Hilfe von Ramanspektroskopie am Beispiel von Grenzschichtuntersuchungen, Bachelorarbeit an der 
Montanuniversität Leoben, Leoben, 2014 

Gibson, I.; Rosen, D.W.; Stucker, B.: Additive Manufacturing Technologies, 3D Printing, Rapid Proto-
typing, and Direct Digital Manufacturing, 2. Aufl., Springer, New York, 2015 

Glomsaker, T.; Hinrichsen, E.L.; Larsen, Å., et al.: Warpage-crystallinity relations in rotational molding 
of polypropylene, Polymer Engineering & Science 49 (3), 2009, 523–530 

Gnanasekaran, K.; Heijmans, T.; van Bennekom, S., et al.: 3D printing of CNT- and graphene-based 
conductive polymer nanocomposites by fused deposition modeling, Applied Materials Today 9, 2017, 
21–28 



 
 

  315 

Go, J.; Hart, A.J.: Fast Desktop-Scale Extrusion Additive Manufacturing, Additive Manufacturing 18, 
2017, 276–284 

Go, J.; Schiffres, S.N.; Stevens, A.G., et al.: Rate limits of additive manufacturing by fused filament 
fabrication and guidelines for high-throughput system design, Additive Manufacturing, 2017 

Goh, G.D.; Dikshit, V.; Nagalingam, A.P., et al.: Characterization of mechanical properties and frac-
ture mode of additively manufactured carbon fiber and glass fiber reinforced thermoplastics, Materials 
& Design 137, 2018, 79–89 

Gonzalez-Gutierrez, J.; Duretek, I.; Holzer, C., et al.: Filler content and properties of highly-filled fila-
ments for fused filament fabrication of magnets, In: ANTEC Anaheim 2017, The Plastics Technology 
Conference, 2017 

Gonzalez-Gutierrez, J.; Godec, D.; Gurán, R., et al.: 3D Printing Conditions Determination for Feed-
stock Used in Fused Filament Fabrication (FFF) of 17-4PH Stainless Steel Parts, Metalurgija 
(METABK) 57, 2018, 117–120 

Górski, F.; Wichniarek, R.; Kuczko, W., et al.: Strength of ABS Parts Produced By Fused Deposition 
Modelling Technology - A Critical Orientation Problem, Advances in Science and Technology Re-
search Journal 9, 2015, 12–19 

Goyanes, A.; Buanz, A.B.M.; Basit, A.W., et al.: Fused-filament 3D printing (3DP) for fabrication of 
tablets, International journal of pharmaceutics 476 (1-2), 2014, 88–92 

Graham, A.D.; Olof, S.N.; Burke, M.J., et al.: High-Resolution Patterned Cellular Constructs by Drop-
let-Based 3D Printing, Scientific reports 7 (1), 2017, 7004 

Graminski, E.L.; Parks, E.J.: The Effect of Calcium Carbonate on the Stability of Acid Treated Papers, 
Journal of Research of the National Bureau of Standards 86, 1981, 309–315 

Grande, J.: Arevo Labs announces Carbon Fiber and Nanotube-reinforced High Performance materi-
als for 3D Printing Process, 2014, https://www.solvay.com/en/media/press_releases/20140324-
Arevo.html 

Grantham, J.: Fundamental study of interfacial tension effects on weld bead profile in the shielded 
metal arc welding process, Electronic Thesis or Dissertation an der Ohio State University, 1992 

Gray, R.W.; Baird, D.G.; Böhn, J.H.: Thermoplastic composites reinforced with long fiber thermo-
tropic liquid crystalline polymers for fused deposition modeling, Polymer Composites (4), 1998 

Gray, R.W.; Baird, D.G.; Helge Bøhn, J.: Effects of processing conditions on short TLCP fiber rein-
forced FDM parts, Rapid Prototyping Journal 4 (1), 1998, 14–25 

Greeff, G.P.; Schilling, M.: Closed loop control of slippage during filament transport in molten materi-
al extrusion, Additive Manufacturing 14, 2017, 31–38 

Grellmann, W.: Grellmann- Polymer Testing 

Grestenberger, G.: Polypropylene/ethylene-propylene rubber (PP/EPR) blends for the automotive 
industry, Basic correlations between EPR-design and shrinkage, Express Polymer Letters 8 (4), 2013, 
282–292 

Griffiths, C.A.; Howarth, J.; Almeida-Rowbotham, G. de, et al.: A design of experiments approach to 
optimise tensile and notched bending properties of fused deposition modelling parts, Proceedings of 
the Institution of Mechanical Engineers, Part B: Journal of Engineering Manufacture 230 (8), 2016, 
1502–1512 

Grimmelsmann, N.; Kreuziger, M.; Korger, M., et al.: Adhesion of 3D printed material on textile sub-
strates, Rapid Prototyping Journal 24 (1), 2018, 166–170 

Gross, B.C.; Erkal, J.L.; Lockwood, S.Y., et al.: Evaluation of 3D printing and its potential impact on 
biotechnology and the chemical sciences, Analytical chemistry 86 (7), 2014, 3240–3253 

Grunenfelder, L.K.; Suksangpanya, N.; Salinas, C., et al.: Bio-inspired impact-resistant composites, 
Acta biomaterialia 10 (9), 2014, 3997–4008 

Guerrero-de-Mier, A.; Espinosa, M.M.; Domínguez, M.: Bricking, A New Slicing Method to Reduce 
Warping, Procedia Engineering 132, 2015, 126–131 



 

316 

Gupta, B.S.; Reiniati, I.; Laborie, M.-P.G.: Surface properties and adhesion of wood fiber reinforced 
thermoplastic composites, Colloids and Surfaces A: Physicochemical and Engineering Aspects 302 (1-
3), 2007, 388–395 

Gupta, N.; Singh Brar, B.; Woldesenbet, E.: Effect of filler addition on the compressive and impact 
properties of glass fibre reinforced epoxy, Bulletin of Materials Science 24 (2), 2001, 219–223 

Gurr, M.; Mülhaupt, R.: 8.04 Rapid Prototyping, In: Hashmi, S.; Batalha, G.F.; van Tyne, C.J.; et al. 
(Hrsg.): Comprehensive Materials Processing, Elsevier, Oxford, 2014, 77–99 

Gurrala, P.K.; Regalla, S.P.: DOE Based Parametric Study of Volumetric Change of FDM Parts, Pro-
cedia Materials Science 6, 2014, 354–360 

Gurrala, P.K.; Regalla, S.P.: Multi-objective optimisation of strength and volumetric shrinkage of FDM 
parts, Virtual and Physical Prototyping 9 (2), 2014, 127–138 

Gurrala, P.K.; Regalla, S.P.: Part strength evolution with bonding between filaments in fused deposi-
tion modelling, Virtual and Physical Prototyping 9 (3), 2014, 141–149 

Ha, H.S.; Woo, J.Y.; Kim, W.H., et al.: The rheological, thermal, and mechanical properties for poly-
propylene and amorphous poly alpha olefin blends, Polymers for Advanced Technologies 19 (1), 2008, 
47–53 

Hakim, R.H.; Cailloux, J.; Santana, O.O., et al.: PLA/SiO 2 composites, Influence of the filler modifi-
cations on the morphology, crystallization behavior, and mechanical properties, Journal of Applied 
Polymer Science 97, 2017, 45367 

Hale, G.E.; Ramsteiner, F.: J-Fracture toughness of polymers at slow speed, In: Moore, D.R.; Williams, 
J.G.; Pavan, A. (Hrsg.): Fracture Mechanics Testing Methods for Polymers, Adhesives and Compo-
sites, Elsevier textbooks, 2001, 123–157 

Han, D.; Lu, Z.; Chester, S.A., et al.: Micro 3D Printing of a Temperature-Responsive Hydrogel Using 
Projection Micro-Stereolithography, Scientific reports 8 (1), 2018, 1963 

Han, Y.; Dong, J.: Electrohydrodynamic (EHD) Printing of Molten Metal Ink for Flexible and Stretch-
able Conductor with Self-Healing Capability, Advanced Materials Technologies 99, 2017, 1700268 

Hao, W.; Liu, Y.; Zhou, H., et al.: Preparation and characterization of 3D printed continuous carbon 
fiber reinforced thermosetting composites, Polymer Testing 65, 2018, 29–34 

Hart, K.R.; Wetzel, E.D.: Fracture behavior of additively manufactured acrylonitrile butadiene styrene 
(ABS) materials, Engineering Fracture Mechanics 177, 2017, 1–13 

Hashemi Sanatgar, R.; Campagne, C.; Nierstrasz, V.: Investigation of the adhesion properties of direct 
3D printing of polymers and nanocomposites on textiles, Effect of FDM printing process parameters, 
Applied Surface Science 403, 2017, 551–563 

Hashmi, S.; Batalha, G.F.; van Tyne, C.J., et al.: Comprehensive Materials Processing, Elsevier, Oxford, 
2014 

Hasselbrack, S.A.; Pederson, C.L.; Seferis, J.C.: Evaluation of carbon-fiber-reinforced thermoplastic 
matrices in a flat braid process, Polymer Composites 13 (1), 1992, 38–46 

Hasselman, D.; Johnson, L.F.: Effective Thermal Conductivity of Composites with Interfacial Thermal 
Barrier Resistance, Journal of Composite Materials 21, 1987, 508-515 

Hedayati, R.; Amin Yavari, S.; Zadpoor, A.A.: Fatigue crack propagation in additively manufactured 
porous biomaterials, Materials science & engineering. C, Materials for biological applications 76, 2017, 
457–463 

Hertle, S.; Drexler, M.; Drummer, D.: Additive Manufacturing of Poly(propylene) by Means of Melt 
Extrusion, Macromolecular Materials and Engineering 301, 2016, 1482–1493 

Hikasa, S.; Nagata, K.; Nakamura, Y.: Influence of Filler Size on Impact Properties of 
PP/Elastomer/Filler Ternary Composites, Journal of Adhesion Science and Technology 25 (19), 2012, 
2615–2628 

Hill, N.; Haghi, M.: Deposition direction-dependent failure criteria for fused deposition modeling pol-
ycarbonate, Rapid Prototyping Journal 20 (3), 2014, 221–227 



 
 

  317 

Hitchcock, A.P.: Soft X-ray spectromicroscopy of polymers and biopolymer interfaces, Journal of 
Synchrotron Radiation 8 (2), 2001, 66–71 

Hodgkinson, J.M.: Mechanical Testing of Advanced Fibre Composites, 1. Aufl., Elsevier, 2000 

Holzmond, O.; Li, X.: In situ real time defect detection of 3D printed parts, Additive Manufacturing 
17, 2017, 135–142 

Hong, J.; Park, D.W.; Shim, S.E.: A Review on Thermal Conductivity of Polymer Composites Using 
Carbon-Based Fillers : Carbon Nanotubes and Carbon Fibers, Carbon Letters 11 (4), 2010, 347–356 

Hong, S.; Liu, D.: On the relationship between impact energy and delamination area, Experimental 
Mechanics 29 (2), 1989, 115–120 

Horn, T.J.; Harrysson, O.L.A.: Overview of current additive manufacturing technologies and selected 
applications, Science Progress (Rushden, United Kingdom) 95 (3), 2012, 255–282 

Hornsby, P.R.; Premphet, K.: Influence of phase microstructure on the mechanical properties of ter-
nary phase polypropylene composites, Journal of Applied Polymer Science 70 (3), 1998, 587–597 

Hou, Z.; Tian, X.; Zhang, J., et al.: 3D printed continuous fibre reinforced composite corrugated struc-
ture, Composite Structures 184, 2018, 1005–1010 

Hu, Q.; Duan, Y.; Zhang, H., et al.: Manufacturing and 3D printing of continuous carbon fiber prepreg 
filament, Journal of Materials Science 53 (3), 2018, 1887–1898 

Huang, B.; Masood, S.H.; Nikzad, M., et al.: Dynamic Mechanical Properties of Fused Deposition 
Modelling Processed Polyphenylsulfone Material, American Journal of Engineering and Applied Sci-
ences 9 (1), 2016, 1–11 

Huang, B.; Singamneni, S.: Adaptive slicing and speed- and time-dependent consolidation mechanisms 
in fused deposition modeling, Proceedings of the Institution of Mechanical Engineers, Part B: Journal 
of Engineering Manufacture 228 (1), 2014, 111–126 

Huang, B.; Singamneni, S.: Raster angle mechanics in fused deposition modelling, Journal of Compo-
site Materials 49 (3), 2015, 363–383 

Huang, C.-L.; Lou, C.-W.; Liu, C.-F., et al.: Polypropylene/Graphene and Polypropylene/Carbon Fiber 
Conductive Composites, Mechanical, Crystallization and Electromagnetic Properties, Applied Sciences 
5 (4), 2015, 1196–1210 

Huang, H.-X.; Zhang, J.-J.: Effects of filler-filler and polymer-filler interactions on rheological and 
mechanical properties of HDPE-wood composites, Journal of Applied Polymer Science 111 (6), 2009, 
2806–2812 

Huang, S.H.; Liu, P.; Mokasdar, A., et al.: Additive manufacturing and its societal impact, A literature 
review, International Journal of Advanced Manufacturing Technology 67 (5-8), 2013, 1191–1203 

Hulugappa, B.; Achutha, M.V.; Suresha, B.: Effect of Fillers on Mechanical Properties and Fracture 
Toughness of Glass Fabric Reinforced Epoxy Composites, Journal of Minerals and Materials Charac-
terization and Engineering 04 (01), 2016, 1–14 

Hunou, A.; Trojansky, L.; Kipfmüller, M., et al.: So fest wie möglich, Einfluss der Prozessparameter 
auf die Festigkeit und Oberflächengüte beim 3D-Druck mit Desktop-FFF-Druckern, Kunststoffe 18 
(5), 2016, 56–59 

Huson, M.G.; McGill, W.J.: Transcrystallinity in polypropylene, Journal of Polymer Science Part A: 
Polymer Chemistry 22 (11), 1984, 3571–3580 

Hutmacher, D.W.; Schantz, T.; Zein, I., et al.: Mechanical properties and cell cultural response of poly-
caprolactone scaffolds designed and fabricated via fused deposition modeling, Journal of Biomedical 
Materials Research 55 (2), 2001, 203–216 

Ivanova, O.; Williams, C.; Campbell, T.: Additive manufacturing (AM) and nanotechnology, Promises 
and challenges, Rapid Prototyping Journal 19 (5), 2013, 353–364 

Jabbari, E.; Peppas, N.A.: Polymer-Polymer Interdiffusion and Adhesion, Journal of Macromolecular 
Science, Part C: Polymer Reviews 34 (2), 1994, 205–241 



 

318 

Jachowicz, T.; Gajdos, I.; Krasinskyi, V.: Research on the content and filler type on injection shrinkage, 
Advances in Science and Technology Research Journal 2014, 2014 

Jagenteufel, R.; Hofstaetter, T.; Kamleitner, F., et al.: Rheology of high melt strength polypropylene for 
additive manufacturing, Advanced Materials Letters 8 (6), 2017, 712–716 

Jahani, Y.: Dynamic rheology, mechanical performance, shrinkage, and morphology of chemically cou-
pled talc-filled polypropylene, Journal of Vinyl and Additive Technology 16 (1), 2010, 70–77 

Jahani, Y.; Ehsani, M.: The effects of epoxy resin nano particles on shrinkage behavior and thermal 
stability of talc-filled polypropylene, Polymer Bulletin 63 (5), 2009, 743–754 

Jancar, J.: Failure mechanics in thermoplastics filled with inorganic filler and elastomer inclusions: Ex-
periments and modeling, Macromolecular Symposia 108, 1996, 163–172 

Jancar, J.; Dibenedetto, A.T.: The mechanical properties of ternary composites of polypropylene with 
inorganic fillers and elastomer inclusions, Journal of materials science 29 (17), 1994, 4651–4658 

Ji, H.; Li, X.; Chen, D.: Cymbiola nobilis shell: Toughening mechanisms in a crossed-lamellar structure, 
Scientific reports 7, 2017, 40043 

Jia, Y.; He, H.; Geng, Y., et al.: High through-plane thermal conductivity of polymer based product 
with vertical alignment of graphite flakes achieved via 3D printing, Composites Science and Technolo-
gy 145, 2017, 55–61 

Jiang, D.; Smith, D.E.: Anisotropic mechanical properties of oriented carbon fiber filled polymer com-
posites produced with fused filament fabrication, Additive Manufacturing 18, 2017, 84–94 

Jin, Y.; Wan, Y.; Zhang, B., et al.: Modeling of the chemical finishing process for polylactic acid parts 
in fused deposition modeling and investigation of its tensile properties, Journal of Materials Processing 
Technology 240, 2017, 233–239 

Jin, Y.-a.; Plott, J.; Chen, R., et al.: Additive Manufacturing of Custom Orthoses and Prostheses – A 
Review, Procedia CIRP 36, 2015, 199–204 

Jordahl, J.H.; Solorio, L.; Sun, H., et al.: 3D Jet Writing: Functional Microtissues Based on Tessellated 
Scaffold Architectures, Advanced Materials, 2018 

Kada, D.; Koubaa, A.; Tabak, G., et al.: Tensile properties, thermal conductivity, and thermal stability 
of short carbon fiber reinforced polypropylene composites, Polymer Composites 20, 2016, 1 

Kaelble, D.H.: Dispersion-polar surface tension properties of organic solids, Journal of Adhesion 2 (2), 
1970, 66–81 

Kaiser, W.: Kunststoffchemie für Ingenieure, Von der Synthese bis zur Anwendung, In: Kaiser, W. 
(Hrsg.): Kunststoffchemie für Ingenieure, Carl Hanser Verlag GmbH & Co. KG, München, 2015, I–
XXXII 

Kalita, S.J.; Bose, S.; Hosick, H.L., et al.: Development of controlled porosity polymer-ceramic compo-
site scaffolds via fused deposition modeling, Materials Science & Engineering, C: Materials for Biologi-
cal Applications 23 (5), 2003, 611–620 

Kalsoom, U.; Nesterenko, P.N.; Paull, B.: Recent developments in 3D printable composite materials, 
RSC Advances 6 (65), 2016, 60355–60371 

Kaminsky, W.: Polyolefins: 50 years after Ziegler and Natta I, Bd. 258, Springer Berlin Heidelberg, 
Berlin, Heidelberg, 2013 

Kantaros, A.; Karalekas, D.: Fiber Bragg grating based investigation of residual strains in ABS parts 
fabricated by fused deposition modeling process, Materials & Design 50, 2013, 44–50 

Kao, Y.-T.; Zhang, Y.; Wang, J., et al.: Bending behaviors of 3D-printed Bi-material structure, Experi-
mental study and finite element analysis, Additive Manufacturing 16, 2017, 197–205 

Kar, K.K.: Composite materials, Processing, applications, characterizations, Springer, Berlin, Germany, 
2017 

Karger-Kocsis, J.: Polypropylene, Structure, blends and composites, Volume 3 Composites, 1. Aufl., 
Springer Netherlands, 1995 



 
 

  319 

Karian, H.G.: Handbook of Polypropylene and Polypropylene Composites, Plastics engineering, 
Bd. 51, 2. Aufl., Marcel Dekker, New York, 2003 

Karsli, N.G.; Aytac, A.: Effects of maleated polypropylene on the morphology, thermal and mechani-
cal properties of short carbon fiber reinforced polypropylene composites, Materials & Design 32 (7), 
2011, 4069–4073 

Katschnig, M.; Arbeiter, F.; Haar, B., et al.: Cranial Polypropylene Implants by Fused Filament Fabrica-
tion, Advanced Engineering Materials (19), 2016, 1–4 

Kaveh, M.; Badrossamay, M.; Foroozmehr, E., et al.: Optimization of the printing parameters affecting 
dimensional accuracy and internal cavity for HIPS material used in fused deposition modeling process-
es, Journal of Materials Processing Technology 226, 2015, 280–286 

Kaynak, B.; Spoerk, M.; Shirole, A., et al.: Polypropylene/Cellulose Composites for Material Extrusion 
Additive Manufacturing, Macromolecular Materials and Engineering 12, 2018, 1800037 

Keating, S.J.; Leland, J.C.; Cai, L., et al.: Toward site-specific and self-sufficient robotic fabrication on 
architectural scales, Science Robotics 2 (5), 2017, eaam8986 

Khaled, S.A.; Burley, J.C.; Alexander, M.R., et al.: Desktop 3D printing of controlled release pharma-
ceutical bilayer tablets, International journal of pharmaceutics 461 (1-2), 2014, 105–111 

Khare, H.S.; Burris, D.L.: A quantitative method for measuring nanocomposite dispersion, Polymer 51 
(3), 2010, 719–729 

Kim, B.S.; Lee, J.-S.; Gao, G., et al.: Direct 3D cell-printing of human skin with functional transwell 
system, Biofabrication 9 (2), 2017, 25034 

Kim, C.Y.; Kim, Y.C.; Kim, S.C.: Temperature dependence of the nucleation effect of sorbitol deriva-
tives on polypropylene crystallization, Polymer Engineering & Science 33 (22), 1993, 1445–1451 

Kim, K.-S.; Heo, J.-C.; Kim, K.-W.: Effects of Temperature on the Microscale Adhesion Behavior of 
Thermoplastic Polymer Film, Tribology Letters 38 (2), 2010, 97–106 

Kim, M.W.; Lee, S.H.; Youn, J.R.: Effects of filler size and content on shrinkage and gloss of injection 
molded PBT/PET/talc composites, Polymer Composites 31, 2010, 1020 

Kinloch, A.J.; Young, R.J.: Fracture Behaviour of Polymers, Springer, Dordrecht, 1995 

Kishore, V.; Ajinjeru, C.; Nycz, A., et al.: Infrared preheating to improve interlayer strength of big area 
additive manufacturing (BAAM) components, Additive Manufacturing 14, 2017, 7–12 

Kitson, P.J.; Glatzel, S.; Chen, W., et al.: 3D printing of versatile reactionware for chemical synthesis, 
Nature protocols 11 (5), 2016, 920–936 

Knoblach, G.M.: Electric alignment of fibers for the manufacture of composite materials, US 5057253 
A, 1991 

Koch, C.; van Hulle, L.; Rudolph, N.: Investigation of mechanical anisotropy of the fused filament 
fabrication process via customized tool path generation, Additive Manufacturing 16, 2017, 138–145 

Kocic, N.; Kretschmer, K.; Bastian, M., et al.: The influence of talc as a nucleation agent on the noni-
sothermal crystallization and morphology of isotactic polypropylene, The application of the Lauritzen-
Hoffmann, Avrami, and Ozawa theories, Journal of Applied Polymer Science 126 (4), 2012, 1207–
1217 

Kotz, F.; Arnold, K.; Bauer, W., et al.: Three-dimensional printing of transparent fused silica glass, 
Nature 544 (7650), 2017, 337–339 

Kousiatza, C.; Karalekas, D.: In-situ monitoring of strain and temperature distributions during fused 
deposition modeling process, Materials & Design 97, 2016, 400–406 

Kovács, J.G.; Solymossy, B.: Effect of glass bead content and diameter on shrinkage and warpage of 
injection-molded PA6, Polymer Engineering & Science 49 (11), 2009, 2218–2224 

Krull, B.; Patrick, J.; Hart, K., et al.: Automatic Optical Crack Tracking for Double Cantilever Beam 
Specimens, Experimental Techniques, 2015, n/a-n/a 



 

320 

Kubiak, K.J.; Wilson, M.; Mathia, T.G., et al.: Wettability versus roughness of engineering surfaces, 
Wear 271 (3-4), 2011, 523–528 

Kubiak, K.J.; Wilson, M.C.T.; Mathia, T.G., et al.: Dynamics of contact line motion during the wetting 
of rough surfaces and correlation with topographical surface parameters, Scanning 33 (5), 2011, 370–
377 

Kukla, C.; Gonzalez-Gutierrez, J.; Duretek, I., et al.: Effect of Particle Size on the Properties of High-
ly-Filled Polymers for Fused Filament Fabrication, PPS 32 Lyon 2016 2016, 2016 

Kumar, S.; Kruth, J.-P.: Composites by rapid prototyping technology, Materials & Design 31 (2), 2010, 
850–856 

Kuriger, R.J.; Alam, M.; Anderson, D.P., et al.: Processing and characterization of aligned vapor grown 
carbon fiber reinforced polypropylene, Composites Part A: Applied Science and Manufacturing 33 (1), 
2002, 53–62 

Kwok, K.W.; Gao, Z.M.; Choy, C.L., et al.: Stiffness and toughness of polypropylene/glass bead com-
posites, Polymer Composites 24 (1), 2003, 53–59 

Landon, G.; Lewis, G.; Boden, G.F.: The influence of particle size on the tensile strength of particu-
late-filled polymers, Journal of materials science 12, 1977, 1605–1613 

Längauer, M.; Liu, K.; Kneidinger, C., et al.: Experimental analysis of the influence of pellet shape on 
single screw extrusion, Journal of Applied Polymer Science 132 (13), 2015, 1-9 

Laronda, M.M.; Rutz, A.L.; Xiao, S., et al.: A bioprosthetic ovary created using 3D printed mi-
croporous scaffolds restores ovarian function in sterilized mice, Nature Communications 8, 2017, 
15261 

Le Duigou, A.; Castro, M.; Bevan, R., et al.: 3D printing of wood fibre biocomposites, From mechani-
cal to actuation functionality, Materials & Design 96, 2016, 106–114 

Le Truong, T.; Larsen, Å.; Holme, B., et al.: Morphology of syndiotactic polypropylene/alumina nano-
composites, Polymer 52 (4), 2011, 1116–1123 

Lee, J.; Huang, A.: Fatigue analysis of FDM materials, Rapid Prototyping Journal 19 (4), 2013, 291–299 

Leong, K.F.; Cheah, C.M.; Chua, C.K.: Solid freeform fabrication of three-dimensional scaffolds for 
engineering replacement tissues and organs, Biomaterials 24 (13), 2003, 2363–2378 

Leskovics, K.; Kollár, M.; Bárczy, P.: A study of structure and mechanical properties of welded joints 
in polyethylene pipes, Materials Science and Engineering: A 419 (1-2), 2006, 138–143 

Levenhagen, N.P.; Dadmun, M.D.: Bimodal molecular weight samples improve the isotropy of 3D 
printed polymeric samples, Polymer 122, 2017, 232–241 

Li, C.; Liu, J.F.; Fang, X.Y., et al.: Efficient predictive model of part distortion and residual stress in 
selective laser melting, Additive Manufacturing 17, 2017, 157–168 

Li, H.; Wang, T.; Li, Q., et al.: A quantitative investigation of distortion of polylactic acid/PLA) part in 
FDM from the point of interface residual stress, International Journal of Advanced Manufacturing 
Technology 94 (1-4), 2018, 381–395 

Li, J.; Zhou, H.; Xu, F., et al.: β -Crystal formation in isotactic polypropylene due to rapid heat cycle 
molding, Polymers for Advanced Technologies 26 (11), 2015, 1312–1319 

Li, N.; Li, Y.; Liu, S.: Rapid prototyping of continuous carbon fiber reinforced polylactic acid compo-
sites by 3D printing, Journal of Materials Processing Technology 238, 2016, 218–225 

Li, Y.; Li, D.; Lu, B., et al.: Current status of additive manufacturing for tissue engineering scaffold, 
Rapid Prototyping Journal 21 (6), 2015, 747–762 

Li, Z.; Guo, S.; Song, W., et al.: Effect of the interfacial interaction on the phase structure and rheolog-
ical behavior of polypropylene/ethylene- octene copolymer/BaSO4 ternary composites, Journal of 
Polymer Science Part B: Polymer Physics 40 (17), 2002, 1804–1812 

Liang, J.-Z.: Melt flow properties of polypropylene/EPDM/glass bead ternary composites, Journal of 
Materials Science 40 (2), 2005, 329–333 



 
 

  321 

Liang, J.-Z.: Toughening and reinforcing in rigid inorganic particulate filled poly(propylene), A review, 
Journal of Applied Polymer Science 83 (7), 2002, 1547–1555 

Liang, J.-Z.; Li, R.K.Y.: Brittle–ductile transition in polypropylene filled with glass beads, Polymer 40, 
1999, 3191–3195 

Liang, J.Z.; Li, R.K.Y.: Effect of filler content and surface treatment on the tensile properties of glass-
bead-filled polypropylene composites, Polymer International 49 (2), 2000, 170–174 

Liang, J.Z.; Li, R.K.Y.: Mechanical properties and morphology of glass bead-filled polypropylene com-
posites, Polymer Composites 19 (6), 1998, 698–703 

Liang, J.Z.; Li, R.K.Y.; Tjong, S.C.: Effects of glass bead content and surface treatment on viscoelastic-
ity of filled polypropylene/elastomer hybrid composites, Polymer International 48 (11), 1999, 1068–
1072 

Liang, J.Z.; Li, R.K.Y.; Tjong, S.C.: Effects of glass bead size and content on the viscoelasticity of filled 
polypropylene composites, Polymer Testing (19), 2000, 213–220 

Liang, J.Z.; Li, R.K.Y.; Tjong, S.C.: Impact fracture behavior of PP/EPDM/glass bead ternary compo-
sites, Polymer Engineering & Science 40 (9), 2000, 2105–2111 

Liang, Y.; Shu, L.; Natsu, W., et al.: Anisotropic wetting characteristics versus roughness on machined 
surfaces of hydrophilic and hydrophobic materials, Applied Surface Science 331, 2015, 41–49 

Libonati, F.; Gu, G.X.; Qin, Z., et al.: Bone-Inspired Materials by Design, Toughness Amplification 
Observed Using 3D Printing and Testing, Advanced Engineering Materials 18 (8), 2016, 1354–1363 

Ligon, S.C.; Liska, R.; Stampfl, J., et al.: Polymers for 3D Printing and Customized Additive Manufac-
turing, Chemical reviews 117 (15), 2017, 10212–10290 

Lin, L.; Schlarb, A.K.: Vibration welding of nano-TiO 2 filled polypropylene, Polymer Engineering & 
Science 55 (2), 2015, 243–250 

Liu, C.Y.; Hsieh, Y.W.; Sun, T.J., et al.: Design and test of additive manufacturing for coating thermo-
plastic PEEK material, In: 2016 IEEE International Conference on Industrial Technology (ICIT), 
1158–1162 

Liu, Q.; Sun, X.; Li, H., et al.: Orientation-induced crystallization of isotactic polypropylene, Polymer 
54 (17), 2013, 4404–4421 

Liu, S.; Li, Y.; Li, N.: A novel free-hanging 3D printing method for continuous carbon fiber reinforced 
thermoplastic lattice truss core structures, Materials & Design 137, 2018, 235–244 

Liu, X.; Jones, F.R.; Thomason, J.L., et al.: An XPS study of organosilane and sizing adsorption on E-
glass fibre surface, In: 16th international conference on composite materials, 2007, 1–6 

Liu, X.; Li, S.; Liu, Z., et al.: An investigation on distortion of PLA thin-plate part in the FDM process, 
International Journal of Advanced Manufacturing Technology 79 (5-8), 2015, 1117–1126 

Liu, X.; Yuk, H.; Lin, S., et al.: 3D Printing of Living Responsive Materials and Devices, Advanced 
Materials 30 (4), 2018 

Liu, X.; Zhang, M.; Li, S., et al.: Mechanical property parametric appraisal of fused deposition model-
ing parts based on the gray Taguchi method, International Journal of Advanced Manufacturing Tech-
nology 89 (5-8), 2017, 2387–2397 

Liu, X.M.; Jones, F.R.; Thomason, J.L.: The Concentration Of Hydroxyl Groups On Glass Surfaces 
And Their Effect On The Structure Of Silane Deposits, In: Mittal, K. (Hrsg.): Silanes and Other Cou-
pling Agents, Volume 5, Brill Academic Publishers, 2009, 25–38 

Long, Y.; Shanks, R.A.: PP-elastomer-filler hybrids. I. Processing, microstructure, and mechanical 
properties, Journal of Applied Polymer Science 61 (11), 1996, 1877–1885 

Loos, J.; Tian, M.; Rastogi, S., et al.: An investigation on chain mobility in solid state polymer systems, 
Journal of Materials Science 35 (20), 2000, 5147–5156 



 

322 

Lorenzo, A.T.; Arnal, M.L.; Sánchez, J.J., et al.: Effect of annealing time on the self-nucleation behav-
ior of semicrystalline polymers, Journal of Polymer Science Part B: Polymer Physics 44 (12), 2006, 
1738–1750 

Lotz, B.: Molecular aspects of structure and morphology of isotactic polypropylene, Journal of Mac-
romolecular Science, Part B: Physics 41 (4), 2002, 685–709 

Love, L.J.; Kunc, V.; Rios, O., et al.: The importance of carbon fiber to polymer additive manufactur-
ing, Journal of Materials Research 29 (17), 2014, 1893–1898 

Lozano, R.; Stevens, L.; Thompson, B.C., et al.: 3D printing of layered brain-like structures using pep-
tide modified gellan gum substrates, Biomaterials 67, 2015, 264–273 

Luo, F.; Wang, J.; Bai, H., et al.: Synergistic toughening of polypropylene random copolymer at low 
temperature, Β-Modification and annealing, Materials Science and Engineering: A 528 (22-23), 2011, 
7052–7059 

Luo, F.; Wang, K.; Ning, N., et al.: Dependence of mechanical properties on β-form content and crys-
talline morphology for β-nucleated isotactic polypropylene, Polymers for Advanced Technologies 22 
(12), 2011, 2044–2054 

Luo, F.; Xu, C.; Wang, K., et al.: Exploring temperature dependence of the toughening behavior of β-
nucleated impact polypropylene copolymer, Polymer 53 (8), 2012, 1783–1790 

Luo, Z.P.; Koo, J.H.: Quantifying the dispersion of mixture microstructures, Journal of microscopy 
225 (Pt 2), 2007, 118–125 

Ma, C.G.; Mai, Y.L.; Rong, M.Z., et al.: Phase structure and mechanical properties of ternary polypro-
pylene/elastomer/nano-CaCO3 composites, Composites Science and Technology 67 (14), 2007, 2997–
3005 

Ma, R.R.; Belter, J.T.; Dollar, A.M.: Hybrid Deposition Manufacturing: Design Strategies for Multima-
terial Mechanisms Via Three-Dimensional Printing and Material Deposition, Journal of Mechanisms 
and Robotics 7, 2015, 1–10 

Mahmood, S.; Qureshi, A.J.; Talamona, D.: Taguchi based process optimization for dimension and 
tolerance control for fused deposition modelling, Additive Manufacturing, 2018 

Maier, C.; Calafut, T.: Polypropylene, The Definitive user’s Guide and Databook, 1. Aufl., William 
Andrew, 1998 

Makhlouf, A.; Satha, H.; Frihi, D., et al.: Optimization of the crystallinity of polypropyl-
ene/submicronic-talc composites, The role of filler ratio and cooling rate, Express Polymer Letters 10 
(3), 2016, 237–247 

Malguarnera, S.C.; Manisali, A.I.; Riggs, D.C.: Weld line structures and properties in injection molded 
polypropylene, Polymer Engineering & Science 21 (17), 1981, 1149–1155 

Martens, T.; Mears, L.; Dotson, M., et al.: Use of Fused Deposition Modeling of Polyphenylsulfone for 
Centrifugal Casting of Polyurethane: Material, Surface, and Process Considerations, Journal of Manu-
facturing Science and Engineering - Transactions of the ASME 133, 2011, 1 

Martínez, A.B.; León, N.; Arencón, D., et al.: On the effect of the different notching techniques on the 
fracture toughness of PETG, Polymer Testing 32 (7), 2013, 1244–1252 

Martínez, A.B.; Salazar, A.; León, N., et al.: Influence of the notch-sharpening technique on styrene-
acrylonitrile fracture behavior, Journal of Applied Polymer Science 133 (32), 2016, 11 

Masood, S.; Song, W.: Development of new metal/polymer materials for rapid tooling using Fused 
deposition modelling, Materials & Design 25 (7), 2004, 587–594 

Mass, Y.; Amir, O.: Topology optimization for additive manufacturing, Accounting for overhang limi-
tations using a virtual skeleton, Additive Manufacturing 18, 2017, 58–73 

Matsuzaki, R.; Ueda, M.; Namiki, M., et al.: Three-dimensional printing of continuous-fiber composites 
by in-nozzle impregnation, Scientific reports 6, 2016, 23058 

MatterHackers: 3D printer filament, https://www.matterhackers.com/store/3d-printer-
filament?clk=bing (27.07.2017) 



 
 

  323 

Mazov, I.; Burmistrov, I.; Il‘inykh, I., et al.: Anisotropic thermal conductivity of polypropylene compo-
sites filled with carbon fibers and multiwall carbon nanotubes, Polymer Composites 36 (11), 2015, 
1951–1957 

McCullough, E.J.; Yadavalli, V.K.: Surface modification of fused deposition modeling ABS to enable 
rapid prototyping of biomedical microdevices, Journal of Materials Processing Technology 213 (6), 
2013, 947–954 

McGenity, P.M.; Hooper, J.J.; Paynter, C.D., et al.: Nucleation and crystallization of polypropylene by 
mineral fillers: relationship to impact strength, Polymer 33 (24), 1992, 5215–5224 

McGurk, M.; Amis, A.A.; Potamianos, P., et al.: Rapid prototyping techniques for anatomical model-
ling in medicine, Annals of the Royal College of Surgeons of England 79, 1997, 169–174 

McIlroy, C.; Olmsted, P.D.: Disentanglement effects on welding behaviour of polymer melts during 
the fused-filament-fabrication method for additive manufacturing, Polymer 123, 2017, 376–391 

McLouth, T.D.; Severino, J.V.; Adams, P.M., et al.: The impact of print orientation and raster pattern 
on fracture toughness in additively manufactured ABS, Additive Manufacturing 18, 2017, 103–109 

Melchels, F.P.; Domingos, M.A.; Klein, T.J., et al.: Additive manufacturing of tissues and organs, Pro-
gress in Polymer Science 37 (8), 2012, 1079–1104 

Melenka, G.W.; Cheung, B.K.; Schofield, J.S., et al.: Evaluation and prediction of the tensile properties 
of continuous fiber-reinforced 3D printed structures, Composite Structures 153, 2016, 866–875 

Meng, M.-R.; Dou, Q.: Effect of Filler Treatment on Crystallization, Morphology and Mechanical 
Properties of Polypropylene/Calcium Carbonate Composites, Journal of Macromolecular Science, Part 
B: Physics 48 (2), 2009, 213–225 

Meng, S.; He, H.; Jia, Y., et al.: Effect of nanoparticles on the mechanical properties of acrylonitrile-
butadiene-styrene specimens fabricated by fused deposition modeling, Journal of Applied Polymer 
Science 134 (7), 2017, 340 

Miani, M.: Two-component extrusion head, having a spinneret with high perforation intensity, US 
5466142 A, 1995 

Micro Electronics Inc.: Fused Filament Fabrication (FFF) material properties & considerations, 2014, 
http://www.powerspec.com/support/3DPrinters/3DPrintingTips.pdf (03.04.2017) 

Mirzendehdel, A.M.; Rankouhi, B.; Suresh, K.: Strength-based topology optimization for anisotropic 
parts, Additive Manufacturing 19, 2018, 104–113 

Miyazaki, K.; Hamadate, M.; Terano, M., et al.: Syndiotactic polypropylene/microfibrous cellulose 
composites, Effect of filler size on tensile properties, Journal of Applied Polymer Science 128 (1), 
2013, 915–922 

Mohamed, O.A.; Masood, S.H.; Bhowmik, J.L.: Optimization of fused deposition modeling process 
parameters for dimensional accuracy using I-optimality criterion, Measurement 81, 2016, 174–196 

Mohamed, O.A.; Masood, S.H.; Bhowmik, J.L.: Optimization of fused deposition modeling process 
parameters, A review of current research and future prospects, Advances in Manufacturing 3 (1), 2015, 
42–53 

Mohan, N.; Senthil, P.; Vinodh, S., et al.: A review on composite materials and process parameters 
optimisation for the fused deposition modelling process, Virtual and Physical Prototyping 12 (1), 2017, 
47–59 

Momeni, F.; M.Mehdi Hassani.N, S.; Liu, X., et al.: A review of 4D printing, Materials & Design 122, 
2017, 42–79 

Moore, D.R.; Williams, J.G.; Pavan, A.: Fracture Mechanics Testing Methods for Polymers, Adhesives 
and Composites, 1. Aufl., Elsevier textbooks, 2001 

Moore, E.P.; Larson, G.A.: Polypropylene Handbook, Polymerization, Characterization, Properties, 
Processing, Applications, Carl Hanser Verlag GmbH & Co. KG, München, 1996 

Morais, A.d.: Beam analysis of the double cantilever beam specimen with fibre bridging, Journal of 
Composite Materials 49 (14), 2015, 1681–1688 



 

324 

Morgan, R.G.: Directional flow bar extruder, US 4883421 A, 1989 

Motsoeneng, T.S.; van Reenen, A.J.; Luyt, A.S.: Structure and properties of a β -nucleated polypropyl-
ene impact copolymer, Polymer International 64 (2), 2015, 222–228 

Moulton, S.E.; Wallace, G.G.: 3-dimensional (3D) fabricated polymer based drug delivery systems, 
Journal of controlled release 193, 2014, 27–34 

Mulholland, T.; Goris, S.; Boxleitner, J., et al.: Fiber Orientation Effects in Fused Filament Fabrication 
of Air-Cooled Heat Exchangers, JOM 102A (4), 2018, 161 

Mulliken, A.D.; Boyce, M.C.: Mechanics of the rate-dependent elastic–plastic deformation of glassy 
polymers from low to high strain rates, International Journal of Solids and Structures 43 (5), 2006, 
1331–1356 

Murphy, C.A.; Collins, M.N.: Microcrystalline cellulose reinforced polylactic acid biocomposite fila-
ments for 3D printing, Polymer Composites 6, 2016, 5171 

Murphy, J.: Additives for Plastics Handbook, Elsevier, 2001 

Nasrin, R.; Bhuiyan, A.H.; Gafur, M.A.: Influence of Talc Filler Content on the Mechanical and DC 
Electrical Behavior of Compression Molded Isotactic Polypropylene Composites, International Journal 
of Composite Materials 2015, 5, 155–161 

Ni, F.; Wang, G.; Zhao, H.: Fabrication of water-soluble poly(vinyl alcohol)-based composites with 
improved thermal behavior for potential three-dimensional printing application, Journal of Applied 
Polymer Science 134 (24), 2017, 69 

Nicharat, A.; Sapkota, J.; Weder, C., et al.: Melt processing of polyamide 12 and cellulose nanocrystals 
nanocomposites, Journal of Applied Polymer Science 132 (45), 2015, n/a-n/a 

Nielson, L.E.: Rheologie: Polymer Rheology, Marcel Dekker, Inc., New York, Basel, 1977 

Nikzad, M.; Masood, S.H.; Sbarski, I.: Thermo-mechanical properties of a highly filled polymeric com-
posites for Fused Deposition Modeling, Materials & Design 32 (6), 2011, 3448–3456 

Ning, F.; Cong, W.; Hu, Y., et al.: Additive manufacturing of carbon fiber-reinforced plastic compo-
sites using fused deposition modeling, Effects of process parameters on tensile properties, Journal of 
Composite Materials 51 (4), 2016, 451–462 

Ning, F.; Cong, W.; Qiu, J., et al.: Additive manufacturing of carbon fiber reinforced thermoplastic 
composites using fused deposition modeling, Composites Part B: Engineering 80, 2015, 369–378 

O‘kane, W.; Young, R.; Ryan, A.: The effect of annealing on the structure and properties of isotactic 
polypropylene films, Journal of Macromolecular Science, Part B: Physics 34 (4), 1995, 427–458 

Oishi, M.; Fukuda, M.; Yajima, N., et al.: Interactive presurgical simulation applying advanced 3D im-
aging and modeling techniques for skull base and deep tumors, Journal of Neurosurgery 119 (1), 2013, 
94–105 

ÖNORM EN ISO/ASTM 52900: Additive manufacturing - General principles - Terminology, 2017-
06-01 

Osswald, T.A.; Rudolph, N.: Polymer Rheology, Carl Hanser Verlag GmbH & Co. KG, München, 
2015 

Owens, D.K.; Wendt, R.C.: Estimation of the surface free energy of polymers, Journal of Applied 
Polymer Science 13 (8), 1969, 1741–1747 

Packham, D.: Surface energy, surface topography and adhesion, International Journal of Adhesion and 
Adhesives 23 (6), 2003, 437–448 

Panda, B.N.; Shankhwar, K.; Garg, A., et al.: Performance evaluation of warping characteristic of fused 
deposition modelling process, International Journal of Advanced Manufacturing Technology 88 (5-8), 
2017, 1799–1811 

Papageorgiou, D.G.; Chrissafis, K.; Bikiaris, D.N.: β-Nucleated Polypropylene, Processing, Properties 
and Nanocomposites, Polymer Reviews 55 (4), 2015, 596–629 



 
 

  325 

Papon, E.A.; Haque, A.: Tensile properties, void contents, dispersion and fracture behaviour of 3D 
printed carbon nanofiber reinforced composites, Journal of Reinforced Plastics and Composites, 2018, 
073168441775047 

Parandoush, P.; Lin, D.: A review on additive manufacturing of polymer-fiber composites, Composite 
Structures 182, 2017, 36–53 

Paris, P.C.; Erdogan, F.: A critical analysis of crack propagation laws, Journal of Basic Engineering, 
1963, 528–533 

Paris, P.C.; Gomez, M.P.; Anderson, W.E.: A Rational Analytic Theory of Fatigue, The Trend in Engi-
neering 13, 1961, 9–14 

Park, B.-S.; Song, J.C.; Park, D.H., et al.: PLA/chain-extended PEG blends with improved ductility, 
Journal of Applied Polymer Science 123 (4), 2012, 2360–2367 

Park, S.D.; Todo, M.; Arakawa, K., et al.: Effect of crystallinity and loading-rate on mode I fracture 
behavior of poly(lactic acid), Polymer 47 (4), 2006, 1357–1363 

Parsons, M.; Stepanov, E.V.; Hiltner, A., et al.: Correlation of stepwise fatigue and creep slow crack 
growth in high density polyethylene, Journal of Materials Science 34, 1999, 3315–3326 

Passaglia, E.; Martin, G.M.: Variation of glass temperature with pressure in polypropylene, Journal of 
Research of the National Bureau of Standards Section A: Physics and Chemistry 68A (3), 1964, 273 

Patanwala, H.S.; Hong, D.; Vora, S.R., et al.: The microstructure and mechanical properties of 3D 
printed carbon nanotube-polylactic acid composites, Polymer Composites 23, 2017, 178 

Paterson, A.M.; Bibb, R.; Campbell, R.I., et al.: Comparing additive manufacturing technologies for 
customised wrist splints, Rapid Prototyping Journal 21 (3), 2015, 230–243 

Pattinson, S.W.; Hart, A.J.: Additive Manufacturing of Cellulosic Materials with Robust Mechanics and 
Antimicrobial Functionality, Advanced Materials Technologies 2 (4), 2017, 1600084 

Pavelko, V.; Lapsa, K.; Pavlovskis, P.: Determination of the Mode I Interlaminar Fracture Toughness 
by Using a Nonlinear Double-Cantilever Beam Specimen, Mechanics of Composite Materials 52 (3), 
2016, 347–358 

Pekkanen, A.M.; Zawaski, C.; Stevenson, A.T., et al.: Poly(ether ester) Ionomers as Water-Soluble Pol-
ymers for Material Extrusion Additive Manufacturing Processes, ACS Applied Materials & Interfaces 9 
(14), 2017, 12324–12331 

Petersen, E.; Kidd, R.; Pearce, J.: Impact of DIY Home Manufacturing with 3D Printing on the Toy 
and Game Market, Technologies 5 (4), 2017, 45 

Petersen, E.; Pearce, J.: Emergence of Home Manufacturing in the Developed World, Return on In-
vestment for Open-Source 3-D Printers, Technologies 5 (4), 2017, 7 

Peterson, G.I.; Larsen, M.B.; Ganter, M.A., et al.: 3D-printed mechanochromic materials, ACS Applied 
Materials & Interfaces 7 (1), 2015, 577–583 

Petrovic, V.; Vicente Haro Gonzalez, J.; Jordá Ferrando, O., et al.: Additive layered manufacturing, 
Sectors of industrial application shown through case studies, International Journal of Production Re-
search 49 (4), 2011, 1061–1079 

Pimbert, S.: Fractionated Crystallization and Morphology in Binary Blends of Isotactic PP and HDPE 
with Cycloolefin Copolymers, International Polymer Processing 19 (1), 2004, 27–34 

Plattier, J.; Benyahia, L.; Dorget, M., et al.: Viscosity-induced filler localisation in immiscible polymer 
blends, Polymer 59, 2015, 260–269 

Plott, J.; Shih, A.: The extrusion-based additive manufacturing of moisture-cured silicone elastomer 
with minimal void for pneumatic actuators, Additive Manufacturing 17, 2017, 1–14 

Potente, H.: Fügen von Kunststoffen, Grundlagen, Verfahren, Anwendung, Hanser, 2004 

Poussin, L.; Bertin, Y.A.; Parisot, J., et al.: Influence of thermal treatment on the structure of an isotac-
tic polypropylene, Polymer 39 (18), 1998, 4261–4265 



 

326 

Prashantha, K.; Roger, F.: Multifunctional properties of 3D printed poly(lactic acid)/graphene nano-
composites by fused deposition modeling, Journal of Macromolecular Science, Part A: Pure and Ap-
plied Chemistry 54 (1), 2016, 24–29 

Premphet, K.; Horanont, P.: Phase structure and property relationships in ternary polypropyl-
ene/elastomer/filler composites: Effect of elastomer polarity, Journal of Applied Polymer Science 76, 
2000, 1929-1939 

Proto Labs: 3D Printing Technologies for Prototyping and Production, 2015 

Qi, G.-Q.; Xu, Y.-J.; Yang, W., et al.: Injection Molding Shrinkage and Mechanical Properties of Poly-
propylene Blends, Journal of Macromolecular Science, Part B: Physics 50 (9), 2011, 1747–1760 

Qian, Z.; Wang, K.; Liu, S., et al.: Quantitative Prediction of Paravalvular Leak in Transcatheter Aortic 
Valve Replacement Based on Tissue-Mimicking 3D Printing, JACC. Cardiovascular imaging 10 (7), 
2017, 719–731 

Quan, H.; Li, Z.-M.; Yang, M.-B., et al.: On transcrystallinity in semi-crystalline polymer composites, 
Composites Science and Technology 65 (7-8), 2005, 999–1021 

Radhakrishnan, S.; Sonawane, P.; Pawaskar, N.: Effect of thermal conductivity and heat transfer on 
crystallization, structure, and morphology of polypropylene containing different fillers, Journal of Ap-
plied Polymer Science 93 (2), 2004, 615–623 

Rahman, N.A.; Hassan, A.; Yahya, R., et al.: Impact properties of glass-fiber/polypropylene compo-
sites, The influence of fiber loading, specimen geometry and test temperature, Fibers and Polymers 14 
(11), 2013, 1877–1885 

Ralagani, M.R.; DorMohammadi, S.; Dutton, R., Godines, C., et al.: Numerical Simulation of Big Area 
Additive Manufacturing (3D Printing) of a Full Size Car, SAMPE Journal 51 (4), 2015, 27–36 

Raney, J.R.; Compton, B.G.; Mueller, J., et al.: Rotational 3D printing of damage-tolerant composites 
with programmable mechanics, Proceedings of the National Academy of Sciences of the United States 
of America 115 (6), 2018, 1198–1203 

Rankouhi, B.; Javadpour, S.; Delfanian, F., et al.: Failure Analysis and Mechanical Characterization of 
3D Printed ABS With Respect to Layer Thickness and Orientation, Journal of Failure Analysis and 
Prevention 16 (3), 2016, 467–481 

Rao, A.S.; Dharap, M.A.; Venkatesh, J.V.L.: Experimental Study of the Effect of Post Processing 
Techniques on Mechanical Properties of Fused Deposition Modelled Parts Experimental Study of the 
Effect of Post Processing Techniques on Mechanical Properties of Fused Deposition Modelled Parts, 
International Journal of Manufacturing, Materials, and Mechanical Engineering 5 (1), 2015, 1–20 

Rao, Z.X.; Patel, B.; Monaco, A., et al.: 3D-Printed Polypropylene Continuous-Flow Column Reactors, 
Exploration of Reactor Utility in S N Ar Reactions and the Synthesis of Bicyclic and Tetracyclic Het-
erocycles, European Journal of Organic Chemistry 2017 (44), 2017, 6499–6504 

Rattanakit, P.; Moulton, S.E.; Santiago, K.S., et al.: Extrusion printed polymer structures: a facile and 
versatile approach to tailored drug delivery platforms, International journal of pharmaceutics 422 (1-2), 
2012, 254–263 

Rayegani, F.; Onwubolu, G.C.: Fused deposition modelling (FDM) process parameter prediction and 
optimization using group method for data handling (GMDH) and differential evolution (DE), Interna-
tional Journal of Advanced Manufacturing Technology 73 (1-4), 2014, 509–519 

Reddy, B.V.; Reddy, N.V.; Ghosh, A.: Fused deposition modelling using direct extrusion, Virtual and 
Physical Prototyping 2 (1), 2007, 51–60 

Reddy, C.M.; Weikart, C.M.; Yasuda, H.K.: The Effect of Interfacial Tension on the Adhesion of Ca-
thodic E-coat to Aluminum Alloys, The Journal of Adhesion 71 (2-3), 1999, 167–187 

Redhead, A.; Pinter, G.; Frank, A.: Analysis of Molecular and Morphological Effects on Slow Crack 
Growth in Modern PE Pipe Grades by Cyclic Fracture Mechanics Tests, Macromolecular Symposia 
311 (1), 2012, 41–48 



 
 

  327 

Rezaei, F.; Yunus, R.; Ibrahim, N.A.: Effect of fiber length on thermomechanical properties of short 
carbon fiber reinforced polypropylene composites, Materials & Design 30 (2), 2009, 260–263 

Rice, J.R.: A Path Independent Integral and the Approximate Analysis of Strain Concentration by 
Notches and Cracks, Journal of Applied Mechanics 35 (2), 1968, 379–386 

Romero-Guzmán, M.E.; Romo-Uribe, A.; González, A.E., et al.: Melt rheology of polypropylene rein-
forced with polyaniline-coated short glass fibers, Journal of Applied Polymer Science 109 (4), 2008, 
2207–2218 

Saengkwamsawang, P.; Pimanpaeng, S.; Amornkitbamrung, V., et al.: Fabrication and characterization 
of α-Al2O3 nanoparticles reinforced polyamide 6 composite filaments, 18th international conference 
on composite materials 

Salazar, A.; Rodríguez, J.; Arbeiter, F., et al.: Fracture toughness of high density polyethylene, Fatigue 
pre-cracking versus femtolaser, razor sharpening and broaching, Engineering Fracture Mechanics 149, 
2015, 199–213 

Sancaktar, E.; Walker, E.: Effects of calcium carbonate, talc, mica, and glass-fiber fillers on the ultra-
sonic weld strength of polypropylene, Journal of Applied Polymer Science 94 (5), 2004, 1986–1998 

Santhakumar, J.; Maggirwar, R.; Gollapudi, S., et al.: Enhancing Impact Strength of Fused Deposition 
Modeling Built Parts using Polycarbonate Material, Indian Journal of Science & Technology 9 (34), 
2016 

Sapkota, J.; Jorfi, M.; Weder, C., et al.: Reinforcing Poly(ethylene) with Cellulose Nanocrystals, Mac-
romolecular rapid communications 35, 2014, 1754 

Sapkota, J.; Kumar, S.; Weder, C., et al.: Influence of Processing Conditions on Properties of Poly 
(Vinyl acetate)/Cellulose Nanocrystal Nanocomposites, Macromolecular Materials and Engineering 
300 (5), 2015, 562–571 

Sapkota, J.; Natterodt, J.C.; Shirole, A., et al.: Fabrication and Properties of Polyethylene/Cellulose 
Nanocrystal Composites, Macromolecular Materials and Engineering 132, 2017, 42752 

Sapkota, J.; Poikelispää, M.; Das, A., et al.: Influence of nanoclay-carbon black hybrid fillers on cure 
and properties of natural rubber compounds, Polymer Engineering & Science 53 (3), 2013, 615–622 

Sargent, M.M.: Apparatus for compounding a fiber reinforced thermoplastic material and forming 
parts therefrom, US 5401154 A, 1995 

Schaffner, M.; Rühs, P.A.; Coulter, F., et al.: 3D printing of bacteria into functional complex materials, 
Science Advances 3 (12), 2017, 1–9 

Schawe, J.E.K.; Vermeulen, P.A.; van Drongelen, M.: A new crystallization process in polypropylene 
highly filled with calcium carbonate, Colloid and Polymer Science 293 (6), 2015, 1607–1614 

Schmutzler, C.; Zimmermann, A.; Zaeh, M.F.: Compensating Warpage of 3D Printed Parts Using 
Free-form Deformation, Procedia CIRP 41, 2016, 1017–1022 

Schubert, H.: Grundlagen des Agglomerierens, Chemie Ingenieur Technik 51 (4), 1979, 266–277 

Scotti, G.; Nilsson, S.M.E.; Haapala, M., et al.: A miniaturised 3D printed polypropylene reactor for 
online reaction analysis by mass spectrometry, Reaction Chemistry & Engineering 2 (3), 2017, 299–303 

Sedighiamiri, A.; Govaert, L.E.; Kanters, M.J., et al.: Micromechanics of semicrystalline polymers, Yield 
kinetics and long-term failure, Journal of Polymer Science Part B: Polymer Physics 50 (24), 2012, 
1664–1679 

Seldén, R.: Effect of processing on weld line strength in five thermoplastics, Polymer Engineering & 
Science 37 (1), 1997, 205–218 

Sen, D.; Buehler, M.J.: Structural hierarchies define toughness and defect-tolerance despite simple and 
mechanically inferior brittle building blocks, Scientific reports 1, 2011, 35 

Seppala, J.E.; Hoon Han, S.; Hillgartner, K.E., et al.: Weld formation during material extrusion additive 
manufacturing, Soft matter 13 (38), 2017, 6761–6769 



 

328 

Seppala, J.E.; Migler, K.D.: Infrared thermography of welding zones produced by polymer extrusion 
additive manufacturing, Additive Manufacturing 12, 2016, 71–76 

Seymour, R.B.: The Role of Fillers and Reinforcements in Plastics Technology, Polymer-Plastics Tech-
nology and Engineering 7 (1), 1976, 49–79 

Shafer, C.S.; Siddel, D.H.; Merriman, A.L., et al.: Cleated print surface for Fused Deposition Modeling, 
In: Bourell, D.L.; Crawford, R.H.; Seepersad, C.C.; et al. (Hrsg.): Proceedings of the 26th Annual In-
ternational Solid Freeform Fabrication Symposium - An Additive Manufacturing Conference, The 
University of Texas at Austin, Austin Texas, 2016, 1359–1365 

Sharma, R.; Singh, R.; Penna, R., et al.: Investigations for mechanical properties of Hap, PVC and PP 
based 3D porous structures obtained through biocompatible FDM filaments, Composites Part B: En-
gineering 132, 2018, 237–243 

Shelesh-Nezhad, K.; Orang, H.; Motallebi, M.: Crystallization, shrinkage and mechanical characteristics 
of polypropylene/CaCO3 nanocomposites, Journal of Thermoplastic Composite Materials 26 (4), 
2013, 544–554 

Shelesh-Nezhad, K.; Taghizadeh, A.: Shrinkage behavior and mechanical performances of injection 
molded polypropylene/talc composites, Polymer Engineering & Science 47 (12), 2007, 2124–2128 

Shemelya, C.; La Rosa, A. de; Torrado, A.R., et al.: Anisotropy of thermal conductivity in 3D printed 
polymer matrix composites for space based cube satellites, Additive Manufacturing 16, 2017, 186–196 

Shofner, M.L.; Lozano, K.; Rodríguez-Macías, F.J., et al.: Nanofiber-reinforced polymers prepared by 
fused deposition modeling, Journal of Applied Polymer Science, 2002, 3081–3090 

Shusteff, M.; Browar, A.E.M.; Kelly, B.E., et al.: One-step volumetric additive manufacturing of com-
plex polymer structures, Science Advances 3 (12), 2017, 1–7 

Simhan, R.G.; Moore, L.L.; van Gunten, P.R.: Contact angle of E and borosilicate glasses in different 
atmospheres, Journal of Materials Science 20 (5), 1985, 1748–1752 

Singamneni, S.; Huang, B.; Davidson, K.: Polystyrene in Granular Form for Fused Deposition Model-
ing, In: ASME/ISCIE 2012 International Symposium on Flexible Automation, Monday 2012, 469 

Singh, R.; Sandhu, G.S.; Penna, R., et al.: Investigations for Thermal and Electrical Conductivity of 
ABS-Graphene Blended Prototypes, Materials 10 (8), 2017 

Singh, R.; Singh, S.; Fraternali, F.: Development of in-house composite wire based feed stock filaments 
of fused deposition modelling for wear-resistant materials and structures, Composites Part B: Engi-
neering 98, 2016, 244–249 

Sistaninia, M.; Kolednik, O.: Effect of a single soft interlayer on the crack driving force, Engineering 
Fracture Mechanics 130, 2014, 21–41 

Sjögren, B.A.; Berglund, L.A.: Failure mechanisms in polypropylene with glass beads, Polymer Compo-
sites 18 (1), 1997, 1–8 

Skibo, M.D.; Hertzberg, R.W.; Manson, J.A., et al.: On the generality of discontinuous fatigue crack 
growth in glassy polymers, Journal of Materials Science 12 (3), 1977, 531–542 

Skowyra, J.; Pietrzak, K.; Alhnan, M.A.: Fabrication of extended-release patient-tailored prednisolone 
tablets via fused deposition modelling (FDM) 3D printing, European Journal of Pharmaceutical Sci-
ences 68, 2015, 11–17 

Smith, W.C.; Dean, R.W.: Structural characteristics of fused deposition modeling polycarbonate mate-
rial, Polymer Testing 32 (8), 2013, 1306–1312 

Sobczak, L.; Brüggemann, O.; Putz, R.F.: Polyolefin composites with natural fibers and wood-
modification of the fiber/filler-matrix interaction, Journal of Applied Polymer Science 127 (1), 2013, 
1–17 

Somani, R.H.; Hsiao, B.S.; Nogales, A.: Structure Development during Shear Flow Induced Crystalliza-

tion of i-PP:  In Situ Wide-Angle X-ray Diffraction Study, Macromolecules 34 (17), 2001, 5902–5909 

Somireddy, M.; Czekanski, A.; Singh, C.V.: Development of constitutive material model of 3D printed 
structure via FDM, Materials Today Communications 15, 2018, 143–152 



 
 

  329 

Song, Y.; Li, Y.; Song, W., et al.: Measurements of the mechanical response of unidirectional 3D-
printed PLA, Materials & Design 123, 2017, 154–164 

Sood, A.K.; Ohdar, R.K.; Mahapatra, S.S.: Experimental investigation and empirical modelling of FDM 
process for compressive strength improvement, Journal of Advanced Research 3 (1), 2012, 81–90 

Sood, A.K.; Ohdar, R.K.; Mahapatra, S.S.: Improving dimensional accuracy of Fused Deposition Mod-
elling processed part using grey Taguchi method, Materials & Design 30 (10), 2009, 4243–4252 

Sood, A.K.; Ohdar, R.K.; Mahapatra, S.S.: Parametric appraisal of mechanical property of fused depo-
sition modelling processed parts, Materials & Design 31 (1), 2010, 287–295 

Spieß, L.; Teichert, G.; Schwarzer, R., et al.: Moderne Röntgenbeugung, 2. Aufl., Vieweg+Teubner, 
Wiesbaden, 2009 

Spoerk, M.; Arbeiter, F.; Cajner, H., et al.: Parametric optimization of intra- and inter-layer strengths in 
parts produced by extrusion-based additive manufacturing of poly(lactic acid), Journal of Applied Pol-
ymer Science 134, 2017, 45401 

Spoerk, M.; Arbeiter, F.; Raguž, I., et al.: Polypropylene filled with glass spheres in extrusion-based 
additive manufacturing: Effect of filler size and printing chamber temperature, Macromolecular Mate-
rials and Engineering, 2018 

Spoerk, M.; Gonzalez-Gutierrez, J.; Kukla, C., et al.: Special Materials and Technologies for Fused 
Filament Fabrication, In: Wang Qi (Hrsg.), PPS 2016 Asia/Australia Conference, 2016 

Spoerk, M.; Gonzalez-Gutierrez, J.; Sapkota, J., et al.: Effect of the printing bed temperature on the 
adhesion of parts produced by fused filament fabrication, Plastics, Rubber and Composites 47 (1), 
2018, 17–24 

Spoerk, M.; Sapkota, J.; Weingrill, G., et al.: Shrinkage and Warpage Optimization of Expanded-
Perlite-Filled Polypropylene Composites in Extrusion-Based Additive Manufacturing, Macromolecular 
Materials and Engineering 302 (10), 2017, 1700143 

Spoerk, M.; Savandaiah, C.; Arbeiter, F., et al.: Anisotropic properties of oriented short carbon fibre 
filled polypropylene parts fabricated by extrusion-based additive manufacturing, Composites Part A: 
Applied Science and Manufacturing under review, 2018 

Spoerk, M.; Savandaiah, C.; Arbeiter, F., et al.: Optimization of mechanical properties of glass-spheres-
filled polypropylene composites for extrusion-based additive manufacturing, Polymer Composites 83, 
2017, 768 

Spoerk, M.; Savandaiah, C.; Arbeiter, F., et al.: Properties of glass filled polypropylene for fused fila-
ment fabrication, In: ANTEC Anaheim 2017, The Plastics Technology Conference, 2017 

Sponseller, D.L.; Sponseller, T.E.: The Double Cantilever Beam (DCB) Test at Forty, BHM Berg- und 
Hüttenmännische Monatshefte 161 (1), 2016, 19–26 

Stoof, D.; Pickering, K.: 3D Printing of Natural Fibre Reinforced Recycled Polypropylene, In: Bicker-
ton, S.; Lin, R.J.-T.; Somashekar, A.A.; et al. (Hrsg.), Processing and Fabrication of Advanced Materials 
- XXV, 2017, 668–691 

Stoof, D.; Pickering, K.: Sustainable composite fused deposition modelling filament using recycled pre-
consumer polypropylene, Composites Part B: Engineering 135, 2018, 110–118 

Stratasys Ltd: FDM Thermoplastics, Find your FDM thermoplastic, 2015, 
http://www.stratasys.com/materials/fdm. (abgerufen am: 27.07.2017) 

Stricker, F.; Bruch, M.; Mülhaupt, R.: Mechanical and thermal properties of syndiotactic polypropene 
filled with glass beads and talcum, Polymer 38 (21), 1997, 5347–5353 

Stricker, F.; Friedrich, C.; Mülhaupt, R.: Influence of morphology on rheological and mechanical prop-
erties of SEBS-toughened, glass-bead-filled isotactic polypropene, Journal of Applied Polymer Science 
69 (12), 1998, 2499–2506 

Studart, A.R.: Additive manufacturing of biologically-inspired materials, Chemical Society Reviews 45 
(2), 2016, 359–376 



 

330 

Sudheer, M.; Prabhu, R.; Raju, K., et al.: Effect of Filler Content on the Performance of Epoxy/PTW 
Composites, Advances in Materials Science and Engineering 2014 (1), 2014, 1–11 

Suiker, A.: Mechanical performance of wall structures in 3D printing processes, Theory, design tools 
and experiments, International Journal of Mechanical Sciences 137, 2018, 145–170 

Sun, Q.; Rizvi, G.M.; Bellehumeur, C.T., et al.: Effect of processing conditions on the bonding quality 
of FDM polymer filaments, Rapid Prototyping Journal 14 (2), 2008, 72–80 

Sweeney, C.B.; Lackey, B.A.; Pospisil, M.J., et al.: Welding of 3D-printed carbon nanotube-polymer 
composites by locally induced microwave heating, Science Advances 3 (6), 2017, e1700262 

Takeda, S.; Yamamoto, K.; Hayasaka, Y., et al.: Surface OH group governing wettability of commercial 
glasses, Journal of Non-Crystalline Solids 249 (1), 1999, 41–46 

Tan, Z.; Parisi, C.; Di Silvio, L., et al.: Cryogenic 3D Printing of Super Soft Hydrogels, Scientific re-
ports 7 (1), 2017, 16293 

Tarik Arafat, M.; Gibson, I.; Li, X.: State of the art and future direction of additive manufactured scaf-
folds-based bone tissue engineering, Rapid Prototyping Journal 20 (1), 2014, 13–26 

Tekinalp, H.L.; Kunc, V.; Velez-Garcia, G.M., et al.: Highly oriented carbon fiber–polymer composites 
via additive manufacturing, Composites Science and Technology 105, 2014, 144–150 

Tellis, B.C.; Szivek, J.A.; Bliss, C.L., et al.: Trabecular scaffolds created using micro CT guided fused 
deposition modeling, Materials Science & Engineering, C: Materials for Biological Applications 28 (1), 
2009, 171–178 

Teo, E.Y.; Ong, S.-Y.; Chong, M.S.K., et al.: Polycaprolactone-based fused deposition modeled mesh 
for delivery of antibacterial agents to infected wounds, Biomaterials 32 (1), 2011, 279–287 

Tepic, S.: Method for producing oriented, discontinuous fiber reinforced composite materials, US 
5093050 A, 1992 

Thenepalli, T.; Jun, A.Y.; Han, C., et al.: A strategy of precipitated calcium carbonate (CaCO3) fillers 
for enhancing the mechanical properties of polypropylene polymers, Korean Journal of Chemical En-
gineering 32 (6), 2015, 1009–1022 

Thomason, J.L.; Vlug, M.A.: Influence of fibre length and concentration on the properties of glass 
fibre-reinforced polypropylene, 4. Impact properties, Composites Part A: Applied Science and Manu-
facturing 28 (3), 1997, 277–288 

Thompson, M.K.; Moroni, G.; Vaneker, T., et al.: Design for Additive Manufacturing, Trends, oppor-
tunities, considerations, and constraints, CIRP Annals 65 (2), 2016, 737–760 

Thongruang, W.; Spontak, R.J.; Balik, M.: Bridged double percolation in conductive polymer compo-
sites: an electrical conductivity, morphology and mechanical property study, Polymer 43, 2002, 3717–
3725 

Tian, H.; Zhang, S.; Ge, X., et al.: Crystallization behaviors and mechanical properties of carbon fiber-
reinforced polypropylene composites, Journal of Thermal Analysis and Calorimetry 128 (3), 2017, 
1495–1504 

Tian, X.; Liu, T.; Wang, Q., et al.: Recycling and remanufacturing of 3D printed continuous carbon 
fiber reinforced PLA composites, Journal of Cleaner Production 142, 2017, 1609–1618 

Tian, X.; Liu, T.; Yang, C., et al.: Interface and performance of 3D printed continuous carbon fiber 
reinforced PLA composites, Composites Part A: Applied Science and Manufacturing 88, 2016, 198–
205 

Tolinski, M.: Additives for polyolefins, Getting the most out of polypropylene, polyethylene and TPO, 
PDL handbook series, 1. Aufl., William Andrew Pub, Oxford, 2009 

Tong, C.; Kee-Hai, H.; Swee-Hin, T.: Scaffold Design and in Vitro Study of Osteochondral Coculture 
in a Three-Dimensional Porous Polycaprolactone Scaffold Fabricated by Fused Deposition Modeling, 
Tissue Engineering 9, 2003, 103–112 



 
 

  331 

Too, M.H.; Leong, K.F.; Chua, C.K., et al.: Investigation of 3D non-random porous structure by fused 
deposition modelling, International Journal of Advanced Manufacturing Technology 19, 2002, 217–
223 

Torrado Perez, A.R.; Roberson, D.A.; Wicker, R.B.: Fracture Surface Analysis of 3D-Printed Tensile 
Specimens of Novel ABS-Based Materials, Journal of Failure Analysis and Prevention 14 (3), 2014, 
343–353 

Torrado, A.R.; Roberson, D.A.: Failure Analysis and Anisotropy Evaluation of 3D-Printed Tensile 
Test Specimens of Different Geometries and Print Raster Patterns, Journal of Failure Analysis and 
Prevention 16 (1), 2016, 154–164 

Torrado, A.R.; Shemelya, C.M.; English, J.D., et al.: Characterizing the effect of additives to ABS on 
the mechanical property anisotropy of specimens fabricated by material extrusion 3D printing, Addi-
tive Manufacturing 6, 2015, 16–29 

Torres, J.; Cole, M.; Owji, A., et al.: An approach for mechanical property optimization of fused depo-
sition modeling with polylactic acid via design of experiments, Rapid Prototyping Journal 22 (2), 2016, 
387–404 

Torres, J.; Cotelo, J.; Karl, J., et al.: Mechanical Property Optimization of FDM PLA in Shear with 
Multiple Objectives, JOM 67 (5), 2015, 1183–1193 

Tseng, J.-W.; Liu, C.-Y.; Yen, Y.-K., et al.: Screw extrusion-based additive manufacturing of PEEK, 
Materials & Design 140, 2018, 209–221 

Tsouknidas, A.; Pantazopoulos, M.; Katsoulis, I., et al.: Impact absorption capacity of 3D-printed 
components fabricated by fused deposition modelling, Materials & Design 102, 2016, 41–44 

Turner, B.N.; Gold, S.A.: A review of melt extrusion additive manufacturing processes, II. Materials, 
dimensional accuracy, and surface roughness, Rapid Prototyping Journal 21 (3), 2015, 250–261 

Tymrak, B.M.; Kreiger, M.; Pearce, J.M.: Mechanical properties of components fabricated with open-
source 3-D printers under realistic environmental conditions, Materials & Design 58, 2014, 242–246 

Unterweger, C.; Brüggemann, O.; Fürst, C.: Effects of different fibers on the properties of short-fiber-
reinforced polypropylene composites, Composites Science and Technology 103, 2014, 49–55 

Unterweger, C.; Duchoslav, J.; Stifter, D., et al.: Characterization of carbon fiber surfaces and their 
impact on the mechanical properties of short carbon fiber reinforced polypropylene composites, 
Composites Science and Technology 108, 2015, 41–47 

Valentan, B.; Kadivnik, Z.; Brajlih, T., et al.: Processing Poly(ether etherketone) on a 3D printer for 
thermoplastic modelling, Materials and technology 47 (6), 2013, 715–721 

Valkenaers, H.; Vogeler, F.; Ferraris, E., et al.: A novel approach to additive manufacturing screw ex-
trusion 3D-printing, 2013 

van Der Klift, F.; Koga, Y.; Todoroki, A., et al.: 3D Printing of Continuous Carbon Fibre Reinforced 
Thermo-Plastic (CFRTP) Tensile Test Specimens, Open Journal of Composite Materials 06 (01), 2016, 
18–27 

van Krevelen, D.W.: Properties of Polymers, Elsevier, Amsterdam, 1997 

Varga, J.: β-Modification of isotactic polypropylene, Preparation, structure, processing, properties, and 
application, Journal of Macromolecular Science, Part B: Physics 41 (4), 2002, 1121–1171 

Venkataraman, N.; Rangarajan, S.; Matthewson, M.J., et al.: Feedstock material property – process 
relationships in fused deposition of ceramics (FDC), Rapid Prototyping Journal 6 (4), 2000, 244–253 

Vidović, E.; Faraguna, F.; Jukić, A.: Influence of inorganic fillers on PLA crystallinity and thermal 
properties, Journal of Thermal Analysis and Calorimetry 127, 2016, 371–380 

Vinogradov, G.V.; Bartenev, G.M.; Elkin, A.I., et al.: Effect of temperature on friction and adhesion of 
crystalline polymers, Wear 16, 1970, 213–219 

Vishal: Economics of 3D Printing, Part Two: The 3DP Crossover Point, 2015, 
http://www.3diligent.com/the-3dp-crossover-point/ 



 

332 

Visser, C.W.; Kamperman, T.; Karbaat, L.P., et al.: In-air microfluidics enables rapid fabrication of 
emulsions, suspensions, and 3D modular (bio)materials, Science Advances 4 (1), 2018, eaao1175 

Volpato, N.; Kretschek, D.; Foggiatto, J.A., et al.: Experimental analysis of an extrusion system for 
additive manufacturing based on polymer pellets, International Journal of Advanced Manufacturing 
Technology 81 (9-12), 2015, 1519–1531 

Wagner, H.D.; Lustiger, A.: Optimized toughness of short fiber-based composites, The effect of fiber 
diameter, Composites Science and Technology 69 (7-8), 2009, 1323–1325 

Wambua, P.; Ivens, J.; Verpoest, I.: Natural fibres, Can they replace glass in fibre reinforced plastics?, 
Composites Science and Technology 63 (9), 2003, 1259–1264 

Wang, D.; Jones, F.R.: Surface analytical study of the interaction between γ-amino propyl triethox-
ysilane and E-glass surface, Part II: X-ray photoelectron spectroscopy, Journal of Materials Science 28 
(9), 1993, 2481–2488 

Wang, D.; Jones, F.R.; Denison, P.: Surface analytical study of the interaction between γ-amino propyl 
triethoxysilane and E-glass surface, Part I: Time-of-flight secondary ion mass spectrometry, Journal of 
Materials Science 27 (9), 1992, 36–48 

Wang, J.; Xie, H.; Weng, Z., et al.: A novel approach to improve mechanical properties of parts fabri-
cated by fused deposition modeling, Materials & Design 105, 2016, 152–159 

Wang, L.; Gardner, D.J.: Contribution of printing parameters to the interfacial strength of polylactic 
acid (PLA) in material extrusion additive manufacturing, Progress in Additive Manufacturing 293 (10), 
2018, 799 

Wang, L.; Gardner, D.J.: Effect of fused layer modeling (FLM) processing parameters on impact 
strength of cellular polypropylene, Polymer 113, 2017, 74–80 

Wang, L.; Gardner, D.J.: Enhanced cellulose nanofibril/polypropylene composites for 3D printing, 
SPEPRO, 2017 

Wang, L.; Gardner, D.J.; Bousfield, D.W.: Cellulose nanofibril-reinforced polypropylene composites 
for material extrusion, Rheological properties, Polymer Engineering & Science 293, 2017, 804 

Wang, L.; Gramlich, W.; Gardner, D.J., et al.: Spray-Dried Cellulose Nanofibril-Reinforced Polypro-
pylene Composites for Extrusion-Based Additive Manufacturing, Nonisothermal Crystallization Kinet-
ics and Thermal Expansion, Journal of Composites Science 2 (1), 2018, 7 

Wang, L.; Gramlich, W.M.; Gardner, D.J.: Improving the impact strength of Poly(lactic acid) (PLA) in 
fused layer modeling (FLM), Polymer 114, 2017, 242–248 

Wang, L.; Sanders, J.E.; Gardner, D.J., et al.: Effect of fused deposition modeling process parameters 
on the mechanical properties of a filled polypropylene, Progress in Additive Manufacturing 293 (1), 
2018, 799 

Wang, T.-M.; Xi, J.-T.; Jin, Y.: A model research for prototype warp deformation in the FDM process, 
International Journal of Advanced Manufacturing Technology 33 (11-12), 2007, 1087–1096 

Watanabe, N.; Shofner, M.L.; Treat, N., et al.: A Model for Residual Stress and Part Warpage Predic-
tion in Material Extrusion with Application to Polypropylene, In: The Minerals, Metals & Materials 
Society (Hrsg.): 2016 Annual International Solid Freeform Fabrication Symposium, An Additive Man-
ufacturing Conference, 2016, 2437–2455 

Wegst, U.G.K.; Bai, H.; Saiz, E., et al.: Bioinspired structural materials, Nature materials 14 (1), 2015, 
23–36 

Wei, X.; Li, D.; Jiang, W., et al.: 3D Printable Graphene Composite, Scientific reports 5, 2015, 11181 

Wei, X.X.; Wang, Z.M.; Xiong, J.: The analytical solutions for the stress distributions within elastic 
hollow spheres under the diametrical point loads, Archive of Applied Mechanics 85 (6), 2015, 817–830 

Weller, C.; Kleer, R.; Piller, F.T.: Economic implications of 3D printing, Market structure models in 
light of additive manufacturing revisited, International Journal of Production Economics 164, 2015, 
43–56 



 
 

  333 

Weng, Z.; Wang, J.; Senthil, T., et al.: Mechanical and thermal properties of ABS/montmorillonite 
nanocomposites for fused deposition modeling 3D printing, Materials & Design 102, 2016, 276–283 

White, J.L.; Choi, D.D.: Polyolefins, Processing, Structure Development, and Properties, Hanser, 
München, 2005 

Wieme, T.; Tang, D.; Delva, L., et al.: The relevance of material and processing parameters on the 
thermal conductivity of thermoplastic composites, Polymer Engineering & Science 6440, 2017, 1 

Williams, J.G.; Pavan, A.; Blackman, B.: Fracture of Polymers, Composites and Adhesives II, In: 3rd 
ESIS TC4 Conference, Elsevier textbooks, 2003 

Wohlers, T.T.; Caffrey, T.; Campbell, R.I.: Wohlers Report 2017, 3D Printing and Additive Manufac-
turing State of the Industry: Annual Worlwide Progress Report, Wohlers Associates, Fort Collins, Col-
orado, 2017 

Wojciechowski, L.; Kubiak, K.J.; Mathia, T.G.: Roughness and wettability of surfaces in boundary 
lubricated scuffing wear, Tribology International 93, 2016, 593–601 

Wosu, S.N.; Hui, D.; Dutta, P.K.: Dynamic mixed-mode I/II delamination fracture and energy release 
rate of unidirectional graphite/epoxy composites, Engineering Fracture Mechanics 72 (10), 2005, 
1531–1558 

Wu, G.; Nishida, K.; Takagi, K., et al.: Rubber as additives to lower thermal expansion coefficient of 
plastics, 1. Morphology and properties, Polymer 45 (9), 2004, 3085–3090 

Wu, W.; Geng, P.; Li, G., et al.: Influence of Layer Thickness and Raster Angle on the Mechanical 
Properties of 3D-Printed PEEK and a Comparative Mechanical Study between PEEK and ABS, Ma-
terials 8 (9), 2015, 5834–5846 

Wu, X.-F.; Liu, F.; Li, J.-W., et al.: Effects of Soluble Cerous Compound as a Surface Modifier on the 
Properties of Isotactic Polypropylene/Hollow Glass Beads Composites, Journal of Macromolecular 
Science, Part B: Physics 51 (4), 2012, 807–816 

Wypych, G.: Handbook of Fillers, 4. Aufl., ChemTec Publishing, 2016 

Xanthos, M.: Functional fillers for plastics, 2. Aufl., Wiley-VCH, Weinheim, 2010 

Xu, T.; Yu, J.; Jin, Z.: Effects of crystalline morphology on the impact behavior of polypropylene, 
Materials & Design 22 (1), 2001, 27–31 

Xu, Y.-J.; Yang, W.; Xie, B.-H., et al.: Effect of Injection Parameters and Addition of Nanoscale Mate-
rials on the Shrinkage of Polypropylene Copolymer, Journal of Macromolecular Science, Part B: Phys-
ics 48 (3), 2009, 573–586 

Xuan, Y.; Tang, H.; Wu, B., et al.: A specific groove design for individualized healing in a canine partial 
sternal defect model by a polycaprolactone/hydroxyapatite scaffold coated with bone marrow stromal 
cells, Journal of Biomedical Materials Research, Part A 102 (10), 2014, 3401–3408 

Yaman, U.: Shrinkage compensation of holes via shrinkage of interior structure in FDM process, In-
ternational Journal of Advanced Manufacturing Technology 94 (5-8), 2018, 2187–2197 

Yang, Z.; Mai, K.: Nonisothermal crystallization and melting behavior of β-nucleated isotactic poly-
propylene and polyamide 66 blends, Journal of Applied Polymer Science 119 (6), 2011, 3566–3573 

Yao, S.-S.; Jin, F.-L.; Rhee, K.Y., et al.: Recent advances in carbon-fiber-reinforced thermoplastic com-
posites, A review, Composites Part B: Engineering, 2017 

Yao, X.; Luan, C.; Zhang, D., et al.: Evaluation of carbon fiber-embedded 3D printed structures for 
strengthening and structural-health monitoring, Materials & Design 114, 2017, 424–432 

Yeong, W.-Y.; Chua, C.-K.; Leong, K.-F., et al.: Rapid prototyping in tissue engineering: challenges and 
potential, Trends in biotechnology 22 (12), 2004, 643–652 

Young, D.; Wetmore, N.; Czabaj, M.: Interlayer fracture toughness of additively manufactured unrein-
forced and carbon-fiber-reinforced acrylonitrile butadiene styrene, Additive Manufacturing 22, 2018, 
508–515 



 

334 

Yu, B.; Geng, C.; Zhou, M., et al.: Impact toughness of polypropylene/glass fiber composites, Inter-
play between intrinsic toughening and extrinsic toughening, Composites Part B: Engineering 92, 2016, 
413–419 

Yu, W.W.; Zhang, J.; Wu, J.R., et al.: Incorporation of graphitic nano-filler and poly(lactic acid) in 
fused deposition modeling, Journal of Applied Polymer Science 134 (15), 2017, 3240 

Yuan, Q.; Jiang, W.; An, L., et al.: Competing effect between filled glass bead and induced β crystal on 
the tensile properties of polypropylene/glass bead blends, Journal of Applied Polymer Science 96 (5), 
2005, 1729–1733 

Yuan, Q.; Jiang, W.; An, L., et al.: Effects of filler size and heat treatment on the crystallization behav-
ior of glass bead-filled polypropylene, Journal of Polymer Science Part B: Polymer Physics 43 (3), 2005, 
306–313 

Yuan, Q.; Jiang, W.; An, L., et al.: Effects of reinforcement filler and temperature on the stability of β-
crystal in glass bead filled polypropylene, Materials Science and Engineering: A 415 (1-2), 2006, 297–
303 

Yuan, Q.; Jiang, W.; An, L., et al.: Nonisothermal crystallization behavior of glass-bead-filled polypro-
pylene, Journal of Applied Polymer Science 102 (3), 2006, 2026–2033 

Yuan, Q.; Jiang, W.; An, L., et al.: The mechanical and thermal behaviors of glass bead filled polypro-
pylene, Polymers for Advanced Technologies 15 (7), 2004, 409–413 

Zander, N.E.; Gillan, M.; Lambeth, R.H.: Recycled polyethylene terephthalate as a new FFF feedstock 
material, Additive Manufacturing 21, 2018, 174–182 

Zein, I.; Hutmacher, D.W.; Tan, K.C., et al.: Fused deposition modeling of novel scaffold architectures 
for tissue engineering applications, Biomaterials 23 (4), 2002, 1169–1185 

Zeng, H.; Maeda, N.; Chen, N., et al.: Adhesion and Friction of Polystyrene Surfaces around Tg, Mac-
romolecules 39 (6), 2006, 2350–2363 

Zhai, Z.; Liu, Z.; Feng, L., et al.: Interfacial adhesion of glass fibre reinforced polypropylene-maleic 
anhydride modified polypropylene copolymer composites, Journal of Reinforced Plastics and Compo-
sites 33 (8), 2014, 785–793 

Zhang, J.; Wang, X.Z.; Yu, W.W., et al.: Numerical investigation of the influence of process conditions 
on the temperature variation in fused deposition modeling, Materials & Design 130, 2017, 59–68 

Zhang, W.; Cotton, C.; Sun, J., et al.: Interfacial bonding strength of short carbon fiber/acrylonitrile-
butadiene-styrene composites fabricated by fused deposition modeling, Composites Part B: Engineer-
ing 137, 2018, 51–59 

Zhang, Y.; Backer, W. de; Harik, R., et al.: Build Orientation Determination for Multi-material Deposi-
tion Additive Manufacturing with Continuous Fibers, Procedia CIRP 50, 2016, 414–419 

Zhansitov, A.A.; Khashirova, S.Y.; Slonov, A.L., et al.: Development of technology of polysulfone 
production for 3D printing, High Performance Polymers 29 (6), 2017, 724–729 

Zhao, D.X.; Cai, X.; Shou, G.Z., et al.: Study on the Preparation of Bamboo Plastic Composite Intend 
for Additive Manufacturing, Key Engineering Materials 667, 2015, 250–258 

Zheng, R.; Kennedy, P.; Phan-Thien, N., et al.: Thermoviscoelastic simulation of thermally and pres-
sure-induced stresses in injection moulding for the prediction of shrinkage and warpage for fibre-
reinforced thermoplastics, Journal of Non-Newtonian Fluid Mechanics 84 (2-3), 1999, 159–190 

Zhong, W.; Li, F.; Zhang, Z., et al.: Short fiber reinforced composites for fused deposition modeling, 
Materials Science & Engineering, A: Structural Materials: Properties, Microstructure and Processing 
301 (2), 2001, 125–130 

Zhou, Y.-G.; Su, B.; Turng, L.-s.: Deposition-induced effects of isotactic polypropylene and polycar-
bonate composites during fused deposition modeling, Rapid Prototyping Journal 23 (5), 2017, 869–880 

Zhu, D.; Ren, Y.; Liao, G., et al.: Thermal and mechanical properties of polyamide 12/graphene nano-
platelets nanocomposites and parts fabricated by fused deposition modeling, Journal of Applied Poly-
mer Science 134 (39), 2017, 45332 



 
 

  335 

Zhu, W.; Qu, X.; Zhu, J., et al.: Direct 3D bioprinting of prevascularized tissue constructs with com-
plex microarchitecture, Biomaterials 124, 2017, 106–115 

Zhuang, Y.; Song, W.; Ning, G., et al.: 3D–printing of materials with anisotropic heat distribution us-
ing conductive polylactic acid composites, Materials & Design 126, 2017, 135–140 

Ziemian, C.W.; Ziemian, R.D.; Haile, K.V.: Characterization of stiffness degradation caused by fatigue 
damage of additive manufactured parts, Materials & Design 109, 2016, 209–218 

Ziemian, S.; Okwara, M.; Ziemian, C.W.: Tensile and fatigue behavior of layered acrylonitrile butadiene 
styrene, Rapid Prototyping Journal 21 (3), 2015, 270–278 

Zopf, D.A.; Mitsak, A.G.; Flanagan, C.L., et al.: Computer aided-designed, 3-dimensionally printed 
porous tissue bioscaffolds for craniofacial soft tissue reconstruction, Otolaryngology—head and neck 
surgery : official journal of American Academy of Otolaryngology-Head and Neck Surgery 152 (1), 
2015, 57–62 

 

  



 

336 

  



 
 

  337 

ABOUT THE AUTHOR 

Martin Spörk was born on the 16th of July 1991 in Graz, Austria. He received his high 

school education at the Bundesrealgymnasium in Weiz, where he passed his school leaving 

examination with extinction. After finishing his civilian service, he started studying Polymer 

Engineering and Science at the Montanuniversitaet Leoben, Austria. During his bachelor and 

master studies, he worked more than three years as an intern in various companies related to 

his studies and as a junior researcher at both the Institute of Chemistry of Polymeric Materials 

and the Institute of Materials Science and Testing of Polymers at the Montanuniversitaet Leo-

ben. Additionally, Martin spent half a year studying “Materials Chemistry and Nanotechnolo-

gy” at Chalmers University of Technology in Gothenburg, Sweden in the framework of an 

Erasmus exchange. For his master’s degree, Martin wrote his thesis on novel environmentally 

friendly flame retardants for polypropylene under the supervision of Prof. Wolfgang Kern. In 

2015, he joined the Institute of Polymer Processing at the Montanuniversitaet Leoben to start 

a PhD together with Ghent University about the mechanical and process optimisation of nov-

el polypropylene composites produced by extrusion-based additive manufacturing under the 

supervision of Prof. Clemens Holzer and Prof. Ludwig Cardon. During his PhD, he also spent 

half a year conducting research at Ghent University, and attended international and renowned 

polymer conferences in the USA, Mexico, Belgium, Austria and Portugal. His research work 

has led to the publication of eleven A1 publications in various international journals within 

three years.  

 

Peer-reviewed journal publications 

 Spoerk M., Savandaiah C., Arbeiter F., Traxler G., Cardon L., Holzer C., Sapkota J.: Ani-

sotropic properties of oriented short carbon fibre filled polypropylene parts fabricated by 

extrusion-based additive manufacturing, Composites Part A: Applied Science and Manufacturing, 

2018, 113, 95.  

 Duan L., D‘hooge D. R., Spoerk M., Cornillie P., Cardon L.: Facile and Low-Cost Route 

for Sensitive Stretchable Sensors by Controlling Kinetic and Thermodynamic Conductive 

Network Regulating Strategies, ACS Applied Materials & Interfaces, 2018, 10(26), 22678.  

 Spoerk M., Arbeiter F., Raguž I., Weingrill G., Fischinger T., Traxler G., Schuschnigg S., 

Cardon L., Holzer C.: Polypropylene Filled With Glass Spheres in Extrusion-Based Addi-

tive Manufacturing: Effect of Filler Size and Printing Chamber Temperature, Macromolecu-

lar Materials and Engineering, 2018, 303(7), 1800179. 



 

338 

 Spoerk M., Gonzalez-Gutierrez J., Lichal C., Cajner H., Berger G. R., Schuschnigg S., 

Cardon L., Holzer C.: Optimisation of the Adhesion of Polypropylene-Based Materials 

during Extrusion-Based Additive Manufacturing, Polymers, 2018, 10(490), 1. 

 Kaynak B., Spoerk M., Shirole A., Ziegler W., Sapkota J.: Polypropylene/Cellulose Com-

posites for Material Extrusion Additive Manufacturing, Macromolecular Materials and Engi-

neering, 2018, 303(5), 1800037. 

 Arbeiter F., Spoerk M., Wiener J., Gosch A., Pinter G.: Fracture mechanical characteriza-

tion and lifetime estimation of near-homogeneous components produced by fused fila-

ment fabrication, Polymer Testing, 2018, 66, 105. 

 Spoerk M., Gonzalez-Gutierrez J., Sapkota J., Schuschnigg S., Holzer C.: Effect of the 

printing bed temperature on the adhesion of parts produced by fused filament fabrica-

tion, Plastics, Rubber and Composites – Macromolecular Engineering, 2018, 47(1), 17.  

 Spoerk M., Savandaiah C., Arbeiter F., Sapkota J., Holzer C.: Optimization of mechanical 

properties of glass-spheres-filled polypropylene composites for extrusion-based additive 

manufacturing, Polymer Composites, 2017, 83, 768. 

 Gonzalez-Gutierrez J., Godec D., Gurán R., Spoerk M., Kukla C., Holzer C.: 3D Printing 

Conditions Determination for Feddstock Used in Fused Filament Fabrication (FFF) of 

17-4PH Stainless Steel Parts, Journal Metalurgija, 2017, 57(1), 117. 

 Spoerk M., Sapkota J., Weingrill G., Fischinger T., Arbeiter F., Holzer C.: Shrinkage and 

Warpage Optimization of Expanded-Perlite-Filled Polypropylene Composites in Extru-

sion-Based Additive Manufacturing, Macromolecular Materials and Engineering, 2017, 302(10), 

1700143. 

 Spoerk M., Arbeiter F., Cajner H., Sapkota J., Holzer C.: Parametric optimization of intra- 

and inter-layer strengths in parts produced by extrusion-based additive manufacturing of 

poly(lactic acid), Journal of Applied Polymer Science, 2017, 134(41), 45401. 

 

Peer-reviewed conference proceedings 

 Spoerk M.; Arbeiter F.; Raguž I.; Traxler G.; Schuschnigg S.; Cardon L.; Holzer C.: The 

consequences of different printing chamber temperatures in extrusion-based additive 

manufacturing, 8th bi-annual international conference of polymers & moulds innovations PMI, Mi-

nho, Portugal, 2018.  

 Wiener J., Arbeiter F., Spoerk M., Gosch A., Pinter G.: Material selection, testing and 

validation of additively manufactured components, Plastics technology conference – ANTEC, 

Society of Plastics Engineers, Orlando, Florida, USA, 2018. 

 Spoerk M., Savandaiah C., Arbeiter F., Schuschnigg S., Holzer C.: Properties of glass 

filled polypropylene for fused filament fabrication, Plastics technology conference – ANTEC, 

Society of Plastics Engineers, Anaheim, California, USA, 2017.  



 
 

  339 

 Spoerk M.; Gonzalez-Gutierrez J; Kukla C.; Schuschnigg S.; Holzer C.: Special materials 

and technologies for fused filament fabrication, Asia/Australia conference of the polymer pro-

cessing society – PPS, Chengdu, China, 2016. 

 

Non-peer-reviewed conference proceedings 

 Spoerk M.; Savandaiah C.; Arbeiter F.; Traxler G.; Cardon L.; Holzer C.; Sapkota J.: Ma-

terial extrusion additive manufacturing of polypropylene/carbon fibre composites, Ab-

stract at the 34th international conference of the polymer processing society – PPS, Taipei, Taiwan, 

2018. 

 Spoerk M.; Gonzalez-Gutierrez J.; Sapkota J.; Schuschnigg S.; Holzer C.: Adhesion of 

standard filament materials to different build platforms in material extrusion additive 

manufacturing, Abstract at the 34th international conference of the polymer processing society – PPS, 

Taipei, Taiwan, 2018.  

 Arbeiter F.; Spoerk M.; Wiener J.; Pinter G.: Strukturbauteile aus dem 3D-Drucker: 

begleitende Werkstoffprüfung zur Eigenschaftsoptimierung, Extended abstract at the 27. 

Leobener Kunststoff-Kolloquium, Leoben, Austria, 2018. 

 Spoerk M.; Gonzalez-Gutierrez J.; Sapkota J.; Schuschnigg S.; Holzer C.: Effekt der 

Bauplattformtemperatur auf die Adhäsion von 3D-gedruckten Bauteilen, Abstract at the 

27. Leobener Kunststoff-Kolloquium, Leoben, Austria, 2018.  

 Spoerk M.; Savandaiah C.; Arbeiter F.; Sapkota J.; Holzer C.: Optimierung der mecha-

nischen Eigenschaften von glasgefüllten Polypropylen-Compounds für die extrusionsba-

sierte additive Fertigung, Abstract at the 27. Leobener Kunststoff-Kolloquium, Leoben, Austria, 

2018.  

 Spoerk M.; Arbeiter F.; Cajner H.; Sapkota J.; Holzer C.: Maximisation of intra- and inter-

layer strengths in parts produced by fused filament fabrication, Abstract at the 33rd interna-

tional conference of the polymer processing society – PPS, Cancún, Mexico, 2017.  

 Schuschnigg S.; Spoerk M.; Sapkota J.; Weingrill G.; Fischinger T.; Arbeiter F.; Holzer C.: 

Processability of perlite-filled polypropylene composites in extrusion-based additive man-

ufacturing, Abstract at the Europe/Africa conference of the polymer processing society – PPS, 

Dresden, Germany, 2017. 

 Spoerk M.; Schuschnigg S.; Arbeiter F.; Berger G.; Holzer C.: Bonding forces in fused 

filament fabrication, Abstract at the 7th bi-annual international conference of polymers & moulds 

innovations – PMI, Ghent, Belgium, 2016.  

 

 

 

 



 

340 

Oral presentations at conferences 

 Spoerk M.; Arbeiter F.; Raguž I.; Traxler G.; Schuschnigg S.; Cardon L.; Holzer C.: The 

consequences of different printing chamber temperatures in extrusion-based additive 

manufacturing, Oral presentation at the 8th bi-annual international conference of polymers & 

moulds innovations PMI, Minho, Portugal, 19th-21st September 2018.  

 Spoerk M.; Arbeiter F.; Cajner H.; Sapkota J.; Holzer C.: Maximisation of intra- and inter-

layer strengths in parts produced by fused filament fabrication, Oral presentation at the 

33rd international conference of the polymer processing society – PPS, Cancún, Mexico, 10th-14th De-

cember 2017.  

 Spoerk M.; Arbeiter F.; Cajner H.; Sapkota J.; Holzer C.: Improvement of intra- and inter-

layer strengths in extrusion-based additive manufacturing, Oral presentation at the sympo-

sium on additive manufacturing and innovative technologies – Add+it, Steyr, Austria, 28th-29th Sep-

tember 2017.  

 Spoerk M., Savandaiah C., Arbeiter F., Schuschnigg S., Holzer C.: Properties of glass 

filled polypropylene for fused filament fabrication, Oral presentation at the Plastics technol-

ogy conference – ANTEC, Society of Plastics Engineers, Anaheim, California, USA, 8th-10th 

May 2017.  

 Spoerk M.; Schuschnigg S.; Arbeiter F.; Berger G.; Holzer C.: Bonding forces in fused 

filament fabrication, Oral presentation at the 7th bi-annual international conference of polymers & 

moulds innovations – PMI, Ghent, Belgium, 22nd-23rd September 2016.  

 

Supervised academic works 

 Master’s thesis of Savandaiah C.: Shrinkage and warpage reduction of filled and blended 

polypropylene for extrusion-based additive manufacturing, Montanuniversitaet Leoben in 

cooperation with Tallinn University of Technology, 2017.  

 


