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Abstract

Thermoplastic 3D printing (T3DP) is an additive manufacturing (AM) process where
micron sized droplets of thermoplastic wax-based feedstocks, with high solid content of
ceramic powder, are deposited with high precision and resolution. The complete workflow
of T3DP, from the properties of the suspensions to the process parameters, to deposit
droplet by droplet, forming lines and layers, needs to be understood and controlled. Since
T3DP is a relatively new AM technique, the studies of the suspension rheological
requirements have been limited. It was reported that the suspensions should exhibit a shear
thinning behavior in a given viscosity window. The details about colloidal particle
interactions, whether particles should be weakly flocculated (at secondary minimum) and
have a yield point, and their influence on the printability, however, have not yet been
studied. Next to the properties of the used feedstocks, the role of the infill strategy for the
formation of layers from lines, an important process parameter being highly sensitive to
the introduced flaw type population, which ultimately determines final mechanical strength
and reliability of T3DP-printed and sintered ceramic parts, is yet to be investigated.

The goal of this doctoral thesis was to study and control the complete workflow of
T3DP in a systematic approach consisting of two main parts. In the first part of the study,
paraffin-wax suspensions highly loaded with fine zirconia powder, stabilized by a
combination of surfactants with significantly different chain lengths, were prepared. The
relation between the surfactant chain length, conformation, and interparticle interactions,
as well as the rheological behavior of the suspensions, such as viscosity, yield stress, storage,
and loss moduli, was investigated in detail. Furthermore, the feedstocks were deposited in
the form of individual droplets, lines, and single layers to correlate these rheological
properties with jettability. It was found that the conformation and thickness of the steric
barrier were critical parameters, affecting the rheological properties and the state of
suspensions, being weakly flocculated or well dispersed, depending on the surfactant chain
length (2.4 nm or 10 nm) and the ratios of the used surfactants. Thus, it was shown that
T3DP jettability was dictated not only by the viscosity of the feedstocks but also by their
respective yield point. In the second part of the study, wax-based zirconia feedstocks were
printed in the form of rectangular bending bars with 3 different infill strategies, i.e., 0°,
90°, and alternating 0° 4+ 90°. The homogeneity of formed bars, the type of flaw
populations, final sintered density, Weibull strength distribution, and fractography were
studied. It was shown that the infill strategy did not have a significant effect on the
mechanical properties for T3DP, unlike other AM processes such as fused filament
fabrication. However, the Weibull moduli obtained from the parts were significantly lower
than the values achieved by other AM processes. Fractography revealed two types of flaws
in the form of feedstock inhomogeneities and/or voids from imperfect fusion of subsequent
droplets, indicating a need for improvement of both feedstock properties and process
parameters.

T3DP allows for the preparation of complex-shaped ceramic parts and multi-material
components that can be used in many different areas, such as dentistry, biomedicine, the
semiconductor industry, and catalysis. However, understanding the interparticle
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interactions and resulting rheological behavior of highly-loaded paraffin-wax suspensions is
essential for their successful implementation. The thesis delivers a “roadmap” for the design
of the steric barrier thickness and configuration, which governs various rheological
properties of the feedstocks, with defined boundaries for the successful jetting outcome,
going beyond the state of the art for T3DP.
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Povzetek

Termoplasti¢no 3D-tiskanje (ang. thermoplastic 3D printing, T3DP) je postopek aditivnega
oblikovanja keramike na osnovi iztiskanja mikrometrskih kapljic termoplasti¢ne suspenzije
z visoko vsebnostjo keramicénega prahu. Tak nacin nanasanja omogoca natancéno
oblikovanje komponent z visoko locljivostjo. Nanesene kapljice se na podlagi z ohlajanjem
strjujejo, z delnim prekrivanjem kapljic pa tvorimo posamezne linije in nato
dvodimenzionalne plasti celotne komponente, kar dela postopek T3DP kompleksen. Za
popolno obvladovanje postopka T3DP je tako potrebno razumeti ne samo parametre
tiskanja, tj., na¢rtovanje in strategijo brizganja kapljic na podlago, ampak tudi lastnosti
uporabljene keramicne suspenzije (surovine). T3DP je razmeroma nov postopek aditivnega
oblikovanja keramike, zato v literaturi ni veliko podatkov o primerni sestavi in zahtevanih
lastnostih suspenzij. Znano je le, da morajo suspenzije izkazovati psevdoplasti¢no
obnasanje, ni pa znano, kaksne meddel¢ne interakcije so dopustne, tj., ali so lahko delci
sibko flokulirani in ali mora suspenzija izkazovati mejno strizno napetost. Do te mere
meddel¢éne interakcije suspenzij za T3DP Se niso bile dovolj raziskane, a vendar kljuéno
vplivajo na reoloske lastnosti ter na uspesnost aditivnega postopka T3DP. Neraziskan
ostaja tudi vpliv strategije oblikovanja plasti iz posameznih linij zdruZenih kapljic (ang.
infill strategy). Strategija tiskanja je kljucni procesni parameter, ki dolo¢a vrsto nastalih
napak v oblikovancu, ki nadalje dolo¢ajo mehansko trdnost in zanesljivost tako oblikovanih
ter sintranih keramic¢nih komponent.

Cilj doktorske disertacije je bil sistemati¢no preuciti zakonitosti in nacrtovanje
keramicnih suspenzij in celoten postopek T3DP za uspesno oblikovanje zanesljivih
keramicnih komponent. Prvi del disertacije zaobjema nacrtovanje in pripravo keramicnih
suspenzij na osnovi parafinskega voska z visoko vsebnostjo keramic¢nega prahu
cirkonijevega oksida, pri ¢emer je bil prah dispergiran v vosek z uporabo kombinacije
povrsinsko aktivnih snovi z razli¢nimi dolzinami verig. Podrobno je bila preucena povezava
med dolzino verige surfaktanta, mozne konformacije, ko je adsorbiran na povrsini
keramiCnega delca in posledicnega vpliva na meddel¢ne interakcije, ter reoloskega
obnasanja suspenzij, kot so viskoznost, mejna strizna napetost, elastic¢ni in viskozni modul.
Sledi preucevanje sposobnosti iztiskanja oziroma brizganja in zdruzevanja posameznih
kapljic v linije ter nanesene plasti na podlago kot posledico razlicnih reoloskih lastnosti
suspenzij v odvisnosti od danih meddel¢nih interakcij. Ugotovljeno je bilo, da sta
konformacija in debelina sloja surfaktantov kljuéna parametra, ki vplivata na reoloske
lastnosti in obnasanje termoplasticne suspenzije. Glede na dolzino verige uporabljenih
povrsinsko aktivnih snovi (2,4 nm ali 10 nm) ter njihovo mnozinsko razmerje so lahko delci
v suspenziji Sibko flokulirani ali dobro dispergirani. Izkaze se, da je poleg viskoznosti
suspenzije izredno pomemba tudi prisotnost ter magnituda mejne strizne napetosti za
uspesno oblikovanje linij in plasti s postopkom T3DP. Namen drugega dela disertacije je
bil studirati vpliv strategije aditivhega oblikovanja palck iz cirkonijevega oksida na
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upogibno trdnost, zanesljivost in naravo vnesenih napak tekom oblikovanja. Glede na
uporabljeno strategijo oblikovanja, tj., 0°, 90° ali izmeniéno 0° + 90°, je bila preucena
homogenost oblikovanih preizkusancev, konéna sintrana gostota vrsta in velikost
(fraktografija), upogibna trdnost ter Weibullova porazdelitev trdnosti. Za razliko od drugih
postopkov aditivnega oblikovanja, kot na primer metode termoplasticnega spajanja
filamenta (ang. fused filament fabrication), strategija oblikovanja plasti pri T3DP nima
vecjega vpliva na mehansko trdnost in tip napak. Kljub temu pa so bile izmerjene vrednosti
Weibullovega modula vzorcev T3DP bistveno nizje od vrednosti, ki jih dosega keramika iz
cirkonijevega oksida, pripravljena z drugimi postopki aditivnega oblikovanja. Fraktografska
analiza je razkrila dva tipa napak, tj., primarne vnesene napake kot posledica
nehomogenosti suspenzije in/ali sekundarne v obliki praznin kot posledica nepopolnega
zdruzevanja iztisnjenih kapljic, kar kaze na potrebo po izboljSavah tako pri homogenizaciji
suspenzije kot pri nastavitvah procesnih parametrov.

T3DP tehnologija aditivnega oblikovanja omogoca izdelavo kerami¢nih komponent
kompleksnih geometrij iz enega ali ve¢ kerami¢nih materialov, uporabnih na Stevilnih
podrocjih, kot so stomatologija, biomedicina, polprevodniska industrija in kataliza. Vendar
pa je za uspesno implementacijo tehnologije T3DP bistveno razumevanje meddel¢nih
interakcij in posledi¢nega reoloskega obnasanja suspenzij, ki se uporabijo kot surovine za
tisk. Doktorska disertacija ponuja poglobljen vpogled na razumevanje in nacrtovanje
meddel¢énih interakcij keramicnih delcev v parafinskih suspenzijah, ki dolocajo reoloske
lastnosti teh suspenzij, in definira meje za uspesno nanasanje kapljic s tehnologijo T3DP
za aditivno oblikovanje keramiénih komponent.



xiii

Contents

List of Figures XV
List of Tables xvii
Abbreviations xix
1 Introduction 1
1.1 Additive Manufacturing of Ceramics .........ccouuveiiieeeiiiiiiiiiii e 1
1.2 Ceramic AM Processes that Utilize Thermoplastic Feedstocks ................coennene. 4
1.2.1  Fused filament fabrication............cccccooiiiiiiii e 5
1.2.1.1  Preparation and properties of filaments ............ccccccoeiiiiiiiinnnin. 6
1.2.1.2  The infill strategy for filament deposition ..........cccccccovriniiiin. 7
1.2.1.3  Post processing and characterization of printed parts............... 7
1.2.2  Thermoplastic 3D printing ..........cccccciiiiiiii 10
1.2.2.1  Suspensions used for T3DP (and LPIM) ceramic manufacturing
................................................................................................. 12
1.2.2.2  Post-processing of parts prepared by T3DP (and LPIM & FFF)
................................................................................................. 14
1.3 Colloidal Particle Interactions in Thermoplastic Suspensions...........ccccccceeeeeenee 14
1.3.1 Attractive particle INteractions..........cooviiiiiiiiiiieeiiiee e 15
1.3.2  Repulsive (steric) particle Interactions .............coccooviiiiiiiriiiiiiinicieenns 16
1.4 Rheological Properties of Thermoplastic Suspensions...........ccccccevvviiiiiiieeeeninnne 20
1.4.1 Rheological properties and droplet jetting........cccoovvcviiiiiiiiiiiiiniiinn. 23
2 Materials and Methods 27
2.1 Preparation of Paraffin-Wax-Based Zirconia Suspensions ..............cccccccccveeeeneens 27
2.2 Rheological Characterization of SuSpensions ............ccccccoevviiiiiiiiiieeeeieiiiieen 30
2.3 Thermoplastic 3D Printing ...........cccoioiuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieieiieieeees 31
2.3.1 Jetting of droplets with a micro-dispensing system............ccccceevveeernnnnns 31
2.3.2  Printing and post-processing of bending bars with different infill

SETALEZIES oot 32
2.4 Characterization of Parts Printed by T3DP .......ccccccooiiiiiiiii 34
2.4.1 High speed camera imaging and laser scanning of individual droplets ....34
2.4.2  Surface roughness of single [ayers.........ccccccoieiiiiiiiiii e 35
2.4.3 Properties of bending Dars.........cooooeooiiiiiiii o 35
2.4.3.1  Density measurement ..........cccccceveiiiiiiiiiiii 35
2.4.3.2  Microstructure and phase analysis...........cccccccciiii. 35

2.4.3.3  4-point bending test, Weibull analysis and fractography of
sintered bending bHars..............uuuuuiiiiiiiiiiiiiiiiiiiiiis 35

3 Aims and Hypothesis 37



xiv Contents
4 Results 39
4.1 Composition and Thermal Stability of Suspensions ...........cccccccoiiiiiiiiiinnnnnn. 39
4.2 Rheological Properties of SUSPENSIONS ..........ccoiiiiiiiiiiiiii 41
4.2.1 Effect of surfactant amount and solid loading on viscosity..................... 41
4.2.2 Effect of steric barrier thickness and conformation on rheological
PTOPETTIES ittt ettt e 44
4.2.2.1 Viscosity of the suspensions stabilized with various ratios of SA
AT S e 44
4.2.2.2  Yield stress behavior........ocoooevoeiiiiiiiie 47
4.2.2.3  Storage and loss moduli.........ccoooviiiiiiiii 48
4.2.2.4  Calculating Reynolds number ..............cccccoonniiiiinn 49
4.3 Jetting Behavior of Individual Droplets and Lines as a Function of Suspension
(O o el 1 11 1 = T 49
4.4 Morphology of Printed Single Layers from Fused Droplets and Lines ............... 52
4.5 Properties of Bending Bars Prepared by T3DP ..o, 54
4.5.1  Density mMeasurement..........cccevviiiiiiiiiiiiii o4
4.5.2  Microstructure and phase analysis...........cccccccceiiiiniiiiiiii, 55
4.5.3  4-point bending test and Weibull analysis............coccooeiiiin. 56
4.5.4  Fractographiy ... o7
5 Discussion 61
5.1 The Role of Steric Barrier Thickness and Conformation on the Flowability and
Viscoelasticity of Suspensions Used for T3DP........cccccccciiiiiiiiiiii, 62
5.1.1 The mechanistic model of steric barrier interactions affecting flowability
OF SUSPEISIONS. ...eee ettt 62
5.1.2  The role of attractive potential magnitude and conformation of steric
barrier on the viscoelastic behavior of suspensions ...........ccccccoeeeevvnnnnee. 67
5.2 Droplet Jetting Dynamics as a Function of Rheological Properties ................... 69
5.3 The Role of Droplet Deposition and Infill Strategy on the Strength and Flaw
Type Population........ooooiiiiiiii 72
6 Conclusions 77
References 79
Bibliography 93

Biography 95



XV

List of Figures

Figure 1: Conventional ceramic shaping processes vs AM [10]. .....ccooiiiiiiiniiiiiiniiiiien 2
Figure 2: Ceramic AM processes and their sub-processes [10]. ........ccocevviiiiiiiiiiiiiiiien 2
Figure 3: Schematic on working principles of most common ceramic AM processes [10]....4
Figure 4: Shear modulus and behavior of cross-linked and un-cross-linked polymers [10]..5
Figure 5: Workflow for preparation and processing of filaments used for ceramic FFF [10].

6
Figure 6: Infill strategies a) 0°, b) 90° and ¢) £45° ..ooiiiiiiiiiiiiiii e 7
Figure 7: Different stages of thermal post-processing [10]. ........cccooiiviiiiiiniiiiiiiiciee 8
Figure 8: a) 3-point bending test, b) Weibull analysis of rectangular bars prepared by FFF
with different infill strategies [50]. .......occoiiiiiiiiiii i 9
Figure 9: Working principle of T3DP [10]. ....cociiiiiiiiiiiiiiiiiiicceee, 10
Figure 10: Parameters used for controlling the frequency of droplet deposition [72]........ 11
Figure 11: a) Dimensions of an individual droplet, b) droplets fusing together to form lines,
c) detailed droplet and line fusion [B4]. .......cccooiiiiiiiiiiiii e 12
Figure 12: MMJ of heatable multi-material parts [80]..........ccccooiiiiriiiiiiiiiiiiciee 14
Figure 13: Different configurations of surfactants include a) mushroom and b) brush [119].

17
Figure 14: Steric barrier interactions [122]. ........ccoiiiiiiiiiiiiii e 17
Figure 15: Steric repulsion is the sum of mixing and elastic interactions [121]................. 18
Figure 16: Relation of potential energy and particle dispersion for a) well dispersed, b)
weakly flocculated, and c) strongly flocculated particles [87]. .....ccoooviviiiiiiiiiiiiiiiie 19
Figure 17: Range of viscosity of feedstocks used for T3DP [73]. ....cccoooviiiiiiiiiiiininnn, 21
Figure 18: Effect of chain length of surfactant on the yield stress [127]......cccccceeviinnrann. 21

Figure 19: Effect of a) solid loading [138] and b) particle size on the storage and loss
modulus [139]. 22

Figure 20: Droplet jetting of a) Newtonian, b) non-Newtonian feedstocks [141]. ............. 23

Figure 21: Formation of a tail on the deposited droplet [142]. .......c.ooooiiiiiiiiiiiiii, 24

Figure 22: Limits of jettability for Newtonian fluids, in terms of We and Re [144]. ........ 25

Figure 23: Structures of a) stearic acid [150] and b) Solsperse 3000® [149].........ccevrenene. 28

Figure 24: a) HAGE 140 L 3D printer, b) Vermes micro-dispenser attached to 3D printer.
31

Figure 25: CerAM T3DP machine (left) and micro-dispensing system assembly (right) [54].
32

Figure 26: Schematic of a) bending bars on print bed and bending bars printed with infill

strategy b) 0°, ¢) 90°, d) 0°4 90 [B4]. .oiiiiiiiiiiii e 33

Figure 27: Heating regimes for a) debinding, b) sintering the zirconia bending bars [54].34

Figure 28: a) Cumulative volumetric particle size distribution, b) scanning electron

micrograph and c) optical microscopy image of 3Y-TZP powder used in this study [151].
40

Figure 29: TG/DTA of a) paraffin wax, SA and S3, b) 100 SA, 50 S3 and 100 S3 [151]. 41



xvi List of Figures

Figure 30: a) Effect of surfactant amount on the viscosity of suspensions containing 35
vol% zirconia at a shear rate of 0.1 s, b) Effect of solid loading on the change of relative
viscosity with increasing shear rate of the investigated suspensions with optimal surfactant
amount (i.e., 1.25 mg/m?* and 2 mg/m* for SA and S3, respectively) [151].......ccccceviennne. 43
Figure 31: a) Measurement of viscosity versus shear rate (flow curves measurements) for
suspensions with various SA/S3 surfactant content, b) shear stress vs shear rate for
suspensions with various SA/S3 surfactant content where symbols represent experimental
data and solid lines are fits of Herschel-Bulkley model [151].....cccooiiiiiiiiiiiiiniin. 45
Figure 32: Flow curves with all cycles for a)100 SA, b)15 S3, ¢) 25 S3, d) 50 S3, e) 75 S3
and f) 100 S3 [151]. 46

Figure 33: Shear stress versus shear strain curves for the following suspensions: 100 SA, 15

S3, 25 53, 50 S3, 75 S3 and 100 S3 [151]..eeiiiiiiiiiieiiiiie e A7
Figure 34: The storage (G') and loss (G”) moduli of suspensions in relation to the
temperature decrease [1D1]. ..ot 48

Figure 35: Droplet formation during jetting with T3DP recorded by high-speed camera
[151]. 50

Figure 36: Top and side optical micrographs of deposited droplets from feedstocks: a)100
SA, b)15 S3, ¢) 25 S3, d) 50 S3, e) 75 S3 and f) 100 S3 [151]...cocviviiiiiiiiiiiiiiiiiieeicee 50
Figure 37: Droplet diameter versus height with respect to feedstock composition [151].. 51
Figure 38: High-speed camera images presenting single lines formed from fused droplets
jetted by T3DP from the following feedstocks: 100 SA, 15 S3, 25 S3, 50 S3, 75 S3 and 100

S3 [151]. 52
Figure 39: Topographical view of single layer squares printed from feedstocks: a)100 SA,
b)15 S3, ¢) 25 S3, d) 50 S3, e) 75 S3 and ) 100 S3 [151]..ccovieriiiiiiiiiiieiieeee e 53

Figure 40: Profilometry 3D surface textures with corresponding roughness values of single
layer squares printed from feedstocks: a)100 SA, b)15 S3, ¢) 25 S3, d) 50 S3 and e) 75 S3
[151]. 54

Figure 41: SEM micrograph of polished-and-etched sample with 0° infill strategy [54]. .. 55

Figure 42: XRD pattern after machining and after regeneration firing [54]..................... 56
Figure 43: Weibull plot for 0°, 90°, and 0° + 90° infill strategies [54]......cccccoviriiininnnn. 57
Figure 44: Fractography results for different infill strategies (from top to bottom: 0°, 90°,
and 0° + 90°, from left to right: strong, medium and weak) [54]........cccocoeviiiiiiininn. 59

Figure 45: Interaction potential vs steric barrier thickness between particles dispersed in
paraffin. 63
Figure 46: The relation of steric barrier thickness with the flow indicators and particle

interactions for all SUSPENSIONS. ...........oiiiiiiiiiii 64
Figure 47: Schematic representation of the possible chain interaction: a) rigid, b)
OVerlapping, €) COMPIESSION. ....iiuiiiiiiiiiiiit ettt ettt 64
Figure 48: Formation of a monomolecular layer on alumina [171]. .....ccocooviiiiiinncnnnn. 66
Figure 49: a) Defining the LVER for suspensions 100 SA; 50 S3 and 100 S3, b) temperature
sweep in defined LVER conditions for suspensions 100 SA and 100 S3.........cccceeeveinnnee. 68
Figure 50: Printing demonstrators with one of the “suitable” feedstocks, 75 S3 [151]..... 71
Figure 51: Roadmap for jettability of feedstocks for T3DP. .......cccccciiiiiiiiiiiiiiii, 72
Figure 52: Droplet positioning of 0° infill strategy [54]. ....ccoovvviiiiiiiiiiiiiiie, 73
Figure 53: Droplet positioning of 90° infill strategy [54]. . ..ccoovviiiiiiiiiiiii e, 73
Figure 54: Droplet positioning of 0° 4+ 90° infill strategy [54]. ....cooevviiiiiiiiiiiiiieiiee, 74

Figure 55: Total volumetric population of defects present in a) 0°, b) 90°, and ¢) 0° + 90°
infill strategy. 74

Figure 56: Voids present in alumina 4-point bending bars, prepared by material extrusion
[184]. 75



xvii

List of Tables

Table 1: Comparison of different AM methods [10].......cccooiiiiiiiiiiiiiiii, 3

Table 2: Compositions of suspensions with variation in surfactant content [150]............. 29

Table 3: Properties of zirconia suspensions with 40 vol% solid loading, summarized [150].
49

Table 4: Sintered densities of parts [54]

Table 5: Strength (o), characteristic strength (o) and Weibull modulus (m) of parts for
each infill strategy [54]. 56






Abbreviations

0D
1D
2D
3D
3Y-TZP
AM
ATZ
BJ
CAD
CIM
CT
dcp
DED
dff
dl
DLVO
FA
FFF
H-B
IKTS
IM
JECS
i
LOM
LPIM
ME
MJ
MMJ
NL
Oh
oT
PBF
PIM
Re
RI

S3
SA
SEM
SLA
STA
T3DP

. Pseudo-dimensionless
. 1-dimensional
. 2-dimensional
. 3-dimensional
. 3 mol% yttria-doped tetragonal zirconia
. Additive manufacturing
. Alumina toughened zirconia
. Binder jetting
. Computer aided design
. Ceramic injection molding
. Computed tomography
. Direction of crack propagation
. Directed energy deposition
. Droplet fusion factor
. Delay time
. Derjaguin — Landau — Verwey — Overbeek
. Falling time
.. Fused filament fabrication
. Herschel-Bulkley
. Institute for Ceramic Technologies and Systems
. Injection molding
. Journal of the European Ceramic Society
. Line fusion factor
. Laminated object manufacturing
. Low pressure injection molding
. Material extrusion
. Material jetting
.. Multi-material jetting
. Needle lift
. Ohnesorge number
. Open time
. Powder bed fusion
. Powder injection molding
. Reynolds number
.. Rising time
. Solsperse 3000®
. Stearic acid
. Scanning electron microscope
. Stereolithography
. Simultaneous thermal analysis
. Thermoplastic 3D printing

Xix



XX Abbreviations

TG/DTA ... Thermogravimetric/differential thermal analysis
TZ-3YS-E ... 3Y-TZP powder, not containing binders

We ... Weber number

XRD ... X-ray diffractometer



Chapter 1

Introduction

1.1 Additive Manufacturing of Ceramics

Engineering ceramics are non-metallic, inorganic materials that have been used as device
components in many applications such as aerospace, chemistry, medicine, and electronics,
due to their favourable properties like high mechanical strength, hardness, good thermal
and chemical stability [1], [2]. The geometrical complexity of ceramic devices varies from
simple, planar-shape geometries to intricate 3 dimensional (3D) structures. Shaping of
ceramics, however, is a complex process, especially in comparison to the shaping of
polymers or metals. Ceramics can be shaped in two basic ways: i) dry shaping, where
ceramic powders are mixed with additives, followed by uni-axial and/or isostatic pressing
in the dry powder form, and 7)) wet forming, where the ceramic particles are dispersed in
a solvent, which is then removed by drying or debinding [3]. After powder consolidation,
in order to ensure complete densification of the manufactured part, a solid state or liquid
phase sintering [4] step is needed, which requires high energy and time input due to high
melting temperatures and slow diffusion processes of ceramic materials.

Ceramics have been shaped by the principles of wet forming for thousands of years,
traditionally with a potter’s wheel [5], whereas nowadays engineering ceramics may be
formed by extrusion, slip casting, or tape casting [5] as well as gel casting and freeze casting
methods [6]. These conventional wet forming processes were attractive at the time, given
their low cost and the ability for high volume production, yet the geometrical complexity
of the produced parts was limited. Introduction of powder injection molding (PIM), where
a thermoplastic binder system is used to host ceramic powders, paved the way for shaping
of near-net ceramic parts with a higher level of geometrical complexity [7], [8]. Subtractive
methods such as milling of the dry pressed presintered parts also gained popularity for
shaping, especially dental ceramics. Yet, these methods had the major disadvantage of
large waste generation [9]. The introduction of additive manufacturing (AM) allowed a big
leap in the manufacturing of complex ceramic geometries with minimal waste. While the
popularity of AM methods is ever-increasing, conventional methods, which have been used
for near-net-shaping of ceramics, still serve as a benchmark for the know-how for slurry
preparation, rheological behavior, debinding, and sintering for additive manufacturing
processes, as summarized in Figure 1.
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Figure 1: Conventional ceramic shaping processes vs AM [10].

Additive manufacturing, according to the ISO/ASTM 17296 standard, is the “process
of joining materials to make objects from 3D model data, usually layer by layer, as opposed
to subtractive manufacturing and formative manufacturing methodologies” [11]. In other
words, AM is the bottom-up production of near-net-shape parts with complex geometries
and functions [10] with minimal waste [12]. The model of the desired part is often prepared
by using computer-aided design (CAD) software. This model is then sliced into 2-
dimensional (2D) layers using slicer software, which allows for the production of the desired
part in a layer-by-layer manner. The first AM process, stereolithography, was invented in
1984 [13] while the first successful AM of ceramics was achieved in 1990 by the binder
jetting process [14]. Since then, many different AM processes have been developed for
shaping ceramics. While these processes can be classified in many different ways, such as
means of deposition (direct vs indirect [15]), in this work, we follow a classification based
on the feedstock properties; i.e., powder-based, liquid-based, and solid-based, as
summarized in Figure 2.

Liquid based "
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L_; fusion jetting deposition lamination
) |
SLS/SLM SLA Ink-jet Robocasting |Microextrusion Laminated object
| manufacturing (LOM)
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Thermoplastic Fused filament
3D printing fabrication

{T3DP) (FFF)

Thermoplastic Feedstock

Figure 2: Ceramic AM processes and their sub-processes [10].
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Essentially, there are 7 main AM processes that can be used for shaping ceramics:
powder bed fusion (PBF), binder jetting (BJ), directed energy deposition (DED),
photopolymerization, material jetting (MJ), material extrusion (ME), and sheet lamination
[11]. Comparison of some important parameters, such as build volume, resolution, and cost
of the above-mentioned AM processes, is presented in Table 1 [10]. The working principles
of each of these processes are schematically summarized in Figure 3.

Table 1: Comparison of different AM methods [10].

AM process Build Resolution Surface Cost Examples for
volume quality used
materials
Binder jetting 10mm-1m  Poor|1] Poor|1] Medium SisNy [17], ALO;
[16] [18]
Powder bed fusion 10mm-1m  Good (100 Good[20] High|[20] ALOs [21]
[16] pm) [19]
Laminated  object 10mm-lm  Good (100 Poor [20] Low|20] SiC, SiSiC
manufacturing [16] pm) [22] composites,
AIN [16]
Photopolymerization 1mm- 0.1 Very good Good[23] High|[20] ALOs [24], ZrO,
m [16] (25 um) [22] [25], SiOC [26],
SiAION [27]
Material extrusion 10mm-1m  Good (100 Poor[15] Low|28] AlL,Os [29],
[16] pum) [22] yttria-stabilized
zirconia [30]
Material jetting Imm-0.1m  Good [31] Medium High [16]  yttria-stabilized
[16] [15] zirconia  [32],

black and white

zirconia [33]

Powder bed fusion is a powder-based AM process exploiting the use of laser or
electron beam to fuse or partially sinter the ceramic powder, which is kept in a powder
bed, in pre-defined positions to ensure production of desired geometries. PBF processes
allow good resolution [19] and good surface quality, but are costly [20] as summarized in
Table 1. Another powder-based method is binder jetting, which relies on the fusion of
the ceramic powder with the deposition of the binder in desired locations, and it requires
an additional step of curing [34], [35]. Porous parts with high geometrical complexity can
be produced with this AM process, while the resolution and surface quality of prepared
parts are low [1], [36].

Photopolymerization, or digital light processing, also known as vat
photopolymerization, is a highly promising liquid (slurry) based AM process due to good
surface finish [23] with a high resolution of 25 um [22], summarized in Table 1. It relies on
the light-activated polymerization of monomers in the ceramic slurry [1], [16]. Despite its
advantages, photopolymerization is costly [20], and a lengthy debinding step is required to
remove the photopolymer binder [37], [38].
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On the other hand, a solid based AM process, sheet lamination, also known as
laminated object manufacturing, is a process where layers of feedstock are stacked together
with a layer of adhesive in between, which is then cut to generate the desired geometry
[39]. Parts prepared by this process have good resolution of 100 pum [22].

Material extrusion is possibly one of the most commonly used AM processes, thanks
to its low cost [28] and ease of use [40]. During ME, a filament, highly filled with ceramic
particles, is deposited continuously on the print bed. The surface quality is low [15] and
the resolution is in the range of 100 um [22] for parts prepared with ME. Fused filament
fabrication (FFF) is a material extrusion process where thermoplastic filaments are
deposited. Details of this method are covered in the upcoming chapters. Another material
extrusion method is robocasting, where an ink is deposited continuously, without being
exposed to thermal changes [41], unlike FFF.

Finally, material jetting, a type of AM process, that will be the main focus of the
present doctoral thesis, is based on the deposition of micron sized droplets of feedstocks on
the build platform. The droplet deposition is controlled in order to produce parts with high
resolution [31] and medium surface quality [15]. By combining multiple deposition systems,
this technique also allows multi-material AM.
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Laser é Resin
" sintering curing
: Photopolymer
resin . W
build platform build platform build platform
POWDER BED FUSION BINDER JETTING PHOTOPOLYMERIZATION
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ilament Suspension Laser optics )

_{ |— <?Z> (::'Z)
[ ]
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= . P ’ O cutting
Material
sheet = = —
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¥l build platform
build platform
LAMINATED OBJECT
MATERIAL EXTRUSION MATERIAL JETTING MANUFACTURING

Figure 3: Schematic on working principles of most common ceramic AM processes [10].

1.2 Ceramic AM Processes that Utilize Thermoplastic
Feedstocks

Fused filament fabrication and thermoplastic 3D printing (T3DP) utilize thermoplastic
suspension-based feedstocks encompassing the knowledge from the processing science and
technology of conventional shaping processes, such as ceramic injection molding. FFF is a
well-studied AM method, which has similarities to T3DP in terms of not only the
thermoplastic nature of the feedstocks but also the building logic of parts. Hence, the
extensive knowledge that was accumulated on FFF and low pressure injection molding
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(LPIM) of ceramics can be helpful as guidelines for T3DP, a relatively less explored AM
process.

Thermoplasticity is a material property where, at elevated temperatures, a transition
to a viscous state takes place, while at lower temperatures material is re-solidified [42].
Thermoplastic materials can be heated and cooled down several times without appreciable
loss of properties. Thermoplastic materials have a glassy nature below the glass transition
temperature (7T,) (Figure 4). As the temperature increases, the material reaches the rubber
elastic region, followed by the critical point of melting temperature (7)), where the
material starts to flow. Un-cross-linked polymers (thermoplastics) are subject to changes
in their rheological properties (shear modulus) with increased temperature, while the cross-
linked polymers (thermosets) are almost insensitive to temperature changes.

A

Shear modulus, G (MPa)
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|
|
Slassy ' un-cross-linked !
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|
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| ‘ '
| |
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. ; \ >
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Temperature, T

Figure 4: Shear modulus and behavior of cross-linked and un-cross-linked polymers [10].

During ceramic AM, the thermoplastic nature of the material allows transition of the
material to a viscous (flowable) or viscoelastic (fluid and solid-like) state at increased
temperatures where deposition is conducted, while lower temperatures at the print bed
ensure (re)solidification of the material and retention of the formed geometry of the ceramic
green body. The thermoplastic nature of the suspensions also ensures a good level of
homogenization of ceramic particles.

1.2.1 Fused filament fabrication

Fused filament fabrication is a material extrusion method that relies on the continuous
deposition of one-dimensional (1D) thermoplastic filament on the z - y axis of the printing
bed/substrate, through a nozzle that is heated up above the melting point of the filament,
to ensure moldability. Deposition of a new layer of filament onto the already deposited
layer in z axis allows fabrication of 3D geometries. Temperature values lower than the
melting point of the filament are used at the print bed to ensure the solidification and
preservation of the manufactured geometry (Figure 5).
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Fused filament fabrication is used for shaping not only ceramics but also polymers and
metals, due to its many advantages, such as low cost, high speed, ease of use, simple design,
ability to produce multi-material parts, and low printing temperatures [43]-[46]. With that
being said, FFF also has some weaknesses compared to other AM processes, such as lower
resolution [22], poor surface finish[15], surface roughness [1], which leads to additional post-
processing steps and process-related flaws, such as voids that can appear between deposited
filaments [47] that eventually leads to inferior (mechanical) properties.

1.2.1.1 Preparation and properties of filaments

Filaments that are used for ceramic FFF applications are thermoplastic and generally
consist of a backbone polymer with a high melting point, a low molecular weight support
polymer, and other additives such as surfactants, which are collectively called the binder.
In the case of ceramic FFF, the binder is filled with a high solid loading of ceramic particles.
All components are homogenised using a kneader or a twin screw extruder [48]. Mixing is
followed by granulation and extrusion, commonly done by a single screw extruder [30]. The
extruded filament is cooled down and spooled to have the final FFF filament, ready to be
used, as shown in Figure 5.

filament

Powder Binder

1. Mixing, kneading @ @ rus
. extrusion

cooling filament
hopper heaters system  spooling

nozzle

printing substrate
2. Filament extrusion 3. Fused filament fabrication

Figure 5: Workflow for preparation and processing of filaments used for ceramic FFF [10].

Filaments used for ceramic FFF commonly have high solid loading of ceramic powder,
which is necessary to achieve high sintered densities of the parts. However, there exists a
maximum solid loading, which is limited by the rheological properties, such as viscosity
and yield stress, as well as the mechanical properties, including brittleness, and the
handling and printability of the filaments. The filaments need to show a shear thinning
behavior [2], which allows them to be deposited under the high shear rates that they are
exposed to during extrusion. Filaments should have a certain level of stiffness to prevent
them from buckling in the nozzle during deposition [44] as well as acceptable flexibility for
easy handling [49].

Different ceramics with varying solid loading were reported to be used to prepare
filaments for FFF. Cano et al. reported preparation of ZrOs filaments with 47 vol% solid
loading [50] while Notzel et al. were able to prepare filaments with 50 vol% of ZrO;loading
[51]. Orlovska et al. reported Al,Os filaments with 50 vol% solid loading [52] while Notzel
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et al. experimented with a wide range of solid loading from 10 to 60 vol% [29]. Xu et al.
reported SisNyfilaments with 55 vol% solid loading [53].

1.2.1.2 The infill strategy for filament deposition

As mentioned, during FFF, (1D) filaments are deposited and fused in the z - y axis to
ensure the formation of a complete (2D) single layer. A subsequent single layer is deposited
onto (and fused with) the existing layer in the z axis to generate 3D objects. The way the
filaments in a single layer are positioned with respect to the length of the part is regarded
as the infill strategy [54]. There are many possible infill strategies, such as circular, grid,
honeycomb, rectilinear, etc. [55], [56], and commonly used rectilinear infill strategies are
0°, 90°, and £45° [47], [50], shown in Figure 6.

a) f ;
b) :
R

Figure 6: Infill strategies a) 0°, b) 90° and c) +45°.

It was shown that infill strategies affect the mechanical properties of the parts prepared
by FFF, with the 0° infill strategy having better results than the rest [50]. The infill strategy
affects not only the mechanical properties of the parts but also the quality of shaping. For
example, it was shown that +45° infill strategy can be used to prevent warping (partial
detachment) of the parts from the print bed [57]. The studies on the infill strategies of
parts prepared by FFF serve as guidelines for other AM methods, where the deposition is
done in a similar manner.

1.2.1.3 Post processing and characterization of printed parts

In order to have high theoretical density and consequently good mechanical properties of
the parts prepared by FFF, the binder system has to be removed from the manufactured
part by post-processing steps of debinding and sintering, which are graphically summarized
in Figure 7. As the binder used in FFF filaments consists of multiple polymers with
different properties, often a multiple-step debinding is necessary. Initially, the low
molecular weight support polymer is removed with the help of chemical debinding, leading
to the formation of pore channels in the part. These channels allow the easy removal of
the backbone polymer during the subsequent thermal debinding step at elevated
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temperatures. The debinded part is then sintered to achieve high densities, where the
temperature is increased to values around 2/3 of the melting temperature of the ceramic
powder [58]. During sintering, the surface energy is reduced as the neck formation between
particles begins [59], referred to as coarsening, which is followed by densification [60].

/ ;O\ }
T 4
- ( L
Y (O
—~
Shaping Solvent Thermal deblndmg / Sintering
debinding Presintering

Figure 7: Different stages of thermal post-processing [10].

After sintering, ceramic parts are commonly characterized by their mechanical
properties. Flexural strength of parts can be evaluated by tests such as 4-point bending
[61], 3-point bending [52] and biaxial strength testing (e.g., ball-on-three-balls) [62]. In
order to find the origins of strength-limiting defects present in the ceramic parts,
fractography can be used [62], [63]. Furthermore, to evaluate the reliability of prepared
ceramic parts, the Weibull modulus is studied [61]. If the data obtained from strength
measurements is highly scattered, a low Weibull modulus would be obtained [64], indicating
low reliability, while higher values of Weibull modulus indicate higher reliability [65].
Commonly obtained Weibull moduli for ceramics vary from 5 to 15 for advanced ceramics
[66].

An example from the literature on the characterization of mechanical properties is
presented in Figure 8, where 3-point bending test and Weibull analysis were performed to
study the effect of different infill strategies for zirconia parts prepared by FFF [50]. In this
study, bending bars were prepared by using 0°, £45°, and 90° infill strategies. It was shown
that parts prepared with 0° infill strategy had the highest characteristic and average
bending strength (537 MPa and 512 MPa, respectively) as well as Weibull modulus of 9.9,
while parts prepared with 90° infill strategy had the lowest values of all parameters, which
was attributed to the formation of pores and defects in the prepared parts.
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Figure 8: a) 3-point bending test, b) Weibull analysis of rectangular bars prepared by FFF
with different infill strategies [50].

The differences in mechanical properties arise from the types of flaws present in the
parts. For parts prepared by FFF, the most common flaw types were reported to be pores
and voids, which are caused by the sub-optimal fusion of filaments or pre-existing flaws in
the filament [50], [51], [67].
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1.2.2 Thermoplastic 3D printing

In this work, thermoplastic 3D printing, a drop-on-demand, material jetting process that
is recently referred to as multi-material jetting (MMJ) [68], was used. MMJ (T3DP) relies
on the deposition of a thermoplastic feedstock, which is usually wax-based, in the form of
droplets at a pre-defined frequency, onto a print bed. During the T3DP process, as shown
in Figure 9, the ceramic feedstock is kept in a heated cartridge at temperatures above its
melting point to ensure flowability during deposition. With the help of applied pressure of
maximum 7 bars, a mobile tappet and a piezoelectric micro dispensing system, feedstock
is deposited in the form of micron sized, pseudo-dimensionless (0D) droplets at desired
positions on the print bed, with controlled frequency and resolution of 0.2 mm in z and y
direction and 0.1 mm in z direction [31], [69], [70]. After reaching the print bed, where the
temperature is lower than the melting temperature of the feedstock, the droplet solidifies,
and the shape of the printed droplets and geometries is retained.

Piezoelectric microdispensing system

Pressure

Tappet

Needle Thermoplastic
lift suspension

_ Heating
element

Nozzle

o
@—— Droplet
0

Figure 9: Working principle of T3DP [10].

The frequency of droplet deposition is defined by parameters such as rising time, open
time, falling time, and delay time (dl), as shown in Figure 10. Needle lift (NL), which
provides energy to the system, is the maximum height that the (needle) tappet reaches
and is an important parameter defining the volume of the droplets. The time spent to reach
the maximum height of the tappet is the rising time (RI), while open time (OT) is the
time needed for filling the gap created under the tappet with feedstock. Falling time (FA)
is the time required for the dropping of the tappet, and delay is the time between two
cycles [71].
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Figure 10: Parameters used for controlling the frequency of droplet deposition [72].

These parameters and travel speed (fsp) are used to calculate the frequency of
deposition as well as the droplet fusion factor, following Equation 1. It was previously
reported that the frequency value of a maximum of 100 Hz can be used for deposition with
a T3DP system [73].

d
tsp = (1—dff) et (1)
trr Ttor + tpa +tg

During T3DP, the feedstock is deposited in the form of (0D) droplets with controlled
frequency. Then, more individual droplets are successively deposited at a controlled level
of overlap (fusion) to form (1D) lines. The extent of overlap of droplets, which is referred
to as the droplet fusion factor (dff) (Figure 11b) can be controlled by the speed of the print
head, combined with the frequency of deposition, and the diameter of the droplet in the
direction of printing (d;/) (Figure 11a) which is considered as the characteristic diameter
(dchar), following Equation 1. It was shown previously that, in order to have the formation
of continuous lines with minimal flaws, a droplet fusion factor of 50% can be used [74],
while another study showed that dff of 56-66% was optimal [71] for the formation of lines
with constant width.



12 Chapter 1. Introduction

a)
/h
d.L A direction of
printing
d//

droplet
overlap

— = direction of printing

c) _

line
overlap
n line -

n+1 line

Figure 11: a) Dimensions of an individual droplet, b) droplets fusing together to form lines,
c) detailed droplet and line fusion [54].

Once (1D) lines are formed, they fuse further in the z direction to form (2D) layers
(Figure 11c) with a controlled level of fusion, known as line fusion factor (Iff). Finally,
these layers are stacked and fused together to form 3-dimensional objects. Similar to FFF,
the way the (0D) droplets are positioned in the printed part is considered the infill strategy.

1.2.2.1  Suspensions used for T3DP (and LPIM) ceramic manufacturing

The properties and the preparation of suspensions used with T3DP are very similar to
those used for low pressure injection moulding. LPIM is a conventional process used for
shaping ceramics under milder conditions than conventional ceramic injection molding
(CIM) [7]. During LPIM, the suspension, which is prepared by mixing the ceramic powder
with a thermoplastic binder system, is melted at elevated temperatures, injected into the
moulds, and cooled down to retain the desired shape. LPIM suspensions are composed of
ceramic particles, which are mixed with wax-based binders such as paraffin wax,
polyethylene wax, and carnauba wax [75] and surfactants such as carboxylic acids, which
provide steric stabilization. The suspensions have low viscosity, allowing processing at low
pressure values (below 0.7 MPa [8]). Suspensions used with LPIM were also shown to have
shear thinning behavior [76].
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The knowledge on the properties and preparation of suspensions, shaping, and post-
processing of LPIM serves as guidelines for the novel AM method, T3DP, as summarized
in Figure 1. However, a feedstock that was shaped successfully with LPIM will not
necessarily be shaped successfully by T3DP, mainly due to differences in the shaping
principles of these two processes. Namely, during LPIM, the molten feedstock is directly
filled into the hot mold with the help of applied pressure and is not exposed to changes in
temperature during the injection part of the process. Afterwards, the part is cooled down
and physically removed from the mold. In T3DP, however, as shown in Figure 9, the
feedstock is initially at rest in the hot cartridge where temperature is above the melting
point of the feedstock. Then the feedstock travels through the hot nozzle, where it is
exposed to the highest shear rates and has the minimum viscosity. Here, the kinetic energy
from the pressure and tappet, in combination with gravitational forces, overcomes the
surface tension to allow extrusion. Once extruded, the droplet is airborne and under no
shear stress. During the travel from the nozzle to the print bed, the temperature of the
droplets decreases, and the viscosity increases. Finally, when the droplet reaches the print
bed, the carried kinetic energy leads to spreading of the droplet, followed by the receding
due to surface tension. The droplet is then solidified into its final form.

It can be summarized that, while relying on the existing information from LPIM is
useful, it is also necessary to define the unique properties of suspensions that can be used
with T3DP.

Suspensions used with T3DP are commonly composed of thermoplastic waxes, ceramic
powders, and other additives, such as surfactants. Preparation of the suspensions for T3DP
is based on mixing of ceramic powder and other additives into molten wax and
homogenization by manual mixing followed by shearing. Waxes such as paraffin wax and
beeswax [31], [77], [78] have been reported to be used for the preparation of suspensions for
T3DP applications. Suspensions used with T3DP can be prepared using very fine particles
[71] and a high solid loading of a wide range of ceramic powders, such as 67 vol% alumina
[77], 50 vol% yttria-stabilized zirconia [32], 40 vol% black zirconia and white zirconia [33],
SisNy, 40-45 vol% alumina toughened zirconia (ATZ), aluminium nitride (AIN) [79].

While it is possible to manufacture the parts using a single feedstock deposited from a
single print head, T3DP also presents the possibility to manufacture parts with multiple
materials deposited from multiple print heads, to achieve different properties in a single
part [33] as well as in a single layer [71], opening the door to the manufacturing of exciting
multi-functional, multi-material composites, possibly mimicking the complex structure of
natural materials. In 2015, Scheithauer et al. [85] prepared highly dense ceramic parts from
alumina feedstock with 67 vol% solid loading with a binder system composed of beeswax
and paraffin wax, as well as from zirconia feedstocks with a solid loading of 45 vol%, which
were shaped by T3DP. This study was a milestone for understanding the requirements for
limits of solid loading and suspension viscosity, as well as process and post-process
conditions for deposition with T3DP. In another study [40], the possibility to manufacture
multi-material parts by T3DP was displayed by using feedstocks prepared by ceramic and
metal powders. Yttria-stabilized zirconia feedstocks with 50 vol% solid loading and steel
feedstocks with solid loading up to 50 vol% were prepared with a binder system composed
of beeswax and paraffin wax and used to manufacture a single part. In 2019, Weingarten
et al. [41] showed the possibility of producing multi-material and multi-colour ceramic parts
by T3DP, using black and white zirconia with solid loading up to 40 vol%. Recently, in
2025, Scheithauer et al. showed the possibility of preparing heatable multi-material ceramic
components prepared with MMJ, using Si;Ny and MoSi,, as shown in Figure 12.
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Figure 12: MMJ of heatable multi-material parts [80].

1.2.2.2 Post-processing of parts prepared by T3DP (and LPIM & FFF)

Similar to parts prepared by FFF and LPIM, the parts prepared by T3DP need to be
debinded to remove the binder content from the parts and reach high final densities. The
debinding of green parts prepared by T3DP is relatively straightforward, as the debinding
is achieved through a single-step thermal debinding, similar to parts prepared by LPIM.
However, the lack of mechanical support, which is provided by a backbone polymer in the
case of FFF suspensions, might lead to the collapse of the parts after debinding [8], [81].
In order to avoid the occurrence of this problem, parts are wick debinded in a high-surface-
area powder bed with very fine pores or a porous substrate [8], [82], [83], which provides
support to the parts, as well as thermal uniformity, while also ensuring a homogenous
capillary extraction of the binder out of the part [8], [84]. Wick debinding also allows using
lower temperature values (150-200 °C), compared to thermal debinding [81], [84].
Following wick debinding, parts are sintered to final densities.

1.3 Colloidal Particle Interactions in Thermoplastic

Suspensions

While suspensions used with T3DP should have high solid loading to ensure high densities
with minimal shrinkage and porosity of sintered parts [76], [85], [86], the increased solid
loading leads to increased particle interactions in the dispersing medium, and greatly affects
the properties of the suspensions.

Colloidal particle interactions occur when particles within the size range of 10 to 1 pm
[5], [87] are dispersed in an aqueous or non-aqueous dispersing medium, and the behavior
of the suspension is dominated by the interparticle forces and Brownian motion, not
gravitational forces [5]. The high surface area of colloidal particles results in increased
surface interactions.
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DLVO (Derjaguin — Landau — Verwey — Overbeek) theory [88], [89] summarizes the
overall potential energy of a colloidal system as the sum of attractive van der Waals
potential and repulsive electrostatic forces between particles (Equation 2). This equation
provides a simplified understanding of particle interactions under the assumption that the
particles are spherical [90].

VTOTAL = VATTRACTION + VREPULSION (2)

1.3.1 Attractive particle interactions

The attractive interactions of colloids are due to van der Waals attractive forces, which
are always attractive between particles with similar dielectric constants [91] and are a
result of interactions between oscillating and rotating electric dipoles [92], [93].

Attractive van der Waals forces are formulated in Equation 3, where D is the distance
between particle centres, a is the radius of the ceramic particle, and A is the Hamaker
constant [94]. It can be seen from Equation 3 that the attractive van der Waals forces
exhibit a power law dependence on the interparticle distance.

2a? 2a° D? —4a?
Voaw(D) = == (D2 PRI IHT>

Here, it is also important to introduce the retardation effects that arise when the
interparticle distance is increased. When the particles are separated by a large distance,
the electromagnetic wave propagation, which is the means of interaction of molecules in
the neighbouring particles, takes place with a delay [95]. Therefore, when calculating the
interparticle interactions, it is important to consider the effect of this delay/retardation by
using a distance-dependent Hamaker constant [96].

Hamaker constant indicates the tendency for aggregation or flocculation (coagulation)
[90] and its value depends on the dielectric properties of the particles from a given matter
and the medium [97]. There are different approaches to calculating the Hamaker constant:
initially, in the microscopic approach, the interactions and properties of only two
interacting bodies were considered [98], while later on, in the Lifshitz approach, the system
was considered as a continuum and the many body effects were taken into account [97].

It can be seen from Equation 4 that the Hamaker constant will be smaller when the
Hamaker constant of particle (A4s) is closer to that of the dispersion medium (A;) [99], i.e.,
when the dielectric properties of the particles and the medium are similar [100]. Following
Equation 3, we can also see that the smaller A will result in a smaller van der Waals
attractive potential when the particles and the dispersion medium have similar properties.

A= (VA — VA (4)
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1.3.2 Repulsive (steric) particle interactions

As it is energetically favourable, ceramic particles tend to coagulate and/or flocculate due
to attractive interactions; however, this is not desirable from the processing point of view.
An ideal colloidal dispersion where particles are stabilized and not agglomerated is needed.
Therefore, it is essential to provide energy barriers, in the order of several kT, to prevent
the flocculation and have stable dispersions [95]. An energy barrier of a maximum of 1-2
kT was previously defined as a limit for having stable dispersions [100]. Such energy barriers
can be introduced by electrostatic repulsion forces. In the case of an aqueous medium, it is
common to have electrostatic stabilization, achieved by controlling pH [101], or salt amount
[102], leading to the presence of a charged double layer around the particle, and finally,
repulsion [103].

While for systems with only electrostatic stabilization, Equation 2 is sufficient to
summarize the total interaction energy, when a non-aqueous medium is used, there are
other forces that need to be considered. In this case, steric stabilization which is achieved
by the adsorption of long chain polymers to the particle surface, helps overcoming the
attractive van der Waals forces. When the steric repulsion is taken into consideration, the
DLVO theory needs to be elaborated into (extended) X-DLVO theory, shown in Equation
5 [90], [104].

VTOTAL = VATTRACTION + VREPULSION + VSTERIC (5)

Steric stabilization of ceramic particles has commonly been achieved by the use of
surfactants such as carboxylic acids, for injection moulding as well as centrifuge casting
suspensions [7], [94], [105]-[109]. Fatty acids (carboxylic acids) anchor to the ceramic
particle surface via their carboxylic functional group through acid-base reactions [110],
while their hydrocarbon chain is extended into the wax. The attached surfactant and its
tail create a steric barrier around the ceramic particle, overcoming van der Waals attractive
forces and increasing stability [76], [111]. The molecular weight [112], chain structure and
length [113], [114] and the amount of the surfactant are important parameters that define
the interaction energy and the final properties of the suspensions.

The surfactants that are used to provide steric stabilization need to be long enough to
provide a steric barrier thickness that can keep the particles at a distance where attractive
van der Waals forces are not dominant [95], [101]. With that being said, the length of the
surfactant should not be too long, as this would result in a larger volume occupied by the
particle and consequently a lower maximum solid loading in the dispersing medium [115].
The surfactant is also desired to have a low molecular mass, in order not to cause additional
attractive interactions [116]. Surfactant needs to be strongly adsorbed on the particle to
prevent desorption [97].

An “optimum” surfactant amount is usually achieved with a complete monolayer
coverage of the particle surface, leading to the lowest viscosity values [105], where the
interfacial energy between the particles and the dispersing medium is minimum, the yield
point is reduced, and the thixotropic behavior is avoided [117]. The amount of surfactant
attached to the particle surface, i.e., fraction of surfactant coverage, is known to affect the
conformation of the surfactant, which was studied in detail and quantified by de Gennes
[118]. Ensuring high coverage of surfactant around the ceramic particle is crucial so that
the surfactant polymers can be fully extended in the liquid medium, taking “brush”
configuration, shown in Figure 13b, and not collapsing into the “mushroom” configuration,
shown in Figure 13a, which would be present in the case of insufficient surface coverage of
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the particle with surfactants [97]. If the surfactant is insufficiently covering the ceramic
particle surface, particle contact or bridging flocculation might occur [87], [97], resulting in
an increase in viscosity.

a) b)

“mushroom” “brush”

Figure 13: Different configurations of surfactants include a) mushroom and b) brush [119].

When ceramic particles with steric barrier thickness &, approach each other at a
distance (k) smaller than 2 &, the surfactant chains interact with each other in two possible
ways: the chains can overlap (also called interpenetration), or they might get compressed
[120], [121] as shown in Figure 14. In both scenarios, the density of polymers in the
interaction region is increased, which leads to one of the two possible mechanisms of steric
repulsion [122].

Interpenetration without Compression without
Compression interpenetration

Figure 14: Steric barrier interactions [122].

In the interpenetration (or overlapping) mechanism, an increase in the osmotic
pressure is observed since the particles come closer than 2 § [112], contributing to an
increased density of polymers in the interaction region. As a result, the liquid medium is
“pushed” to the interaction region separating the particles. This is referred to as osmotic
repulsion or mixing interaction, and the free energy is presented as G, [123].

Gniz is dependent on the interaction of the surfactant chain with the liquid medium,
and can be quantified by the Flory-Huggins interaction parameter (x). In a good solvent,
where the surfactant chain is elongated and relaxed, x is less than 0.5, resulting in a positive
Gui and consequential repulsion of particles. In a poor solvent, on the other hand, where
the polymer interacts with itself and collapses [124], the x is larger than 0.5 [97], resulting
in a negative G and the attraction dominates. Free energy of mixing can be calculated
by Equation 6, where k is the Boltzmann constant, T is the absolute temperature, h is the
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interparticle distance, V; is the molar volume of the solvent, V, is the molar volume of the
polymer and v, is the number of polymer chains per unit area [121].

Gin  2VE 45 (1 h\? h
s _71;/2(5— x)(S 5) <3R+26+§) (6)

In the case of compression mechanism, the particles come closer than 6 [112] and
the volume available for surfactant chains in the interaction region is limited compared to
the rest of the suspension. It follows that the number of possible configurations and
configurational entropy of the surfactant chains in this region is decreased, leading to steric
repulsion [121]. This is called volume restriction interaction or entropic interaction, and
the free energy is Gu. Gg is always positive, which means even in poor solvents, steric
stabilization of particles can be achieved [122].

Although it was stated previously that in real situations, both of these interactions are
present, Gni is caused mainly by the overlapping of surfactants [104] while G. can be
present in the case of both compression and overlapping [121]. As shown in Equation 5,
the total interaction energy in extended DLVO theory takes into account the repulsion
provided by steric interactions, and here we can introduce that the steric repulsion is the
sum of Guiand Ga, as shown in Figure 15, where Gi is the attractive (van der Waals)
energy and Gris the total free energy of the system.

Figure 15: Steric repulsion is the sum of mixing and elastic interactions [121].

One particular carboxylic acid, stearic acid [85], with chain length of 2.4 nm [125], has
been a popular choice for steric stabilization of ceramic particles. This is due to its ability
to attach to the surface of the ceramic particle with its polar group while spreading its
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hydrocarbon chain into the binder [126], forming a steric barrier [111], [127], [128] and
consequently improving dispersion [76] while decreasing the viscosity of the suspensions.
The stearic acid was shown previously to provide only partial stabilization of particles,
referred to as “semi-steric” stabilization [111], [125]. In this case, due to the short chain
length of the surfactant, the effect of van der Waals attractive forces between particles is
only reduced, and not prevented completely [116], [127]. The result of this “semi-steric”
barrier is a network of weakly flocculated, non-touching particulate network, where
ceramic particles reside in the secondary minimum where the net potential is attractive (-
2 to 20 kT [87]) and there exists a reversible flocculation behavior [5]. The depth of the
secondary minimum well, shown in Figure 16b is an indicator of the force that is needed
to overcome the attractive forces between particles [101]. Suspension with a weakly
flocculated particle system consequently has a yield stress behavior [129], which will be

elaborated in the upcoming chapter.
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Figure 16: Relation of potential energy and particle dispersion for a) well dispersed, b)
weakly flocculated, and c) strongly flocculated particles [87].
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When the chain length of surfactants is long enough to overcome the van der Waals
attractive forces, a complete steric stabilization is achieved, and particles are well
dispersed (Figure 16a). In hard sphere interactions, the particles only interact at the
point of contact [87], where the repulsive forces dominate and increase immediately to
infinity [130]. While for soft sphere interactions, the repulsive forces are present at a
certain distance from the particle surface [87]. On the other hand, if the attractive forces
are dominant and not overcome by any means of particle stabilization (i.e., no surfactants
are used in the case of non-aqueous suspensions), the particles are strongly flocculated
at the primary minimum (less than -20 kT [87]) and flocculation is irreversible (Figure 16c¢)
and strong flocculation, also referred to as coagulation [5], occurs, and a touching particle
network is formed [87].

1.4 Rbheological Properties of Thermoplastic Suspensions

During shaping of thermoplastic suspensions, that can be used as feedstocks for T3DP,
LPIM and/or FFF, the suspensions in a molten form are subjected to a series of rheological
changes, mainly due to differences in temperature and shear rates and in order to optimize
each step of shaping, it is crucial to understand how such suspension behaves under these
changing conditions of the workflow of a given shaping process.

Rheological properties of T3DP suspensions are analogous in a way to those used for
LPIM and FFF. In order to manufacture green body parts with high green densities that
allow minimal shrinkage after densification during sintering, high solid loading is required
at the lowest possible suspension viscosity [76], [85], [86]. For LPIM suspensions, this
requirement is achieved by controlling the colloidal interactions between ceramic particles.
As introduced previously, stearic acid is used as a surfactant to ensure steric stabilization
of ceramic particles, but due to its short chain length of 2.4 nm [125], the formed steric
barrier does not result in an overall repulsive potential energy between particles. Instead,
weakly attractive (colloidal) particle network is formed where the particles are
weakly flocculated under the effect of attractive van der Waals forces, residing in the
secondary minimum [5]. Due to these attractive interactions, it follows that [109], [111]
LPIM suspensions will exhibit yield point behavior, which is the critical yield stress
required at which the suspension starts to flow [129], that will provoke a transition from
weakly flocculated to fully dispersed state, i.e., “bringing the particles out” of the secondary
minimum, when the (shear) stress is applied (during injection or extrusion). While the
rheological properties of LPIM suspensions were studied in detail, the rheological properties
of suspensions used for T3DP are not yet well understood.

The range of viscosity for suspensions that can be deposited by T3DP was defined
previously by Weingarten et al. [33] as viscosity values below 100 Pa s, 20 Pa-s and 1
Pa - s for shear rates below 10 s?, 100 s*, and 5000 s, respectively [33]. Suspensions that
fulfil these conditions for pseudoplastic flow behavior were considered as suitable for the
T3DP process (Figure 17). Lower values than those defined would result in jetting
problems, such as continuous flow and spattering, while higher values would lead to the
collection of feedstock on the nozzle due to increased viscous resistance [131]. The shear
thinning behavior of T3DP suspensions displays an order of magnitude lower viscosity
values (below 100 Pa-s at 10 s' [33]) than filaments used for FFF (on the scale of
1000 Pa-s at 10 s' [49]), attributed to differences in shaping mechanisms of these
processes, and the requirements for the depositability of the feedstocks. It was shown that
shear thinning behavior (pseudoplasticity) of material jetting feedstocks allows deposition
under high shear rates present at the nozzle (on the scale of 10° s'[132]) and maintaining
the shape at lower temperatures, after the deposition.
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Figure 17: Range of viscosity of feedstocks used for T3DP [73].

Yield stress is the stress that needs to be applied on a system to initiate flow, where
the flow behavior changes from elastic (solid) to viscous (liquid) [133]. Yield stress is an
important rheological property of suspensions since defining the transition between
touching versus non-touching particle network of the weakly flocculated ceramic suspension
during shaping. It is known that the yield stress needs to be low enough to allow shaping
of the feedstocks [127] and high enough for shape retention during debinding [109]. The
value of the yield stress depends on the surfactant amount and length (as shown in Figure
18 for feedstocks with 47 vol% of solids loading of A16 powder, used for LPIM applications),
size and amount of ceramic powder, as well as temperature [134].

Although literature exist on the yield stress behavior of thermoplastic feedstocks used
for conventional shaping methods, such as LPIM, it is not yet known if feedstocks for
T3DP should have weakly flocculated particles, thus a weak attractive total potential
(secondary minimum) and therefore, have yield point, and if so, what would be its
magnitude, further affecting the droplet jetting, deposition dynamics and fusion, as well as
shape and dimensions of the printed green body.
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Figure 18: Effect of chain length of surfactant on the yield stress [127].
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Viscoelastic materials present solid-like (elastic), as well as liquid-like (viscous)
behavior. The time lag (or the phase shift) between the applied stress and the resulting
strain indicates the elastic or viscous behavior of the material where phase shift values
closer to 90° indicate liquid-like behavior and phase shift values closer to 0° indicate solid-
like behavior. Both liquid and solid-like behaviors of viscoelastic materials can be
characterized by storage (G') and loss (G") modulus. Storage modulus gives
information on the elastic behavior of the material and the stored energy [51], [135] which
is used to get back to the initial state of the material when the stresses are removed. Loss
modulus gives information on the viscous behavior of the material [136] and is a measure
of the energy loss due to internal friction during flow. When the storage modulus is higher
than the loss modulus, it can be concluded that the material has solid-like behavior, while
a higher loss modulus indicates liquid-like behavior [137], as shown in Figure 19a, where
the storage modulus is larger than the loss modulus before the yield point, indicating a
solid-like behavior. It is also known that with increased solid loading, the storage and loss
modulus increase, as shown in Figure 19, for ceramic inks used in direct ink writing
applications.
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Figure 19: Effect of a) solid loading [138] and b) particle size on the storage and loss
modulus [139].

The dependency of storage modulus on particle size was also shown, where the increased
particle size resulted in decreased storage modulus, as shown in Figure 19b, for ceramic
slurries used for SLA. Furthermore, when surfactants with longer chain length are used,
due to increased interparticle distance, the storage modulus decreases [128].

As during the deposition of feedstocks used in T3DP applications, the 3D geometries
are built in a drop-by-drop, line-by-line, and layer-by-layer manner, it is crucial that the
already printed entities maintain their integrity during deposition of the following layers.
Such a condition can be achieved if the storage modulus is higher than the loss modulus
[140]. In addition, it is important to focus on the effect of temperature change on the
storage modulus of the T3DP feedstock to understand the behavior of the deposited
droplets, especially after they are extruded from the nozzle and airborne before being
deposited on the printing bed (or on top of the previously deposited droplets or layers) and
solidified with the temperature decrease. During this period, the feedstock passes through
T» and T, (Figure 4). So far, no such study has been reported, and it is aimed to be covered
within the scope of this work.
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1.4.1 Rheological properties and droplet jetting

As T3DP is a method that relies on the jetting of feedstocks in the form of droplets, it is
clearly important to study the connection between rheological properties and the jettability
of feedstocks. During T3DP, as the feedstock is subjected to changes in shear stress and
temperature during deposition, the rheological properties vary. Ceramic feedstocks used for
T3DP have non-Newtonian properties, and here it must be noted that for Newtonian and
non-Newtonian fluids, the jetting dynamics and resulting droplets are different, as
presented in Figure 20. While for Newtonian fluids the jetting dynamics are well
understood, for non-Newtonian fluids, due to changes of properties during deposition,
understanding of jetting is more complicated.

a) Nozzle plate b) Nozzle plate

' ® ® ® o oo oo > e & o S
orl ) T

® : l ’

@ *le ® e

® 0o
[ 4

Time Time

Figure 20: Droplet jetting of a) Newtonian, b) non-Newtonian feedstocks [141].

Differences in the rheological properties, capillary and viscous forces, as well as surface
tension of Newtonian and non-Newtonian fluids, lead to differences in the jetting dynamics
and droplet formation, as presented in Figure 20. For Newtonian fluids, presented in Figure
20a, droplet deposition starts with a droplet head followed by a short and thick tail. This
tail is then separated from the droplet head as a consequence of surface tension, resulting
in a following secondary droplet. Finally, these droplets are merged and take the shape of
a circular droplet, under the effect of surface tension and arrive to the print bed.

On the other hand, for non-Newtonian fluids, presented in Figure 20b, the jetted
material forms an elongated ellipsoidal fluid column, which was explained by higher viscous
forces [142]. This column leads to formation of a tail behind the head of the droplet, and
depending on the viscosity of the feedstock, this tail may be retracted back in to the droplet
similar to Newtonian feedstocks (if surface tension is larger than viscous forces) or can be
deposited on the droplet as a bump (if viscous forces overcome surface tension), as shown
in Figure 21.
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Figure 21: Formation of a tail on the deposited droplet [142].

Dimensionless quantities, Reynolds (Re), Weber (We), and Ohnesorge (Oh) numbers
have been used to characterize the behavior of Newtonian suspensions previously, which
can be calculated by following Equation 7, Equation 8, and Equation 9, respectively. Here,
velocity (v), viscosity (n), surface tension (y), characteristic length (a), that is the diameter
of the nozzle [143], and density (p) are used for the calculations.

_vpa

Re = — (7)
n
v2pa
We = ” (8)

vWe Ui
Re =~ (ypa)'/?

Oh = 9)

The Ohnesorge number, Oh, is independent of fluid velocity and is often used for
describing the behavior of Newtonian liquid droplets. Furthermore, the parameter Z= 1/Oh
was proposed to determine stable drop generation, and the range 1 < Z < 10 was found
for stable drop formation [143]. It was also shown that Z >10 resulted in the formation of
satellite droplets, and when Z < 1, it was not possible to deposit the feedstock [143], as
summarized in Figure 22.
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Figure 22: Limits of jettability for Newtonian fluids, in terms of We and Re [144].

Later, the printable range based on Z value was revised considering the jetting
frequency, the distance from the nozzle orifice to the substrate, positional accuracy, and
formability of the droplet. The vast majority of determined rheological properties were
applied to Newtonian fluids, leading to revised printable range expressed by Z value as 4
< Z <14 [145]. While the Z value helps to understand the behavior of feedstocks with low
viscosity, it was previously discussed that for highly viscous fluids used for jetting
applications, Re explains the behavior during jetting better, as it is the ratio of inertial
and viscous forces, which are dominant in the case of such feedstocks [146].

There is a wide range of experimental and simulation-based studies on the droplet
jetting of Newtonian fluids, where the viscosity, Re, and We are insensitive to changes in
shear rates and are constant throughout the shaping process. For non-Newtonian fluids,
which are used with T3DP, however, the viscosity is dependent on the shear rate; therefore,
the parameters and limits defined for jetting of Newtonian fluids are not applicable to these
suspensions.
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Chapter 2

Materials and Methods

2.1 Preparation of Paraffin-Wax-Based Zirconia Suspensions

In the first part of this work, paraffin-wax-based suspensions containing granulated 3 mol%
yttria-doped tetragonal zirconia (3Y-TZP) powder, not containing binders (TZ-3YS-E,
TOSOH, Japan), were prepared. According to data provided by the manufacturer, this
powder has a specific surface area of 742 m?/g, similar to the values obtained by performed
BET measurements (6.983 m?/g), and has impurities of HfO,, ALO; (< 0.1 ~ 0.4 wt%),
SiOQ, FGQO& and NaQO.

Particle size distribution of the powder was determined with a laser scattering device
(LA-920, HORIBA, Japan) by dispersing a small amount of powder into the measuring
cell containing distilled water and deflocculant (Dolapix CE 64, Zschimmer & Schwarz
Chemie GmbH, Germany). Prior to measurement, a 3-minute ultrasonic treatment with
60% amplitude was applied to break the agglomerates, which was followed by a 5-minute
ultrasonic treatment during the measurement.

Paraffin wax (Paraffin wax T,, > 65 °C, Sigma-Aldrich, United States) was used as the
dispersing medium of the suspensions. Two different surfactants were used in this study.
The first surfactant was stearic acid, (SA), (Ci;H:-COOH) (Figure 23a), with an 18C
hydrocarbon chain that has a length of 2.4 nm [125]. This surfactant has a molecular weight
of 284 g/mol [125]. The second surfactant was a hyperdispersant, Solsperse 3000%, (S3),
(CooH172010) (Figure 23b), (Lubrizol, United States), a pentamer of one stearic acid and
four 12-hydroxystearic acid [113]. This surfactant has a 66C long chain [147] with the
length of 10 nm [148], density of 0.91 kg/m® [149] and a molecular weight of 1414 g/mol
[109] and was shown previously to result in lower viscosities compared to other surfactants
[148]. The orientation of the surfactants was assumed to be perpendicular to the particle
surface, as suggested in the literature [94], [125] and the fluctuations of orientation and
resulting changes in the steric barrier thickness were considered too small to change the
interaction energies and hence were neglected [94].
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Figure 23: Structures of a) stearic acid [150] and b) Solsperse 3000° [149].

As the first step of suspension preparation, the paraffin wax was heated up above its
melting temperature, in a glass beaker. Initially, the surfactant was added to the molten
paraffin wax, and the system was mixed with a glass rod. Once all surfactant was dissolved,
the desired amount of dried (120 °C for 2 hours) zirconia powder was added gradually to
the wax solvent containing surfactant, avoiding agglomeration by continuing mixing with
the glass rod. When the whole amount of zirconia powder was dispersed, the suspension
was homogenized further by 3 roll milling. Suspensions were passed 3 times through a 3-
roll mill (EXAKT 3 roll mill 80E, EXAKT Advanced Technologies GmbH, Germany) at
80 °C and 300 rpm with a gap size of 5 ym between rollers.

Initially, in order to determine the “optimal” amount of surfactant that results in a
monolayer coverage, indicated by the lowest viscosity values, suspensions with 35 vol%
solid loading and varying amounts of stearic acid and Solsperse 3000® from 0.75 mg/m? to
5 mg/m?* were prepared. In order to study the effect of solid loading, suspensions with a
fixed amount of stearic acid or Solsperse 3000® were prepared, with solid loading varying
from 35 to 45 vol%.

Additionally, suspensions with a certain percentage of the optimal amount of each
surfactant were prepared in order to study the effect of surfactant chain length,
conformation, and particle interactions/flocculation in the suspensions. Exact compositions
of suspensions with varying surfactant compositions are collected in Table 2.
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Table 2: Compositions of suspensions with variation in surfactant content [151].

Suspension Powder loading SA S3 SA/S3 ratio
sample label
vol% mg/m? mg/m?

100 SA 1.25 0 100/0

15 S3 1.06 0.3 85/15

25 S3 0.93 0.5 75/25

40

50 S3 0.625 1 50/50

75 83 0.31 1.5 25/75

100 S3 0 2 0/100

Thermogravimetric/differential thermal analysis (TG/DTA) was performed for the
individual ingredients of suspensions (paraffin wax, stearic acid and Solsperse 3000%), as
well as for selected suspensions (100 SA, 50 S3 and 100 S3), using a simultaneous thermal
analysis (STA) instrument (STA 449 C Jupiter, NETZSCH, Germany) coupled with a
mass spectrometer (QMS 403 Aéolos, NETZSCH, Germany), for analysis of the gases
produced during heating of the samples in the Al,O; crucibles with a heating rate of
10°C/min in argon/oxygen (80/20) atmosphere.

In the second part of this work, a suspension with 40 vol% powder loading was prepared
by mixing TZ-3YS-E powder (TOSOH, Japan) with a wax-based binder system developed
at Fraunhofer Institute for Ceramic Technologies and Systems (IKTS), in a heated-up
dissolver (DISPERMAT CA 20-C, VMA-GETZMANN GmbH, Germany). The
components of the binder system were added to the dispersion container and melted at 100
°C. When binder components were melted and homogenized, the ceramic powder was slowly
added to the mixture. Further homogenization of the suspension was achieved by mixing
for 6 hours at 100 °C and 500 rpm.
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2.2 Rbheological Characterization of Suspensions

Rheological characterizations of suspensions used in the first part of the study were done
by a rheometer (Physica MCR 301, Anton Paar GmbH, Austria) with a cone-plate
measuring system using a cone with 25 mm diameter and an angle of 1.994°. The distance
between the upper and lower plates was set to 0.051 mm. Before the measurements, the
suspensions were pre-sheared at 50 s for 5 minutes, followed by at least 1 minute rest.
Pre-shearing and the measurements were performed at 100 °C.

Flow behavior of suspensions was determined by measuring viscosity during the
increase and immediate decrease (collectively referred to as cycle) of the shear rate in the
range 0.1-1000 s™. 41 points per interval were measured. The measurements of each data
point were done every 5 seconds at low shear rates and every 1 second at high shear rates.
For each suspension, three cycles of increase and decrease of shear rate were completed.

Yield stress measurements were done in the range of 0.01 to 1000 Pa, while shear
strain was recorded. Sharp increase in shear strain values in the plotted graphs was used
as an indication of presence of yield point in a suspension.

Herschel-Bulkley model [152], [153] was used to analyse the rheological data
obtained from viscosity measurements. This model describes the dependence of the shear
stress on the shear rate, summarized by Equation 10, where 7 is the applied stress, y is the
shear rate, 7o the yield stress, K is the consistency coefficient (also referred to as “Herschel-
Bulkley viscosity”), and n is the flow behavior index, with n < 1 for pseudoplasticity [138].

T =19+ Ky" (10)

Fitting of the model curve (maximization of R’ value) to the experimental data was
performed using OriginPro® software using the Levenberg-Marquardt algorithm for
nonlinear curve-fitting.

Storage and the loss moduli measurements were done at constant shear strain of
1% and frequency of 1 Hz in the temperature range from 100 °C to 65 °C with 5 °C intervals
with a measuring step of 1 min per point. The measurements could not be performed at
temperature values below 65 °C, where all suspensions were solidified.

Reynolds numbers for all suspensions were calculated, using viscosity values at a
shear rate of 10 s* and 100 °C. Jetting velocity was calculated using the needle radius (0.75
mm), nozzle diameter (200 pm), nozzle taper angle (90°), and needle speed (0.0144 m/s),
following the equation previously defined in the literature for the calculation of droplet
velocity [41]. Density values were taken as 2955 kg/m? for all suspensions, as the changes
in composition did not result in major differences in density.
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2.3 Thermoplastic 3D Printing

2.3.1 Jetting of droplets with a micro-dispensing system

In the first part of this work, a 3D printer (HAGE3D 140L, HAGE3D GmbH, Austria)
(Figure 24) with 640 x 455 x 400 mm?® build volume was used as host for the micro-
dispensing system (MDS 3280 and MDC 3290+, VERMES Microdispensing GmbH,
Germany), that has a maximum working temperature of 180 °C, and was used for
deposition of prepared feedstocks.

Figure 24: a) HAGE 140 L 3D printer, b) Vermes micro-dispenser attached to 3D printer.

Initially, individual droplets were deposited from all the feedstocks presented in Table
2. In order to control the frequency at which the droplets were deposited, multiple printing
parameters that are summarized in Figure 10 were controlled. For all print-jobs, rising
time (RT) of 7 ms, open time (OT) of 0 ms, falling time (FT) of 0.32 ms, delay time (DT)
of 10 ms, and needle lift (NL) of 50% which resulted in a frequency of 57.7 Hz, were used.
Deposition was done at a distance of 1.5 mm between the print bed and the nozzle. A
nozzle with 200 pm diameter was used in all experiments. Deposition of droplets was done
at a travel speed of 100 mm/s in the z and y directions for all feedstocks.

Single lines and single layer squares were printed from all feedstocks, to observe the
fusion of individual droplets, layer consistency, and surface properties. For the printing of
single lines and layers, the same printing parameters as the printing of droplets were used.
In this case, the travel speed was reduced, following Equation 1 to ensure a droplet fusion
of 50%.
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2.3.2 Printing and post-processing of bending bars with different infill

strategies

In the second part of the study, bending bars with dimensions of 4 x 4 x 40 mm?® were
additively manufactured with T3DP using a feedstock with 40 vol% TZ-3YS-E and wax-
based binder system developed at Fraunhofer IKTS. This suspension was prepared during
a short mobility stay at the Fraunhofer IKTS, supported by JECS Trust, and the details
are limited due to IPR reasons. A micro-dispensing system (VERMES Microdispensing
GmbH, Germany) mounted in a CerAM T3DP machine, which was developed by
Fraunhofer IKTS (Figure 25) was used for deposition. A nozzle with a diameter of 150 pm
was used for printing the parts. Frequencies of 50-60 Hz were used for the deposition, with
a nozzle temperature of 110 °C, cartridge temperature of 100 °C, valve temperature of 30
°C, and print bed temperature of 50 °C. All the parts were printed at a speed of 20 mm/s
with an applied pressure of 1 bar.

Figure 25: CerAM T3DP machine (left) and micro-dispensing system assembly (right) [54].

A droplet fusion factor and line fusion factor of 0.5 (50% overlap) and 0.6 (60% overlap)
were used, respectively. Three different infill strategies, 0°, 90° as well as a combination of
those (0° + 90°), were used to prepare the bending bars, as shown in Figure 26. 0° and 90°
infill strategies have been commonly used previously for material jetting [154] as well as
other AM processes [50] but a combination of these was not reported previously and was
explored in this work.
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Figure 26: Schematic of a) bending bars on print bed and bending bars printed with infill
strategy b) 0°, ¢) 90°, d) 0°+ 90° [54].

As-printed parts were debinded in alumina powder bed in a chamber furnace
(Nabertherm N60, Nabertherm GmbH, Germany), following the heating regime in Figure
27a. After debinding, parts were revealed from the powder bed with the help of an airbrush
inside a powder-recycling station (ZD5, Z Corporation, United States). Sintering was
conducted in a high-temperature furnace (Nabertherm HT 08/18, Nabertherm GmbH,
Germany) following the heating regime in Figure 27b. After sintering, the parts were
grinded down to final dimensions of 2 x 2.5 x 30 mm? with a surface-grinding machine
(Jung Vario-P, Jung GmbH, Germany), making them ready for the 4-point bending tests.
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2.4 Characterization of Parts Printed by T3DP

2.4.1 High speed camera imaging and laser scanning of individual
droplets

In the first part of the study, a high-speed camera (FASTCAM Mini UX100, Photron,
Japan), with a frame rate of 20000 fps, a shutter speed of 1/frame sec, and a resolution of
1280 x 248, was used to record the droplet and line jetting process. The images were
processed on the software (FASTCAM Viewer 4, Photron, Japan). The quality of droplets
and their dimensions were analyzed by stereomicroscopy (Discovery V8, Carl Zeiss AG,
Germany) and optical microscopy (Zeiss Axio Imager Z1, Carl Zeiss AG, Germany).
Diameter of the droplets in the direction of printing (d;) as well as in the direction
perpendicular to printing (d.) (Figure 11) were measured.

In the second part of the study, individual droplets were also scanned with a laser
scanner (LJ-V7020, Keyence, Japan). The dimensions of the droplets; diameter in the
direction of printing (d,/) and in the direction perpendicular to printing (d.), as well as the
height (h) (Figure 11) were measured and then used to set the slicing parameters in the
software, that was specifically developed for the process at IK'TS.
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2.4.2 Surface roughness of single layers

The surface roughness of printed single layers was measured by a profilometer (Dektak XT
Stylus, Bruker, United States) with a 2 pm radius tip and a load of 1 mN. The resolution
of 1 ym in the y direction was used to prepare images with 2 x 1 mm?.

2.4.3 Properties of bending bars
Bending bars were characterized for their density, microstructure, and mechanical
properties.

2.4.3.1 Density measurement

The densities of the green bending bars were calculated geometrically, by measuring the
weight, width, thickness, and length of all the samples, while for the sintered parts, the
density was measured by Archimedes” method. For this, all samples were weighed when
dry. Then, they were placed in distilled water at room temperature, in a vacuum chamber
for 1.5 hours to remove the trapped air. Following, samples were first weighed in water,
then quickly dried only to remove excess water on the surface and weighed in air. A
theoretical density of 6.08 g/cm? for zirconia was used in these calculations.

2.4.3.2 Microstructure and phase analysis

Microstructural analyses were performed on selected parts, which were mirror polished
down to a 3-pm suspension and etched in air at 1350 °C for 20 minutes with a heating rate
of 20 °C/min. The samples were carbon coated (BAL-TEC SCD 005, Gemini B.V., The
Netherlands) and analyzed with a scanning electron microscope (JSM-7600F, JEOL Ltd.,
Japan).

Samples were scanned in the range 20 = 27° to 40° with an X-ray diffractometer
(PANalytical X Pert PRO, Malvern Panalytical, United Kingdom) on their tensile side to
determine the crystalline phases. Following the initial XRD measurements, regeneration
firing was applied to remove the effects of phase transformation in the parts. For this
purpose, samples were heat treated in air, at 1000 °C for 15 minutes with a heating rate of
20 °C/min. The XRD analysis was repeated on the compression side of the samples after
regeneration firing to confirm the success of the regeneration firing.

2.4.3.3 4-point bending test, Weibull analysis and fractography of sintered bending
bars

Four-point bending tests were performed on 30 samples per infill strategy. Prior to the
mechanical characterization, all parts were chamfered on the long edges of the tensile
side (the first printed layer, the layer touching the print bed) on a polishing machine
(RotoPol-15, Struers, Denmark) using a diamond grinding disc with a grit size of 600. A
universal testing machine (Quasar 50, GALDABINI, Italy) with the inner and outer
spans of 10 mm and 20 mm, respectively, was used. A crosshead speed was lmm/min,
and the load was 50 kN.

The strength of the parts was calculated using Equation 11, where 0.y is the strength
(MPa), F'is the load at fracture (N), SI and S2 are the distances between the inner and
outer spans (mm), respectively, b is the width (mm), and & is the height (mm) of the
sample.

O maw = [3F(S] + S5)]/2bh? (11)

The results of the 4-point bending tests were analyzed by Weibull statistics. A
maximum-likelihood estimation was used to calculate the Weibull moduli with a 90%
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confidence interval. The characteristic strength (oo) is the strength at failure with a
probability of 63.2%.

Finally, fractographical analysis of the samples with the highest, lowest, and medium
strength values was made to find the location and size of the origin of the fracture in parts
with different flaw populations. The samples were prepared by carbon coating and
examined using a scanning electron microscope, as described previously for the
microstructural analysis.
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Chapter 3

Aims and Hypothesis

T3DP is a relatively new, “zero dimensional” additive manufacturing process based on
micron sized droplet jetting of thermoplastic wax-based zirconia feedstocks allowing precise
build-up of intricate parts of various ceramic and metal systems, even multi-material
components. However, besides being known that the feedstocks should exhibit
pseudoplastic flow behavior, the exact nature of interparticle potential and whether
suspensions should exhibit weak attractive total potential (secondary minimum) to result
in weak flocculation, and therefore a yield point, is not known. In addition, the role of infill
strategy on the mechanical properties of sintered ceramic parts is yet to be investigated
and compared to other extrusion-based techniques, such as FFF.

The main goal of the doctoral thesis was to study and control the complete workflow
of T3DP with a systematic approach in which various rheological properties of ceramic
suspensions were analyzed and used to define their printability, setting more complete and
concrete guidelines on how the rheological properties of feedstocks affect the printing
outcome. In the first part of the study, the relation between the surfactant chain
length, conformation, and interparticle interactions of ceramic particles as well as the
rheological behavior of the suspensions was investigated in detail. Various formulations of
paraffin-wax suspensions highly loaded with fine zirconia powder, stabilized by
combination of surfactants with significantly different chain lengths, were prepared and
used as feedstocks in the T3DP, where their printability, printing process and printed parts
were investigated. In the second part of the study, wax-based zirconia feedstocks were
printed in the form of rectangular bending bars with different infill strategies to understand
the effect of infill strategy on the homogeneity of formed bars, the type of flaw populations,
final sintered density, Weibull strength distribution, and fractography.

In order to reach the set goals, the following four hypotheses were set.

Hypothesis 1:

It is hypothesised that using combination of surfactants will result in different chain
lengths and conformations where chains will be completely stretched or coiled depending
on the combination. The particles that are sterically stabilized by combination of
surfactants with significantly different chain lengths will display a decay in van der Waals
attractive forces around 5 nm, which will affect the rheological properties of the
suspensions.

Hypothesis 2:

The feedstocks which can be successfully printed with T3DP will exhibit weakly
flocculated ceramic particles that result in pronounced yield point and shear thinning
behavior, thus having similar rheological properties to those used for LPIM.
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Hypothesis 3:

It is known that feedstocks with high viscosity are not suitable for deposition, as
problems such as collecting on the nozzle occur [131]. It is hypothesized that increasing
surfactant chain length from 2.4 nm to 10 nm will be required to overcome this problem
and have successfully deposited droplets.

Hypothesis 4:

Alternating layers of 0° infill strategy with layers of 90° infill strategy for parts prepared
by T3DP will result in higher mechanical strength and reliability (lower number and size
of the introduced flaws) than parts with 90° infill strategy only, as layers with 0° infill
strategy will serve as strength increasing pillars inside the part.
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Chapter 4

Results

4.1 Composition and Thermal Stability of Suspensions

Granulated and binder-free 3Y-TZP zirconia, a well-known and researched ceramic powder
from Japanese manufacturer TOSOH, was used. The particle size distribution of TZ-3YS-
E zirconia powder was determined by a laser scattering device and is presented in Figure
28a. The measured dyy, dsp, and dg were 0.21, 0.34, and 0.76 pm, respectively, indicating a
relatively fine, narrow, and monomodal particle distribution with a slight tail of larger
fractions around 2 pm, extending up to 5 pm. The supporting SEM image shown in Figure
28b reveals agglomerated equiaxed crystallite morphology, with the crystallite size being
around 100-150 nm. The powder is granulated (spray dried), but binder-free, and the
granule morphology and size were inspected with optical microscopy, as shown in Figure
28c. Granules exhibited spherical morphology and an average size of around 50 pm.
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Figure 28: a) Cumulative volumetric particle size distribution, b) scanning electron
micrograph and c) optical microscopy image of 3Y-TZP powder used in this study [151].

The thermal stability of the solvent (paraffin wax) as well as that of both surfactants
used was evaluated, since the T3DP process can take place at elevated temperatures of 120
°C. The results of TG/DTA for individual ingredients of the suspensions are presented in
Figure 29a. It can be seen that for paraffin wax, a peak around 65 °C marked with a black
vertical dashed line indicated the melting point, while the DTA peak was observed at
approximately 275 °C, and the second peak around 520 °C. While for Solsperse 3000% the
values of the peaks were 350°C and 500 °C. Stearic acid (SA), on the other hand, had a
melting point slightly higher than paraffin wax, indicated by blue vertical dashed line and
decomposition around 260 °C.

In the next step, suspensions containing a single surfactant or an equal amount of both
were analyzed as well. It can be seen in Figure 29b that for suspensions 100 SA, 50 S3 and
100 S3, melting was dominated by paraffin wax. The onset of decomposition indicated by
dashed lines showed that suspension 100 SA had the lowest decomposition temperature,
while suspension 100 S3 had the highest, as expected based on the TG/DTA results of
individual components. These results indicate that neither the individual components of
the suspensions nor the suspensions themselves decomposed at the temperature values that
were used during characterization and processing by T3DP.



4.2. Rheological Properties of Suspensions 41

a)
" ! T j ] ! — — -Paraffin wax
100 4 - - -Stearic acid 14
1 - = -Solsperse 3000®
80
60
' 2
;\E‘ 404 S
9 204 <
'_
1 [m]
0
-20 4
40 4
— . ; . . : : . : . -4
50 100 150 200 250 300 350 400 450 500 550 600
Temperature (°C)
b) 1° ' j ! ' j ' ' ' —rmry i
5083 [
100 10083 | 5
25
95 L
_ t20 2
S LS
90 H =
o F15 =
= <
'_
]
1,0
85 o
0,5
80 T
0,0

T T
50 100 150 200 250 300 350 400 450 500 550 600
Temperature (°C)

Figure 29: TG/DTA of a) paraffin wax, SA and S3, b) 100 SA, 50 S3 and 100 S3 [151].

4.2 Rheological Properties of Suspensions

4.2.1 Effect of surfactant amount and solid loading on viscosity

The effect of surfactant amount on the viscosity of the suspension at a constant shear rate
of 0.1 s*, with zirconia dispersed into paraffin wax containing either stearic acid (SA) or
Solsperse 3000® (S3), is presented in Figure 30a. A minimum viscosity was achieved for
1.25 mg/m? and 2 mg/m? for SA and S3, respectively, which provided monolayer coverage
of adhered surfactant for its “optimum” amount. For SA amounts from 1.25 to 2 mg/m?
the minimum viscosity (45 Pa-s) increased with increased surfactant amount as when
more surfactant was added to the system than the optimum amount, the “extra” un-
adsorbed surfactants resulted in an increase in viscosity, due to cross-linking of polar ends
of un-adsorbed surfactants in the dispersant medium [105] or due to the interactions of
surfactant and dispersion medium [113]. Further increase in the SA amount did not cause
any changes in viscosity. In the case of Solsperse 3000°, for 2 mg/m? which is the
recommended amount by the manufacturer, the measured viscosity was lower (the
suspension was visibly thinner), i.e., 1.5 Pa s, and further addition of surfactant did not
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affect the viscosity. For both surfactants, when amounts less than the “optimum” value
were used, due to insufficient coverage of particle surfaces, van der Waals attractive forces
were able to dominate, resulting in particle coagulation and increasing viscosity [155].
These trends were similar to those that were previously reported by Zurcher et al. [113] for
zirconia suspensions prepared with stearic acid and Solsperse 3000°.

In the next step, the effect of solid loading on the change of relative viscosity with the
increasing shear rate (flow curve behavior) of the suspensions with a constant surfactant
amount is presented in Figure 30b. As expected, viscosity was almost linearly correlated
to solid loading for suspensions with both of the surfactants. On the other hand, flow
behavior was different for suspensions stabilized with SA or S3. For suspensions dispersed
with 1.25 mg/m® of SA, a discontinuous, non-monotonous flow behavior was observed. The
initial pseudoplastic (shear-thinning) flow behavior was followed by a dilatant (shear
thickening) behavior at shear rate of approximately 10 s'. The shear thickening was
followed by shear-thinning behavior, which continued until the end of the measurement
range. For suspensions dispersed with 2 mg/m? of S3, a minimal shear thinning behavior
(pseudo-Newtonian) was observed, where the viscosity was less sensitive to the changes in
shear rate.
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Figure 30: a) Effect of surfactant amount on the viscosity of suspensions containing 35
vol% zirconia at a shear rate of 0.1 s, b) Effect of solid loading on the change of relative
viscosity with increasing shear rate of the investigated suspensions with optimal surfactant
amount (i.e., 1.25 mg/m? and 2 mg/m?* for SA and S3, respectively) [151].
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4.2.2 Effect of steric barrier thickness and conformation on rheological
properties

Suspensions with combined surfactants (presented in Table 2) were characterized for their
rheological properties such as viscosity, yield stress, and loss/storage moduli, and the
results are presented in this chapter.

Since the surfactants Solsperse 3000® and stearic acid are known to have almost the
same solvency [117] with the dispersing medium, i.e., paraffin wax, which is a non-polar
straight-chain hydrocarbon [99], it was possible to evaluate and compare the behavior of
suspensions where particles were stabilized with single and combined surfactants.

4.2.2.1 Viscosity of the suspensions stabilized with various ratios of SA and S3

All the prepared suspensions exhibited a shear thinning behavior in the measurement range
of shear rates from 0.1 to 1000 s™. Increasing the S3 ratio resulted in a decrease of viscosity,
and a maximum of 2 orders of magnitude difference at low shear rates (500 vs 3 Pa - s at
the initial shear rate of 0.1 s™') with suspensions that had S3 and SA only (Figure 31a).

When the SA ratio in the suspension was high, i.e., 100 SA and 15 S3, a discontinuous,
non-monotonous flow behavior was observed, similar to suspensions dispersed with stearic
acid at different solid loading values (Figure 30b). When suspensions had more than 25%
of S3, a continuous, monotonous pseudoplastic behavior throughout the increasing shear
rate range was observed. A pseudo-Newtonian behavior was observed when the ratio of S3
was increased, especially prominent at higher shear rates. It is important to note that due
to their shear thinning behavior, the suspensions with high SA amount (100 SA and 15 S3)
had lower viscosity values than other suspensions at high shear rates of 1000 s.

The obtained flow curves were fitted by the Herschel-Bulkley (H-B) model (Figure 31b),
commonly used for suspensions with high solids loading, which typically exhibit shear
thinning and yield stress behavior [156], [157]. H-B model was applied to determine the
fitting parameters (1o, K, n) for the suspensions with higher S3 content (R? values >0.99)
(Figure 31b). For suspensions 100 SA and 15 S3, the maximum R’ values were 0.97 and
0.92, respectively, indicating a poor fit of experimental values to the H-B model, possibly
due to the non-monotonous behavior. All suspensions were characterized by a shear
thinning behavior, as indicated by the flow index, which varied from a lower value for
suspensions containing higher SA, suggesting pronounced pseudoplastic behavior, up to n
= 0.93, indicating nearly Newtonian flow behavior for suspension 100 S3. A decrease in the
consistency coefficient K was observed with increasing S3 ratio, which was in accordance
with the lower viscosities obtained for these suspensions (see Figure 31a). Observed K
values were significantly lower than the values of ~440, reported for highly loaded ATZ
pastes that were used for direct ink writing, calculated by Ostwald-de Waele power law
equation [158].

In order to examine whether the suspensions were well homogenized and the particles
dispersed during the three-roll milling and pre-shearing prior to the measurements, cyclic
measurements with increasing and decreasing shear rates were performed. Flow curves with
three cycles of increased and decreased shear rates are presented in Figure 32. As can be
seen, the flow curves for the majority of suspensions were repeatable, not exhibiting
hysteresis loops, indicating that they were well homogenized. As the ratio of S3 was
increased, a less pronounced thixotropic behavior was observed, corroborating observations
from Figure 31a.



4.2. Rheological Properties of Suspensions 45

a)
100 SA
15 83
2583
100 50 S3
] 7553
w 100 S3
]
o
= 1-l.':l-E
‘B
=]
[
0
=
13
0./ lhyepypeyeppyyy m—r———y  yym———r Yy ———rrey
01 1 10 100 1000
Shear Rate (1/s)
b)
700 H-B madel RZ n K
100 SA 0.9738 1 1
600 - 1553 0.9167 [ !
2553 0.9964 0.81 1.10
50 53 0.9994 0.87 068
. 500 7553 0.9983 0.89 0.58
& 100 53 09988 093 0.44
@ 400
g
0
« 300 <
m
['H]
L
9 200 4
100 =
D L} L] 1 L}
200 400 600 800 1000
Shear Rate (1/s)

Figure 31: a) Measurement of viscosity versus shear rate (flow curves measurements) for
suspensions with various SA/S3 surfactant content, b) shear stress vs shear rate for
suspensions with various SA/S3 surfactant content where symbols represent experimental
data and solid lines are fits of Herschel-Bulkley model [151].
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4.2.2.2 Yield stress behavior

The yield stress represents a critical yield point at which the suspension will start to flow
[127] and, in the case of weakly flocculated suspensions, will provoke transition from weakly
flocculated to flowing (dispersed) state with the increasing shear stress. Presented in Figure
33, are the yield stress behavior of all suspensions which were obtained from the results of
shear strain measurement with respect to the applied shear stress. A large difference in the
shear strain was observed between suspensions with weakly flocculated and well dispersed
particles. Around shear stress of 40 Pa, the difference was up to 6 orders of magnitude,
indicating a large distortion of structure for well dispersed particles. It can be seen that
the weakly flocculated suspensions with a higher SA ratio (100 SA and 15 S3) had a distinct
yield stress behavior at 55 Pa. The weakly flocculated suspension 25 S3 had a yield stress
value of 45 Pa, while for suspensions 50 S3, 75 S3, and 100 S3, no yield stress was observed.

Data that was fitted by the Herschel-Bulkley model (Figure 31b), indicated that there
was a distinct shift in the flow behavior between suspensions 100 SA and 15 S3, compared
to the suspensions containing higher S3 content. Suspensions 100 SA and 15 S3 exhibited
a clear yield stress behavior with minimal increase in shear rate, with an initial increase in
shear stress up to a critical value of shear stress where the suspensions begin to flow. On
the other hand, suspensions containing a higher amount of S3 exhibited a nearly linear
shear stress-shear rate response, with no apparent yield stress behavior.
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Figure 33: Shear stress versus shear strain curves for the following suspensions: 100 SA, 15
S3, 25 S3, 50 S3, 75 S3 and 100 S3 [151].
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4.2.2.3 Storage and loss moduli

The viscoelastic properties of suspensions were analysed by measuring storage (G') and loss
(G") moduli, and the results are presented in Figure 34. The temperature was decreased
from 100 to 65°C during the measurement, in order to mimic the conditions that jetted
suspension droplets experience during their travel from the nozzle to the print bed and
eventually solidifying, after passing T, and T,

Two distinct groups of suspensions were observed, as in yield point measurements. A
weakly flocculated group of suspensions (100 SA, 15 S3, and 25 S3) exhibited higher moduli,
whereas well dispersed suspensions showed substantially lower moduli. Namely, for the
suspension 100 SA ;| a temperature-insensitive behavior of G' and G” of around 2000 Pa was
observed. Suspensions 15 S3 and 25 S3 had an order of magnitude lower G’ and G” values,
in the 250-700 Pa range at 100 °C. When the ratio of S3 in suspensions was increased
further, G' and G" values decreased for an additional order of magnitude, i.e., to the 10—
100 Pa range. Except for suspensions 100 SA and 15 S3, all suspensions were temperature
sensitive, and both moduli gradually increased with the decrease in temperature from 100
to 70 °C. When the temperature was lowered, low and high SA containing suspensions had
G'" and G" in the 80-250 and 10002500 Pa range, respectively.

At 67 °C (red dashed line in Figure 34), a sharp increase in both moduli was observed
for all suspensions, indicating solidification at this temperature, which was in accordance
with the melting temperatures of these suspensions, which were observed by TG/DTA
(Figure 29). Prior to solidification, G” > G’ was observed for all suspensions, which
indicated a flow behavior [136].

100 SA (G") 100 SA (G™)
1583 (G) 1583 (G

100000 + 2583 (G 2583 (G™)
1 5083 (G) 5083 (G

] 7583 (G 7553 (G')

10000 4 10083 (G 100 83 (G™)

1000 -

100

Storage (G") and loss (G”") moduli (Pa)

o
|

'['I‘I’I'I'W.' T 1

T
100 95 90 85 80 75 70 65 60
Temperature (°C)

Figure 34: The storage (G’) and loss (G”) moduli of suspensions in relation to the
temperature decrease [151].
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4.2.2.4 Calculating Reynolds number

Re for each suspension was calculated in order to understand the effect of different
surfactant combinations, and consequential steric barrier configuration and thickness on
the jetting of all feedstocks. Results are presented in Table 3 along with other rheological
properties. It was concluded that Re values above 0.064 were needed for deposition, while
for Re values up to 0.398, no formation of satellite droplets was observed.

Table 3: Properties of zirconia suspensions with 40 vol% solid loading, summarized [151].

Yield Yield | Printability

Suspension | Viscosity Re G"” stress* |stress**| of droplets
Pa-s Pa
(@10 sh) (@ 100 °C) Pa Pa

100 SA 16.7 0.014 2615 55 /| Clogging, flaws
15 S3 14.9 0.016 450 55 / Flaws
25 S3 3.7 0.064 246 45 27 Flaws
50 S3 2.2 0.1 62 / 6 Defect free
75 53 0.9 0.265 22 / 3 Defect free
100 S3 0.6 0.398 11 / 2 Low viscosity

* Data obtained from the yield stress measurement
** Data obtained from the Herschel-Bulkley model

4.3 Jetting Behavior of Individual Droplets and Lines as a
Function of Suspension Characteristics

Different stages of droplet formation during jetting with T3DP, observed with a high-speed
camera, are presented in Figure 35. The results indicate that the droplet formation took
place in 3 main stages: extrusion, spreading, and droplet formation. Initially, in the
extrusion stage, the feedstock was extruded from the nozzle, and landed on the print bed,
while forming an elongated structure between the nozzle and the print bed. This was
followed by the spreading i.e., increase in diameter of the deposited droplet on the print
bed. The final stage was the formation of a droplet, where some differences among
feedstocks were observed. For the highest SA containing feedstocks 100 SA and 15 S3, that
were weakly flocculated and exhibiting the highest yield stress value of 55 Pa (Figure 33),
droplets had inhomogeneous and asymmetrical tail geometry. This was indicative of high
viscous forces present in these feedstocks. In the case of 25 S3 feedstock, which can be still
considered as weakly flocculated, but with lower yield stress of 45 Pa, the tail receded and
a “pancake-like” droplet was formed. For the rest of the “well-dispersed” feedstocks, the
tail was receded prior to solidification of extruded material and a more well-defined
spherical final droplet was formed. Differences in the extent of spreading of droplets on the
print bed were also observed, where the lowest values were observed for feedstocks with
the highest amount of S3.
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Figure 35: Droplet formation during jetting with T3DP recorded by high-speed camera
[151].

The deposited droplets from all the feedstock compositions were further characterized
for topographical analysis with stereomicroscopy and optical microscopy, and the results
are presented in Figure 36. Droplets deposited using feedstock 100 SA showed a spatter
morphology with a highly irregular edge (Figure 36a). For both weakly flocculated
feedstocks exhibiting pronounced yield stress, i.e., 100 SA and 15 S3, observations of
droplet tail formation were confirmed (Figure 36a and b). The rest of the droplets did not
have this flaw in their centre. This indicated that a more droplet-like shape could be
obtained when the surface tension dominated the viscous forces within the time prior to
solidification. It was observed that the droplet diameter was inversely proportional to
Solsperse 3000° ratio while droplet height was directly proportional. The diameter and
height values obtained are presented in Figure 37.

Increased S3 amount
_—

a) ) d e)

=

200 pm

)
D

100 SA 1583 2583 50 S3 7583 100 S3

Figure 36: Top and side optical micrographs of deposited droplets from feedstocks: a)100
SA, b)15 S3, ¢) 25 S3, d) 50 S3, e) 75 S3 and f) 100 S3 [151].
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Figure 37: Droplet diameter versus height with respect to feedstock composition [151].

After droplet jetting on the print bed, the fusing of deposited droplets into lines was
conducted and likewise evaluated by a high-speed camera. The high-speed camera
micrographs are presented in Figure 38. As expected, the flaws obtained from individual
droplets were translated and accumulated in the printed lines for weakly flocculated
feedstocks 100 SA and 15 S3. Non-receded tails resulted in the formation of inhomogeneous
lines with varying thickness and height. On the other hand, the lines formed from slightly
flocculated feedstock 25 S3, and well dispersed 50 S3 and 75 S3 feedstocks presented minor
differences in droplet overlap and line thickness, especially in the formed edge of a line
exhibiting smaller and larger inter-fused droplet voids. Finally, the lines formed from
feedstock 100 S3 had complete fusion between individual droplets, which formed a
continuous, well-defined line.
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Figure 38: High-speed camera images presenting single lines formed from fused droplets
jetted by T3DP from the following feedstocks: 100 SA, 15 S3, 25 S3, 50 S3, 75 S3 and 100
S3 [151].

4.4 Morphology of Printed Single Layers from Fused
Droplets and Lines

Surface morphology of printed single layers of ~ 40 mm x 40 mm is presented in Figure 39.
Using weakly flocculated suspension 100 SA (Figure 39a) as feedstock for T3DP process,
it was not possible to complete the deposition of a single layer due to the collection of
feedstock on the nozzle as a result of increased viscous resistance. It was possible to print
a single layer from weakly flocculated feedstock 15 S3 (Figure 39b), but in line with poor
droplet and line quality (Figure 38), the layer had poor homogeneity, i.e., had poor surface
quality and irregular deposition, especially at the end of the print job, which was marked
with yellow arrows in Figure 39b. Slightly better but similar outcome was observed in the
case of feedstock 25 S3 (Figure 39c¢), which exhibited the weakest yield stress. Acceptable
homogeneity of single layers, from the start to the end of layer print, was achieved with
feedstocks 50 S3 (Figure 39d) and 75 S3 (Figure 39e). Surprisingly, by using the well
dispersed feedstock 100 S3, exhibiting the most well-defined droplets and lines (Figure 39f),
it was not possible to form a complete layer, that might be due to process related
parameters such as overheating of the system.
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Figure 39: Topographical view of single layer squares printed from feedstocks: a)100 SA,
b)15 S3, ¢) 25 S3, d) 50 S3, e) 75 S3 and f) 100 S3 [151].

The 3D surface texture morphology and the surface roughness parameters of printed
single layers were assessed quantitatively by profilometry and are presented in Figure 40.
Layers printed from feedstock 100 SA showed the highest level of irregularities as an
outcome of fusing tail-containing, spatter-like droplets. Consequently, this sample exhibited
the largest deviation in height (~250 pm) and uneven, wave-like surface topography with
the highest S, of 33 pm. The surface topography of 15 S3 was similar, but had lower height
deviation (~200 pm) and S, and S, parameters of 29 um and 26%, respectively. Layers
printed from feedstocks 25 S3 and 75 S3 exhibited similar height deviation (~150 pm).
Notably, 75 S3 had more straight and well-defined lines. These two layers exhibited S, of
24 and 18 pm and S, of 8 and 12%, respectively. The single layer with the least texture
inhomogeneities, low surface roughness parameters S, and Sy (13 pm and 5%), and the
lowest height deviation (~100 pm) between the fused droplet lines was measured for the
layer printed from feedstock 50 S3.
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Figure 40: Profilometry 3D surface textures with corresponding roughness values of single
layer squares printed from feedstocks: a)100 SA, b)15 S3, ¢) 25 S3, d) 50 S3 and e) 75 S3
[151].

4.5 Properties of Bending Bars Prepared by T3DP

In the second part of the study, related to the short mobility stay at Fraunhofer IK'TS, the
infill strategy was varied to evaluate the mechanical strength and flaw population. The
zirconia suspensions developed at Fraunhofer IKTS were used as feedstocks for the T3DP
process. Prior to the printing of bending bars, individual droplets were printed and
characterized to determine the characteristic dimensions. The dimensions of the droplets
were found to be d,, = 850 nm, d, = 700 ym, and A = 160 pm. In the following chapters,
the results on the properties of sintered bending bars, printed with three different infill
strategies, i.e., 0°, 90°, and 0° 4 90°, are presented.

4.5.1 Density measurement

The sintered bending bars had density values above 99.0% of the theoretical value for
all infill strategies, as can be seen in Table 4. The differences between the density values
for different infill strategies were insignificant, thus, varying the infill strategy did not alter
the final densities, which can be the case in other AM techniques such as FFF [50].

Table 4: Sintered densities of parts [54].

Infill orientation Sintered density
0° 99.0 + 0.3%
90° 99.1 + 0.2%

0° + 90° 99.3 + 0.4%
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4.5.2 Microstructure and phase analysis

Parts prepared with 0° infill strategy exhibited a typical microstructure for 3Y-TZP

ceramics, consisting of equiaxed grains with a grain size of approximately 300 nm (Figure
41).

0.5 pm

Figure 41: SEM micrograph of polished-and-etched sample with 0° infill strategy [54].

The XRD diffractogram of the ground and polished sample surface (Figure 42) showed
the slight presence of the monoclinic (m-ZrO;) phase, as a result of the grinding-induced
phase transformation from tetragonal (t-ZrOs) to monoclinic (¢-m). In addition, low-2-theta
asymmetric broadening of the main (110), tetragonal peak was observed. The broadening
of the peak was the result of the presence of residual compressive stresses in the part,
induced by machining [159], which introduces surface irregularities masking the “inherent”
flaw population of the samples and thus affecting the strength of the component [160],
[161]. To reverse the t-m phase transformation and remove the compressive residual
stresses, regeneration firing was applied at 1000 °C for 15 min [61], [162]. The second XRD
measurement confirmed the success of the regeneration firing, as the asymmetry of the
peak at 20 = 30° and the stresses were successfully annihilated.
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Figure 42: XRD pattern after machining and after regeneration firing [54].

4.5.3 4-point bending test and Weibull analysis

Thirty grinded and chamfered test specimens per infill strategy series were monotonically
fractured using a universal testing machine. The results of 4-point bending tests on parts
prepared with 3 different infill strategies are presented in Table 5. 0° series had the highest
characteristic strength of 700 MPa, followed by 90° series, with characteristic strength of
662 MPa. Surprisingly, series printed with the 0° 4+ 90° infill strategy, where the direction
of fused lines in consecutive layers was alternating, had the lowest characteristic strength
of 624 MPa.

Table 5: Strength (o), characteristic strength (0o) and Weibull modulus (m) of parts for
each infill strategy [54].

o, (MPa) m
Infill strategy Strength (g) (MPa) [90% Cl]] [90% CIl]
700 7.0
0° 655 + 110 [668-735] [5.23-8.51]
662 6.4
90° 617 £ 109 [628-698] [4.8-7.81]
624 6.0
0° + 90° 581 + 102 [590-660] [4.51-7.34]
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Weibull strength distribution for parts prepared with different infill strategies is
presented in Figure 43. The complete lines represent the best fit of the strength values
according to the maximum-likelihood method, and the dashed lines represent the 90%
confidence intervals. Like in the case of characteristic strengths, the differences in Weibull
moduli were not significant, but still in accordance with the trend observed for the g, The
highest Weibull moduli were achieved for the 0° infill strategy (m = 7.0), followed by the
90° series exhibiting m of 6.4, while the 0° + 90° infill strategy had the lowest at a value
of 6.0 (Table 5). Overall, the Weibull moduli were lower compared to dry-pressed or
injection moulded, densely sintered, defect-free 3Y-TZP ceramics, which usually exhibit m
values greater than 10 [159], [162]-[164]. On the other hand, the AM techniques, especially
the extrusion-based, are prone to inter-filament and inter-layer defects, which result in
substantially lower m values of less than 10. In the work of Cano et al. [50], FFF was used
to fabricate zirconia bars by changing the infill strategy. In contrast to the present study,
the infill strategy had a significant impact on m values, i.e., sample series of 0°, +45°, and
90°, yielded m values of 9.9, 6.5, and 4.3, respectively. However, the 0° series from FFF
exhibited superior reliability compared to T3DP. The SLA AM technique is known as the
most reliable, but the slurry composition may contain air bubbles and agglomerates,
affecting the overall reliability of ceramics. As a direct consequence, a lower m (<10) was
attained [165], [166].
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Figure 43: Weibull plot for 0°, 90°, and 0° + 90° infill strategies [54].

4.5.4 Fractography

In order to assess the strength limiting flaws and fracture origins, fractographic analysis
was conducted. The results for different infill strategies are presented for parts that had
high (failure probability = 98.3%), medium, and low strength (failure probability = 1.6%)
values. Various types of flaws were identified, originating from 7) feedstock inhomogeneities
or 4i) fusion of droplets to form lines and layers.
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Namely, the bending bar with 0° infill strategy and high strength of 839 MPa
(strong), had a critical defect (~25 pm) on the tensile surface, and it consisted of a porous
region (inset of Figure 44a). The powder used in the present study was granulated (not
containing binder) and such porous region could be connected to the remaining or
imperfectly deagglomerated granules with lower degree of packed zirconia particles. The
sample with medium strength prepared with the 0° infill strategy had a 30 pm defect with
an 80 pm-long crack (inset of Figure 44b), as a result of crack propagation during fracture.
The coarse hackle lines, marked with a dashed line (Figure 44b), were observed extending
out from this imperfection, as commonly observed in solid-state-sintered polycrystalline
ceramics [167]. Such a relatively large imperfection was related to the fusion of subsequent
droplets within the same layer, as depicted in Figure 44. For the low strength (384 MPa)
(weak) sample of 0° infill strategy, an even larger defect of 150 nm was observed (Figure
44c). It was assumed that such a big flaw could be related to the inconsistent droplet
deposition, as the size of the defect was similar to the height of a droplet (160 pm), which
was attributed to the clogging of the nozzle, induced by the presence of agglomerates (or
granules) in the feedstocks [166].

The strong bending bars with 861 MPa, prepared with 90° infill strategy (Figure
44d) had a crack that was 80 pm next to a possibly delaminated area as a result of improper
droplet-to-droplet fusion. Coarse hackle lines were propagating out from the crack
confirming that this was strength limiting flaw. In addition, an air bubble with a diameter
of 5-6 um, trapped close to the origin of a fracture, was observed, as a consequence of
improperly deaired suspensions, but its size was not relevant. The sample with medium
strength had a larger crack of 90 ym, followed by a 120 pm-long branched system of two
cracks extending into the bulk in the direction of crack propagation (dcp) (Figure 44e).
The flaw was very similar to medium strength specimen for 0° infill strategy, where the
flaw was related to the fusion of subsequent droplets within the same layer, even though
the printing direction was different. The low strength part (395 MPa) had similar flaws to
the medium strength part, however, containing an even bigger spherical flaw of about 150
pm in size and, as a consequence, a more complex fracture pattern containing twist hackles
and a long crack rotated in the dcp direction (Figure 44f). Again, as in the case of 0° infill
strategy (Figure 44c), such a flaw was related to the inconsistent droplet deposition due to
the possible (partial) clogging of the nozzle.

Part prepared with the combination of 0° + 90° infill strategies, with high strength
values (842 MPa) (strong), had a volume type of flaw (Figure 44g), which appeared like
the 30 pm-sized agglomerate surrounded by the empty volume as a result of partial
sintering, producing crack-like voids responsible for fracture [168]. Such an agglomerate
was already present in the feedstock or could be a part of the material clogged at the
nozzle, that chipped from it and was deposited onto the printed layer. The 0° + 90°
specimens with medium and low strengths (388 MPa) (Figure 44h-i) had round flaws
varying in size and with the interior area of the intergranular type of surface indicating
that the area was already delaminated (or poorly fused) before sintering. It was also
indicative, that this infill strategy was more prone to the inconsistent droplet deposition
originating from infill strategy itself (to be discussed later).
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Figure 44: Fractography results for different infill strategies (from top to bottom: 0°, 90°,
and 0° + 90°, from left to right: strong, medium and weak) [54].
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Chapter 5
Discussion

The discussion of the present thesis is organized in three subchapters, encompassing the
complete workflow of T3DP for the additive manufacturing of zirconia ceramics from
feedstock of different properties achieved by tailoring the interparticle interaction with the
use of two surfactants of different chain lengths.

In the first chapter, the effect of the steric barrier thickness and conformation on the
flow indicators, evaluated through various types of rheological characterizations, i.e.,
viscosity and yield stress as well as the viscoelasticity of suspensions, is discussed. The
steric barrier is modified by using combinations of surfactants with different chain lengths,
leading to differences in its thickness and, more importantly, conformation of the used
surfactants. The non-linear relation of chain length of surfactants and thickness of steric
barrier is discussed, based on the differences in interaction of surfactants, assuming two
types of interaction, i.e., interpenetration versus compression.

In the second chapter, the focus is on understanding the role of the rheological
properties of suspensions, which are used as feedstocks in the T3DP additive manufacturing
process, on the droplet jetting dynamics. The latter are pivotal for the (un)successful
deposition and fusion of droplets that further form lines and layers in the component build-
up process. Non-Newtonian feedstocks are used for T3DP applications, making it more
complicated to set a range of rheological parameters, such as viscosity, Re, or We, which
are reliable indicators for jetting of Newtonian feedstocks. Here, the focus is on feedstock
related issues, such as clogging of the nozzle, unfinished and unsuccessful (cancelled) print
jobs, and relate them to the rheological properties of the suspensions as well as particle
interactions, that can lead to well dispersed state of the suspensions or to various
magnitudes of weak flocculation. An attempt to define a “roadmap” for the properties of
suspensions used as feedstocks for the T3DP process is made. The most suitable feedstocks
were used for the printing of demonstrators.

Finally, in the third chapter, the effect of the infill strategy on the mechanical
properties of parts prepared by T3DP is discussed. The effect of infill strategy on the
mechanical properties of parts prepared by different extrusion-based AM methods is widely
studied, but for T3DP, this remains unexplored. This issue is addressed by comparing
microstructure, fracture strength, and flaw population of rectangular bending bars prepared
with 3 different infill strategies, comparing them to other AM techniques such as FFF and
SLA. In addition, even though it was shown that T3DP is practically insensitive to the
infill strategy, as in contrast to FFF, relatively low characteristic strengths and Weibull
moduli were obtained here, which will be discussed through the accuracy of positioning of
individual droplets and how these micron sized details affect the final parts.
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5.1 The Role of Steric Barrier Thickness and Conformation
on the Flowability and Viscoelasticity of Suspensions
Used for T3DP

This part of the discussion is divided into two sub-chapters. First, the role of the steric
barrier thickness and conformation on the flow indicators (viscosity and yield stress) of
prepared suspensions is discussed. Then, in the second sub-chapter, the viscoelastic
behavior of suspensions at rest, provided by oscillatory measurements of storage and loss
moduli, is discussed as well, providing deeper insight into the rheological behavior and
state of the suspensions.

5.1.1 The mechanistic model of steric barrier interactions affecting

flowability of suspensions

The steric barrier thickness and conformation govern the interparticle interactions,
therefore affecting the flowability of suspensions when exposed to shear stress. The steric
barrier was modified by using combinations of surfactants with different chain lengths. The
differences in steric barrier led to differences in viscosities, shear thinning behavior
(monotonous vs non-monotonous) (Figure 31) and the presence/lack of yield stress (Figure
33). Suspensions with shorter steric barriers had weakly flocculated particles, resulting in
higher viscosities and non-monotonous shear thinning behavior with a distinct yield stress.
In contrast, the rest of the suspensions showed lower viscosities, monotonous shear thinning
behavior, and low/non-existent yield stress.

The steric barrier thickness. The steric barrier thickness is an important parameter
that controls particle interactions and subsequently, the rheological properties of
suspensions. For the suspensions prepared by using only stearic acid (100 SA) and Solsperse
3000” (100 S3), the chain lengths of surfactants (2.4 nm [125] and 10 nm [148]) were equal
to the steric barrier thickness, as the monolayer coverage of surfactants of the same chain
length allowed the fully extended “brush” conformation. On the other hand, when the
combinations of these surfactants were used, the potential conformations and the
consequential steric barrier thickness were unknown. The steric barrier thickness for these
suspensions could be calculated based on the knowledge that the yield stress and the
attractive potential energy are directly correlated [125]. The values of yield stresses that
were measured for 100 SA, 15 S3, and 25 S3, as well as the values calculated by the H-B
model for 50 S3, 75 S3, and 100 S3 (Table 3) were used in combination with Equation 3
to make computational iterations which led to the values of thickness of steric barrier
between the dispersed particles in paraffin wax, yielding 2.4 nm, 2.8 nm, 7.9 nm and 9.4
nm for suspensions 15 S3, 25 S3, 50 S3, and 75 S3, respectively. Once the thicknesses of
steric barriers between the particles were calculated for all the suspensions, the obtained
values were used to calculate the van der Waals attractive forces, using Equation 3.

The resulting interaction potentials with respect to steric barrier thickness, presented
in Figure 45, show a non-linear (negative reciprocal function) increase in the attractive
potential as the amount of the surfactant with short chain length is increased. Suspensions
with weakly flocculated particles (100 SA, 15 S3, and 25 S3) have a steric barrier thickness
of less than 3 nm and interaction potential below -6.8 x10* J, while suspensions with well
dispersed particles (50 S3, 75 S3, and 100 S3) have a steric barrier thickness above 7 nm
and interaction potential above -2 x10% J, which was in agreement with hypothesis 1.
These values showed a similar trend to those obtained by Bergstrom et al. [94] where the
consolidation behavior of alumina suspensions was studied. In their work, particle
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interactions and the resulting flocculation behavior was used as an indicator of
compressibility and consolidation and for steric barrier thickness of 0.7 nm, achieved by
propionic acid, attractive potential of -54 kT (-21.6 x10* J) was observed while increased
steric barrier thickness resulted in a decrease of attractive potential where oleic acid with
2.5 nm thickness resulted in -11 kT (-4.4 x10® J). Furthermore, Studart et al. [169] also
showed a decrease of attractive potential energy with increased steric barrier thickness,
where dispersant with a short length of 0.97 nm resulted in a potential of -5.7 kT (-2.3 x10°
%J) and surfactant with a longer length of 2.52 nm resulted in a potential of -1.3 kT (-0.5
x10 J).

Steric barrier thickness (nm)
| s | I | y | I |
; | . ; | .

8

Ax102 4 2 4 é 1|[} |
T . = 100S3
2x107% R 7583

] 50S3

-3x10% 4

-4x107 4
-Hx107%

-Bx107% 4
7102 - " 2553

Interaction potential (J)

BT 4 100 SA & 15 S3
9107 -

Figure 45: Interaction potential vs steric barrier thickness between particles dispersed in
paraffin.

The relation between steric barrier thickness and conformation, interaction potentials,
and rheological properties (yield stress and viscosity) for all the suspensions is presented
in Figure 46. The important thing to note is the non-linear, sigmoidal type of relationship
between the surfactant ratios and the thickness of the steric barrier. Obviously, this is
directly correlated to the non-linear increase/decrease of attractive potential dictated by
the steric barrier thickness and surfactant conformation during interparticle interactions.
As a consequence, the apparent viscosities and yield stresses also exhibit non-linear,
sigmoidal behavior corresponding to the barrier thickness (attractive potential), where, in
addition, the steric barrier conformation during interparticle interactions contributes to
viscosity and yield stress. For example, 100 SA and 15 S3 have the identical yield stress
value of 55 Pa, while the former exhibits slightly non-monotonous flow behavior and the
latter a non-monotonous flow behavior (Figure 31a).

Conformation of the steric barrier. Due to differences in the conformation of steric
barriers, where the surfactant chains can be compressed or overlapped, as explained in
Figure 14, the thickness of the steric barrier is varied, non-linearly related to the changes
in the ratios of surfactants.
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Figure 46: The relation of steric barrier thickness with the flow indicators and particle
interactions for all suspensions.

In Figure 46, it is possible to observe three distinct regions, with possible conformations
schematically presented in Figure 47:

Region 1. The first region is for suspensions 100 SA and 100 S3, where a single
surfactant is used, and the thickness of the steric barrier can be assumed equal to the chain
length of the surfactants, and this region is referred to as the rigid region.

Region 2. In the second region, which is labelled as the overlapping region, suspension
15 S3 is presented, where changes in the surfactant ratio compared to suspension 100 SA
did not cause changes in the rheological properties.

Region 3. Finally, the third region is labelled as the compression region, consisting of
suspensions 25 S3, 50 S3, and 75 S3, where the changes in the ratio of surfactants result in
non-linear changes in the steric barrier thickness and properties of the suspensions.
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Figure 47: Schematic representation of the possible chain interaction: a) rigid, b)

f

overlapping, ¢) compression.
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In the region 1 (rigid region) of Figure 46, suspensions 100 SA and 100 S3 are
presented. For these two suspensions, full monolayer coverage of the particles by a single
surfactant provided a rigid layer of steric barrier, where the surfactant chains are assumed
to be fully extended. This rigidity provided resistance to overlapping and compression of
the surfactants. Therefore, the thickness of the steric barrier could be considered equal to
the surfactant length. For suspension 100 SA, the steric barrier thickness was 2.4 nm, and
the surfactants provided a dense monolayer coverage of the particle surface. For this
suspension, due to its short chain length, the stearic acid could provide only semi-steric
stabilization [111], [125], which was unable to completely overcome the attractive van der
Waals forces, thus residing in a secondary minimum with an attractive interaction potential
of -8 x10% J. This in turn resulted in an attractive particle network, causing the suspension
to become weakly flocculated with a yield stress of 55 Pa and pronounced shear thinning
and a slightly non-monotonous flow (Figure 31a).

The suspension 100 S3, on the other hand, had a pseudo-Newtonian (and monotonous)
flow behavior (Figure 31a) and did not exhibit any yield stress behavior (Figure 33) due
to well-dispersed particles at an interparticle distance of 20 nm (steric barrier thickness of
10 nm) where attractive van der Waals forces were not operative. Solsperse 3000%, due to
its 10 nm, 66 carbon long chain [147], was adequate to allow complete steric stabilization
of ceramic particles, resulting in a well dispersed suspension.

Suspension 15 S3 was ascribed to the region 2 (overlapping region) in Figure 46.
Suspension 15 S3 exhibited a yield stress of 55 Pa (Figure 33) and a non-monotonous shear
thinning behavior (Figure 31a). This suspension had a high amount (85%) of short chain
surfactant, stearic acid, adsorbed to the particle, accommodating the longer S3 molecules
in between a dense SA layer. This partial immobilization of long-chained S3 molecules
could prevent their compression when interacting with other particles [170]. It showed that
the steric barrier thickness for this suspension was 2.4 nm (Figure 46), same as for 100 SA,
which can be explained by the overlapping (interpenetration) (Figure 47) of Solsperse 3000°
chains, allowing particles to come as close as the thickness of the dense stearic acid layer
at 2.4 nm. This interaction results in a weakly flocculated particle network and a
consequential yield stress of the suspension, same as suspension 100 SA.

Along with suspension 100 SA, suspension 15 S3 had a high initial viscosity and high
pseudoplasticity, which can be explained by the fact that these suspensions had high
amount of liquid medium trapped in the agglomerates at low shear rates, and when the
shear rate was increased, trapped liquid medium was released, resulting in a large decrease
of volume fraction of agglomerates [97] and consequently, of viscosity [117]. In addition,
suspension 15 S3 had a pronounced non-monotonous shear thinning behavior with the
presence of a shear thickening region. This behavior can be explained by the possible
desorption of the surfactant with long chain from the particle or even the inability of the
longer, more branched surfactant to form chemical bond with the particle surface,
competing with SA. The carboxylic acid should form a covalent bond with the oxide
powder surfaces, as shown in Figure 48. According to Wolfrum and Ponjee [171], one
carboxyl group should be present on approximately every 0.55 nm? on the alumina surface,
as calculated from carbon analyses and specific surface area. However, carbon analysis
showed that the surface coverage of stearate was lower, i.e., one chain moiety per 1.2 nm?”.
Moreover, Novak et al. [105] showed that alumina-paraffin suspensions were highly
sensitive to the presence of moisture and in this case prone to destabilization, due to the
fact that surfactant will only be physiosorbed instead chemically bonded. All these facts
indicate the complexity and possible competition for adsorption of two dissimilar
surfactants. In case of a potential excess of surfactants, these act as plasticizers, which may
be the reason for slightly lower viscosity values of suspension 15 S3 than 100 SA. On the
other hand, the overlapping sections of the long chain surfactant might also get entangled
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and detangled with changing shear rates, leading to a transition to a disordered state. This
possibility is less likely as it might lead to a larger interparticle distance and much lower
viscosity values than observed. These dynamic situations of adsorption/desorption and
entangling/detangling that occur at different shear rates result in the highly non-
monotonous behavior seen for this suspension. According to the literature, the flow of
concentrated colloidal suspensions, which under the effect of shear forms particulate layers
sliding over each other, can be disrupted at a given shear rate. Order-disorder transition
occurs at a critical shear rate and this disruption occurs due to the combination of the van
del Waals forces and shear stress, thus the dilatant discontinuity arises [172], [173]. Below
this critical point, particles are well ordered, forming layers which are able to flow over
each other, resulting in a shear thinning behavior. When the critical shear rate is reached,
these layers are broken, a less ordered state is reached, and due to particle jamming,
viscosity increases while shear forces overcoming the interparticle repulsive forces also
result in shear thickening and non-monotonous behavior of suspensions at a critical shear
rate [124]. In the case of 15 S3, this critical shear rate was observed to be 2 s, where the
shear thickening started (Figure 31a).

Due to the observed flow discontinuity (Figure 31), poor fits of the shear stress-rate
data were obtained using the Herschel-Bulkley model for suspensions 100 SA and 15 S3.
For example, a similar, non-monotonous behavior was observed by Filip et al. [174] in
polymer-based alumina feedstocks, stabilised with oleic acid, suitable for powder injection
moulding. In this case, discontinuity in flow was observed at higher shear rates, higher
viscosities, and temperatures.
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Figure 48: Formation of a monomolecular layer on alumina [171].

Suspensions 25 S3, 50 S3, and 75 S3 compose the region 3 (compression region) in
Figure 46. The suspension 25 S3 had a yield stress of 45 Pa, while suspensions 50 S3 and
75 S3 did not have measured yield stress behavior. All of these suspensions had a
monotonous shear thinning behavior. With these suspensions, as the SA amount decreased
and S3 amount increased, the rigid and dense adsorption layer provided by the short chain
surfactant got weaker. This allowed the long chain S3 surfactant to be compressed (as
shown in Figure 47), and thus the interaction was less complex compared to region 2. In
region 3, the compressed (folded) section of the chain acted as a lubricant, leading to a
decrease in viscosity. Amphipathic molecules such as fatty acids are attached to the surface
of the particle, and provide boundary lubrication, lowering the friction coefficient and
preventing contact of particles [124]. Fluid lubrication, also known as hydrodynamic
lubrication, works similarly, but it may not be as effective as boundary lubrication, as it
relies on the use of a liquid, which may be easily removed from the area between particles
under compression, resulting in the absence of the lubrication effect [99].

This lubricating effect results in a monotonous shear thinning behavior when the shear
rate is increased (Figure 31a). It can be seen that when the S3 amount was increased, the
viscosity decreased due to this lubricating effect. It must also be mentioned that the
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suspension 25 S3 still had a yield stress behavior, as the particles were still (slightly)
weakly flocculated and the attractive van der Waals forces were dominant, while
suspensions 50 S3 and 75 S3 had well dispersed particles, with unmeasurable (Figure 33),
but calculated weak yield point (Table 3) behavior. For these suspensions, a plateau of
viscosity at high shear rates (above 100 s') was observed (Figure 31). Such behavior was
previously attributed to the domination of viscous forces at such high shear rates and a
hydrodynamically controlled structure [175].

It can be concluded that the chain length and thickness of the steric barrier are not the
only parameters that affect the flowability of the suspensions. It is also important to
understand and control the conformation of the steric barrier which varied with
combination of surfactants as hypothesised in hypothesis 1, and the means of steric
interaction (elastic vs mixing stabilization) to achieve desired flow behavior of suspensions
with weakly flocculated or well dispersed particles.

5.1.2 The role of attractive potential magnitude and conformation of
steric barrier on the viscoelastic behavior of suspensions

Presented in Figure 34, the storage (G’) and loss (G") moduli of the suspensions provide
valuable information on how the conformation of the steric barrier and the particle
interactions i.e., the magnitude of weak flocculation affect the viscoelastic behavior. Prior
to solidification, G > G’ was observed for all suspensions, which represents a liquid-like
behavior [136].

In the case of weakly flocculated suspensions (100 SA and 15 S3, residing in regions
1 and 2), the storage and loss moduli were insensitive to changes in the temperature due
to a strong attractive particle network (-8 x10% J) present in these suspensions. The
particles resided in the secondary minimum and the increase in temperature was not
sufficient to disrupt the strong attractive network, which meant that the particles
continued residing in the secondary minimum, despite the change of temperature, therefore,
storage and loss moduli were not changed. Prior to solidification, for suspension 100 SA
moduli were approximately 2000 Pa, while for suspensions 15 S3 and 25 S3, similar behavior
was observed with lower values of 250700 Pa at the initial temperature of 100 °C. These
values were significantly lower than those obtained for highly loaded zirconia pastes used
for direct ink writing, where both G' and G" were on the scale of 10> Pa [138]. Similarly,
the values obtained in this work were much lower than those obtained for zirconia filaments
with 50 vol% TZ-3YS-E (10° to 10° Pa), used for fused filament fabrication [51].

On the other hand, for suspensions 50 S3, 75 S3, and 100 S3, where the particles were
well dispersed, G' and G" were affected by temperature changes and were in the 10-100
Pa range. The increase in thermal energy, resulting from the increased temperature, was
able to overcome the very weak attractive forces (-2 to -1 x10® J) and disturb the
attractive interparticle structure present in these suspensions. The increased temperature
also caused a decrease in the viscosity of the system, as well as an increase in the available
volume due to expansion of the binder wax, therefore, the particles were able to move more
freely to larger interparticle distances, where there were fewer particle interactions and a
weaker particle network, causing a decrease in the moduli [176]. With the increase of S3
ratio, increased interparticle distances and lower magnitude of weak flocculation led to the
expected decrease in G' and G" moduli, similar to the observations in the literature by Bell
et al. [128].

For suspension 100 S3 (from region 1 in Figure 46), the largest decrease of both moduli
was observed, as this suspension had the largest interparticle distance and the weakest
particle network. For suspensions 50 S3 and 75 S3 (from region 3 in Figure 46), the decrease
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in moduli with increased temperature was attributed to the lubricating effects of
compressed surfactants, which was not the case for the suspensions from Region 2, where
the surfactants were overlapping, and the particle movement was more restricted.

Shown in Figure 49a, amplitude sweep measurements were done in order to define the
linear viscoelastic region (LVER), for suspensions 100 SA, 50 S3 and 100 S3. Following,
using a shear strain value of 0.03%, which was in the defined LVER, temperature sweep
measurements were repeated for suspensions 100 SA and 100 S3 (Figure 49b). The results
of these measurements were compared to previously obtained G’ and G" moduli values,
and for weakly flocculated suspension of 100 SA, two order of magnitude higher values
were obtained, due to lower strain values used in these measurements. In this case, the
attractive particle network was able to withstand the applied stress better than previously,
resulting in higher values of G" and G"” moduli. For suspension 100 S3, however, one order
of magnitude higher values were obtained, as in this case the well dispersed particles were
able to move almost as freely as previously. It can be concluded that measurements in
LVER provide information on the behavior of the suspensions at close-to-rest conditions
(as present while the droplets are airborne and solidified on the print bed during T3DP)
while the measurements after the crossover of G' and G" moduli provide information on
the behavior of the suspensions during flow conditions (as observed during expansion and
receding of the deposited droplets).
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Figure 49: a) Defining the LVER for suspensions 100 SA, 50 S3 and 100 S3, b) temperature
sweep in defined LVER conditions for suspensions 100 SA and 100 S3.

In conclusion, a large difference in the magnitude of the storage and loss modulus was
observed between suspensions with weakly flocculated particles and well dispersed ones.
For the suspensions with weakly flocculated particles and attractive network, values of
moduli were in the range of 200-3000 Pa while for suspensions with well-dispersed particles,
2 orders of magnitude less values at 10-100 Pa were observed, which indicates the
differences in the strength of the networks formed in these suspensions. This difference was
in agreement with those observed from yield stress measurements where at shear stress of
40 Pa, a shear strain of 0.03% was observed for 100 SA while 100 S3 had a shear strain of
10000%, 6 orders of magnitude larger, indicating a larger distortion of the structure for
suspensions with well dispersed particles due to a less strong particle network compared to
those with weakly flocculated particles.
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5.2 Droplet Jetting Dynamics as a Function of Rheological
Properties

Reynolds number, Weber number, and inverse of Ohnesorge number have been used as
indicators of printability for Newtonian fluids, however, they are not as applicable to non-
Newtonian fluids due to the dependence of rheological parameters on the shear rate [135].
For non-Newtonian feedstocks, at a given shear rate, Re was calculated, and values followed
a trend where the increased amount of long chain surfactant and consequential decrease in
viscosity resulted in an increase in Re (Table 3). Since Re is the ratio between inertial and
viscous forces in the system [146], observed increase in Re is attributed to the decrease of
the viscous forces when the chain length is increased and the particles are well dispersed.
It was shown that feedstocks with higher Re had better printability (Figure 39), up to Re
= ~0.4, above which the deposition of a single layer was not possible anymore. As it was
shown impossible to deposit single layers with feedstocks that had the lowest Re numbers
(~0.01), where the viscous forces were dominant, it can be concluded that the Re needs to
be in a certain range, indicating a balance of inertial and viscous forces, to ensure
jettability.

In the case of T3DP used in this work, pressure was applied to all feedstocks during
jetting, in order to overcome the viscous forces and ensure flow of feedstock from the nozzle,
similar to previous reports in the literature [86], [177]. Application of pressure and the
downwards movement of the tappet provided kinetic energy to the material that was
deposited (Figure 9) which were necessary as the feedstocks used in this work had higher
viscosity values than those of aqueous slurries reported in the literature, such as 30 vol%
SisNy suspension used for drop-on-demand jetting [178]. The energy provided to the system
was subject to viscous dissipation in case of highly loaded feedstocks (40 vol%) with high
viscosity (up to 500 Pa - s at rest), and the undissipated energy was used to overcome the
viscous forces in order to achieve deposition of feedstocks. In case of no applied pressure
and low kinetic energy provided by the tappet, the material would be kept in the nozzle
under the effect of fluid/air surface tension [179] and could not have been deposited.

In the present work, two main droplet jetting behaviors were observed. First, jetting of
non-Newtonian feedstocks, 100 SA (region 1) and 15 S3 (region 2), exhibiting
pronounced shear-thinning and non-monotonous behavior, and weak flocculation of
particles with a yield stress of 55 Pa, resulted in droplets with bump (tail) formation.
The deposited column of material was not retracted to the shape of a droplet while
airborne, due to strong viscous forces [142] (also represented by low Re values of 0.014 and
0.016), as shown in Figure 35. These values of Reynolds number were significantly lower
than those reported for the printable region of Newtonian fluids, where Re<100 was shown
[144]. The result of non-retracted tails was bumps on the droplets, which was also
previously explained by the breaking of the continuous feedstock column due to the
movement of the print bed, shown in Figure 21 [142]. Observation of single lines revealed
that the lines of feedstocks 100 SA and 15 S3 had the same bumps as individual droplets
therefore, it was not possible to form a continuous line. Furthermore, the largest droplet
diameters were observed for feedstocks 100 SA and 15 S3 (Figure 37). These feedstocks
had very low viscosity (of ~0.3-0.5 Pa - s) at the maximum shear rate of 1000 s*, which
was the maximum possible value used for the rheological measurements (to prevent
slipping). Namely, the highest possible shear rates were representative of the shear rates
present in the nozzle head (2000-3000 s™) (Figure 31), which resulted in a minimal viscous
dissipation and large final kinetic energy applied on the deposited part. The kinetic energy,
that was transformed to potential energy during impact (droplet deposition) resulted in
the largest spreading of the droplet on the print bed. After this step, due to surface tension,
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the droplet receded, and the diameter decreased, but the absence of shear at the print bed
resulted in a 3 orders of magnitude increase in viscosity of the feedstock. The viscous force
prevented the surface tension from retracting the droplets any further prior to solidification.
This also explains the formation of the bump on the droplets due to high viscous forces,
the surface tension could not retract the bump and generate the form of a droplet prior to
solidification (Figure 35). It was not possible to deposit a single layer either, due to too
high viscous forces, causing a build-up of feedstock on the nozzle (Figure 39). The kinetic
energy that was applied to this feedstock with the movement of the tappet, as well as the
applied pressure, was insufficient to overcome the viscous forces completely.

The second droplet jetting behavior was observed for the feedstocks, 25 S3, 50 S3, and
75 S3 (region 3), which had increased steric barrier thickness and less pronounced yield
stress compared to the previously discussed feedstocks. The droplets of these feedstocks
did not exhibit non-receded bump/tail, indicating that the surface tension was able
to overcome the viscous forces which were weaker than the previous two feedstocks (100
SA and 15 S3). Feedstock 25 S3 (region 3) was a boundary between the printable and
non-printable feedstocks. It was interesting to see a different droplet jetting behavior
compared to feedstock 15 S3 (region 2), as these two weakly flocculated feedstocks had
almost the same steric barrier thickness (2.4 vs 2.8 nm) and yield stress (55 vs 45 Pa).
However, it has to be noted that there was a 4-times difference in the viscosities (14.9 vs
3.7 Pa-s) and Re values (0.016 vs 0.064) for 15 S3 and 25 S3. Such a difference obviously
originates from the configuration of the steric barrier, where the lubrication effects
introduced by compressed surfactants led to decreased viscous forces for feedstock 25 S3,
and consequently, surface tension was able to overcome the viscous forces and a bump-free
droplet was achieved. For the feedstock 25 S3, even though the deposition of a single layer
was completed, the layer had some visible flaws, also supported by the Sa value of 24 pm
obtained for this sample.

On the other hand, in the case of feedstocks 50 S3 and 75 S3 (region 3) with well
dispersed particles, the compressed configuration of surfactant chains and reduced viscous
forces (Re values of 0.1 and 0.265) allowed the retraction of the tail back to the main body
of the droplet. For these feedstocks with less pronounced viscous forces, the surface tension
was able to overcome the viscous forces and minimize the surface area, and the final
droplets had a smaller diameter compared to those with high viscous forces. Lower S,
values of 13 and 18 pm were obtained for feedstocks 50 S3 and 75 S3, and these feedstocks
resulted in higher homogeneity and reliability of the deposited single layers. Feedstock 75
S3 was used for the successful 3D printing of demonstrators with various geometrical
complexities, such as an impeller, a tetrahedron, and a honeycomb disc, as shown in Figure
50.

In the case when particles in the feedstocks were well dispersed (100 S3; region 1),
the viscous forces were lower than the rest of the feedstocks, exhibiting the highest Re
value in this work (~ 0.4). Even though for this feedstock, deposition of droplets and lines
was possible and they exhibited the nicest shapes and accuracy, it was found that
deposition of a single complete layer was still not possible, disproving hypothesis 3. This
was attributed to the lack of yield stress, low viscosity, and pseudo-Newtonian behavior
observed in this feedstock at given processing parameters, leading to a very low viscous
dissipation during jetting. This meant that the deposited droplets carried a high kinetic
energy, and the deposited layer was inconsistent and had an accumulation of the material
in different areas. It is believed that by optimizing the process parameters, such as pressure,
temperature at the nozzle, and print bed temperature, it should be possible to print this
feedstock as well.
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Figure 50: Printing demonstrators with one of the “suitable” feedstocks, 75 S3 [151].

Finally, it can be summed up that the feedstocks in region 3 of Figure 46, labeled as
compression region, resulted in the deposition of droplets, lines, and layers with minimal
flaws. In this region suspension 25 SA had the yield stress of 45 Pa while other suspensions
did not have yield stress, while a monotonous shear thinning behavior and the steric barrier
thickness of 2.8-9.4 nm were present. Feedstocks in this region included well dispersed
as well as weakly flocculated particles. These findings disproved hypothesis 2. An
important parameter was found to be the compression of the surfactants, which led to
boundary lubrication and decreased viscosity values. Re was found to be 0.064-0.265 for
the suspensions in this region. These limits were summarized in Figure 51 as a “roadmap”
for the properties of suspensions used as feedstocks, where the limits of yield stress were
indicated in gray and those for loss modulus, in green. Use of combination of surfactants
with significantly different chain lengths presented a lubricating effect due to the possibility
of achieving compressed configuration. It can be concluded that for highly loaded non-
Newtonian feedstocks, control of rheological behavior as well as steric barrier thickness and
configuration is desired for “successful” deposition. Here, it is also important to emphasize
that the steric barrier thickness is not the sole parameter defining the jetting behavior of
the feedstocks and use of a single surfactant, leading to the same steric barrier thickness
would not result in the same jetting behavior as observed here, due to the lack of lubricating
effect that was achieved thanks to compression of the long chain surfactant.
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Figure 51: Roadmap for jettability of feedstocks for T3DP.

5.3 The Role of Droplet Deposition and Infill Strategy on the
Strength and Flaw Type Population

T3DP AM process was employed to fabricate a series of printed and sintered rectangular
bending bars, where the role of droplet deposition and infill strategy on the mechanical
properties was investigated by 4-point bending strength test. Using Weibull analysis and
fractography, it was possible to analyse and compare the flaw type population and
reliability of fabricated parts to other extrusion-based AM methods, such as FFF.

Feedstock inhomogeneities, such as the presence of agglomerates, were one source
of defects observed in parts [180]. Agglomerates in the feedstock could cause clogging of
the nozzle, which leads to inconsistent droplet deposition as observed for our systems
in Figure 44c, Figure 44f, Figure 44g. Shown in Figure 44c, a large defect of 150 pm could
indicate the inconsistent droplet deposition, as the size of the defect was similar to the
height of a droplet (160 pm). It is important to improve the feedstock preparation and
remove agglomerates from the feedstocks, to minimize the introduction of flaws.
Nevertheless, compared to other AM methods, T3DP is more insensitive to feedstock
induced flaws. It was shown for parts prepared by SLA that pores were a recurring flaw,
introduced by feedstock preparation as well as process parameters [62].

Process induced flaws, on the other hand, were also present in the printed parts.
Fractography results showed that the defects observed for all infill strategies were mainly
due to the imperfect fusion of subsequent droplets (inset of Figure 44a, Figure 44b,
and Figure 44d), as well as imperfect fusion of subsequent lines (Figure 44f). To
understand the reason for such behavior, a detailed analysis of the coordinates of deposited
droplets used for the print jobs was made, where the positioning of every single droplet for
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all infill strategies could be observed, as presented in Figure 52, Figure 53, and Figure 54
[54]. Blue dots show the position of droplets for 0° infill strategy while green dots indicate
droplet positions for 90° infill strategy. The movement of the print head was shown with
continuous lines. As presented in Figure 52, for 0° infill strategy, droplets were deposited
along the x direction, and subsequent layers consisted of droplets that were deposited at
the exact same position. A similar situation was observed for the 90° infill strategy (Figure
53), where the deposition was done in the y direction. For the 0° + 90° infill strategy,
however, as the droplets in subsequent layers were not positioned on top of each other due
to the change of infill strategy on each layer (Figure 54), as well as the differences in the
diameter of droplets in the direction of printing (d,/) and in the direction perpendicular to
printing (d.), shown in Figure 37, large (number of) defects as indicated by yellow arrows
in micro-CT images in Figure 55c¢ were observed. As seen in Figure 55a and Figure 55b,
parts prepared by 0° and 90° infill strategies had smaller defects.
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Figure 52: Droplet positioning of 0° infill strategy [54].
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Figure 53: Droplet positioning of 90° infill strategy [54].
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Figure 55: Total volumetric population of defects present in a) 0°, b) 90°, and c¢) 0° + 90°
infill strategy.

4-point bending test results were summarized in Table 5, showing that even though the
results achieved for 0° were slightly superior to the rest of the infill strategies, the
differences were negligible which disproved hypothesis 4. It could be concluded that the
mechanical properties were (almost) insensitive to the changes in the infill strategy, which
is not usually the case for other extrusion-based AM methods. Namely, for parts prepared
by FFF, differences in mechanical properties were observed when the infill strategy was
changed, mainly due to pores and voids as a result of poor fusion between deposited
filament lines and layers [181]. The voids present between deposited filaments are a
common flaw present in parts prepared by FFF, not only for ceramic loaded filaments
[182], [183]. It was recently shown in a review by Staudacher et al. [184] that parts prepared
by material extrusion commonly have flaws such as delamination, pores, and voids, marked
yellow in Figure 56.
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Figure 56: Voids present in alumina 4-point bending bars, prepared by material extrusion
[184].

While the strength values were insensitive to the changes in the infill strategies for
parts prepared by T3DP, it must be noted that the parts had low Weibull moduli (m =
6.0 to 7.0), compared to other AM processes. For zirconia parts prepared by SLA, Weibull
modulus up to m = 9.3-16.0 was shown to be possible [165], [185] while for FFF, Weibull
modulus m = 5.7-9.9 was achieved [50], [186]. The low values of Weibull moduli obtained
by T3DP can be improved by better controlling of droplet positioning in the parts by
altering the coordinates of the deposition in the slicing software, as well as by ensuring
that the droplet diameter in different directions is as similar as possible, which can be
achieved by lowering the travel speed of the print head to avoid elongation in one direction.
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Chapter 6
Conclusions

This work aimed to deepen the understanding of jetting of highly loaded thermoplastic
ceramic feedstocks with thermoplastic 3D printing and was divided into two parts. In the
first part, the feedstock properties and their jetting were studied, while the second part
focused on the process parameters and the mechanical properties of the final parts.

In the first part of this thesis, the focus was on the colloidal particle interactions, the
effect of steric barrier thickness, and conformation on the flowability of suspensions used
for T3DP. The thickness of the steric barrier was changed by using different combinations
of a short chain and long chain surfactant. It was concluded that the suspensions with
shorter steric barriers had weakly flocculated particles, resulting in higher viscosities and
non-monotonous shear thinning behavior with distinct yield stress behavior. On the other
hand, suspensions with increased steric barrier thickness resulted in lower viscosities,
monotonous shear thinning behavior, and low/non-existent yield stress. Suspensions with
weakly flocculated particles had values of storage and loss moduli in the range of 200-3000
Pa while suspensions with well dispersed particles had 2 orders of magnitude lower values
of 10-100 Pa. These values showed that the increased attractive potential of the
suspensions with weakly flocculated particles increased the strength of the particle network,
resulting in high moduli values. Conformation of the steric barrier was shown to be a very
crucial parameter. It was shown that steric barrier could have certain conformations: rigid,
overlapping, and compression. Compression conformation was shown to provide decreased
viscosity and increased jettability of the feedstocks, which was attributed to the
introduction of the boundary lubrication effect. It was shown that this lubrication allowed
jetting of feedstocks with both weakly flocculated and well dispersed particles. It was
concluded that using a combination of surfactants with significantly different chain lengths
allowed the compression conformation and the lubricating effect, and finally improved the
jetting of feedstocks. Depending on the composition and rheological properties of the
feedstock, two main droplet jetting behaviors were observed. Feedstocks exhibiting
pronounced shear-thinning and non-monotonous behavior, and weak flocculation of
particles with a yield stress of >50 Pa, resulted in droplets with the non-receded bump
(tail) formation (after solidification). On the other hand, feedstocks with increased steric
barrier thickness and less pronounced yield stress resulted in jetting of droplets with no
bump formation, indicating that the surface tension was able to overcome the viscous forces
present in these feedstocks. It was possible to deposit droplets, lines, and layers with
minimal flaws using feedstocks in the compression region. In this region, the feedstocks had
yield stress values below 45 Pa, a monotonous shear thinning behavior, and the steric
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barrier thickness of 2.8-9.4 nm. Re was found to be 0.064-0.265 for the feedstocks in this
region.

In the second part of the thesis, the effect of droplet deposition and infill strategy on
the strength and flaw type population of sintered zirconia bending bars was studied. Use
of different infill strategies resulted in negligible differences in the mechanical properties,
and it was concluded that the mechanical properties were (almost) insensitive to the
changes in the infill strategy, unlike other extrusion-based AM processes such as FFF. It
was shown that the flaws present in parts prepared by T3DP were either due to feedstock
inhomogeneities or were process induced. However, compared to other AM processes such
as SLA, T3DP was found to be more insensitive to feedstock induced flaws. Process induced
flaws were found to be the imperfect fusion of subsequent droplets and lines that were
attributed to the imperfect positioning of the droplets in consequential lines and layers as
well as differences in diameter. The imperfect fusion and positioning of droplets, that can
certainly be improved, were found to be the main reason for the low Weibull moduli (m =
6.0 to 7.0) which was observed for parts prepared by T3DP. Improving both feedstock
properties and process parameters is necessary for manufacturing parts with increased
mechanical properties and reliability.

In conclusion, this thesis provided an insight into the complete process of T3DP,
covering a range of crucial steps starting from (rheological) properties of suspensions, and
their effect on jettability, to process parameters and their effect on the final (mechanical)
properties of the parts. The thesis delivers a “roadmap” for the design of the steric barrier
thickness and configuration, which governs various rheological properties of the feedstocks,
with defined boundaries for the successful jetting outcome, going beyond the state of the
art for T3DP. By exploiting the feedstock properties and process details, improvement of
the current state of art for T3DP was achieved, which would allow preparation of complex
parts with good qualities that can be used in many different fields as dentistry, biomedicine,
catalysis, semiconductor industry and others. Furthermore, understanding the properties
of feedstock would facilitate the introduction of new feedstock formulations, the
development of novel composites, and the creation of multi-material parts that can even
mimic the complex structures of natural materials. However, understanding the
interparticle interactions and resulting rheological behavior of highly-loaded paraffin-wax
suspensions used as feedstocks for T3DP is essential for its successful implementation.
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