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Abstract

The employment of the Selective Laser Melting (SLM) technique in the processing
of ceramics has attracted attention recently. SLM is a powder-based AM process
where powder spreading is one of the fundamental. Therefore, a spray-drying
prdcess was chosen to irﬁprove powder properties to reach a proper powder for the
SLM process. Also a dynamic powder characterisation methodology was used to
investigate powder flow characteristic.

A series of SLM experiments were conducted using the spray-dried powder in
three stages: single-track melting, single-layer melting and fabrication of three-
dimensional (3D) blocks (multilayers). The objectives of this set of experiments
were to establish the preliminary prdcessing windows of ceramics via SLM.
Finally, multilayer or ceramic 3D blocks were experimented via SLM machine.
However, the density of the fabricated 3D parts was low and the parts were also
fragile and unstable. These results showed that with current state of technology, it
is still a challenge to directly fabricate dense ceramic components using SLM.
Following the insights obtained from these experiments, the critical challenges of
this project were identified and discussed, including ceramic powder layer
deposition, laser-powder particles interaction, the dynamic melting and
consolidation mechanism, process parameter optimisation and residual stress

analysis of the ceramic materials processed with SLM.

Keywords: Selective Laser Melting, ceramic, powder flow, Revolution Powder

Analyzer, 3D blocks.



Acknowledgements

I would like to express my deepest appreciation to Assistant Professor Yeong Wai
Yee and Dr Tay Bee Yen for their patience, support and continual guidance during
the course of this research. They have been very approachable and often provided

feedback and academic advice that enabled the smooth running of the research.

My gratitude also goes to the researchers and executives in SIMTech-NTU Joint
Laboratory on 3D Additive Manufacturing at NTU for lending their support in the

project in terms of facilities and expertise.

[ am grateful for the scholarship by Agency for Science Technology & Research
(A*STAR). Also I am thankful to NAMC and SIMTech for providing all facilities

and materials for this project.

Lastly, thanks to my dear husband, Zia, for his continued and unfailing love,
support and understanding underpins my persistence in the graduate career and

makes the completion of this thesis possible.



1 dedicate this thesis to my family and my
husband for their constant support and

unconditional love.



Table of contents

Abstract....... versesrensnene esssssssssssisasssnssnsnsansans serssessesinsanen cersasnesasasansassnerene reersrssnsnesessnsssnnens sreesassrsenans i
Acknowledgements.............. Creesuesssestsensesesessare st e s st btetbssbes s esasRs e sRseRBaR RS R R SRS SRR RS srerevsenssassstostersasesanes ii
List of figures............ rrersssssresusenssnsssasertsanenssasasese sesssessessenssrssatsass eressessssesnesnenses ersesasesssassnssaistsassnsenes . vii
List of AbBreviations ........eevvrorerersorenes swesesensansansansassae ceerrsseesnssesansassanen cerssnesesresnsasasasassraresansns Vi
Chapter 1: Introduction.............ueeesernesnnes cressesresresiesnernensansans cersersassasanassssssnseaseneress vevesaveresansassansnes 1
1.1 Background 1
1.2 Motivation: 3
1.3 Objective 5
1.4 Scope 5
1.5 Organisation of the report 6
Chapter 2: Literature review ............ouveenes crersesresessessesaesanane cerssessesuesasstsarsatsaesnesaene e et asaeaaasrasaneten 7
2.1 Forming processes of ceramics 7
2.1.1 Conventional manufacturing methods of ceramics ...,
2.1.2 Additive manufacturing (AM) process for ceramic materials....
2.1.2.1 Additive laser based methods for CEramics.......cuvenrenisisinmiiiinen
2.2 Selective laser melting (SLM): material research and application ................ wee 18
2.2.1 MELALS it ssa b s saert b ea bbb R s s er R R s R e et e e ne 18
2.2.2 COMPOSILES cerrurrerssernervessusrerensseeressemrsessseisssssssssssssssssssssssstssssssesisarssssssssssssssaresssssrsssssssesss 19
2.2.3 COIAMICS.ciinierisisrnisesinmstsin s st st bbb sh et o bbb o b s eR s o b aes sHas e bR b sR e bR s s et ot b aberhe 21
2.2.4 Powder properties for SLM ... sres s 23
2.3 Dental material: 26
2.3.1 ZIrCONIA (ZI012) cuvervrerreeerrrrieneserrneressiisssssesessssessssssessssssssesestsesssnsesssanesesensersssessesssssisssarasses 28
2.3.2 AIUMING (A]203) crvireiririerienreeeereineerinierseeeesessesssesatsarssessassesssossesssorstsssons sossssasssssassessensonnoness 30
2.3.3 Alumina toughened Zirconia (ATZ) ....veveerercrerminieriniminssisssisesees 31
Chapter 3: MetROAOIOZY ....vcuvvevovineeirisnirisensissunssinsecsissessssssssssesssorssssessens seeseestssnesasesesstaresaspesananten 33
3.1 Experimental approach 33
3.2 Powder preparation 35
I Y 1 o YL O O OO 35
3.2.2 Spray drying MeEthod ...ccmeveicererereerercer s e s sestsnesssesie s essss s ssssssssassesmsersnssesens 36
3.2.3 FIOWADTHLY tESE c.vurvverrrerrenireriresensesnesesensssesssesesssssesesnassesssesesesessassensssasesssssssossssssssanensessesens 37
3.3 Experimental procedures 40
3.3.1 SLM EQUIPIMENL c.erecerererrrireres et resscssisssssssnessesstss st nsssssbas s st s s s bssssssbsssansnssssses 40
3.3.2 Material characterisations ... s 41
3.3.3 Single track MEING ...ccceerirerciieseeec e s s s 42
3.3.4 SINgle-1aYer MEILING ..verereerererrrenreeronismrseneeererseeriererssmerereeresersrsssmeseseserersasaresssssessessinarsenssos 44



3.3.5 Fabrication 03D DIOCKS...ivcurmrcrrrerirereneirniseiseacsserssernenesressessmsansssessesessessesssssessessastonsen 45

Chapter 4: Results and discussion.............veneevsnen. reesesessssaasssasaaasassasanasas veereisrssnsesasannstssnssarasaess 46
4.1 Powder characterization 46
4.1.1 POWder MOIPROLOZY c.vveucreeeerercerercrererieressiisin i iss s as s s bbb s sn e es e st st nn 46
4.1.2 Phase @nalysis ....ccerciminininiismimminiii e i ssesse s sssesssesees 48
4.1.3 Particle size diStriDULION c...ccoeeeermeerierisniisicn s s ain 49
4.2 Flowability test 50
4.3 Single track and single layer melting 53
4.4 Fabrication of 3D ceramic blocks 59
4.5 Challenges and difficulties 68
4.5.1 Powder layer deposition..........ccecriemrmiiiin e e e 68
4.5.2 Laser-powder iNteraction .........cccevreenerieinrimisminini s siesns 70
4.5.3 Melting and consolidation MmechaniSM......cinenreeiernieii s 72
4.5.4 Thermal and residual Stress analysis ..ccueereneninnnmmenneere i s 74
Chapter 5: Conclusions and Future Work..........eweveeicrevcsessnnnas sevsssnssnenns setresanesesssanses cresaisassnees 70
5.1 Conclusions: 76
5.2 Future work: 77
References:....ooeinions vrsssessnses CreeseeeteresereeeretsNesEsesEeaNON e ONS RO et SN0 OSSR ERRELR N LSRR b AR AR S EO R RSORS00 RSN BRSPS 78
Publications: ........ T eessesassessenese CeeeerssNsetsebests sttt rbs st Resabssanssneanenseranene csesnabssisneaeesesnasassisnes 86
JOUINAI PAPETS covieviiiriiriinieriiiiniincna sttt casnss st sssas s saaseassssnsnsussssnsntesssssnssesaen 86
CONTEIEIICE PAPET ..veeerieiiseetiteresisesreste ettt sas s sab st ssar st s sbens s b s E s s b e eR bbb eshoben 86



List of tables

TABLE 1 PROPERTIES OF 3Y-TZP CERAMICS [76] «.ccvvriiiniririnririsnniiiinniinimeinsnn snersssessessisseasons
TABLE 2 PROPERTIES OF AL,03; CERAMICS [7,77]..

TABLE 3 PROPERTIES OF ATZ [78] ettt csnstosnsnsiasssissessssies reens e 31
TABLE 4 SCANNING PARAMETERS FOR SINGLE TRACK MELTING OF ALUMINA-ZIRCONIA POWDER VIA
LASER I ....c..... reeeruetehet b Yy aR AR st et e s eE TR 4R SR OSSR SO ERE RS E e RO RS R LA R LSRR SRR S eR S SRR sE R Re e beR bR R b bes 44
TABLE 5 SCANNING PARAMETERS FOR SINGLE TRACK MELTING OF ALUMINA-ZIRCONIA POWDER VIA
LASER 2 1oteucetieeiessveseesesesersssonnossnssessassensenessenmiss s sassensosseentonsaesssstsessessrestossteststsatessssotessass sosssesinenes 44
TABLE 6 DENSITY MEASURMENT RESULTS FOR FABRICATED ALUMINA-ZIRCONIA 3D PARTS VIA LASER
2t tereerrrere et e s e e s et e e e e e e r g R e s R e ST S adSeRE 4R RS SRS AR RS SRR SR e e AR ES SRS SR RS AR LS A SR RO SRR e R R e s A S TR e s R R e b S e R n e 66
TABLE 7ABSORPTANCE (A) OF CERAMIC POWDER MEASURED WITH TWO LASERS:
ND:YAG(A=1.06MM) AND CO2(A=10.6MM) [90]....occrriiriiirmninininrinnnnminscsinesnissesinens 71

vi



List of figures

FIGURE | INJECTION MOULDING PROCESS ..icesuisnisrisesrsesnessissessessassressassasiesssesiossessmsssosesesssostessassarssissesssss 8
FIGURE 2 MACHINING PROCESS OF TECHNICAL COMPONENTS [6]. .cvvvevievnrinennenrensisisnnsnereesaenens 9
FIGURE 3 (A) ZIRCONIA CUBE WITH 56% DENSITY; (B) TOP VIEW OF OPEN POROSITY [25]....cccev e 16
FIGURE 4 LASER SINTERED PATCH OF CERAMIC POWDER[29] ......cocvuinnnerens .. 18
FIGURE 5 SURFACE FINISH OF DENTAL RESTORATION BUILT BY SEM [62] ..o, 22
FIGURE 6 CLASSIFICATION OF DENTAL CERAMICS BY THE TYPE OF RESTORATION [73] ..ccoveviiireennnnn 27
FIGURE 7 FLOWCHART OF APPROACH OF EXPERIMENT ..uvuvviirensersnressssemsesmemssnsensensiasensssssessensssssnsinenis 33
FIGURE 8 SSCHEMATIC OF HATCH SPACING CONCEPT ....ccciiiiismimrisisiesnmissesssseinssssssssssesiorssns sassesssssanss 34
FIGURE 9 PHASE DIAGRAM OF ALUMINA ZIRCONIA SYSTEM .ecciviunisreesesennemsenisiessensuscsresssmsssrssssssnssiosnee 36
FIGURE 10 SPRAY DRYING SCHEMATIC .ccvictvuiererrerueressossesessssessessocssmsnmsseressenetssssessssssressorssssssssnerssssnioeses 37
FIGURE 11 SCHEMATIC OF ROTATING DRUM AND IMAGE ACQUISITION SYSTEM ..cccivviinrineesinsniniossinenes 38
FIGURE 12 SCHEMATIC OF THE MEASURED AVALANCHE ANGLE......ccoutneerenmsniatiniimiencnsenseeisiseenes 39
FIGURE 13 SCHEMATIC OF SURFACE FRACTAL A) NEAR1 B) BIGGER THAN ONE.... .39
FIGURE 14 SCHEMATIC OF SLM PROCESS ...overucctermuieereeniesreneeseriereasissresssnsissessnsssessnmerssesionisessonsossssiosios 41

FIGURE 15 DENSITY MEASUREMENT EQUIPMENT SETUP — METTLER TOLEDO AG204 DELTA RANGE42
FIGURE 16 SEM PICTURES OF A) SUBMICRON ALUMINA B) NANOSIZE ZIRCONIA C) SPRAY DRIED
POWDER OF ALUMINA-ZIRCONIA MIXTURE D) SPRAY DRIED ALUMINA FROM INDUSTRY F)SPRAY

DRIED ZIRCONIA FROM INDUSTRY ...veovererereereeressorersnsssnesessessosseserasssssesessenne rerreeerere e eesteesesrane 47
FIGURE 17 XRD PATTERNS OF POWDER MIXTURE (A) BEFORE SPRAY DRYING (B) AFTER SPRAY

DRYING. cueerrersersasrenerasrersanssonnacs SO Ererereersert re ettt AR er e e bR aerere e R e eee saea e basnesnereseeennen 48
FIGURE 18 PARTICLE SIZE DISTRIBUTION OF 52% ALUMINA-48% ZIRCONIA SPRAY DRIED POWDER., 49
FIGURE 19 CUMULATIVE AVALANCHE ANGLE DISTRIBUTIONS ..cveveeterresssecsrenesersmeresessonsesssnssssssesssinanns 51
FIGURE 20 CUMULATIVE SURFACE FRACTAL DISTRIBUTIONS ..cccvvvurrneruncsniassnessssnessisnissessssses sessesssonnes 52
FIGURE 21 RESULTS AND PROCESS PARAMETERS OF SCANNED CERAMIC POWDER (D) .ccvvverervrricrernnnn 54
FIGURE 22 RESULTS AND PROCESS PARAMETERS OF SCANNED CERAMIC POWDER (II) ..cvererveveennnnae 55
FIGURE 23 BALLING PHENOMENON IN SCANNED SAMPLES WITH DIFFERENT HATCH SPACING... .56
FIGURE 24 RESULTS AND PROCESS PARAMETERS OF SCANNED CERAMIC POWDER (II1)...ccccvuvverenenenns 57
FIGURE 25 FABRICATED CERAMIC SINGLE LAYER VIA SLM ...cciviiiiiriininnrieerenecensesensnsrissssesessssssnans 57
FIGURE 26 SEM IMAGES OF FABRICATED SINGLE LAYER AT A) LOW MAGNIFICATION B) HIGH

MAGNIFICATION

FIGURE 27 MULTILAYER SLM PARTS USING LASER |
FIGURE 28 SCANNING ORIENTATION IN MULTILAYER FABRICATION ..ccuncnivinieniessnissesesmsesnssnisesnsseans 60
FIGURE 29 INTENSIVE LIGHTS DURING LASER SCANNING ..o.ovtevcenssererssesersione reereseseesesiensenrenartereerenasaaaras

FIGURE 30 DEFECTS IN SLM PARTS SCANNED BY LASER 1
FIGURE 31 SEM PICTURES OF ALUMINA ZIRCONIA SAMPLE FABRICATED BY SLM USING LASER | .... 62

FIGURE 32 ALUMINA-ZIRCONIA SLLM PARTS USING LASER2 .......ccecureenen. et s st ar e s e ieans 63

FIGURE 33 FABRICATED ALUMINA-ZIRCONIA 3D PARTS USING LASER 2...vvereereerecrnrneenersressnsssessessensanne 64

FIGURE 34 SEM PICTURES OF ALUMINA-ZIRCONIA SLM PARTS IN X37 AND % 160 MAGNIFICATIONS
RESPECTFULLY 1vvvutvuerereesressesessensersesessoreossssassesessesssssssastssssessessaseresssssesssseneses sosmessesaraseseessesrssesssessen 65

FIGURE 37 XRD RESULT OF ALUMINA-ZIRCONIA A) POWDER B) 3D PART ...
FIGURE 38 TOP SURFACE SEM IMAGE OF ZIRCONIA/ALUMINA PART ..vevrveveerruecesnreresvemsenesseenssnesnennens

vii



List of Abbreviations

AM
CAD
EDXS
FDM

FESEM

LOM
MAE
NAMC
Nd:YAG
NTU

RP

SEM
SIMTech
SLM
SLS
TCP
TEM
XRD
YSZ

3D

3DP

Additive Manufacturing

Computer Aided Design

Energy Dispersive X-ray Spectroscopy

Fused Deposition Modeling

Field Emission Scanning Electron Microscopy
Laminated Object Manufacturing

School of Mechanical and Aerospace Engineering
NTU Additive Manufacturing Center
Neodymium doped Yttrium Aluminium Garnet
Nanyang Technological University

Rapid Prototyping

Scanning Electron Microscopy

Singapore Institute of M‘anufacturing Technology
Selective Laser Melting

Selective Laser Sintering

Tri-Calcium Phosphate

Transmission Electron Microscopy

X-Ray Diffraction

Yttria-stabilized Zirconia

3-Dimensional

Three-Dimensional Printing

viii



Chapter 1: Introduction

1.1 Background

Additive manufacturing (AM) processes allow the production of components by
adding materials, in contrast to subtractive manufacturing such as machining
processes. Selective laser melting (SLM) is an AM process which is able to
produce three-dimensional (3D) complex shapes. During the process each layer of
powder materials is selectively melted according to computer-aided design (CAD)

data. The needed energy for the melting is produced by laser radiation [1].

One of the advantages of SLM in comparison with conventional methods is its
capability to manufacture complex geometries in a wide spectrum, such as internal
structures and intricate geometry elements which are not realisable with other
processes, even the investment casting process. Final parts are built layer by layer
according to the cross-section area of products in CAD data. There is no need for
post-processes such as milling and grinding. This allows the manufacturing of
individual pieces and small numbers of components in a cost effective and fast
manner.

SLM as a rapid manufacturing method for metallic materials has already been
adopted in industry. However, for ceramic material no comparable procedure
exists. Currently, available AM processes for ceramic materials are based on

sintering treatment, which is not able to produce fully dense components.



Therefore, the aim of this project is to explore the use of the SLM method for

ceramic materials.

This research focuses on a mixture material of zirconia (ZrQ;) and alumina
(ALL,O3). Both ZrO; and AL O; are two important structural ceramics from the group
of oxide ceramics, which because of their mechanical properties are ideal for both
technical and medical applications. Non-oxide ceramics such as silicon nitride are
not suitable for the SLM process because they decompose at high temperatures
before even forming a melt phase. The targeted application for developing the
process is the production of individual ceramic restoration for dental applications.
The key point of using the SLM method for this aim is to produce individualised
ceramic parts quickly and inexpensively. Demand for such products in the
marketplace is huge and .continues to grow because of the benefits of the improved
aesthetics and biocompatibility of ceramic restorations compared with metallic
ones. Other possible applications are the production of a functional prototype in the
technical area and application as a rapid manufacturing method for complex
geometric components that cannot be produced through other methods or that

cannot be produced in an economically feasible way.



1.2 Motivation:

Compared with the conventional production methods of ceramics, AM, in
particular SLM has two advantages. One is its ability to support large-geometric
freedom, an important issue for ceramics when creating intricate parts. As there are
fewer available moulding processes for ceramics than metal materials, geometric
freedom in ceramics is more critical. For example, casting is not capable of
manufacturing complex geometries. Other metal forming manufacturing processes
such as forging, drawing, etc. are unable to process ceramic materials due to their
brittle properties. Cutting a green shape, i.e. so-called “green machining”, is only
possible for slightly sintered powder bodies. The conventional shaping process for
ceramics, such as the sintering process, has its limitations due to shrinkage and
crack formation, which éause geometric inaccuracies. Furthermore, manufacturing
complex shapes with conventional methods is time consuming and costly due to
the steps which are needed for construction, assembly, and post-processing. SLM
can solve this problem with direct production in one-step. In the SLM process, no
tools are required for specific shapes and geometries. Moreover, SLM is more cost
effective than other manufacturing processes when it comes to producing small
quantities of customised products. |

The basic application of using SLM to produce ceramic parts is for dental
restorations such as frameworks for crowns or bridges. The frameworks which are
currently used in dental laboratories are metallic materials coated with a veneer to
improve their aesthetics. Thus, the framework is a support structure for the dental

restoration, which is fit to the patient specifics. Producing a full ceramic dental



restoration in comparison to restoration with a metal framework has the advantages
of better aesthetics and biocompatibility. Therefore, there is an increasing demand
for all-ceramic restorations in the marketplace. Currently all-ceramic restorations
are made of ZrO, due to its high strength. A widely used method for ZrO,
productio}n is grinding or milling of sintered ceramic bulks integrated with a
CAD/computer-aided manufacturing (CAM) process. Due to this, there is the
possibility of producing all-ceramic restorations with SLM technology at a lower
price than the other alternative methods. Unlike machining processes, tool wear is
not a challenge in SLM and the process is capable of producing large numbers of
customised restorations (for example 70 parts) at once.

AlO3; and ZrO; are two ceramics whose privileged properties, including high
strength, corrosion resistance, and wear resistance, make them the ideal candidates
for dental restorations. So far, no rapid manufacturing process has been recognised
as capable of successfully producing high density, highly resistant, and
dimensionally accurate ceramic parts with ZrO, and Al,O3. The numerous attempts
that have been made so far have limitations such as porosity, lack of shape
accuracy, or low strength of the final part. In addition, these methods require a
sintering treatment that is always accompanied by shrinkage, which can affect the
part’s geometric accuracy. Therefore, these problems create an incentive to
fabricate ceramics dental implants from ZrO, and Al,O; with high density, high

resistance, and good dimensional accuracy using SLM.



1.3 Objective

The objectives of this research are as follows:

1.

Using

To assess the capability of an SLM machine in processing ceramic
materials directly.
To determine the optimal process parameters for the fabrication of ceramic
parts using SLM.

this laser-based generative manufacturing process has the potential to

produce full dense ceramic parts without sintering treatment. High-strength parts

with near full density are required for dental restorations. As SLM is more cost-

effective than established methods in the market, there is a high demand for

ceramic parts built with SLM in the same way metals are.

1.4 Scope

The scope of this project includes:

1.

2.

Preparing a suitable powdered material as the raw material for SLM.
Performing a series of experiments, including single-track and single-layer
melting, to determine the optimal process parameters for building ceramic

parts with SLM.

. Fabricating 3D blocks of ceramic with the SLM process

Investigating the properties of fabricated parts through material
characterisation tests, such as X-ray diffraction (XRD), scanning electron

microscopy (SEM), and density tests based on Archimedes’ principles.



1.5 Organisation of the report

This report begins .with the introduction chapter describing the baclkground,
motivation, objectives, and scope of this research project.

Chapter 2 covers the literature review, comparing different conventional
manu}facturing methods with AM methods for ceramic materials, and an extensive
review of the materials used in SLM together with their applications. The
properties of ZrO, and Al,O3 as the two selected ceramic materials in this research
are also provided. Chapter 3 illustrates the procedures of the experiments on
ceramic materials, including powder preparation and SLM processing, and the
results of the experiments are discussed in Chapter 4. Chapter 5 presents the
conclusions of the study and possible future work as well as the publications

resulting from the current work.



Chapter 2: Literature review

2.1 Forming processes of ceramics

2.1.1 Conventional manufacturing methods of ceramics
The starting point for manufacturing objects made of ceramic materials is powder.
Most of the conventional methods include steps of powder production, shaping,
and sintering [2] and, if necessary, continued shaping treatment after sintering.
Shaping methods which are suitable for complex shapes are as follows:
1) Slipcasting
Slipcasting is the process of producing ceramic forms by pouring a slip into a
plaster mould to solidify. The main consolidation process is the compaction of the
ceramic powder particles on the mould wall. This method is widely used for hollow
part production, but in other cases a full cast method is also possible [3].
The advantage of slipcasting is the possibility of large volume production of
complexly shaped components. In the other hand, production of single pieces or
small numbers of parts is a form of disadvantage for this method.
2) Injection moulding
Complex technical ceramic parts are commonly formed using either the injection
moulding process or “hot wax moulding”. This method relies on adding
thermoplastic materials to ceramic powders to allow material flow into a metal die.
The part is then quickly cooled for ejection from the mould. The thermoplastic

binder must be removed before sintering treatment [4].



Injection Molding

Split mold
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pins
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wavw sttbetech.con

Figure 1 Injection moulding process

Ceramic injection moulding is much like plastic injection moulding, using various
polymers for plasticising. This method can be used for the mass production of
small, complex parts. However, a new mould is needed for the production of each
of the customised geometries. Therefore, this method is not economically viable
for single pieces or small production numbers.

3) Green and white machining

Green machining is performed on a green body. A green body is a shaped solid that
has not yet been fired and that contains organic additives which bind the whole
body together. As a green body has low strength compared with a fired body, this
method is suited to the manufacture of shapes that cannot be realised directly by
the initial forming procedure, such as holes transverse to the direction of the dry
pressing. The manufacturing process includes cutting, stamping, drilling, tuming,
sawing, and grinding [5].

White machining is referred to as preliminary firing, which is performed on
prefired parts. The prefired parts are free from organic additives and their strength

depends on the prefiring. In this way, extremely high removal rates can be achieved
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with relatively low tool wear using conventional, ceramic-coated, or diamond-
coated tools. This process is used by manufacturers to perform ceramic restoration,
which is also known as the last step of shape modification in hard machining
processes. Furthermore, this process is able to produce a near net shape for final
parts. The fabricated parts achieved only 3% relative dimensional tolerance in
normal procedures. Even precision processes may achieve 1% relative dimensional
tolerance[6]. The disadvantage of this method is high tool wear, which is an
associated cost. Lacking the ability for net shape fabrication, low dimensional
tolerance, and the high cost for special blanks are major drawbacks to the dental

applications of this method.

data x.y,z

sintered

enlarging framework ®

wmachining

pre-sintered all-ceramic
ceramic blank dental bridge

Figure 2 Machining process of technical components [6].

4) Processing in a sintered state



Even after a part has undergone sintering treatment to make it dense, a shaping
process can still be used. However this is usually limited to grinding with tools
based on diamond, boron, and silicon carbide, which is called hard machining.
Hard machining systems use abrasives for micro removal of particles from a dense
sintered part [7]. This method produces very accurate parts with a good surface
finish. However, hard machining processes are slow and need special tools and

cooling media, which make them very expensive.

2.1.2 Additive manufacturing (AM) process for ceramic materials
An additive process is a procedure in which the geometry of a component is
formed by adding materials without using a master mould. In most cases material is
added layer by layer in AM, in dontrast to subtractive manufacturing
methodologies. The following AM processes have already been tested for ceramic

materials:

3D printing (3DP)

Ink-jet printing

Fused deposition modelling (FDM)

J Laminated object manufacturing (LOM)

. Laser-based methods (stereolithography, selective laser sintering)
In the following section, these methods are briefly introduced and the current state
of the art is described. In this case, works that deal with oxide ceramics in
particular are included. Methods which are used for other ceramics such as SiC,
Si3N4, etc. are not treated in detail because the chosen materials for this study are

oxide ceramics.
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1) 3DP

This is the classic 3DP powder-based method. 3DP is achieved using an additive
process, where successive layers of material are laid down on the build platform.
After this a print head selectively introduces a binder in the desired areas of the
powder layer and the powder is solidified. Sachs et al. used this method for Al,O3
powder combined with a binder and silica (SiO2) nanopowder dispersed into a
liquid [8]. The complete 3D part is then heated up in a furnace to remove the binder
and sinter the green body. Residual porosity in the final parts and restriction of the
material combination are disadvantages of this process. The combination of Al,O3
and SiO; in this case does not reach the required strength of 500 MPa for dental

restoration.

2) Slurry-based 3DP (S-3DP)

The difference between classic 3DP and S-3DP is the method of sequential layer
deposition during the process. Each layer is formed in S-3DP by slipcasting a
slurry of ceramic powder onto a porous structure. Following this, a drying step
removes solvent/dispersing materials. Binder is then printed in the same method as
classic 3DP using ink-jet printing with a pressurised flow. After the removal of
unbounded material, the component is sintered in a furnace. By using this method,
a density of 99.9% was achieved for Al,O; and silicon nitride (SisNa4), [9] and
AlyO3 and SiO; [10]. The disadvantage of the process is the high rate of shrinkage
during sintering treatment. Since the amount of shrinkage may vary in different

directions, there is concern regarding the geometric accuracy of the final parts.

11



Furthermore, the process is time consuming because of the required drying time for

each layer.

3) Ink-jet Printing

Ink-jet printing is another type of printing process that works without a powder
bed. In this method the material feeding is done exclusively via a print head. A
semi-liquid mixture of fine particles of ceramic and solvent, called slurry, is fed
through the nozzles of a print head and selectively deposited in the form of
individual droplets [11]. [12], [13] and [14] attempting to print ZrO, through ink jet
printing. A flat body with a thickness of 2 mm could be built in these studies. Since
this process doesn’t have a supportive powder bed, it is only suitable for relief-like
structures without overhangs. In addition, the build-up rate of this method is 20.16
mm>h [13] which is véry slow compared to other AM processes for metallic

materials such as the SLM method.

4) FDM

FDM is another AM process used to produce functional thermoplastic models
directly from CAD data. The system utilises a controlled extruder-head which
squeezes a fine filament of melted thermoplastic through a nozzle. The nozzle
deposits the heated plastic layer-by-layer to form the desired shape. The liquid
material hardens immediately on contact with the cooler environment. Ceramic-
filled thermoplastic filaments are used in the production of ceramic components
[15]. The FDM part is a green body that contains 40—45% plastic materials.
Subsequently, the part is heated up in a furnace to bum the binder and sinter the

ceramic body. As an example, mullite and SiO, were produced with this method.
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The components showed 8-12% shrinkage during the sintering process. The
geometric resolution of this method is limited by the diameter of the extruder
nozzle, which in this research was 1.78 mm [15]. A reduction in nozzle diameter to
increase resolution results in a lower build-up rate and consequently longer

production time.

5) LOM

During the LOM process, thin layers (films) of plastic or paper are fused or
laminated together using heat and pressure, and then cut into the desired shape with
a computer-controlled laser or blade. For ceramic material manufacturing the film
is fed as a rolling process. The ceramic film contains ceramic particles and a
significant proportion of binder (e.g. 7 wt% [16]). A post-treatment furnace is
needed to sinter final paﬁs and make their body homogeneous. Materials such as
silicon carbide (SiC) [17] and Al,Os [16] were tested with this method. The
achieved flexural strength for Al,O3 parts after sintering treatment was between
145 MPa and 228 MPa. The disadvantages of this method are its relatively low
spatial resolution due to excessive film thickness, anisotropic shrinkage during
sintering treatment, and delamination of layers. According to the process described
in [16] the anisotropic shrinkage has a linear shrinkage of 34% in the X- and Y-

directions and 8% in the Z-direction.
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2.1.2.1 Additive laser based methods for ceramics

This section gives an ovefview of the different laser-based AM processes which are
possible for the production of ceramic components. Each approach is brigfly
explained in the following section.

[}) Stereo lithography

In this méthod a 3D object is produced based on selectively curing a photosensitive
resin in which a computer-controlled moving laser beam is used to build up
structure layer by layer. Ceramic particles are added to thermosetting resin in order
to produce a green body of ceramic parts. Afterwards, furnace processes are
applied to burn the resin and then sinter the ceramic particles. The proportion of
ceramic in the starting materials must be as high as possible to achieve a high
density in the ceramic part after sintering treatment[18]. [19] and [18] described
their results in producing AlLO; via this method. A high density of 97% and
strength up to 275 MPa were achieved in their research [19]. Another group
introduced microstereolithography, which uses a layer thickness of 10 microns and
correspondingly reaches high geometric resolutions [18]. The main disadvantage of
this process is the shrinkage of the materials during sintering treatment, which may
limit the geometric accuracy of the final parts. The indicated linear shrinkage is

approximately 20%.

2) Selective laser sintering (SLS)
Selective laser sintering (SLS) is an AM process that is used to build solid 3D
components. It is a rapid prototyping technique that uses high-power lasers to

sinter powder material into solid products layer by layer. There are varied methods
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that are summarised under the SL.S name. These methods are commonly described
as a solid or liquid phase sintering method. The powder bed can be pure ceramic
(solid-state sintering) or contain organic or inorganic binders. Some selected SLS
processes are as follows:

SLS with binder: In this method ceramic powder layers are selectively solidified
with a bi‘nder phase. During laser radiation only the binder is melted and the
ceramic particles do not melt. One of the variations of this method uses plastic as
the binder. The ceramic powder particles are either coated with plastic or the
plastic powder is mixed into the ceramic powder. After construction of the body’s
volume through SLS, the binder is burned in a furnace process which is followed
by sintering treatment to achieve a cohesive body of ceramic particles and to
increase the density of the solid [20]. I In some cases the plastic binder can also
remain in the final parts, such as in bone replacement implants made of
hydroxyapatite (Ca;o(PO4)s(OH),) where polyamide is used as the binder [21]. Lee
et al. used oxoborinic acid (HBO;) as an inorganic binder in the SLS process on a
mixture of Al,O; and zinc borosilicate glass (ZnO-B,03-Si0»). A bending strength
of 19 MPa was achieved for a ceramic—glass composite material after oven curing
{22]. Another attempt was carried out to produce a tricalcium phosphate (TCP)
ceramic with a glass binder. Here, the temperature was set in the process zone so
that the TCP did not melt and decompose, but the glass powder melted and
connected to the TCP particles. Production of a solid part was successful, but the

mechanical strength of the final part was low [23].
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Powder-based solid-phase sintering SLS: In this method the powder materials are
sintered together without using any binder. During the process no melting or phase
change takes place, and the powder material is merely sintered. Phenix Systems
offers an SLS system which is capable of producing Al,O3; ceramic components via
selective solid-phase sintering. In this case a density of 60% to 65% was reached
for final parts after oven curing. The flexural strength of the manufactured
components was 15 MPa [24]. Bertrand et al. tested ZrO, ceramic with the Phenix
SLS system. The maximum achieved density was 56%, which is low compared to

the theoretical density (Figure 3) [25].

() (b)

Figure 3 (a) Zirconia cube with 56% density; (b) top view of open porosity [25]

Suspension-based solid-phase sintering SLS: Due to the low density of the powder
bed during the solid-phase sintering process, the theoretical density could not be
achieved for final ceramic parts. To improve the density of the final components, a
laser sintering technology was developed based on ceramic suspension [26],[27]. In
this method, instead of using ceramic powder as the feed material, a slip is applied

in thin layers and dried. The slip was a water-based solution containing ceramic
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powder coated with a polymer as the structure material. The density of the ceramic
suspension film is signiﬁcantly higher than the loose powder layer, resulting in
higher-density final parts and consequently greater mechanical properties. For ZrO,
ceramic material, a density of 78% was achieved.

Melting of a ceramic with glass content using SLS: In the Laser Institute of Central
Saxony, so-called “laser micro sintering” was developed to produce parts from an
Aly03-Si02 mixture [28, 29]. The starting material is a very fine powder with a
powder particle size of <1 micron. The powder material is partially or completely
melted by a pulse-operated (Q-switched) laser source with a 532-nm wavelength.
The produced components had a high geometric resolution and good surface
quality. The achieved density is more than 95%, but there are still pores and
microcracks in the final parts (Figure 4). By applying a heat treatment, the
microcracks can be annealed so that a flexural strength of 120 MPa is achieved
[28]. The final parts contain a glass phase of SiO; (20 mol%), which means that
the components are not pure ceramic materials. This glass phase results in poor
mechanical strength that is not suitable for ceramic restoration, such as crowns and

bridges.
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Figure 4 laser sintered patch of ceramic powder|[29]

2.2 Selective laser melting (SLM): material research and application

As SLM technology is commercialised in the new millennium, an increasing
amount of research work is being carried out as research institutes and universities
are able to purchase their own SLM machines. Since the SLM process was
designed to produce high-density metallic components, most of the research work
done with SLM has been on metals. However, composite materials and ceramics
are increasingly gaining interest as they raise the possibility of customising parts’
properties according to specific needs and, therefore, expanding the application of
this AM technology. Moreover, the development of high-power lasers has also

made laser melting of ceramic materials possible.

2.2.1 Metals
Research with SLM on metallic materials has progressed from steel [30] and
titanium [31] in its early years to include aluminium [32, 33], copper [34], Inconel

[35], magnesium [36], tungsten [37], cobalt-chromium alloy [38] and gold [39].
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Most recent research on metals aims to improve the reliability and repeatability of
the SLM process via parameter investigations. Building parameters may range
from laser power, scanning speed, scan spacing, and even placement of the laser
melting layout in relation to the gas flow direction. For instance, Yadroitsev et al.
carried out a parametric study on the laser power, scanning speed, and scanning
direction ‘of the SLM process for 904L steel [40]. Yasa et al. experimented with a
novel sectorial scanning strategy that reduced the thermal stress of the resultant
SLM component. [41]. SLM Solutions GmbH has incorporated this scanning
strategy into their machines and named it the “chessboard” strategy. Dadbakhsh es
al. investigated the effect of the laser melting layout on the SLM of 316L steel
cylindrical rods [42]. The effects were related to the temperature gradient induced

by the internal gas flow in the building chamber.

Some of the reasons for the keen interest in the SLM technology include its ability
to produce high-density parts, its flexibility in manufacturing complex parts
otherwise not possible with conventional methods [43] and the possibility of
customising production without incurring high tooling costs. Therefore, there is
also a large amount of research that focuses on the industrial applications of
metallic SLM components in the aerospace [44, 45], automoﬁve [46] and medicine

industries [31].

2.2.2 Composites
Research on the SLM of composite materials started with carbide-reinforced

copper [47], and polyamide [48, 49]. . In most cases, SLM processing of composite
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materials involves melting a mixture of two or more types of powders, with one of
the powders acting as thé matrix material and the other as the reinforcing particle,
usually a ceramic. For instance, titanium carbide has been used with titanium [50],
as well as stainless steel [51] to create SLM composite materials. Some innovative
methods have involved the in situ formation of reinforcement particles during the

SLM process [52].

There are many applications of SLM composite materials, depending on the
properties of the composite and the demands of the application. Some research has
been motivated by specific applications, such as heat-resistant coatings in engines
[53], load-bearing bone implants [54], biodegradable implants [55] and
lightweight, high-temperature structural materials [52]. For instance, Shishkovskii
et al. experimented with 'hydroxyapatite and nitinol, an alloy of nickel and titanium
[56]. This material has the potential to function as a porous implant or drug
delivery system, as nitinol has a high strength, high corrosion resistance, good
biocompatibility and a unique shape-memory effect. Mumtaz and Hopkinson
studied functionally graded ZrO,-reinforced Waspaloy™, a nickel-based
superalloy for high temperature applications, thermal structures, or heat resistant
coatings in engines [53]. Dadbakhsh and Hao focused on alﬁminium-based metal
matrix composites for aerospace and automotive applications to exploit the

lightweight, high specific strength, and thermal conductivity of aluminium [57].
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2.2.3 Ceramics

SLM of ceramic materialvs has also garnered increasing attention in recent years.
Conventional manufacturing techniques of ceramics come with many limitations,
such as high tool wear, geometrical inaccuracy due to shrinkage, and high
customisation cost. Hence, AM methods capable of producing fully dense parts are
of research interest in the processing of ceramics. In a review of the solid freeform
fabrication of ceramics in 2003 by Tay et al. [58], it was shown that some SLS
processes can involve the direct fusion of melted material without the use of any
sacrificial binders. In essence, this is similar to the SLM process. However,
published papers on the direct sintering or melting of pure ceramics are scarce. The
materials have been limited to ZrO, and SiO..

Employing SLM of ZrO> and tri-calcium phosphate (TCP) ceramics for biomedical
applications was first introduced by Fraunhofer ILT [59]. Subsequently, yttria-
stabilized zirconia (YSZ) [60] and a ZrO,-Al,O3 mixture [24] were also

experimented on to test the feasibility of the SLM process for these materials.

One of the major issues for the SLM processing of ceramics is the formation of
cracks and delamination due to the high thermal fluctuation that occurs during the
process. Hagedorn et al. developed a system to solve tﬁis problem [61]. A
secondary optical system using a CO, laser was deployed to preheat the powder
bed to 1600°C, and the powders were then melted with a Nd:YAG fibre laser.
Dental fixtures with flexural strengths of 500 MPa were attained with this

technique [62]. However, the surface finish of the fabricated dental restoration was
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poor due to the large melt pool size facilitated by the high preheating temperature,

as shown in Figure 5.

Figure 5 surface finish of dental restoration built by SLM [62]

For research on direct laser sintering/melting of SiO,, Tang et al. achieved the
partial melting of SiO, powder with a CO;, laser system [63] and obtained
compressive strengths less than 16 MPa. This low compressive strength was caused

by the compromised internal structure, which had evident high porosity.

For biomedical applications, SiO; is often mixed with other ceramics or minerals,
such as hydroxyapatite, feldspar, kaolin, and Al,Os. Research work on SLM and
direct laser sintering has created SiOr-based parts for biomedical and dental
applications. Liu produced silicate-hydroxyapatite bone scaffolds using a mixture
of a hydroxyapatite and SiO, slurry [64]. Tian et al. studied the effects of a
scanning pattern on the stress and mechanical strength of SLM dental porcelain
parts. In this study, laser jump patterns, different length-to-width ratios, and laser

scan angles were studied with a finite element model. The results showed that
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different laser jump patterns have a significant effect on the laser sintering
temperature. However, ﬁo big difference was seen in the residual stress for
different laser scan patterns. The length-to-width ratio of has large effect on the
sintering temperature when the same laser parameters and laser scanned area are
used. Shqrt scan lines caused high sintering temperatures. The maximum residual
stresses were achieved with a ratio equal to 1. Samples with long laser scan lines
and a scan angle of 0° showed higher bending strength compared with samples

with a scan angle of 90° [65].

Aside from moulding, bone implants, and dental fixtures, the SLM of ceramics also
has potential applications in the energy sector. Ceramic materials such as ZrO; and
ceria (CeOy) have played a crucial role in the development of fuel cell technology
[66, 67]. . SiO,, with ité high melting temperature, low thermal conductivity, and
low thermal expansion coefficient, makes an excellent thermal insulator [68, 69].
Combined with SLM’s ability to create near full-density freeform solid parts, the
SLM of ceramics will bring about a greater variety of applications for ceramic

materials.

2.2.4 Powder properties for SLM
Feed materials in SLM technology are in powder form. The size of the powder
particles should be in a range of 10 to 60 pm. The existence of huge numbers of
powder particles with a size of <10 um means that the powder flows poorly. Thus,
homogeneous deposition of a thin layer is no longer possible. The maximum

particle size of a powder depends on the set layer thickness of a SLM process.
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Powders with a large particle size have good flowability, which allows
homogeneous layer deposition. However, powders with relatively large particles
need more input energy to melt. On the other hand, using powders with large
particles leads to poorer surface quality and geometric resolution. Furthermore, the
particle size of a powder diregtly contributes to surface roughness. Higher input
energy increases the heat-affected zones during the SLM process, which can affect
the dimensional accuracy of the parts as well as their surface roughness.

It was suggested that both the surface roughness and dimensional accuracy of final
parts can be improved by reducing powder particle size [70]. Spray drying is an
efficient and effective powder processing method that is widely used to provide
free-flowing powders from micro- and submicrometre-sized powders such as
oxides, nitrides, carbides, and borides. The‘process improves powder flowability by
tightening the particle size distribution and creating a spherical agglomerate shape.

This method has the advantages of both small particle size and good flowability.

Spray drying a suspension of fine powder particles involves three main steps: first,
a peristaltic pump atomises the slurry and feeds a fine droplet spray into a stream
of heated gas; second, the liquid is evaporated and the dried solids are left as
granules; third, the solid grains are finally collected from the gas stream. The final
spray-dried particles are approximately spherical granules with a size range above
that of the primary particle size. Another advantage of this method is that it is
suitable for the production of a homogeneous powder mixture of various ceramic

powders. As homogenous slurry of mixture powder is prepared.
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Examples of powder flowability characterisation methods are angle of repose, bulk
density, tapped density, Can’s compressibility index, and Hausner ratios. These
methods are mainly targeted at specific processes such as storage, compaction,
mixing, and volume filling. Thus, it is desirable to measure flowability at flow

conditions that are representative of SLM processing situations.
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2.3 Dental material:

Dental ceramics are materials that are part of a system which has been designed
with the purpose of producing dental prostheses, which are in turn used to replace
missing or damaged dental structures. Ceramic materials are a sub group of non-
metallic inorganic materials. Ceramics and glasses are brittle, and although they
display high compressive strength, they have low tensile strength and may be
fractured under very low strain (0.1%, 0.2%). As restorative materials, dental
ceramics have disadvantages mostly due to their inability to withstand functional
forces that are present in oral cavity. Hence, initially, they found limited
applications in premolar and molar areas, although further developments in these
materials have enabled their use as posterior long-span fixed partial prosthetic
restorations and structures over dental implants [71]. All dental ceramics display
low fracture toughness when compared with other dental materials, such as metals
[72]. Metal ceramic systems combine both the exceptional aesthetic properties of
ceramics and the extraordinary mechanical properties of metals. Some metals used
as restorative materials in dentistry may constitute a problem for some patients.
These problems may reveal themselves as allergies, gum staining, and the release
of metallic ions into the tissue. These drawbacks, as well aé the search for more
aesthetic materials by patients and dentists, have stimulated the research and
development of metal-free ceramic systems.

Ceramics can be classified by their restoration type, as shown in Figure 6. The two
major groups are named a) all-ceramic restorations, and b) porcelain-fused-to-

metal/ceramics metal systems. All-ceramic materials in dentistry are composed of a
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wide range of crystalline phases. We can therefore define ceramics by the nature of
the composition of their glass-to-crystalline ratio. The amount and particle size
distribution of the crystalline phase determine aesthetic appearance and

biomechanical properties [73].

Restoration
Type

Porcelain-Fused-to-
Metals/Ceramic Metal
Systems

All-Ceramic

High Strength
Core Ceramics
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Metal
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Figure 6 Classification of dental ceramics by the type of restoration [73]

The most traditional type of ceramic is feldspar-based, which contains SiO,
glasses; “porcelain” is a term often used to describe this type of ceramic because it
contains large amounts of SiO,. So-called “glass ceramics” are different from
traditional feldspar-based ceramics because of their larger crystalline phase, which
helps stop crack growth and improves mechanical properties. In 1984, the first
developed glass ceramic was composed of 55 vol% crystalline tetrasilicic
flourmica and 45 vol% glass, and processed through a lost-wax casting technique
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[74]. Modern glass ceramics used today include leucite-reinforced and lithium
disilicate (LS;) ceramics. These ceramics contain 45 vol% tetragonal leucite, which
dramatically improves flexural strength compared with feldspar-based ceramics.

The next group is crystalline-based systems with glass fillers. Glass-infiltrated,
partially sintered Al,O3; was introduced in 1988 and marketed under the name In-
Ceram. The system was developed as an alternative to conventional metal ceramics
and has met with great clinical success. Solid-sintered, monophase ceramics are
materials that are formed by directly sintering crystals together without any
intervening matrix from a dense, air-free, glass-free, polycrystalline structure.
Polycrystalline ceramics, such as ZrO, and Al,Os, have the highest potential for
strength and toughness, which makes them suitable candidates as high-strength

frameworks for crowns and fixed partial dentures.

2.3.1 Zirconia (Zr0O,)
Zr0s is an oxide ceramic material that possesses high flexural strength and fracture
toughness. ZrO; has recently been widely used as a structural ceramic due to these
privileged properties. In particular in the dental industry, ZrO,; has become a
widespread material for full-ceramic restorations. Pure ZrO, has three different
crystal structures depending on the temperature. It has a monoclinic crystal phase
from room temperature to about 1170°C. From 1170°C to 2370°C a tetragonal
phase is stable, and from 2370°C to its melting temperature of about 2710°C a
cubic phase is stable [75]. The phases are converted by heating or cooling of the
ceramic through these temperatures. The conversion of the tetragonal phase to the
monoclinic phase is accompanied by a volume increase about 3—5%. Because of
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this property, pure ZrO, cannot be produced through a conventional sintering
process. The phase conversion during cooling is accompanied by a volume
increase, which results in high stress and crack formation. Therefore, ZrO, is
always used with additives to stabilise the tetragonal phase at room temperature.
The common stabilisers are YzQ3, MgO, CaO, and CeO. Y:0s; is the most common
stabiliser for ZrO, as it allows the highest flexural strength to be achieved
compared with the other additives. ZrO, with a 3 mol% Y,0; content has a
metastable tetragonal phase at room temperature. This material is referred to as 3Y-
TZP (tetragonal zirconia polycrystals). This grade of ZrO, achieves a very high
fracture toughness and a flexural strength up to 1200 MPa [76]. . Some mechanical

and physical properties of conventionally processed 3Y-TZP are summarised in

Table 1.

Table 1 Properties of 3Y-TZP ceramics [76]
Flexural strength 800 to 1200 MPa
Fracture toughness 5-7MPaml/2
Hardness 12 GPa
Density 6.09 g/cm3
Young’s Modulus 210 GPa
Thermal conductivity 2-3 W/mK
Expansion coefficient 10-11x10-6 K-1 (20-800°C)
Melting temperature 2710 °C
Boiling temperature 4300 °C
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The value of the flexural strength is recorded for fully dense parts. The bending
strength in 3Y-TZP ceramic components will differ depending on porosity,

microstructure, and surface roughness.

2.3.2 Alumina (AL,O3)
Al,O; is dne of the most impoﬁant technical ceramic materials. Its relatively low
cost and the privileged properties of Al,O3; have made it one of the most commonly
used ceramic materials. Dense polycrystalline Al,Os has a high chemical resistance
and good electric insulation properties. Al,O; is also characterised by high wear
resistance, hardness, and mechanical strength [75]. Some mechanical and physical

properties of conventionally produced Al,O3 are summarised in Table 2.

Table 2 properties of AL,O; ceramics |7, 77]

Flexural strength 400 MPa (in the present of porosity
the value is lower)

Fracture toughness 34 MPam "

Hardness 20 GPa

Density 3.92-3.94 g/em’

Young’s Modulus 400 GPa

Thermal conductivity 30 W/mK at room temperature

13 W/mK at 400°C
5.5-5.9 W/mK at 1427°C

Expansion coefficient 8.1x10° K7 (0-800°C )
Melting temperature 2040°C

Boiling temperature 3500°C
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Typical applications of Al,O3 are substrates for electrical engineering, electronic
insulators, transparent bumer tubes for lamps, sealing elements in valves,

components for pumps, cutting ceramics, and medical implants.

2.3.3 Alumina toughened Zirconia (ATZ)
A materiél made of ZrO, witﬁ a content of Al,O3 is often called an alumina-
toughened zirconia (ATZ). Most commonly, the mixture contains 80 wt% ZrO,
and 20 wt% ALOs, in which the ZrO, is partially stabilised with Y03, The
mechanical properties of the 3Y-TZP are improved by adding Al,O3;. Moreover,
Al;O; causes a reduction in weight and increases the elastic modulus and flexural
strength of 3Y-TZP up to 2400 MPa. The microstructure of the ceramic mixture is
biphasic, with a grain size usually of <1 micron metre. ATZ is a relatively new
product that was developed few years ago. Some mechanical properties and

physical properties of ATZ are summarised in Table 3.

Table 3 properties of ATZ [78]

Flexural strength 1200 to 2400 MPa
Fracture toughness 8 MPam'”

Hardness 14-15 GPa

Density 5.5 glem’

Young’s Modulus 220 GPa

Thermal conductivity 6 W/mK

Expansion coefficient 9x10®° K™ (20-800°C)
Melting temperature 1860 °C
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Some potential applications of ATZ ceramics are highly stressed wearing parts,
orthopaedic implants such as joint implants, ceramic membranes in fuel cells, and

many of the ZrO, ceramic applications that have already been mentioned.
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Chapter 3: Methodology

3.1 Experimental approach

Laser melting of Al,O3-ZrO, mixtures is a new area in the material research of
SLM. Hence, the approach of the experiment is a series of progressive tests, from
one-dimensional (1D) single-track melting, to two-dimensional (2D) single-layer

melting, and finally to the automated fabrication of 3D blocks.

Powder w0 | Single track h, Single layer | ... | Fabrication of

. 4

preparation | ¢ | melting (1D) melting (2D) 3D blocks

Figure 7 Flowchart of approach of experiment
The goal of the 1D singl_e-track melting test was to determine. if the laser melting of
ceramic powder with an ytterbium fibre laser (A = 1.07 um) is feasible and to study
the combination of laser power and scanning speed suitable for the process. The
results would be used as a reference for subsequent tests.
In the 2D single-layer melting, an additional factor was to be included: hatch
spacing. Hatch spacing is defined as the distance between the centrelines of two

adjacent laser scanning lines, as illustrated in Figure 8.
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Laser

Hatch Spacing

Figure 8 Sschematic of hatch spacing concept

The process parameters for fabricating 3D ceramic blocks would come from the
results of the 1D and 2D laser melting of the ceramic. In 3D fabrication, the
additional parameter is the layer thickness.

Two ZrO2-Al203 powders were selected as the ceramic powders for this study.
Flowability of the powdered material is crucial in SLM, and can be improved by
spray drying. Therefore, the spray-drying method was applied on the powder
mixture to prepare a highly flowable powder suitable for the SLM process. The
flowability of the spray-dried powder was investigated and benchmarked against
the original powder and industrial spray-dried powder. In this flowability
investigation, a powder characterisation method is used that provides information

regarding the dynamic behaviour of the powder flow.

Material characterisations tests were carried out for the powder material and laser
melted specimens through XRD, field emission scanning electron microscopy
(FESEM), and SEM/energy-dispersive X-ray spectroscopy (EDX). XRD tests and
FESEM image capturing were carried out using a PANalytical Empyrean and
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JOEL JSM 7600F, respectively, in Material Laboratory 1 of the School of

Mechanical and Aerospabe Engineering (MAE) at NTU.

3.2 Powder preparation

3.2.1 Materials
Commercially available Al;O3; with a purity of 99.8% and particle size distribution
<5 um with an average particle size of 3 um, supplied by Industrial Powder
Company, USA, and 3 mol% Y,O;-stabilised ZrO, nano powder (30—60 nm) with
a purity of 99.95+% procured from Inframat Advanced Material, LLC was used.
The powders were mixed together in thé eutectic ratio. According to the Al,O;-
ZrO; phase diagram, the eutectic composition is at Al;O3 to 37 mol% ZrO; (58.5
wt% AlOjz to 41.5 wf% Zr0,). As Figure 9 illustrates, a substantially lower
melting temperature of 1860°C is required for this material ratio compared with
each individual phase [79]. This helps to facilitate melting during the SLM process.
This Al,03-ZrO, mixture ratio provides several advantages compared with the
individual components. The melting point of this mixture compared with Al;O; and
Zr0; individually is reduced from 2710°C and 2010°C, respectively, to 1860°C.
Less energy is required to fully melt the mixture during‘the SLM fabrication
process. At high temperatures, this mixture also exhibits superplasticity behaviour
[80] which reduces the stress built up during the rapid melting and solidification .
process in SLM. The mechanical properties of this A,03-ZrO, mixture are also
better than the individual components and, lastly, a fine-grained structure is formed

at the eutectic point in SLM-fabricated parts using this mixture.
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Figure 9 phase diagram of alumina zirconia system

3.2.2 Spray drying method

The eutectic mixture powder was dispersed in an aqueous medium to form a
slurry of solid loading 40 wt%. 1 wt% Dolapix CE64 (Zschimmer & Schwarz,
Germany) as a dispersant and 1 wt% polyvinyl alcohol (PVA) as a binder were
added to the slurry. In order to obtain a homogenous slurry, the suspension was
milled for 20 h in a ceramic jar with 10 mm and 25 mm grinding balls. Using a
standard spray dryer (Labplant, UK), the prepared aqueous slurry was spray dried.
The spray-drying process involved three main steps: first, a peristaltic pump
delivered the slurry through a small diameter jet, which caused the liquid to emerge
as fine atomised droplets, and sprayed it into a stream of heated gas; second, the

liquid is evaporated and the dried solids are left as granules; third, the solid grains
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are finally collected from the gas stream. A schematic of the spray-drying process
is shown in Figure 10 . To optimise the spray-drying process, a hot air inlet
temperature of 140°C and pump speed of 5 ml/min were set in the spray dryer

machine. A nozzle diameter of 0.5 mm was used in the system.

N

|
\if“

Figure 10 Spray drying schematic

l T outlet I

A heat treatment process at 600°C for 2 h was conducted after the spray drying.
The PVA present in the spray-dried powder decomposed and ran from the powder

during the heat treatment process, providing a pure ceramic powder.

3.2.3 Flowability test
The Revolution Powder Analyser manufactured by Mercury Scientific Inc. was

used in the experiments. The device consists of a rotating drum with an image
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acquisition system, as illustrated in Figure 11. The drum is made of aluminium
with an inner diameter of 55 mm and a width of 35 mm. One side of the drum has a
transparent window to allow the image acquisition system to monitor the powder
behaviour inside. The drum speed can differ from 0 to 200 rpm. The backlight
source helps to determine the powder surface boundary and cross-sectional arca of
the powder. The flowability test is achieved by monitoring the discrete behaviour

of powder based on the sequence of avalanches at low rotating speeds.

Backlight Drum Cross

Sectional View

Powder
surface
boundary

Camera

Figure 11 schematic of rotating drum and image acquisition system

This dynamic method is based on the avalanche angle test. The powder should
move up the drum wall as the drum rotates until the friction between the powder
and drum wall is overcome by the weight of the powder, causing the powder to
slide and flow off the drum wall, resulting in an avalanche phenomenon [81].

The following characterisation indexes are developed according to the recorded
data by the acquisition system:

Avalanche angle: the dynamic angle of repose or angle of avalanche is the angle

between the flowing powder and the horizontal base just before the avalanche
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occurs (Figure 12). ). The angle obtained from a linear regression of the powder
surface boundary at the maximum potential energy just before avalanche
phenomenon occurs. As a matter of fact, powders with higher avalanche angles

show poorer flowability.

Avalanche Angle

Figure 12 Schematic of the measured avalanche angle

Surface fractal: the fractal dimension of powder-free surface determines the
roughness of the powder surface or surface linearity, which is an indication of
surface smoothness. This index is measured after each avalanche occurs to show
how the powder particles are rearranged. Powders with a smooth surface have a
lower fractal surface value compare to powders which have rough and uneven
surfaces (Figure 13). For applications requiring an even powder distribution, such

as SLM, the closer the surface fractal is to one the better the powder will perform.

Figure 13 Schematic of surface fractal a) nearl b) bigger than one.
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3.3 Experimental procedures

3.3.1 SLM equipment

In Nanyang Technological University (NTU), a customisgd SLM® 250 HL was
available in the Singapore Institute of Manufacturing Technology (SIMTech)-NTU
Joint Laboratory on 3D AM. The machine has two separate laser modules. Laser 1
has a Gaussian laser beam (standing beam diameter of 80 um), with a maximum
power of 400 W. Laser 2 has a uniform beam (standing beam diameter of 730 um)
with a maximum power of 1000 W. The ytterbium fibre lasers have a wavelength
of 1.07 pm.

The SLM process is fully automated, bﬁt requires data preparation by the user.
Before the process starts, 3D CAD data is required, commonly in the <.STL> file
format. The 3D digital model is oriented in the build-up position and the file is
sliced layer by layer to yield the layer scanning information.

The process starts with a powder coating system that transfers a thin layer of
powder and evenly distributes it to the building platform. Once the powder is
distributed, the laser scans the powder bed according to the slice data and melts the
powder selectively. The building platform is then lowered depending on the user’s
specification, and the next layer of powder is transferred. Thése steps are repeated
until a complete 3D part is built. The unmelted powder can easily be removed and
most of it can be reused after sieving. Figure 14 shows a schematic of the SLM

process similar to the machine used in this study.
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2) Scanning via laser beam

3) Lowering the platform

Figure 14 schematic of SLM Process

3.3.2 Material characterisations

Material characterisations were carried out for the powder materials and laser-
melted specimens with XRD, FESEM, and EDX analysis. XRD tests and FESEM
image capturing were carried out using a PANalytical Empyrean and JOEL JSM
7600F, respectively. XRD analysis and FESEM were conducted to study the
phases and morphology change of the powder before and afier spray drying. The
SLM parts were analysed with XRD, FESEM, and EDX to investigate the parts’
morphology and chemical composition changes during laser processing.

Density measurement: The densities of the SLM fabricated Al,03-ZrO; 3D blocks
were determined based on Archimedes’ principle by measuring the mass of the
sample in the air and the mass of the sample immersed in liquid. In this test,

distilled water with a density of approximately 1000 kg/m® at room temperature
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was used as the immersion medium to measure the sample density. The equipment
is shown in Figure 15. The density of the sample is calculated using the value of

mass obtained with the equation shown below:

Ds = MgairXDyater (])

Mgair=Myater

Dy = density of the sample
D\yarer = density of the distilled water
M, = mass of the sample in the air

M, 01er = mass of the sample in the distilled water

S 2

Figure 15 Density measurement equipment setup — Mettler Toledo AG204 Delta Range

3.3.3 Single track melting
The experiments using the Al,O3-ZrO, mixture powder in the SLM machine were

started with single-track melting to demonstrate whether melting of the ceramic
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mixture power with the ytterbium fibre laser was possible. The ceramic particles
would melt and bind together if the input energy density was sﬁfﬁciently large.
Laser energy density is a factor that indicates the energy input in the SLM procéss.
Laser energy density, E,, is defined by the laser power, P (W), laser scanning

speed, ¥ (mm/s), and laser beam diameter, 6 (mm) in the equation below:

Ep = % (J/mm?) )

Depending on the laser beam properties, the input energy density needed to melt
ceramic powders will vary. This is because of the laser-material interaction
changing when the laser is different. The used SLM machine in this study has two
fibre lasers with different laser beam distribution patterns, maximum laser power,
and laser beam diameters. Laser 1 has a Gaussian distribution with a maximum
laser power of 400 W and a laser beam diameter of 80 pm. Laser 2 has an even
distribution with a maximum laser power of 1000 W and a laser beam diameter of
730 um. Juste et al. showed in their study that 16 J/mm?® is needed to melt a

ceramic powder with a laser beam diameter of 69 pm [82].

The first phase of the experiments was a single-track melting, which was used as a
guideline to determine the best range of process parameters for both Laser 1 and 2.
This helped to narrow down the combination of laser power and scanning speed
suitable for the next part of the experiments. The combinations of laser power and

scanning speed for Laser 1 and 2 are shown in Tables 4 and 5, respectively.
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Table 4 Scanning parameters for single track melting of alumina-zirconia powder via laser 1

Laser power (W) | 10 50 100 150 200
Scanning
speed(mm/s)
100 X11 X12 X13 X14 X15
200 X21 X22 X23 X24 X25
300 X31 X32 X33 X34 X35
400 X41 X42 X43 X44 X45

Table 5 Scanning parameters for single track melting of alumina-zirconia powder via laser 2

aser power (W) |5 10 : 20 50 100
Scanning
speed(mm/s) _
400 Y11 Y12 Y13 Y14 Y15
600 Y21 Y22 Y23 Y24 Y25
800 Y31 Y32 Y33 Y34 Y35
1000 Y41 Y42 Y43 Y44 Y45

3.3.4 Single-layer melting
The second part of the experiments includes building a single 10 mm x 10 mm
layer of Al,03-ZrO; powder. The results of the chosen process parameters from the
previous part of the experiments weren’t applicable for scanning a single layer.
This is because the level of input energy for single-layer scanning was too high, |
which meant that the samples were bumt. Therefore, different scanning parameters
were set for the experiments. For Laser 1 the tested parameters were in the range of

100 to 1000 mm/s for the scanning speed and 200 to 400 W for the laser power.
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For Laser 2 the parameter changed from 100 to 700 mm/s for the scanning speed
and 200 to 950 W for the laser power.

Another scanning parameter that was changed during the experiments was hatch
spacing, which is the distance between two adjacent scanning lines. The hatch

spacing ranged from 0.06 to 0.26 mm for Laser 1 and 0.05 to 0.5 mm for Laser 2.

3.3.5 Fabrication of 3D blocks
In the third experiment, the goal was to build 10 mm % 10 mm x 10 mm 3D
AI203-ZrO2 blocks. The laser scanning parameters were based on the results from
the single-layer melting of A1203-ZrO2. In the experiment with Laser 1, the layer
thickness used was 100 um. The results with Laser 1 showed that this laser is not
able to produce coherent plates with a thin layer thickness. Hence, the fabrication
of 3D parts continued with Laser 2 using a layer thickness of 500um. The hatch
spacing was 400 um, which means that there was an approximately 50% overlap

between two scan lines.
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Chapter 4: Results and discussion

4.1 Powder characterization

4.1.1 Powder morphology

Scanning Electron Microscopy (SEM) was rused to analyze morphology of
initial powders before spray drying and spray dried powder. Moreover, two
zirconia and alumina spray dried powders were supplied from industry to compare
the flow behaviour of these powders. Figure 16 illustrates the SEM pictures of each
powder. Figure 16 (a) and (b) show the initial alumina and zirconia powder in
submicron size < 5 pm and Nanosize respectively. So both powders are of small
sizes which negatively dffect the overall blend flowability. The fine particle size
results in high surface energy which maintains a high van der Waals attraction
among particles and in tum prevents them from free flowing. The particle shape of
these powders is mostly spherical but there are so many irregular shape particles
that cause poor flow behaviour in the powders. Figure 16 (C) illustrates the powder
mixture after spray drying. Spray drying process was successfully applied to
granulate the small particles together and form larger\ spherical granules.
Particularly, spray drying changed the powder particle size from < 5 pm to <50
um. The larger particles with spherical shape are expected to improve the

flowability of powder.
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Figure 16 SEM pictures of a) Submicron alumina b) Nanosize zirconia c) Spray dried powder
of alumina-zirconia mixture d) Spray dried alumina from industry f)Spray dried zirconia
from industry
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Figure 16 (d) and (f) show the spray dried alumina and zirconia powder
respectively that supplied from industry. Smooth particle surface and bigger
particle size of 50-90 um are expected to show better flow behaviour compared to

spray dried powder prepared in lab.

4.1.2 Phase analysis
XRD patterns of powder mixture before and after spray drying are illustrated in
Figure 17. Results revealed that alumina and zirconia are the major phases. In

addition, no phase change was observed during spray drying process.
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Figure 17 XRD patterns of powder mixture (a) before spray drying (b) after spray drying.
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4.1.3 Particle size distribution
Laser Scattering Particle Size Distribution Analyzer LA-950 was used to determine
the particle size distribution of spray dried powder. The results were expressed in
both Range analysis and cumulative form. In Range analysis each size range is
listed in order as shown in Figure 18. Range analysis is suitable to seek a
particulaf size of ideal mid-rénge size, while cumulative analysis is used to

determine the amount of under size or over samples.
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Figure 18 Particle size distribution of 52% alumina-48 % zirconia spray dried powder

The mean size of sample is 14.8 microns which is indicated the central point of
symmetric distribution. The Median values of samples are as follow Dv0.1: 6.02

pm, Dv0.5:12.33 pm and Dv0.9: 26.14um. Median values are defined as the
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percentage where amount of the population resides below this point for example

90% of particles are below 26.14 um size.

4.2 Flowability test

Figure 19 shows the cumulative avalanche angle distribution of all powders. The
X-axis and Y-axis are Avalanche Angle (degrees) and Fraction of total avalanches
respectively. Sample 1 is a mixture of submicron alumina powder and zirconia
nano powder prepared in-house. Sample 2 is the spray dried mixture powder of
sample 1 and sample 3 is the mixture of alumina zirconia spray dried powders
supplied from industry.

Low avalanche angle values coupled with a narrow value distribution are correlated
to a powder with better flowability. Thus spray dried powders (sample 2&3) show
better flow behaviour compared to powder mixture before spray drying (samplel).
This is the result of bigger size of the particles with near spherical shape. Finally
sample 3, spray dried powder from industry, shows better flowability compared to

sample 2 (in-house spray dried powder) due to smoother surface of particles.

50



1 i v e ; |
0.9 +— i Ir o 25 e .i ] [,1"/ =
g 08 : ,AI. —— —tf
S SoEEEEEEE FiEERRES
5 . ——H—F—F 1 T | s ‘f : -
:  fSEEEEEERYARENSE
> 0.6 e B e 1 T ! il S L
3 CEEEEES = ==
z el , e v i =
EO'S Pofte e e e e / o
- | - - - — b - ,i i | + r,
o == rmac R R e o o e j 1 ==———Sample 1
.g 03 { — - v i — =1 | ‘ “l t
e 1 - 27 i, L e e =1 = !
= 0.2 o e o o e / e coiopd
gok =z '){_ St / ] 1~ e==Sample3
1 AR ==
35 45 55 65 75 85
Avalanche Angle (Degrees)

Figure 19 Cumulative avalanche angle distributions

The results of surface fractal versus number of avalanches are shown in Figure 20.
The surface fractal is an indication of deviation of the powder surface position from
the centre-line. It is calculated based on the mean-square error between the surface
position and the average lineas. It is formulated

L=1/(1+0) 3)

where o is the standard deviation of the surface from the center-line.
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Figure 20 Cumulative surface fractal distributions

The results indicate the generated boundary of powders free surface after avalanche
occurrence to present structured or uneven surface that can affect powders packing.
Also higher surface linearity of fractal surface near to 1 indicates low tendency of
agglomeration in the powder. In the SLM process, low degree of agglomeration in
the powder would enable the system to deposit a thin layer of powder evenly on the
building platform. Sample2 illustrates lower surface fractal that means this powder
can reorganize itself better than the others. This concern is correlated to the SLM
powder deposition process. Thus, during SLM process sample2 can be deposited
more packed and even. This is due to wide range of particle size distribution that

increases the packing density of powder.
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4.3 Single track and single layer melting

Even though the appearances of the single melt tracks provide a guideline to
identify the appropriate process parameter range, single layer scans still have to be
conducted to check the suitability of these selected process parameters. Figure 21
shows the single layer scans under different laser beam and process parameters. It
can be seen that ceramic powders cannot be fully melted under low energy
densities (first line) whereas under higher energy densities the ceramic powders got
burnt. Under the three different process parameters with laser 2, ceramic balls were
observed. The melted powder forms separated liquid drop of ball shape. This
molten material was fully contained by loose powder instead of fully dense
material, that cause the tensile traction on the melt was not sufficient to confine it
to a continuous geometry. This phenomenon is called balling. Melt pool commonly
refers to the small-sized portion of a work piece where the material has reached its
melting point and melted locally due to laser radiation. During this experiment the
melting occurred but the melt pool was too big, which caused the melted liquid
phase wets the surrounding ceramic powder. In this situation the molten materials
contain loose unmelted powder which causes balling effect. One reason for the
formation of large melt pools is overheating of materials. If thé first line of scanned
material is still in liquid state as the second track is being scanned, the molten
particles will join and form balls. Another possible reason for balling to occur is
due to low wettability of molten ceramic on the stainless steel platform. As the

molten ceramic is unable to stick onto the base plate, ceramic balls are formed.
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Therefore, to increase the wettability of the molten ceramic with the building

platform, the stainless steel platform is replaced with a ceramic plate (alumina).

- Laser 1

Laser 2
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Figure 21 Results and process parameters of scanned ceramic powder (I)

On the other hand, the scanning speed was also increased in an attempt to eliminate
the balling phenomenon. According to this test, the best P/ V ratio (laser power P,
scanning speed V) for laser 1 was in the range of 0.28 - 03 and for laser 2 was in
the range of 1.3 - 3.

Despite increasing the scanning speed, balling still occurred for laser 1 and laser 2.
Hence, the hatch spacing is now modified. As most of the samples were burnt for
laser 1, hatch spacing was increased to 0.06, 0.1, 0.14 mm. Two different hatch
spacing were tested for laser 2, one lower than previous hatch space 0.3 and

another higher 0.5 (Figure 22).
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Figure 22 Results and process parameters of scanned ceramic powder (II)

Figure 23 indicates two samples with same laser power (800 W) and scanning

speed (250 mm/s) but different hatch spacing (0.3 mm right, 0.5 mm left). As can

be seen in the picture, balling phenomenon reduced with lower hatch spacing (0.3

mm) in laser 2, so the experiments continued with decreasing hatch spacing to

produce more uniform ceramic layer.

55



Figure 23 Balling phenomenon in scanned samples with different hatch spacing

This next series of process parameters with new hatch spacing value is shown in
Figure 24. With these new parameters, a single layer of ceramic material can be
built under 0.1 and 0.2 mm hatch spacing via laser 2, Figure 25. These single layers
are of large thicknesses due to high amount of powder laid on the building
platform. The lowest layer thickness that can be achieved with used powder was 1

mm.
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Figure 25 Fabricated ceramic single layer via SLM
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Figure 26 shows the SEM pictures of fabricated single layer from alumina-zirconia
powder under two differént magnifications. Figure 26(a) shows the single layer at a
lower magnification. A crack free layer was observed and can be achieved by fully
melting the ceramic powders. However, the surface of this ceramic layer is not
completely smooth. This is because of overheating of materials during the

fabrication process.

Figure 26(b) shows the ceramic single layer under a higher magnification. The
pearlite-like structure can be seen in this picture (the red circle in the picture).
Pearlite is a two- phased layered structure that occurs in eutectoid composition. It is
a very common eutectic microstructure that forms during slow cooling rate. This
structure is one of the strongest structural bulk materials. So it can be concluded
that eutectic mixture of élumina- zirconia powder is completely melted and slowly

cooled to form pearlite structure.

3.00xV SEX . 2.00kV SR

Figure 26 SEM images of fabricated single layer at a) low magnification b) high magnification
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4.4 Fabrication of 3D ceramic blocks

In spite of using laser scanning parameters identified via the previous experiments,
the test using laser 1 was not able to fabricate any coherent ceramic blocks. Laser 1
is an ytterbium or Nd:YAG fiber laser (A = 1.07 um) of Gaussian distribution with
maximuﬁ laser power of 400W and laser beam diameter of 80pum. Figure 27 shows
some of the results of the laser scanning of alumina-zirconia powder and their

corresponding scanning parameters.

Laser Power (W)
1

8OW [1TOW 140W

Scanning speed (mm/s)

AR

Figure 27 Multilayer SLM parts using laser 1
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In 3D fabrication, the additional parameter is the layer thickness. In this work, the
layer thickness was set oﬁ 100 um for this experiment. The scanning orientation for
each layer is shown in Figure 28. In each layer the scanning direction is rotated
45°. This randomizes and minuses the residual stress direction experienced by the

final product.
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Figure 28 scanning orientation in multilayer fabrication
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The main reason for not being able to form a coherent solid ceramic block with this
laser is due to the high ﬁansmiﬁmce of laser energy through ceramic powder. As a
result, the intensity of the laser received by some of the powder particles in the
second and third layers would be much higher. This cause intensive light during
scanning was shown in Figure 29. This implies that laser penetration and resolution

control in laser melting of ceramic powder with laser 1 is complicated.

Figure 29 Intensive lights during laser scanning

In addition, it was observed that at combinations of high laser power and low
scanning speed, some of the ceramic powders were ‘pushed’ off from the powder
bed. The phenomenon occurs due to momentum transfer by laser. Defects in the
fabricated SLM parts are shown in Figure 30. As laser beam diameter in laserl (80
pum) is much smaller than laser 2 (730 pum), the push off phenomenon is more

serious in the experiments by laser 1.
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Figure 30 Defects in SLM parts scanned by laser 1

Figure 31 illustrates the SEM pictures of the fabricated sample under two different
magnifications. The process parameters is 140W for laser power and 250 mm/s for
scanning speed. Many cracks can be observed. These could be due to large thermal
gradient and thermal shock experienced by the sample during the fabrication
process. At the higher magnification, the grain size is found to be larger at the melt
pool boundary than within the melt pool. This is because the temperature gradient
is within the melt pool than the boundary therefore having a larger cooling rate.

Larger cooling rate results in smaller grain sizes within the melt pool.

2.00kV LEX

Figure 31 SEM pictures of alumina zirconia sample fabricated by SLM using laser 1
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The second laser beam module in the SLM 250HL machine used in this experiment
is a uniformly distributed Nd:YAG laser beam of spot size diameter 760 um and
maximum power of 1000 W. As the second laser beam is uniformly distributed, the

energy is constant with the laser beam radius.

Figure 32 shows the samples fabricated under varying laser powers between 700 W
to 900 W at 100 W interval and scanning speeds of 400 mm/s and 500 mm/s. These
ranges are selected based on the energy density required to melt the ceramic

mixture. The energy density in these samples varies from 1.9 J/mm?® to 3.1 J/mm?,

The scanning strategy used with the second laser beam is the same as previously

mentioned with laser 1 use scanning direction rotates 45° in each layer.

Laser Power (W)

900W

Scanning speed (mnv/s)

Figure 32 Alumina-zirconia SLM parts using Laser2

Figure 33 shows the blocks built under the process window mentioned above with

a 500 um layer thickness. This large layer thickness was chosen as it was observed
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previously, most of the powder were expelled and burnt out from the powder bed
under the process parameters used with first laser beam. The energy density
required to melt the alumina-zirconia powder mixture is so high that the recoil
pressure generated during the scanning process sputtered the powder particles away
from th¢ powder bed. It was not possible to further reduce the energy density in
order to avoid powder expulsion as it will result in little or no melting. The final

height of the blocks built under the second laser beam is 5 mm with a total of 10

layers.

Figure 33 Fabricated alumina-zirconia 3D parts using laser 2

Figure 34 shows the SEM pictures of the samples fabricated under the second laser
beam at different magnifications. As compared to the surface morphology of the
samples fabricated under the first laser beam, the sizes of the solidified melt tracks
are much larger. This is because the laser beam diameter of the second laser beam
is about 9 times the size of the first laser beam. Thus, a larger melt pool is formed
and solidified as observed from the SEM images. Also it can be observed that the
samples fabricated under laser 2 are more porous. From the surface morphology, in
higher magnification image, no micro cracks are observed in these samples unlike
those fabricated in laser 1 due to the low temperature gradient experienced by the

material across beam diameter under laser 2.
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Figure 34 SEM pictures of alumina-zirconia SLM parts in x37 and x 160 magnifications
respectfully

Figure 35 shows the SEM pictures of the samples fabricated under laser 2 at higher
magnifications. The microstrcutures are observed to be flake-shaped due to the

diffrences in surface tension between alumina and zirconia individually.

Ll pm
X 2,000 2,00V 8R3 OB HION WD 7, lwes ¥ 23,000 2.00kV 383 OB _HION WD 6.0mm

Figure 35 SEM pictures of alumina-zirconia SLM parts in x2000 and x 22000 magnifications
respectfully
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The table below shows the density results for parts fabricated under the second
laser beam. It can be oBserved that the density is higher at high laser power and
lower at low scan speed. This is because more energy is deposited with increased
laser power and reduced scan speed to fully melt the ceram.ic mixture. However, as
the laser power of the second laser beam is limited to 1000 W, the upper limit of
the experiments was set at 900 W to avoid fluctuations and inaccuracy occurring at

the 1000 W limit.

Table 6 Density measurment results for fabricated alumina-zirconia 3D parts via laser 2

Laser power

. 700 W | 800 W | 900 W
Scanning speed

400 mm/s 62.33% | 65.04% | 69.41%

500 mm/s 55.30% | 60.56% | 68.35%

The density is measured via the Archimedes principle using equation number (1).

Percentage of density is calculated using the equation below.

Ds X 100% (4)

DAtumina-zirconia

%Density =

D= Density of the sample
D Alumina-Zirconia = Density Alumina-Zirconia (5.4725 g/mm?)

The composition of the SLM fabricated alumina-zirconia parts were verified by
SEM-EDX and XRD. Figure 36 illustrates the EDX result of SLM fabricated
ceramic part. XRD results of the alumina-zirconia powder and 3D fabricated parts '
are shown in Figure 37. The only three elements detected in EDX results are
oxygen, aluminum and zirconium which mean the SLM fabricated parts are not

contaminated during the melting and solidification in SLM process.
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Figure 36 EDX results of SLM alumina-zirconia 3D parts

The phase composition in the XRD result features a high degree of crystallinity

dominated by the metastable tetragonal-ZrO, and Al,O3 phases. In the presence of

yttrium oxide Y,Oj3 in Zirconia powder (3YSZ), the monoclinic-ZrO, turned into

metastable tetragonal-ZrO, during melting and solidification process. On the other

hand, the metastable tetragonal-ZrO; is stabilized by constraining Al;O3; matrix. As

a matter of fact the ZrO»-Al,O3 bulk composite is a classical model of

transformation-toughening ceramic system. The toughening influence is usually

expressed as an alumina matrix employs local compressive stresses around small

zirconia crystals. In this situation transformation from tetragonal to monoclinic

Zr0, is obstructed. And metastable tetragonal-ZrO; is the only zirconia phase in the

SLM fabricated parts.

67



1400

0 O tetragonal-ZrO,
1200 Vvmonoclinic-ZrO,
® AlLO,

Intensity (a.u.)

20 36 40 50 60 7‘0 80
2 Theta (deg.)

Figure 37 XRD result of alumina-zirconia a) powder b) 3D part

4.5 Challenges and difficulties

This section presents technical issues during SLM processing of ceramic powder,
including power layer deposition, laser-powder interaction, melting and
consolidation mechanism and residual stress analysis, where further research is

needed.

4.5.1 Powder layer deposition
The SLM system uses a blade to spread powder onto the substrate platform or
the preceding part. To form a thin and even powder layer, good flowability of
powder particles is necessary [83]. Powder bed density also has a direct influence

on the final part quality. Powder parameters such as particle size and distribution,
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particle shape and flow characteristics are important and have to be well-

controlled.

Powder size and distribution are the most influential factors for powder deposition
in SLM. Smaller particle size is favourable for higher powder bed density and solid
density. It was suggested that ceramic powder with particle size 10 times smaller
compared to the layer thickness would be fit for the laser process [60]. However,
small power particles pose critical challenge in terms of flowability due to powder
agglomeration in the cartridge.

The small powder particles tend to agglpmerate and adhere to the surface of the
coater and printing platform due to electrostatic charge. This created challenge in
achieving a homogeneous powder layer deposition. Remo{/ing smaller particles
from the powder feedstock may improve the flowability but will negatively impact
the density of the powder-bed and subsequently the fabricated part [84]. Spierings
et al. has given some suggestions on metallic powder size distribution selection for
SLM process [84]. Similar research on ceramic powder size distribution is also
needed.

Powder shape has an influence on the powder spreading and layer density of the
powder bed [85]. Wilkes et al. also informed that particle shape has a strong
influence on the density of ceramic object produced by SLM. The improvement in
density of SLM parts was thought to be related to the spherical powder shape [86].
As there is no ceramic powder products specially designed for SLM process, it may
not be easy to select the optimal powder for SLM machine. Different powder types

such as crushed and atomized are commercially available. Ceramic powder
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produced by crushing method has an angular shape and relatively high bulk
density, which is widely used in the industry. Spherical particles atomized by spray
drying technology from fine primary ceramic particles (<lpm) to tens of microns
particle have a better flow ability compared with crushed products [87].

Powder flowability measurement is necessary in SLM process for quantitative
prediction of the powder deposition behaviour. Common methods for measuring
powder character include angle of repose, bulk density, tapped density, Carr’s
compressibility index and Hausner ratios, which are mainly for specific processes
such as compaction, storage and volume filling [81, 88]. Thus, it is desirable to
measure flowability at flow conditions that are representative of SLM processing
situations. Further research is needed to develop a powder performance index

tailored to SLM processing of ceramic.

4.5.2 Laser-powder interaction

The SLM process uses Nd:YAG laser or fibre laser with wavelengths of
approximately 1.06 pm as a heat source, which allows for more efficient energy
focusing to melt the powder as compared to CO2 laser with wavelengths of
10.6um. This would be suitable for ceramics, especially for oxide ceramic with
high melting temperature. A major challenge in the processing of oxide ceramic
with a near infrared wavelength laser is related to their low and temperature
dependent absorbance of the laser wavelength, as described by Fermi function [29,
89]. The experimental absorbance measurement of ceramic powder is shown in

Table 7 [90]. The absorption rate of oxide powders to laser with 1.06um
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wavelength is less than 10%, which causes high laser energy loss and reduces

production rate.

Table 7Absorptance (A) of ceramic powder measured with two lasers: Nd:YAG(l=1.06pm)
and CO2(3=10.6pum) [90]

Material A

’%=1.06um A=10.6um

ARO3 3% 96%
Si02 4% 96%
SiC 78% 66%
WwC 82% 48%

A Q-switched laser sysiem has been developed for micro sintering of ceramic [29,
91]. The Q-switched pulse laser would be more suitable for ceramic process as the
high energy laser pulses could increase the frequency of multi-photon excitation of
electrons in the valence band and result in higher absorption rate. High density
ceramic parts of several millimetres high, as well as metal parts, have been made
by the pulsed laser system [28, 92, 93]. However, the recoil effect of heated vapour
induced by higher energy pulse would influence the stability\of the powder bed and

melt pool, as well as the parts qualities.

Optical interaction of laser with the powder could also impact the laser beam’
propagation profile in the powder bed. The powder bed in SLM machine has a high
porosity as powder is spread freely without compression or heat treatment on the

platform. The input laser beam under-goes multiple scattering or reflections in the
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bulk powder layer befqre it is being absorbed to generate the corresponding powder
density and layer thickness [94, 95]. Liu et al modelled the laser beam propagation
of fibre laser through silica powder. In their model, it was noticed that the laser
beam was further focused into the powder bed by the spherical geometry of the
silica powder. Energy absorbed was not uniform with the maximum absorption
areas occurring near to the third layer of the powder stacking [96]. Streek et al.
used ray tracing algorithm to describe the laser energy absorption and conversion
during laser sintering process, which could be regarded as a function of grain size,
grain density, laser beam intensity and material properties [97]. It was reported that
powder particles with small size also require increased laser energy penetration to

form melting pool due to their high surface-to-volume ratio [98].

4.5.3 Melting and consolidation mechanism
For partial melting process, the laser radiation focused to melt the grains surface or
particles with low melting point. The molten materials act as a binder to form

" necks connection between particles and subsequently form a 3D porous structure
after laser process [99]. The temperature effects, gravity and capillary forces are
the main driving forces for consolidation of molten material during partial melting.
For full melting, moving molten pool is formed in respond to the moving laser
energy input. The interaction between laser and powder induces high temperature
gradients and significant temperature differences inside the small molten pool as
the melt pool experienced high cooling rates at the passing of laser scanning [100].
The temperature gradients can cause ral;id motion, known as Marangoni flow. This
effect becomes increasingly significant for ceramics as ceramics have higher
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melting point and lower thermal conductivity compared with metallic materials.
Similar phenomenon could be seen during other laser-ceramic process such as laser
welding of aluminium and alumina. The energy transport was more obvious for

alumina compared with aluminium [101].

During SLS/SLM process, three types of process behavior can be observed,
namely, formation of irregular and unstable melt tracks caused by lack of meiting,
continuous and stable melt tracks and balling effect. These behaviors are
influenced by powder characters and process parameters such as laser power,
scanning speed and layer thickness [99, 102]. Balling effect occurs due to poor
wettability between the molten pool and underlying solid, causing the molten pool
to breakup into small ceramic spheres [103]. As for laser brocessing of ceramics,
the poor wetting behavior of the liquid phase would lead to formation of loose

droplets and inhomogeneous layer surface quality.

Modelling work on temperature and stress profiles using various parameters during
laser processing ceramic materials has been reported. Li et al. developed a
volumetric heating source model for laser surface melting ceramics [104].
However, fluid flow should be added into their models for large molten pool. Tian
et al. investigated the effect of different laser scan patterns in laser direct sintering
ceramics [105). Further study on simulating the SLM process of ceramic is

required for parameter selection and optimization.
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4.5.4 Thermal and residual stress analysis

The thermal effect in full melting process via laser would generate significant
residual stress and strain during rapid solidification. In the case of partial melting
without infiltration, the residual stresses were also reported [106]. The residual
stress depends on the temperature gradient and material physical properties. The
ceramic materials are generally considered to be of low plastic deformation, with
typical elongation at break of oxide ceramic at about 0.2% to 0.6% [107].

Rapid melting and cooling of ceramics in SLM also will negatively impact the
grain size of the ceramic part produced. Conventionally, ceramics are sintered
using solid state sintering methods in which slow diffusion of atoms are needed to
achieve fine grain size. This low sintering temperature will also help to maintain
the fine grain size, which is the key characteristic for high mechanical properties of
high performance ceramics. However the laser will not be able to provide such
capacity for slow diffusion and as a result, the high temperature gradient will

generate a lot of cracks in the ceramic part.
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Figure 38 top surface SEM image of zirconia/alumina part
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Fig.38 shows the top surface SEM image of zirconia/alumina part built by SLM,
highly dense surface as well as cracks can be observed. Li et al. found that for
laser~ceramic interaction process, the whole laser melted track is in tension, and
crack occurs in the region of highest tensile stress throughout the solidified ceramic
tracks created by laser surface melting [108]. Heat treatment can be applied in the
laser process to reduce the temperature gradients, as well as thermal stress. A
higher base platform heating temperature will be needed for ceramic materials
compared to metal. Meanwhile, a specific type of ceramic has shown the
characteristic of superplasticity with exceptionally large elongation in tensile
deformation at high temperature [109]. This property would reduce the cracking
tendency of laser treated ceramic parts. Hagedorn et al. used preheating setup
during the process, reaéhing temperature >1400°C to build highly dense and crack-
free parts. The problems of this solution include rough surface and poor contour
precision due to large melt pool and powder sintering with high-temperature
preheating. Other approaches to reduce the residual stress focus on investigation of
processing factors such as sample height, exposure strategy and the use of pulse

laser [106, 110].
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Chapter 5: Conclusions and Future work

5.1 Conclusions:

As powder flowability is one of the important issues in the SLM process, Spray
drying was conducted to improve the flowability of alumina and zirconia mixture
powder. It was observed that no phase change occurred after the spray drying
process. Fine particles size (< 5 pm) granulated into larger particles size (< 50 pm)
after spray drying. The improvement in powder flowability was further proven by a
dynamic powder characterisation methodology. Understanding of powder particle
size distribution and shape helps to estimate the powder flow behaviour under
different processing conditions especially SLM process. For this aim the dynamic
behaviour of A1203; ZrO,; ceramic powders were characterized under a
revolutionary condition by a system called Revolution Powder Analyzer. Results
showed that spherical particle shape powders with larger particle size, narrower
particle size distribution and smoother particles surface show better flowability. On
the other hand, powder with a wider particle size distribution provides more packed
and even layer during SLM process.

The series of experiments were tested on the spray dried mixture powder. The
experiments were conducted three stages. Single-track, single-layer and 3D blocks
fabrication (multilayers). The results showed that the SLM machine is capable of
melting ceramic powders with high melting point. Different scanning parameters
were tested to optimise parameters including laser power, scanning speed and hatch

spacing. Finally, multilayer or ceramic 3D blocks were experimented via SLM
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machine. A combination of high laser power and low scanning speed was required
to form the ceramic pow&er into a coherent structure. However, the density of ‘the
fabricated 3D parts was low and the parts were also fragile and unstable. These
results showed that with current state of technology, it is still a challenge to directly
fabricate dense ceramic components using SLM. Following the insights obtained
from thege experiments, the critical challenges éf this project were identified and
discussed, including ceramic powder layer deposition, laser-powder particles
interaction, the dynamic melting and consolidation mechanism, process parameter
optimisation and residual stress analysis of the ceramic materials processed with

SLM.

5.2 Future work:

Successful integration of ceramic into selective laser melting technology will
induce significance development in the field of technical ceramics application.
Further research on the technical issues and challenges of the SLM process of
ceramic powder are required, specifically in resolving the challenges in powder
deposition, laser-powder bed interaction, melting and consolidation mechanism,

process parameters optimization and residual stress analysis.

A possible step for further research is material selection. Taking advantage of
ceramic composite properties is useful to resolve some of challenges in using the

SLM process for ceramic materials.
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