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Abstract

Glass is a desirable material for many industrial applications, offering unique properties such
as transparency, chemicdurability, and high thermal resistance. Current production of
complex glass shapes is typically achieved through the use of moulds. Customisation of glass
geometries therefore often increases the production cost of bespoke glass pieces. Additive
Manufacuring methods are capable of fabricating complex geometries at efficient cost for
small production volumes, making customisation esféective. The opportunities that AM
presents for glass manufacturing could be exploited for a number of applicatiohg]ing
fabrication of customised microfluidic devices, and bespoke décor for high value glass
packaging. The potential applications for additively manufactured glass Ipavesdriven
research and industry téacethe associated challenges, such as therstgsses from high
temperature gradientsausing parts to crack or fracture, high transmittance in the near
infrared (NIR) range reducing laser absorption at certain wavelengths, and porosities and

cracking compromising transparency.

In this thesisresearch intoglass processing bhwo AM techniquess presented Selective
Laser Melting (SLM), and powded Directed Energy Deposition (DEIDyestigations were
carried out to definesuitable processing parameters for SLM and DED of a common glass
composition, soda lime silica. Investigations evaluated the effect of laser parameters and

processing set upsn glass processing.

For SLM, soda lime silica was processed onto two substratela lime silica glass and
alumina. Different geometries were fabricated, including single walls, cubes, hollow
cylinders, lattices, and text structureShannel structures were fabricated to demonstrate

the potential for customised glass continuousafloeactor (CFR) production by SLHdr on

glass processing, adhesion of parts to substrates was inspected, highlighting the impact of
SLMprocessing on crack formation in glass substrates for the first tifime. effect of
substrate heating on glass SLM walso investigated, showing promising results on
transparency and porosity in glass SIr applications requiring removal of parts from
substrates, alumina discs provided suitable adhesion to glass powders during processing, and
easy removal of parts pbsprocess. Energy densities between-BID J/mni are
recommended for processin@D structureson alumina substrates, and for ajlass
processing energy densities above 281n? were found necessary to achieve glass

consolidation.



Novel glass processing &ypowderfed DED method is presented in this wat&monstrating
customisation of glass bottle packaging. Process maps are presented for pimadd2ED of

soda lime silica glass onto glass substrates for the first time, evaluating the effect of laser
power and scan speed on glass powder consolidation and substrate cracking. Suitable
processing parameters were identified, with cracking found to associate with laser power,
and consolidation of glass correlating with energy den§igrameters of laser powéxelow

115 W and energy density above 11 J/fane recommendedChallenges including the
transmission of laser energy through transparent feedstocks and substrates and delivery of
glass powder through nozzle systems were evaluated and overddarkened bas plates

are recommended below transparent substrate reduce laser reflectiorand a single layer

of cellophane tape was usdd improve glass melting and adhesion to substrates by acting

as a heat source during processing.

Also highlighted in this rearch was the flowability of glass powder feedstocks for AM
methods, and the effect of flowability on forming homogenous powder bedsSfdviand
achieving consistent powder delivery for DED. A case study on glass powder spheroidisation
is presented,compaing methods of altering angular glass powder morphologies for
improved flowability.Flame spheroidisation and plasma spheroidisation are presented as
promising techniques for improving flowability of glass materials for AM, and their limitations

are evaluded.

The work done during the course of this PhD contributasiiderstandingf glass processing

by SLM and through powddéed DED, demonstrating the potential for glass processing by
these AM methods. Recommendations are made for future work to furtleselbp these
methods of glass processingjth the hopes ofestablishing AM as a valid technique for

forming customised, complex geometries for high value applications.
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Chapter 1: Introduction

Chapter 1
Introduction

1.1 Glass

Glass has been exploited by society for many millennia thanks to its unique and interesting
properties. Over the centuries, glass manufacturing has been adapted and innovated, and
has become a ubiquitous material, used for many different applicationsstrids such as

aerospace, automotive, medical implants, electronics, and optics have all found commercial
value in glass processing. To understand the appeal of glass materials in industry, it is

important to first understand the material properties thataffers.

Atomically, glass materials have no lenagnge order, and behave as solids frozen in a liquid
state. They are formally defined asray amorphous materials which exhibit a glass
transition'. Generally, glass materials are characterised by thermal and chemical resistance,
durability, and transparency, as well astwtic appeal. These properties can be tailored to
particular requirements simply by modifying their chemicampositiort3. Common soda

lime silica glass offers a wide working temperature range, making it easy to manipulate and
form. Borosilicates, phosphate glasses, and compositions modified by dopants are good
examples of the tunability of glass properties. Borosilicate glass boasts a low thermal
expansion coefficient, giving it high resistance to thermal shock and chemiaekaand
phosphate glasses are biologically active, promoting bageneratiorf. Doping of glas
compositions can lead to simple colour changes, or even impart properties such as
luminescenceor enhancement of biocompatibility (e.g., Iron Oxide dopants in phosphate

glasses) Another desirable trait for industry is the potential unlimited recyclability of §lass

The versatility of glass materials explains the market demand for glass production. In 2019,
the global flat glass market was worth $18 billion USD, and growth is expected to continue

for the foreseeable futuré Currently, global industry produces more than 209 million tonnes

of glass annually, almost quadrupling in the spaica decad&®. A large proportion of this is
produced in the form of float glass, sheet glass, and rolled glass, for architectural and
automotive applications. There is also significant demand for glass production to satisfy

specalised glass applicatioriBhere are many different methods for glass forming, from hand
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working decorative glass products, to press and blow forming of glass containers, to industrial
scale float glass productidr(Figure 1). The float glass process (or Pilkingtorogess)
produces flat glass in sheet form, by floating a ribbon of molten glass on a bath of molten
tin®. Glass can be cast in moulds to create more complex sHapes customisation comes

at a high cost, and geometrical freedom is still limited. Innovation in glass processing is still
thriving, with interest m development of glass processing by Additive Manufacturing

increasing within the research and industry community.

\

¥ - - N E
Figurel Glass manufacturing processes in indudtgft: Glass blowing. Image source: Cornliigseum of Glagé
Right:The float glass process. Image source: Pilkirtgton

From decorative glass forming, to sheet glass manufaw, glass processing has come a
long way.For certain applications, e.g., specialist and scientific glass, the experience and
knowledge of a skilled glassbloweistdll required. For a reliable and repeatable method of
forming complex glass objects, ditive Manufacturing (AM) offera solution.With greater
geometric freedom than many other manufacturing techniques, AM has the potential to
fabricate high value, bespoke glass patitet are cost effective for small production

volumegd 14
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1.2 Additive Manufacturing

Additive Manufacturing (AM) is the term used to describe a groupmahufacturing
techniques that share the same key principteseating 3D parts, defined by 3D model data,
usually through layewise addition of materiab® This is distinct from subtractive
techniques that create parts by removal of material (e.g., machining), and formative

techniques (such as injection moulding).

The late 1960s saw the first AM innovation at the Battelle Memorial Institute, where a dual
laser beam was used to solidify a DuPont photopolymer fésin the 80s Hideo Kodama
developed this tehnologyfurther to use a singldbeam laser to cure photopolymer material

in a layerwise manner to fabricate 3D objects, demonstrating Vat Photopolymerisation
(stereolithography) for the first timé. Stereolithography was later commercialised by 3D
Systems in 1987alongside the introduction of the STile format (Standard tessellation
language stereolithography file format describing a surface using a triangular mésie)
development of Additive Manutauring coincided with advances in other technologies, such
as 3D graphics and Computer Aided Design software (Ts#€8) technology, and printing
technology. Integration of these features, and exploitation of the eérgroving computing
power, brought &#out development of sophisticated, automated AM systerirs 1990,
Beaman and Deckard developed and patented Selective Laser Sirfferivder bed fusion
AM)®, and in1991, Stratasys commercialised Fused Deposition Modelling (FDM) (Material
Extrusion AM), and Helisys commercialised Laminated Object Manufacturing (LOM) (Sheet

Lamination).

¢ KS ™ dmbtheQd@veldpment ofnetal Additive Manufacturing processesyith direct

metal laser sintering introduced by EOS in 1994, and Laser Engineered Net Shaping (LENS)
commercialised by Optomec in 1998, allowing the rapid production of metal tBelsctive

Laser Melting (SLM) was firgatented in 195 at the Frauenhofer Institute for Laser
Technologs, with Dr Schwarze and Dr Fockele of F&S Stereolithographietechnik GmbH later
collaborating with the ILT researchers to develop the technology, before being

commercialised in the early 2000s.

Industrial adoption of these technologies started wiidpid manufacturingof prototype
objects and wasommonly referred to aRapid Prototypg (RP)As the technology became
more advanced, a wider range of applications were identified, including fabrication of end
use parts, and thus the term Additive Manufacturing was defined by ASThere are seven

categories of AM processes as defined by ASTM standards, which differ in the form of starting

3
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material and method of consolidatn (Tablel). Each process hds merits and limitations

for processing certain materigland are discussed in detail in Chapter 2

Tablel Seven AM process categories as defined by ASTM, with example technologies and typicalldterials

Process Types Brief Description Example Technology Typical
Materials
Electron beam melting
Thermal energy (EBM), laser sintering
Powder Bed selectively fuses (LS), selective laser Metals,
Fusion regions of a powder melting (SLM), direct Polymers
bed metal laser sintering
(DMLS)
Focused thermal
Directed i
recte energ\_( is used to fuse Laser metal deposition
Energy materials by melting as (LMD) Metals
Deposition the material is being
deposited
- . Fused deposition
Material lectivel
Material di: z::eéstsherss I:Ea‘v modelling (FDM), Polymers,
Extrusion P e & Direct Ink Writing Ceramics
nozzle or orifice
(DIW)
Liquid photopolymer in .
) . St lith h
Vat Photo a vat is selectively ereolithography Photopolymers,

(SLA), digital light

object

olymerization | cured by light-activated ) Ceramics
poly polyme:iz;ftion processing (DLP)
;: [:,Izlggtilf\);?déllg EEEZL Powder bed and inkjet Polymers,
Binder Jetting to ioin owzer P head (PBIH), plaster- Foundry sand,
m;teri:Is based 3D printing (PP) Metals
. Droplets of build .. .
Mat'erlal material are selectively Multi-jet modelling Polymers
Jetting deposited (MJM) Waxes
Sheet sheets of material are lr-:::ll:gt:tiﬁ?e{cl.tOM) Paper
- bonded to form an . g ! ’
Lamination ultrasonic Metals

consolidation (UC)

There is a wealth of knowledge available for AM of metals and polymers, and it has become
a key manufacturing technique for many industries that have found commercial value for the
utilisation of AM technology, such as GE Aviation, and Airbus. For many years AM was used
for rapid prototyping, however, there are now many examples of AM being used to fabricate
functional, end use componertfs Confidence in AM parts has steadily grown, with some AM
parts outperforming machined components, and custom AM parts even being used on the

Mars Curiosity and Perseveree rovers’,
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There are multiple ways in which AM can offer benefits over traditional manufacturing

methods, including?+29;

1 Capability of a level of geometric complexity that is unachievable with conventional
manufacturing methods.

1 Customisation per part is achievable without the need for custom tooling or moulds,
so bespoke items are cost effective.

1 Reduced waste only the material necessary for each build is used, with potential
for complete recyclability of materials for certain AM technologies.

1 Reduced transit and storage of goap®n-site and ordemand manufacturing saves

cost of goods storage and transport.

Oneof the main factors limiting the widespread adoption of AM in industry is the limited
number of suitable materials, where parts can achieve comparable performance to
conventionally manufactured componentsPart cost is Bo asignificant consideration for

AM in industry. For low production volumes (e.g1d0 parts), AM avoids costs associated
with tooling, however, raw materials can be expensiihile AM offers customisation at no
added cost, it is unlikely tde costeffective for mass manufacture when compared to
traditional templatebased manufacturing processesdditionally, particularly for powder
based AM, the surface finish of parts can be unsatisfactory, with many AM processes
requiring further steps to reach a desired part quality. Post processing often incurs additional
time and cost that must be consideredther practical limitations of AM include dimensional
restrictions and production time, often dictated by hardware. TUse of AM is therefore
most popular for applications requiring high geometrical complexity and customisation,

particularly for low production volumes.

To further advance the field of AM, and fully discover the potential it holds, more work is
necessaryd expand and improve the catalogue of AM suitable materi@s glass materials,
research has already started to explore the potential of AM processing. There are various
applications for complex glass structures that would benefit from the geometricidrae
associated with AM processing, and the interesting properties of glass. For example, the
transparency of some glass compositions has inspired research into AM processing by
Material Extrusion methods to producdenses and decorative objects. Other wdrks
started to explore the potential to create geometrically compigassstructures by Vat
Photopolymerisation and Powder Bed Fusion AM methods. Gitberestingapplicationgor

glassAM includes the fabrication of biologically active glass scafffidsnedical implants,
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and fabrication of bespoke glass microfluidic devices with complex geontétilé® state

of the art in glass AM is further described and evaluated in Chapter 2.

This thesis descrilseresearch carried out exploring two specific AM methdds glass
processing:Selective &ser Melting (SLM)and Directed Energy DepositioipED) The
motivation behind this work is to prove the feasibility of glass processing by these methods,
optimise and make recommendations for processing parameters anelpset and
demonstrate potential aplications.The challenges and benefits pfocessing glass materials

by SLM and DED asxploredin this work,ultimately contributing further understanding to

the field of glass AM processing.
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Chapter 2
Background andLiterature

2.1 Background Information: Glass Materials

As defined in Section 1.1, glasses amay amorphous materials whichxhibit a glass
transition (Tg). Different compositions of glass offer different properties and characteristics.
In this research, several compositions of glass are used, with a particular focus on soda lime
silica, 12393 biologically active glass, and Bsificate. This section introduces these materials

in terms of chemical composition and structure, properties, and manufacture.

Silicon dioxide (S¥pis the most common component for glass materials. It can foorm a
amorphousquartz glass itselfvitreous silica)as well asa crystalline quartavith a regular
repetition of SiQ tetrahedral unit$®. As different oxides are added to the system, the
properties and characteristics are altefél The chemical structure of tise
multicomponentsilicate glasses is based on the tetrahedral Si@it ¢ a central silicon
bonded to four oxygen atoms, making up a thidimensional nevork via covalent bonding.
Oxygen bridges of varying bond lengths and bridging angles connect the tetrahedral units
(Figure2 A). Rings of a varying number of@GiSi (ip to about 67 Si members) are formed,
with smaller rings suffering more straifbese glasstructurestherefore exhibit shorrange
order but no longrange order thanks to the random orientation abowCsbonds, creating

a random network®3% The addition of different oxidedor example sodium oxide (b@),
breaks up the bridging oxygen bonds, creating space in which the larger cations’ogtgpy
SiO-Si bridging bonds are partially replaced with Amidging bonds SiO *Na Figure?2
shows schematic diagrams for the chemical structure ofryestalline Si@ (quartz), an
amorphousSiQ glasswith a random network(quartz glasgvitreous silicg, and a sodium

silicate glasdla0.S0;, displaying the modified random network with large*dations.
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| esi OO ®Na

Figure2 A: SiQ tetrahedral unit B. Schematic of the structure of a quartz crystal, showing a regular repeating
pattern of SiQ tetrahedra.C Schematic of the amorphous quartz glass, showing a random networloof Si
tetrahedra.D: Schenatic of the random arrangement of atoms in a sodium silicate glass, whermalians break

up bridging SO-Si bonds and occupy tlagailable space.
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To form an amorphous glass, the temperature of the glass components is raised high enough
to melt (i.e, above its liquidug the temperature at which the material is completely liquid),

and then cooled rapidly to a supercooled liquid state. The fast quenching allows the chemical
A0NHzZOGdzNBE (12 GaFNBST S Ayé Fa | f4dliedaRgg | &
ordered) is avoided. Providing the cooling rate is fast enough to prevent crystallisation, as
the material is further cooled and solidifies (below Tg), it can be referred to as a glass. This
process is visualised in a volume/temperature diaghanirigure3%32 The crystallisation

curve shows a marked increase in density at Tm as the material crystallises on cooling. Under
these conditions, cooling is not rapid @amgh to prevent atomic ordering, and a crystalline
solid is formed. For glass formation, cooling is fast enough to transform the material into a
supercooled liquid as volume decreases. This is due to decreasing amplitude of atomic
vibrations and the melt &coming more compact, and the viscosity of the melt increases. The
change in slope indicates the glass transformation range, or glass transition temperature,
where a supercooled melt transforms into an amorphous solid (glass) on further cooling, with
a further increase in viscosity. For glass working, the material can be heated up and shaped

in the supercooled liquid phase, before being cooled to a glass once more.

Enthalpy or Volume/mass

v

Tg Region Tm

Temperature

Figure3 Volume/temperature diagram famrystallisation and glass formation. The curve shows the transformation

of a liquid to a crystal at Tm during crystallisation. The liquid may also transform into a supercooled melt under
rapid cooling, with a gradual decrsa in volume to the glass transfoation range. The intersection between the
supercooled liquid and glass state curve indicated the glass transition temperature (Tg). The material solidifies to
a glass below the Tg on further cooling.

o
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Traditional glass manufacturing depends on the visgosif the glass, which varies
considerably with temperature. Glass technicians may refer to the working range of a glass,
where the melt (supercooled liquid) flows sufficiently to shape and form the glass, but not so
much that control of form is lost. THEg of aglassis taken to be the temperature at which

the supercooled liquid exhibits a viscosity ot400'?°Pa s, where the glass melt is thick but
exhibits flow properties. A viscosity of*1Pa s is used to indicate a working temperature,
10°%Pa srepresents the softening temperature, and'4@ used as an annealing potht’,
Glasses that have a narrow working range are known as short glasses, where the viscosity
changes significantly with a change in temperature, in contrast, dagses have wider
working temperature ranges, and can be shaped more easily. This is an important distinction
for glass manufacturing methods, such as glass blowing, pressing, drawing, or rolling, that

are impacted by the working ranges of different glassposition$.

For hand working methods, glass technicians shape a gob of molten glass usingpépbl

The glass object is formed by turning the pipe, blowing in the pipe to cool the glass, and
reheating as needed. When finished, glass parts are annealed in a lehr. The annealing process
is used to gradually cool glass parts so that residual intstnesses can be reliev&d®. Glass

parts are usuby held at an annealing temperature (usually-Ig20°C) for a sufficient time

to obtain a uniform temperature, before being slowly cooled to room temperaturéG-ger

hour for 10 g melts), reducing permanent strain within parts. For efficient {acge
production of glass containers, an Individual Section machine (I.S. Machine) is used for
automated manufacture. Gobs of glass are automatically fed from a furnace to the I.S.
machine. The gobs are shaped into an initial container form by pressingwanglo a blank
mould, and then the final shape is formed in a finishing mould by blowing. This industrial
process can produce up to 700 containers per minute. Other glass manufacturing processes
include the production of flat glass, in the form of sheetst, plate, and float glass, and fibres

can be drawn manually from a glass melt, or on an industrial scale using a fibre drawing

tower.

A benefit of manufacturing products out of glass, with soda lime silica glass making up a large
proportion of glass @ckaging, is that it is exceptionally recyclable. Glass products can be
easily crushed and turned into glass cullet, which can then be remelted and formed into new
glass products (at reduced energy cq22-3% energy reduction for every 10% cullet in the
feedstock), or used in different applications, e.g., as an aggregate or filler in cdhcTéte
recyclability of glass has made it an important material through history, with evidence of

glass recycling during the Roman and Byzantine Eniptfe$he benefits of glass reuse and

10
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recycling are still important today, particularly in the packaging industry, as consumers
demand a reduction in single use plastic packaging and the waste of raw matema2920,

the UK recycled (and recovered) 1800 tonnes of glass packaging, vwatydimg rate of
75.8%, while in comparison, the recycling rate of plastic packaging was much lower, at
47.49%. The combination of recyclability, chemical and thermal durability, transparency, and
appealing aesthetic make glass an important material for the packaging industry, as well as

many others.

Ingeneral, glasses are well known for their transparency. Glasses are often characterised as
being highly transmissive in the visible (3880 nm) and nealR region (750 na2 um), with
absorption increasing in the UV (2860 nm) and long wave IR regior1(B um) Figure4)*2

This is an importantharacteristic to consider when processing glass materials by laser
radiation, as the absorption of the laser wavelength used may be limited by the transmissivity
of the glass in that region. The transmission of laser wavelengths is impacted by the
composiion of glass, with the presence of certain ions known to increase absorption,
whether they are impurities, or components deliberately added to the glass batch. For
example, the addition of transition metal ions, such & W, Fe* Ca*, Ci#*, Mo** etc, are

known to impart colour in glasses, even in small quantities (e.g., <0.1% of CoO can be added
to give a pale blue colour to a glaSs}. The addition of Co to a soda lime silica base glass
composition(71.4%SiQ, 18.4% NaO, 1098 CaOyasreported to increase absorption in the

near IR region (between-2 um) (Figure5)*. The transmissivity of glasses at 1.06 pm has
historically hindered the processing of transparent glasaterials by Nd:YAG lasers,
however, there are examples of these lasers being useghdchine glasses by subsurface

engraving, cuttingand drilling?.

11
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the base glass doped with cohatin absorption peak is seen betweed im wavelength ithe Co doped glass

2.1.1 Glass Compositions

Soda lime silica is a popular commercial glass composition, generatlyfais everyday
applications such as windows, and glass packaging and containers. The components of this
glass system typically include 70%,S16%Na0, 10% CaO and MgO, and 5% other oxXfdes
Soda (Nag) is added to the system as a flux, reducing the temperature at which softening

occurs, by replacing some of the strong covalent bonds between tetrahedra via bridging

12
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oxygens, with no#bridging oxygens (connected to only one Si atom). This addition of bridging
oxygens reduces the glass transition as the network is weakéffedn comparison to
vitreous silica, which has a softenitemperature of ~1608C, soda lime silica glass softens
around 675725°C, allowing working of the glass at lower temperatures during
manufacturé=°. The addition of soda reduces thength of the glass at high temperatures,

and also makes the glass soluble in water. To counter this, lime is added as a stabiliser,
increasing the chemical durability of the glass. The linear coefficient of thermal expansion
(CTE) of vitreous silicaviery low at ~0.5 x1#/°C, indicating the strong chemical bonding in

the glass structure. In comparison, soda lime silica glass has a much higher CTE at ~9.2 x10

6/°C due to the weaker bonding within the chemical structure.

Borosilicate is another commagiass compositiowith the typical chemical composition of
70-80 wt% SiQ 7-13 wt% BOs, 4-8 wt%NaO or KO and 28 wt% AIO3*. Pyrex is a well
known commercial borosilicate glass, particularly used for high temperature cookware, but
has also been identified as a suitable glass for optical applicaBamssilicates popular for
applications requiringhemical durability, e.gpharmaceutical packaging, ahiajh thermal
resistancee.g.,labware and cookwaredue to its low coefficient of thermal expansion 3.3
5.0 x1G°/°C¥2. The softening point of borosilicate is higher than that of soda lime silica, but

lower than vitreous silica, at ~820D.

Some glass compositions can be considered to be biologically active. These glasses typically
have phosphates in their composition amebrk by attaching to soft and hard tissues,
stimulating bone growth, and degrading over titheBioactive glasses are a popular matkri

for research into implantable devices, with significant advantages over metal implants which
require follow up surgeries for removal, allsame species) and xenografts (different
species) which can be rejected by an immune response, and autografis {gady) which

require multiple surgeries. There exists a wide range of biologically active glass materials,
with varying properties in terms of biological activity, thermal profiles, and mechanical

strength.

13-93 bioactive glass is composed of 53 vd@ 6 wt% NaO, 12 wt% O, 5 wt% MgO, 20
wt% CaO, and 4 wt%®. It has a wide working range (~6@00°CY® compared to other
bioactive glass compositions and was designed to not divifigrystallise) at high
temperatured®*. Manufacturing of 133 bioactive glass fibres and cylinders has been
demonstrated thanks to the wide working range of this composition, and recent literature

demonstrates the fabrication df3-93 bioactive glass bone scaffolds by AM methods (further

13
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discussed in this chaptéff>2 The glass transition temperature (Tg) of this glass
composition is reported around 600, with a liquidus of 115025C°C. Studies suggest that

13-93 bioactive glass has enhanced viscous flow compared to 45S5 bioglass, and can promote
osteogenesisdy the formation of hydroxyapatite (HA) on scaffold surfa¥e&s This glass
composition is a promising candidate for bone scaffold implants, particularly when combined
with the geometricalcapabilities of AM techniques for fabricating customised, patient
specific devicesA comparison of properties for vitreous silica, soda lime silica, borosilicate

and 1393 bioactiveglasses can be found Trable2.

Table2 Compiled data for the properties of vitreous silica, soda lime silica, borosilicate gyleb393 bioactive
glass compositions, including characterigtimperatures for softening, annealing, and strain point, coefficient of
thermal expansion, and mechanical properfés

Propert Vitreous Soda Lime Borosilicate 1393
perty Silica Silica (Pyrex) Bioactive
Strain Point{C) 1000C 470°C 520°C 533C
Annea"ng PointOC) 1100C 510°C 565°C 572C
Softening Point%) 1600C 700°C 820°C 729°C
Coefficignt of Thermal 0.55 9.2 32 10.9
Expansion (x 18°C)
Young Modulus (10 74 74 6.1 )
OY/N m?)
Rigidity Modulus (1P 39 31 o5 )
GIN n1?)
Poisso® Ratio ) 0.16 0.21 0.22 -
Vickers Hardness 710 540 580 )
Number
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2.2 Current State of the Art in Glass Additive Manufacturing

Whilst there is a large amount of research into metals, polymers, and certain ceramics for
AM, theexploration of glass AM has only skimmed the surfasathe field of glass AM is still
emerging, some of the methods describeddhapter Thave not yet been explored for glass
processing. This is likely because some techniques have been identified as more promising
for glass material processing than others, and therefore have been the focus in research. The
review of literature in this chaptedescribes the most popular AM methods investigated for
glass processing, includiMaterialExtrusion Gction 23), Vat Photopolymerisation $ection

2.4), Powder Bed Fusion (Sectio®)2 and Directed Energy Deposition (Sectids).2.
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2.3 Material Extrusion

Material Extrusion typically fabricates parts additively by the selective deposition of material
through a nozzle. This process is typically used for polymer materials in filament form, which
is heated to allow consistent flow and bonding of melted mitiein subsequent layers. For

the application of achieving optically transparent glass, Klein described the creation and
optimisation of a bespoke material extrusion setup for processing molten§fdds this

work, a custom setip was required to withstand the high temperatures necessary to melt
soda limeglass, with custoamade chambers and nozzles from alumgilica material
(Figure 6). Molten glass was extruded at 104063C, and deposited layer wise onto a
ceramic kiln shelf in a chamber maintained at 48%°C (above theglass transition
temperature(Tg of feedstock glass) to form various geometisesh as cylinders and objects
with varying concave and convex formihe ceramic kiln shelf allowed sufficient adhesion
during processing, and easy removal at annealing temperature. Thermal post processing wa
carried out to anneathe soda limeglass partsusing an annealing cycle of 1 halwell at
48(PC, cooling at Z&/h to 400C, ooling at 50C/h to 150C and 8€C, and cooling at
120°C/h to 20C,redudng stress concentrationdDefects and rough surfasewere ground

and polished to present a smooth aesthetic. The resulting parts of both colourless and
coloured glass showed optical transparency, with a proposed application for decorative art

pieces(Figure?).

Figure6 Bespoke FDM seip for extusion of molten soda lime silica glass. 1: crucible, 2: heating elements, 3:
nozzle, 4: thermocouple, 5: feed access lid, 6: stepperrgyatgrinter frame, 8: print annealer, 9: ceramic print
plate, 10: zdrive train, 11: ceramic viewing window, 12: insulating SKip®.
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45mmH —— — 20mm
Figure7 Glas objects presented by Klein ef@left: A coloured glass object fabricated by material extrysion
with visibly discernible layerRight a clear glass fabricated part demonstrating optical transparency

The custom extrusion system was costly and presented certain functional limitations, such
as molten glass solidifying and obstructing the nozzle orifice disrupting part processing and
reaulting in uneven glass distribution, and the lack of automatic control of combined systems
during operation.The produced glass parts were attractive and transparent, however, layers
were visibly discernible, reducing the optical quality. Nozzle diameger fixed at 10 mm,
resulting in a large layer thickness. As a consequence, resolution and geometrical accuracy of
parts was low(layer height was 4.5 mm, and layer width varied by structure, with an average
layer width of 7.95 mm +0.19 mm measured by €donstruction of a cylinder geometry)

Due to the nature of the gravity fed system employed, the nozzle diameter could not be
altered to improve resolution or dimensions of partfiese issues could be solved by further

machine adaptatiotbut the limitations of Material Extrusion processinguld likelyremain.

The work did not demonstrate processing structures with substantial overhangs, which
would not be achievable without the use of sacrificial support structures. Additionally,
support structures make difficult to fabricate parts with complex internal geometry by this
method compared to other AM techniques (particular those that do not require support
structures e.g., powder bed fusion). Additionally, the geometries demonstrated could
arguably be aclkwvable using traditional glass processing, through the use of moulds. This
work described the processing of a glass composition with relatively low working
temperatures (soda lime glas§ @ 4G SY et { :(sateningpoibt 68X &ideil n
point: 51%Q). In order to process compositions with higher transition and melting
temperatures, a much higher temperature would be needed, requiring costly rebuild of the

machine set up, and increased operating costs.
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Zaki et al. reported Fused Deposition Modell{#PM) of a phosphate glass composition
(42.5P,0s, 25 N&0O, 25 KO, 7.5 AlDs, -PNKAY, with a Tg 0817°C°. A commercial FDM set
up was modified to increase the temperature of the extrusion nozzle to¢c®A@C, and the
substrate temperature to 32Q 35C°C. Phosphate glas#aiments of 1.9 mm diameter were
selectively melted by FDM, and processed layise to form simple shapes. Europium doped
phosphate glasPNKA7:EUPNKA7 modified with 42Gsand 0.5 mol% ExDs. Tg = 3330
was also processed to demonstrate the retentiof luminescent properties in printed glass.
Similar to the work by Klein et alising material extrusiomas limitations to achievable
geometric complexityin terms of overhangs and internal featuresZaki et al. only

demonstrated rudimentary structuresf glass processed by FDM.

Baudet et al. processed arsenicphitle chalcogenide glass by material extrusion, exploiting
the low glass transition temperature of this compositi@s0So, Tg= 188C¥L. This allowed
extrusion of the glass filament feedstoak~330°Cthrough a modified commercial material
extrusion setup. A 0.4 mm diameter nozzle was used, and a preheated substrat€) &b

the same AgSo glass composition was used to ensure adhesion was achievedafiohing

the coefficient of thermal expansion of deposited and substrate gl&e was taken to
avoid exposure to toxic vapour created during processing due to the high vapour pressure of
the chalcogenide glass at high temperatures. Parts were colowlémwdue to this sulphide
vapour deposi(Figure8). The processed glass parts had discernible lagsic cracking was
unavoidable when post process polishing wasmipted. The geometries processed were

not very complex, and dimensional accuracy was not reported. Further assessment of the
geometrical accuracy would help to assess the quality of pahis. work demonstrated the
potential for material extrusion of glascompositions with lower working temperatures,
requiring simple modification of commercially available material extrusion hardWwargher

work may optimise the process to produce accurate and complex glass structures using this

method and glass compogih.
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Figure 8 A: Material extrusion setp used to process ASso chalcogenide glass filaments;@ Processed
chalcogenide glass structures with visibly discernible layers, and a yellow colour from sulphid&.vapour

Direct Ink Writing (DIW) is another extrusibased AM method that has been used to
explore glass process). In comparison to extruding molten glass, requiring very high
temperatures to melt feedstock&>1000C)and a suitable setip that can resist such high
temperatures, this method allows extrusion at lemwtemperatures. Processing at lower
temperatures(e.g., room temperaturejeduces thermal gradients and thus helps to prevent
part failure due to thermal shock and buidlgh of residual stresseduring processingDIW

works by selectively extruding composite inks, and building the desired geometriebjayer
layer, to form a green part. Thermal post processing dries and consolidates the green part.
This method has been used to investigate glass processing, and examples of fabricating
transparent glass structures and glass optics with gradient refractiveximcve been

showrf65,

During DIW of hydrophilic fumed silica nanoparticle inks, Nguyen et al. reported anisotropic
shrinkage during the densification stage (heating1&0CC) and observed volumetric
changes that were dependent on the silica content of the ink feedstatiR0wt% silica
content, volumetric shrinkage was reported 20% of the original voluméarts fabricated

from a higher silica content ink23 wt% silica) shrank from 250 um diameter to 140 um

diameter.Increa®d silica content of the ink resulted in higheseosity, better retention of
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shapesbut increased the visibility of print tracks in monolithic structur@se application
demonstrated was hollow channels for glass microfluidic devices. These had a level of
transparency, and were leak tight, howeverntriracks were visibleHigure9)®2. DIW of
gradient refractive index lenses was demonstrated in rudimentary structures, however
fabrication of complex, threglimensional structures was not report&dSol gels oSilica

(SiQ) and Silicditania (Si@-TiQ) glasscompositions weraised for DIW, and investigatio

into processing other glass compositions by this method has not yet been reported. One of
the drawbacks of DIW is the need for pgsbcess heat treatments to densify parts and
remove organic content. This post processing incurs additional costs, ardsigoificantly

can lead to anisotropic shrinkage, reducing dimensional accuracy, and compromising part

resolution.

Liquid
Filled

Figure9 Examples of glass parts produced by Direct Ink Writing. Left: Hollow glass cgfiafevt% silica ink
filled with liquidf2 Right: exarple ofsilicatitania glass optics with gradient refractive indéx

Material extrusion has also been used alongside direct laser melting to process a fused silica
paste (silica powder, deionized water, + others) in an integrated sy&tdine silica paste

was extruded to form layers and then selectively irradiated by a l@€er to melt and
consolidate silica material. Transparent fused silica parts were fabricated without the use of
post process heat treatments, but further investigatiis needed to characterise built parts

for complete evaluationThe state of the art in glass processing by material extrusion has
demonstrated promising results for retaining transparency in parts buhtasly presented
rudimentary geometries with deernible layersThe processing seips described have often

been bespoke or adapted to process glass materials, with further work necessary to

standardise the hardware for glass processing.
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2.4 Vat Photopolymerisation

StereolithographySLA)s an examplef the Vat Photopolymerisation Akchnique anchas

been used to demonstrate its potential for processing glass parts for various applications.
The technology involves polymerisation of phatarable resins using UV light, selectively
solidifying materiaf @ SNJ 6& fF@SNJ G2 ONBIFIGS | a3INBSyE
required to completely remove any remaining nglass material and to achieve a fully dense

part. Digital Light Processing (DLP) is another lithography method that uses digital lig
instead of UV to cure photosensitive material. The two technigues share similar principles

and have both been utilised for glass processing research.

Literature has described processing of biologically active glass material by SLA to fabricate
cellular tissue scaffold§’. These biologically activéags compositions are of interest for
tissue scaffold fabrication due to the material stimulating bone regeneration when
interacting with bone tissU. SLA (and AM in general) allows parts to be highly customised,
making it ideal for fabricating bespoke medical implants. Tesavibuhl.etselectively
polymerised a photosensitive slurry of 45S5 bioglass, acrylate monomer, organic solvent,
light absorber, and photoinitiater by DLP, and sintered the parts post prfc€sstomised

bone implant structures were demonstrated, however, compressive strength was lower than
desired for this application, and parts was partially crystallisegducing the biological
activity of the glass materialFigure 10). Glass ceramicsuch as wollastonite diopside
(CaSi@CaMgSiO6) have beerpresented as an alternativigiologically active glass material

that could be processed by SLA to produce customised bone scéffalds

geometnf8. Right: WDE glass ceramscaffold fabricated by DLP and heat treated 290

Promising progress in SLA of glass materials has been made by Kotz et al., demonstrating the

fabrication of highly transparent, complex geometries for various applications, including
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microfluidic reactors and microptical lenses(Figue 11)’273. This work processed
photocurable silica nanocomposite material by SLA to form a green part, before sintering at
1300°C to achieve full densification and remove rglass content. Shrinkage due to the
necessity of post process sintering occurred, and a method of predictingtthilkage was
proposed. Coloured glass parts were also achieved through the addition of metallic salts. Kotz
et al.explored glass processing beyond SLA, as one of the identified limitations to this method
was the challenge of removing partially cured erv&l from hollow structures. Sacrificial
template replication was presented as an alternative method to producing transparent,

freeform threedimensional, hollow glass microstructurés

Further, Twephoton polymerisation (TPP, akar&it Laser Writing) of silica nanocomposite
material (altered to improve optical transparency) has been reported in several publications
576 The nanocomposite was selectively polymerised by-tiRedight (twephoton) to form

the green part, heat treated at ~600 for debinding, and then sintered at ~130Qo leave

transparent, fused silica parts with tens of micrometer resolution.

Figue 11 Investigation of glass processing by Kaital A: Fused silica glass part fabricated b’SIB: Fused silica
glass microfluidic chip fabricated by "LiqGlass" lithography.Fused silica glass microfluidic spiral channels
fabricated by sacrificia template replicatio®. D: Fused silica glass lens fabricated by -Piwoton
Polymerisatiof?.

Variations of the SLA process have been used to demonstrate glass AM. Cooparatein
used DLP to process a sol ink consisting of a silica compound and photoinitiators (and other
components}’. The material was selectively polymerised by UV light, forming desired

geometries layer wise. The parts were dried and heat treated to remove solvents and organic

22



Chapter 2: Literature Review

residues, and to achieve dense, transparent, silica parts. Farrell et al used a simitechppr
to produce complex geometries, such as ordered mesoporous silica struétudéser work
has explored processing of silica glass doywét various rareearth ions by SLA, forming
multicoloured luminescent, transparent silica glass pdrtand DLP of multicomponent

glasse¥.

Processing of fused silica glass by SLA has shown much promise, producing transparent glass
parts with high resolubn and exceptionally smooth surface texture. Currently the
investigation of glass material is limited to very few compositions, and the potential of
processing other glass compositions by SLA has yet to be explored. Silica glass has been
shown to achieveamorphous, transparent glass structures, however, so far literature
describing SLA of other glass compositions have produced opaque or crystallised glass parts.
Generally, SLA requires lengthy post processing times to completely densify built parts, or
remove nonglass contentKotz reported a fabrication process time of 61 h, with post
processing accounting for 522h Support structures are also required for certain structures,

and removal of uncured material from designed voids/hollow areas can be challeeging
microfluidic derices Additionally, many of these investigations demonstrate processing of
parts in the micrescale, particularly with DLP processing, due to being limited in size by the

projector or LCD screen used

23



Chapter 2: Literature Review

2.5 Powder Bed Fusion

Powder bed fusion describes a gmpaf AM techniques that utilise laeat source, e.glaser

or electron beamto fuse material in a powder bed to fabricate objects. Selective Laser
Melting (SLM) and Laser Sintering are examples of Laser Powder Bed Fusion (LPBF) that have
been investigatd for processing glass materials. These technigues process powder through
layerwise consolidation by laser irradiation of predefined CAD geometie®r sintering
typicallyutilises a C@aser(wavelengths of 10-20.8 pm)and is usedgbrimarily for polymer
processingas they have acceptable absorption at.G&ser wavelengthFor metals, or
materials with higher melting temperatures, SLM is often selected over laser sintering, and
typically uss higher powered laserge.g. fibre lases) to achieve material fusich A
distinctionis sometimesnade between laser sinterirand SLM by the different mechanisms

of fusion where generally materials consolidate by solid state sintei8§S)n laser
sintering, and by full melting in SEM?2 Generallyjn laser sinteringfeedstocks and process
chambers are heated to a few degrees below the material melting posihg laser energy

to tip the material beyond the melting point, consolidating powderl@awv energy laser
irradiation. Typically feedstock materials areompletdy meltedby laserirradiationin SLM
processingFor glass materials, the consolidation mechanism for powder bed fusion has not

yet been characterised.

2.5.1 Laser Sintering

[ FaSNI AAYGSNAYy3I Oy 0685 7T dzNbekc8bi theffdedstackdnd SR | &
method of consolidation.Indirect laser sintering refers to feedstocks that are not
homogenous in nature, and processing relies on the presence of a binder, where binding
particles have a lower melting temperature than othentizes present in the feedstock.

Binding material is sintered by the laser, forming a composite green part that requires post
processing for removal of binder and densificatignnormally resulting in significant
shrinkage. Direct laser sintering refers the consolidation of powder particles with a
homogenous chemical composition, eliminating the need for post procéSsBgth direct

and indirect laser sintering have been used to explore processing of glass materials, however,
there is little literature available on direct laser sintering of high temperature materials due

to machine limitatims, as processing these materials requires high energy to ¥intwdels
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particles during sintering was shown by Prado ét&l.Laser sintering has been of particular
interest for processing biologicalBctive glass powders for the purpose of customisable

medical implant&<®,

Kolan et al. described additive manufacturing of2i83bioactive glasé3% Sig) 4% P.Os,

20% CaO, 5% MgO, 6%,0®laand 12% J0) by laser sintering, fabricating porous scaffold
structures for bone repair application@igure 12)¥7#. In this research, polymeric binder
(stearic acidjvas mixed between 122 wt% with 1393 bioactive glass to form the feedstock.
The feedstock was processedlbgersintering,holding the powder bed at temperatures just
below the médting point of the binder, then using the laser to tip over the melting point,
thereby allowing consolidation at low laser powers, and reducing temperature gradients in
the powder bedHeat treatments at 550 for debinding, and 708C for densification was
carried out post process. Anisotropic shrinkage was reported, with greater shrinkage related
to increased binder content. Dimensional accuracy and resolution was lacking, and surface
finish was rough due to fusion of unwanted powgarticles adjacent to the built structures.
13-93B3 glass was also investigated and used to demonstrate complex lattice structures for
biomedical implant¥. Kolanet al.recommended consideration of pore size reduction from
sintering of excess glass powder inside pore structures during the @&llon stage.
Volumetric porosity was reduced by up to 25% depending on designed geometry. Lin et al.
summarised that poor dimensional accuraflgss of feature sharpness and increased
dimensions leading to geometry distortioapd rough surface finishas commonly reported

for laser sintering of scaffold structures due to unwanted fusion of adjacent powder from
conduction and diffusion of laser enefgyWhile high porosity and surface roughness could
be desirable for certain application®.§., bone scaffolds), it would be considered a
disadvantage for others, along with low dimensional accuracyt, gfainkage(volumetric
shrinkage caused by debinding stages during indirect laser sinteaind)low mechanical

properties.
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Figurel2Left: Fabricated "green part" scaffolds 0f33 bioactive glass with various geometfieRight: Scaffold
architectures of 1®3B3 bioactive glags

Direct laser sintering provides an opportunity for glass processing without shrinkage
associated with post process heat treatments. The feasibility of prowebsrosilicate glass
powder by Laser Sintering was investigated through dileesdr sinteringand indirectiaser
sinteringby the addition of carbon blaé For directiaser sinteringsingle layeprocessing

was carried out to identify suitable process parameters for consolidation of borosijjtzete
powder. Optimal parameters were judged by layer thickness, which was found to increase
with increasing energy densifyhe measure of energy impartet the powder due to the

laser power, scan velocity, @can vector overlgp Multi-layer cubes were processed to
assess surface roughness and density. These parts exhibited cracking due to thermal stresses
introduced during processing as a consequenteaapid temperature changes, despite
02NRPAAT AOI 1SQa NBLMziF GA2Yy dddvNdefficied bthernal NB & A & (
expansion 3 - 6 x10° K*!)(See Section 2.%)(Figure13). One of the limitations stated was

the narrow window for balancing optimal parameters, with surface roughness and part
density competing for optimal scan speéthe dimensional accuracy of sintered parts was
affected by heat transfer from irradiated areas to the surrounding powder bed. As processed,
parts showed density of less than 50% of theoretical density. Post process heat treatments
were used to densify thearts, however this resulted in anisotropic shrinkage, and loss of
the desired geometry. A small quantity of carbon blg6l05 wt%)was added to the
borosilicate feedstock with the aim of increasing energy absorption. This approach resulted
in a small inease in the density of the built part. The processing window did not change
significantly and the increase in part density was too small to justify the additional steps

necessary to remove the additive
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Figurel3 Laser sintering of borosilicate glass by Klocke et al. with laser power increasing from left, twitlyht
visible cracks and rough surfate

While some progress has been made to prolve feasibility of glass processing aser
sintering the literaure reports common limitation¥. For example, dimensional accuracy is
often limited due to surranding powder influenced by a heat affected zone, expanding the
built part. Delamination and cracking of parts was frequently observed due to large thermal
gradients during processing, and crystallisation of glass was reportesbrivte cases
particularly vith biologically active glass compositions, and linked with a slow sintering rate
(nano58S Bioactive glags8% Si@ 33% Caand 9% FO:*, 13-93 53% Si@4%RB0s, 20%
CaO0, 5% MgO, 6% Xaand 12% 40°). This may be related to the presence @ORin the
silicate glass compositions that can cause phase separation and crystaltfsatiesting of
powder beds to jusbelow the melting temperature of feedstock materials is recommended
practice for laser sintering processéss many glass materials are characterised by high glass
transition temperatures, e.g., soda lime silica T50-600°C (see Section 2.1irect laser
sintering of glasses proves challenging as processing temperatures must be high enough to
accommodate these thermal demanddsing an indirect method to reduce the required
temperature of the powder bed results in anisotropic shrinkage of parts amgrther

reduction in geometrical accuracy as a consequence of post procekindiag and

RSYAAFAOI A2y d CAylLtffesx JfFaa LIR2HRSNI FSSRadz2

density processing due to the surface tension of the material andptvesity inherent in
powder beds, this is a common phenomenon also reported with metal laser powder bed
fusion AM’. Optimising laser sintering parameters to account for this effect, as well as
surface oughness, density, and dimensional accuracy of glass parts has proven challenging,
offering narrow processing windows for certain glass composit{iiescke et al. reported a
narrow processing window of% W laser power, 36650 mm/s scan velocity, andi®-0.18

mm hatch spacing for laser sintering of borosilicate §fass

Zocca et al. investigated laser sinteringlitfium aluminosilicate glass ceram(icAS:LpO-

ALO:-SiQ) tapes at a range of parametéfsThe tapes were prepared by mixing with water
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and an organic binder (polyethylene glycol) to create a slamy so differs to the traditional

laser sintering method of irradiating owder bed. The authors described the process as
GasSt SOGADS I &aSNJI ( NEbrelases 0b4s nmlwgvBlength] dfteniuge8 R |
in SLM) as opposed to a @ser (10.6 um wavelength, often used in Laser Sinteririg.

slurry was spread onto eeramic tile and dried.He deposited tape wsscanned in 10 x 10

mm square ares using 1839 W laser power and 280 mm/s scan velocities (hatch spacing

= 0.1 mm)Porosity was observed in the samples by $fakbing andvas understood to be
caused by th decomposition of the organic binder within the tape generatiagbubbles.

This could not be avoided however, as the organic binder was found essential for
densification by laser irradiation (LAS tape without the binder did not densify by laser
irradiation, even at high energyThis was attributed to the low absorption of LAS feedstock

at YAGibre laser wavelength Similar characteristics were found for parameter
combinations of similar calculated energyith a processing window for defect free sangple
defined as 0.3z 0.8 W s/mm. This work demonstrated the relationship between laser
sintering process parameters and the quality of LAS glass ceramic parts, however only single
layers were processed, with further work necessary to investigate the affegtocessing

parameters on multlayer structures.

In summary, processing glass materials by laser sintering still seems promising for biomedical
applications, with biologically active glass feedstocks of most interest to the research
community. The thanal profiles of biologically active glasses tend to be more moderate,
with lower melting temperatures than other glass compositions, allowing melting and laser
processing at lower temperatures. Various biologically active glass compositions have so far
been investigated for fabrication of custom, porous bone scaffold structures, with several
studies successfully defining laser sintering process parameters for these glasses, and
evaluating them for their biological activity in in vivo testfh@here is still much to gain from
research into laser sintering of glassteréals, particularly in exploration of optimal process

parameters for laser sintering of different compositions of glass.

2.5.2 Selective Laser Melting

Selective Laser Melting (SLM) is another laser powder bed fusion (LPBF) method of additive
manufacturing.th general, a single layer of powder is spread across the build platform (by a
blade or roller). Laser irradiation selectively fuses the material based on predefined CAD data.

The build platform is lowered by a layer, and the process repeated until adttllip
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fabricated.Figurel4 shows a schematic of the SLM process and a Sl:-Mpagting a double

bladed wiper unit for powder spreaditj.

3 / LASER XY-Scanner Double bladed
3 = Recoating Unit
Powder Roller  [RECECUNENEEENE ...« .o oo and Powder Feeder
H —— = \

Powder Bed

Chamber

% — ‘]'\ U/ >

F-Theta Lens Build Space
with adjustable Piston

Powder Overflow and Work Piece

Figureld Schematic of a typical SLM/LPBF pro®éssd typi@l build chambéfO. A roller or wiper may be used
to spread powder across a build platform.

The SLM process is commonly used to process various metals and alloy$mitét
literature available on processing ceramics and glasses. Industry has identifiéidle
applications for SLM processing, particularly for light weight structures through exploitation
of the geometrical freedom offered by SLM, and for medical and dental applic&ti@isv

is characterised by certain advantages over alternative AM metfmrdsertain materials

The lasers typically utilised in SLM are often more suftegdmelting high temperature
materials than, for example material extrusionFabricated parts may have higher density
than in sintering processes, anthyrequire fewer support structures than other techniques
(such as Material Extrusion and SLA)p@sder beds offer integrated suppdft. SLM also
offerssignificantly increasegeometrical complexity, outperforming some AM methplilse

material extrusionandmany conventional manufacturing technigyesich as machining

2.5.2.1 Parameters for SLM

For SLM processing, there are many variables that can impact success of processing and
resulting part quality €.g., microstructure and mechanical propertiesymportant
parameters to consider include laser power, laser wavelength, spot size, scanning speed,
hatch spacing, layer delay, and layer thicknasghese can all impact theeltingbehaviour

of powder materiak in SLM®, Energy density is sometimes used to rel&teMprocessing
parametersto describeenergy absorption and discussedn Section 2.5Powder feedstock

characteristics are equally important to consideSLM.
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Hatch spacing refers to the distance between adjacent laser scans in any SLM part. A small
hatch spacing defines scan trackslaser together with a greater number of scans per given
area (than compared with a large hatch spacing). Scanning strategy refers to the
programmed travel of the laser during processing, and has been shown to have an effect on
part properties, including qrt density, geometrical accuracy, and cracking in SLM of
metals®%1%, There are multiple options for scan strategy in commercial SLM syshems,
simple line scans, to checkerboards, to complex fractal scans, as well as utilising multiple
scans per layer for remelting, all of which have an impact on melt pool orientégigare

15)1%7. Scanning stratedyas beerfound to have a significant effect on residual stress in SLM,
with short scan tracks inducing less residual stress than longet®nistand scan strategy

is recommended for reducing residual stress due to the short scan tracks utilised in this
patterni®, A rotation of 67 between layers maximises the number of layers between
repeated scanning of the same direction and orientation on the build (360 layers). This is
thought to reduce build up of stresse®in repeated laser scanning in adjacent layers. Scan
rotation has been reported to have no effect on part density, but may impact mechanical
characteristic¥>'% More complex fractal scan strategies utilising short length saeoksr
produced superior bulk density of parts to the island scan strategy. Directionality has also
been found to effect part characteristics, with unidirectional scanning resulting in isotropic

stress fields™.
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Figurel5 Examples o6LMscan strategies (A: Unidirectional scan, BdiBictional scan, C: Island scan, D: Helix
scan}®”and hatch rotations (E: 90otation, F: 48rotation, G: 67 rotation)10s,
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In SLM, a powder must have sufficient flowability to form a homogenous powder bed, with
consistent layer hickness determined partially by particle size, to allow successful
processing'?. Particle size and size distribution impaitts flowability of a material as well

as packing density within powder beds, and has been reported to impact SLM part properties
as a consequené€. In SLM, particle size dictates the minimum layer thickness, and
therefore surface finish and resolution of paftsPowder beds consisting of large patrticles
or agglomerates result in poor packing density and can lead to porosity within built'garts
Recommendations have been made for suitable particle size distribufiR@®Bpf powder
materials for SLM processing; £545 um particle size distribution is often used for laser
powder bed fusion AM, and is expected to provaevell packed powder bed, where fine
particles fill the voids around larger partict&s Finer particles are recommended in small
proportions to fulfil this function without causing a significant retiluc in flowability due to

increased inteparticulate forces™.

The presence of fine particles within a powder feedstock increases thaipiok moisture,
increasing cohesion (and therefore reducing flow characteristicgjith MunizLerma et al.
reporting a reduction in moisture sorption when a narrow particle size distribution and large
spherical particles (>48 um) are used. Moisture containing powders have also been linked
with the formation of agglomerates during spreading, impacting the uniformity of powder

beds, and a reduction in relative density of powder lay/érs

Another powder characteristic that has a large impact on the formation of powder beds is
particle morphologyCompared to angular or irregularly shaped particles within a feedstock,
spherical particles have lower surface friction and areslempacted by mechanical
interlocking**117:118 Spherical powders are recommended in order to achieve a sufficient
flowability for powder spreading, and a high packing def$itj high packing densityatio

of the solid volume to the total volume in the powder bésipenefical in SLM as it increases
the absorptivity of the powder bed, and the thermal conductivity via increased patrticle
contad, with Tran et al. suggesting a packing density above 50% as suitable f8*StM
Liuet al. compared a wide PSD4B pm) with a narrow PSD%45 pm) for SLM processing
and reportedthat a wide PSD can result in high density parts with smooth surface finish
thanks to a high packing density, however, powder flowability may be superior for powders
with a narrow PSB?. Additionally, Sofia et al. reported particle size and modality significantly
affected energy density required for SLM of glass b¥adsor these reasongowder

characteristics such aBSD morphology, and flowability (including cohesion, moisture
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content etc)should be considered when optimising glass pewgrocessing by SLNFor
example, ideal glass feedstocks should have a largely spherical morphology, have an
appropriate PSD for SLM processing (<100 um), a flowability that allows a suitable packing
density (above 50%) and formation of uniform powderel@dy and be dried of moisture

before processing.

The time between laser scanning and spreading of a subsequent powder bed layer, referred
G2 a afl@SNJRSftlIe¢ gAUGKAY UGKAA 62N olfaz
others) has also been siva to impact LPBF. The time taken between laser scanning and
spreading of the next powder layer alters temperature gradients during processing,
impacting the energy density required for processibDgpending on the material, short

delay may result in acenulation of energy focussed around the scanned area, resulting in
excess heat transferring to new layers of virgin powder, distorting geometries as excess
powder is melted by conductidf’. A longer delay may be codsred in order to allow
dissipation of heat from scanned areas, however this must be balanced to avoid the higher
temperature gradients from cooling and possible delamination or curling of ‘sadohr
AY@SaitAal G6SR GAYGSNI £ &8SNJ GAYSaeg oL[¢O 2F wmy
steel by LPBReporting that a short ILT (18 s) resulted in significant heat accumulation over
the build height, an increase in the melt pool depth of up to 20%, increased porosity, and a
reduction in hardness by 20% when compared to intermediate ILT {85 @}her studies
investigating the impact of layer delay for other AM techniggeserallyagree such as Laser
Engineered Net Shaping (LENS) of 316L stainless ateeTi6AL=4\A27128 Yadollahi et al.
reportedthat a short ILT (10 s) resulted in a coarser microstruotdileENS fabricated 316L
stainless steel partslower compressive strength, tensile strengtnd hardness when
compared to specimens fabricated withlong ILT (100 s), due to the decreased cooling
rate'?’. The size or number of parts on a build platform influences the delay between laser
scanning and powder spreading, and has been shown to have an effect on mechanical
properties for some material®. Thiscanbe exploited to control the layer delay in systems

that do not offer direct control ouethis variable.
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2.5.2.2 State of the Art in Glass SLM

For glass processing, SLM presents certain challenges to overcome. Particularly, large
thermal gradients required for processing high temperature materials (such as glass) by laser
power subjects parts to #trmal stresses, creating residual stresses within parts, and risking
formation of cracks and fracture from thermal shockhe thermal gradients for glass
processing by SLM are dictated by the temperature of the substrate/chamber (e.g., room
temperature foro heating, 258C for some SLM machines), and the temperature of the laser
irradiated glass (dependent on the composition, e.g., Tg of soda lime silica i#66@80(see
Section 2.1), and the laser processing parametérs)counter these high thermatagients,
utilising a high temperature chamber and powder bed could allow processing at lower energy
density, protecting parts from thermal shock. Similarly, gradual cooling over a long period of

time post process will protect parts from the thermal stresselated to part cooling.

Processing glass by SLM has been of interest in recent yearsaweétv publications
demonstrating the potential of glass AM by this technique. Fateri et al. demonstrated the
feasibility of processing soda lime glass by SlLdihgua Yb:YAG fibre laser at 1070 nm
wavelength to fabricate multilayer parts and repedtsuitable processing parameté?$ The

work confirmed that meltingf soda lime silicaould be achieved using laser irradiation in
the NIR wavelength regiohow surfaceoughnesgR0.88 um) and high part density (99%)
were reported for selected geometriesind processing parameter&eometrical accuracy
was influenced by laser processing parameters, with the potential for 100% dimensional
accuracy suggested to be achievable with optimal parameters. Cylinders of 20 mm total
diameter, 18 mm inner diameter arid mm height were fabricated usipgrameters of 60

W laser power, 67 mm/s scan speé&@, um hatch spacing (referred to as offset valaid

a layer thickness of 150nu 99% part density and 100% accuracy was reported for this
geometry A heat affectedane was observetbr non-optimal process parameteyslistorting

the desired geometry, and rapid cooling of parts led to parts cracking from thermal shock.
Structures were fabricated to demonstrate achievable geometries such as dental prototypes
thin pin gecimens,and objects for jewellery applicatiol In further work, Fateri et al.
investigated the dect of scan strategy on glass SLM, presenting significant differences in

part appearance as a consequence of scan patt@figaire16):32
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Figurel6 Investigations into SLM of soda lime glass by Fateri’é¢.82A: A dome geometry, B:Tooth prototype,
C: The effect of scan strategy on glass partappea@ncgé STOY af A V24 NRwAIKGY aOKSO1 SNJ

Khmyrovet al.explored the feasibility of processing fused silica on substratéssefisilica

by SLNMP3134 A CQlaser was operated out of focus to melt the silica powder bed at various
parameters. Silica beads melted and adhered to the substrates which did not crack during
single layer SLM pressing. The avoidance of cracking is likely due to the thickness of the
fused silica substrates (5 mm), and the durability of the compos{fiosed silica glass has

the lowest specific thermal expansion and highest resistance to temperature charges)
small particle size (<20 um) and small layer thickness was found to improve porosity of parts
and adhesion of melted feedstock to substratésirther, a model was presented for
estimating the thermal conductivity of the fused silica feedstock, predictingrdugal
consolidation with reduced feedstock patrticle size and layer thickffeSdhe method of
creating a powder layer in this study was through water suspension and depositte o
material on substrates. While this accommodated the fine particle size, it was not
representative of the powder bed formation methods in commercial SLM systems, where
powder flowability would be essential for formation of a homogenous powder Béd.
method of powder bed formation would be unsuitable for preparing glass compositions that
show water solubilityAdditionally, for some glass compositions (e.g., soda lime silica), the
presence of moisture may cause bubbles to form within the glass matigllaser irradiation

as the water evaporaté¥®. Preheating of feedstockwas suggested to increase the

temperature of the powder bed prior to laser scanning to accelerate consolidation, as well
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as reduce residual stressesThe work presented by Khmyret al. demonstrated the
feasibility of meltingused silicaglass by laser irradiation, and described challenges such as
narrow processing window3.he reported processing window was-24 W lasepower, 0.9
mm/s scan speed, and 15D0 um layer thicknes§eometries were limited to fusebeads,
single tracksand monolayersParameter investigations did not consider hatch spacing and
scan strategies for multayer processing, and material compasi was limited to fused
silica, a glass known for its durabil{gxceptionally low thermal expansion coefficient, CTE=
0.5 x 16/°C¥. While cracking of substrates was avoidids possible though the authors of

the study did not comment on thishat this isdue to the glass composition of feedstocks,

the thickness and composition of substratagd the geometries processed.

Due to the use of a powder feedstock, SLM parts are often characterised by high surface
roughness, and poor dimensional accuracy. Surface roughness can be attributed to partially
fused powder particles adhered to melted sttues, reducing the smoothness of parts.
Surface roughness depends on many factors, such as material, particle size distribution, layer
thickness, processing parameters (laser power, scan speed, hatch spacing etc), scan strategy

and post processing of patt>137

Surface roughness of glass LPBFspaere reported by Fateri and Gebhardt, and Klocke et
al, reporting R(average roughness of a surface) ormRaximum height of the profile, based

on the average of thdive tallest peaks and fivieiggesttroughs in the profil¢to represent
surface rougnessLaser sintering of borosilicate using optimal parameters (9 W laser power,
225 mm/s scan velocity, 0.15 mm hatch spacing, Bo@ pmlayer thickness) resulted in a R
value of 152 urff. Laser sintering of other materials is kmo to produce varying surface
roughness values depending on build orientatiand post processing treatments are often
used to improve surface quality, e.g., lacquetiig_aser sintering ofolyamide 11 with a
100 um layer thickneskas beenreported to have Rvalues of75-100 um depending on
orientation and process parametéf§ much lower than theR value reported for laser
sintering of borosilicate by Klocke et Ay’ CI G SNRA S rdughtess addipazRe = & d
density of SLM fabricated soda lime silica glass €albd 5x 15x 7 mm were measured and
reported. Optimal process parameters of 100 W laser power, 50 mm/s scan 4@€edmm
hatchdistance and500 pm layer thickness were uséithe aveage surface roughness of the
top surface was reported as,R 1.70 umand R= 7.81 um? To improve surface roughness
and appearance of glass parts, post processing steps may be re(psredggested by Fateri

et al.), such as polishing or remelting of surfaces through heat treatments. Fateri reported an
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improvement of SLM borosilicate glass surface roughness fegr@ Rm to B= 0.9 um after
CQ laser polishingf®

Gan et al. investigated SLM processing of spodumene glass ceramic powder (wt%:£5.7 SiO
25.4 AJOs, 7.1 LiO 1.8 othersYt. A SLM system equipped with a Yb fibre laser was used to
processA5 x 4 x 3 mm spodumene samples using different layer thickness (50, 100, 150 um),
and different post process heat treatment cycles (as pdni850C or 950C for four hours

with a heating/cooling rate of ®/min). Characterisation of parts was carried out to assess
porosity by micro computed tomography (XCT), flexural strength by {boé&t bend testing

and crystallinity by sRay Diffractia (XRD) It was found that porosity was inversely
proportional to the layer thicknessThinner layer thickness was more sensitive to
vaporisation caused by excessive heating during processing, leading to bubble foraadion
therefore increasedhe internal porosity of parts Hexural strengthwas found toimprove

with post processing at higher temperatwand XRD revealed crystallinity within parts. The
dimensional accuracy of parts was not reported, and images showed variation in the

appearance of thedp surface of partg§Figurel?).

Figurel7 SLM processing of spodumene glass ceramic using A:50 um layer thickness, B: 100 um layer thickness,
and C: 150 pm layer thickness. The appearance of the top surface of parts shows variation in
transparency/appearancél.

Bulk meallic glasses (metallic amorphous allpysde by rapid quenching of metallic liquids

have also been of interest for SLM processing in literature, due to the potential for good
YSOKIYAOFIf LINBLISNIASA 6f2g | 2dzy eSiancg)anddzt A = K
biocompatibility**144 Deng et al. inveggated SLM of a biocompatible bulk metallic glass:

47% Ti38% Cu7.5% Zr, 2.5% Fe, 2% %0 Si, 2% Ador the application of biomedical

implants“®. Laser processing parameters were 60 W laser power, 2000 mm/s scan speed,

140 pm hatch distance, and 40 pm layer thicknesth a 90 scan rotation. High density was
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reported for fabricated parts (>98%), with evidence of3um diameter pores present in
cross sections, and larger defects present on the sample edesauthes reportedthat

SLM samples fractudat lower stress than asast samples of the same material (SLM:~ 1690
MPa, Ascast: 2000 MPa), and attributed this to defects introduced during SLM processing.
Complex geometries were fabricated and reported to biy/fglassy with a relatively smooth
surface Figurel8). Further optimisation and investigation into mechanical properties of
parts would be required to assess the shitdy of this material and processing technique for

the suggested application.

Figurel8 Examples of complex geometries fabricated by SLM dbastd bulk metallic glass. Pavierereported
to be fully glassy and relatively smooth.

Poor dimensional accuracy dfPBFof glassparts is oftenreported and attributed to
conduction of energy through the powder bed to adjacent particles, resulting in
unintentional fusion of additional mat@l to processedsurface$*** This could potentially

be accounted for in the CAD creation stage, or resolved through optimisation of processing

setup and parameters (e.g. optisation of energy density and scan stratédy)
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2.6 Directed Energy Deposition

Directed Energy Deposition (DED) is an AM technique that utilises a high powered energy
source to simultaneously melt wire or powder feedstock as it is delivered to a substrate. The
method is also known as Laser Engineered NetpiBlg (LENS), Direct Metal Deposition

(DMD), Laser Cladding, Electron Beam Additive Manufacturing, and Directed Light
Fabrication. This AM technique is well established for processing metal feedstocks, yet little

literature is available on DED processifiglass and ceramic materiig*&148,

A typical DED machine setup comprises three parts: a focused energy source (e.g. a laser,
electron beam, or plasma arc), a nozzle for feedstock deliugsyally made of copper,
stainless, or hardened st@dde it powder, wire, or fibre form, and a build platforfRigure

19). Due to the potential for mounting nozzles on a 4 or 5 axis arm, this method is often used
for reparing defects on existing parts, or fusing additional material to built components,
however, it can also be used to fabricate whole parts from start to finish. While many setups
mount the material delivery nozzles on a mualkis arm which travels arourafixed object

or substrate during processing, it is also possible to utilise a fixed nozzle with a moveable
build platform via a translational or rotational stag®ith multi-axis DED, material flow rate
does not change with movement of the feed head, lewer, a system utilising fixed, vertical
deposition may be affected by thfs Like many AM methods, the DED process can be

controlled by 3D CAD dataanslating 3D models into multiple slices for layer processing.

| [/ { — Direction of machining

e | Powder stream

Laser beam

Deposited “\ |
material " 5‘
|{ Melt pool
Fusion zone . y\/
= Pg | \\‘ i
- / ~——, Shield g
— Workpiece

Figurel9 Schematic of the DED process (for powder feedstéck)
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Post processing is ually required for DED fabricated parts. Heat treatments reduce the
residual stresses in parts and improve mechanical properties, and often subtractive
techniques (e.g., machining) are used to achieve the final desired part or improve surface
finish. For eme parts, removal from substrates may be required. Hybrid processes are being
developed to integrate DED processing and post processing tools for efficienstame

manufacturing®.

In DED, dature size(the smallest scale at which faature can be fabricated) and layer
thickness (the thickness of a deposited layease limited by the size of the feedstock
(powder particle size or wire diameter), and by the diameter of the heat source (laser spot
siz). Higher resolution (small layérickness, small feature size) and dimensional accuracy
is generally achieved with powdézd DED compared to wire processing, but presents higher
surface roughnes®. Theoretically, 100 % feedstock capture is possible when using a
filament fed process, and capture rate is lower with powder deliveowever, as a result,
powderfed DED can offer greatgeometric flexibility, allowing overlap of scan lines without
losing dimensional accura@yDED processing of wires and filam®often suffer from visible

layers within parts, requiring further optimisation or post processing to improve appearance.

In powderfed DED, flowability impacts the way a powder behaves when fed through nozzle
systems, effecting powder delivery and dejimn rates. Powder can be delivered to
substrates via different nozzle systeff#sgure20). An offaxis configuration, where a single
nozzle delivers powder to th&ubstrate laterally to the laser beam, and a coaxial nozzle that
delivers a toroid powder flow to the laser are common in DED. Lateral nozzles are most suited
to 2D applications due to the effect of processing direction on scan ffackdfaxis nozzles

are easy to us, but have been reported to result in varying deposit height dependent on
scan direction with relation to direction of powder deliv€® Coaxial nozzles do not suffer
from this limitation and provide higher powder capture rates. DED processing using powder
feedstocks is sensitive to many factors, including process parameters, material properties,
and machine setup'® Processing glass feedstocks by powf@der DED requires
consideration of material characteristicsuch as particle size distribution, morphology, and
flowability, and their behaviour through automatic powder feed syster@ptimisation of

feed parameterss also necessatyp achieve accurate and consistent delivery of material to
the substrate.This may include consideration of thezzle position in relation to the laser
beam, and therate of material delivery, for example, the speed of metering discs (i.e.,

rotation speed, RPMandthe pressure of carrier g&$*
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Figure20 Schematic of two powder delivery nozzles for DED processing. A: Coaxial nozzle, indicating the stream

of powder delivered through an annular orifice, compressed by shielding gas. B: Single nozzledodplbveay
laterally to the laser beam. Taken from Gibson, Rosen and Stucker

2.6.1 State of the Art in Glass DED

Glass filaments have been used to demonstrate féesibility of glass processing by DED
methods. Rudimentary geometries sihgle tracks/walls were fabricated through deposition
of soda lime silica glass filamertsat M Y'Y &2 RIF € AYS 3t ddont@d NRy IS
glass microscope slide substrates (of the same composition), and simultaneous irradiation by

a CQ laser (Figure21)*>1% The initial parameters used to process the soda lime glass
filaments were 25 W laser power and 1 mm/s scan sp&talge heaters were employed to

reduce thermal gradients during processing by heating to around the glassaling

temperature of the feedstock and substrates (~%80), and parts were allowed to cool

gradually thus reducing the chance of cracks forming within parts. Filament quality impacted
2LIGAOFE LINRLISNIASE YR GNIyaLlI NByoOoe 2F Tl 6N
explored beyond simple structures, and post process polishing was used to improve the
appearance and transparency of fabricated pdrndurther experiments, a scan speed of 0.5

mm/s and laser powers between BD W were investigated for processing the sasoela

lime glassfilaments, and the contact angled (angle of a liquiesolid interface) of the cross

sections of deposited soda lime tracks were recorded. The lowest energy density tested (10
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W, 0.5 mm/s) was insufficient for melting the filament. Faelapowers above 35 W (at 0.5
mm/s scan speed), full melting was achieved as indicated by a contactteigie90°. The

effect of last processing parameters on the temperature of the melt pool was estimated.
model was used testimatethe temperature ofthe melt pool at different combinations of
laser power and scan speed. The melt pool temperature at 10 W laser power and 0.5 mm/s
scan speed was estimated 4833C corresponding to &iscosityof 1000 Pas forthe soda

lime silica glass

Luoet al.investigated DED of borosilicate glass filamé8tshott Duran 3.3: ~80 Sj02 BO;,

4 NaO, 2AI0;¢ Tg 528C, softening point: 82&, annealing point: 56Q) using a CQaser

to melt 2 mm diameter filament&’. Bubble entrapment from filament defects, and bubble
formation from reboil(the sudden reappearance of bubbles during remelting of glass or
increases in melt temperatu?® reduced the optical quality of processed glass structures.
The temperature of melt pools increased with laser power, as did bubble concentration. Luo
used a spectrometer to monitor temperatures within melt pools filmmentfed DED of
borosilicate glas§®. Temperatures between70(°C to 1900°C were measured depending

on laser power and scan speed, with thighest melt pool temperature measured for 0.1
mm/s scan speed and 60 W laser power. The contact angles of the deposited glass filaments
(cross sections) were inspected for processing patarseof 0.5 mm/s scan speed and-25

60 W laser power. B’ wapmused to define instances where the deposited glass was not
fully melted. Processing parameters that resulted in a contact angle éfwe@@ 0.5 mm/s

scan speed at laser powers of 560 W, with lower energy densities resulting in ~ B.dn
Contact angle measurements suggested that the viscosity of the borosilicate filaments was
sufficient when melt pool temperatures were between 15080C°C.In this study, substrate
temperatures were maintairgtat 450Cto prevent cracking of glass parts during processing
from thermal shock A correlation between temperature of the melt pool and bubble
formation within melted glass structures wadso found, with the chance of reboil in
borosilicate melt poolsluring DED increasing as the temperature approdch@0CC. A
model for calculating average melt pool temperatures va#so proposed. Annealing and

polishing of parts was used to reduce residual stresses and improve optical appearance.

Fused silica (quartz) has also been used to demonstrate the potential of filament fed DED
processing of glass materi&f!®? Initial studies investigated the welding of two quartz glass
plates of 2.6 mm thickness byCGQ laser of varying spot size diametér, 8, 10, 12 mm),

using a scan speed of 0.5 mm/s and laser powers betw&eh30 W, The required

temperature to achieve a suitable viscosity {£0L0"° Pas) of the quartz glass used in the
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experiment wageported to be1l800¢ 2230°C. The surface temperature of the glass plates
was monitored byRpyrometer, with higher surface temperatures recorded for smaller spot
sizes, suggesting larger spot sizes (>5 metgted to a wider processing windawFor
example, with a constant scan speed of 0.5 mm/s, a narrow processing window was seen for
the 5 mm diameter spot size, with temperatures of ~220Meing reached at laser powers
below 200 W, whereas a larger spot sdiameter of 12 mm showed a wider processing
window with laser powers up to 600 W not reaching 2ZD0Pohl et al., also reported the
benefits of a polymer coating on quartz glass fibres to allow fibre delivery without breaking
the feedstock®. The coating was reported to evaporate during processing, leaving a trace

amount of carbon on the gés surface after combustion by laser irradiation.

Developing the investigations further, von Witzendorff et al. demonstrated the melting of
the 0.5 mm diameterpolymer coated quartz gladlaments using a CQaserto creatke
rudimentary structures on glass substraf®sThe parameterinvestigatedwere 90 and 120

W laser powerat scan speeds betwee20-400 mm/min. Suitable parameters for continuous
processing of a muHayer cylinder were 120 W laser power and 250 mm/min with fibre feed
and axis movement in the same direction. Thegessed glass wasansparent but had
discernible layers, with resolution limited by the wire feedstock diam@es mm) Quartz
fibre feedstock required 80 pm thickpolymer coating to avoid breaking during feedifge
possibility of shrinkage due to polymer contentaperation during processing was
considered, however no detrimental effect was reportdiscontinuous processing was
possible when laser processing parameters resulted in very high fibre temperatures, leading

to a low viscosity, and regular deposition ¢dgs droplets onto the substrate surface.
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Figure21 Glass processing by filamefetd DED AConvex soda lime glass p&ft B: 20 mm diameter hollow
cylinder of quartz glag¥.C: Glass wall before pestocess heat treatment and D: Glass wall after post process
heat treatment showing reduction in residual stres'sés

/I'h 6< T pho<xNOMhoPR kW0 fFraSNA oSNB dzaSR
mm diametet®.. The volumetric deposition rate was measured for 0.5 and 1 mm filaments
processed by CO and g@éser irradiation. A sl deposition rate was required for filament

fed glass processing by £@ser irradiation due to necessary conduction of sufficient heat
through filament surfaces to the substrate interfa¢eor 0.5 and 1 mm fibres, less than 2
mm?/s was measured as thearimum volumetric deposition rate by e@ser irradiation.
Faster deposition rate and lower vaporization was reported for CO laser processing as this
allowed volumetric heating of glass feedstockise maximum volumetric deposition rate for

0.5 and 1 mm ibres was measured as above h#n*s by CO laser irradiation. The
vaporization of glass was reported as a normalised esestional area as a function of scan
speed for each laser and filament diameter tested. For example, greater vaporizai@@ by
lase irradiation on 0.5 mm fibres was indicated by a normalised cross sectional area of ~0.4
at scan speeds of 0.5 mm/s, compared to a value above 0.6 recorded for CO laser irradiation
under the same conditionsA correlation between contact angle and tempéauree was
suggested, concluding that increasing laser power (temperature) altered the morphology of
printed tracks, affecting the contact angle of molten glass filament on substitesntact

angle of <90was achieved at lower energy for CO laser irradiation compared tdaS€y
irradiation. For example, at 0.5 mm scan speed, the I&@€2r required ~10 W higher laser
power than the CO laser to deposit 0.5 mm fibres with & @&htact angle A model was

made to analyse the effects of volumetric heating (CO laser radiation) of glass fibres on
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contact angle and therefore print quality. Filameetl glass processing by DED has also been
used to demonstrate fabrication of fused silica micro lenses for opticspanted

waveguide&?

Literature scratches the surface of processmgle glass compositiofyy DED methods, with
particular focus on wireffilament fed processifi$'®11%® The feasibility of wirded DED
processing of a few glass compositions has been proven, achieving rudimentary geometries
with a degreeof optical transparency. Layers are often discernible, and post processing to
improve appearance or reduce residual stresses has been recommended. While there are
some publications demonstrating the potential of glass filament melting by DED, there
appearsto be noreportson the feasibility of powdefed glass DED, which promises greater

geometric complexity and part resolutitn
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2.7 Considerations for Glass Powder Processing by AM

Energy density (ED) has been used in literature to quantify laser energy absorption by powder
feedstocks assigning a single value to different combinations of parameféris.is used to
estimate the totalenergy input to a powder feedstock, under the assumption that a certain
energy must be absorbed by powder feedstocks to achieve melting, and that too much
energy input would cause unwanted vaporization, helping to define suitable parameters or
GLINP OBAYRYAAE T2 N RAPofesaMmBle/aiumerric énSriyddénsity has
been shown to effectlensity, microstructure and mechanical properties of AM parts of
various materiaf$%!’. There are different methods of calculating an ED value, and the
preferredequations used to describe energy absorption for DED and SLM of glass during this

research are defined below.

00 —— (Equationt)
U O
0 )
00 —— (Equation 2)
L Q0o

¢KS Sljdzr iA2ya |NB dzaSR (2 OF f Odzfwithiugits gfl f dzS &
Jmm’s YR Go5¢ LINRPOS&aAy3d 9lothes daldulayonspPolaseri (i K dz
power (W),v: scan speed (mm/s), h: hatch spacing (mm), and t: layer thickness (mm). For

DED processing, Equation 1 is used with the assumption @frhim.

Energy density calculations are used to estimate the energy required to melt glass materials
in these investigationdData available in literature of glass processmagametersfor SLM

and DEDof different glass compositions areompiled in Table 3. Unfortunately, ED
calculations fail to recognise the effect of every variable within each laser processing system,
such as temperature, time, laser spot size, gndperties of feedstock materials (such as
particle size and specific heat capacfty}*® With various factors playing a role in glass
melting, ED considers just a few of the most significant variables.u$k of ED allows
population of process maps based on the variables accounted for in the equations, but the

limitations of this method should be acknowledged when evaluating the redeiftecess
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maps are not always reported in literature for glass AM pesing, and so examples have

not been included in this review.

Table3 Process parameters reported in literature for SLM and DED of different glass compositions. Energy density
calculations have been made basedreportedparameters and the energy density equations (1) and (2).

Fateri and Fateri et al Luo et al Luo von
Reference Gebhardt (2014)%° ' (20 17)156' (20173 Witzendorff
(2015)* (20180
Material Soda Lime Silica Sogiericlgme Borosilicate | Quartz Glas
Material Powder Fibre
Form
AM Method SLM DED
. 20mm @
Fabricated | 15X 15X 7| oo qical | wal wall Wall
Geometry mm Cube
Tube
Laser Power 80 W 60 W 20 W 29 W 120 W
Scan Speed| 50 mm/s 67 mm/s 0.25mm/s | 0.1 mm/s 4.2 mm/s
Layer 0.5 mm
Thickness 0.5 mm 0.15 mm 0.5 mm 1 mm (fibre @)
Hatch 0.1 mm 0.05 mm i ; ;
Distance
Energy 32 J/mnd | 119 J/mnt | 160 Immd | 290 Immd | 57 I/mn?
Density

For SLM, and powdded DED, powder characteristics have impact on processing
performance as well as fabricated part quality. Characterisation of feedstock materials is
useful for predicting and understanding powder behaviour during pkbtessing, whether
in forming a powder bed, or delivering powder through nozzle systems. Characterisation of
morphology, particle size distribution (PSD), chemical composition, transmittance of certain
wavelengths, and flowability are some of the main eval properties to consider for

powder processing by SLM and DED.

The flow characteristics of powders are influenced by the morphology and size distribution
of the particles, as well as extrinsic factors such as moisand the interactions between
moigure and the glass powde€ohesion of particles within a powder feedstock, caused by
electrostatic interactions between particles (particularly between fine particles), also
reduces the flowability of a materidf. Cohesive powders can agglomerate due to the strong
interactive forces between fine particles, reducifigwability. Moisture content is also
worth consideration when dealing with fine powders, as fine particles intensify theupick

of moisture, increasing cohesion, and reducing flowabitit}/> To counter this, drying of
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feedstock materials prior to processing to reduce moisture content is recommeR@gticle
morphology is known to impact flow characteristics of powders, and conselyudre
success of processing powders by AMA Hall Flowmeter gives a simple measurement of
powder flowability,however, this data is not always given in literature, and is limited in its
ability to quantitatively measure the flowability of a powder (many powders will not flow and
are given a value of QQharacterisation of flow properties using powder rheolagyprovide
more sophisticated measurement of a materials resistance to flow, cohesivitypacking

behaviout’?173,

A flow Rheomedr (FT4, Freeman Technology, UK) can obtain quantitative measurements for
the flowability of a powder feedstock by rotation of a geometrically complex blade (impeller)
(Figure22). As the blade moves, particles interact and flow relative to one another, the
resistance experienced by the blade is measured and used to characterise the bulk flow
properties of the material. Multiple material parameters can be measured byrhthod to

indicate flowability, such as Basic Flowability Energy (BFE), Specific Energy (SE), Conditioned
Bulk Density (CBD), and Flow Rate Index (FRI).

A U B ( )
-3

Figure22 A: Downward motion of FT4 blade to measure BFE. B: Upnatidn of blade to measure SE.

Well flowing powders are often characterised by spherical morphology, whereas irregular or
angular particles are known to impede flow in various WdysSpherical particles reduce
friction between particles and suffer less mechanical interlockiram tngular particles. It
has also been suggested that spherical powders have superior thermal conductivity in
powder beds compared to irregular particle feedstocks, increasing the density of laser
processed parfd®. As glass powder samples are often prepared through ball milling, resulting

powder feedstock is most likely to have angular and irregular mdggyaFigure23)*76,
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While flowability of norspherical powder samples can be improved by adding flow agents,
for glass materis morphology can be altered by spheroidising methods. Flame
spheroidisation and plasma spheroidisation #ne two main methodsy which spherical

glass materials can be producfegure24).

Figure23 SEM image of a typical angular/irregular morphology of a ball milled phosphate glass p&wder

Plasma spheroidisation and flame spheroidisation modify particle shape using the same basic
principles. Irregular shaped particles are introduced to a hot flame, or high energy plasma,
and are melted by the high temperatures. Dte the high surface tension of powder

materials, angular or irregular shaped particles become spherical.

Flame spheroidisation has been reported to alter the morphology of different glass
compositions such as phosphate based biologically active glagses, 45805, 16Ca0O,
24MgO, 11 N#D, 4Fe0s)!"*’°, One of the reported drawbacks to this method is the loss of
fine particles during processing, reducing the yield of the spheroidisation process. Flame
spheroidised particles are collected in a series of trays set at different distances from the
flame, and sphericity varies depending on patrticles residence time in the flame. In a study by
Guptaet al., flame spheroidisation ahe previously mentionedpohosphate glasses was
affected by particle size, with particles <45 um undergoing a compositional change, and
particles >200 um resulting in a large proportion of angular particles and aggr&§ates
Additionally, porosity due to gas entrapment was reportétle compogional change was

proposed to be caused by more volatile oxides (such a® Nad POs) vaporising more
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readily from smaller particle due to their larger surface area to bulk ratio compared to larger

particles.

Plasma spheroidisation of glass materials baen shown to produce powders of spherical

or nearspherical morphologie?’. Optimisation of plasma process parameters is necessary
as the degree of spheroidisatios dependent on plasma power and particle dwell tjrase

well as feedstock compositiéft. This method can be used for industrial scale processing
using commercial systems with high feed rates, but yield may be low due to vaporisation of
particles or material wasted througltollection of particles in process chambéts
Contamination of material is also a risk, and the resulting particle size distribution may be

significantly altere&f>184
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Figure24 A: Schematic of the flame spheroidisatncess. B: Schematic of the plasma spheroidisation pA§eess

Another method currently in development for spheroidising powder materials is electron
beam irradiation. This process uses a pulsed electron beam to agitate powders whilst
remelting their sufaces, modifying morphology, and improving flow characteri§ficSo far

this method has only processed small quantities of poweé&0 g per process\ith further
optimisation, this method could potentially be used to spheroidise glass materials on a larger

scale than so far demonstrated.

Finally, the affinityof a material for laser absorption should also be considered when
processing powders by laser power. Transparent glass materials are highly transmissive in
the nearlR region, meaning that laser absorption could be limited for clear glass.
Characterisatin by UWVisibleNIR spectroscopy helps to identify how well a particular
material will absorb laser ener@y the measured wavelengthéddition of dopants to glass

compositions is thought to improve laser absorption at certain wavelengths. For example, an
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Iron Oxide dopant results in a bkggeen coloured glass (depending on iron contemtith

Fe* and Fé* existing in equilibrium, increasing the absorbance of soda lime silica at 1050 nm
wavelength!®8 Improving the laser absorption of glass compositions could allow-laser
based AM processing at lower energy densities, reducing thermal gradiedtsthas
protecting glass parts from thermal shock. Transparent glass substrates should also be taken
into account, as transmittance of laser energy at substrate surfaces could impact absorptivity

of glass powders.

Glass processing by different laser wanglins has been reported in literature, such as CO
(5.3 um), C(10.6 um), andNd:YAG (1064 nm) las&$°%1%% Shi et al., reported thiaglass
materials absorb radiation of ~10 um wavelength {@®er) at the material surface, and ~5

um (CO laser) is absorbed in the bulk of the mat&fialransmittance was reported as
10.24% at a wavelength of 5.65 um, and 0% atl&@%er wavelengthsHigure25). Despite the

slight increase in transmittance at the CO laser wavelength, the authors suggesteciQhat
fFaASNI NI RAFGAZ2Y RARYy QiU NBfteé 2y (8 feRtde@sii A 2 Y
depaosited directly into the bulk of the glass (~3800 um penetration)In contrast, C&aser
radiation relied on diffusion of heat from the surface, as heat only penetratgi; 50 pum

deep on irradiation.In contrast to CO and GQaser radiation, Nd:YAG#re lasers may
provide a higher energy density laser spot, capable of fully melting glass materials, compared

to laser sintering, however, these lasers may be more expéefisive
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Figure 25 Transmittance spectrum for 200 pm glass, highlighted at CO laser anth&® wavelengths. An
increase in transmittance is seen at CO laser wavelength (5.65 um), comparegléseC@avelengths (9.34
11.15 pmi%,
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Soda lime silicaa popular glass for many applications thanks to its low ¢cestsparency,

and wide working temperature range, shows generally high transmissivity at fibre laser
wavelengths (Near IR ~700 nr@.2 umregion). Figure26 A shows a@ransmission spectrum

for a typical soda lime silica glagsmposition (~73% Si015% NzO, 7% CaO, 5% othefs)
While absorption peaks are more significant beyond 2500 going towards the midbng

wave IR regionthere is & absorption pealaround 1000 nm, suggesting a soda lime silica
glass composition may absorb somewhat at Nd:YAG laser wavelength (bh@)64-ar
borosilicate glass, transmissivity is also high at 1064 nm, Riglnire 26 B showing a
transmission spectrum for a commercially available borosilicate ,gBxdstt Borofloat 33-
Multi-Functional Float Glass, at different glass thickne6s7, 2, 5, 9, and 19 mnirhe
measured absorption also depends on the quality of the glass, and thickness of the glass
sample measuredwith high purityraw materials leading tdiigher transmissivity, and
