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Abstract

Vaphot opol ymerad diatma wenf aicst uan ng tedhirabioigyattihar
compd exasnircuct ures withiwmetypehioigler ¢deivie d Biceo n
bottl e nwehcogp erofdutche on process is represented

sintering profiles regfireedceoambtain a dense

Her ehiins, wor k focuses on devted opindoednuseee rmdDgmi nian
parts with mini mal defects. Thel gadvihnwas enc uo

that ekbibinked suitable rheol oGamphomprwaser ube

diluent to reduce the viscosity of the ink an
Sever al I Nk £O03wb h wewereyiamge dhlhar actteo iizrewdehgetni rgla:
abi |l ipryvyduoef reeef eccoompwintemt a parti culbaerhafib @eus o

printed sfaimps$tescweared i ndevmit(ed2AC/hnen )pasogd n c u
fingail htyersb@Odu siungfmat hi gh t emperaacthuireev isn gn tae rsi
time reduction of almost 99%Thempam@d etso weo rv
high relative density (up to 98%) without any

Thi s approach of shaptEknegonbgoednts$ienv lesa cndgrihdeso et e
provi de -afnf iecnieerngty al ternative to conventional

hence representing a small step in the direct
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Chapter 1

Additive Manufacturing

1. Additive Manufacturing of Ceramics

Ceramics ar emetnalrigiactiheaatt egoamadrsal |y exhi bit hi
good resistance to high tempé¢rndgtuif®®¢g¢i andi sgoe
back thousands of years and they have been pr
of all human history. Despite this, significa
century, when mopmerctsleint edataelviaal s science r ¢
class of ceramic mat[edr]li,al[BhApyadwameedr eatr@adni ¢
applications related to aerospace, aut omobil e
for this reason they possess superior me c han

el ectricahd optgneali cpraoperties that can be t
appli ¢dafiiopg@]

The main drawback of advanced ceramics is thei
(high brittleness), which combined with the hi

di fficult to process, eqyleinr endDreo Mo nwehretns awmi talp

[1]. [ 3]

Traditional cer ami s uprrho @aes ssiln g tceacsh rinool dqdgyi i trdgspee
pressialgbowtico shape raw materials into a gr
temperatures to achieve densi fi c[abt]i Tome saen dt egcah |
present significant | imitations i n Melamnmndt d
produce structures with high geometrical com
requiring | arge vol umegs|] 30 f,Macdo]idnsicrnrgaadre | tyo eampd ro
manufacturing of ceramics due to t helihre hdrskne
i ntroduciimng kdafhetctes advanced cutting tools re

subjected to severe wear[,1]r,egWl]lting in signif

These problems could be addressed with addit:
AM i1 s tefhieS®©d ASTM standand pPhee@s2302X( F)oinin
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al ceramiZX] ,prrdastlehsesdr imiogrseimpent hods t he ma
e modified with ease witholdcawmnsge prh
toplli]l Mg ias meswmd & ¢ ¢ Bpeingicaet Mot con st
ntly from vol ume ,ofamd oodnulcyt iroenl aatnedd st
ower consumpi iThfeden & haa satc tcefr ilsahb ocusr m

e alternative to traditional shapi nc¢
it otyping
economi cal point of view, AM involve
herefore it could generate signific:;
compared to traditional msatnruuf catcu rue
e through AM could also allow for si
y in the fields of transport and ae
ruct urle weeidguhcte so ft ha maehlriane and | ea
on

eramic AM technologies have been dev

di f ferietngr i a. Depypédeéefigt onkt beed ifso rpdassstiiirt genig:
sl urasyed, -bpswderand-bbauée & HebiAmabdsh er criterion
bet weestmpl processes, which result in the for

her

—+

ma |

t

reatments in order to be transdtoeamed

processes,e who chhape amd si nft &84 btrhiee fc esruaammacr yi |
AM t ec hnolladbdlieesl .can be seen in

(@)

er a

mi ¢



Tablle Summary of ceramijJc AM technol ogi es

Family Feedstock Description/s

Vat Photocurabl e The |iquid f

hot obpol ror photocural selectively c¢u

P P y pol ymer activated po

Materi al l nk or St_Jspe Droplet_s of i1

particle deposi sabdson

Q Cer almoa&ded The feedst ock

2 Materi al ceramead fil a through a nozz

1 preceramic p on a pl ab{ arym

S Powder bed A concentrate

= Powder Be par tmicded wi(Laser) mel ts

pol ymer or t he particl e

Dr I fool

. Powder bed ol °p gts ©

Binder J . selectively de
particl e

of powder g

Sheet Lam Thin sheets Sheets are.CUt

and joi nec¢

- Ceramic partic

o Directed . nozzle into t}
. . Ceramic pa

;) Depositi | aser beam; tH

< solidify on

n A concentrate

@) . Powder bed of )

Direct Las . (Laser) sinte
particle

together

1. 1vdt photopol ymerizati on

Vat Photopolymerization (VP) is defined as fie
photopol ymer I n a vat-acsi satlt edt plo@&WHnesctiuaedds dc
among the other families of ceramic AM et eocrhdneor

of -110@m|[ 51]al so has the added benefit of being ocC
AM maelsétabl i shed amatt coomgildi ali7jedel

Thmai n teptreopdale@® s e cer anv R iorngdeadd mieint@hD npordienlt i r

and -prosde(sisnmnlgudi ng c¢cl eani ng[ 1Ade bo vnedrivnige wa nodf st

process has bdemgusThemdesizeeldi ggesmgheyg with a
8
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fri enldAjyotlhiemi ti d#thieomawalmhimckness that can be |
formation of def edthserdnarli ft & Jetalh gnkediltlssequent

1. 1TRprinter

AprintvVcohsesrsts of three main par{tasl:sama dadlglhad
head) and a vat fpT7]the photocurable resin

There @moesitlwloe conf i guriagtuBl)eensl.of the printer

T Botwu@emconf: gtuhaeatliiogmht s ouwhciec hi sh abse nae attrha nt shy

to allow | ightared btpass therdeglB ndfi pfphemd d ay\wew
thickness is equal to the i mmersion heigh
bottom of the vat. The resin trapped bet we
time, then the,headamownwgs aupaoadmtthlratbolh & lo

withumpwl|l ymerThzed empatshaat icounr eodd | ayers from t
becauywedtstkhelet ach frpm]the build head

T Topgown configbeatigmtunaeodreethse vat and t
al ways completely immersed in the resin. TI
depth, that is the distance between the he
i's cur ed abdyh elriegsa tthoa,n dwh ihela dtesem™d ownwantd i nt
make space foA aeocewt i e elklsadeedypnsatyt hoeeuvt e
|l ayer of resin in.tWhispadtdgsdaits smaess vraecgaa |
adheremet ween the cuhedcoesadtimalsgptriwdyemyv atn c
resi nf ragertfhaece may i nhi BPut t pled ryagneoauinz a tosfo r e
requtio edperdatpeart height s | imited bypthe

appréad¢h [ 18]

10



(a) Bottom-up (b) Top-down

Building Hght
. source
object
—— Vat —
Resin

Light <>
source

Figu2e Pbssible compig¥érti ons of a

1. 2nk for mulvaaphioowp of gmeri zati on

Il n general, ava phion ko pfod ry maenrsa fs ittogeor napnoi wedneorn, o me r
phot oi nit isaetveerr a(l Plo)tshearid aadcsd idd il dueesnpisd v abé addec
i mproveaebhmprgogardti es of9]t,,he 1sQuspensi on

The fundament al char acatbeirliisttyi ct oo fu nsduecrhgpa np hiort |
exposur eUVvt or aldii gahtti obny iPgh eavihs mfchtegdvtas ed and gene
species able to attack thRheidhuthcatentahegpoblpme
[ 7ZJon@cmomol ecul es are produced ,by onoretritn ungu &
resin into solid pol ##menonomemras f & wel s engklosh iddsaum c ft

bet ween macromol ecul ar <c[hla9%]ns, generating a 3

This polymeric network acts as a matpri v itdheast
strength toThihe poleemeiblold ymetwatr&kr removed thr

while sintering will allow to obtain §l®&énse

The rheol ogi cal charactemisaattib@dx t o ft hteh ed eiar e randgmin
prinltnkg.for VP gener dlilnye agx hrihbeiotl osgti rcaan g lbye hmaov
of the dispe[rslefh&sommmidnghlaasleavi or, characteri
when the sheffR0Ofias ecommaore afsers suspensi ons wit
and ideal fpe] atVP speae@luescecudbayt a ogpe merdt of t he
streamaywmreaealn shear r[a2.le]Ciosnnviemcsreeégysedi ghly | oa
mi ght exthhbckeshagrbehavior, that i s [Rj0Ojdee vV
tohe foranqadl!li @mmerodt es as a -praerstuilcl poX.d jdsetca necaes.i n

11



The rheol ogi cal behaviorHefs-Bhiéhkluey 2mdoelp23 e
U &+ ki (1)

U s the slhiesart hset ryises!, d het conDji steheysmhadexhat
flow behavior index. The dinf fvehienltc ei 9 ed wehearr dc
of the fluid, al-Newitsonioamubaenhta viyort heef naonf | ui d.
O and 1 correspond to a shear thinning behavi
behaVhertype and amount of monomer and disper
size and size distribution[®Il]l affect the ove

Anot her characteristic that is strongly relat
for VP must be homogeneous andast alml e ef st oegxtc
to have concentrati pf] ghadmanns phenpmemi@edepd
suspension are sedimentation due to dJr2advhe y a
effect of sedi mentati on dahn gbhe scool nisdi d eoraedd nnge ge
size typical [o9] VPAtAh®reubaei olnsccul ati on i s th
|l eading particles to form 9hrge aggregates th

The suitable viscosity for printing dlepeandtshal
2®Pals at a sHabarATpdtoe afevi@®s equi mmad | wistsh t
3Pahs0S3f oprri nters wilklhapdid , TRdahi sagsity of a c
decreases when temperature increases, but thi
printers would need to be more complex to inc

of v olrgtainliee d®dAmponent s
To summari ze, the requirements that a formul a

T Low viscosity: the ink must easily fl ow a
thickness compri sean)bdatowepernod2ix earcdmpO0ex g
reasonabl e pOdPcesdOhg ti me

T Shear thinning belawiadr i .9 rfoaceislsi t at e t he

f Transparency to the wavelengths of | ight u
in the UV range), to ensure sufficient 1|ig
[ 1.9]

T High solidedaoaadi spachmkagye kiNngh density and

after [sThtering

12



1. 2THe c eproawd ecr

l't is desired to have a solid |l oading as high
minimize the resulting porosity and reduce s
def ormations and crackingnaondsobeph]lodéad elnys, e
ceramic | oading shaowltd ke ohidg hepfreoctt epsirsflidudr g vwal p

Howeyienrcreasing the solid | oading severely aff
specifically causing a hi gthheirn ngihnegehotsoi kbegrhiarwg a r t
[ 9] This is in contrast with the necessity to
The common solution is to employ additives su
suspension while maintmiicnil pdh H§d ngwOf]f,i dilednt |l y h

Particle size amdsoi zempodr stani bparameaees to
highly Fli m@ded.wder s resul't in higher viscosit
aggl omeration due (Tdhetledifrecltarodge ss uref al¢éstarn edal
on one hand, suspensions with broader particl
particles can fl owWl]i,n [bRS]wkPenothegehaondegsusin
increase the viscosity of the fluid around b

i mproving suspension stladlil ity at the expense

The ceramic particles have a negative influen
properties of t haet tseisupgehnt s iboymw.lsicladiwi deagrgamige penet r

inside the ink and significantly worsens7]t,he
[ 19]The extent of | ight scattering in a ceram
the ceramic | oading and the particle size. Hi
scattering. The most I mpbetang pbawemeter sthate

t hreefractivef imdexcdmRamic materi al and the RI
mi smatch, the more prfdjoqunfde®d scattering wil/l

Taking into consideration al/l of the above, i
a ceramic materi al has to satj]j 9y in order to
T The refractive index (RI) mu st be as cl ose

scattering and have a bettdr7]jcontrol of th
T The <ceramic mu s t exhibit |l ow absorption ¢

penetration depth and maintain sufficient

13



T The median paprhasl eosbees m®l | er em htaonenlj OhCe |
to i mprove vertical resolution, but not sc

suspension. The recommendmdarmpaen{illdod] e si ze

1. 2TRe monomer

There are several aspewhentolmati nrge ead ptad t b es utl gl

the viscosity of the suspension is prndpoutdobe
as | ow @gs9]possible

The next i mportant characteristic is the func:
during polymerization. Multifunctional monome

of the green body, buthahsmone$uht{ .6 hThH igdmeinss
can be solved by adding to the fo[r9mMul ation in

The most used monomers for the praecparl attiesn amfd
resfidfsompared to aqueouesiosmul astpill @alys grtelae e
mechani cal properties of the green bodies, b
hydrophobi c, therefore they have | ow affinit
necessary htad-agpwaawuse suspensions have a [s9]i,t ab
[ 1.9]

Acrybasged formulations are crosslii2@wbddl| et apbdbxk

based resins cure thrde2@hAcownl at phoaoweomymer 1

qguickly, but tend to suffer from shrinkage anc
Epo-Bgsed resins instead cure slowly, so the r
oxygémirTcompounds tend to be | ess toxic tha
epolxgygsed resins i s avabdsadd ealctoenpraateidv d .7 Jagao yi
[ 2.8]

1. 2TRBe photoinitiator

Photoinitiatnmoalseeadilggrhtare@ormmpovunds t hat can pro
i nteracti[nlg9 |wihteh albisghtpti on of a photon with s
an electron to an excited state. The excess er

state, causing the formation offunfctee nmaadigaalu

14



mo n

ar e

The
con

and

si g

ma X

omers. Pls are a necessary ingredient in 1t

unabl e to generate reactive s[p7]c,i e[sl@]nd i

Pl strongly -tagdlegxmeasr tde@nvneornsoinoenr and t he
centrations result in a conversion to poly

a curing depth that appigbtadHesc onmerem.t r @om
ni ficant reduction in the |lightbpeaese adfi o
ht absldreptoipan mal concentration of PI has
i mize thpl8bring dept

1. 2THe di spersant

Di s
br e

The

persants are often used for several reasaort
aking up of aggl omerate9] andl®frevention of
re are t hriesep emmasiino ntfyopeecsh aonfe siims par ti cl es ir
El ectrostat, cwisibalbeils npat itebire ct e psltaitve pot e
when i1 ons in the |iquid are attracted to tt
This repulsive potenti al decreases with t
proportional t ot atnhe odi etlheect 8 U & p ecnosniso n me d
el ectrostatic stabilization cdmR.0dEVgnbehac
mi ght be insufficient [t9 fully stabilize t
Steric stabilization, that occursswhénceéeon
the powders. When the polymeric | ayers of
i's generated, pf 2.0 elhntliinkge atghger epgragviioonus met |
al so effexqueeud osuspensi ons. | f the cer ami
the dispersant must have hydrophilic group:
chai ng es olInu-bBtghuee ousn medi um. A good steric
coverage of the particle surface by a ste
bet ween ceramic and dispersant to ensbhee a
di spersant and[©Ohe $@€OYent medi um

El ectrosteric stabilization, which combin
polyelectrolytes, which are polymers with

15



both steric barrief28hThied emeclhaniagzmcyipeolt e

aqgueous s[uxs]lpensi ons

The optimal amount of dispersant i s proportio
amount of dispersant can result in incomplete
On the xohamaarnyt of di spersant i ncr ebaesceasu stehd t

excess is dissp9ved in the medium

Commerci al di spersants for VP formulations us
amine, carboxyl, sil §®é Sarm cpehdspehcerxiac ta eifd egrt
their chemical structur e, on the specific cer

the optimal amount of dispersant hlals9]to be ca

1. 2Tkhe diluent

Diluents hel p ¢ @immeprr ovwies ctohsei toyp taincda l propertie:
bet ween monomer and ceramic particlegq 3WiJ]t heut
diluents do not participate in the photopol
mechanical properties of the green printed pa
shrinkage and the resudddingi vesiadualcsemmesllsg sc¢

|l oading exceeds 40 vol % to malh@lge th®] rheol og

Some diluent s, such as pol yprad syl enaev eg laync oil mp
during debindi-ogramisctbotempoment ntom evaporat e,
porosities in the green body that facilitates

resin, prevemtionfg[ Grhhec kfsor mat i

Sonvet exrampl es of diluents t hahbhdglhyaoed(dlmemouswa:
expl ored as asthwdvye | by BLReliee mét tc h anld iegm ognnsit friactaendt | y
the vVviscorsasnyn lmdutt heéet eri orating the photopo

camphor an excellent inert diluent for an 1ink

1.Brinting

Vat photopolymerization is used to selectivel
solid green béédlyawehrr ocaupmgpr cmaad ha.y er

16



One of the most I mportant parameters is the ¢
effectively be cured when the ink is exposed
that the curing depth dfaultcdheall mayyres bdaislkinglst
range-208m)L1,0 to ensure gdadd]interl ayer bonding

Anot her i mportanxpoparamét ene 0 Eklhdalselt @apershtoo
phot opol ymer i's undercured and may dissol ve
operation. On the other hand, if exposure tim

cured | ayer and thengathéaset] aBwdrbdwnridragnaagl
the |l ateral reso] u9j on of the printed part

| bot4wu@emconf ifgutrhaet i aodntheediiwere nf arhee newly cured |

the vat i1 4 htaet wegeaertthkahayer and the build pl
when the build head | ifts the cured polymer w
ways to solve this problem: minimezeat handdhlee
|l ayer, which is affected by the materi al of t

or maximize the adhesayar bandveteme tthei fFdirsg plr
achieved by roughening the saunrdf abcye ao fc arheef upll &
printing[pfpatameters

1. Poptrocessing

Poptocessing is the | ast stage of producti or
operations that may be carried out in this st
1 Detaching the sample from the print head
1T Cleaning of the residual photocurable ink
1T Removal of support structures

1 Posuring
T Ther mal treat ment s

When the printed objecitt fi $ addyareessdirng,e swhfircohm i
be i mmedi at ¢I138]Alevamieelt Wfdf solvents can be u
the choice has to be compatible with the prep

i sopropyl alcohol , ethhyle @lfdekael ver @amagt ovear

17



objectuiannd he s[u3rdf]a c ep Bddbuleelrigtiyn g t h es egorleseenngth © d i
al so cause swelling [ahd, al[f3®]ct the final geom

Posuring the pricnhtaemibgegaf s med &0 EXWsure compl
thus I mprove the mechani[iB&6l]Theodegteesodbfcbhe
extewhid¢wm the resin has reacted and transforn
printed bodies due to theAshohe begingi hgmes$
monomers a#e kien ailgihgumodi |l ity state and can e
however, as soon as the polymer network start
point irseawswal lim a few seconds and afterwards
and reactmowiotmeret hsro t he overall [@8&dgree of <co

Posuring increases the degree of conversion o0
and di mensi onal accuracy. 't must be done wit
printed objects: i f t otoo tphe rcekt, r atael i and ome avd H |
to anisotropy in the degree of polymerizati on
deformations dur[i7ngTheatex p oospuerrea tutiriommey daul rsion ga f|
mechanical proper[t3i7e]s of the printed part

Onctehe @gppamtte are(cfearpestamed hey arhee rtehaedrymaf

treat meviaireednsi demedmast critical step in the
have the biggest i mpact on the final propert.
in detail

1. 4Ddbinding

The first thermal treat mentt hteo twhhebanhadti mey . g rDaue
process, the crosslinked polymer which acts a
evaporated at high temperatures. The removal
wei ght and for mat ieovd ofespmonosist m. very porous
to be sintered to ohttrgdin a densified ceramic

That mospheric conditions affect the type of d
boidlasr e heat ed. Debinding i n aierc,omprogsfatneimosl ,arandd
tvoi obrat hreeandteho o &, itnhcer epacssessi bi | ity of gener at

| emd cracks orl fletff@adaneo®wmi ndsmehit@®n o,,t hveac u

18



pyrobtgygsuss through the t hertmodryefi sr e Aesrcdetme e mard
the debinded bodies [Bf8tfjen appear gray or brow

The shape ofaltlshmes gar segnbibddyant influence on t
sur ftawmd ume ratio of thewsttubeubpepdithegF®ty s
the sf{@idFoarethis reason, thin or porous stru
wal | t hickness. Furthermore, smal |l er parts a

geometry has to be consi fé8néd WwWBO®H opti mi zing

Nonet heless, the debinding step is critical t
parameters such as too high heating rate or
body defects that willg baei mpbseswbHegt.Oont emomn

1.4S2ntering

Sintering is tfhreode nailng,t bdgerdierbg pwkeidctbody i s
temperatures to pB}i atbsaadersergyruotensi ve p

fraction of energy re[galired for processing ce

Fundament al phenomena that occur during a sin
the ceramic particles, the removal of porosit
and densificati dm.ldf the ceramic body

The driving force of sintering is the reducti

reducing the surface free energy through-1the
air interfaces. P-hw®obDilenimeast ihcasv ewHiaahy ec csrurrd sapeen c
Compaction of the powders and reduction of po

matter along demeahapi pms e fgudiehstdrrfichoge di f f us

di ffusion from the surface -demdsivgpog meahsapc
boundary diffusion, volume diffusion from the
(which are insteasdmsdensTihfeyyi nagl Imelcdhad t o t he
particles, but only densifying melchBllni sms | ea
Sintering is thought to occur in three stages
bet ween the particles. The i nter medi atsee csttiaogne
of the pores, whi chheat atshias cpomitn tn ucoauns bpeh aesnev ias
covers the major part of the sintering proces
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i sol ated porosities. The final stage of sint
pores, that might weviednl]lbe compl etely eliminat
surface /
diffusion{[>y L
Y\ jdiffusion_
evaporation /~ ™~ =2 l/ //grain
condensation ‘ - boundary
7 e
7 diffusion
*\
plastic ™
flow
boundary
Figu3e Mechani sm§4@81 sintering
Coarsening is the occurrence of both grain gr
phenomenon because it derdauicfeisc @athieondrhb w i prgo fiod
through which the energy of the system can be
area. Coarsening mostly occurs in the wearlie
pronouneefdi npoh.t1ht age
Since densificatmén macdcenrs by tlserapid when
therefore a smaller grain size is desired. Ra
rat e, making | onger sintering ti mesr enaescders,s ar \
possible to talk about a competitid¢mdlbhet veadin
The properties of the final ceramic object ar
and shape, the amount, size and distribution
Better mechani cal proger tdieenssi drye asamadtcieat eggd a
mi crostructure. The characteristics of the in
green body strongly influence the final mi cr o
to aoabthe desifr4deld] properties
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When no external pressure is appld¢cenv dmtritohnea |
pressurelesopsvmprntesrdmrger sfiemterioga process dt
pressure[ 48] appl i ed

Conventional sinterihfganspmeshbkwnmne rfesira tiehn smo ceae
most used method. The main process variables

The most common heating schedule consi st of

temperature i s rhalc eat tami s stoeampeematiur e f or
cooling down t¢d4ndom temperature

Bigger parts require sl ower heating ramps in
and the outer | ayer. However, the heating r:

coarsening activates moreempsirayurtdan senai feE

all ows t o bypass this unf avorabl e regi on an
temperature hold, resphii.npdlh a finer micros
Control of t he s insttiesaidn ghp art tmorstp h € o e contr ol
decomposition, evaporation of wvolatile consti
i mprove the final density by removing gases t
t he faigea&l odt densi ficlad.iJon or cause swelling

Recent years have seen an increasing push for
carbon footprint and prevent the climate cris

industries have been demdamdvicrag i aaqgv @amded cedar 4 mi
or capable to withstand extreme conditions
conventional sintering. The combination of t

alternativjedtechnol ogi es

Ul t rdif paletmper ature Sintering (UHS) is a very r
Wang et 41l4.3]Thmi 202&chnique featur e$t oeHDW enine |, y
high cool i nfdCfamiesangd hoghOsintering temperat |
These features allow to achievebt6@esy Doarygricse
sandwi ched between carbon felt which is Joul e
the felt is then,maiamlsyf elry erda dioattihoen.s alnhpel ep ar
process include the curréermte (temptelratpmavedmp) odn
varying the cuUutoenobn(popol thbepswrtering proces

of the ce[rdadnic pieces
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The short ifntWHSI P tpirme ent evaporation of \

interdi ffusion at the interfaces of mul til ay
defects at grain boundaries. UHS is alsthecomp
sample can be easily placed in the cadBodn f el
As previously mentioned, sintering involves a
of particl es. The former tends to dominate a
di ffusion, while densifiwherendpféuvuai ba at fpr
bul k is more important. Since the ultrahigh h
the coarsening of particles is reducede sl tlien

dense bedaemscwith grain sizes that are uswuall
me t h[odd 3]

The combination of AM ande fUHSc iceonutl da |ptreorvniadie \
manufacturing processes that drastically red

gual ity of the [odblitjlai ned components

1. ypical derfamnitcss offabrvipPcated through

Optimization of thenprotes®s$s pianepaadretfaencts staonh di nep r

and per f ormeannucfea cotfu r{eddd |[cer ami c s

The most commadmpbepsities, which greatly aff
properties and might ori gPorad®i toitehserardeeflesu s,
debinding and can be r educ eRlorbeysa lasn® nogpitn anti ez efdr
bubbles incorporated into the slurry during it
[ 4.5]

Del amiinat a adyepfi eccatl of AM due -hyppayvybade manfuwbgpet e
Their formation can be attributed to two main

T Lowpol ymerization between | ayers and insuf
i nadelgiugaghtte penetration or | o&S5exposure ti me
T Failure of the iretnessitieecgesesuappioaddper pen

Such stresses diafyf ebree ngteinaelr attheedr mbayl s hr i nkag
a bodying the thébpabressarmegtadi ents cr e
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during f§8@MgMhdhngeparation forces when det a
bot (immvP wi tuhp bcootntfdiingtdn atbiyompol ymer|[i Z&h]Jti on s

Il n the worst cases, these phenomena whiagntot all

ef f echt@ Ivierhdyannadt emackoempiohreent unsui {d@Blle for appl i

Sever al precautions can amed tcrhkaekcstompprse vt émin @
printing parameters need to be optimized; sui
during the debinding stage; the parameters of
usual |l y theaetuigrhg srlaotwes and opti mi[i 2&1i on of t he

Cracks and del aminations are also conditionedo
than 10 mm are more |ikely to ekpP®B}jehdB] defe

The nstedifrecsasaenot her char actwédriicht ircefceafse d-to dfh e
|l i ke adrftelte ssur daeetof theesparctnidghof sdattfer el
cause stress concentration when an external I
build orientation and other directions. Speci
applied in thg 4bdi |l ding directio

Ot her possible defects that can:manifest in a

T Warpage and deformations,nowlsiochropi € gé&memn:i
sinte3dimdy resi dwabl] stresses

T Composidaefoesatlcshi mgpsur i ties deriving from unw
t hermal [t4%]at ment s

T Sructural coll apse, which may b¢edé6hused by

1. Goal of this work

After a careful consideration of the Il iterat:?u
project on t hef odaeanwdladp menntt haft al |-owaldi ttyhealf @
( ADs) componerbpsh otthorpooul gyhmd rni zpaatritamc ul ar, t he goe

1.To prepare an ink with high solid | oading

2. To test the effectiveness of camphor as an

23



3.To produce samples that could wundergo r arg

achievi-mgda etnfeinggyi ent process.

4. To evaluate the compatibilittyenopferdaP uwet ISi
technology, to further i mprove the efficie
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Chapter 2

Materials and met hods

2. Materi al s

The ceramic powder used i nUA:ipO WdBE s BESEo ns i s
Al mawiitsh 99. 8% purity, spedgfancdsmediagrs)podai e
0. , ¢

Sevedrialunatoinmmebdrse examined to optilmhexanehdeol
di acr(yHDaDtAe)t,r at( et hyl ene (JIEYCO®AIl) ) acdida ctoviyo) @ yeh e $ e
glycol ) (dPIE&xGDrAY | avtie¢ h average mol ecul ar wei ght
(PEGDA250 andAIPEGOM&MI5gdal s were s8omeedffit bom
i mportant propertiesarrel ae¢ ploadtl éed @fbtrih &€ e mob hemer
structur esFiagrudr es h2oown i n

Bi( ,-#4r,ibmet hyl benzoyl )phenyl phosphine oxiade ((
photoinitiator. 't all ows radical pol ymeri zat
especially suitable for white pigmented for mu

BYKL11 (BYK Chemicep@Gmlymer di spersant cowasini.
usedad order to ensure homogeneous di speTlrhsiison
phosphoridaaeddwestieng amdowideserde nlgo caoguwelnat i
stabil[4Z&ti on

To reduce the viscosity of the susmphl&£LH®EN) and
was added to the formulation as anFigex eOdrl u

camphor was acquired from 11| Regno Vegetale (

Water, acetone, phlkeaovalyethsaptopdkoel), adnd prop

evaluastbédeams s to clean the samples after the
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Tablle Rverage properties of th[e9man[odn&]rs consi

Mo no me M[oé/arrr]o Deantsggsml\/i scosi@t] Refract i]v
HDDA 226 1.01 5110 1. 456
PEGDA 4 250 1.11 1650 1. 463
PEGDA § 575 1.12 57 1. 467
TEGDA 302 1.11 513 0 1.5%6

O O
CH
HZCﬁO\/}nOJK&CHz HEC4\IO]/O\/\/\/\OJJ\? E

PEGDA HDDA

0 0
HC I g~ O g O g A CHe

TEGDA

Figule Chemical structures of the monomd®©Og i n\

O

Figu2e Chemical struchH:1®©)e&.0df Camphor (

2. Preliminary analysis

The transmitt amocneo noefr st hwea sd i niefaeBruesnetelc wi ¢ ph at ¥ me

to find the one with the optical properties m
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Theesin for mul at iHDnDsA /wWeErGeD Ap2r5e0p, a rHeDIDDA/ PEGDAS5 7 5,
al |l Wwi Lt h mawmeimehkh tTihce. sol ubil ity of camphor i n e
by preparing mixtures with different camphor

of weight) were 2, 1.7, 1.5 and 1.3 (co%respo

37 Mt 4% and 9% D nwtt he overall weight of the mi:
resin with the &@&AIRER 50, ThH plKXaptdarysmsal ubi it
vi sual analysis of the transparency of the mi

2. Breparodt itohre i nk

Sevem&l formul ati ons were prepared to study th
of the ink. I n particul ar, |tohael ipaagroaummet eorfs dii rsv
of monomer and presence of diluent (camphor)
reporTiaebdi2el Rl.ease note Cthatentesapalomty mitth e ttoa

monomer weight.

Tabl2ze Rnk formul ations prepared over the cour

Solid | Di sper s Camphor

[ v®Il of Monomart i [ Wb of al [wit othe weig
t ot gl wei ght |l i qui d] f r i
50 %ol HDDA 2 96t 3 Wit%

52 %ol HDDA 2 6t 3 wit%

54 %ol HDDA 2 96t 3 Wit%

56 %ol HDDA 2 96t 3 Wt%

58 %ol HDDA 2 96t 3 Wit%

56 %ol HDDA 3 06t 3 Wit%

56 %ol HDDA 4 96t 3 Wt%

56 %ol HDDA/ PEGDA 2 96t 3 W it%

56 %ol HDDA/ PEGDA 2 6t 3 wit%

48 %ol HDDA/ PEGDA 2 0t -

48 %ol HDDA/ PEGDA 2 6t 3 Wwit%

56 %ollHDDA/ PEGDA 2 0t -

56 %ol HDDA/ PEGDA 2 6t 3 wit%
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The |l iquid photocur abXxigrmgesnomowmas spraaganmded pley
was progressiwvel mulaagtdieadn.t oTd hensure its compl
foll owed by mixi nRE2HB 0aTOhdl M Yeftoarr y2 mmixne rat( 2 0 0 (
mi xture was homogeni zed, t he alumina powder

particles was poured into the resin and manu
pl anetary mixerg ati neO On0a sr puns.u aMilxyi 2 mi n, but
the case of particularly vpeabed Gotmulatili onlbk
had been added and were unifoiPmlyedispeéeitsesed i

FriXswdos then used to break down aggl omer ates

t he Sienvke.r al ball milling parameters, I ncl udi n¢
pr ocTehses . ofedadcd e bmalsl vnairlileidng but it could not e
would spill out of the jar.

After ball milling, the photoinitiator was ac

m xiimg t he planetary mixer at 2000 rpm for 2
undergo rheol ogical characterization or be us
prevent natur al Il i ght from mdrarafi nghenwahkht eva

aluminum foil

2. Printing

The printer wutilized to fabricate the green b
with Ju@ttcoomf i gur atti oan woapveerlaetnilntgg uDdé T OB s nmac
feat Gr é'mochr ome LCD2WbOhpa6880l uti on

The customizable printing parameters were:

T Layer t,hiwlinels Swams set t o

! lLayer exposure timeo, which was the thme f
UVvl i ght
1T iFi rst | ayer exposure timeo, which was the

exposed t ovatshelsluiaghty set to higher values

better adhesion between the green body and

T The fAsettingo of the printer, which determ

rose to detach the printer | ayer from the
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t he new ilnkyserwi tFlorhi gh,eri wewashoarchaadengsbe
from AFastero to AS|I ower oaahdeweé&mbndalglhy 0

qguality print, but at the cost of | onger p

The optimal value of these parameters had to

printed geometry.

With formulations based solely on HDDA, the b

PTFlEased grease prior to printing to make det :

After some preparatory experiments, two ink f
to fabricate theé fainunadb 6alvwpil es,;, B8t vobased on
HDDA and PEGDA250 with .9a dli:slp emosnadarte raanmpcdn to3r5o , w2
geometries wer e chkinguddiehrez . df,i naasl sshaompn eisn wer e

holl ow cylinders with nominal external di amet

Fi gu3e Cbmmerci al DLP printer Prusa SL
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Figu#e Gometries that were printed during pr

in the shape of the hollow cylinder in the ce

2. Poprocessing

Once the printing was over, the sampl es were
bl ade and cleaned to remove the residual unp
sever al solvents it was deamdesctwbrimem wihth

Il mmedi ately after cleanimhgmiBaéalkeygt Weoteo &yW)s @ 1) e (

operati on.

The green bodies underwenht e hiemgnai ndabitobduhagr
Zetami x by Nanoe) in argon (Ar) atfhdobsphd®Be.vor
alumina) and 2 AC/ minlB6A&r, Shewnolt hdyalwemiendke |
1 h. The samples were 1BGC, cdrmbbdn tAiCo manld yl 6s0i0n
at mosaheaeheat IAICY minatae hdfghl @ emper at ure muffl e

samples were naturally cooled to room tempera

Atypical pempetettioe conventional B8Bebumdi g a
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16004 ' Sintering _

1400 - Debinding T

C

-

N

o

o
L

-

o

o

o
1

800 + 5

600 + .

Temperature [°C]

400 1

200+ 5

0

0 5 10 15 20 25
Time [h]

Figube T22.mperature profileamdl cowedntdiuomalg gie

prepared green sampl es

Debi ndedf aslarmpd eetsed with 56 volatmadpmpme ma wietrle
technology to verify the possible compatibil]
bet ween two strips SGL 1c acrn) cardamn@okf igx e@g hiin ec d et @
el ectrodes ofFiagu@enttamcdevdi ¢ @n AC ,pB@NH.A) s unp
This system worked at a fixed voltage of 7 V
as the felt heated and became more and more c
aboutFieduise ™h.e hi gher the power, the higher t
average value of the power at the steady st a

parameter of the process and was esreetntt os abndp |se,s

Figuée UHS configuration. a) Overview. b) Deta
felt strips.
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' - 600s |

200 + - 300s ]
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=
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()] |

=
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a 1004 1
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0 100 200 300 400 500 600

Time [s]

FiguT.e Pbwer versus time curves of samples su

2. €@haracterizati on

A rotati onai nrelxeubsenbptréNreez slchpar al | el pl ate con
characterize the inks in aoOr#®&dgeandi AZLBe &Ar pr at
with 40 mm diameter was used and the gap betw
rate curves as well as viscosity wvsshesahre arratreatc
detailing the eftileogsobndit heebehtavsoli dfl dbae
Her s-Bhhlekl ey model

Thergmoavi metric analysis &a§d&GADT owaastaprieroiperdi notuetd
at mosphere with a Heat/ iDL Mert el)ef TOI ddCéd mi n (

Optical mi croscopy wapsr epseernfcoer noefd dted eecvtasl u ant et h

The di mensions of the samples were measured b

mm bedelriendahgemnndri ng Itionsehard Inlkkaatgee tolcecur r ed .

The rel atj)oufe tdleersdelyi {ded and sintered parts
using Equation 2:

" € (2)
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whejpies the density of the buoyant medium (wat
1 g¥jembsdshe density of alumina, whechhwias tcheas
mass of t hrwekds yt lfetmpehamp | @f measured after soak

i n vacuwin anhde mass measured while the sampl e

The phase composition of the alumina powder s,
samples consolidated t hragguglh fUH & cwa so ne x(aXnRiDne di
di ffract onen etiha&nBpedlodn(dp=0. O A h a scan time of
15 Quadi atli.omg (8 Trhaey Xource operated at 40 kV

External and fracture sur face of t he sinter
mi croscopy ( SEM, Sol ari s, Tescan) after sput

mi cr osanadlte ak et he presence of defects.
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Chapter 3

Results and di scussi on

3. Preliminary analysis
The ink must display high transmittance of |
obtain an adequate curing depth. The optical

l iquid medium. As can breveeigmulfert®@m tmoe otmrea n svrhi

the highest transmittance at a wavelength of .

250 whose curves practically overlap in this
of all the moamwmdiewas coome i e f& cheeel perxecplaw daetd ofnr oonf
100 T T T T T T T T T T

[<e]
o
]

—— PEGDA 250
—— PEGDA 575
— TEGDA
HDDA

Transmittance [%)]
co
(=]

-~
o
1

60 T T T T T T T T T T T
300 400 500 600 700 800 900
Wavelength [nm]

Figul e T3ansmittance curves of the monomers HD

The dotted green |ine represents the wavel eng
The solubility of camphor i nto different res
positive effect of the diluent on the viscosi't
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mi xXtures iTabrleep oBhtee dHODMA/ PEGDA250 solution wa

hi ghest solubility of clmpmothei weidglstsob®edh:
remai ned undi% s alsvednatbeddbhete Bwaesd dienci ded t o |
of diluent constant for all/l the prepared inks
HDDA/ PEGDA250 mi xtur e. Cathp hwt o fc otnhtee nwe iwgahst fa
fraction, to maintain a safety margin and al w
Tablle W¥Bi.sual appearance of the different mixt.

Resi n/ canppchaonp oad nwat he t ot al

2 (3%8) 1.7 (W7 1.5 (@O 1.3 (@3
HDDA/ PEGE Clear Clear Clear Undi s s
HDDA/ PEGE Clear Undi ssqg Undi ssqd -
HDDA/ TEG Clear Clear Undi ssd -

37 wt%

Figu2e MI xtures prepared to evaluate the solub
with 1:1 monomer ratio. a) From |l eft to right
the corre%pohdicmagiphvd rt ootna | weight of the mixt
each container. b) Detail of undissolved camp
wi% camphor).
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3. Rheol ogi cal characterizati on

3. 2Eflf ect of lotabde ncger ami ¢

The effect of solid | oading on tbhaes erdh @ mliesg iwa & |
di spers@ontamBpbowtand solid | oaé& ngspkech0Oyeb g,
ball milled for 60 min at 300 r pm.

The vi-slteoasri tyaRieguluerhv@w t(hat all thnksi eghileit

viscosity decreases when shear rate increases

Increasing the solid | oading causes an increa:¢
observed dtetstsheaffarl atshees compo%i ali omi wat hi ®4t i
ink exhibits | ower viscos%tand hvaif Hahm=0mévwodp o All
satisfied the requirement3ohAthavshgaernceptefoor
one wi t¥h a8 nvionla, therefore, the prefergkdsstol
possible one that satis#wi ed this requirement,

Fi gudreep3o.rt s t hsehesahre arratset rewsrsieass-Bihietkkt eg wWibdle |
val ues of the fittiTnagb |pea Bhmetydeh dascderceposi sd
ki ncreased as the Tshalsi d sl ccadisng tiemdr enva stend .wh a't
value of k corresponds tola begbenlndiecttesaaisteidu
the solid |l oading of the innk,i oonéaseamdngAlk hes
shear thinning behaa&wi ommrk, nwdaxscsepta cftarc atlhey 510 vToh
be explained by the fact that the shear thinn

at shear ratés whaweer atthasnh eladr srlathes vh estcwedn yl

constant and the behavior is closer %t al umana
exhibits a similar plateau, while inks with h
behavior in the whole ThRgpé HéresBitelmk | eryaarro dceol
hi gher than 0.999 for al | ink formul ati ons, [
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T T T T T T T T T T T T T T T T

50 vol%, +
——52 vol%| |
54 vol%
—— 56 vol%
—— 58 vol%

Viscosity [Pa s]

T T T T T T T T

0,01 0,1 1 10 100
Shear rate [s7"]

Figu3eV3scosity versus shear rate curves det a
behavior-baseldDDAKk s .

300 T T T T T T T T T
m 50 vol% Fitting curve 50 vol%
® 52vol% Fitting curve 52 vol% g
2501 A 54vol% Fitting curve 54 vol% -
v 56 vol% Fitting curve 56 vol%
= + 58vol% Fitting curve 58 vol% ¢ v
200 1 =
3 .
% v
i < i
o 150 -
b7 . ]
@ 100 oo A A
g ] . v, v A ®
w 50 n . A 4 A : ¢ i
‘Ovv A ® - -
| v e
0 gt ="
, . .
0

Shear rate [s7"]

Fi gu4: 8he3stt rsetsrsai n rate -waugedksi mks HDIDtAh di ffere
solid I'ines represent t hheerfsi-8@é& knlge ye xneocduetle.d ac
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Tabl2eFi 83t i ng paramet-Bubkbéeyt medbleséodherHPOdDAwiI t h
solid | oadings.

Solid | ] K n R?

50 %ol| 0.26 06 0 0. B®. 12 1.0 040 0.9995
52 %ol| 038 0.0 O0.B8@.01 0.32® 0.0 0.9998
54 %ol| 07@& 0.0 1.8G.03 0.865 s8N 0.9991
56 .%ol 1.0 0.1 4. 8®. 05 0.833 &N 0.9999
58 .%ol 2.7 N 7. B@. 15 0.784 N 0.9996

3. 2ERf ecits poefr sdant

Theffect of the amount of dispersant on -the 7
based inks with a%,s 03% dovalngahdirrdg spfe r&&@ n230 lamau n

wt% of al umina weight respectively. |l nks wer e
curves atfFe gualiewmd.i n
It i s evident that a higher amountdowoé ©WosiprRcC ISt

interactions between the polymeric chains of
cerami c Tger ti inkl.%@vsdti s pZ2rwtant was the one with |
that satisfied the requBramemt stiffavFcsmotehioy i3
wit% was chosetni miswmaidhte of di spersant to ba&l use
sampl es.

WA | T o I I
\\‘
q\‘\ 2 wt%
. \\‘ «— 3 wt%
7 100 A A
© ] K -
o
> AN
8 N
I R
@ . . LN
S 104 e _
::::;35!21332:-0.
T T T l 10
Iy o1 1 10 100

Shear rate [s7]

Figube V3d.scosity versus shear rate curves dei
di spersant on thbabedavinkehoddalHDbBABl oadi ng.
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3. 2ERBf ect omfo melre m

Whil e HDDA showed the best optical properties
samples printheadetlrcmmdbDPAti ons were very dif
pl atform of the printer. &dgnhnhfiiscamnt ehforesuth ¢
sampl es, which consequently were unfit for f
resins compositions were investigated. TEGDA
properties. HDMHADRE GCEAEAE & di nks, both with

vaw al umi adi petsant (

' i quid fraction)

rheol ogi cal

behavior

wer e

prepared.

on

shows

inks still have sufficieWP|l BotbowPEGHDAARSODt mndc
proved effective in facilitating detachment o
based on the HDDA/ PEGDA250 mixture had | ower
for further experiments.
-tl:
. +— HDDA
Y - HDDA/PEGDAS575
.t +  HDDA/PEGDA250
@10 \:: 1
6'l—il : \.\.:.. ]
> ‘\'-'.
= N
8 \.l..t
3 o
S \\-.. ----- ..
1__ "t....ro-.‘.“ _-
0,01 01 1 10 100
Shear rate [s7"]
Figu6e Vi.scosity versus sheafr nbuei narbasedf o

monomer

mi Xtures.
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3. 2E#4f e atmpdforc

The effcamplyorofwas verified

HDDA/ PEGhAXZ=O

by t he
formul tdospewsahnht 2 wall mill ed

comparing

T Solid | oadw,ngwiotfh o4u8t vcoalmp% oc a napnhdo rwi (t chn 3t5h ewt
l' it quid fraction) respectively,;

T Solid | oadw,ngwiotfh obuét vcoalmp% ocra napnhdo rwi (t chn 3t5h ewt
l iquid fraction) respectively

't i s possible to notice imi ghmtedalstbeitpksewt

show much | ower vVvisclossgsiesunthampdrhtes.r Thenpdio
evident in the inks with 56 vol % alumina: the
of viscosity ladwer sthhidearhi ¥ aRe&ehefi BR with camph

100004  *-., 3
10004 e, 3
%) ] 3
n“j ]

o «— 48 vol% without
2> 100 - 48 vol% 3
E : Tl * 56 vol% without|
] sle, 56 vol% |
8 105 . Selte, -
> ] o .'::.‘0.
1_ .-.'-..:..'o:.”....’.."" .
:::::::Hn
0,01 0,1 1 10 100

Shear rate [s™]

FiguT.e V3 scosity

i nks, with and

ver sus

wi thout
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3. 2EBfectabf wmwmhéel bng ti me

Bal | milling the ink is wuseful to break down
homogenize the suspension, i mproving the rhe:
concentration gradients in the printed bodies
The opti mal ball milling time was #Hieg¢g @8 mafi Bae d

HDDMdased i nk%wsalhi & 61.% adiii nme r La%wttc aammpdh o3r5 muitl | e
rpm for differenhsbemest hAInlni oagr bedhravi or and
at a sheat tadaue df spODaygi WP suitable behavior

It was observed that increasing the ball mi | |
decrease in viscosity, especially at | ow shea
hi ghest viscosity, whndel'@@bsbhemi | I arhagssu Ibtense wi

the | owest viscosity. AtHhvemnpgtkRiaght hlee@r sreams:
di fference between the behavior at 60, 90 and
The curve obtained for a ball milling time of

small ertthdamenl@ hey diverge slightly with the
viscosities at very high shear rates. The cur

this ink always displays ca@nsidéedbfwpwyrhil@loe mi

to conclude that ball milling beyond 120 min |
the rheol ogi cal behavior of the ink when the t
a new phenomenon: unt il 180 min the primary €
particl es; when all aggrtehgea t ppasr thiacvlee sb etehne nesleil |
broken into smal | esrmaplil eeceesssilnzikesi dnopiodwd@histr yo.f
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240 min
—— 180 min
—— 120 min
—— 90 min
—— 60 min
—— 30 min

100 4

Viscosity [Pa s]

0,01 0,1 1 10 100
Shear rate [s7"]

Figu8e Viscosity vershbh6 %olbAsadei cks vessplfay

of the ball milling time on the rheological b

3.Brinting

The printing parameters had to be optimized f

observed that:

T As expected, there is a minimum Al ayer expoc
curing of a |l ayer. Slight increases of the
significant I mprovement s, whi laaisadmovler tcar ¢
evident |l oss of di mensional accuracy, as wel

T I'ncreasing the Afirst | ayer exposure timeo |
and the building platform, thus decreasing

|l i keli hood of the print Ibcenqeagr sprcicretsisfagilt i rbe

T I'nks wi%whsébi doloading could only be printe

with sufficiently | ow % iaslcuonsiintay) (cio.uel.d |bees sp
machine to fAsl owero, significantly shorteni:
f Structures with small wall thickness (<1 mm

to the building platform. The addition of a

adherence to the head and nrcerseualstiendg itnh emofirfel r:
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ti meo and Al ayer exposure timeo also increa

because the structure was overcured and the

T The amount of ink preaskeaetouncome ohtthéesprir
often rlesud tewc dBIsiss umi gt nhbes.due to the for
on the samples when the building platform |
| ayer s.

3.4hermogravimetric analysi s

TGA was pesrtfuodrymetdnet oot her mal damp mp ot sheeh dgo cef ebne hba
with %8awadl%6alvwhi ga?) ¢ I he initial mass | oss 1
the sublimati ORi goir ¢ hBEh@@mphtori nt erbed waaEns 3I15d
500 AC with the highest mass | oss raste Wlhder
increasing temperature and beyond 500AC mass
frachtasd mosmpl etely decompbeedesAdualk pmatedme:
vah samples at the end of the proces¥% i8sh.hbi gwte

versus 83.4 wt. %. Both of these values are hi
wto f or viobheardmdwit8 f 8r t.%)e, 4Bhivoh i ndi cates that
organic decowmposistill | eft due to incomplete
inert atmosphere. |t mi ght also happen that
milling process because of thedhéatr gnuéehéi aged
a) T T T T T b) T T T T T T
1004 004 o 1o
98
96 et 0,0 80+ !
= [—— S E e = 28
9 927 =y | 2
%] (%] !
< 904 2 < 40 O
88 4 o —— TG curve _40
—— 56 vol% -
86 —48:2% 02 20 OTe curve
~ ~ - 56 vol%
84 48 vol% o4
82 T T T T T T T T T T T -6
100 200 300 400 500 600 0 50 100 150 200 250 300
T[°C] TI°Cl

Figu9e)l®& and DTGt lgarreveens bodi & awidt .9 64 B/woshio h a . 1
solid |Iine represents the TG chu)y vRe anldt tdfe tdh

decomposition of camphor
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3. Post processing
3.5Clleaning sol vent

Di fferent solvents were tested to estimate t he
bodi es. Et hanol , i sopr opandph e naocxeytvea mhes, nfog u o @y It
too aggressive and |l ed to the Thwshattuent of t He
solubility ofotampher (s thbeséer med by Watesol v
was not very effective by itself but its effi
mechaywicambved the residual resin from the su

del ami nati on.

3. 5P@Q€gtwuring ti me

Even when cleaning -wggheani appsoprvientel yheorsa
over the course of time, <TTheia@aorogpetrlae¢ei ehf eva

Samples were cured for 2,)0y4d4,and, thenandely0 wrir re

optical mi croscope to evalwuate the presence
because thexstathplesi saatli bns. Samples cured fo
while sampl ed @&amd edO0Ofmin showed some del amina

these reawsminsg fporst4d min was deemed necessary
by the printed sampl es.

| Fi gulr@Get 3i.s possible to compare theuappeafrtaar e
removed from the printer with-cuhamngof oa <ampline
presents evident del aminmbheomal anmdeatsmemssi t &
body with so many del aminations would result
the sample t-batetHashbewsnnpomacroscopic defect:

producda idbbemnsod ceramic object.
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Figut@ Gomparison betwe@énsammloe @Ea@astb) and a
to 4 mi-oumifngo@ctd, d) . Thecauampl|l s htolwat ewa slenot

whil e theedosample appears free of defects.

SEM mi crbigg alpldh sodff ne fofatthere surfaces reveal ed

completely eliminated even in the post cur ed
di mensi ons. I nterestingly, in both types of

extermxle odrfthe body, while the core showed
observations, we can hypothesize that the def
to a still too aggressive removalorofevteme dwmp m
The | ater al border of a | ayer tends to suffer
|l oading. Radiation scattered sideways ihmist iaatre
the phot omolrymertii oat,i oni ght be too | ow to guar
the whole | pg.68thi shicookuneds sr esul t in poor i nt e
del amination at the border of the |l ayers, whi
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Figut® SEM micrographs of the fract ucur esdur(faa,c
and of-cwur eedosgsampl e (c). Del aminati-onsi mag eh ansl c

been perfor med.

3. Bebinding and sintering
3.6SHArinkage

Figurz2nBi.gur3eBict tppeaphaincieeé sint etrwabd f§¥a@E@meind
ceramic 48 awWdolng® gnd 56). vbl . %sr gsespéetieweldent
compositions underwent a significant Irtedusctalo
interesting to note that s hr8i MBkoad ewivenm dhomgmanr
to the one with Fiegurdel .3% as evident in

46



The |l inear $shei bkagedi agodgrection (along the
radi al direction (in the plane of )talia elrayemd .
has been ndmregpge Feg)ur@n®. can obesersmegtthahnh comp
sinteringt eexmpd ri antkutargee was alt wdsyharlihn kgahgeer. tThhains
i's caused-bByaytehre atpgprieocaaclh of |AM apdrdo cte sosne s .t he
i ncreases wi t h t hewhgicrmt eirs ngoacec mpgm e&teumree t v

mi crostrucdetaill adal gtsers on

A very similar shrinkage trend was olbseiwngdti
(it mage F(lgulrgef 3The shrinkage agomhear tiHiStede® $aamepd
sintered conventihenahrynkklgre oMmstaecesampl e su
to 21.4% in the axi al direction and 16.4% in
direction and 16.8% in the radial dO0G®Ection o

The shrinkage underwent by the UHS samples 1is
i Fi gulr®e 136l Banobserved that the color of the
darker as the holding time used for UHS gets
contaminations coming from the feltdorndueaeeit

atmospheresy)y with | ow P(O

Figune Xomparison bet ween the green and the
HDDA/ PEGHhAX5WM i nk%waltbmdBavobBintering tempera

i mage.
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i

TULTEELELALLLY

Figun& Xomparison bet ween the green and the
HDDA/ PEGHhAX5M i nk%walbombbavebfiperatiumngs are ir

i mage.

Figuit# 9isual comparison of two samplA&G) shut e
prepared from inks with different solid | oadi

Figut® Gomparison between samples prasgar e d kf m
56 %odl umina, green and subjected to UHS. Hol ¢
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Figut@ Binear shrinkage in the building direc
subjected t o di fferent t her mal treat ment s.
t emper ataumpelse.s bsy\ubj ected to UHS for different

3.6D&nsity

The debinded samples had a |l ow rel atbveael dmins a
had an aver agEe69 di%thierd atheams saympl es prepared
48 %odolid | oddiemg fdosetr.,, 2s%091.i d | oadings result

the removal of the binder.

The relativeodepasistigpnafrdeyb&#®&mpd| es has Fbeemr esh
317The samples subjected to conventional sinte
the 4@ swonpl es sintered at 1500AC, whose aver a

that a slightly higher relative density could

starting from an ink withshigaerosolthed $ampl @t
were dlhmame (average of %9 6G6.a8%p| feer amie 988 4 %o I
sampbegppgtthat this temperature is sufficien

The sample subjected to UHS for 60 s resulted

hol ding time is Iinadequate to densify the debi
good relative densitie$, (96i g%t bpdhbDgheée thap
samples sintered through conventional met hod.
Overall, an optimized UHS process seems to be
gual ity of those obtained through conventi one

49



UHS significantly shortens the time requ-red

and eefefriggyi ent production processes.

)
S—
)

100 100

98 1 . 98 LI
< 9% : -4 T 9%- -
= . =
) >
= 94+ = 044
5 + 5
- 92+ 2 924
o o
2 90 2 90
o o
0] o)
o 889 ¢ 881
= 48 vol%
86 1 = 56vol% ] 864
| |
84 T T T 84 T T T
1500 1550 1600 60 300 600
Sintering Temperature [°C] UHS holding time [s]

Figudl& Bverage relative density of sampl es s
Samples sintered conventionSahmpVeatsubijfédetr et
di fferent holding ti mes.

3.6X-Bay diffraction

The XRD patterns ofsampl asumi nhhepedde€o mnah idd
AGntdhseampl es subjected toar@HS hPowquils&8ih®. perdk 8
highlighted by bl aactk Ad5 AGno#7d B3 aA2. B70. BHt @&d . 2
6 6A 5684 2amd retepbhd (012), (104)(2@01) Q)2(140B ) 3)
(300ystall ogrodAh®sE1d] ankeS52Thi §58dnfiicmd that
samples consistedUadfumanai agde nphasve defhhce of

observed.
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UHS 300s

UHS 60s

|

CSiS_SO__ | N E——

]

cs1500 | |
|

'pmowder
L 2

L

20 30 40 50 60 70
26 [°]

Intensity [a.u]

Figul®& XRD patterns of the alumina powAl@randar
15A@C, and samples subjected to UHS for 60 s a

peaks.

3.6SEMf debinded sampl es

Theni crographs of tohber vehtrionudgeltdi Ssbkpp(EId apor ous
mi srtaucture consisting of fine, | oosely conne
from the images is coherengm wifth htethstmediiamg @A
however some particles witl Ibieggrearn ddimhe n sdiiosnt
struct urfeab rSwdmegpthee@6alvomi na appear slightly 1| e
from i nks%wsbdbhi d4d8Ilcoenttirreqnt |l y with the observat
rel ativBbBodehbhetysignificant di fference can b

obtained from inks of different compositions.
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Figut® SEM micrographs of the fracture surfac
with solid. 9 dedi aamgd¥%iEBEovywodokespectively.

3. 6SEM tohfe c onvanteidornsaa nipyl e s

The microstructure of the % mat eame d asRirgpuIde vEnr
and that of s%mpllemi waths GoHRlkob 1AS®D Oti me mi cr os't
is quite fine, however, some isolated porosi
boundaries. Wi th increase in temperature, the
al so notice the arhiasnmgef riaom firmtcd rugrea melcahr t o tr
sintering tempdrataurfe nceer ngrcaiomtgiuzxcd.ur e, t he ¢
|l arger, making grain boundaries more prone to
presence of pores at triple points.f ®wen h@r ai
boundaries, the |ikelihood of a crack being d
propagation throfugth] the grains instead
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The microstructures of samples with different
al so compared. For sinteri A€, téempesamptes 6f o
vah al umina appear more porous than t% el war rmeas
This can be notiigug@nBspex®aBl magaes (b)ACamchd(c
i mages (e) Afd Thepreowass5b@stead no noticeabl
di fferent composA®EBEonSs iwsit @i é rheed daetn $1RG OgoulnZza Su r

Overall, the microstructures whreamul &u odmemio lyi
| ocal i nhomogeneities in grain size and densi
(b) anHi gux)lena&r ked i n ayal Imaovg hai rbeel ec)aused by i
in the original green body. The elevated visc

more difficult to uniformly distribute the
i nhomobgeese formed while the ink was stored or
fixed in place during photopolymerization and
t hem. The hypothesis that hidmciadk iwihsoomogietnye i
supported by their absence i % sarmplded omrde mar, e

considerably | ower viscosity and could be mix

| mages of the external surface of theFsgnorer e
322 No del eomibrdatdiedamesct ed and a good interlayer
48 0% and % 6s avrmod!| es . Some printing defects and
visible i Ri goageB3uth)t med overall surface qualit
the fAistaircase effecto-btyypyemal NMdnd&tMhelressuct |

ridges and vallegns resaf timg omdexcef | 2Ot sur
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Figurd ISEM micrographs showing the effect (
mi crostructure of sampl es prdodseed i hkofwitlihe
alumina. The sampl es wer eatc odniviefnetrieonnta | A &m gse rnatt
b,),c AE50d, e,AQd )( gan dh,1l 6i0)0.
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Figurzd 3IEM micrographs showing the effect
mi crostructure of sampl es prdodseed i hkofwitlihe
alumina. The samples were conventionalAG (sa,nt
b, 16)A@C (d, e,Ad )( gan dh,1l 6i0)0.
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